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PREFACE

BACKGROUND

Responding to the need for improved engineering and scientific practices through exchange
of technical data and information, research personnel, and research equipment, the United
States and JAPAN in 1961 created the U.S.-JAPAN Cooperative Science Program. Three
collateral programs comprise the Cooperative Science Program. The U.S.-JAPAN
Cooperative Program in Natural Resources (UJNR), one of the three. was created in January
1964. The objective of UJNR is to exchange information on research results and exchange
scientists and engineers in the area of natural resources for the benefit of both countries.
UINR is composed of 17 Panels each responsible ior specific technical subjects.

The Panel on Wind and Seismic Effects was established in 1969. Seventeen U.S. and six
Japanese agencies participate with representatives of private sector organizations. to develop
and exchange technologies aimed at reducing damages from high winds, earthquakes, storm
surge, and tsunamis. This work is produced through collaboration between U.S. and
Japanese member researchers working in 11 task committees. Each committee focuses on
specific technical issues, e.g., earthquake strong motion data. The Panel provides the
vehicle to exchange technical data and information on design and construction of civil
engineering lifelines, buildings, and water front structures, and to exchange high wind and
seismic measurement records. Annual meetings alternate between JAPAN and the U.S. (odd
numbered years in JAPAN; even numbel'ed years in the U.S.). These one-week technical
meetings provide the forum to discuss ongoing research and research results; one-week
technical study tours follow the meetings.

The National Institute of Standards and Technology {NlSn provides the U.S.-side chairman
and secretariat. The Public Works Research Institute (PWRI), JAPAN, provides the JAPAN
Side chairman and secretariat.

Cooperative research is performed through formal Panel Programs. In 1981 cooperative
research in Large-Scale Testing was start,,' c;nder the auspices of the Panel. Also in 1981,
joint research on Reinforced Concrete Structures was initiated. Full-scale testing was
performed at the Building Research Institute (BRI), one of the six Japanese member
organizations, with supporting tests in JAPAN and in the U.S. Two years later a joint
research program on Steel Structures was initiated. Full-scale testing again was led by BRI
with supporting tests in the U.S. and JAPAN. The U.S.-JAPAN coordinated program for
Masonry Building Research was started in 1985. A U.S.-JAPAN coordinated program on
Precast Seismic Structural Systems was initiated in 1991.

Task Committee meetings, exchanges of data and information through technical presentations
at annual Panel meetings, exchanges of guest researcheR, visits to respective research
laboratories and informal interactions between Panel meetings, joint workshops and seminars,
and joint cooperative research programs all contribute to the development and effective
delivery o( knowledge that has influenced design and construction practices in both countries.
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Direct communication between counterpart country organizations is the cornerstone of the
Panel. Effective information exchanges and exchanges of personnel and equipment have
strengthened domestic programs of both countries. There are opportunities for experts in
various technical fields to get to know their foreign counterparts, conduct informal
exchanges, bring their respective views to the frontiers of knowledge, and advance
knowledge of their specialties.

The Panel's results have supported improvements in practices in both countries. They have:

1. created and exchanged digitized earthquake records for U'>C as the basis of
research for Japanese and U.S. geotechnics and structures;

2. produced data that advanced U.S. design and construction of bridge columns;

3. produced large-scale testing data that advanced seismic design standards for
buildings;

4. created a database comparing Japanese and U.S. slaJldard penetration tests to
improve seismic design criteria for soil liL{uefaction;

5. created databases on storm surge and shore line interaction and on tsunamis
and tsunami warning systems for use by designers to verify mathematical
models of tsunamis and storm surge.

HIGHLIGHTS OF THE 23rd JOINT PANEL MEETING

The 23rd annual U.S.-JAPAN Joint Panel meeting was held at the Public Works Research
Institute, Tsulruba, JAPAN, during 14-17 May 1991. Eighteen U.S. members participated-
13 from Federal agencies and 5 from universities. Forty-two papers were authored-22 by
U. S. members and 11 by Japanese. Thirty-one papers were presented orally. The papers
were organized into seven themes: Wind Engineering; Earthquake Engineering; Storm Surae
and Tsunamis; Performance of Nonstructural Systems; U.S.-JAPAN Cooperative Research
Program; International Decade for Natural Disaster Reduction; Summaries of the Task
Committee Workshops conducted during the past year; and Reports (oral presentation only).

Some highlights of the meeting include:

o Vice Minister, Dr. MITANAI, Ministry of Construction (MOC) recognized
the importance of the work of the Panel. The panel activities was reported at
the 13th Plenary Meeting of the U.S.-JAPAN Cooperative Program in Natural
Resources CUJNR) held on 10 May 1991, Tokyo, where progress of the
Program's 17 Panels was discussed.
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o A Press Briefing was held during the Panel's Opening Session to celebrate
N1ST's gift to PWRI of a cutting from its Sir Isaac Newton Apple Tree. The
ceremony was covered by the national and local press.

o Useful information was gained about JAPAN's public works projects and civil
engineering research and their application of research into practice:

discussion on new technologies to reduce building damages from
earthquakes e.g., response control systems; PWRI is leading a 2 year
base isolation program working with 30 private organizations and
leading a ~ year effort in active control also working with 30 private
organizations;

better understanding of Japan's building structural code requirements
and regulations;

predicting liquefaction potential using geomorphological mapping;

discussion on investigation of the 16 July 1990 Philippine Earthquake
by the Japanese team;

o The Panel developed a catalogue, S\ate-of-An and Recent Irend on
Eneineerin& TechnQlo&y for Reducine Wind and EarthQuake Effects containing
title, keywords, and author index of over 1200 Panel papers published during
its 23 year life. Over 1000 copies will be distributed to developing countries
in support of the International Decade for Natural Disaster Reduction
(IDNDR).

o An II-Panel Task Committee was established on Wind and Earthquake
Engineering for Offshore and Coastal Facilities.

o Six of the Panel's 11 Task Committee workshops are scheduled to be held
during the coming year.

o A Press Briermg concluded the technical sessions with national coverage of the
Panel's aciivities.

TECHNICAL SITE VISITS

Following the Joint Technical Meeting, the Panel members participated in a conference on
the International Decade for Natural Disaster Reduction (IDNDR) and visited construction
projects, disaster 81US, and laboratories. These visits occurred during 18-23 May.
HiJbliahts include:

IDNDR one-day symposium, -A Focus on Disaster Prevention 100 years After the Nobi
Earthquake- was held in Gifu City north of Nagoya in recognition of their disastrous
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earthquake of November 1891. Six presentations were made: three from the U.S.-side Panel
(Hurricane Hugo, Loma Prieta Earthquake. and U.S Federal Agency Programs in Disaster
Countermeasures) and three from the JAPAN-side Panel (Nobi Earthquake, Effective
Communication to Local Population During A Disaster, and Disaster Preparedness in Gifu).
The Japanese organizers will publish a proceedings of the conference in Fall 1991. This
event received extensive press coverage.

The Japanese Government Headquarters for IDOOR under the Prime Minister's Office took
the lead in developing a basic policy for the promotion of lDNDR in JAPAN. The MOC is
charged with carrying out the policy because its administration is involved in reducing the
effects of natural disasters. The Panel on Wind and Seismic Effects, with MOC and other
Japanese government agencies, supported the idea to hold the IDNDR symposium to enhance
public interest and understanding in natural disaster prevention.

The Building Research Institute (BRI). MOe, described their research being conducted at
its several laboratories. At the Building Element Laboratory, tests on the seismic resistance
of beam-eolumn connections of glued laminated timber construction were reviewed. A full
scale test of base isolation and other methods of improving seismic resistance were
demonstrated at the Field Test Site. At the Large Structural Test Laboratory. tests on
viscously damped shear walls were demonstrated in their four-story steel frame building, and
earlier tests conducted in the laboratory as part of the U.S.-JAPAN Collaborative Program
were discussed. The Structural Test Laboratory was visited where various tests on high
strength concrete materials and members were being conducted.

The Kumagaipmi Company Institute of Construction TechnololY (KiCn. described
their Structural Dynamic Testing Laboratory, the Ocean Hydraulic Laboratory, and the
Environmental Testing Laboratory. For the first. tests on a visco-elastic damped shear wall
were demonstrated and a videotape described the development of seismic response control
systems and other research involving earthquake resistance of tall buildings. In the second
laboratory two open channels and a test basin were observed. Their 40 m x 20 m x 1.S m
(131 x 66 x 5 ft) deep basin is nearing completion and will be able to individually control
wave generation in each of its two open channel 0.5 m (1.6 ft) wide basins and to model
tidal conditions and coastal currents. In the Environmental Laboratory's super-elean room.
protocol measurement methods are developed for electronic components.

The Publle Works Research Institute <PWRD. MOC, described its Structural Engineering
Laboratory's 26.4 MN (6 million Ib) universal testing machine and specimens of deep steel
beams and columns that had been tested. At the Vibration Laboratory the problem of
liquefaction was discussed with a vivid model demonstration. At the Earthquake Engineering
Laboratory base isolation of bridges was the prime subject. Various types of bridge bearings
were shown and a videotape described their use. PWRI's Boundary Layer Wind Tunnel is
the largest in the world. Its test section is 41 m x 4 m x 30 m (135 x 13 x 98 ft). The
laboratory was built to test a 1:100 scale model of the 4lcm Akashi-Kaikyo suspension
bridge. The Honsho-Shikoku Bridge Authority paid for the construction of this facility. A
variety of models of other major bridges will be tested in this facility during the coming 10
yean.
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Tokyo MetropoUtan Disaster Prevention Center (MDPC), is iocated in the new Tokyo
Metropolitan Government City Hall, Shinjuku-lcu, Tokyo. The SS-story building is 243 m
(197 ft) high and 44 m (144 ft) wide. MOpe has centralized its command and control for
disaster response and relief operations. MOpe occupies three floors. Its mainframe
computer is isolated from the building by base isolators. MDPC provides the command and
control for the Tokyo metropolitan area. Disaster information is analyzed for damage
assessment and prediction of severity. Their map information system provides for two-way
communication to analyze the seVt~rity of the event and to communicate to the 64 disaster
!dief centers within Tokyo. Construction of the City Hall was completed in April 1991
costin. 180 billion yen (S1.3 billion). The MDPC facility cost 18 billion yen ($130 million).

Chubu n.... Speed Surface Transportatiun (CRSSn Corporation, Nago)'a, manages this
experimental magnetic levitation, two-passenger car train -- a candi.mtl'! mass transportation
system. CHSST's objectives are to produce a low-noise and vibration and hydrocarbon free
propulsion system. The passenger car testing on their 1.5 km test track commenced in May
1991 and will continue through May 1993. CHSST estimates the cost per kIn for the twin
rail system will be $1.4 million.

Toyota Motor Corporation and Toyota HOOle, Toyota, is located near Nagoya. Included
in this visit was a review of some advanced automotive systems development, a tour of one
automotivt production plant, and discussion about Toyota's residential home subsidiary -
Toyota Home. Toyota claims S~ of its automotive sales are returned to perform R&D. A
areater amount of research soon will be performed in their Belgium and U.S. laboratories.
Toyota's prefabricated home business is based on its automotive technology. About 8S~ of
the home is fabricated at Toyota's plant; 3-8 weeks are required to construct the home on
site (subject of weather conditions).

Second Nunobikl Road Tunnel, Kobe. is a 3 kIn 9O-degree curved tunnel under
construction to reduce traffic congestion which has increased since the completion of the first
tunnel in 1969. Construction started in 1989 with expected completion in March 1993. The
tunnel is cut from rock having compressive strength of 1000-2000 kg/cm2• The slot drilling
method is used for a 300 m (984 ft) section adjacent to the bullet train and the existing
highway bannel. Progress is about 70 em (2.3 ft) per 24-hour day. Blasting is performed in
the remaining 2.7 kin (1.1 mil tunnel. The cost of the tunnel is projected at $32 million.
The tunnel is being constructed by the Kobe City Public Corporation.

Akubl-Kalkyo Brid,e, Kobe. is a 4 km (2.~ mi). 3-span. 2-hinged truM suspension bridge
with center span of 1,990 m (6.S29 ft); each end span is 960 m (3. ISO ft). It will be the
world's Ionaest bridge when completed in 1998. The bridge under construction by the
Honlhu-Shikoku Bridp Authority will connect Awaji Island to Honshu Island crossing the 4
Ian (2.S mi) Akashi Straits. 'Ibis bridge is part of the overall major Honshu-Shikoku
hiahway project to connect Honshu Island and Shiolw Island by automobiles and trains.
'I'hae are three major bridae erossinp; this one is the eastern-most crossing. The central
crouin& wu the first completed link, occurring two yean ago.



! ..

About 200,000 tons of ~tet'l ~'IU oe used in the superstructure and about 1.42 million m' of
concrete will be used for the cable anchorage substructure. The anchorage superstructure on
the Honshu side wa! excavated using construction equipment to control tolerances within
about IS cm (6 in). ~Ie two tower caissons are 85 m (279 ft) in diameter and 64 m (210 ft)
deep. They were towed to the site and sunk by filling its outer lining with water and then
the center with 52S,OOO m] of concrete.

The bridge is designed to survive an earthquake of 8.5 M and 10 minute average wind
velocity of 46 mls. The main towers will rise 300 m (985 ft) above sea level. The bridge
cables are about 1.1 m (3.6 ft) in diameter, consisting of 37,000 steel wires 5 mm in
diameter.

The cost of the bridge is $3 billion. Nineteen corporations are working on the
superstructure; five corporations are working on the towers.

Higashi-Kobe Bridge, Kobe, is a 3-span continuous cable-stayed bridge under construction
by the Hashin Expressway Public Corporation (HERP). The bridge is part of the Bayside
Route that connects Osaka and Kobe. Its center span is 485 m (1,591 ft) and end spans of
200 m (656 tt) each. Based on center span length, this 885 m (2,904 ft) bridge is the
world's longest cable-stayed bridge.

Its two-column rectangular towers are 145 m (476 ft) tall constructed of welded steel
sections. A square notch cutout was made at each tower comer to reduce wind-induced
vibration from vortex shedding which can damage the structure as demonstrated by wind
tunnel model testing. Wind tunnel model tests indicated a need to dampen the tower from
wind-induced vibration during construction. Mass-tuned oil dampers were installed at
computed heights of the tower during construction and moved upward during its erection.
Twelve cable stays are attached to each tower in a harp pattern. The harp pattern cable
configuration was selected because it reduces the compressive vertical forces and bending
moments (about a horizontal axis perpendicular to the longitudinal axis of the bridge) on each
bridge tower column as compared to the fan pattern commonly used. The approximately 125
mm (S in) diameter cables are covered with a 20 mm (0.8 in) thick polyethylene tube for
corrosion protection. These covers are designed with ribs parallel to the cable axis to reduce
the probability of wind and rain induced vibrations. Each of the 96 cables consists of 241 to
301 7 mm diameter wires. The towers are fabricated on a 35 m x 32 m x 26.5 m (115 x
lOS x 87 ft) deep pneumatic concrete caisson.

The bridge has two decks each for three lanes of traffic. The lower bridge deck is 36.5 m
(120 ft) above the mean water level. Its main girders consist of 9 m (30 ft) deep ·Warren
Trusses.· The corresponding dimensions of the boxed section diagonals are 1.0 x 0.7 m (3.3
x 2.3 ft). The vertical downward force component at the intersection of the truss diagonals
on the top deck at the bridge is balanced by the tensile force from the cable connecting the
top deck of the bridge and the tower. The main girders and their tower supports at the tops
of the caisson are pin-supported in the longitudinal direction to lengthen the fundamental
period of the bridge to 4.4 sec. Mass tuned oil-dampers are installed at each end of the
bridge to reduce longitudinal displacements from earthquake ground motions.
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Construction started in 1989 with completion scheduled for 1993. Total cost for the project
is projected at 34 billion yen ($250 million).

Port Island, is a man-made island in Kobe Harbor constructed from fill material excavated
from mountains 25 km north of Kobe and transported to the harbor by conveyors passing
through a tunnel cut in the mountain. The 436 ha (1077 acres) island was constructed during
1966 through 1981. Various social and cultural facilities are being constructed on the center
of the island. The residential buildings on the island have a planned population of 16,000.
There are five container cargo berths on each side of the island. The island is currently
being extended to double its size. Also, an airport for Kobe is planned as a separate island
funher inro the bay as a new Port Island extension. The construction cost of Port Island is
SS8 billion yen ($4.1 billion). Kobe City and the Ministry of Transport have construction
responsibilities for the island.

Rokko Island, is adjacent to Port Island. It too, is man-made constructed irom rocks
excavated from the nearby Rokko Mountains. The island has an area of 580 ha (1432 acres)
and container and liner cargo berths surround its perimeter with a residential area in the
center of the island. It has a planned population of about 30,000. Its construction began in
1972 and is expected to be completed in 19°3. Kobe City and the Ministry of Transport are
responsible for its construction. The estimated construction cost is 1,240 billion yen ($9.1
billion).

Kansai International Airport, a man-made island located in the southeast part of Osaka Bay
about 4 km (2.5 mil off the coast of Osaka, has been under construction since 1987.
Completion is ellpected in the summer of 1994. This site was selected to minimize noise
pollution from large numbers of ai.-craft required to serve this region. The existing Osaka
International Airport is seriously restricted in operation because of noise. It will be the first
fully developed off-shore airport and the first around-the-clock airport ever constructed in
Japan.

The airport is a rectangular island 4.4 km J( 1.25 km (2.7 x 0.8 mi) covering an area of 511
ha (1262 acres). Fill rr:aterials, imported by ship from mountains on the nearby mainland
and from island sites is crushed near the source, delivered to push barges on the sea coast by
belt conveyors and barged to the reclamation site. Poor strata under the island requires
designing for settlement of up to 11 m (36 ft). The island, located in water varying from 16
19 m (52 to 62 ft) in depth, requires over 180 million m3 (235 million yd3

) of fill material.
To design against liquefaction from potential seismic events and to control future settlement,
sand drain piles each 40 cm (1.3 ft) in diameter spaced 2.5 m (8.2 ft) apart are driven into
the alluvial clay layer. Over II km (6.8 mi) of sea walls form the periphery of the island.

The access bridge connecting the island to the mainland is a single truss construction except
near the ends where spans are steel-box girders. Spans vary in length up to 150 m (492 ft)
at the navigation lanes. The bridge has six lanes for autos and a two-rail system designed for
120 kmIhr (75 mph) train!

N~IJ.RAUFASTE.S~remry

U.S.-Side Panel on Wind and Seismic Effects
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ABSTRACT

This publication is the proceedings of the 23rd Joint Meeting of the U.:S.-Japan Panel on
Wind and Seismic Effects. The meeting was held at the Public Works Research Institute,
Tsukuba, Japan, during May 14-17, 1991. The proceedings include the program, list of
members, panel resolutions, task committee reports, and 42 technical papers.

The papers were presented under seven themes: (1) - Wind Engineering, (II) - Earthquake
Engineering, (III) - Storm Surge and Tsunamis, (IV) - Joint Cooperative Research Progr.un,
(V) - Performance of Nonstructural Systems, (VI) - International Decade for Natural Disaster
Reduction, and (VII) - Summaries of Task Committ~ Workshop Reports (oral presentations
only).

KEYWORDS: accelerograph; bridges; buildings; concrete; design criteria; disasters; disaster
reduction; earthquakes; geotechnical engineerirlg; ground failures; lifelines; liquefaction;
masonry; repair and retrofit; risk assessment; seismic; soils; standards; storm surge;
structural engineering; tsunamis; and wind loads.
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AGENDA FOR 2Jrd JOINT UJNR MEETING

Tuesday. May 14. 1991 - 10:30-12:00

Conference Hall (8th Floor), Public Works Research Institute

Call to order by Dr. Takashi Iij ima, Secretary-General, Japan
Panel, Director of Planning and Research Administration Department,
Public Works Research Institute

Remarks by Dr. Hiroshi Mitani, Vice-Minister of Construction tor
Engineering-Affairs, Ministry of construction

Remarks by Dr. Edward M. Malloy, Counsellor for Scientific and
Technological Affairs, Embassy of the united states of America

Remarks by Dr. Tetsuhisa Shirakawa, Director, International Affairs
Division, Science and Technology Promotion Bureau, Science and
Technology Agency

Remarks by Dr. Toshio Iwasaki, Chairman, Japan Panel, Oirector
General, Public Works Research Institute, Ministry of Construction

Remarks by Dr. H.5. Lew, Chairman (Acting Chairman), u.s. Panel,
Chief structures Division, Building and Fire Research r~boratory,

National Institute of Standards and Technology, Department of
commerce

Introduction of Japan Members by Japan Panel Chairman and U.S.
Members by u.s. Panel Chairman

Election of Joint Meeting Chairman

Adoption of Aqenda

Closure by Dr. Takashi Iijima

Adjourn

Commemorative Planting

Group Photograph

~UDcb - 12:00-13:00 (Hosted by the Geographical Survey Institute)

~.ohDlo.l ••••lOD - 13:00-14:20 (Internationel Conference Room 8F)

'* Speaker

••••lOD 1 - Tb... I - WlXO l.aIBBIRIRa

Chairman: T. Iwasaki

Preceding page blank



13:00-13:20

13 : 20-13 : 40

13: 40-14 : 00

14:00-14:20

14: 20-14: 30

Probabilistic Performance Goals for Wind and
Tornado Design
James R. Hill., James R. McDonald, Robert C. Murray
Analysis of Tornado in Mobara City on December 11,
1990
H. Miino., T. Fujitani, T. Murota, N. Yamaguchi, H.
Okada
Hurricane Hugo in Perspective
Peter R. Sparks.

Discussion

Break

Ta.k Co..l~~•••••tlDg. - 14:30-17:00

C--Repair and Retrofit of Existing Structures (Meeting Room 531)

D--Evaluation of Performance of structures (Meeting Room 531)

E--Ground Motion and Seismic Design Forces (Meeting Room 532)

H--Soil Behavior and Stability During Earthquakes (Meeting Room
627)

J--Wind and Earthquake Engineering for Transportation systems
(Meeting Room 628)

Preliminary Meeting

K--Wind and Earthquake Engineering for Offshore and Coastal
structures (Meeting Room 629)

Adjourn

Rec.ptioD (Hosted by Vice-Minister for Eng:ne&tring-Affairs of the
Ministry of Const~_~ioni

Wednesday. May 15

'.chnical ••••10D - 9:00-12:00

••••iOD 2 - Tb... XI - BARTBQOAKB BRGIKBBaXKG

Chairaan: H.S. Lew

9: 00- 9: 20 The Worldwide Earthquake Risk Management (WWERM)
Program
S.T. Algermissen., Paul R. Krumpe, Walter W. Hays

9 : 20- 9: 40 Influence of Embankments on the Liquefaction of
Ground
Y. Koga., J. Koseki, T. Shimazu, O. Matsuo

9:40-10:00 Maximum Ground Acceleration on Soft Clay sites
Tinqley K. Lev.



10:00-10:20

10:20-10:40

Discussion

Break

••••iOD 3 - Tb... II - BARTHQUABB ENGINEERING

Chairman: H.S. I.ew

10:40-11:00 Broadband strong-Motion Seismic Observation Network
Operated by Japan Meteorological Agency
M. Yamamoto*, I. Sasakawa, A. Nagai, T. Kakishita,
A. Nakayama, K. Uhira, M. Seino

11:00-11:20 Seafloor Seismic Network Offshore southern
California
Charles E. Smith*

11:20-11:40 Distribution of Liquefaction in the saitama Plain
by the 1923 Kanto Earthquake and Geomorphological
Maps
T. Dohi, T. Akagiri

11:40-12:00 Discussion

LUDOb - 12: 00-13: 00 (Hosteo. by the Port and Harbour Research
Institute and the Meteorological Research Institute)

T.ohDioal a•••iOD - 13:00-15:20

••••10D 4 - Th... II - ZARTBQUABB ENGINEERING

Chairman: T. Iwasaki

13:00-13:20 Damage to Civil Engineering Facilities from the
July 1990 Philippine Earthquake
Y. Sasaki., M. Okahara

13:20-13:40 Recorded Structural Response Du~ing the M7.1 Loma
Prieta Earthquake Comments
A. Gerald Brady.

13:40-14:00 Monotonic and Cyclic Loading Tests of Rockfill
Materials
N. Matsumoto, N. Yasuda., M. Ohkubo, R. Yoshioka

14: 00-14: 20 Discussion

••••10D 5 - ••port. of Work.hop.

Chairman: T. Iwasaki

14:20-14: 30

14: 30-14: 40

14: 40-14 : 50

(M) Workshop on Remedial Treatment of Potentially
Liquefiable Soils
K. Tokida*

(I) 2nd Tsunami Workshop
J. Lander.

(J) 1st Workshop on Seismic Retrofit of Bridges
K. Kawashima.



14:50-15:00

15~00-15:20

15:20-15:30

(J) 7th Bridge workshop
M. Fujiwara.

Discussion

Break

Ta.k ca.aitt•••••tiD98 - 15:30-17:00

A--Strong-Motion Instrumentation Arrays and Data (Meeting Room 531)

B--Large-scale Testing Program (Meeting Room 532)

G--Passive, Active, and Hybrid Control Systems (Meeting Room 627)

F--Disaster Prevention Methods for Lifeline Systems (Heeting Room
628)

I--Storm Surge and Tsunamis (Meeting Room 629)

Adjourn

Thurlday. May 16

T.chDloal ••••iOD - 9:00-12:00

••••ioa I - ~h..e 11 - BARTBQOAXB .BGIBBERIBG

Chairman: 8.S. Lew

9: 00- 9: 20 Full-Scale structural Applications of Active
Control Systems
T.T. Soong, A.H. Reinhorn, M. Shinozuxa*

9:20- 9:40 Base-Isolated Buildings and Seismic Safety
Evaluation in Japan
Y. Kitagawa*, M. Midorixawa

9:40-10:00 Dynamic Modelin9 of Soil-Structure 5yst... for
Control Applications
8.A. Smith., R.I. Borja

10:00-10:20 Discussion

10:20-1040 Breax

••••loa 7 - ft... II - B&R'l'IIQO&D "GIDBIlIBG

Chairman: 8.5. Lew

10:40-11:00 CUrrent Research Efforts in Japan for Passive and
Activ. Control of Highway Bridge. Against
Earthquake
K. Kawa.hima., K. Hasegawa, S. Unjoh, H. Haga.hi..,
H. Shimizu



11:00-11:20

11:20-11:40

11: 40-12: 00

status of U.S. Research on structural Control
Systems
S.C. Liu*, H.J. Lagorio, K.P. Chong
Vibration of Large-Scale Shaking Table Foundation
C. Minow8*, N. Ogawa, T. Mikoshiba, K. Ohtani, N.
Oyagi

Discussion

Luncb - 12:00-13:00 (Hosted by Building Research Institute)

Tecbnica1 Se••ion - 13:00-17:00

s •••ion 8 - Tb... III - STORK SURGB AM» TSUNAMIS

Chairman: T. Iwasaki

13: 00-13: 20 SUbaerial and Submarine Landslide Generated
Tsunamis
James F. Lander., Patricia A. Lo=kridge, Herbert
Meyers

13: 20-13: 40 A study on the Effect of TsunaJT,i Breakwater by
Numerical Simulation
C. Goto*, K. Tanimoto

13:40-13:55 Discussion

Se••ioll t - Th_. IV - V. S. -JAPAlf JOlft COOPERATIVE RESEARCH
PROGUII

Chairman: T. Iwasaki

13:55-14:15

14:15-14:35

14:35-14:50

14:50-15:10

The U.S.-PRESSS Program
M.J. Nigel Priestley (H.S. Lew*)
U. S. -Japan Cooperative Research ?rogram Precast
Seismic Structural system
s. Okamoto, S. Nakata., T. Kaminos,:mo, H. Shiohara,
M. Inukai

Discussion

Break

s•••lon 10 - '1'b... II - BARTKQUAEB ..GIBBBRIBa

Chairman: T. Iwasaki

15: 10-15: 30 Safety and Economic Benefits Realized from
Upgrading the Lawrence Berkeley Laboratory
Donald Eagling*, James R. Hill

15:30-15:50 Structural Regulations of Buildings and Development
of Technology in Japan
Y. Ohashi., H. Yamanouchi



15:50-16:10

16:10-16:30

16:30-17:00

Seismic Hazard Assessment of Liquefaction Potential
at Mormon Island Auxiliary Dam, CA, U.S.A.
David W. Sykora, Joseph P. Koester, Mary E. Hynes
(Gus Frank1in*)
System Identification of Spirally Reinfol"Ced
Circular Bridge Columns sUbjected to cyclic Lateral
Loading
W.C. Stone, A.W. Taylor (H.S. Lew*)

Di'icussion

Adjourn

Dinner (Hosted by Director General of Public works Research
Institute)

Friday. May 17

Teohnioal S•••iOD - 9:00-12:00

Se••iOD 11 - Th... II - EARTHQUAKE BNGINEERING

9:00- 9:20

9:20- 9:40

9~40-10:00

10:00-10:20

10:20-10:40

Simplified Procedure for Inspecting Earthquake
Resistant Potential of Highway Bridge Against Soil
Liquefaction
K. Tokida*, J. Fukui, H. Matsumoto
Evaluation and Repair of Major Water Resources
Structures for Improved Safety and Seismic
Stability
'William Roper.
Shaking Table Tests for Hydrodynamic Pressure
Acting on Double Cylindrical caisson Type
Breakwater in the Deep Sea
T. Uwabe*, M. Osada, S. Noda

Discussion

Break

11:20-11:40

S•••iOD 12 - Th..e V - PBRPORKARCB OF HOHSTRUCTURAL SYSTBKS

Chairman: H.S. Lew

10:40-11:00 CUrrent Efforts to Improve the Performance of
Nonstructural systems Based on Experience from the
Lema Prieta Earthquake
Robert Reitherman (Stephen Mahin.)

11:00-11:20 State-of-the-Art Report on Seismic Design of
Building Equipment and Nonstructural Components in
Japan
M. Hirosawa*, H. Mizuno, M. Midorikawa

Discussion



Lunoh - 11:40 - 12:40 (Hosted by the National Research Institute
tor Earth Science and Disaster
Prevention)

Reports on Activities Related to IDNDR - 12:40-13:00

Chairman: T. Iwasaki

Reports of Task Committees - 13:00-15:00

A--Stronq-Motion Instrumentation Arrays and Data
B--Larqe-Scale Testinq Programs
C--Repair and Retrofit of Existing Structures
D--Evaluation of Performance of Structures
E--Ground Motion and Seismic Design Forces
F--Disaster Prevention Methods for Lifeline Systems
G--PasBive, Active, and Hybrid Control systems
H--Soil Behavior and Stability During Earthquakes
I--Storm Surge and Tsunamis
3--Wind and Earthquake Engineering tor Transportation Systems

15:00-15:20 Break

Adoption of Final Resolutions 15:20-16:10

Chairman: T. Iwasaki

16:10-16:20 Break

Closing Session 16:20-16:40

Call to Order by Dr. Takashi I1j1ma, secretary-General, Japan
panel, Director, Planning and Research Administration Department,
Public Works Research Institute

Closing Remarks by Dr. H.S. Lew, Chairman (Acting Chairman), u.S.
Panel, Chief, Structures Division, Building and Fire Research
Laboratory, National Institute of standards and Technology,
Depart.ent of COJllDlerce

Closinq Remarks by Dr. Toshio Iwasaki, Chairman, Japan Panel,
Director-General, Public Works Research Institute

Closure by Dr. Takashi Iijima

Press Conference 16:50-17:20 (Conference Hall - BF)
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RESOLUTIONS

RESOLUTIONS OF THE TWENTY-THIRD JOINT MEETING
U.S.-JAPAN PANEL ON WIND AND SEISMIC EFFECTS (UJNR)

Public Works Research Institute
Ministry of Construction

1, Asahi, Tsukuba-shi, Ibaraki 305

May 14-17, 1991

The following resolutions are hereby adopted:

1. The Twenty-third Joint Panel Meeting provided an oppor':unity
to exchange valuable technical information which was
beneficial to both countries. In view of the importance of
cooperative programs on the subject of wind and seismic
effects, the continuation of Joint Panel Meetings is
considered essential.

2. The following activities have been conducted since the
Twenty-second Joint Meeting:

a. Guest researchers from both countries
research that advanced the state
engineering.

performed joint
of earthquake

b. Technical documents, research reports, and proceedings of
workshops wer~ exchanged.

c. The Japanese MOC documents on base isolation systerrs for
bUildings were translated into English by the U.S.-side
Panel. They were reviewed by both sides and approved for
pUblication and diRsemination by NIST and NTIS.

d. Five workshops were held:

a) 2nd Tsunam i Workshop, Task Commi ttee ( I ) , at
Honolulu, Hawaii, Nov. 5-7, 1990.

b) 1st Meeting of Joint Technical Coordinating
Committee on Precast Seismic Structural Systems,
Task Committee (B). at San Diego. CA, Nov. 29-Dec.
1, 1990.

c) 1st Workshop on Seismic Retrofit of Bridges, Task
Committee (J), at Tsukuba, Dec. 17-22, 1990.

d) Workshop on '\emedial Treatment
Liquefiable Soils, Task Committee
Jan. 22-25, 1991.

of
(H) ,

Potentially
at Tsukuba,

e) 7th Bridge Wcrkshop, Task Committee (J), at Tsukuba,
May 8-11, 1991.

nm



3. A two day seminar where Panel members participated was held in
Charleston, South Carolina durlng the Panel's study tours on
May 21 - 22, 1990 on the subject of lessons learned from
Hurricane Hugo and repair and retrofit of historic tuildings.
'i'he seminar was hosted by the Charleston Historic foundation
and The Citadel.

4. The Panel will continue to seek methods to contribute to the
International Decade of Natural Disaster Reduction (IDNDR)
such as exchanging Proceedings of joint Panel Meetings and
Task Committee Workshops with their respective Country's
National Commi ttees of IDNDR. The Panel compiled a
bibliography of papers presented at the past 23 Joint Panel
meetings and TiC workshops, and will disseminate to various
countries suffering from strong winds and earthquakes.

:.. The Pane 1 recogn i Zt!S the importance of research on improv i ng
the design and construction of offshore and coastal
facilities. The Panel approves the Astablishment of a new
Task Committee (TIC "K") on Wind and EarthquaKe Engineering
for Offshore and Coastal facilities. Its Mission Statement
will be developed and discussed at the respective country's
domestic meetings.

6. The Panel recognizes the impo~tance of the work by both sides
in the US-Japan Joint Research Program on Precast Seismic
Structural Systems (PRESSS).

7. The Panel accepts each Task Committee's report developed
during the Twenty-third Joint Meeting. Each report presents
Objectives, scope of work, accomplishments, future plans,
infor~ation exchange, impacts and barriers.

8. The Panel endorses the following proposed Task Committee
workshops during the coming year.

a. Task Committee (A) plans a workshop on Strong Motion
Record Processing for Long Periods during the spring of
1992.

b. Task Committee (B) proposes ho1di~g a workshop to develop
a joint research program on Composite, Mixed, and Hybrid
Structures during the spring of 1992.

c. Task Committee (8) will conduct its 2nd meeting of the
Joint Technical Coordinating Committee on Precast Seismic
Structural Systems (PRESSS) in Japan, Oct 30-Nov. I,
1991.

d. The Committee (E) has scheduled a workshop on Hazard/Risk
Assessment and Design Earthquake Loading in Tsukuba,
Japan during 28-29 May 1991.



e. Task Committee CF) has scheduled the Fourth Workshop on
Earthquake Disaster Prevention for Lifeline Systems
during Auguat 19-21, 1991 in Los Angel~s.

f. Task Committee (G) has scheduled a workshop on the Design
of Bridge Base Isolation at the National Center for
Earthquake Engi;leering Rese3rch during September 1-5,
1991.

g. Task Committee (J) will hold its Ei~hth Bridge Workshop,
scheduled in the U.S. just prior to the 24th UJNR Joint
Meeting.

SchedUling for the workshops and planning meeting shall be
performed by the U. S. and Japan chai rmen of the respective
Task Committee with concurrence of the Joint Panel chalrmen.
Results of each activity shall be presented at the next Joint
Panel Meeting.

9. The Panel recognizes the importance of contillued exchange of
personnel, technical information, research results. and
recorded data that lead to mitigating losses from strong winds
and earthquakes. The Panel also recognizes the importance of
using available large-sea) e testing facilities in both
countries. Thus, these activities should continue to b~

strengthened and expanded and, as appropriate, share Task
Commi ttee activities at other meetings that have technical
interests in the Task Corrmittee activi ties. To facili tace
these exchanges, the Panel will provide official endorsement.

10. The Twenty-Fourth Joint Meeting of the UJNR Panel on Win~ and
Seismic Effects will be held at NIST, Gait~~rsburg MD, U.S.A.,
May 1992. Specific dates, program, and itinerary will be
proposed by the U. S. Panel with concurrence of the Japan
Panel.
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Probabilistic Performance Goals for Wind and Tornado Design

by

James R. Hill·
James ~. ~1tDon:!ld""

Roben C. Murray·"

ABSTRACf

Department of Energy, (DOE), facilities
across the United States. use wind and
tornado design and evaluation criteria based
on probabilistic performance goals. In
addition, other programs such as Advanced
Light Water Reactors. New Production
Reactors, and Individual Plant Examinations
for External Events for commercial nuclear
power plants utilize design and evaluation
criteria based on probabilistic performance
goals. The use of probabilistic performance
goals is a departure from design practice for
commercial nuclear power plants which have
traditionally been designed utilizing a
deterministic specification of wind and
tornado loading combined with deterministic
response evaluation methods and permissible
behavior limits. Approaches which utilize
probabilistic wind and tornado hazard curves
for specification of loading and deterministic
response evaluation methods and permissible
behavior limits are discussed in this paper.
Through the use of such design/evaluation
approaches, it may be demonstrated that there
is high likelihood that probabilistic
perfonnance goals can be achieved.

1. INTRODUcnON

Use of deterministic design and evaluation
criteria to meet probabilistic performance
goals is the approach used by DOE facilities
across the United States as given in UCRL
15910, "Design and Evaluation Guidelines
for Department of Energy Facilities Subjected
to Natural Phenomena Hazards." An
overview of the approach is presented in this
paper. References 1-14 provide related
background material.

UCRL-lS910 wind and tornado provisions
usc deterministic evaluation criteria with the
hazard annual probability of exceedance

Preceding page blank 3

specified to get design/evaluation wind
speeds. The evaluation of response and
structure or equipment capacities are
performed using detenninistic methods which
are familiar to engineers. Wind speeds are
developed from probabilistic hazard curves
are used to meet performance goals for
various building occupanciell.

2. PERFORMANCE GOALS

Performance goals may be expressed in terms
of annual probability of excecdance of some
level of damage. Levels of damage can
include that damage beyond which occupants
are endangered. beyond which hazardous
materials cannot be confined. beyond which a
facl~ity cannot safely shutdown, or beyond
which a facility cannot continue its mission.
The performance goal for the safety of
Advanced Light Water Reactors is on the
order of IXlO-5 annual probability of
exceedance for external events induced core
damage. Performance goals upon which
design/evaluation guidelines are based for
DOE facilities in UCRL-1591O, are presented
in Table I.

For each pe:formance goal there are separate
wind and tornado design and evaluation
criteria. DOE manage",~l1tcategorize
facilities or individual c;truetures. systems. or
components depending on the cost, mission
importance. or hazard to people or the

• U. S. Department of Energy, Office of Safety
AllIOisals. Washington. D.C.. 20585

•• Texas Tech Universily
Lubbock, Texas 79409

···Lawrence Livermore National Laboralory
Livennore, CA 94550



environment. For UCRL-1591O, a DOE
natural phenomena hazards panel selected
reasonable and achievable pcrfonnance goals,
bounded by current practice.

• For ordinary facilities, the
perfonnance g~s are consistent. with
design according to conventional
building code provisions.

• For high hazard facilities, the
perfonnance goals are comparable to
performance reached by nuclear
power plants as measured by
probabilistic risk assessments
(PRAs).

3. PERFORMANCE GOAL
ACHIEVEMENT

Structure/equipment performance is a
function of: (1) the likelihood of hazard
occurrence and (2) the strength of the
structure or equipment item. Therefore,
design and evaluation criteria have been
d<,:vcloped to attain perfonnance g~s.by: (1)
specification of hazard probabl~IlY for
definition of wind and tornado loadmgs .md
(2) specification of re~po~se evaluat!on
methods, acceptance cntena, and deSign
detailing requirements with controlled levels
of conservatism. Acceptable performance
can only be reache~ by consist~nt

specification of all deSign or evaluation
criteria elements as shown below;

UCRL-15910 wind and tornado design and
evaluation guidelines contain the following
provisions:

Lateral Force Provisions

Damage Control Provisions

Detailing Provisions
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Quality Assurance and Peer Review
Provisions

Wind/tornado perfonnance depends on the
level of the hazard and on conservatism in the
response evaluation and acceptance criteria.
For example, a perfonnance goal of IX I~-4
can be achieved either by: (1) a conservative
evaluation/acceptance approach for a more
frequent hazard probability, such as lXlO-3
or by: (2) a median center~d

evaluation/acceptance approach coupled .~Ith

a less frequent IX 10-4 hazard probablltty.
UCRL-15910 uses the former approach
because conservative evaluation/acceptance
approaches are well established, ~xtensively

documentoo, and commonly pracllced.

4. DESIGN AND EVALUATION
CRrIERIA FOR WIND LOAD

A uniform approach to wind l~ad

determination that is applicable to the deSign
of new facilities and the evaluation of existing
ones has been developed for DOE. A
uniform treatment of wind loads is
recommended to accommodate extreme,
hurricane, and tornado winds. Buildings or
facilities are fITSt assigned appropriate usage
categories. Criteria are recommended such
that the performance goals for each ca~gory
can be achieved. Procedures accordmg to
ASCE 7-88 (formerly ANSI ASS.I) arc
recommended for determining wind loads
produced by straight, hur:ricane, and 10mado
winds. The extreme wind/tornado hazard
models developed for DOE sites were used to
establish site-specific criteria for each of
some 2S DOE sites.

The performance goals established for
General Use and Important or Low Hazard
usage categories are met by convent~on~1

building codes or standards. These cntena
do not account for the possibility of tornado
winds, because wind speeds associated with
extreme winds typically are greater than those
for tornadoes at exceedance probabilities
greater than approximately IXIO-4. For this
reason, tornado design critda arz specified
only for buildings and facilities in Moderate
and High Hazard categories. where hazard



exceedance probabilities are less than
lXlO-4.

The traditional approach for establishing
tornado design criteria is to select extremely
low ex.ceedance probabilities. For example.
the exceedance probability for design of
commercial nuclear power plants is IXlO-7.
There are reasons for departing from this
traditional approach. The low exceedance
value for commercial nuclear power plants
was established circa 1960 when very little
was known about tornadoes from an
engineering perspective. Much has been
learned about tornadoes since that time. Use
of a low hazard probability is inconsistent
with the practice relating to other natural
hazards, such as earthquakes. There are
many uncertainties in tornado hazard
probability assessment, but they are not
significantly greater than the uncertainties in
earthquake probability assessment. The
strongest argument against using low
probability criteria is that a relatively shon
period of record (37 years) must be
extrapolated to extremely small exceedance
probabilities. For these reasons, an
alternative approach was used in the
UCRL·1591O gui~lines.

4. 1 Establishment of Wind and Tornado
Hazard Annual Probabilities

The rationale for ~Stablishing tornado criteria
is described below. Figure 1 shows the
tornado and straight wind hazard curves for
two DOE sites (SUe and ORNL). The
wind speed at the intersection of the tornado
and straight wind curves is defined for
purposes of this discussion as the transition
wind speed. An exceedance probability is
associated with each transition wind speed.
If the exceedance probability of me transition
wind speed is less than lXlO-S per year,
tornadoes are not a viable threat to the site,
because straight wind speeds :'.I'e highef' than
tornadoes for a given return period. Thus,
from Figure I, tornadoes need not be
considered at SLAC, but should be
considered at ORNL.

Best-estimate wind speeds were developed
for each OOE site, along with the transition
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wind speed. Those sites with ttansition wind
speed exceedance probabilities greater than
10-5 should be designed for tornadoes;
others should be designed for extreme winds
or hurricanes.

The tornado wind speed is obtained by
selecting the wind speed associated with an
exceedance probability of 2XlO-5 per year.
The value of 2X 10-5 is the largest one that
can be used and still. represent a point on tbe
tornado hazard curve. For example, the
tornado wind speed for the ORNL is 130
mph (peak gust at 10m).

A comparison of the slopes of the tornado
hazard curves for the OOE sites reveals that
the slopes are essentially the same even
though the transition wind speeds are
different. The criteria required to meet the
performance goals of Moderate and High
Hazard facilities can be met by using
multipliers that are equivalent to an
importance factor in the ASCE 7-88 design
procedure. The multipliers are specified in
lieu of two different exceedance probabilities
for Moderate and High Hazard facilities. The
value of the importance factor is selected to
achieve lower probability of tornado damage
for High Hazard facilities compared to
Moderate Hazard facilities. The importance
factors are then chosen to meet the
performance goals.

In general. design criteria for each usage
category include:

1. Annual hazard exceedance probability.
2. Importance factor.
3. Wind generated missile parameters for

Moderate and High Hazard facilities.
4. Tornado parameters for Moderate and

High Hazard facilities. if applicable.

The criteria are fonnulated in such a way that
a unifonn approach for determining design
wind loads, per ASeE 7-88, can also be used
for extreme, hurricane. and tornado winds.

In order to apply the ASCE 1-88 procedure,
tornado gust wind speeds must be convened
to fastest-mile. Appropriate gust response
factors and velocity pressure exposure



coerficients are utilized in the process of
determining wind loads. Appropriate
exposure categories also are considered in the
wind load calculations. Open terrain
(Exposure C) should always be assumed for
tornado winds. regardless of the actual terrain
conditions.

4.2 CRITERIA FOR OESIGN OF
FACILITIES

The criteria presented herein are consistent
with the perfonnance goals described earlier.
Buildings or facilities in each category have a
different role and represent different levels of
hazard to people and the environment. In
addition, the degree of wind hazard varies
geographically. Facilities i", the same usage
category, but at different geographical
locations. will have different criteria specified
to achieve the same performance goal.

The minimum wind design criteria for each of
the four asage categories are summarized in
Table 2. The recommended basic wind
speeds for extreme wind, hurricanes. and
tornadoes are contained in Table 3. All wind
speeds are fastest-mile. Minimum
recommended basic wind speeds are noted in
the table.

4.2.1 General Use Facilities

The performance goals for Genenl Usc
facilities are consistent with objectives of
ASCE 7-88 Building Class I, Ordinary
Structures. The wind-force resisting
structural system should not collapse under
design load. Survival without collapse
implies that occupants should be able 0 find
an area of relative safety inside the building.
Breach of the building envelope is acceptable,
since confinement is not essential. Flow of
air through the building and water damage are
acceptable. Severe damage, including tota1
loss, is acceptable, so long as the structure
does not collapse.

The ASCE 7-88 standard calls for the basic
wind speed to be based on an exceedance
probability of 0.02 per year. The importance
factor for this class of building is 1.0. For
those sites within 100 miles of the Gulf of
Mexico or Atlantic coastlines, a slightly

,

higher imponance factor is recommended to
account for hurricanes.

Terrain surrounding the facilities should be
classified as Exposure B, C, or 0, as
appropriate. GUSI response factors and
velocity pressure exposure factors should be
used according to rules of the ASCE 7-88
procedures.

Wind pressures are calculated on the walls
and roofs of enclosed buildings by
appropriate pressure coefficients specified in
the ASCE 7-88 standard. Openings. either of
necessity or created by wind forces or
missiles, result in internal pressures that can
increase wind forces on components and
cladding. The worst cases of combined
internal and external pressures should be
considered, as required by the slllldard.

Structures in the General Use category may
be designed by either allowable stress design
(ASO) or strength design (SO) as appropriate
for the material used in construction. Except
when applicable codes provide otherwise.
plausible load combinations shall be
considered to determine the most unfavorable
cffect on the building, foundation, or
structural member being considered. When
using ASO methods, allowable stresses
appropriate for the building material shall be
used with the following combinations that
involve wind:

(a) OL+W
(b) O.75(DL + W + IL)

where

DL =dead load
LL = live load
W=windload

When using SO methods, the following load
combinations that involve wind are
recommended:

(a> U =O.90L + 1.3W
(b) U =1.20L +O.SLL + 1.3W

The SD method requires that the strenJlh
provided be greater than or equal to the
~ngth required to carry the factored 101ds.



Appropriate strength reduction factors must
be applied to the nominal strength of the
material being used.

4.2.2 Important or Low Hazard Facilities

Important or Low Hazard facilities are
equivalent to essential facilities (Class 10. as
defined in ASCE 7-88. The structure's main
wind-force resisting structural systems shall
not collapse at design wind speeds.
Complete integrity of the building envelope is
not required because no significant quantities
of toxic or radioactive materials are present.
However. breach of the building envelope
may not be acceptable if wind or water
interfere with the facility function. If loss of
facility function is caused by water damage to
sensitive equipment. collapsed interior
partitions. or ex.cessive damage to HVAC
ducts and equipment. then loss of cladding
and missile perforation at the design wind
speeds must be prevented.

An annual wind speed ex.cecdance probability
of 0.02 is specified, but the importance factor
for important or Low Hazard category
structures is 1.07. For those sites located
within 100 miles of the Gulf of Mexico or
Atlantic coastlines. a slightly higher
importance factor is used to account for
hurricane winds.

Once the design wind speeds are established
and the importance factors applied. the
detennination of wind loads on Important or
Low Hazard category structures is identical to
thaI described for General Use category
structures. Facilities in this category may be
designed by ASD or SD methods. as
appropriate. for the construction material.
The load combinations described for General
Use structures are the same for Important or
Low Hazard structures. However, greater
attention should be paid 10 connections and
anchorages for main members and
components. such that the integrity of the
structure is maintained.

4.2.3 Moderate Hazard Facilities

The pcrfonnance goal for Moderate Hazard
facilities requires more rigorous criteria than
is provided by standanis or model building

7

codes. For some DOE sites. tornadoes must
be considered.

Extreme Winds and Hurricanes

For those sites where tornadoes are not a
viable threat. th~ recommended basic wind
speed is based on an annual cxceedance
probability of IX le- 3. The importance
factor is 1.0. For those sites located within
100 miles of the Gulf of Mexico or Atlantic
coastlines. a slightly higher importance factor
is specified to account fOT hurricanes.

Once the basic wind speeds are established
and the importance factors applied.
determination of Moderate Hazard category
wind loads is identical to that described for
the General Use category. Facilities in this
category may be designed by ASD or SD
methods. as appropriate. for the material
being used in construction. Plausible load
combinations shall be considered to
determine the most unfavorable effect on the
building. foundation. or structural member
being considered. When using ASD.
allowable stresses appropriate for the
building material shall be used with the
following wind load combinations:

(a) iJ = O.9(DL + W)
(b) U =0.67(DL + W + LL)

1be SD load combinations recommended for
the Moderate Hazard category are:

(a) U =DL + l.3W
(b) U =l.1DL + 0.5lL + 1.2W

Greater attention should be paid to
eonneelions and anchorages for main
members and components. such that the
integrity of the struetlD'C is maintained.

A minimum missile criteria is specified to
account for objects or debris that could be
picked up by extreme winds. hurricane
winds, or weak tornadoes. A 2X4-in. timber
plank weighing IS lbs. is the specified
missile. Its impact speed is 50 mph at a
maximum height of 30 ft above ground level.
The missile will break glass; iI will perforate



sheet metal siding. wood siding up to 3/4 in.
thick, or fonn board. The missile could pass
through a window or a weak exterior wall
and canse personal injury or damage to
interior ~()ntents vf a building. The specified
missile will not perforate unreinforced
concrete masonry or brick veneer walls or
other more substantial walls.

Tornadoes

For those sites requmng design for
tornadoes. the criteria are based on site
specific studies. The basic wind speed is
associated with an annual hazard probability
of exceedance of 2XIO-5. The wind speed
obtained from the tornado hazard model is
converted to fastest-mile. The importance
factor for the Moderate Hazard category is
1.0.

With the wind speed converted to fastest-mile
wind and an importance factor of 1.0.
equations in the ASCE standard should be
used to obtain design wind pressures on tile
structure. Exposure Category C should
always be used with tornado winds
regardless of the actual terrain roughness.
The velocity pressure exposure coefficient
and the gust response factor are obtained
from appropriate tables in the ASCE
standard. External pressure coefficients are
used to obtain tornado wind pressures on
various surfaces of the structure. A
distinction is made between the main wind
force resisting system and components and
cladding.

If the building is not specifically sealed to
maintain an internal negative pressure for
confinement of hazardous materials, or. if
openings greater than one square foot per
1000 cubic foot of volume are present. or. if
openings of this Si7-C can be created by
missile perforation. then the effects of
internal pressure should be considered
according to ASCE procedures. On the other
hand. if the building is sealed, then
atmospheric pressure change (APC)
pressures associated with the tornado should
be considered.

APe pressure is half its maximum value at

8

the radius of maximum wind speed in a
tornado. Thus. critical tornado loading will
be one-half maximum APC pressure plus
maximum tornado wind pressure. A loading
condition of APe alone can occur on the roof
of a buried tank or sand filter, if the roof is
exposed at the ground surface. APe
pressure always acts outward. The effect of
rate of pressure change on ventilation
systems should be analyzed to assure that it
does not interrupt function or processes
carried out in the facility. Procedures and
computer codes are available for such
analyses.

Plausible load combinations shall be
considered to determine the most unfavorable
effect on the building. foundation. or
structural member being considered. When
using ASD methods. allowable stresses
appropriate for the building materials shall be
used with the following load combinations
that involve wind.

(a) U = O.75(DL + Wt)
(b) U = O.625(DL + Wt + LL)

The SD load combinations recommended for
the Moderate Hazard category are:

(a) U=DL+Wt
(b) U = DL + LL + Wt

where

Wt =tornado loading, including APe, as
appropriate.

Two missiles are specified as minimum
criteria for this usage category. The 2X4-in.
timber plank weighing IS Ibs. is assumed to
travel in a horiwntal direction at a speed up to
100 mph. The horizontal speed is effective
up to a height of ISO ft above ground level.
If carried to a great height by the tornado
winds. the timber plank could achieve a
terminal vertical speed of 70 mph in falling to
the ground. The horizontal and venical
speeds are assumed to be uncoupled and they
should not be combined. The missile will
perforate most conventional wall and roof
cladding except reinforced masonry or
concrete. The cells of concrete masonry



walls must be filled with grout to prevent
perforation by the timber missile. The
second missile is a 3-in. diameter standard
steel pipe, which weighs 75 lbs. It can
achieve a horizontal impact speed of 50 mph
and a vertical speed of 3S mph. Its horizontal
speed could be effective 10 heights of 75 ft
above ground level. The missile will
perforate conventional metal siding,
sandwich panels, wood and metal decking on
roofs, and gypsum panels. In addition, it
will perforate unreinforced concrete masonry
and brick veneer walls, reinforced concrete
masonry walls less than 8 in. thick. and
reinforced concrete walls less than 6 in.
thick. Although wind pressure. APe, and
missile impact loads can act simultaneously in
a tornado, the missile impact loads can be
treated independently for design and
evaluation purposes.

4.2.4 High Hazard Facilities

The perfonnance goal can be achieved for
this category if the main wind-force resisting
members do not collapse, structural
components do nOI fail, and the building
envelope is not breached at the design wind
loads. Loss of cladding. broken windows,
collapsed doors, or significant missile
perforations must be prevented. Strong air
flow through the building or water damage
cannot be tolerated.

Elltreme Winds and Hwrlcanes

For those sites that do not require specific
design for tornado resistance, the
recommended basic wind speed is based on
an annual hazard ellceedance probability of
lXI0-4. The imponance factor is 1.0. The
wind speed is fastest-mile at an anemometer
height of 10 meters above JIOund levd.

Once the basic wind speeds arc: established
and the importance factors applied,
detennination of High Hazard facility wind
loads is identical to that described for the
General Use category. Facilities in this
category may be designed by ASO or SO
methods, as appropriate. for the material
being used in construction. Recommended
wind load combinations are the same as for

Moderate Hazard facilities. Greater attention
should be paid to connections and anchorages
for main members and components, such that
the integrity of the structure is maintained.

The missile criteria is the same as for the
Moderate Hazard category. except thai the
maximum height achieved by the missile is
50 ft, instead of 30 fr.

Tornadoes

For those sites requiring design for tornado
resistance. the criteria is based on site
specific studies. The recommended basic
wind speed is associated with an annual
hazard probability of ellceedance of 2XlO-S
(the same as the Moderate Hazard category).
The wind speed obtained from the tornado
hazard model is converted to fastest-mile.
The importance factor for the High Hazard
category is 1.35.

~i'h the wind speed expressed as fastest
mile and an imponance factor of 1.35,
equations should be used to obtain design
wind pressures on the structure. Exposure
Category C should always be used with
tornado winds regardless of actual terrain
roughness. The velocity pressure ellposure
coefficient and the gust response factor are
obtained from appropriate tables in the ASCE
standard. External pressure coefficients are
used to obtain tornado wind pressures on
various surfaces of the structure. A
distinction is made between the main wind
force resisting system and components and
dadding in determining wind pressures.

If the building is sealed 10 confme hazardous
materials. the wind and APC load
combinations specified for the Moderate
Hazard usage category also should be used
for this category. The effects of rate of
pressure change on ventilating systems
should be analyzed. Recommended tornado
wind load combinations for Moderate Ha.zaJd
facilities also apply to High Hazard facilities.

Three missiles arc: spe~ified as minimum
aiteria for this usage category. The 2x4-in.
timber plank weighs 15 Ibs. and is assumed
10 travel in a horizontal direction at speeds up



to 150 mph. The horizontal missile is
effective to a maximum height of 200 ft
r.bove ground level. If carried to a great
height by the tomado winds, it could achieve
a tenninal speed in the vertical direction of
100 mph. The horizontal and venical speeds
are uncoupled and should not be combined.
The missile will perforate most conventional
wall and roof cladding except reinforced
masonry and concrete. Each cell of Lhe
concrete masonry shall contain a 112-in.
diameter rebar and be grouted to prevent
perforation by the missile. The secf'ln1
missile is a 3-in.-diameter standard steel pipe,
which weighs 75 Ibs. It can achieve a
horizontal impact speed of 7S mph and a
venical speed of 50 mph. The horizontai
speed could be effective at heights up to 100
ft above ground level. This missile will
perforate unreinforced concrete masonry and
brick veneer walls, reinforced concrete
masonry walls less than 12 in. thick, lnd
reinforced concrete walls less than 8 in.
thick. The third missile is a 3QOO-lb
automobile that is assumed to roll and tumble
on the ground and achieve an impact speed of
25 mph. Impact of an automobile can cause
excessive structural response to columns,
walls. and frames. Impact analyses should
be performed to determine specific effects.
Collapse of columns. walls. or frames may
lead to further progressive collapse.

S. SUMMARY AND OONCLUSIONS

UCRL-15910 is an example of deterministic
design/evaluation criteria developed to
achieve probabilistic performance goals.
UCRL-lS910 also covers seismic and flood
as well as wind and tornado criteria as
discussed in this paper. The criteria
developed is consistent with the consensus
standard ASCE 7-88. Conservatism is
specified which is sLlftlcient to achieve the
perfonnance goals. This con~ervatism

increases from general use to high hazard
usage category.

The UCRL·15910 wind/tornado design and
evaluation guidelines follow the philosophy
of: (1) gradual reduction in huard annual
exceedance probability; and (2) gradual
increase in conservatism of evaluation
procedure as one goes from a General Use to
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a High Hazard facility. Four separate sets of
design/evaluation criteria have been presented
in UCRL-15910. each with a different
performance goal. In all these criteria,
loading is selected from hazard curves on a
probabilistic basis but response evaluation
methods and acceptable behavior limits are
detenninistic approaches with which design
engineers are familiar.
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Table t. Performance Goals for Each Usage Category

uuoe Performance Goal Performance Goal Median
CateoCllY Descnption Annual Probability

of Exceeew.:e

Gene,a1 Maintain OcclJl)allt Safety - 1()-1 of the onset of major component'll damaGa
Use to the extent that oceupenta ara~

Impoftant at OCCupant Safety. Continued Operation - S.1()-4 of CClIftI)OIl8ftt cIamate to the extent tNt
Low Huard with Minimallntarruption the comtIOI*1t c:amot perform ita tunctiOn

Moderata Occupant Safety. Continued Function. - 1()-4 of component damege to the unnt tNt V1a
Huard Hazard Confinement component cannot pefiorm ita function

High OCcupant Safety. Continued Func;tion. - 10'. of component dalNge to 1M extent tftIt tne
Hazard Very High Confidence of Hazard Con- component cannot perform ita function

flnement

Reacto,
Facilities Beyond the scope of UCRL·15910

111 Component refe's to struc:ture. eQuipment. or distribution system.

Table 2. Summary of Minimum Wind Design Criteria

BlIllding Category Q-.lU.. Impoftlllt or Moder•• Huard HIgh tWzarcI
Low Hazard

AnnueI ProlMblllty 2lclo-2 2lclo-2 1x10-3 1x1~
of Exceed8nce

W
I ~ 1.0 1.07 1.0 1.0
n Fector
d

MIHlle Crlteria 2lc~ timber pIMk 1SIb @ 2lc4 limber pIMk 15 Ib •
50 mph (1loIiz.): max. 50 mph (tlclriz.): rna.
height 30 It. helght 50 It.

~Huerd
2lc10-5 2lc1Q'1PfObIbIIiIy

of Exc I 11I1lflC:e

~Faetor 1- 1.0 1-1.-

APe 40 PIl @ 20 pelIeec '25 PIl @ 150 pel/Mc

T 2lc~ timber pIri 15 Ib @ 2x4 timber pin 1SIb "
0 100 mph (horiZ.): max. 1150 mptI (tIoriz.). rna., Mi;hl 1SO I; 70 mph (Vert.) heigl'lI2llO I: 100 mph
n (Vert.)

• MlMlle CrhriI 3 In. die. ltd. ...., pipe. 75
II Ib • 50 mptI (horiz.); rna. 31ft. die. ltd......*.75
0 Mi;hl 75 ft. 35 mptI jwlt.) 1b.75 mptI fO:j); rna.

helghl1ooft. mptI (Vert.)

3.000 It MAClmOblIe • :l5
mph. rolIIlfICl tumbIeI



Table 3. Recommended Basic Wind Speeds for DOE Sites

FMtMt·Mile Wind Speeda e' 10m Height

General Imponanr Moderate Haz.rd lo4igtl Hanrd
Buildin(l Category U.. or Low

Hazard

Wind Wind Wind Tomado Wind Tornado

DOE PFiOJECT SITES 2xl0·2 2xl0-2 11[10-3 2xl0·5 lxl0~ 2xlO·S

Bandix Plant. MO 72 7:2 - 144 - 144

Loe AlamOi National SCientific n n 93 - 107 -
lAtlcntory. NM

Mounct lAboratory. I')H 73 73 - 136 - 136

PMl. Plant. 1)( 78 78 - 132 - 132

RocIcy F'" PI"'. CO 109 loe 138 (3) 161 (3)

Sandia National LaboratoriM. 78 78 93 - 107 ..
A1buquarqu•. NM

Sandia Nat,onal I.aOorelori••• 72 n 96 - 113 -
UYerrnor•• CA

pmeu. Plant. FL 93 93 130 - 150 -
Argonne NatiONl Laboralory-Eeet. IL 70(1) 70(1) - 142 - 142

Argonne NatiONl laboratory-Wilt. 10 70(1) 70(1) 83 - 95 -
BroollhaYen National Labor.o,." NY 70(1) 70(1) - 95(2) - 95(2)

PrinctIlon Pluma PhyliC. labor/do,.,. NJ 70(1) 70(1) - 103 - 103

IdIho National EnginHring Laborltory 70(1) 70(1) 84 - 95 -
FMlt~__ Production center. OH 70(1) 70(1) - 139 - 139

Oalc AIdge National Laboratory, X·l0. K·2S. 70(1) 70(1) - "3 - ,,3
InCI Y·12. TN

Peduoeh Ci-. DifhAion Plant. t<Y 70(1) 70(1) - '44 - '44

PorIImOUIh C3MeouI Dlllueion Plant. CH 70(1) 70(1) - "0 - '10

NwIIda T_ SIl•• tN 72 n 87 - 100 -
HInIord Project SI., WA 70(') 70(') eo(') - 90(') -
L.8MWIee Berkeley LaborIlory, CA 72 72 95 - ,,, -

~ Uwnnore National 72 n 86 - 113 -
~.CA

~ LNInnore National 80 80 104 - 125 -
l.IbonIolY. s" 300. CA
Energy TectwlOlggy and Engineering 70(1) 70(1) - 15(2) - 15(2)
CenIier,CA

8tMIoId~~or center, CA 72 72 IS - 112 -
......,...PIMl.SC 78 78 - 137 - 137

NOlES:

(1) MInImum IIdNmt wind apMcI.

C2J MInImum tonwlo IpMd.

(SJ Mhough IIdNmt.... ac-m at Aoc:ky FIatI. II II recommencIeCl thIt 18Clllliel be deallIned for the tomado rniMlle
crIeriL N'C need naI be~
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ADalysis or Tonaado in Mohan City on December 11, 1"0

H Niino1 , T FujitanF, T Murota3 t N YamaguchP and H Okada3

ABSTRACT
On tbe evening of December 11, 1990,

a tornado hit the Mobara City in the cen
tral part of the Boso Peninsula., about 55km
soutbeast of Tokyo. The tornado produced
one of the severest damages in the Japanese
records. One person died, 73 persons were
injured, 82 houses completely destroyed,
161 houses partially destroyed and 1504
houses damaged. The characteristics of the
tornado as revealed from damage survey are
reported.

KEYWORDS :tornado, damage survey.
estimated wind speed, translational speed.

1. INTRODUCTION
In Japan there have been enough records

of strong winds associated with typhoons
and extratropical cyclones to establish wind
resistant design codes based on their sta
tistical properties. Since tornadoes occur
less frequently over narrow areas and last
rather shortly, however, only sparse data
which directly record strong winds associ
ated with tbem exist. AccordiDgly, dam
age survey has been one of the effective
me&llS to study characteristics of tornadoes;
in fact. tbeir general characteristics such as
dimensions, translational velocity and max
imum wind, have been reasonably estimated
through damage surveys.

Though the immediate damage due to
tornadoes may be confined to & small area,
the probability that such a damage will lead
to the secondary damage to much wider
area seems to be increasing as the urban
functions become IOphistic:aterl and com
plex. Constructions which may be liable to

this probability include nuclear power plants,
chemica.l factories, bullet tn.ins and ultra
long-span bridges. Thus, it seems neces
sary to establish wind resistant design codes
which consider strong winds due to torna
does as soon as possible. It seems also nec
essary to esta.blish a warning system similar
to tbe tornado warning in the United States.

Since tornadoes are less frequent phe
nomena, it is important to accumulate data
on their characteristics before any statisti
cal analysis is done. Whenever a tornado
occurs, it is an urgent task to make a quick
damage survey and collect every detum re
lated to t.he tornado.

On t.he evening of December 11, 1990,
a tornado hit the Mobara City wbich is
located in t.hecenter of the Bose Penin
8ula, 55km southeast of Tokyo and pro
duced one of the. severest damage in the
Japanese record. One person died, 73 per
sons were injured, 82 houses completely de
stroyed, 161 houses partia.lly destroyed and
1504 houses damaged. Scientists of Me
teorological Research Institute(MRI) and
Building Research Institute(BRI) started a
detailed invest.igation on the tornado on De
cember 12. In the following, the character
istics of Japanese tornadoes lU'e introduced
briefly, and then the characteristics of the
Mobara Tornado as revealed from t.he dam
age survey are reported.

1 Physical Meteorology Division, Meteo
rological Research Inst.itute.

2 Applied Meteorology Division, Met~
rological Research Institute.

3 The Third Division, Building Reaearch
Institute.



2. CHARACTERISTICS OF JAPA
NESE TORNADOES

The characteristics of Japanese torna
does described in this chapter are extracted
from an excellent technical report by Mitsu
ta. l ) who summarized the statistics on the
tornadoes in Japan from 1961 to 1982;
l)The number of tornadoes during 22 years
is 396. This gives an average number of 18
per year, which is much smaller than 771
per year in the United States2l .
2)There is a distinct regional difference in
the occurence of tornadoes. The Pacific side
of the Japan Island experiences more torna
does than the Japan Sea side does. Among
43 prefectures, the Kagoshima Prefecture,
the Ilouthest prefecture of the Kyushu Is
land, experiences tornadoes most frequently
(37 tornadoes during 22 years). The number
denllity per 101 km2 per year is ma.ximum for
the Okinawa Prefecture, the southest pre
fecture of Japan, and ill 6.3. This number is
larger than that for the Oklahoma. State in
the United States.
3)Tomadoes occur most frequently in Sep
tember, and next in August. These two
months account about 38 percent of the to
tal occurence of tornadoes. March has tor
nadoes least frequently. S'~lJtember and Au
gust are the months when :h~ J"pan Islands
are hit by typhoons most frequently. Since
tornadoes are often accompanied with ty
phoons, this may explain the reason why
these two months have such frequent oc
curence of tom adoes.
4)About three fourths of tornadoes move
toward directions between east and north.
Only few estimations for the translational
speed of tornadoes exist. They give the av
erage value of about 10mjs(36km/h).
5)On average twenty eight houses are tot&11y
destroyed, 0.5 persons Me killed and 20.6
persons are injured per year.
6)No wind record at the radius oC maxi
mum wind exists. Wind speeds of more

than 60m/s at Hachijou Island in 1964 and
more than 80m/s at Tokyo in 1978 have
been recorded near tornado paths. Wind
speed of more than lOOmis have been esti
mated from a damage to a construction in
Toyohashi City in 1969.

3.MOBARA TORNADO
3.1. Meteorological conditions

From 1800 to 1930JST on the evening
of D~ember 11, 1990, dama.ges due to
heavy winds were observed at Mobara, Fu
ttsu, Kimitsu, KlWlogawa, Choshi Cities
and Maruyama. Town in the Chiba Pre
fecture and hails over much wider region.
Among the cities, the Mobara City in the
central part of the Boso Peninsula experi
enced the severest damage which has been
concluded to be due to a. tornado beca.use of
the following reasons:
l)A funnel cloud was recorded on a video
film which was ta.ken from lkm distance.
The video shows anti-clockwise rotation of
the funnel cloud.
2)The wind directions estimated from dam
age survey at more than 60 locations show
the existence of a convergent flow &SSociated
with a cyclonic vortex.
3)A sudden pressure drop of about 9hPa
was recorded at the Chosei High School near
the damage path (Sect.3.1.2). A number
of habitants in the damage path reported
symptoms such as singing in the ears and
nosebleeding which seem to be caused by a
sudden and large pressure drop.

It is not possible to tell if a.ll the dam
ages due to the heavy winds in the Chiba
Prelecture were caused by tornadoes, since
we have not made a dlWlage survey over
the cities except lor the Moba.ra City. It.
is noted, however, that a funnel cloud was
eyewitnessed in the Kamogawa City.

3.1.1. Synoptic condition



An extratropical cyclone of 1004hPa
was located in the east of the Korea Penin
sula at 0900JST in the morning of Decem
ber 11. It moved eastward while developing
and reached the Noto Peninsula at 1500. A
cold front extended southeastward from the
center of the cyclone. Another cyclone was
generated on the cold front near the bound
ary between the Aichi and Miye Prefectures
at about 1500 and moved eastward along the
south coast of the Honshu Island while de
veloping. It reached the boundary between
the Shizuoka and Kanagawa Prefectures at
1800, then the boundary between the Tokyo
and Saitama Prefectures at 2100.

Figure 2 shows the surface weather map
at 1800, about 1 hour prior to the tornado
genesis. The cyclone is located at the west
part of the Kanto Plain. The cold front is
extending toward the Izu Peninsula. Ac
cording to the Tokyo Radar of the Japan
Meteorological Agency (JMA), a group of
cumulonimbuses were located about 150km
east of the cold front. Two strong cells were
located at the south edge of the cumulonim
buses. These two cells moved northeastward
and generated the heavy winds ILnd torna
does in the Chiba Prefecture. Thus, the Mo
bara Tornado was generated in the warm
sector of the extratropical cyclone. The re
sults of the analysis of the mesoscale fea
tures which led to the tornadogenesis are
described by Niino et al.3 ).

3.1.2. Meteorological records
Na meteorological records were ob

tained in the damage pa.th of the tornado.
However, several records were found near
the path. These records· will be described
in the following briefly. The analysis of
these records is still in progress and its re
sults will be reported elsewhere4).

l)Wind speed and direction

Maximum wind speed of 30.8m/s was
recorded at 1910 by an anemometer in the

farm field of the Mobara Agricultural High
School ( at the height of 10m at Point D) lo
cated about 900m east of the tornado path.
The wind direction was SE before 1850,
then changed to N-E, and was SE right
before the tornado cut the electric power
supply. The anemometer at the Mobara
Transforming Station of the Tokyo Electric
Power Company(Point F), about 700m east
of the path, recorded the maximum speed
of 29.5m/s at about 1920. The variation of
the wind direction at Point F is quite similar
to that at Point D. The wind direction be
(ore 1840 was ESE, then showed large fluc
tuations, and was SE when the maximum
speed was observed. The anemometer of the
Environmental Division, the Chiba Prefec
ture, at Point B showed that the wind direc
tion right before the electricity was stopped
was NE. The wind directions at these three
points are consistent with the cycloninc ro
tation of the tornado as revealed from the
video image.
2) Pressure

Pressure records were obtained at Point
C, D and E in Fig. 3. A sudden pressqre
drop of about 9hPa was recorded at about
1900 at the Chosei High School (Point e),
about 400m east of the path. This pres
sure drop is considered to bE: due to the
tornado itself. At the Mobala Agricultural
High School (Point D), where the wind dll.ta
were recorded, a pressure drop of 2hPa was
recorded at about 1900, and at the Fujimi
Junior High School(Point E), about 2000m
west of the path, II. drop of 2.5hPa was
recorded. These pressure drops are con
sidered to be due to a mesocyclone which
spawned the tornado.

• The time described in section 3.1. will
be bMed on the time recorded on baro
graphs, anemograph and others. Since no
caribration of the time was done, the de
scription of time will involve some ambiguity.
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3.2.Summary of the damage
The damages due to the Moban. Tor

nado were summarized by the Mobara City
on January 17, 1991, and is as follows:
I)Damage to human: 1 fatality and 73 in
Junes.
2)Damage to houses: 82 houses completely
destroyed, 161 houses partially destroyed
and 1,504 houses dama.ged.
3)Sum of damage in Japanese currency :
3,700 million yen.

The da.mages to liff-lines summarized
by the Fire Fighting and Disaster Preven
tion Section, the Chiba Prefecture, on De
cember 17, 1990, are:
l)Stoppage of electric power: 13,000 houses.
2)Interruption of telephone: 1,000 circuits.

These damages were one of the sever
est caused by a tornado in Japan after the
World War II and the Disaster Relief Act
retroactive to December 11 was invoked to
the Moban City at 1700 on December 12.

3.3.Damage distribution
Figure 3 shows the distribution of dam

ages to houses based on the data provided
by the Mobara City. Solid circles show
completely destroyed houses, solid tria.ngles
partially destroyed houses and open circles
damaged houses. As will be described in
Section 3.4.1., it has been found tbt the
tornado moved northeastward. The first
damage started near the intersection, where
the old Route 128 meets Route 409, at
Midori-Machi in the south part of the City.
The width of the damage path increases
northward along the J R Sotobo Line. The
damage pa.th includes the area around the
JR Shin-Moban Station and extends to the
Ko-bayashi Area in the north part of the
City. The length of the damage path is
abollt 6.5km and its average width is about
500m ( The maximum width is 1200m).

Most of the severe damages to houses
are concentrated in the Takaahi Area in the
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center of the City. Figure 4 shows the dam
ages in the Takashi Area photographed from
a helicopter of thO' Kyodo-Tsushin Company
on the morning of December 12. If the dis
tribution of the damages nea.r the Mobara
City Gyrnna:sium north of the Takashi Area
is examined more carefully, one notices that
the distribution has an eastward protuber
ance of about 500m. It is also notewor
thy that several houses in the east part of
the protuburence were totally destroyed or
severely damaged.

3.4.Characteristics of the tornado
In the following the characteristics of

the tornado as revealed from the damage
survey are described.

3.4.l.Tornado path
Figure 5 shows the spatial distribution

of wind directions obtained from the dam
age survey on December 12. The wind
directions were estimated from the direc
tions to which road signs, poles, trees and
crops on farms were leaning or fen down.
It is seen that the wind directions on the
east side of the dashed lines are S......SE and
those on the west side W",NE. Thus, the
wind direction changes markedly across the
dashed lines, which are essentially conver
gence lines. These lines are located in the
northwest side of the heavily damaged area
in Fig. 3. These facts show that the cen
ter of the tornado Yortex moved along the
dashed lines and the trlrnado had a cyclonic
rotation in accordance with the analysis of
the video image and wind records.

The tornado moved straightforwardly
north-northeastward from Midori-Machi,
where the first da.mage was noted, to the
Moban City Gymnasium. The tornado
path derived from the distributions of wind
directions and damages, however, becomes
obscure near the Gymnasium. The path be
comes evident again near the Route 128 in



the north of the Gymnasium and extends
north-northeastward. The tornado crossed
the JR Satabo Line right south of the Shin
Mobara Station and moved further straight
forward to the Kobayashi Are-a.

It is noted that the tornado path s('(>ms
to jump near the Gymnasium in addition to
the E'astward protuburence of the damage
distribution. Two possible reasons may he
considered: Firstly, the Gymansium whose
dimensions are 17m in width, 94m in lE'ngth
and 21m in height, could have blocked the
inflow near the surfa.ce to the tornado vor
tex. This may have resulted in the gener
a.liun of two vortices both in the t'lL.'i" lind
northwest sides of the Gymnasium. Sec
ondly, either the intensification of the cir
culation of thE' meoocyclone or the increase
of surf~e roughness may have led to the
change of the structure of the tornado vor
tex. Labon.tory experiments5) show that
in either CMe a thin laminar vortex can
be transformed into a thick turbulent vor
tex or multiple vortices. In any case, it is
evident that oon.(' structural change of the
toma.cla vortex occured in the middle of its
path. Further investigation concerning the
cause of the structural dange is currently
In progress.

3.4.2.Translational velocity

The principle for estimating the trans
lational velocity of the tornado is remark
ably simple; One would only need to know
the times at which two different places first
experienced damage due to the tornado. In
practice, however, to obtain accurate esti
mates for the times is extremely difficult.
In the previous studies, the times have been
estimated within an accuracy o( 1 minute
at least. In the present study, we have an
alyzed the time data recorded by a single
computer at a control center of a Sl",:ur:t~

company. The computer records the times
and places at which alarm signals due to
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damage'S to hOIl~s or stoppage of power
supply are ~iv('n. The accuracy of the time
data is I second.

In addition to the accurate estimatE'S
dt'Scribed above, another estimate was made.
The latter was based on the eyewitness evi
dence provided by a habitant and her 'play
back' simulation in additin to the time
data of stoppage of electric power supply.
l)Estimation based on the data of t:;e secu
rity company

The earliest alarm signal, which na
tified a stoppage of electric power supply
came from the Hayano Area ir. the ~outh

part of the Mobara City at 2 secf'!!d" tlefore
1913. Three signals which n'Jtified direct
damages to buildings and hou~es came from
the Takashi Area in the center of the City
at 01, 07 and 10 seconds after 1915. The
distances between the point in the Hayano
Area and the three points in I.he Takashi
Area are about 2000m. Accurate distances
and the time differences give the estimate
for the tnnslational speed of 14.8,16.5 and
17.8m/s whose average is 16.3 m/s.
2)Estimation based on the time of stoppage
of electric power supply and eyewitness ev
idence provided by the habitant

The data of the security company gave
estimates (or the translational velocity in
the southern half of the tornado pa.th. Since
eleelric power supply was stopped when the
tornado hit the center of the City and cut
the high voltage electricity cable(6.6kV),
the time data oC the security company were
not available (or the northern half of the
path. The time :or the stoppage of power
supply was recorded by the Tokyu Electric
Power Company and is between 1915 and
1916.

Ar.cording to a habitant near the JR
Shin-Mobara Station, severe wind due to
the tc:-na.do occured after the stoppage of
electric power supply. She experienced the
stoppage of power supply on the first floor.



She watched outside through windows and
then went upstairs to find a f1ashlamp. The
severe wind started when she found the
flashlamp. A 'playback' simulation by her
self gave a time inten al of 90"" 100 sec
onds between the stoppage of power sup
ply and the severe wind. The distance of
1600m between the high tension cable and
her house together with the time interval
give an estimate for the translational veioc
ity of 16.2""18.0m/s.

The estimates for the translational ve
locity derived from two different method
agree reasonably well and it may be con
cluded tha.t the tornado moveO nurth-north
eastward at the speed of 16m/s. The trans
lational velocity of the tornado is consid
ered to be closely related to the movement
of the mesocyclone which spa.wns the tor
nado. The translationa.l velocity of the
mesocyclone obta.ined by the single Doppler
radar at Meteorological Research Institute
was 14.9m/s3l which again agrees well with
that of the tornado.

3.4.3. Estimation of maximum wind
speed

For the purpose of disaster preven
tion, it is very important to accumulate
enough data on maxumum winds of torna
does. Though direct measurements of the
maximum wind due to the Moba.ra Tornado
do not exist, estima.tes of maximum wind
were made based on damages to construc
tions. It was assumed that the construc
tions were damaged by the pressure forces
due to winds which were steady and uniform
in the vertical direction. It is noted that the
estimated wind speeds a.re additions of ro
tational winds and translational velocity of
the tornado vortex. Most of the construc
tions used for the estimation of the wind
speed are located near the ground. There
fore, it should be remembered that the es
timated wind speeds are aft'ected by local

conditions such as a presence of buildings
near the constructions, The estimated wind
speeds as well as the types of the construc
tions used for the estimations are shown in
Table 1. The locations of the constructions
together with the estimated wind directions
are indicated by arrows in Fig. 6. The
largest wind speed was derived from a dis
tortion of a road sign and is 78m/s. Thus,
it can be concluded that the Fujita scale of
the Mohara Tornado is at least F3.

4. SUMMARY

The charad~risticsofthe tornado which
hit the Mabara City, the Chiba Prefecture,
on the evening of December 11, 1990, were
studied based on the damage survey and
meteorological records. The following re
sults were obtained:
1)The tornado was generated in the warm
sector of a extratropical cyclone.
2)The tornado produced one of the sever
est damage in the Japanese record: 1
person died, 73 persons were injured, 82
houses completely destroyed, 161 partially
destroyed and 1504 damaged.
3)The da.mage path is a.Skm in length and
500"'600m in average width. The maximum
width is 1200m.
4)The analysis of the damage distribution
and the tornado pa.th indicates that some
structura.l .change of the tornado vortex oc
cured at the middle of its pa.th.
5)The analysis ofthe times at which the ini
tial damages ocurred at several buildings or
houses ga.ve a translational speed of the tor
nado of 16m/s.
6)The maximum wind speed estimated from
damages to constru· !ions was 78m/s; the
Fujita scale of the Mohara Tornado is at
least F3.
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Hunicane Hugo in Perspective

by

Peter R. Sparks·

ABSTRACT

Wind and surge conditions in
Hurricane Hugo are reviewed and
their relationship to the extent and
nature of damage is discussed. It is
shown that In areas where the gust
wind speed exceeded 50 m/s.
10%-20% of the buildings were
destroyed or seriously damaged. At
40 mls the figure was about 6%
and at 30 m/s only 1% were
seriously damaged. Surge damage.
although locally severe. only
accounted for about 10% of the
overall damage.

In general damage was related to
the local conditions not to the
relative severity. Thus the wind
damage in Charleston, where the
Wind conditions had a recurrence
interval of 50 years. was similar to
that in Sumter where the same
wind speed had a recurrence
irterval of more than 200 years. It
is suggested that this was due to
the fact that more than 95% of
structural systems and 99% of
building enclosures had been
selected without direct reference
to design wind conditions which
had been based on appropriate
recurrence Intervals. For recently
constructed buildings design flood
levels did have a bearing on the
structural form.

Certain types of buildings and
components performed very
poorly, primarily mobile homes,
unreinforced masonry buildings,
older Single family dwellings close
to the ocean and some newer ones
with masonry foundations. most

Preceding page blank 2'

roofing materials and some wall
cladding components.

The severe disruption of the
electricity supply system,
beginning when the Wind reached
about 30 mls, and its effect on the
community is discussed and
contrasted with the much better
performance of the telephone
system.

It is concluded that the extensive
damage resulted in general not
from unprecidented wind and
surge conditions. but from the
failure to use available knowledge
on wind and surge effects in the
selection of building and utility
systems.

KEYWORDS: buildings: damage:
Hurricane Hugo: storm tides:
tropical cyclones; utilities.

1. INTRODUCTION

By the time Hurricane Hugo
crossed the coast of South Carolina
Just after midnight on September
22, 1989, it had already caused
over $2 billion worth of damage in
the Caribbean. In its passage
through the states of North and
South Carolina it caused further
damage estimated to be nearly $7
billion, making it the most
expensive storm in the United
States history.

• Department of Civil Engineering,
Clemson University, Clemson, SC
29634-0911



At landfall Hugo had a central
pressure of 934mb and an eye
about 50 km In diameter. Winds
circulated In a counterclockwise
direction about the eye. but the
high forward speed produced a
highly asymmetric wind field.
Increasing speeds to the right of
the track and reducing them to the
left. The highest winds and worst
storm surge occurred where the
northeastern part of the eye-wall
cl"ossed the coast about 35 km
northeast of the city of Charleston
at Bulls Bay. The high forward
speed (13 m/s-18 m/s) and a track
almost normal to the coast resulted
in very unusual wind conditions in
the Interior of South Carolina and
the western part of North Carolina.

2. WIND CONDmONS

A number of anemometers
measured wind conditions during
the passage of Hugo. Unfortunately
only one of these did so under
standard meteorological condItions
and no anemometers survived In
the area of highest winds.

Figure I shows the probable
maximum gust wind speeds at a
height of 10m in the most exposed
locations. based on conected
observations In Charleston. Myrtle
Beach. Beaufort. Sumter. Camden.
Florence. Charlotte. and Hickory
plus the use of a theoretical wind
field model.

3. srORM TIDES

Continuous records of water level
were obtained near the Customs
House in Charleston and at Winyah
Bay near Georgetown. Additional
still water levels were obtained by

30

surveys of tide marks along the
coast.
In the Charleston area tides ranged
from 3 m above mean sea level in
Charleston Harbor to 4.5 m at the
north end of the Isle of Palms. At
the south end of Bulls Bay the tide
reached 6 m and at the north end
of the bay. in the fishing village of
McLellanville. it was 4.2 m to
4.8 m. In the resort areas along
the northern coast. including
Myrtle Beach. tides were 3 m to
4 m above mean sea level. The
normal tidal range is less than 2 m
and much of the occupied land Is
only 2.5 m to 4 m above mean sea
level.

In the areas that experienced the
eye of the storm. Charleston. Folly
Beach. Sullivans Island and the Isle
of Palms. the offshore winds before
the eye held the surge back until
the winds dropped as the eye
passed. The water level then rose
rapidly. remained up while the
trailing eyewall passed and then
dropped as the winds subsided.

To the northeast of the eye the
surge rose more steadily. reaching
its peak at about the time of the
highest winds. The surge began to
drop as the winds diminished and
moved around to the south.

To the southwest of the eye the
offshore winds suppressed the
surge and little flooding was
experienced.

4. SEVERI1Y OF TIlE STORM

Based on its central pressure. Hugo
was the lOth most Intense storm to
strike the United States this
century. being about the same
strength as the 1926 storm



in Miami and Hurricane Hazel
which struck the Carolinas in 1954.
The hurricane produced the
highest storm tide recorded on the
Atlantic coast this century. but a
similar tide was recorded at
Savannah Beach near the South
Carolina-Georgia border in 1893
and higher tides might have been
experienced In the Charleston area
In the storm of 1752. However. In
the southern part of Bulls Bay the
tide was a very rare event which
would be expected to be exceeded
on average only once in over 500
years. In McLeIlanvllIe the mean
recurrence Interval was about 300
years and at the northern end of
the Isle of Palms about 200 years.
On Sullivans Island. in Charleston.
and along most of the northern
coast the mean recurrence interval
was approximately 100 years and
about 80 years at Folly Beach.

In the Charleston area the winds
had a mean recurrence interval of
about 50 years. but similar
conditions had not been
experienced since 1911. They had
however also been experienced in
1893. since records began in 1879.
Based on the description of
damage. the wind conditions in
Hugo were almost certainly
exceeded in 1752 and possibly in a
number of other storms in the 300
year history of the city.

In the Bulls Bay area the wind
conditions probably had a mean
recurrence interval of about 100
years. possibly as high as 200 years.
It was about 60 years in
McLellanv1lle and less than 20
years In the Myrtle Beach area.

The combination of an Intense
storm and high forward moUon
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produced rare wInd cond1t1ons in
the interior of South Carolina and
in the Charlotte area of No~ th
Carolina. At Sumter. 150 kIn from
the coast. the mean recurrence
interval was probably between 200
and 300 years. The very gusty wind
conditions in Charlotte. 300 km
from the point of landfall. may have
had a recurrence interval more
than 100 years.

5. BUILDING PERFORMANCE

Since the early 1960s engineers
have recommended that buildings
and other structures be designed
for conditions with a mean
recurrence Interval of 50 to 100
years. Well deSigned structures
usually incorporate factors of safety.
so serious structural damage should
not be expected in conditions With
a mean recurrence interval less
than 500-1000 years. Such
condtUons existed only for surge
action in Bulls Bay and probably did
not exist anywhere for wind action.
Nevertheless the damage was
widespread. The extent of damage
appeared to be related to the local
cond1tlons. not the relative severity
of those condltions. nor was
damage confined to buildings
constructed before appropriate
design criteria were available. In
retrospect this was not surprising.

Most of the damage occurred in
South Carolina where the building
stock consists of apprOXimately
75% wood-framed single-family
dwell1ngs. 15% moblle homes. and
about 10% other types of bulldings.
These other types. however
comprise about 35% of the value of
construction.



Single-family dwelUngs are usually
constructed on traditional lines.
sometimes Influenced by
prescriptive building code
requirements. These requirements
generally do not adequately reflect
the need to resist wind and water
effects.

Since 1976 mobile homes have
been constructed to Federal
Government standards. The wind
loading requirements In these are
much lower than those generally
set for conventional construction
and reflect a very poor
understanding of wind effects on
buildings.

In South Carolina buildings over
450 m2 or three or more stories in
height must be designed by a
regis tered architect or engineer.
Even these buildings often contain
components selected on the basis
of empirical design procedures and
product data which do not
adequately consider the effects of
wind (or surge).

Under these circumstances it is
unlikely that. of all of the buildings
affected by Hurricane Hugo. more
than 5% had structural systems
deSigned to resist appropriate wind
and surge loads. Probably less than
I % of the bulldlngs had roofing
and cladding systems speCifically
deSigned for appropriate wind
conditions. Design wind speeds
based on recurrence intervals
therefore had very little bearing on
the wind resistance of most
buildings.

Design flood levels had more of a
bearing on coastal construction
because the availab1l1ty of Insurance
through the government-run
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National Flood Insurance Program
was tied to satisfying floor elevation
requirements based on the 100
year flood level. Unfortunately the
flood maps were not very accurate
and buildings were often
constructed without consideration
of the forces generated by the
storm surge and the associated
wind loads.

Table I gives the insured losses for
bulldings and their contents. The
number of Insurance claims for
each type of building is in almost
exactly the same proportion as its
relative contribution to the bullding
stock and the amount of damage Is
In the same proportion as its
relative value. Although the flood
damage was Widely reported and
many buildings were destroyed.
flood losses were only about 100/0 of
the total property losses and
accounted for only 4% of the
insurance claims.

Table 2 gives the Red Cross
estimate of the number of housing
units damaged. This was made
shortly after the storm.
subsequently insurance claims were
made on nearly 3 urnes as many
properties as were initially
observed to be damaged.
Ultimately claims were made on
30% of buildings in South CaroUna
but only 3% were seriously
damaged or destroyed. The vast
majority of damage was due to
relatively minor wind damage
followed by extensive rain damage.

The distribution of damage was
closely related to gust wind speeds.
the proportion of mobile homes.
and. for cl'.lrge damage. prOximity to
the ocean. In some rural areas
where 20%-30% of the population



lives in mobile homes. 70%-80% of
the buildings completely destroyed
were of that type.

On the islands near Charleston and
on the shores of Bulls Bay. nearly all
buildings experienced some wind
or surge damage and in some
coastal communities nearly 50% of
the ocean-front buildings were
completely destroyed.

In counties where the wind gusted
to more than 50 m/s. at least 80%
of the buildings experienced some
damage and 10%-20% were
destroyed or experienced extensive
damage. Damage rates diminished
as the wind speed dropped. At
40 m}s about 6% of buildings were
destroyed or seriously damaged. At
30 mls less than 1% received
significant damage.

Certain types of buildings and some
building components performed
poorly. As mentioned earHer
mobile homes had a high damage
rate. but ~o did single-story
unreinforced-masonry buildings.
older pre-engineered metal
buildings. older single-family
dwelUngs close to the ocean and
some newer ones using masonry
foundations. mostly roofing
materials and some wall cladding
elements. The poor resistance of
many of these buildings could be
traced to poor building code
requirements and inappropriate
design and construction practices.

6. PERFORMANCE OF UTILITIES

The electric utility companies had
constructed transmission and
distributlon systems which were
very vulnerable to wind damage.
The decision to use wood poles for
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high voltage transmission systems
and overhead local distribution
systems was probably made on
economic grounds. Although
interruption of power supply is
common in the region in severe
thunderstorms and had been
experienced in earlier hurricanes.
the extreme vulnerability of the
system had not been appreciated by
the utility companies nor their
customers. It had certainly not
been appreciated that loss of
electric power for an extended
period of time would have such an
effect on the basic essentials of
life - the ability to obtain food and
water and the provision of
wastewater facilities.

ApproXimately 1.5 million people.
living In areas where the wind
speed exceeded 30 m/s. lost
electric power. The utility
companies made tremendous
efforts to restore power. but the
extent of the damage was so great
that In many cases the system
cuuld not be repaired. but had to be
rebuilt. usually to the preViously
existing standards. Eight days after
the storm only 23% of the
customers in the Charleston area
had power and in some rural areas
it was two to three weeks before
puwer was restored.

The telephone companies had
attempted to reduce the
vulnerability of their systems by
burying cables. In most areas there
was very little interruption of
telephone service. Other forms of
communication, Including
television and radio broadcasts and
even two way radio
communications of emergency
services. were seriously affected by



loss of electric power and the
collapse of transmission towers.

7. CONCLUSIONS AND LESSONS
LEARNED

Hurricane Hugo taught South
Carolina and the nation some very
expensive lessons. The potential
for disaster had been recognized
but the political and economic
systems made it difficult to remedy
the situation. It Is worth examining
what went wrong.

The state had chosen a laissez-faire
system of building control. The
power to adopt and the
responsibility for enforcement of
building codes had been delegatc_d
to local jurisdictions. This resulted
In considerable variation in the
quality of control, from some of the
best in the country to no control at
all.

The model building code adopted
showed a very poor understanding
of the wind and surge effects on
structures and permitted forms of
construction In wood and masonry
which were inconsistent with the
loading requirements. Lacking
proper deemed-to-comply
documents. the performance
requirements of the code were
unenforceable for non-engineered
structures. Using the permitted
forms of construction in the code
led to structural systems unsuitable
for a hurricane. tornado. and
earthquake prone area such as
South Carolina.

In poor rural areas mobile homes
were the only affordable form of
housing for many people. These
homes were built to inadequate
standards and when delivered to

site were often not properly
anchored.

Despite the fact that cladding
failures can pose a threat to public
safety and even compromise the
structural integrity of a building.
cladding systems had been
specified by those without adequate
training in structural design. The
profeSSional licenSing laws had
pennitted this.

In recent years owners had often
been unwilling to pay for adequate
profeSSional inspection during
construction. The quality of
construction had suffered.
Compounded by poor building code
requirements. the use of
inappropriate design professionals
and inadequate material testing
standards. this had led to cladding
systems and, In some cases,
structural systems with very low
wind resistance.

The insurance industry had been
willing to insure property with
little regard for its wind resistance.
Premiums were often b~sed on the
buUding's fire resistance. Thus
there was little or no incentive for
the owner to improve wind
resistance in order to meet
Insurance requirements.

The electric utility companies had
been permitted to construct
transmission and distribution
systems which were very vulnerable
to damage by a hurricane. The
public was unaware of how fragile
the system was or how dependent
they were on a continuous supply of
electricity.

Finally. there was the lack of
experience. For 30 years prior to



Hugo. during which time the
hurricane-prone areas of the state
expanded rapidly. no major
hurricanes hit the South Carolina
coast.

From an engineering standpoint
the dominating lesson is clear and
the solution is straightforward.
Design and construction practices
must reflect the loads which are
known to occur in conditions with
reasonable recurrence intervals.
The prospects for achieving this
and correcting past mistakes are
not good.

The building stock changes slowly
and the fragmented building
control system in the United States
Is ill-equipped to impose improved
construction standards. Based on
the success of the National Flood
Insurance Program. the best
prospect for improved construction
is by insurance industry action.
That industry certainly learned its
lesson in Hugo when it paid out the
equivalent of all property insurance
premiums collected in South
Carolina in the last 5 years.

Not all lessons learned were
concerned with what went wrong.
Properly deSigned buildings
performed well and the telephone
service was a fine example of what
can be achieved with good
planning. Perhaps the most
valuable lesson learned was that
modern technology can be used
very effectively to monitor storms
and warn coastal residents of
Impending danger.

In 1893 a storm of similar strength
to Hugo drowned 1000-2000
people in South Carolina. Prior to
Hugo's landfall over 250.000
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people were evacuated from the
coastal area. Only a handful of
people were killed. none by
drowning in their homes. It is a
poor reflection on the construction
industry that many evacuees
returned to buildings that were In
considerably worse condition than
their counterparts after the 1893
storm.
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Table 1. Insured Damage to Buildings and Contents in South Carolina

Number of Claims Total Amount
($ million)

Wind

Conventional dwellings 287456 (74%) 1423 (55%)

Mobtle homes 57808 (15%) 172 (7%)

Commercial property 41282 (11%) 997 (38%)

Total wind damage 386546 2592

Flood

All types 15739 320

Table 2. Number of Dwelling Units Destroyed or Damaged in South Carolina

Destroyed Major Minor • Total
Damage Damage

Single family dwellings 3783 18146 57698 79627

Apartments 313 2647 8948 11908

Mobtle homes 5200 5976 9063 20239

Total 9296 26769 75709 111774

• Externally observable damage only. excludes damage LO outbuildings•
fences. decks. porches etc.
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Figure 1. Probable Max1mum Gust Wind Speeds (m/s)
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Tbe Worldwide Euthcp'8ke Risk MaDaeement (WWERM) PI"Op'8Dl

Dy

S.T. Algermissen ' Paul R. Krumpe'
and Walt.. r W. Hays·

ABSTRACT strategies.

2. OBJECTIVES OF THE PROGRAM

The initi.l objective. of the proqram h.ve
been to develop an action plan and conduct
a two-year pilot program in each of three
geoqraphic reqion. to demo".trate the
utility, importance, feasibility, and need
for unifona 91ob.l earthqu.ke .1nard mappinq
.nd ri.k a~"I.ment/man.gement, in
prepar.tion for .nd •• • program linked to
the DeCide for Natural Di£a.ter Reduction.

The three geogr.phic reqion. ,'''e Morocco,
Chile, .nd Indon••i ... · Th. principal
objective in these three arsas is to
de.cn.tr.te the fe••ibility .nd utility of
definin., the e.rthquake h.zard through the
development of probabilistic ground-motion
map. and the ••tilll.tion of future ••rthquak.
economic 10.... in .elected pi~ot .tudies.
The ~n.tration of the feasibility of
the.. typea of .tudba will le.d to a
bu.der prOfJraa that will for. the baais for
riak .an.q...nt, life.avin., preparedne.s
plannl.nq, and the developsent of .iti9.tiOIl

Th. Worldwide Earthqu.ke Risk Manaqement
(IllfERMI Program was developed .s an
outgrowth of an Ex.cutive Briefing on
·Strategic Planning to Reduce Economic
Impact. of Earthqu.ke H.zard. throughout the
world" held at the National Ac.demy of
Science., "e.hinqton, D.C., on March Band
9, 1988 (WUli.m••nd Haya, 198BI. This
Executive Briefing e~tabliahed the need for
• more qu.ntit.tive evaluation of the
potential for e.rthquake di.a.ters and for
the ••••••ment of the economic impact and
c••u.lty loa. potential of .uch di.aster••
In addition, the need to ass... the long
r.nge economic lo••es a.soci.ted with
de.tructive e.rthqu.ke. was also outlined.

lO.S. Geol09ical Survey, Denver r.der.l
Center, BOK 25046, MS 966, Denver, CO 80225

'o.s. Office of Forei9n Disaster Assi.tance,
2201 C Str.et, N.W., Room 1261A, W.shington,
D.C. 20523

3. RATIONALE rOR THE PROGRAM

'u.s. Geological Survey, National Center,
MS 90S, 12201 Sunrise Valley Drive, Re.ton,
VA 22092

Th. example. cited are obvious, but on a
910bal scale the evaluation of expected
earthquake loase. is • difficult scientific
and technical problem of considerable
subtlety. The evaluation of the magnitude
and spatiaL distribution of expected 10••••
is, however, an essential prelude to
.ucces.ful risk management because it: (1)
.llows the always inadequate resources for
di.a.ter mitigation to be applied to .re.s
of c.tastrophe potential on a ration.l
ba.i., and C2) identifies area. of
cat- .."trophe potential that may not be easily
reco9nized because of the combination of
unu.u.l ground motion (and rel.ted
geological h.zards, such as landsliding .nd
liquef.ction) with l.rge e ..posures of poorly
r.inforced .tructures with hi9h occupancy.

Earthquake risk managemen~ (the reduction of
both the economic and life loss resulting
from earthquakes) requi rea the followinq:
(11 The quantitative assessment of the
hazard; and (21 the evaluation of the risk
(lossl in terms of the e~pected hazard. No
efficient plan for earthquake risk
management is possible unless it is based on
an assessment of both the spatial and
temporal nature and magnitude of the hazard
.nd risk. As an example, large earthquake
ground motion in the Atacama Desert of
Northern Chile represents a real and
considerable earthquake hazard but
negligible risk since structures and
population at risk are very minimal.
Conver.ely, mod<:!rate earthquake ground
motion in santiago, the capital, would
result in siqnLficant economic loss and
casualties.

Additional goals are to develop a five-year
implementation plan with OrDA and to obtain
financial commitments lco-fundingl from
USAID mi ssions, host governments,
international organizations, and the private
sector. 1'hese Kinds of commitments will
.upport the worldwide scope of the WWERM
program and allow it to be fully integrated
into and be a major contribution to the
International Decade of Natural Hazard
Reduction.

hazard;

1. INTRODUCTION

KEYNORDS: E.rthqu.ke;
int.rn.tion.l; risk

The worldwide Earthquake Risk MAnagement
(IIWERMI Proqr.m was initiated liS a
cooper.tive effort of the Agency for
lntern.tion.l Developm8nt (AID), U.S. Office
of Foreiqn Di•••ter A•• i.tance (OrDAI, and
the u.s. Geologic.l Survey in late IIlB9.
The initial objective of the program i. to
develop .n action plan and conduct a two
ye.r pilot proqr.m to d..monstrate the
utility, importance, feasibility, and need
for uniform global earthqu.ke hazard mapping
and ri.k ••••ssm.nt/man.gement. Three areas
hav" be"n .elected for the pilot studies:
Chile, Indone.ia, and Morocco. The WWERM
proqr.m i. • project of the International
Oec.de for Natural Disaster Reduction
I IONDRI .

Preceding page blank "1



ObvIous e"amples are 1; he MexicC' Cit:y
dIsaster of 1985 and the 1970 earthquake in
Peru (whIch killed approximat:ely 60,OCO
peoplel.

This "roject represent.s a pioneering
Interna1;Ional effort to quantitatively
evaluate earthquake hazard and ri~k and,
therefore, to provide an improved te~hnic~l

base for rls~ management.

4. PROGRE:<S

4.1 Indonesia

Visits were made to Jakarta and Bandung in
June 19'10 by S. T. Algermissen (Project
Chie:-l, Paul C. ThRnhaus (GeologISt:) , and
E. V. Leyendecker (Engineer I • Through the
in.eres~ and encouragement of O~DA and AID
Indonesia, .h.· visIt and ",eetings culminated
In a projec. proposal 1;0 AID-Indcnesia
outlining a project design for eacthquake
risk management training In Indonesia.
Recommend~tions in this proposal are for a
collaborative hazard and risk assessmc~t of
the Corontalo area it'! Sulawesi P:-ovince,
Indonesia, involvinq two future training
trips by USGS staff followed by a technical
workshop upon project completIon that would
document hazard evalua1;ion methods,
products, and uses in mitigating the
earthquake hazard and risk. Post-workshop
project evaluation is also included.
Additional funding for the expanded program
in Indonesia was supplied both by OFDA and
AID-Indonesia.

The area selected for the case history is
the City of Gorontalo in Sulawes~. The city
of Gorontalo and 1;he sur rour-ding are. in
Sulawesi have several advantages as a pilot
stUdy area in Indonesia: (II The area is
highly seismic (Figure I); (2) a damaging
earthquake oee~rred near there on April lB,
1990 and damage data are available for the
eLrthquake; and (3) dati are available in
the Gorontalo area. The surficial geology is
an important factor in altering the levels
of ground motion and, consequently, an
important element in estimating future
damage.

Earthquake damage and geological data for
Gorontalo and the s~rroundinl area will be
obtained from scientists at the Ceological
Research and Development Center at Bandung.
These damage data will aid USGS in
developing vulnerabIlity Uoss to S1;ructures
as a function of ground shakingl
reliltionships for Goron1;alo. The Geological
Suxvey is developing a probability gro'md
shaking and earthquake loss model for the
case history area.

In summary, sufficient data are available
for the Gorontalo area such that it provides
sn excellent location for the demonstration
of seismic hazard and risk (loss)
assessment. The steps in the haza rd and
risk study are:

III Developmen. of a probabilistic model
for the computation of the expected
earthquake ground motion in SulaweSi
(specifically the Goronta~O]:~dl. This
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modeJ is developed t-ro~ a~\ dr:d!y~is ot thf
cart.r.quake cdtalog, s('i:);;o~(·ct.Jn~c fT'.dpS anci
seis~lc WdVl: att..er,'Uat iC:'l C1()~"d oeveloped
',j~der the OFDA-t'S(~:i-~11:A:ir:~' program. Thf.!'
effect.s of Ioca: ;iurt':'(::.rll. (](!UlOqy on ground
5hak~ng in t he r,<.)rOL~iLC' art'd will also be
inco!poratpd into thf' :"":.od(·l.

~)) Compute t_hflo expclocLed qround rrot_ion in
the s .... udy Il!£"d fur per·:od5 of time of
interest of, fo! £!)I.<Jl"'":r~o, 10, SO, and 2::'0
y~itr:'i. For E1xamp]{'~, t:'le {~)(pectp'rj ground
motion in ill ~O-ycar peTic(] is. used in
seismIc design ~)rovisiors of ~odel building
cades in the Unite-d 5t.at~'_·_;. These rraps are
rout:incly pr"pared by the u.S. ~;eological

Survey (scp-, for cX.lmp!c, f\lqcrrr\~ssen a:id
others, 1990).

(]) Use the ground-m:Jt ion maps if, (2) dbov~

to calculate the expect.ed fuLu:e {lodrthquake
losses in the Gorontalo afPa for various
t.ime period of int(lr~st..

4.2 Chi]e

A v,lsit to ~d.ntidgo, Chile, was made by
s. T. Algcrmissan ir: :ate Juno 1990 to
discuss th~ W~ERM [)roje::t wit..h possible
Chilean collaborators. The development of
suitable earthquak" ha,ard evalUations
(probabilistic qround-mo~ion maps) is
somewhat eased in Chile because a ~oncurrant

project is underway ill Ch~~l! (dfl AIO-OFDA
USGS conpprativp project) ~o provide a
hazard evaluat ion. Thus, the emphasis 1n
discussions in Chile has been on the
selection of a suitab:e area for risk
(earthquake loss) asscssm"nt.

Considerable data on narthquake losses and
VUlnerability exist in centrai Chile as a
result of the s.tudies of Dr. Joaquin Monge
of the Universit:y of 0'. le, of the damage
resulting from the larq", H.-7.8 cent:ral
~hile earthquake of 19R~. The area chosen
for the pilot 3tudy o~ huard dnd risk
assessment in Chi Ie i.s thf':' cOlfmunit.y of
Maipu fFiqure 2). ]n :he 19th century,
MAipu was an agricultural =ommunity, but it
is now largely a residuntial area in the
southwestern part of the greater santiaqo
metropolitan comp~ex. Nea: ' y all of the
information necessary for a seisl""lic risk
study is alr.. ady available: (1) An accurate
population count; (2) the spatial
distribution of structures with r ..gard to
construction tYre; and (3) data on damage
from past earthquakes. Considerabl ..
additional infor~atl0n is available on
damage resulting from the 1985 earthquake,
nature of the surficial geologic materials,
~tc. An exa~ple cf ~'le ~lousing data
available for Maipu is shcwn in Table 1.

A technical workshop on t:hc project:, With
co-sponsorship by the United Nations
Disaster Relief Organization (eNORD) is
planned for Santiago, Chile, Ll October
19"1.

4.3 Moroc"o

Morocco is a highly st.is",i ... 'ountry that has
experter :ed many daT"aq ''1 earthquak<!s
(Figure 3). A cooperdtlve program of



seismic hazard drld risk dssess~ent is be:nq
planned through ~r. Or i S5 Br-n Sar i I D ~ rector
of the CenLer for Technical and SClecti fic
Research (CTSRI in Rabat. CTSR "ill supply
data on the d~strib>..:ticn of popu~dtlon,

cl~s$es of buildings, and the nature of th.~

~urflcial geology In the .tudy area. CTSR
already has an active seismological n('lwork
research IJroqra'T! and a 22- o;tation
seismological r.cLwor't. l'h(!y have nearly
completed a seisl'T'ot ec:.onic mdp of t.he entire
count ry.

5. SUMMARY

The preliminary phase of the WWERM program
is proceeding on schedule. It is hoped ~hat

the scope of the pc oJeeL can be expanded
sufficiently tc provide me.ningful
comparative measures wor ldwide, such that
these comparisons provLde an irrproved
quantitative basis for earthquake disaster
management and contrJbute substantially to
the International Decade for Natural
Disaster Reductio~.
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TIPO DE COMUNA
VIVIENDA MAIPU CERRILLOS

URBANO RURAL TOTAL URBANO (TOTAL)

Particular; 24.042 1.291 25.333 13.822
c:••• 20.613 1.2U 21.112 10.015
deparlamento 1.343 · 1.343 1.216
mejor',.merglncla 1.882 · 1.882 2.056
vlv. dl con"enlllio 103 · 103 332
c.llamp. 6 · 6 18
rancho.ruea a chon · 13 13 -
mhll · 1 1 6
olro t1po 15 8 23 111

115

Col,cllvl: 25 4 29
re.ldlnela', penal6n · - - .
hotel, motel, po.ada · · · .
In.t IIucl6n IS 3 18 14
elro IIpo '0 1 1 1 2

TOTAL 24.067 1.215 25.3U 1:1.838

Table 1. Distribution of buildings by construction type in the
communities of Maipu and Cerrillos in the metropolitan
area of Santiago, Chile

I.epIlI

• aYlD

• VII· VIII

• YJ. \'II

fKJ ., • VI.'

Figure 3. Maximum Modified Hercall1 intensity map of
Morocco for the period 1901-1980
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ABSTRACT
Of t1M bflueDe. of t1M ......Ilt. 011 the

liquefaetion of .and d.po.it tba char.et.ri.tie.
of tbe ucu. pore vet.r pre..ure ar. .UIIiud
thrOU&h tba ruult. of .haUIlI t.bl. tut. of
.od.l "'.II_llt 011 a liquefi.bl. ,round.
~ha.l. i. laid on the maxt.u. pore pr•••ur. .nd
thl rl1atiolllhip batwln liquefaetion r••btanu
factor aad pori pr...ure Iluration in tb. fr••
fi.ld .nd below tbe ..bank.ellt.

lEY liOIDSlLiquefactioll. labankMllt,
Hod.l .hakill' table t ••t

1. 1l'llOOUCTIOI

It hal be,n ,..11 movu line, tb. II11&.ta
••rthquake that tbe liquefaction of Iround lDight
caUJ. 1.rp d_,•• to _y kind. of .truetur...
U a con.,queuc, of _ny .tudi.. on liqu.faetioll
.eVlr.l ..thodolo,ll' to •••••• the liquef.etion
potalltial haw 1laeD d.veloped aM .C8I of thalli
have alr.ady baen .dopted ill tlclmical cod...
Bowvtr, ••t of tbaa .r, only applicabll to
pr.dict the behaviour of It.,.l fre. field
ipodlll tba aff.ct of .tNetur•• to tba Iround.
ADd tba .fflct of the .trueture on tba
liquefaction of arouud i. DOt yet elarifi.d.

We IaIt.. confr0'4t a aituetion to
.valuate the .tability of tbe .-b.u.nt on
liquefiable IrouM duriD& ,arthquake.. In that
ca.. tba liquefaction potilltial or tba .xe...
pore _tlr preu.r.. of the IrollDe! llIar
llIIbanblnt. are nlld.d for the atabilltr
-.lYM.. ,... a. of thit paper it to
di.ti~i.h tbair eharact.ri.tic. in tba free
fiaId and tbe IrOUDd below tbe _aDkmant ba••d
OD 80dtl t ••ta.

ratio, l 11 the .hear .trl.. ratio durin,
earthqualt...

S••d .t al. formulate. the uce.. pore
pr•••ur. in the ground(••1 Fig.l)(2):

2 (N )1/2G
~ - -- sin-I -

" 0 I< N..
in whicb u•• uc... pore prauurl ,eurat.d by
cyclic: loadilll. " •0 initial .ffectb.
eonfillilll .tr.... N .. - nlllDbu of cyel.. required
to clu.e liquefaction under uniform .tr...
condition.. N • number of loadine cycl... (II •

exp.rimental cOllltant.

In Japill tba I][C." pore pr•••ure due to
.artbquau. 1a oft.1l formul.t,d by uti of F .. in
Eq.(l) b•••d on tbe followina a••umptioll .

A••umption: the dYDIIDie .bear rl.i.tane, rltio
R and tll. llUIIIber of 10adil1l eye1.. N are in a
lina.r r,l.tion.hip wh.n both ar. r.prl••nt.d in
lOliritbmic .eall, that i ••

R - aN" (3)
in which a. b • axperilDlntal collltant.

If the .bear .tr... ratio d~rill& .artbquau.
L. who.. nllllbar of cycle. to ca... llquefactlOll
11 NL , it appHed by N eye1.. (ril. 2) • it
follow. from Eq.(3)

(4)

Combinilll Eq•• (3) and (4) leld. to

R _( NN.)l>Fl,- -L- _

2. BUTED l'UVlOUS STUDIES

2.1 ~faetlOll charact,d.tlc. of the level
crouad

There have alr.ady beeA .ub.tantial
1lDovlad•• about liquefactlon of l.vel IrOUDd. In
order to repr•••nt tbe .tablUty of tbe .l"OUIId
a,.1Ut liquefaction, tba liquefactiOll r••i.tance
factor P L ia d.fluad a. belaw(1) I

Con.truction
Public Worb
Con.truetlon,

R
p .. - -L-

in which R

(l)

la tba d,..uc .baar D.btanc.

'B.ad. Soil Dynaaica Division,
!qui~nt and IItthod Depare.at,
la.aarch In.Utut.. IIillhtry of
Japu.
......reher. ditto.
-Al.i.tant. ditto.
·Alai.taIlt Dir.ctor. Ec01lOlldc CooperatlO1l Bur..u.
lfiailtry of 'oreip Affair.. J.paD. lomedy.
S.llior .....rebar. Soil Dyuaic. Dividon,
CODatrueUon Eqalpmtnt aDd IItthod Dapl"rtlllnt,
Public Worka .....reh l..t1tut_, HiDi.try of
ColletruetlOll, .T.paD.
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... FL'/b

is proposed.

Uo • pore pra••ure in ordinary condition,
u. • excess pore preaure caused by

earthquake loading,
kn • design leiamic coefficient,
R • radius of a slip circle,
h • beight of the center of slip circle

from the center of gravity of a slice
(eee Fig.S)

1/0

~:: -+ ++ ..in-'[(:eo) - 1]
(I)

in which u 0" • pore prea.ure, 0 _ • lateral
confining .treas, N • number of cycle., NIIO •

_ber of eyel.. to aoevelope a pore pr..aure
equal to 501 of tha confining .tr... 0.... a •
par_ter dependin& 011 the ~on.olidation ratio
Ko·" ...1" ....

The exceas pore preasure u. h calculated
from Eq.(5). That ii, a horizontal overburden il
aslumed for the soil below the embankment
ignoring ita shape effect, then the liquefaction
resistance factor F L is calculated to eltimate
the excels pore pressure in the ground.

2.3 Liguefaction potential from cyclic loading
tests in the laboratory

The characteristic. of sanda have been
examined by cyclic triaxi.l te.ta or cyclic
torsion .hear te.t.. The liquefaction
characteri.tic. of level ground has been
.imulated by isotropicaIIy consolidated undrained
cyclic loading of triaxial .pedmen. liuc. the
beginning of the .tudy of liquefaction(S). When
cycli~ tor.ions1 .he.r test. are conducted,
i.otropically or ani.otropically con.olidatld
.pecimens are applied undrained cyclic torsional
loading under the condition of confined axial
displacement(6). When the ground nelr .tructures
or the .oil in I slope is concerned, cyclic axial
loading ia given to Inisotropic.lly con.olldated
triaxial .pecimen.(7 ,81. When cyclic tor.ional
.hear teets are conducted, undrained cyclic
torsional .hear is applied after .l:DI initial
torsional .haar i. given to ilotropically or
InlaotropicaUy conaolidltad .peeime118. In one
case the axial displacement i. confined during
cyclic 10lding (9) whUe in another tha axial
di.placement is not confiDed with con.tant
confining .tre•••• (lO). Such different loading
methods and dilplacement confining condition.
live different progre..ive defotlllltion and pore
pr..aure generation of .oila. As one of tha
eXIIIPle., Finn et a1. fODIIUlated tbe pora
preasure generatioD under undrained cyclic
loading of anl.otropic.lly con.olidated triaxill
.pecimens a. foI1ovs(Fig.6)(8):

(6)

(5)-= P L
1 .....b

·This equation i. rewritten as

F _ E{c'·I+(W-u.. ·b-u.. ·b)·CO'o·tan.' (7)
• I (W·aina+k,,·W· R)

in which c', .' • cohesion and shear r.atalanca
a!l~le 0'- aoil,

W. total ~ight of a alice,
1 • lalllth of tbe arc of " ~lica bottllll,
b • width of a alic.,

2.2 Evaluation method of the influence of an
embankment on the ground liquefaction and the
etability of tbe embankment

The effecte of the embankmente on
liquefiable grounds are; 1) increase of the
overburden pr..,sure, 2) increue of the irerth
force, 3) additional initial shear stress,
4).patial difference of lateral confinin&
condition.

Stability analysis metbod. of the
embankmenta on liquefiable grounds during
earthquakes are: 1) slip eurface analysia method,
2) local safety factor method through FEM, 3)
permanent deformstiun analysia method through
FEll. Of theae the method 1) is mainJ v adopted in
technical code. in Japan. The res isranee of the
ground for the stabUity analycis might be
expresaed either in terma of total atre.s on the
baai. of accumulated strain due to cyclic loading
or in terma of effective stress through 8:11:c..e
pore prellure caused by cyclic loading. The
latter formulation ie frequently used in
Japane.e technical codes(4).

Fig.3 shav. a typical procedure in Japan for
the .tability analyais of the embaukments on
liquefiable groUDds.

The equation belm.: is often used for the
stability analy.is of an embankment ahown in
Fig.4(4):

Take the technical guideline for designing
of common utility duct()) for instauce, tbe
equation

Substituting this into Eq. (2) leads to the
following relationship between the exceu pore
preasure and the liquefaction res isLance factor
F L :



2.4 Liquefaction cbaracteristics in tbe ground
near a structure from model shsking table tests

Yoshimi and TokUDatsu performed shaking
table tests of rigid structures on sand layers
and observed the change of pore pressure near a
structure and settlement behaviour(Fig.7)(II).

The writers conducted shaking table tests of
embankments on liquefiable grounds, which
exhibited different behaviour of pore pressures
in the free field and below the embankment
(figs .8, 9) (12).

l. EXPERIMENTAL INVESTIGATION

3.1 OIltline
The difference of the pore pressure in the

free field and below an embankment was precisely
examined from model shaking table test results.
Investigated were shaking table tests on the
model shown in Fit 10. The spatial distribution
of pore pressure wa; first examined and tben the
acceleration and pore pressure time history were
analyzed on the basis of the cumulative damage
theory to obtain the relationsbips between the
liquefaction resistance factor F L and the pore
preaaure ratio r".

3.2 Outline of model tests
Three test cases are analyzed in this paper.

Model embankments were placed on saturated sand
layers as shown in Pig. 10. The relative densities
of the ground were 73-79%. Sinusoidal excitation
witb different frequencies were applied as sbown
in Table 1. In respective test cases tbe
magnitude of the e~citation vas increased
stepwise, however, only tbe first cases that the
liquefaction of the ground first occurred were
Indyzed.

3.3 Method of data arrangement and calculation
Fig.\1 shows the proeedure of the data

arrangement and calculation.

1) Calculstion of pore pressure ratio
The tilDe history of pore pressure ratio ia

calculated from time hiatory of the pore pressure
by dividing by the effective overburden pressure
" YO'. The pressllre "YO' can be calculated from
t:q. (9) oll.e dimensionally by use of the unit
wight of the model and tbe depth of pore
preuure gaugea. Bowever, as the inltsllecl depth
of tbe gauges 'light have some error it was
estiJAated from the record of pore pressure when
liquefaetion .ureiv occurred a. shown in Fig.12.

"YO' - 'Y' • Z + 'Y • • H (9)
in which 'Y' • effective unit weight, :z • depth
frOlll tbe ground surface, y •• total unit wight,
H • heipt of embankment.

2) Arrangement of the di.triblltion of e1ceS8 pore
pressure ratio r u

The distribution of tIM pore preasure ratio
r" was arranged at every specified time.

3) Calculation of dynamic shear stre.. ratio
r \lIn vo'

The dynamic sbear stress ratio <.! a YO' Wat

calculated from Eq.(IO) (see Fig.ll).

<. 1: 'Vi· hi ·Ai (10)
~t avo' l g-

in which a YO' • initial effective overburden
pressure, Ai· response acceleration at the i-th
layer, hi· thickness of the i-tb layer, ,.i·
unit weight of the i-th layer, c • acceleration
of gravitf.

4) Calculation of the II.Ua1Iber of c'clea required
to cause liquefaction

The number of cycles when tbe pore pressure
ratio r u • I is counted for every pore preuure
gauge in the free field.

S) Al8umption of the llqllefaetion realatance
curve

The ahape of the liquefaction resistance
C'.1rve, which is reqUired to apply the cllIIlUlative
damage theory, was 18slIIDed to be aiven by
Eq. (11). Tbie curve vas cleterminecl referring to
the liquefaction resista~ce curve of 10youra sand
obtained from cyclic tors: :n Ihear test. as shown
in Fig.14.

t" .1 """,' Ii: 0.3;
T./a",o' - 0.3--1.25 log (Nc/N')

~ .I,,~o' < 0.3;
<'/""0'- 0.3--0.1110& (Ne/N') (11)

Eq.(ll) can be written .s

~ cl N' ~! « dl a"",') (12)
in which r • equation to aive tbe relation
between cyclic stress ratio and normalized nWDber
of cycles, N c • nWDber of cycles to caull
liquefaction when unifoDD cyclic atre.. ratio
~ .1 a _ I is applied, N I • p.rameter to locate
the liquefaction re,1ft.nee cune, ,,_'
effective meau streas, which ia calclated
aaauming Ko • 0.5.

6) Evaluation of liquef.ction re.istance curve
The paremeter N' wa. evaluated from the

following procedure.
In order to apply the cumulative damage theory

to an ineBlllar train of ahear 'u... ratio. it
is divided into every half cyele tban the
rlllDUlativ, dame" up to tbe i-th h.lf cycle if
tiven by the equation belov,



0.5
o-r,(Ncli (13)

in which (Nc)i - number of cycles to cause
liquefaction when the i-th half cycle stress
ratio (t./",.o·)i is repeatedly applied.

equations obtained from Eq.(IIJ

f\ l.S; N' ;

I. =0.3-1.25 (1081\:L.-log'\1')
NL>~ I ;

I. =0.3-0.11 (log)\; L -logN ') (19)

Subati ..ting Eq. (12) into Eq. (13) leads to the
equation below.

0" _1_ . ~ 0.5
N' I ({(t.la ..o·).J (14)

8) Evaluation of dynamic shear resistance
ratio R

Substituting NL. - 20 into Eq. (9), the
dynamic shear resistance ratio H to cause
liquefacti0n in ?O ~ycles is computed.

pore preccure r3t!~ r 0.:

Note that Rand L are both determined for
uniform 20 cycles.

10) Arrangement of the relationship of
liquefaction resistance factor F L and excess

The relationship between the liquefaction
resistance factor F L and the excess pore
pressure ratio r y is arranged for every pore
pressure data.

(20)FL. - _I_{.
I.

9) Computation of liquefaction resistance
factor FL.

The liquefaction resistance factor P L is
computed for every half cycle using the
equivalent shear stress ratio L derived in 7)
and the dynamic shear resistance R derived in
8) by

Liquefaction condition:

N ':a 1; 0.5 (15)
I r{(t./" .... ·).}

Non-liquefaction condition:

N • > E 0.5 (16)
I ({(t./" .... '),}

Sub.tituting the shear stress ratios up to the
cycle. to liquefaction, which was obtained in 4),
into Eq. (15) and the shear stress ratios up to
one half cycle before the abolTe cycles to
liquefaction into Eq.(16). we can estimate the
poslible range of the parameter N' which locates
the liquefaction relistance ~U~lC. A possible
range of N' is eatimated by conducting the same
proeedutel fOt evety pore pre88ure gallge, the
average N' of the ground can be evaluated.

A value of 0 >1.0 indicates a liquefied
condition and 0 <1. 0 a non-liquefied condition.
tberefore following equations are obtained for
re.peetive conditions.

n.. eqUivalent .bear Itreas ratio L
cone.pondiq to N... 11 COGIPuted by the follonng

7} Calculltion of equivalent cyclic shear sttess
ratio L

When the parllllll!ter N' to locate the
liquefacUoD teshtanee curve 11 obtained, the
c_lative d_ge 0 lip to the i-tb half cyeles
is cOlllPl1ted from the above Eq. (14). Then the
equivalent cyclic shear stresl ratio L is
deunaiDed as the IIlIlplitude of unifom cyclic
.bear .tre.. ratiol of 20 cycle. to give the .ame
cumulativa d_ge.

The ralatioDlhip between the cumulative dacage
o dua to the .bear .ttelS ratiol up to the i-th
half eyclea and tbe number of cycles N L to cluse
liquefaction i~ given by

D-I~ -20/NL
I N L

Thul

N L • 20/0

(17)

(18)

3.4 Results and discussion
Fig.IS shows examples of ttme histories of tbe

dynamic shear stress ratio T • J "vo', the
equivalent shear stress T_ti~ L, thQ
liquefBetiof. resUUnce factor F L' the pore
pressure ratio r ~ of the vlriables described
above at 4 typical locations. The parameter N'
was assumed 18 because it was estLmated about 18
for all cases from Eqs. (15) (16). The reference
liquefaction curve is detennined by substituting
N' -18 into Eq.(ll). F1g.16 shows the
distribution of excess pore pressure ratio r u at
tbe 5-tb cycle of excitation and right after the
excitation. It is shown in all the cases that the
excess pore pressure ratio r u builds up futer
in the free field than below the embankment
although tbe shape of distribution is a little
different respectively. The liquefaction
resistance factor F L is larger below the
emblnkment tban in the free field because of the
overburden effect of embankment. It is also shown
that while the excess pore pressure ratio ruin
the free field builds up to 1, the excess pore
pressure does not below the embankment. The
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buildup is smaller below tbe crest tban below the
slope and the increase of pore pressure ratio r u

i • .maIler in the shallower portion of the ground
than in the deeper portion. This can be
attributed to the different lateral confining
conditions in the ground due to the embankment
that a complete liquefaction does not o~cur below
tha embankment while it does in the f~p.e field.

Fig.17 show. tbe relationship between the
liquefaction resistance factor 1', and the excess
pore pressure ratio r u' Sucb relationships are
obtained by combining the time histories of r u

and F L in Fig.15. Figs.I7 a)d)gl shows the
result in the free field, Figs.17 b)ll)h) that
below the crest and Figs.17 e)f)i) that below the
slope toe. The following can be seen from these
figures.
l)'l'he pore preasure ratios r u are distributed
in the range from F I..-2 to F I..-7. The influence
of the installed depth of pore pressure gauge
could not be seen.
Z)Below tbe crest of the embankment the pore
prenure ratio showed a smaller tendency than
those in the free field against the same I'L' The
pore pressure ratio did not reach unity even when
F I.. becomes below 1. Regarding to the effect of
the installed depth of gauges, the pore pressure
ratio exhibits lower value at the deeper
location.
3)Tbe pore pressure ratio below the slope toe was
le.s than that in tbe free field against the same
PI..' Bowever, it exceeded one when P L reached
one. This can be reduced to that the overburden
pressure was calculated one-dimensionally.
4)Tbe effect of the excitation frequency on tbe
relation between F L.. and r u was small in the
free field and below the embankment.

4. CONCLUSION

I) The lique faction resistance factor F I.. is
larger and the increase of the pore pressure is
slower below tbe embankment than in the free
field because of the overburden effect of
embankment.
Z)Tbe pore pressure ratio below tbe embankment
does not develope up to 1 while tbat in the free
field can develope up to I.
3)The pore pres.ure ratio below the embankment i.
lmaller than that in the free field wben compared
with the same FL..' Below the embankment the pore
preeaure ratio is smaller than 1 even when PI.. is
1••• than 1.
4jWhen the .tability of an embankment on a
liquefiable deposit is eonsidered the stability
factor i. eltimated genarally ~ller if tbe pore
pres.ure below the embankment i8 computed only by
u•• of the relationship betwen F .. and r" for
the f r~e Held.
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Table 1 Analyzed Test Cues

Excitation Condition Exci tation
Case

lave fON Frequency Duration No.of Cycles Acceleration

1 Sinusoidal 2.5IIz 8 Bee 20 190 gal

2 Sinusoid.1 10.00% 2 sec :lO 315 goll

" Sinusoidal 1),0Hz 4 sec 20 208 galL::-

Liquefaction hi.tance
F.dor FL " RIL

Liqueraction
Reei.tanlCe Ratio R

Fig.3 Procedure for Stability Analysis of
EJnbankments on Liquefiable Ground
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Fig.2 Relation between Stress Ratio

and Number of Cycles
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Fig.5 Stability Calculation by Slice Method
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Maximum Ground Acceleration on Soft Clay Sites

by

Tingley K. Lew I

ABSTRACf

Duriog the 7.1 magnitude 1989 Lorna Prieta nonhern
California earthquake, relatively large horizontal
maltimwn ground acceleratioos (MGAs) were reo
corded on soft cia)' (young San Francisco Bay mud)
sites. Some oftllese MGAs were as much as three to
four times larger tha~ those m:orded nearby DO rock
about the same distance from tile fault rupture. These
large MGAs were primarily caused by resonaoce
between tbe surface clay deposits and tbe dominant
frequency components of tile incideot waves. An
equation is preseoted for detennining tile upperbound
MGA on soft clay sites. The upperbound MGA on
soft clay sites is controlled by the soft clay shear
strength (T....), density, and layer thickness. The tbco
retical results were compared with the Lorna Prieta
earthquake MGA data from young sao Francisco Bay
mud sites. With a couple of exceptions, the T.... 
1,000 psf (47.9 tpa) theoretical curve defines the
upperbound MGA data for soft clay sites in the LornI
Prieta earthquake.

The equation pccseoted taO be used to compute the
upperbouud MGA on a soft clay site from the soft
clay density, shear strength, and layer thickness in·
clodin. that of the surncial fill. For sites where only
tile soft clay layer thickness is known, the approxi.
mate uppelbouDd site MGA can be detennioed from
the MGA versus layer thickness curve presented for
1.... - 1,000 psf (47.9 kPa),

KEYWORDS: Earthquake; shear strenBth: layer thick·
ness; maxim;un ground acceleration: soft clay: Slrollg
motion; youoi! oay mud.

1.0 INTRODUCTION

1be ellpected eartbquake grouod motions at a site are
needed for tbc desi.n of new facilities and the esti
mation of poIelltial eanbquake damaae in natural
disaster preparedness planning. ODe or the major
parameten uled in the desip or new facilities and
tile pledic:tiOll of poceotial eanbquake damaae to ex
IJtina facilities is the borizontaJ DIIllimum IIOUnd ac
celeration (MGA), Generally. the frequency cooteot
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of the earthquake ground motion is considered indi
rectly by specirying the shapes of the design spectra.
Duration of the ground motiOfl is considered implic
illy in the design of new facilities by the indirecl
specifitations of ductility requirements (e.g., the R.
values and structural detailing requirements in the
1990 Reconunended Lateral Force Requirement by
the Structural Engineers AssocialiOfl of California).
10 the estimation of potential earthquake damage to
edsling facilities, the assumed available ductility is
based on the structural detailing of the facility, pasl
earthquake perfomJInce of similar types of construc
tion, and engineering judgment.

The MGA, duration, and frequency content of earth
quake ground motiOfl at a site depend on the source
rnecbanism, path of the incident waves, and tbe local
soil conditions at the site. Generally, we do not know
the soun;e mechanism nor the palh of the incident
waves from the source to the site for future earth
quakes relative to a given site. We can only estimate
the effects that the local soil conditions may bave 00

the incident waves.

The accelerations of tile iocideot earthquake waves at
the bedrock of a site can be greatly lmplified by
resonance of the site soil deposits. Resonaoce occurs
when the characteristic shear wave periods of the
surface soil strata are near one of the dominant peri
ods of the incident waves (Ref I tbrougb 5). Thus.
structural damage al the site is intensified. Even
greater earthquake damage occurs if the fundamental
period oflhe structure is near one of the characteristic
sbear wave periodS for the site. Double resonance of
the site and structure relative to the dominant periods
of incident earthquake waves occurs under such a
condition. This pbeoomenon was demonstrated by
tile structural damage at Mexico City about 300 km
from the epiCenter in the 1985 Mellico eartbquake
(Ref 6).

1be aim of this paper is to develop an aoalytiQl
relationship f<r detenninin. the upper bound hori·
zontal ground acceleration 00 soft clay sites.

'Naval Civil Engineering Laboratory
Port Hueneme. CA 93043



Currently. the design MGA for a site is estimated
from empirical anenuation relatiollships derivoo mainly
from recocdcd strong-rnotion data in the western Unill'l1
States. Definitive soil condItion data (e.g .. depth of
the soil layers. soil type. shear stn:ngth, and shear
wave velocities) are not available for most of Ihe
strong-motion recording sites in the United Stales.
Hence, the attenuation relationships generally differ·
entiate only between soil and rock (Ref 'P). In addi·
tion. the majority of the strong-motion data used to
develop the attenualion relationships comes from
earthquakes and recording sites in southern Califor·
nia. Most of these recording sites are located in deep
alluviwn. generally much thicker tllan those in the
San Francisco Bay area. On deep alluvium sites,
amplification of the incident waves tra\'eling up to
the surface would be offset by the attenuation if the
sedimeDl section were relatively thick. The lack of
adequate strong-motion data frorn soft clay sites pre·
vents the establishment of a separate. statistically
significant data set for analysis.

1be heaviest damaged 3re<lS in the 1906 San Fran·
cisco earthquake are on sites with soft clay soil (young
bay mud, YBM) (Ref 8), Figure I. During the 7.1
magnitude 1989 Lorna Prieta northern California
earthquake. many strong·motion records were ob
tained from soft day sites as well as stiff soil and rod:
sites in the San Francisco Bay area (Ref9 and 10). A
plot of the MGA verses the closest distaklce to fault
rupture is shown in Figure 2.' The median and 84
percentile curves using Campbell's ancnuation equa·
tion (Ref II) is given for reference. Each data poinl
shown in the figure is the average of the MGA in the:
two ortholOll<lI horizontal directions. With <I few
exceptions. most of the data for stiff soil and rock
sites arc within the median plus one standard devia
tion (0) curve. By contrast, most of the data for sofl
soil sites arc above the (median +0) curve, with some
of them apparently larger than (median + 20), There
appean to be an upper limit for MGA in soft soil sites
of about 0.3 ,. at least for this earthquake. It b
appareot that the incident waves at soft clay sites
(YBM) were greatly amplified by the rdatively soft
clay layers near the surface. For example, the reo
corded MGA on soft day at the Naval Station Activ'
ity (NSA) Treasure Island is 0.16 g. The correspond
in, recorded MGA component on rock at nearby
Yerba Buena Island is only 0.06 g. Thus, the appar
ent amplifICation faclor by the soft clay layer at NSA
Treasure 'slaoo i~ 2.67. At some other soft clay sites,
the dynamic amplification factor relative to adjacenl
rock. sites is IS large as about 4.0, Dynamic amplifi
cation factors between 4 and g are determined from
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low le\cl aftersh(x'k recording' for soft clay sites in
the Lama Pneta earthquake.

2.0 PROPERTIES OF YOl;NG SAN FRANCISCO
BAY MUL.>

l1lc San FralK:iSl:o Bay is bounded primarily' hy mMSh
lands. allU\ial dep()sits. and lhe coast<ll rauges. The
major geological units in the San Francisco Bay are
shown in Figure 1. These units arc classified as
bedrock. alluvium, and YBM. Reference 8.

I. Bcd rock consisL~ of standstooc. silbtone. and green
stone of the Franciscan fomlalion. Bedrock at YBM
sites is generall)' located at between about 200 and
600 feet (61.0 and tK2.9 m) Ilclow the surface.

2. Allu\'ilUll consists of latc Quatenary (10.000 )T to
3 my b.p.) nood plain deposits of silt and clay, inter
layered with alluvial fans and stream
bed deposits of sand and gravel.

3. Young hay mud consists of Holocene age (10,000
)T b.p.) sediments. soft. water-saturated. organic-riCh
silts and clays. occasionally mterlayered with sand
deposits. These sediments are derived from sus·
pended malerials brought into San Franc I :.co Bay by
rivers draining the Central Valley and streams drain
ing the Southern Bay area. Typical YBM properties
arc shown in Tablc t. The thil:kncsses of YBM vary
between 7,cro and 120 fect (36.6 m) for the sites
shown_ YBM densities vary between 90.5 and 1I 3
pef (1,4.50 and 1.810 k~m') with a mean of 101.7 pef
(1.629 kgltW) and coefficient variation of 0.053. Their
§1tear strengths vary between 100 and 1,500 psf(4.79
and 71.8 kPa) with a mean of 583 psf (27.9 kPa) and
C7 of230 psf (11.0 kPa). The water contents of YBM
vary between 35 and 120%, with the majority being
greater than 50%.

Seed and Sun (Ref 12) reported tmt the shear modu
lus of YBM decreases with increasing shear strain,
Figure 3. By contrast. the damping ratio of YBM
increases with shear strain. The rate of shear modu
lus reduction with increasing strain for YBM is sig-

IA swnmary of the attenuation relationships com·
monly used in the U.S. is presented in this reference.
'For emphasis, no attempC was made in the figure to
differentiate the data from the U.S. Geological Sur
vey (uSGS) and the California Strong Motion Instru
mentation Program (CSMIP).



nilicantly less than that for typical sands. but is gen
erally in good agreement with other days. The
damping I,;har,l,;teristil.:s arc well within the range for
typical clays. Figure 3.

Secd and Sun prescnted a sununar) of the shear W3\e
velocity profiles of YBM at six San Frandsco Bay
shore sites measured by various investigators. Figure
4. The fonner reported that the shear waH velocity
is essenlially constallt, 250 fps 06.2 m/s), for the
upper 30 feet (9.1 01). Thereaftl'r. the v'elocit)' ap
pears to increase gradually to ahullt JOO fps (152.4 ml
sl at 60 fect depth. However, we noted that the shear
wav'c velocity at some sites nla)' remalll constant to
depths of 60 fccl or greater (e .g., the San Mateo site
shown in Figure 4). All hough 110 shear waH ,c1ocity
profile is currently availahlc for the NSA Treasure
Island strong-molton reconling site. the standard
penetration values for the YL:.t at the site remain
near l>cro for depths of between 45 and J(X) feet (13.7
and 30.5 m) as for the upper 20 feel (6.1 01) of sand)'
hydraulic fill over 15 feet (4.6 m) of loose sandy 1111.
This suggesls that the shear .....av·e \'el<><:ity is rela
tivety lo~' to the 100·foot depth.

Young Bay mud tcnds t') {low laterally toward the
direction of minimum potential energy when not
confined dUring earthCJuake ground shaking <e.g.. into
sloughs. channels, or excavations). Althougll YBM
does nOl liquefy dUring earthquakes, thin, clean, dis
continuous,loose sand layers within the YBM gener
ally have a high potential for liquefaction. Water
saturated, loose silty sand and/or sandy fill on top or
the YBM also have a relati\e1y high potential for
liquefaction during eilrthquakes.' Differential settle
ment, one of the major causes of structural and under
ground utility damage in earthquak.es, genCfally ac
companies soil lateral now or spreading, liqucfac
lion, and/or vibratory compaction.

3.0 THEORY

Based OIl the strong-motion data availallle before the
1989 Lorna Prieta earthquake, seismologists tended
to find good agreeDlCnt between site spedfic dy
namic amplification factors dclennined from weak
(10"' to 10"' g) and strong (0.04 - 0.20 g) motion,
Reference 13. Accordingly. the maximum ground
a«eleration for a soft cia)' sites on the San Franciseo
Bay short call be detennined b)' modifying the site
rock acceleration by the site dynamic amplification
factor (OAF). For example. the estimated rock MGA
at \be Naval Air Station (NAS) Alameda from a 7.0
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magnitude about 7.5 km ea~t of the site on the H.ay
ward fault is 0.35 g. The OAF for the sites from the
Lonla Pricta earthquake is 3.25. Thc OAF was esti
mated from the 0.26 g MGA recorded at the sites with
15 feet (4.6 m) ofmediwn dense sand fill over 28 feet
(8.5 111) of YBM and the 0.08 g MGA rel,;ordcd on
rock. or rock-lik.e material at the Stra.....berry Canyon.
Berkeley station about the same distance from \be
nearest ruptured surface. Hence, the MGA at NAS
Alameda would be 1.14 g from a 7.0 magnitude
earthquake on the Hayward fault. Physically, this is
not prohahle hccause at the relative low shear strength
of the YBM. Table I.

[n engineering mechanics. the strenglh of a gh'cn
material defines the conditions tbat produce failure,
Failure lakes place when a material is subjected to a
certain stress stale. usually called strength. Failure of
the matenal occurs by fracture or yielding (plastic
nowl. In the fracture mode. the material disinte
gr.ltes at certain stresses or strains. In the yielding
mode. the nlaterial strain increases Ily relatively large
amounts at constant stress or with relatively small
stress increments. Soft clay fails in the yielding!
plastic now mode whereby relatively large strain
increases aeeomJlanics each stress increment.

By definition then. no known material is able to
Irallsmit stresses that are greater than its inherent
strength. The incident eanhquake horizon..1 shear
waves at the site bedrock generally propagates verti
cally, or nearly so, upward to the surface. When
these shear waves encounter the 50ft clay layer, the
relatively low shear strength of the layer limits the
amplitudes <accelerations) of the waves consistent
with its shear strength. Thus, the shear strength of the
sofl clay limits the maximum acceleration thaI can be
transmitted to the ground SUridce. When the accel
erations or these waves exceed the shear strength of
the soft clay, the clay yields and, thereby, limits tile
stress transmitted to its yield strength. In addition,
energy is dissipated by the soft clay layer as it yields.
This further limits the stress amplitudes of subse
quent waves transmitted to the ground surface,

'Liquefaction potential for saturated,loose sandy fills
can be mitigated by ground improvement tecbniques,
such as vibranoation, compaction piles, and p-avel
l:olwnos. Such techniques appear to have suc:ccss
full)' prevented liquefaction in localized areas on
NSA Treasure Island during the Loma Prieta earth
quak.e.



where MGA - maximum ground acceleration
ing units

The approacb used in tbe following theoretical de...el
opnent is similar 10 that used by Seed and Idriss (Ref
14) in their development of a simplified pnx;edurt
for detenniniD, soil liquefaction.

1 - (1 )
ull mall; d

(S)

Fint we assume tbat the soft clay layer (colwnn) of
thickness, b, behaves as a rigid body with maximum
acceleration a_ 00 top. and maximum rigid body
shear stress (1_),00 1be bottom as shown in Figure Sa.
The layer thickness, b, may indude thin interlayers
of sand and a relati ...ely thick layer of loose silty sand
andlor fill 00 the surface. It is assumed that these
layers do nOl bave a significant effect on tbe overall
dynamic response of the soO clay layer as a whole
The mal{imum shear stress at depth b for the rigid soil
column:

10k - shear strength of soft clay

By substituting Equations (4) and (S) into Equatioo
(3) aDd solving for MGA. we get

Thus. the upperbound maximum ground acceleration
on li soft clay site is a fuoctioo of tile soft clay sbear
strength and an inverse function of the soft day
density and thickness.

(6)
1

MGA _ ult
fdTlI

(1)
_ yb itux-,-TlTIax r

where y - wet unit weigbt of soft clay (FL")

According to the unit weights and ~ar stteoetm
given in Table I for the yOWlg San Fraocisco Bay
mud, it is judged that the following values are repre
sentative:

b - soil day layer thidmess (L)

a_ - maximum ground acceleration (FT"2)

g - gravitational constant (FT"2)

Because the soft clay column is deformable. the ac·
tual shear stress at depth h increases at a decreasing
rate with depth as shown in Figure Sb. We account
for this by modifying (1_), Ily a reductioo factor rd'
Figure x:

The reduetioo factors used in this study are given in
TallIe 2. These valocs correspond to the average
values given by Seed and Idriss (Ref 14). By substi·
tuting Equation (2) into Equation (1), we gel

i\nax 3
~x d - yb -g rd ( )

T - 100 pef (1,602 kg!m))

T... - 300.I,OOOpsf04.4-47.9kPa)

The above values were substituted into ~tiOD (6)
for soft clay layer thicknesses between 10 and 100
feet (3.05 iUld 3O.S 01). The MGAs forsbear strelJllbs
of300. 600, and 1.000 psf (14.4. 28.7, and 47.9 kPa)
are plotted in Fiaux 6. R"om the curves in the fiaure.
it is apparent that MGA on soft clay site! iocreues
with Ibe soft clay sbear strength. For a given sbear
strength. the site MGA decreases with increasing
layer thickness due to the iDcrease in soil inertia force:
with layer thickness. The sile MOA dcx:reasca rap
idly with ioclCuing layer thickness for tbicltDeuel
between 10 and 40 feet (3.0S and 12.2 m). For layer
thickness greater lban 40 feet (12.2 m), the site MGA
is IClatively insensitive to increases in layer thick
ness. The increase in inertia force with layer thick
ness in this thickness range offsets the reductioo in
sbear stress in the soil colwno,

F:.rtbennore, we define 4.0 COMPARISON WITH EARTHQUAKE DATA

MGA _ 'max-.-
and

(4) The theorcticallCsults are compaml with the maxi
JIlIIII1 JI"OUod acceleration data from YOUOl SIll Prall
clJco Bay mud sites in the 1989 Lorna Prieta eanJI-



T - fundamental shear wave velocity (T)

V. - sbear wave velocity at small
strains (L1'1)

quake in FigUfC 7. Data points for sites with Itoown
soft clay layer thickness an: reprellCnted by the solid
s)Tl1bob in tile figure. Because we have tile soft clay
layer thicknesses for only 14 of the 20 young Sao
Frand.co Bay mud sites shown 00 Tables 3aDd 4. the
approximate thicknesses for tile other sites were
computed from tile dominant site periods estimated
from tile suong-motion records by using tile follow
ing equation.

(
RV S\

b-T-4-j

where h - layer thickness (L)

(7)

conventional probabilistic structural and dynamic
analysis of tbe Cbun;b with a ulJwn level ofdamase.
The site MGA estimate was based on the assumption
that all the damage to the Church wa~ caused by the
main sbock. There were many smaller magnitude
aftershocks following the main shock. However, the
relative contribution of these aftershocks to the over
all damage of the Church is unknown. Thus. the
resultiDg estimate is considered an upperbound value
by Etlon aod Marciano (Ref 1.5). The estimatedmeao
MGA is 0.33 g with a coefficient orvariatioa (COV)

of 0.24. 10 Figure 7. the range of probable MOAs at
the site is represented by the vertical bar (between
0.17 and 0.33 g). We judged that the most probable
MGA at the site is aboul 0.2j g. tile solid s)TIlbol.
The 1886 Charleston, SC earthquake data follows the
general trend of the MGA data recorded in young San
Francisco Bay mud sites during the 1989 Loma Prieta
earthquake.

R • reduction factor to a«ount for the
decrease in V. with increasing
sbear strainS

For simplicity, V. - 250 fps (16.2 mfs) and R - 0.67
were used for all the other sites. For sites with two
distioct dominant periods, the computed layer thick
DCsses for the two periods were sunvned to obtain the
total 10ft clay layer thickness.

If tile proposed theory is valid, all the data points
should be below the MGA curve corresponding to the
upperbouDd shear strength of the 10ft clay (YBM).
With a couple of exceptions, all the data points are
below 1bc curve for 1 - 1.000 psf (47.9 kI'a), Figure
7. Tbe cboosing of T - 1,000 psf was fortuitous.
However. tile trend of the data definitely follows tile
IS)1Jlplotk: portioa of the curves. TIle groupiog or
1bc data bt:tweco the 300 pst and 1,000 psfcurves for
soil tbickoeasca between about 10 and 100 feet (1.98
and 19.8 m) IUUCSts that the dynamic shear strength
It the YBM sites is generally between 300 and 1.000
pst (9.66 aDd 47.9 kPa).

As I furtber check on the validity of the theory
developed. the eltimaled ground acceleration near St.
Micbacb Churcb, Charleston durine the 1886 Char
lesion. Sooth Caroliu eanhquate (Ref 13) il plotted
illFlpre 7. TIle 10ft clay layer thictDell near tile lite
is aIlout 52 feet (15.8 m). Refereoce 16. TIle earth
quate had aD eltimatecl magnitude between 6.5 and
7.0 with its cpiccntcr about 13 miles (24 kID) north
west~C'IwIeIIon. TIle lite MGA was estimated by
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.5.0 CONCLUSIONS

Based on theory presented and the comparison be
tween the theoretical results with strong-motioo MGA
data from young San Francisco Bay mud (soft clay)
sites in the 1989 Lorna Prieta earthquake. the follow
ing conclusions are drawn:

I. The upperbound MGA on soft cIay sites is
controlled by the soft cIay shear strength (1...). den
sity. and thickness.

2. With a couple of exceptions. the 1.. 

1,000 psf (47.9 pKa) theoretical curve defines the up
perbouod the MGA data for soft clay sites in the
Lorna Prieta earthquake.

3. Tbe trend of the Lorna Prieta eart1Iquake
data followl the trend of the theoretical curves.

4. The equation presented can be used to
compute the upperbound MGA 011 a 10ft clay lite
rrun the IOn day density, shear strength. and layer
thicknell including that of the surfICial fill.

S. For sites where ooly the soft clay layer
tbiclr.DCss is Itoown. tile approximate upperbound lite
MGA can be determined frun the MGA venus 10ft

SV. - ~GJp. where G -Ibear modulus aod P- mill
dcoaity. See Figure 3 for reduction ofG witb iDCICU
iDllbeariog strain.



clay layer thickness CUJ'\'C for T.. - l.lXXl psf (419 kP'a)

iD Figure 6.

6.0 RECOMMENDATIONS

Tbe MGA data from 20 strong-rnotion reconting su
lions in the Lorna Prieta earthquake were used in the
comparison with the theoretical results. The soft clay
layer thicknesses are known for onl)' 14 sites. The
approximate layer thicknesses for the other six sites
were estimated from the dorninanl periods in the
strong-motion .lCCelerograms for the sites. It is Fee

oovnended \hat the soil layer thicknesses and soil
properties. such as shear strength, shear wave veloci
ties. and deDsities be determined for all the soft clay
strong-motion !'eC()rding sites wbere they are not
available. Comparison of the theory presented with
recorded MGAs on soft c1dy sites from other eartb
quakes is abo recommended and encouraged.
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Table t. ~Kl.u. Shear Stre•• Reduction Factor for

Defar-able Bod~ Relative to Ri~id Body. r
d

It I
.a~ d

Dept" " r . ---
d

Itt , It )

"a~ r

0 1.00

S 0.99

10 0.98

IS 0.97

ZO 0.96

JO 0.9t

40 0.85

SO 0.7S

60 0.68

70 0.61

110 O.SS
90 O.SJ

100 O.SO
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Broadband Strong-Motion Seismic Obsen'8lion Network
Operated by Japan Meteorological Agency

operated by Japan Meteorological Agency

I 2 3 4
Masahiro Yamamoto, Iwao SasalcBwa • Akira Nagai. Takeshi KakishiLa •

j 6 ,
Alcihiko Wakayama • Koichi Uhira • Masaaki Seino

SUMMARY

The JMA has deployed a strong mouon seismic ob

servation network of newly developed seismometers, !he

digital 87 type electromagnetic strong motion seismo

graphs, installed in 74 stations in <XL 1989.

The seismometer has an electromagnetic force feed

back which operates over !he frequency band 0.005 to

10Hz and the dynamic range a.Oj to 980 gal.

The analysis of data from two eanhquakes .....ith mag·

nitude 7.1 and 6.5 is presented in this paper. From the

latter eanhquake, strong motion seismogram at near field

(epicentral distance: 13.3km) was obtained wilbout clip

(max. a=330 gal, max. v=27 kine and max. d=9.4 cm).

The focal process analysis based on the new seismo

graphs is also pnesented.

For the data obtained in the frequency band less than

0.05 J-U. however, the computed displacement seismo
graph becomes noisy due to the limitation of minimum

resolution to 30 mga!.

KEY WORDS; Electromagnetic Strong Motion seis

mogrnJi1<ESM), Earthquake of near E off to.'E Japan in

1989, Earthquake of near Izu·Oshima Is. in 1990,

Source process

1. fOREWORD

Since 1950. the mechanical t)'PC analogue strong mo

tion seismographs(MSM) have been operated at 114

stations for the local large earthquake observation by

IMA. The MSM has a defect that. in frequency band less

!han 0.2Hz, frequency is proportional to displacement

and the inStrUment is mechanically clipped onl)' at 3 cm

of displacement JMA has a responsibility for the quick

tsunami wsming service. Therefore, it is very irnpcnant

to observe the large amplitude and low frequency seis

mic: waves from tsunamigenic earthquakes. The me-

75

chanica! slrong motion seismograph has a limitation for

that purpose. Therefore, !he MeLeOrologicai Research In

stitute (MRD of JMA had deveIop¢ a new prototype
.. . 9831

)strong mOllon seIsmometer In 1 . JMA has staned

an oper.uion of it in Oct. 1989.

In thi~ paver, we fll'st describe outline of the new

strong motion seismometer and then the station

distribution. Subsequently. the merits and some remain

ing problems will also be presented based on the result
of wave form analysis from two earthquakes which oc

curred in E off NE Japan (M: 7.1) and near Izu-Oshima

Is. (M: 6.5).

2. AN OUTLINE OF THE ELECTFIOMAGNETIC

STRONG MOTION SEISMOGRAPH (ES6ft AND

THE STATION DISTRIBUTION

JMA, in cooperation with MRI, has started !he oper
ation of the ESM at 74 out of 114 seismic stations in

OCT. 1989. This seismograph operates over the fre

quency band 0.005 to 10Hz and dynamic range 0.03 to

980 gal as shown in Fig. I.

As compared with Ibe MSM as shown in the same

Fig. I, the ESM has the broadband in frequency and high

dynamic range.

The ESM is composed of the measurement (MP) and

the processing (PP) parts as shown in Fig, 2. The feed-

I Depot, I/co4, ScWnoIoaY and v........,I)j...ian, Jlpan W-I....IA.....,
2 s.d.. TocbnicaI SIA!'. SoiImoIclI7 and V.........., DMoioa. J.,... w-.
,.qicoIA.....,

3 Todoni<oI SIIfl'. S--....., and VaIcuoIcv Di...... Jlpan IoIooec '.ie.'A....,
4 TIIlInIaoI Sllft'.S~ oM V......., Di....... JIJ'Il' r-r-,h"tolA....,
5 --.....SIIIr.......,andV........."II'--...I)j.....~·
IalIloMudo ......

6 Jt-.do SIIIr.~ and v ........."IJ --... I)jvioian, w-..Ias.
1aI............
, Qlof,s~oMv..CIIMlIcv I)j...... M...-'eaiM
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back OPCRlCS over the frequency band 0 to 400 Hz and
d)'TwlIic range I mgallO 1000 gal. In order 10 minimize

the noisc.lhrcc 16 bits AOC are implemented with over·
sampling design, for each of the three components.

Digitized SO samplesls in MP are transmiaed 10 PP.

The same daIa are also ItlemelUed 10 relevant regional
Tsunami warning centers and also stored on floppy disk
IS accclerogram It each station. The distribution of the
74 swions lhat are equipped with the ESM is shown in

Fig. 3.

3. WAVE FOAM COMPARISON BETWEEN MSM

ANPESM

For monitoring the proper operation of the ESM,lWO

seismograms from the E,SM and the MSM recorded at

the same swion IIl'e compared. The ESM seismogram

is fIIltred with the mter that has the same characteristics

as the MSM.

The eanhquates which are used for the comparison

are as follows.

Fig. 4 shows the seismic activities which oa:uned in
E offNE lapan during the period of Ocl 27 10 Nov. 10.

1989. The main shock took place on Nov. 2 wi!h a mag'

nitude of7.1acc:ompanying a tsunami (max. height is 92
cm from peak to uough). The epicentral distribution

(magnituck 4.0 or more) and !he aoss section along A·B
line are shown in Fig. 4.1 and Fig. 4.2, respectively. The

focal mechanism of main shock shows a reverse type
fault reflecting the E·W compressional stress fit. J as

. 2)
shown mFig. 4.3 .

Fig. S shows the seismic activities ncar Izu-Oshima
Is. which iDelude an eanhquake of magnitude 6.S (the

main shock) OQ Feb. 20. 1990. Some disasltrS such as
road colI1pSC and small Tsunami (peak 10 trough is 32

em) were reponed.

Epicenbll1 diSlribution of the main and after shocks

(maanitude 2.5 IrIcI more) is shown in Fig. S.1. The focal

mechanism of the .main shock shows a lUike sliP fault
S)

ref1ec:tinllJle NW·SE compressional SbeSS field . They
.)

lie projected on twO venicaI p1anel in Fig. S.3 •

Two seismopams. from each of the two seismo·

graphs (MSM and £SM) arc shown in Fil. 6 fioan these

two eanhquakes. Lefl and right seismograms corre·

spond to the MSM and !he ESM respectively.

Fig. 6.1 is !he seismograms ~orded at Hachinohe
(HAC in Fig. 3. epiccntral distance of lSOIcm) from the
eanhqualce of E off NE llpl11l (M: 7.1). Fig 6.2 is the

seismograms recorded It Oshima (epicenlnl distance of
13 kin) and Tokyo (cpiccnlnl distance of 113 kin).

Note thai the polarities or EW and UD components

are reverse between MSM and ESM.

The seismoaram of ESM at Oshima recorded the
event satisfaclOrily, on the other hand, that of MSM is
saturated.

4. SPECTRAL ANALYSIS

Three seismograms recorded It Hachinohe from the

E off NE Japan is shown in Fig. 7.1 after filtering with

bandwid!h of 0.01 10 10Hz for acceleration and O.OS to

_ 10 Hz for velocity and displacemenL

The maximum lIaCCd amplitude on this record be·

comes about three times IS large IS !he record taken by

l1IeMSM.

Acceleratim spIlCtnlm density for EW component of

the period 20 scc:. bcl'orc and after maximum amplitude
is shown on the left of Fil. 7.2.

Noise spcetrum density with the minimum diJitized

resolution of 30 mpI is estimated about O.lcm/scc at

O.OS Hz and 0.2 cm/seC 11 0.025 Hz. The noise milht

ovCtShadow the signal ill the frequcnc:y ranle less !han 0.0

2SHL

Disp1acement spcttnlJll density aflU the low cut fII·

tering at O.OS Hz is shown on the right ofFig. 7.2.

Three seismopam records at Oshima from the Izu

Oshima Is (M: 6.S) is shown in Fil. 8.1 after (IIttl'inl

with bandwidth of 0.01 to 10 Hz for acceleration and

O.OS 10 10 H& far velocity and displacement as with Fil.
7.1. Recorded maximum acceleration. velocity and dis·

placement am 330 pl. 27 kine and 9.4 em, respectiYdy.

Aeeelmt.im spec:lI1IIII density for NS component of

the period 20 ICC bcl'0fC and allu maximum amplitude

is shown on Ihe lett of Fil. 8.2.

In this case also, rome considera1ior.: may become
neceaary with rqud 10 the noise level for the IUXII'dJ
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obtained in the low fJequency range less than O.02SHz.

Displacement spectrum density after the low cut fil·

terinall O.OS Hz is shown on the right of Fig. 7.2.

From tIlese two analyses, it becomes clear lhat an ap
propriale ftlter needs 10 be chosen in case of the wave
lIIWysis in low frequency range.

5. AN OUTLINE OF THE SOURCE PROCESS

OF 1990 NEAR !lU-OSHIMA EARTHQUAKE

The source proc:ess of the near ~u..Qshima c:anh

quake in 1990 was studied wi~ ESM displacement data

obtained at Oshima(OSH), Ajiro(AJI), lrozaki(NGT)

and Mishima(MIS), whose locations were shown in
FiaS.1. These data were fillered for removing frequency

components higher than O.3Hz in order to reduce tile am
biguiry due 10 inhomogeneous crustal structure near the

surface. Synthetic seismograms were calculllCd with the
velocily structure mod~l of Yoshii et al. (1985) 5>.

The non-linear inversion meLhod proposed by
Takeo (1987) 6) was adopted 10 deduc~ t.'lc dislocation

distribution and rupture propagation on the assumed
fault plane.

In \he prescIllstudy. the main-shock fault was esti
mated from the after shocIt dislribution to be 20bn long
and 121tm wide (Crom the depth of l.Sltm to 13.Skm)

with strike of N352°~ dip on 76°. The fault plane was
divided infO 1S sections and double c:ouple source was
ImIIIgcd at the center of each sec:tion. The 5OIIr'CC pr0

cess of the eanhquake was I!SUmed 10 be expressed by

an integration of double couple soun:cs having !he same
soun;e Lime function.

11.- syn1hclic: seismosrams calcu!aled wi!h the fi
nal solution were compared with the observed seismo

paml as shown in Fig. 9.1. In this case. only pure strike

slip was taken into consideralion. Rapture propagation
and seismic moment distribution over the fault are

shown in Fip. 9.2 lIRd 9.3, rcspcc:Uvely. They suggest
Lbal tile rapture front propagated II the speed of 2

31cm/1ec fmm nonh 10 south and the lOW seismic mo-
17

ment of 5.;(10 Nm, most of which was r"~eased at the
ccnnl pat of the (aWL These reswts show that rnajar'

dislocation tooIc pbl,;e in the cennl put of the faull with
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time delay ofa few seconds after the onset of rapture and

dislocation was small al shallower ponion of 'he fault
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Seafloor Seismic Network Offshore Southern California

by

Charles E. Smith·

ABSTRACT

Designing offshore facilities to resist earth
quakes pose perplexities that differ from those
problems encountered in designing similar fa
dUties for other environmental loads. such as
winds. wa\'es. currents. and ice floes. Nonnal
operational loads ocnJJ' &equently over the life
time of a stJUetwe. and therefore, design infor
mation can be accumulated quickl~'. ReL3use of
this. design codes and other Stanc~S of practice
have evolved fairly rapidly to address these nor
mal types of loads. In contrast. eanhquakes are
rare events and data on the response of seafloor
sediments to earthquake-induced ground mo
tions are SC~. thereby introducing significant
uncertainty for analyzing seismic-hazard as
pects of offshore operations. To reduce this
UllcerWnty, a research program has been under
taken by the Minetals Management Service,
jointly with illdustl)', to develop and deploy
instrumentation to measure seafloor seismic
motions and to gather data to assess the effects
of large seismic events predicted for the future.
The primary objective:; of this paper are to pres
ent an ovcf\'iew of the Seafloor Earthqu1ke
Measmement System (SEMS) Program and to
describe the insuUation of a SEMS network
offshore southern California.

KEYWORDS: EarthqUake hazards, offshore
platfonns. offshore stJUctwes. seafloor seismic
response, seismic dcsi~ oiteria.

I. INTRODUCTION

Both Government and industry recognize the
need to acquire design and verification infomla-
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tion on seismic activity offshore. particularly at
locations of current or future oil and gas opera
tions. Industry needs seismic data to design
facilities lhar are structurally adequate and cost
effective, and the Federal Government requires
the information to fulfill its regulatory responsi
bilities to enswe safe. pollution-free operations.
The necessity for the data by each group may at
first seem diverse; however. on further exami
nation the needs are found to be compatible and
complementary.

Design criteria developed by the oil and gas
industry for offshore structures. as presented in
the American Petroleum Institute Recom
mended Practice 2A (API. 1989), are well estab
lished and sound, provided that adequate
infonnation about the environment is availllble
to make the necessary engineering decisions.
Climatic and oceanographic information for
most offshore arellS is available or can be ob
tained from miliwy. commercial, or private en
tities rhat have conducted activities in those
areas for declldes. The data, although more
complete for some regions than other>, never·
theless provide some guidance for offshore en
gineering.

Even in the most seismic areas of the world. the
OC'-"UlTences of very strong ground motions at a
given site is a rare evenL In fact, the infrequency
of recorded strong seismic motions has tended
to foster a passive attitude toward the design of

·Research Program Manager
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offshore SUUCtures. Seismic dati are not conve
nient by-products of other artivities that have
aided in the collection of climatic and oceano
Iraphic information. lllcrefore. an indepen
dent. concerted. and sustained effort must be
taken to obuin and quantify ear.hquake data for
use by engineers.

2. OffSHORE EARTHQUAKES

In the design of offshore facilities. the need for
offshore seismic data to complement earthquake
data obtained from onshore locations has been
well documented (Reece. Ryerson. and McNeil.
1981. NAS. 1976. Henyey et aI., 1979). In the
United States. much of the effort has focused on
the IlUS offshore southern California and. to a
lesser extent. offshore Alaska. Subjects of
major importanCe relate to area seismicity. soil
response. enetD tnnSfer between the sediment
and platfonn foundation. overall platfonn re
sponse. and the conscquax:e to operations re
sullinS from the response (Smith, 1990). In the
past, estimates of anticipated earthquake groW1d
motions for offshore structures were made to
tally from onshore records because of the lack
of reliable Icng-tenn measurements offshore.

Althouah certain desip tasks are common to
both onshore Iftd offshore stnJctures. offshore
flcilities involve many differences that make
these tasks unique mel Ire the subject of much
interest toenlineen. These differences include,
for example. the fonowing aspee:ts: a) attenua
tion factors may be different in saturated
seafloor soilJ, espedaJly if the soils Ire 10ft
ardIor gassy; b) wave reflection by the wiler
colUlllD may liter site-specific: wave fonns; c:)
offshore stnIC1W'ts are often much larger than
onshore facilities and have their mass concen·
trated at the very top of the suucture; d) the
pcesaa of water chanles the cbancteristic:s of
eanhquake pound motions and inlJ'Oduca new
forces that .csult from Ibc added mass effectS of
die WIIa'; e) earthqlllkes may CIUIe mud slides
that can travel very long dlltlJlCel on the
Ieat100r and exert ... loads against sttuetures
and pipelines; I) eanhquatel mar IlYe rise to
IUqUIkes. wbic:b Involve the pnlpaIation of
.,... wpea dJrouah the water coIU1111l and whic:b
can result in damlle 10 fIoadn. facilitie.. Pi·
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nally, the location of offshore epicenters may
have some uncertainty associated with them be·
cause the seismographic nets from which they
were determined are sited shoreward of an off
shore event (Reece. Ryerson. and McNeil. 1981.
Poulos. 1988).

To eliminate many of the Wlccnainties associ·
ated with offshore earthquake groWld motions.
the Minerals Management Service (MMS),
jointly with the oil and gas industry, is sponsor·
ing the installation of a seismic monitoring net
work offshore southern California. The purpose
of this program is to obtain high quality seafloor
seismic data and correlate that infonnation with
measured and predicted platfonn response data.
Scientific and engineering analyses of the vari
ous fonns and magnitudes of quakes will be
conducted and compared with onshore data with
a view to extrapolating the data to larger events
which are requimI fOl' design purposes.

3. RESPONSE METHODOLOGY

The validity of a methodology used for predict
ing the response of offshore stroetures to earth
quakes il central to the design of those
structures. In this context, validity refers to the
abiUty of the methodoJoay to accurarely calcu
late the true platform response. However, itmay
not be possible to toII1ly verify the validity of
the metbodology O¥er the complete rqe of
parameten of interest. Validity issues can be
partially resolved tbroup empirical approaches
wherein aetua1 field measurements are aJIIl

pued with caJculated responses. This approach
il illustrated In fiIure 1. The figure bi.hlighls
bifurcalioD of the lDIlytieal domain into c:alcu
lated venus meaSURd response. With this ap
proach. an eanhquake can be measured with
land-based instrumenu. Then Illese measure
menu can be used u input to a soil response
model which, in tum, c:aIc:u1atel the soD re
sponse in the W:inil)' of a seafloor instrumenta
tion .yACm. The calculated soil response can
then be axnpand with lbc measumI response
to detennine the validity of the ealQJlation for
that specific eanhquate. If there is disa.ree
meIIl between the calculated Iftd measured re
sponse, iDstrumcntation perfonnanc:e and/or
model vaUdity il questionable. SlmU.COOlpc·



iJons can. in principle, be made between calcu
lated IIId measured response to study the valid·
ity of other elements of the composite evaluative
methodololY.

Althouah there is an extensive seismographic
network onshore in southern California. the cov
craIe offshore has been ncalected. The knowl
edge of the uncertainties that exist in using
oll!hore seismic data for the design of offshore
facilities. the importance of the southern Cali
fornia area for future enelJ)' needs. and the high
probability of future large earthquakes in that
area conuibuted to the decision to develop ac
curate and reliable seafloor monitoring instru
ments. These instruments are being installed to
loon an offsixn network to lather data to sup
plement onshore infonnation. To close the data
loop. offshore structures located near the mom
torins sites have been instrumented to obtain
strueturaI response infonnation for comparison
with predicted values.

4. SEMS SEAFLOOR INSTRUMENTAnON

In 1977. MMS (then the Conservation Division
of the U.S. Geological Survey). the Depanment
of Eneray, and several major oil companies
a>ntIXted wilb Silldia National Laboratories
b the development of the Seafloor Earthquake
Meuurement Systems (SEMS). The objective
wu to develop • IOcall.y self-contained unit that
could be installed at remo",' )OQlims and that
would allow the reuieval of dau It any time
dwing the operational lifetime of the system.
The principle desieD considerations for the
SEMS unit were that it have low power con
sumption, a broad rI1lse sensine apability. an
efficient use of data storage. and simplicity of
installation and data retrieval. From 1979 to
1980, four prototype units (refe~ to as SEMS
I) were placed in the Santa BalD channel
(Ryerson, 1981). These initial prototype \milS
only had an operationaillfe of lesl than I year.
However. the preliminary data and malyses
showed that there may, as poltUlated, be funda·
mental differencel between onshore and off
shore pound motions durin& seismic events
(Reece, Ryerson. and McNeil. 1981).
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In 1985, • second generation prototype system.
known as SEMS n. was developed. The project
was conducted as a joint effort with Shell Oil
Company, and the unit was installed in 240 feet
(72 m) of water 10 miles (161cm) offshore Long
Beach, near Shel1's platfonns Ell)' and Ellen in
the Beta Field. The SEMS II unit had improved
operating specifications and was designed to
have a system life of 4 yean. The system re
corded two significant earthquakes during the
month of July 1986. The fust event, known as
the Palm Springs Earthquake (M-6.0). occurred
on July 8 and had an epicentral distance of 91
miles (14S Ian) from the SEMS monitoring site.
'The second event, the Oceanside Eanhquake
(M-S.8), occurred on July 13 and had an epicen
tral distance of 46 miles (74 kIn). An analysis
of the data from these two eanhquakes indicated
that the seabed responded comparably to on
shore areas in tenns of its vibrational frequency
but with a significant dcaease in venical sedi
ment motion as recorded by onshore instrumen
tation (Sleefe and Engi. 1987).

Both the SEMS I and SEMS n units used a
detection algoritlun based on the arrival of the
vertical component of the earthquake signal.
Because of this It.1lnique, the units suffered
from a high false-trigger rate-as many as 1,000
per month. The excessive triggering rate. as
well as other software problems. resulted in the
SEMS n unit being removed after a 2 II2-year
service life.

Based on experience gained with the first two
prototypes and using new component and bat
tery teebnoloaY, a more sensitive and reliable
system, dubbed SEMS m, was developed. The
SEMS W, like its predecessors, was designed to
operate as an autonomous unit. It consists of a
seafloor electronics package called the D3t3
Gathering Subsystem (DAGS) and a shipboard
interrogation uniL The DAGS COnnec:1S to a
seismic probe embedded approximately 8 feet
(2.4 rn) in the seafloor, and it m:ords and stores
seismic signals IDCl tranSfen digital data on
c:onunand to a sbipb.lard receiver usina under
water acoustic telemetry. The surface system,
refClr'ed to u the Buoy Repeater System, con
sists of acoustic tranIIIlittina and receiviDI com·
ponents and a user-friendly computer. The
computer is used for mrieving and anaIyting



data from !he DAGS and altering operating pa
rameten. The operational concept is shown as
SEMS Unit No. I in figlR 2.

TIle increased sensitivity of the system results
from its new microprocessor software, which
includes an iJnproved nt1.'~tiAXis detection algo
rithm (Sleefe. 1990). The micropro,:essor con
tinuously monitors accelerometer Sigh~:O and
stores data when seafloor motions reach a pre
determined value. The ttiaxially configured ac
celerometer pack.age (seismic probe) allows it to
detect movement in three directions to over
come a major disadvantage of previous proto
types. The previous systems were designed and
built before it was realized that the predominate
seafloor response would be in the horimntal
direction. In addition. the SEMS III unit pro
vides improved lower noise electronics and
lower power consumption to accommodate an
8-year life system.

S. OFFSHORE SEISMIC NETWORK

In July 1989. a SEMS ill unit was installed in
the Beta Field in 210 feet (64m) of water. This
effon was accomplished with the cooperation of
Shell Oil Company. The unit was placed near
the previous location of the SEMS n prototype
as shown in figure 3. This system was designed
to operate as shown in the diagram referted to as
SEMS Unit No. I in figure 2. The major differ
ence in the installation procedure for the SEMS
m unit. as compared to p~vious systems, was
that the seismic probe (accelerometer package)
wu emplaced by means of a vibrocoring drill
that vibrated the probe into the seafloor sedi
ment. The soil coupling between the probe and
sedimerlt is greatly improved by embedding the
probe at least 8 feet (2.4 m) below the mud line.
A complete detail of the development and instal
lation of the Lone Beach unit is given by Sleefe
(199().

Initial ~suIlS from the Long Beach SEMS unit
have been very encouraging. The unit has accu
rately triUered !Xl several small loc:aJ earth
quakes and hu provided detailed data for study.
Table I provides a listing of eanhquakes and

aftershocks recorded during the fllSt 4 months
of 1990.

Figure 4 shows the location of these earthquakes
relative to some of the known major faults. It is
clear that the SEMS m unit has the capability to
detect and record eanhquakes occwring both
onshore as well as offshore. The quality of the
data is very good as demonstrated by the record
ing of the Upland California earthquake of Feb
ruary 28,1990 (M=5.5), as shown in figure S. A
preliminary analysis of the data recorded thus
far confinns the early findings of a reduction in
the vertical seismic response. A statistical anal
ysis has shown that offshore peak. vertical accel
erations are nearly an order of magnitude
w(':tker than the co~sponding onshore mea
surements (Sleefe. 1990).

Because of the success of the SEMS mwrit at
the Long Beach site, two additional units were
planned to fonn an offshore data-gathering net
work. This network will provide engineers with
data necessary to verify, and if required, modify
existing response models used in the design of
offshore facilities.

The second unit in the network. was installed
offshore Point Pedemales near UNOCAL's plat
fonn Irene as shown in figure 6. As a joint
project with UNOCAL. the unit was placed at a
wiler depth of 240 feet (74 m) and was 1oc:aled
some 500 feet (150 m) from the base of the steel
jacket. Unlike the Long Beach unit, the Point
Pedemales instJuJnent is not completely auton
omous, but is hard-wired to the platform as
shown in figure 2. The DAGS was located on
the deck of the platfonn. The accelerometer
probe was emplaced by using a vibrocorer drill
in the same lll.!.aner as with the Long Beach unit.
'This second unit was connected to the DAGS by
rwming a weighted cable along the seafloor and
through a specially designed riser to the plat
fonn deck.. The major advantage for using the
unit in this way is mat the DAGS could be
connected directly to a telephone modem and
therefore, interrogated at any time. Also. since
the wlit is powered from the platfonn and. if
necessary. with standby batteries. the system
will have a greater extended life span.



'The platl'onn is also instrumented with a series
of accelerometers to measure its seismic re
sponse. Data taken at the base of the platfonn
(where the response is influenced by the soil
stnlCture interaction) and at the plalform deck
can be compared with the "free-field" response
measured by the SEMS probe. Analysis of mea
sured data from these three locations. especially
after a moderately large eanhquake, will im
prove knowledge of the way energy is trans
ferred from lhe seafloor sediments. through the
piles. and into the platform.

To complete the offshore network. fu~ plans
call for the installation of a third SEMS unit
offshore Ventura in the spring of 1991. It is
proposed to locate the unit near UNOCAL's
platfor."1 GJlda in 205 feet (62 m) of water as
shown in figure 7. It will be hard-wired to the
platform in the same manner as the Point Peder
nales unit. However, the exact type of system
to be used has not been decided at this time.
Consideration is being given to making the unit
totally autonomous and placing it at a deeper
water site. 600- to 800-foot (180 to 240 m) water
depths.

With the installation of the third SEMS unit. an
offshore array will be formed that will be capa
ble of rcconling all significant earthquakes af
fecting southern California. Figure 8 is a
composite for the location of the units. and the
locus of circles shown indicalCs the sensitivity
of the units to earthquakes of a given magnitude.
nus illustration shows a high probability that a
small to medium eanhQu3ke will be recorded by
It least one: or two units. and larger events by
possibly all three. The acquisition of additional
seismic data, as well as the monitoring of sedi·
ment responses at multiple seafloor sites. will
provide a useful framework to assess current
design methodologies. With this information.
which may take several years to obtain and
analyze. engineering effortS can be improved to
ensure a safe design within economic reason.

6. CONCLUSION

Seismic activity poses a potential hazard for
offshore sttucwra in terms of ground accelera-
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lions, ruptUring a101J1 fault planes and ttiggenng
of luge mud slides. Curremly. design methods
for offshore struaures are based on premises
that iiOOre differences between the responses of
onshore and offshore sediments. However. pre
liminary analyses of seismic response data taken
from seafloor instruments have indicated sev
eral interesting discrepancies. Because of the
environmental sensitivity of offshore oil and gas
operations. issues relating to seafloor response.
as well as platfonn response. need to be more
fully investigated. both e~perimentally and an
alytically. To this end. a reliable and sensitive
SEMS unit has been developed to measure and
collect seismic seafloor responses. These units
are being deployed to fonn an offshore network
to gather data for mmparison with onshore re
sults and to verify current design procedures.
Oata of this natw'e will greatly enhance the
ability to understand the response of, and to
develop design guidelines for. offshore struc
tures located in seismically active areas.
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4.1
2.'
4.0
4.'
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70

Table t. Earthquake. recorded by the Long Beach SEMS unit

OFFSHORE PLATFORM RESPONSE TO EARTHQUAKES
-MEASURED AND CALCULATED-

CALCUUll'm

.....·•·
[§8 c=J

.... ~.. @ ~
• • •• IICTUAl •• •

• • • • •• IM'fHQUI&E ••• • • • • • •

s..
•



~...

Hard-WIred
to Platform

THE SEMS CONCEPT

I- SEMS_NO.2 ,1","'11""

Acoustic We"".

SEIlS UNIT NO. 1

-

Figure 2. SEMS installation concepts

CA

Flour. 3. Location d Ihe long Beech SEMS unit



36°

115"116"1171 18

36°

121 0 1200 119 0

37° rTT1l"1'T'1rTTTTTTlTTlrTT'l',-•."'T'TTTTTTTnlI'TTJ'"TTTTTT'r:rftTTTTTT"TTTlI'TT'1TTTTTT"rTT1ITT'1TTTTTT1rrn 37°

115°11601200

320

35° 35°

III

"3
ii 34°...J 34°

Longitude o '" 2.5sM c < 3.0

o ",3.0sMc<4.0

0= 4.0::;M c < 5.0

O=5.0:s;M C <6.0

~ = SEMS Location

'5



Acceleration in mllli1!:

.,-------- ~

Inslrul1ll!nl 80km from Eplcenler

Ra"o.ll

o 10 20 70

Til1ll! in Seconds

FIgure IS. SEMS recorclng of ~1Ancs.california. earthqUAke (2'28/90. M-6.6)

------........



34'

"

119"10'

CA

PU)p<J.ed Loclltion
SEMS UNIT NO.3 i

W8t., O.pt~ - 205 ft
-..... :'... vt"",,»u

34"

"

Figure 7, Proposed lOC8t1on of the Ventura SEMS unit

_34"
15'

~35"

_,34"
30'

~34"
45'

118'30'
T

lIQ~, ,

ell.

~E~$~~ -+ .t -+-••.••.... ,.

: ~~:, · : : =, : : ; : : : ;(: : : : I ; ~ 1, : : : : : tt •
~.~---+ t······ ,·····:JJ:·t···

t ~: t : : : : : : ; : ::: f~;;;:~:..: ~( ~

.........'o...........i......_oo..., ...........Ji : ;r"rii.: 11 t ::rtf(; ::::j.." •

I, S,TJi'UT': 1..01 .. 5 'i f't=f(:..._~,~~ : \ : ! ; : ' t + ~ ; I _~, t I-

1_,..,.. 120
-'30'-- - --"it±hLiIJn-:'.~ hll HI Hl}1I! I t t't1h~m

, 120" 1111"30' 119' 118'30'

.......,._IIIIC$

figure 8, SEMS offahore dllta-gathenng network

97



Distribution of Liquefaction in the Saitama Plain
by the 1923 Kanto Earthquake and Geomolphological Maps

Tadao DOHl
1
, Takekazu AKAGIRlt

Abstract
The 19Z3 Kanto aarthquake caused

intensive danger. in the Kanto di s
trict including Tokyo. It caused
geolorphologica 1 ace iden ts. wh i ch
were collapses. sl ides and cracks in
lany places in the Kanto district.
And so lany cracks were caused in the
Saitala lowland in the center of the
Kanto plain. Many houses were
destroyed and agricul tural land had
been collapsed.

The authors researched the
aspects of geolorphological accidents
and how to use exist ing geolor
phological laps for prediction oC
liquefaction potential. And they con
cluded that the reports described
very precisely and correctly the
aspects of geomorphological accidents
and that the cracks and others were
typical liquefac t ion. And it becalle
clear that existing geolorphological
laps are also available for predict
ion of liquefaction potential.

KeYlords:Liquefaction peotential.
The 19Z3 Kanto earthquake, Natural
levee. Land condition lap series
Liquefaction

Introduction
The Kanto earthquake, 0~1 of the

big earthquake. caused intensive
dalages in the Kanto district includ
ing Tokyo in 19Z8. This earthquake
caused geolorphologlcal accidents.
wbich lere collapses. slides and
cricks in lany places in the Kanto
district. Alonl thel, so lany cracks
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were caused in many places in the
Sai tala 10,11 and in the central part
of the Kanto plain. And uny houses
were destroyed and agricul tural land
had been collapsed.

Geomorphological lapping is
available to predict liqueCaction
potential, but it is not clear how to
use existing geolorphological laps
co.piled by GS\, National Land Agency
and other organizations.

The authors tried to clarify the
aspects of geolorphological acci
dents. especially liquefaction and
how to use existing geolorphological
ups Cor prediction of liquefaction
potential.

1. Method
They considered to clarify the

aspects oC geo.orphological accidents
caused by the earthquake. especi a II y
on crack~. eruption of sand and later
based on interview. Cieldcheck. land
condition laps and reports of the
earthquake.

The interviel lith farlers las
done with inforlation of past
landscapes using forler topographic
ups. 'e selected faners who lere
older than 80 years old In good
health, and who had lived there con
tinuously and could relelber the
Ispects very clearly.

l:Dlrector. Geocraphical Depart••nt.
Georraphcal Survey Institute,
"lnlstry ot Construction
2:H8ad. Second Geocraphical Division.
ditto



They cOlpared with results of
ileld lurvey, Interview. land condi

tion ups and the reports. and con

sidered liquefaction pctentlal and
how to use existing r.eolorphologlcal

ups.

Z.The 1923 Kanto Earthq~ake

The hypocenter of the earthquake
was 3S.lo N, 139. So E In the Sagni

bay. The laxilul alplitude in Tokyo

was 14-Z0CI, and the ugnl tude was

M7.9. Finally, decease and Ii ssing

IU.OOO. cOlplete and partial

destruction of houses 2S4,OOO.
destruction by fire 441.000. 6eolor
pholo&ical accidents, which are col

lapses, sl ides. cracks, upheaval oC
ground and so on, lere caused in lany

places in the Kanto district. The

ground raised up about ZI in the Boso

peninsula and part of Kanagala
prefeeture. Tokyo and its surround

I ngs subs i ded. Sea floor of the
Sagui bay raised in the north and
subsided in the south part. Tsunali

hit the coastal area of the Kanto
district about 12. high at Atali.

3. Source up

There are lany reports and laps

shollng aspects of the earthquake

d..ales wbich are building duage.
geolorphological accidents. tsunall.

vibration of the earthquake and so
on, especially, in the reports by the

Shinsai Yobo Chousakai and Geological

Survey. The reports and ups are the

10$t useful for us to follow geolor

phological accidents. In the liP,

distribution of cracks is shaIn. The
aspects were drawn on the topographic

lap on the scale of 1:50,000 bl GSI

at tbat tile and reduced scale Into

1:100,000. According to tbe lap, Ions
and lanr crack~ lere caused In vil
lages facing rivers frol north to

soutb.
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3-I.Aspects at Hanada in koshigawa
town

According to the report, the

outline is shown as in the followings

in this area. In Hanada. many
cracks were caused frail east to west
in dry and paddy fields. They were

about 900. long, ZII to 911 wide. ~uch

water squirted with sand. Sand
deposited on the ground surface ISclI

thick and much sand flowed down into

the Corller river course thick. Large

scales of crack were 9001 long, 60cII

wide and III deep. And ground surface
lived by sand deposi ts and I3ny bel t

like collaspes. Sull cracks were ZOIL

long, III wide, III deep on the dry

fields in .any places ..... Sand clle

out frail the bot tall of the well 31
deep. (Geological Survey:1924).

Interviewing with old peoples.

it las .ade sure that the results of
interview lere the salle as the report
by GS(19Z() and that luch sand flowed

horizontally. And boiled sand laS

coarse sand with greyey biLe. And it
calle frail the layer under ground
water level. Sand layer p: the dry

fields loved and floled into the

paddy fields in the forler river

course to fill it about 3 feet thick.
It took lany days to take off sand by

lany faners.

In the dry fields, where sand
erupted out. product of crops was

very poor for 20 to 2S rears since

tbe earthquake and kinds of crops to

grow well were lillted to a few

kinds.

S-2.Nakasone in Yoshikawa town
Cracks, sand boi Is were seen In

Nakasone. Nakasone is located on a

belt like Iandfan, hclnl the river.
where is II to 1.51 hlgber tban tbe
delta surface, and where the Nakaga.a

river flows down frol north to south.



A~d the river runs in the west and
vi i laus are located in the east on
the lale landforl. Three linear
cracks were caused along the village
wi th erupted sand. Each of thel con
tinues about lkl long north to south
intenlttently. But. the lidth of
cracks were only 15cI.

3-3. hufuii in Yoshikawa tOln
The site is located at the point

Ihere the Furutone river leanders and
point bars are forled by flooding
water. A few long cracks were dis
tributed continuously frol th~

southern area. In addi t ion to these
lonl cracks, seven or eight cracks
with several hundreds of leters long
were caused in parallel to the point
bars in the slip off slope. The
aspects of dalage lere also very in
tensive wi th cracks. erupted sand and
water In dry fields. And it is clear
that liquefaction las caused very In
tesnsively in this area.

3-(.lalakubo in lasukabe tOln
lalakubo is located along the

Furutone river and lell developed
natural levees a,d riverine dunes.
Accordin& to tile doculent. the out
line is sholn in ine follollngs.

In housing area and dry fields
near the Furutone river. cracks were
caused intenlively with erupting
liter. sand. bllck clly, declyed
tree-tips and pUlice gravels. rater
erupted out and reached about one
foot frol the ground level and inun
dated the surroundings about 15cI
deep. Bouse floors lere lublerled and
.and depollted &Inchel thick. Alia
irri.ation eanal lal burled lith
land.

Live fence in the IIIr. ISBIIAIA
Ilzo'l yard lal loved partially by
the earthquake al Iholing the figure.
Thl' i, a typical caae of horizontal
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love-ent by liquefaction. The length
of the lovelent was about 721 long
and loved I. 5. toward east. And the
live fence was changed frol slraight
line inlo curved arc-like fOTi. In
Moto-shinjuku, hens' egg size gravels
erupted out with luch waler fro. the
aquifer in gravel layer hi deep.
Thus. it is clear that horizontal
lovelent by liquefaction was caused
in lawakubo.

3-5. Liquefaction
As lentioned above. based on

field survey of Iandforls and inter
view, it was .ade sure that cracks
and eruption of waler and sand were
caused. These phenolena were typical
liquefaction. And these were seen in
lany places very clearly which were
lawakubo. Hanada and lalafuii at
least based on our survey and docu
lents.

(.Geolorphological aaps for applied
purposes (Land condition lap series)

Land condition lap series is one
of thelatic laps published by GSI
sholing geolorphological class
ification. distribution of ground
level and facililies rlating to
natural hazards onto one sheet aap
lith doculent at another side.
Geolorphological classification is a
lethod to elassify ground surface
into landforl units based on leOlor
phological process, fon, uterial
and tile Iben the landforl was
foned.

At the be&inning of the class
ification work, the whole area is
claslified into large geolorphololi
cal units Ihicb are lountainou. area,
billy-and-tableland and lOWland. The
large classification unit Is class
ified into sui ler landfofl units.
Siall uni tI are. for enlple, river
terrace. fan. del ta, eOlltal dune.



artificially changed landforls and so
on. Detailed units are naturai leyee.
foner river course. back larsh and
so lany licrolandforls in the
lowland.

Fluvial proces transports luch
..terial to the lower basin. deposl ts
later i al and t 've forled var ious
kinds of landforlS in the plain.
Natu:al levee is a landforl which
river floods forled. it consists of
fine sand and sill)' IIterial, and
slightly higher than the surrounding.
'atcbing the cross section of natural
levee. it looks like a lens located
onto the del ta surface. Usually the
surface of natural levee is ratller
dry and is used as dry fields and
villages are distributed on it.
Riverine dunes are forled by aelion
process on natural levee.

An undercut slope is the si te
where river water runs at the bank of
tbe outside of the leander course and
steep cl iCfs are eui l;y foned. and
erosion Is intensive. And slip off
slope is another side. tbat is. the
inside of the leander. Point bar is
forled there. Ihich is a laving sandy
landforl.

In lallfui I and Banada. the In
side of uander consists point bar.
Sandy laterial deposits very thin In
parallel. The slip ofl slope sllahtly
liVes genth.

•. Forler edition 01 topographic laps
GSI supplies xerol copies of

forler editions of topographic .aps
to the public to tnol pas landscapes.
Tbese lapa are out of print and each
one copy Is kept b, aSI.

Topographic .aps were used as
bale .apl of the crack distribution
.ap. The .apa are e1a.. lfled Into
forler edition of topolrapble .api
In the prelent. And we caught general
aspectl at the surroundings ot the

study area around 1923 uaing foraer
.aps. I t is about 70 )'ears since the
earthquake. And landscapes changed
re.arkabl)'. For the reason foner
edition aaps are indispensable to un
derstand content of the Interview
correct Iy. While. foner edi tions of
topographic aaps give auch historical
infor.ation Ihicb Is difficult to
know using aerial photographs.

I n Nakasone. thin natural levee
is foned. Crseks were caused in its
eastern fringe. But. the size o~ the
present natural levee is larger than
tbe one around the 1923 earthquake.
because the it had been banked UP

using abandoned soil supplied by t~e

excavation of rher course. It is 1

to 1. S. higher than the orilin81
one. And another side 01 natural
levee facing delta surface las also
banked 2 feet or 3 feet for housing
SpOt bI spot.

Thus. based on foner edi tio•• of
topographic .aps. reports. interview
and lield survey. It becne clear
that the original natural levees are
usually s.aller than the present ones
sboln In the land condition laps.

a.Characteristics of liquefied sites
sbo,n b, aeolorphololical laps

Many cracks and eruption of
sand and later lere seen in the studT
area. Based on the releuch. it "I

.ade sure that .ost of these
pbenol8na lere IIquetactlon. Tbele
lere eaused on the natural levees and
point bars and tbe edle of lell
developed sandy landfor.s. The dl.
trlbution coincided lith past eases
whicb other researcbers reported.
But. various lone craeks lere caused
In undercut slopes in addition to
slip ott .Iopes. Natural I,. in banked
Iandfons. Natural levees cover
.aturated .oft ground.

Liquefaction can be cauled the
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lost easily in the fringe of natural
levees with banked sites and sandy
1andforlS.

In the classification of ~atural

levees based on aerial photo-inter
pretation for the land condition lap
series, boundaries of the natural
levees are shown using the lost outer
fringe lines of natural levees in
eluding sandy banked parts.

Natural levees with banked parts
were interpreted together as natural
Ievees. The fr i nge of the natural
levee consists of the sale laterial
as the original natural levees in
lany eases and it is difficult to
distinguish original ones and banked
zone. if there is nobodey Iho knows
the landscapes before construction.

Geolorphological lap series
(land condition lap series by GSI)
has been established for prediction
of flooding lore than thirty years
ago based on the experienee of Ise,an
typhoon Ihich hit Japan in 1958 and
killed lore than 5.000 peoples, And,
the lap also can be available to pre
dict liquefaction potential beeause
both flooding and liquefaction poten
tial depend on the distribution of
licro-landforls in the IOlland.
Naturally. it is necessary to know
the difference of characteristics be
tween Clooding and liquefaction.

8. Conclusions
(I)Many reports on the 19Z5 lanto
earthquake sbol vlrlous cracks and
squirt of later and sand. The luthors
folloled the contents based on inter
viel lith old farlers selectively In
the study area. A. a result, the con
tents of the reports are correct I,
and preclledl, delcribed on
earthquake dalal~s. It becale clear
tbat crackl ,itb later ,ere typical
liquefaction ba.ed on literature Ind
field check. Liquefaction ,a. clu.ed

in broad area with sand boils. col
lapses. hori zontal lovelent of sand
Ii th liter.
(2)ln the study area. liquefied sites
lere distributed in the fri~ging zone
of riverine dunes. dry and paddy
fields in 101 natural levees and dry
fields in slip off slope. Sandy
liero-Iandforls are very thin and
look like a leak cover on the
saturated 50ft delta surface.
(3) In IIny places. present natural
levees are the results Ihich ,ere
banked up using abandoned soil by the
excavation of the channel around 1923
earthquake onto the original natural
levees. There are lany siall landforl
units which are difficult to inter
pret using aerial photographs because
of partial artificial change.
(()Existing geolorphological laps
(land condition lap~) are also avail
able for prediction o~ liquefaction
potential in addition to specialists'
lork. It is necessary to read the
laps tracing the inner boundaries of
natural levees. I t is natural that
artificially changed landforas are
easily liquefied.
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n.... 10 Civil EnpwriD& Facilities From the July 1990 Philippine Earthquake
by

Juuahl S;o.SAXI·· and Mlchlo OKAIL\R.\··

(ABSTRACT)
A ••Jor earthquake occurred In the

Philippines on July IS. 1"0. Ttle northern
part of the Luzon laland auff.red froa
lerlous d_ac.s. The Japanese Governaent
dispatched the Technical Expert Teaa of the
Japan Dlauter Relief Teu to provide
,uldanee and ad"lce on eaerleney
restoration and polt-earthquake .euures
and "Report ot Expert Te.. of Japan
Diluter Relief Teu on the Earthquake In
Philippines of July IS, 11190" w.. finally
coaplled by the Te...

This paper aua.rlzes this report and
Includes the data obtained by sublequent
auney. Furtheraore. daaqed pile
foundation ot Maesaysay brld.e Is analyzed
to e,aluate the lateral reslatance of pile
foundatlona and the aelsale force.

(KEYWORDS)
Earthquake; LIquefaction; D""e; Road

Iide-llopes: Brld.e: Pile; River facility; Du.

1. Introduction

An earthquake of Mqnltude 7.S on RIchter
scale hit the central part of Luzon Illand
at around Ul: 28 ( local tiM) orl July 18.
1"0.

The epicenter of thla earthquake was
reported to be so.. UO kJI froa Manila In
the north north eut dIrection and was
located about 40 kII froa Cabanatuan In the
north eut direction.

COnslderlnc the leverlty of the
earthquake daaace In the Philippines. the
Japanese GovernHnt dllpatehed the Japan
Dlauter Relief ( JDR ) Teu ( conalstlnl of
Medical teu, Rescue teu and a Technical
Expert tua) In response to the deaand froa
the Phlllppines Go"ernaent.

Tbe Medical te.. of 2 aedleal doctors. 4
nunes. and S coordlnatora wu dispatched
to the Phlllpplnl!ll on the day after the
earthqufolte, and returned to Japan on July
24 after cooperatlnl In actl"ltle. at
hOllpltall In Bacula city. The Rescue te.. ot
11 fire fichtera. 11 pollee officers. and 4
coordInators w.. dllpatched on July 11 and
cue baclc on July 28 atter carryInc out
cooperaUpe work III Barulo.

FollowlllC to theae dllpatch... the
Japueae Governaent al80 decided to
dIspatch the Technical Expert te.. of 4
civil en,lnetr.. 2 buildIn, en,lneer.. I
eeoloelat. and 1 coordinator. The Technical
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Expert teu departed tro. Japan on July 29.
two weeks after the e"ent. and 'cue back to
Japan on AUIUIt 7 atter atayln. In the
Philippines for 10 daYI. The tea. cOllplled
their flndlnls and reeo_endatlons lalned
troa their tleld reconnaissance of the
da.ared Iitel Into a prell.lnary report, and
aacle a brletln. of the report to the
enrlneera of the Phlllpplnea lovern.ent
betore they left fro. Manila.

The Technical Expert tea. aeabers drafted
the tlnal report loon after thel r return to
Japan. The final report of 380 pa,ea, which
Is written In Enlllsh, contains a detailed
clelcrlptlon about the type. and
dIstribution of da..ce, the ur.ent
teaporary repair ..thodl at the da.ared
Infrastructures. and also. the .Id- end
Lonl-ter. rehabilitation works and
counter....ur.. acalnst further dl.uters.

In order to hold the lecturln....Inar on
the report on March 7. 1991, the Japanel.
rovern.ent araln dlapatched three expertl
Includlnl one at the authors ot thla paper
to the PhlllppLnes. Theae experts alaln
vlalted the .everely d....ed Barulo and
Darupan areu for two days b..tore the
sealnar.

Thll paper su...rles the fInal report of
the JDR TechnIcal Expert te.. and ..ntlons
brlefl,. the current statuI of the
rehabilitation works of the da..ced civil
enllneerlne structures. The daaare end
repair works ot the bulldln, structures are
to be written In a aeparate paper.

2. Outline of the earthquake characteristics
and the dUNe

Sel.llc Activity In PhilippIne
The Republic of the Philippine. and Japan

are Iituated In the Clrcu.-Paclflc Sell.lc
zone. 80th countrlea auffer froa Intense
selsalc activity and hue experienced
sever. doace due to a larce nu.ber of
destructIve earthquake•.

The earthquakel In the Philippines are
clalltled Into (1) earthqUakes cau.ed by
lubduetlon of plates at auch deep sea

.1 Director. Earthquake Dlauter Prevention
Departaent. P.•.R.I .• Mlnlatry of
conitruetion

.2 Read. Foundation Enclneerlnc DI"lllon,
Structure and Brld.e Deparblent. P.•. R.I..
Mlnlatr7 of COnatruction



trenches as the Philippine .rench. the East
Luzon trench and the Manila trench. lind (2)
earthqul'lkM caused by dislocation of active
fault! such as the Philippine Fault.
These trenches and the lIajor active faults
are shown In Fllrure-2.1.

Notable destructIve earthauakes In recent
years are shown In Table ~ .•. The earthquake
da.ale In Mindanao Is 1I0stly caused by
tsunalllls. The Ralay Earthquake of lIagnltude
1.0 In southern Luzon In 1973 had
accolllpanled left-lateral strike-slip
d Isp lacement as lIIuch as 3.211I on the ground
surface ( Allen. 197~).

urce earthquakes of lIa,nltude Irel'lter
than S.1. have occurred repelltedly llloni the
Philippine fault. even In 20th century.

Flcure-2.2 shows the epicenters of these
earthquakes aleng the Philippine faUlt and
the leneths of their causative fltults
estIllated from the earthquake lIIacn'tudes.
As shown In this fl,ure. a destructive
earthquake has not occurred In the central
part of Luzon Lsland. where the earthquake
of July IG, 1990 took place. sInce 19th
century. The shaded areas In this flcure are
the selsllllc cap along the Philippine fault (
Nakata et.al ).

Although the Philippines has very high
selsllle activity and experIenced lIIany
destructive earthquakes repeatedly In the
past. only 15 selsllic observation statIons
are operated by the PhilippIne Institute of
Voicanoiocy and SelsmololrY (PHIVOLCS).

Furtherlllore. data froll these observation
stations are not yet centralIzed enourh to
raIn sufficient accuracy for the
detenln&tlon of the location of epicenters.

Stronc 1II0tion observation. whlcb Is
Indispensable for developing seismIc deslcn
codes for structures. Is not belnl cllrrled
out sufficIently. FIve strone motion
accelerometers hod been Installed In the
Philippines but none of thelll was In
operation at the tlse of the earthquake
because there was a lack of recordlnr
paper, Consequently. no strone _tlon
record Wll!l obtaIned for this earthquake.

The Earthquake and the Distribution of
Selslldc Intensity

The paralleters of this event are liS
(ollo....:
Tise and Date: 18:28. July U. 1990 ( Local
tille)
"'acnltude: 1.8 In Richter scale ( by USGS)
Epicenter; 15.858' N. 12J.22T E ( by USGS)
focal Depth; 25k. lby USGS)

The distribution Of sels.lc Intensity In
Ro••I-Forrel .cale Is reported by PRIVOLCS
U Ibown In Fleuu-2.3.

The Causative fault
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The epIcenter of this earthquake Is
located on tbe Phlllppine fault. and lo.e
120kll long segllent of this fault II
considered to be broken by this event. The
maxllllulII lllteral gap which appeared cn the
Iround surface Wll!l about ~ lIIeten.

The northernlllost tip of the faul t
lIovelient Is conflrlled to be at Cayalla
vlliace near Imuran In a .ountalnous area.
which Is east of Bacula. and the
southernMost was around Bantug. The
epicenter was located one third of tbe
broken fault lencth frolll the southernsost
point.

An epicenter Is t.he orlcln 01 the fault
breakace. thus It Is consIdered that the
earthquake shaklnr was caused by the fault
rupturing 80 k. northwards and 40 kill
southwards alonr the Philippine 'ault.

The fault 1II0velllent traced alonl' the fault.
Is shown In Flgure-2.4 ( Nakata et.al).

Outline of Palllage
This earthquake Is firstly characterIzed

by a wIde variety of dalllaite over a Wide
area.

The damage by this earthquake Is sostly
distrIbuted In a trlan,ular area surrounded
by Ba,Ulo, Dagup"n and San Jose. Thl. area
Is 'n the north wesl side of the fault.

The second characteristic Is that there
was little dalllage near the epicenter while
the dallare In areas far fro. the epicenter.
such lIS Bacula and Dacupan "'u IIOre
serious. The tblrd characteristic showed
that the dalllale can be classified Into two
catecorles: Il structural dalllare by strong
cround shaklnc. 2) reotechnical dallage.

Of these two types dalllace. 2) I'eotechnlcal
damare Includes both a) settlellent of
bulldlncs. collapse of bridles. and the
dllllage to pave.ent tlue to tbe soil
IIquefllctlon. and b) d...ace to roads In
1I0untalnous areas due to road-side slope
fall urt:!l.

The larrest nUlllber 01 casualties and
Injured were reported In Baculo City In
Bencuet Province. I'Iost were caused by the
collapse of sedlu. size to hl.b rise
bulldlnp such as hotels. AlSO. collapse
and fire ...hlch occurred sl.ultaneously at
the Expert Product Area caused a larle lo.s
01 11 vel. A larce nUllber of passenren on a
b~s passlnr on the Kennon Road were
trapped In landslides and reported to be
deall.

Nuevaylzcaya Proylnce II loeated In the
east Of Benluet ProvInce wher!!! nu_rous
landslides occurred on .t~ep Ilopes In
lIOuntalnous re,lons.

I'Iost of tne casualties In Cabanatuan City
were caused by the collapse or the



Christian Collere. Collapse of a bulldlnr In
the public Barket WIlS also reported.
... lthourh :hls city was close to the
epicenter, other dllllllre was not
substantial.

In the cities alonr the Llnrayen Gulf.
Includlnr Dllrupan city, severe damllre took
place due to soli liquefaction. In Darupan
City, the rround surface sunk about I to
1. Sill over a wide area. and s larre nUlllber of
bulldlnrs settled and/or Inclined.

Dallared brldres were found over a wide
arell. Frolll the 39 brldres c~aBlned durlnr
the fleld reconnaissance by the JD?
TechnIcal Expert teslII, 28 brldres were
evaluated to be daBared frolll a view point
of load bearing capacity In the following
ways: a) Falh.n brldres-8 (Including 1
telllPorarY brldre). bl SerIously dallared-6.
c) Partially dalllared-8, and dl SlIrhtly
duared-a.

In addition, failure to elllbankJlents near
bridle approaches were cOIIIBonly observed
even thourh theIr strenrth were not
affected.

DaBale to roads was ot>served at lIIany
places. especially on the Japan Philippines
Friendship IIllhway which Is the lIIaln route
In the northern psrt of Luzon Island, lIS
well as on the Kennon Road, the Marcos
Rlrhway and the Naguillan Rotd to Bagulo.
Allonr these roads only the Nsrullisn roaCi
was lIIade passable for one !rllY traffic sfter
the earthquak". Others were left closed
even thourh Intense restoration work was In
!'rorress at the Ullle of reconnalssllnce.
resulUnr In serious obstacles to dally life
as well lIS to rescue and restorlltlon
actIvities. The earthquake occurred In the
rainy season. so there was a hlrh
possibility of secondary dlSllsters, such as
slope failures, even after the 1"lIIedlate
nstoratlon work had been done.

River facIlities were doared over a lonr
distance, especially In the Arno River
systell. and sinking. cracking and breakare
of levees, and dallale to parapet and
revetllent structures was observed.
Althourh there was little dalllare alonr the
Panpsnra river. severe dllllare to the levee
was observed on the west side of "to Arayat.

The dllllare to dalls was also serious.
Cracklnr, slnklnr and slldlnr at top of the
eabanklllents were observed at the Anbuklao
Du and Blnra Oalll In the Arno River Systell,
and the PllntabanrllJl Dall and the MulwllY
Du of the Panpanra River Systelll.

R"toratlon Works
Accordln, to the final report by the
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Philippine lovernllent, the dallare
statistics are lIS follows: casual ties 1,842;
Injured 1,495; IIlsslnl 178; totally collapsed
houses 18,481; part Iy co IIapsed houses
26.646: total a.ount or daaare to
Infrsstructures 14 billion pesos ( "bout 70
billion yM. about 500 Billion dollars)
Okeda).

8y referrlnr to the report by the Jl)R
Technical Expert tealll, the report by the
Asian Development Bank and the report by
the World Bank, the Philippine rovernBent
Is executlnr the restoration works In the
followln. levels:

Level I urrent restoratlon for
recovering the function ( telllporary
brldres, detour construction),

Level II ; restoration for recoverlnr the
pre-earthquake functions ( repair and
retrofIt). to be cOllpleted In two years,

Level III restorlltlon Indudln.
strenrthenlnr agaInst future possIble hie
ellrthquakes, to be cOlllpleted In 1II0re than
two years.

3. Soil liquefaction

Duaee of a wide variety of struetures
due to soil liquefaction Willi obsen'ed over
a ....Ide IIrea, especially In the coast area
ilion, the Lln'lIyen CUlt.

Failure of river levees, collapse of brldre
substructures and resultlnl f.1Ilnr off of
,Irder•• settlement or hlrhwa)' eabankaents,
tlltlnl and settlement of buildings, lIftlnr
up of burled water supply pipes, and
Uoatlnr up of burled tanks at rasolene
stations were seen.

Much of the typical daB.re was observed
In Darupan city. Darupan city with a
population of 110 thousand people runs
alonl the both sides of the Pan tal river.
Many reinforced concrete bulldlnrs were
dallared by tllt1nr and slnklnr without
havlnr lIIaJor structural failures. Road
elllbanklllents, even thourh which were as low
liS 1.5-2 a, settled at several sites and
failures of !'IIVelllents were observed near
Darupan. The "arsaysay brldre, Which Is a
key lleans of connectlnr the parts of the
city on either side of the Pantal river.
railed. The .Irden fell down because the
abutaent IlOved laterally when liquefaction
Induced lateral spreadIn. of the rround.

In southern part of the city, where aany
low rise dwelllnr houses are located, 1.5-2
III of settlelllent of the rround surface took
place which caused difficulty with
dralnare.

Flrures-3.1 and 3.2 show tbe d"llIed area
of Dacupan city. The area shown consists of
thick alluYlulII deposits havlnr loose sand
layers and silty sand layers up to 1-10 III

below the rround surface. 'J1le ancient



rIver channels are shown In FI..ure-3.2. The
area where da.a..e to structures was heavy
Is located on the old rIver channel. and
In.lde the area surrounded by wlndlnl'
cours. ot exlstlnl' river.

The Departent ot Public Works lind
Rlchway!! /DPWHl of the PhilIppine
..ovarn.ent conducted standard penetration
tests at .,my sites around Dacupan elty In
order to Invest1l'ate the soil condltlons of
the da.aced area lifter the earthqullke. An
en.ple of that SPT reaul ta Is shown on
Flrure-S.5. The SPT !lethod conducted In the
PhIlippines seells tc be sllrhtly different
tro. that In Japlln as they do not use
bentonite suspensIon to protect the hore
hole. the rope to pull up the drop weIght Is
controlled by drull. The lIeasured bLow
count nu.ber needs to be modified to
account tor the enerlY transmitted.

The maxlmu. rround Ilccelerlltlon was
enl.ated to be around 200 I'als frolll the
e.plrlcal attenuation torllula In Japan. The
IIquefactlon poten tlal assessed by the
Method In Japan IIlghway Specification
utlllzlnr the estimated grcund motion and
the lIeasured blow count Is also shown In
Fllrure-5.5. From this Figure. It Is
considered that the layers up to IIround
7-10 lIeters below the Iround surfllce may be
liquefIed.

At the tllle of the lecturlnlr seminar In
March. 1991. they were Intensely conduct!nr
restorlnc work ot the da.aled drainage
Iystea and streets In Dagupan city. and of
the Maasaysay brIdle.

The da.aled Maesaysay brldee was a seven
span sl.ply supported bridle resting on
pile-bent foundlltlons. The foundation type
ot the new brldee was a cast-In-place larre
dl.-t.r pile foundation. The elllstlng old
piles are obstacles for constructlnl the
new east-In-place piles. so the old piles for
pIers p-4 and p-5 were pulled out froe the
cround. The piles for pIer p-5 were cracked
and failed In bendlnl at around 10 .eter
below the Iround surtaee. and the upper
portion of the piles were bent· towards the
rlTer side. Fro. the depth ot the cracks on
these piles, the thlckne&s of the liquefied
layer was estl.ated to be around 10 lIeter
below the rround surtace. The piles for p-5
were conltructed In slnrle row whereas the
piles for p-4 were constructed In three
ron. all of whIch were undluced.

to QtM" to Road-SIde SION

StatUI of Duare to the Japan Philippine
Frlend.hlp HllhwllY

Oaaare to the Japan Philippine FrIendship
Rlrhway by the earthquake was serIous,
cOTerlnc a 711 kll section which runs throuch
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mountainous sectIon between San Jose (klls
160) and Arllao (kms 236).

FIg. 4.1 shows an out line or the da.aaed
sectIon. In the Bayollbonl district (ke 28S)
north of Arltao a rew cracks occurred on
the road shOUlders only. while on the road
bctween 51lln Jose and Arltao. the traffic was
shut down due to slope rallure of the road.

Since large-sized fault displacements were
produced along the IlIgh...y In the
neighborhood or Dledlg (killS 183) It Is
thought that the strone shllklnlr of the
earthquake motion was centered around the
mountainous areas.

AccordIng to Investll'atlon by a
helicopter, In Ilddltlon to slope tallure
along the Japan Philippine FrIendship
Illghway. slope failure on surround Inc
mountainsIdes was observed; the scope of
this slope failure spreads to Balulo and Its
surrountllngs.

The Illost prominent feature of the
earthqulllke dlllmage Illlone the Rlch"ay was
that a creat number of continuous slope
failures occurred not only on the
artlflclally cut slopes but also on the
naturlll slopes. However. the slope tallures
al! had shal!ow surface sIldlnc.

These distrIcts have the reelonal
characterIstIcs that there are few trees on
the surface of the 1I0untalns and no slope
protection measures are used. Surtace
layer ot slope which Is weathered due to the
hellvy rains and the hleh tropical
temperatures Ilnd barely balance alalnst
the static force of raInwater erosion was
easily slid when subjected to strone
vIbratIons.

It may be noted that the annual rainfall
In Santa Fe (kms 215) on the north side of
Dalton Pass (klls 208. 1000 lIeterl above sea
levell and San Jose to the south of the Pus
froll 1976 to 1984 Is that, 1500 to 3400 all In
Santa Fe and 1700 to 3200 a. In San Jose.
Sometllles these dIstrIcts are hIt by heSTY
rllins Ilceompanyed by the prolre.. of
typhoons.

Since the Hlrhway runs alonc the tault
toporraphy 11'1 th a ''''-SE dl rectlon
branchlnr ott frail the Phlllppine tault. the
geolollcal features there are disturbed and
chan red In quality by Its Influence.

The reolocy Is COliposed of the followlnl:
the bl\~eaent Is Iranlte and diorite of the
Mesozoic era. Cretaceoul perIod; dIabase
and andesIte at the Paleocene perIod to
Neolene period: and sandstone. audstone
and IIl11estone of the Neolene. The baseaent
rock Is covered by terrace cravel ot
Dlllvlull period In Quarternary. al1uvlull
sand. Iravel and clay of Quarternary



period; then the surtace geology Is
co.posed at talus sedllllent and the present
riverbed sand and gravel.

The base.ent rock Is In an unstab Ie state
havlor clayey sealll9 caused by fau It
activity. Furttleraore. since ttle granite
aalnly dIstributed In the Santa Fe
neighborhood Is decomposed and so unstable
that It can easily cause the slope tallures.

Slope failure hl!lrdly occurred where there
were slop..s composed of hard ro"k. low
slopes (less thlln 10 Ill) and lentle «rllde
natural slopes. Furtherllore. co.pared with
the Illany slope failures. there was llttle
da.ace to the structures. such as stone
.&Sonry retalnlnr walls and cabIons which
relnfor"e the lower psrtg of slope fs"es.

One of the features of the disaster Is that
duaee was hardly obgerved on the
structures wIth " base rlrldly connected
with the sound natll ral rround.

Salle pave.ents were dsmaged. Cracks were
-::aused by set t1elllen t of the embankment
shoulderg. there wag daasre frolll failing
stones caused by the earthquake motion and
thrustlne up of pavement slabs due to fault
dlsplacellent. At the places where faults
cros~ the road. the whole road surface slid
laterallY (about 2 II to the axIs line) and
the pave.ent slabs were badly damaged.
However. It was not enollgh to stop the
trattlc.

In addition to the clsllage to the road
Itself due to the at'ore-aentloned collapse
of slops. there were outflows ot' hure
aaounts of Muddy sands which caused a lure
allount of dallage fro. f10wlne lIud and
drlt'tlng wood In the low-lylnr areas
[rivers) of the rellon.

Table 4.1 shows the types and distribution
or da.age along th.e Hlgtl'llay froa visual
Dbsenatlon. The nu.ber of the places with
slope failure reached lIore than 200 and
totalled about 12 k. of the Hlrhway. Most
or the slope failures occurred continuously
along the direction at the road.

Status ot Da!la(e to The Three Main Routes
to Bacula

Thoulh the Haruillan Road could be passed
through. so.e sections still had only one
pusable lane because of the larlJe quantity
of collapsed earth and sand froa the railed
• lopes and the settleaent of road surfaces
on banked sectIons after the earthquake.
In the areas ot KM2S7-700 and KJlI261'OOO.
collapaed earth and rocks of IIOre than
5.000.'" re.alned. The total allount ot
collapaeod eartll and rock wu estillaed to
exceed 50.000."'.

115

It was dIfficult to re.ove thIs larre
Qllllntl ty of collapsed earth. rocks and hure
fallen rocks. Ilnd Ilddlnlnr to thIs dIfficulty
rehabilitation work was prevented by
rainfall.

The sectIon b.. t"'....n KM272.000 and
KM271'500 of the l"Iar~os Hlrhway was closed
until Septelllber 1990 beCaU!le It took a lone
tIme to relllove the collaps('d 5011. Althourh
the felltu res of the dalllare due to slope
collapse on the Marcos IIIrhway were sl.lIar
to thcs.. on the Nsugllilln Road. the scale of
the slope fallu res was lIluch larrer than
that on the Naguillan Road. The obstacles
whIch cover the Inaccessible sections
exceeded 164,00011I"'.

The Kennon Road. "ne of the three ..In
rout... leadlnr to BSIUlo city. "'as the .cst
extremely dainaled IFlg.4.2l.

The daMar'" to the Kennon Road differs
frail the Mar~os Hlrhway. In the point that
the large quantity ot'debrls t'roll the slopes
along the road Included hure fallen rOcks.

The cls.slflcatlon of slope failures In
Kennon Ro"d Is shown In Table 4.2.

The lIIountaln slopes on both sIdes of the
Buedo river railed dlJrlnlJ the ahaklnr and
supplied a lure quantity of debrIs which
rshied the bed of the Buedo rh·er. When the
reh.lbilltfttion plan for Kennon Rosd Is
forn ulated. the partial reallrnaent of the
road .ust be considered In sections
beelnnlng wIth the locations where the
forller road Is susceptible to be flooded
due to the raised river bed.

On every route. even when the aeellllulated
earth was re.oved was susceptlble to
neWly-fallen debrIS and further erosion of
the shoulders whIch lIay further dallale to
the functions at' the roads due to the heavy
rain. Therefore. aeasures to provide
sufnclent draInage faellltletl are neee..ary.

5. Duge to bridles
1l Status of Duale to BrIdles and Dallale
Analysis

Da.aced bridges ranged ao widely fro.
Manila to the northern part at LUllon Island
that a field survey on all of the. In a
11.1 ted period was hardlT po.slble.
Therefore. the teall decided on • survey
polley which would cover as .any sites as
possible and cheek on brldlJes heavily
daaaged.

In fact. field surveys on a total or 30
brldres _re .ade. The tea. also cheeked
nine duaeed bridles on the Japan
Philippine FrIendshIp BI,hway by hearlnp
frail the local engIneer as well as by
lookln. at photographs which had been
taken In previous suryeys.



2) Selsllic Deslln for Bridles

hceordlng to the recent "Deslln Guidelines
Criteria and Standards by DPW" 19119
(hereafter referred to as the Guldellne).
aseismic deslrn Is to be applied to civil
enelneerlnc structures such as d .... tanks,
and brldres. Detailed procedUres and
Illethods of selsilic deslrn are not shown In
this Guldllne.

Detailed 'nforllatlon on bride" I. &,Iven In
the "Hatlonal Structural Code of the
Philippines. Vol. II. Brldee. by the
Association of Structural Enllnee... of the

The' Mgree of damare had to be Judred In
order to carry out emereency
rehabilltat lon, The t"am decIded upon
"ssesslng thl' of d" ....re degree for
Individual brldres In accordonce with
MlInllal for Replllr Methods of Civil
Engineering Structures Dallaged by
F:arth'lulJkcs (Mlnlstr)' of Construction,
March 19M1. Tnp hrlrlgps nf ."Jor damllr p

levels. D and F: were shown In Fig. 5.1. Thp
degre"s of drmag!' concerning bearlnr
capaclly were decided accord Ing to the
followlnR five ranks:

A: No damare ........ Thcre Is no known
lI!mar.allty concerning
bearlnr capacity.

11: ~lInor damore .... There Is no posslbllity
of Imlledlate decllne of
bearing capacity.

C: Medium damage., The dallal'e lIay lower
the bearln&, capacity.
bllt If It does not
war!:'!n fro.
aftershocks, live load.
etc.• the brldee can be
used tentatively for
the traffic.

0: MoJor damare ... The dallal'e seriously
affects the bearlnl'
capacity and may
resu It critical
consequences. lIuch as
a brldee fall.

E: Bridge tall The case of a fallen
bridge

In deciding upon de&,ree of dallll&,e
concernlnr bearlnr capacity. It Is 1I0st
Important to determine whether or not a
bridge fall "III eventu"lly occur. Here,
bridges with the possl!' ~ of a fall due
to live loads, lifters" ,cks. etc. are
classified as being In the Drank. hs a
whole, these brldees .1Ist be total ly closed
to traffic.

Also,
In the
In the

displacement of the substructure.
shear fraclure was liable to occur
bearing edge at the pl"r top snd
girder end.

hccord Inr to the DPWlI dallar" su rvey

results llS of hue. 1990. the surveys had not
been conducted yet on 25 brldres. lIo\\,(,vf'r.
these apparently did not Include bridges
with serIous da.. /lg", such /IS fallen brld~p_

Fir. 5. I shows the locations of dftmagf'd
brld,es, 79 brldees, Inc ludlng I hp
addItional results or subsequent In5p ..ctlon.

Brldre damal('s extend('d to 18r,(' ar('a of
Lu:r;on Island, Includlnr many brldgl's
particularly on the Japan Phlllppln('
Friendship fllghwfty ftnd the Man lIa- Norl h
Road. These are trunk roads linking the
northern part of Luzon Island to Manila.

On the Manila-North Road IInklnr Manlln
and San Fernando vIa Tarlac and on rO/uls IrJ
Its vicinitIes. the Carmen, Calvo and Tabors
Ilrldles fell and thf' hrlnlay Brldgf' was
scrlous ly damaced.

In Dagupnn CI ty and Its subu rbs where
heavy damage was caused by liquefaction.
the l'Iagsnysay Bridge fell and the
E.barcadero and Rabon Bridges were heavily
dalllaged.

On the Japan Phillpine Friendship Hlrhway,
the Manlcla Bridge fell and the Slcsklln
Bridge was In dan,er of faillng. h. for the
Puncan II Brld,e. no abnorlllalltl]· was
discovered In It. structure but It seemed
that It could have been dnaged by the
oncoiling large quanti ty of driftwood.

Table 5. I shows data, status of damaee and
dalll~ge sketches concerning .aJor damaged
bridges.

Damare chlJracterlstlcs Include falling off
of the superstructure due to pier
Inclination caused by the liquefaction of
ground, da.age of the girder ends. shoes.
and brldl'e seat!! caused by Inertial force.
1I1lmage of the abutlllent piles. footlngs. and
rlrder ends caused by earth pressure and
Inertial force, damages of the pile helJds In
pile bent piers. settlement of piers, Ilnd
settlellent of approaches.

Of these dllilare types, severe dallllge by
IIquefactlon, dalllage to pile bent abutllents
and piers and damal(' to shoes and bridle
seats were remarkable.

Mention must fIrst be IlIIde of the fact that
the horizontal bearlnl force of damaged
bridles In leneral was small becaUSe their
foundations lenerally had Insufflclent
settlne depth (presullled to be about to II, at
lIoSt). The slnrle-row pile fOril (one row In
the dIrection at right anrles to the brldre
axis) was COlllllon (pile bent) and the
cOllllonly used piles were lIade of wood or
Re. Their shoes were relatively sl.,ple
structures and did not have II sufficient
nUllber of anchor bolts. The brldre seat on
which thl!! shoes rested was narrow so that
there w.s a danler of brldl'e fall or easy
slip-out of the shoe In the event of a larre
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Philippines. 1987" (hereafter referred to as
the Code). This paracraph describes the
sels.le deslrn of brldres.

II1ltorY of Sel••lc 1!!,lrn for BridleS
The sels.lc deslrn of brldres before 1912

was not clear.

Sels.lc deslrn .as performed on the besls
of the ruldellne Issued In 1912. It.as
specified that 10' of the dead load IIUst be
considered a" the IIlniIlUJ; selsllic effect.

Accordlnr to the ruldellne (J 972). It "as
specified that the actual selsalc des len Is
to be Perforlled on the basis of "Earthquake
Enrlneerlnr for the ILZGAN-BI1TAN ROAD In
the Island of Mindanao-Philippines by the
Asian Development Bank" Issued In 1912.

Froa 1919, It IOU specified that 10\ (dead
load • 1/2 live load) Is to be considered as
the deslrn elIrthquake force In the
Guideline above which was revised froll the
1972 ,uldellne.

Actual seisMic deslrn was done on the
buls of the aforeaentloned Code Issued In
1911.

selsllic DestIn Method for Bridles (as per
the Code In 1981)

Sels.lc deslrn for those areas expectlnr
earthquake occurrence Is to be done by
conslderlne the relation to acttve fau Its of
the construction sites. response
characteristics of the rround And the
brldres. etc.

Both the equivalent static load aethod
(sels.lc Intensity lIethod) and the response
spectrull .ethod are shown In the Code as
the practical calculation aethods. The
foraer Is specified as follon:

For alaost equal underrround layer
rilldlty, deslrnearthquake force (EQ) Is
calculated uslnr the followlnr equation.

EQ-C·F·.

Where. F - eollPenutlon factor for each
.tructure (1.0: .In,le colultn type
piers. 0.8: Rilid-fralle piers)

W- Dead load
C - A eollblned response factor which

Is rreater than 0.1

Value C Is obtaIned uslnr the ..x1aull
acceleration (A) 01 the foundation,
thlcknesa 01 a!luTlnll layer to baserock,
IIIId the natural period (T) of structures.

If tbe afore_ntloned data (..x1I1U.
acceleration 01 foundation, . etc.) are
unlmown. the followlnr equation can be uled
to calculate EQ.
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EQ " 0.10 (W + L/2)

Where. W- Dead load. And L· Live load.

The calculation for cOllpllcated
structures Is to be sade by the response
spectrum lIethod.

Load for the stopper of rlrder ends at
",ovable shoes. Is a. follows:

EQ • 0.25 J( DL - (shear InC force renerated
on a pier due to earthquake force).

Where. DL Reaction force on the
superstructure to be considered for des len

However. there s"ems to be sOllie
uncertainty for the practical applicatIon of
the above ruldellne.

3) Calculation of Lateral Realstance of Pile
Foundation. and Th. S.ls.lc Force for
Macsanay Brldee

FIe. 5.3 and 5.4 show the fallen old
Macsay.ar Bridie and the newly planned
Marsaysar Brldre respectively.

ClIlcullltlons were executed In order to
estlllllte earthquake force which actually
acted. the level of liquefaction and laterlll
resistAnces of pile foundations.
Since there Is a .hortare of precise data on
pile foundations, pile cross section. and
soli properties, estlsated data were used
In the calculations.

Conditions And Methods of Calculations.
al The soil conditions and .odels shown In
Fie. 5.5 were used for the calculatIon. The
soli paraseters were obtained at the site
away froll the brldre, becau.e the soil
condition was unknown at the brldee site.

Both 1I0deis for piers P4 and PS are
assu.ed to hue the salle soil conditIon .
The calculation aodels shown In Fle.5.S
used the survey results obtained alter tt. ..
earthquake.
~ The horizontal eround reaction
co.fflclent. are assu.ed to be frolll KH·l.O
to 10.0 Kef/c.3! Ih 10 klf/cll3 Is
equivalent to SPT N Talue 01 10 ).
Calculation. were al'O carried out usulllinc
outstandlnl piles nused by liquefaction
occurrence.
C3l The ultl.ate bendlnr IWOllent CApacitIes
of pile. were obtained usu.lnr RC piles
with to c. x 40 ell era.. MCtlon and 3
types of relnforclnr steels.
(J) MaxllllulIl bendlnc aOlllents (M.) of a pile
and the dlsplacellents ( " T) at the pier tops
were obtained and Illustrated when
earthquake force (Ho) was applied. The
.elsllic Inten.lty Kh loU defined as the ratio
or horizontal force to dead load.

Realla. or Calc\llatlon



<D Rerardlnr to the pier P5. resu Its of
calculatlon are Illustrated In Flc. 5.6. I'.
can be concluded thAt th .. plle§ ..ould be
brok..n If sels.lc force ..qulvalent to more
than Kh • 0.1 acted even "I thout the
occurrence of liquefaction. The actual piles
were failed In bendlnlr due to IIquefactlon.
~ Piles for the pier P4 would be broken If
deep ranle of rround were liquefied. There
was little dall.llie to th .. actual pU"s 8§
Ilentloned In the previous chapter.

8. Da••,e to rivers and dau
II Dallare to Rivers

At the Arno river syst". In Flr.G.1. the
teall observed dallared rlvpr facilitIes on a
wide scale. Cracks at the crests of the
levees and settle....nt and slldlnl of the
levees were lIarked and 901lle of them had
collapsed. Furtherllore. cracks and
collapslnr were observed at the paupet And
revet.ent structurs.

There were rew da_alred sItes At the
Pllllpanill river systea. however. II collapse
or the levee nellr Mt. AraYllt ..as
particularly notable.

No sl,nlflcant dallS,e was seen at the
rates, which see.ed to be operated
saoothly.

• The sl tuatlon or the da_are at the Al'no
river site was liS rollows.

The Tarlac River, A Branch or The Agno
River (Penll1ll Site)
Lare~ cracks occurred At the crowns of

levee of 5 - 6_ In heleht, and slidIng
occurred lIS shown In FIIr.1I.2. The IIIl1terllll
or the levee was aalnly cOllposed of fine
sands. So.e places were tellporarlly
rehabilitated with Band-balr plllnr.

The revet.ents. .ade of plain concrete
uslne boulders, were daaelred by slldlnr
wIth the collapse of levees In such a way
that the foundations .ere laId dIrectly on
the natural eround. Althouch these
revetaents ..ere badly daaared. the
revetaents. In whIch toot protection on the
river rrontll,e had been conducted by the
placlnr of boulders. sufrered little or no
dallAlre.

The Alno RIver (V!l1uls to Bayambang
Sltesl

Many cracks were observed at the crests
or levees or 5 to 'a helcht. SOllie levees
sank about I. as a ..hole. or. so.e of the
levees slid and collapsed. SlIdlnr occurred
toWards the direction In ..hlch the Iround
hellht. Inside or olltslde or the dIke. was
relatively lower. The aaln aaterlal of the
levees seelll!d to be lilt.
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The Agno River (Bayallban« to Urblztondo
~!~sl

Sever,,1 oblique cracks on the crowns of
I"v",'s of about s.. In helcht. and blr
colla(>s<,s CAused by slldlnlr were observed.
AccordIng to II housewife who saw the
collapse lit Its actUAl location, serl01l5
horizontal §haklnlr occurred. crllcks
opened. and th"n the earth dikes slid
(Flg.fl.3b).

80th sIdes of the "arth dIkes were aarsh
Ilnd the ground conditions were very bad.

2) DIllllage to Dus

The tellm Investl,ated the rollo.lnr dan;
th .. Allbllklllo Oil"' and the BlnCIl Oaa of the
Agno river system, and the Pantaban,aR Da.
complex (composed or the Pantabanran Da•.
the lIya Dam and the Masl.ay Da.) and the
Angllt Dam of the Panpanla rIver systea,
All thl' dams except for the Mulway Da.
w.. r .. emhankm..nt dams.

Cracklnr and set tlelllent or the crests of
the dams Ilnd shallow slldln, on the slopes
of the dllms .ere observed IIOstly In the
Arnbukulao Dllm (Fig. 6.4), the Blnlrll 01111 (F1Ir.
6.5) and the Maslway Dalll,

SInce all the dalls had becolle old and
maintenAnce on the. leeaed to be
Insufflc">nt. 8 lot of dll.llre WIlA 1l11l0
observed Which was unrelated to the
earthquake.

7. Conclusion

As described previously In Chapter 2. the
characteristic fellture§ of the sels.lc
damllce this tlile lire: 1l thllt the daHre was
spread over a wIde ranl'e, 2) that the types
of dallace suffered were diverse and SI that
about 5. Iliteral dislocatIon alone the
PhilIppIne fault appeared on the ground
surface over a Jong dIstance (conflr.ed at
least appro". 12Dkal. The _In afrected
area ..."s rouchly within II trlan,l... area
with one sIde IIpprox. 50-SOkOl connectln,
Bagulo, Darupan and San Jose. with dauce
found sCllttered to Cabllnatuan City and
colonies along the Japlln Philippine
FrIendship Hlrhway.

The types of dallace are roulhly divided
Into 2 types I.e. 11 collapse of structllres
by shakIng and 2) cround raillire. The
,round failure Included: sl slnklnlr and
til Unr ot bulldlnrs and dallAre to
Inrrastructu res such as brldcell. due to soil
liquefaction as well IlS daaaire to pavelll!nts
and b) dallare to roads by land slides
centered around In the Illountalnoua area.

In the • Report of Expert Tea. of Japan
Disaster Relief Tea. on the Earthquake In
PhilippInes of July 18 ,1990 • the technIcal
I eCOlllllendlltions, such as Iteal desired to
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be urcently acted on. Itells for which ljulck
action Is desIred to be taken and ItelDs for
whIch actlons should ~eslrably be taken
over the lon, tille period have been made
based on rteld reconnaissance.

AlIOn, these Itells, Itells to be acted on
ur,ently for civil encln""rlnc structures
are briefly cI ted here. AnalysIs of da,oac"d
pile foundation for Ma,saysay Brld,e Is also
.entloned here.

Ite.. De.lred to Be Urcently Acted on
(I )Dla,nosls. repair and reInforcement of
brldce. sufferlne froll the disaster

Trunk roads connectlne the northern part
of Luzon to Manila Include 2 routes I.e .. the
Japan Philippine friendshIp IlIlhny and the
Manila North Road. In the torller, some
Illpassable zones stili relllaln due to the
ed.tenee of a lar,e quantity of debrIs,
In the latter. becau!le the CarMen Brldee
collapsed, a bypass throuch Llneayen has
been provided.

Many brldees suffered troll the dIsaster
alone the ManIla North Road, which Is left
as only one road, Ineludlne this bypass
road, connectlne the northern rerlon of
Luzon to l'Ianlla and Its perIpheral roads.

There are even SOlie ot these brldees wh leh
are susceptible to the proeresslve status of
dallllee under the load of trafrlc of heavy
vehIcles. Conslderlnc this road's
I.portance as a trunk road, It eoes without
saylne that the dla,nosls on the deeree of
dallAee and repal r and reinforcement of
dalllleed brldees are necessary for the rapId
recovery of transportatIon lIeans.

As a result of fleld sU.-veys on 39 brldces
at this tl_. 12 brld,es were found to have
suffered hleh decrees of duaee. Including
8 brldees which fell down. PractIcal
proposals on III.edlate counteraeasures and
a full-scale recovery plan were offered In
the tentative report for 10 of these
brldees,

Of the rellalnln, brldee. sufferlne froll
the disaster which were not dlaenosed this
tla. b~aus.. of tI.e restrIctions. dlaenosls
shOUld be conducted soon.

(2)Settln, of ur,ency bypasses and erection
of eMr,ency teaporarlly ereeted brld,es

The dlaenosls. repair and relnforceaent
described In the previous Itea are one set
of counterlleuures to be ureently Uk..n.
but subBtantlal tie will be required before
their cOllpletlon. As a stop-cap lIeasure to
be taken In the ...antl.... settlne ureency
bypasses and erectlnr ellerrency te.porary
brld,es are necessary.

Such actions have already been taken to
SOlie decree, and It look. as If eaerrency
recovery hu beeoH efficient to SOlie
extent, but further treatllent ot the whole
raDee of dallaeed road. and of all daaared
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brldres will be necessary.

(JIMeasures for preventIon of drlftln, of
bridles,. etc.. by flowlne sedlllent and lOIS

lit the Puncan 0 Brldee on the Japan
Philippine FriendshIp lllehway. dan,er of
the bridge beln, set adrift b)' runnln,
sediment and logs w"s observed.

At the Carmen, Calvo. Manlcla and
Macsaysay Brldees which fell down. ,Irders
which fell down have been lett as they are.
Ilipedine the passa,e of flowln, water
durlne floods. SOllie lIeasure to rel'Ove thea
quIckly needs to be taken.

(4)Ear Iy openlne of 3 routes to Ba,ulo
Allonc the 3 .aln routes to Ba,ulo. only

the Naeuillan Road has been opened.
However. alone this route, substantial

leneths of road are left where only one-way
tr .. rflc Is available b",."u... of Iar,e .c.. le
collapses and potential disasters resultlne
from rain fall. It shOUld be an ur,ent
priority to hasten the openln, of the
Marcos III,hway.

The remain Inc 2 routes, which have
relatively short Impassnble sectIons. can be
quickly repllired provldln, Ilt 1..lISt 2 routes
which lead to Baculo.

For this purpose, lareer nUMbers of heavy
duty machines for relloval of collapsed
sediment should be provided.

In the opened road. It Is desired to keep
wAtchIng and to control traffic volulle to
prevent a secondary dIsaster froa
occurrlnc.

(S)Emereency recovery of river ellbankaents
and dams

Early execution of eaer,ency recovery or
the dallllced parts of levees and da.s which
su ffered froll the disaster Is necessary.
ThIs Is beclluse the rllln)' seilson has set In.
furtherlSore. after the season Is over.
full-!cale perlllanent recovery work needs
to be done.

(6)Study for IIcqulrln, haslc dllta for future
recovery plans

In proceedlnl' with the sbove-descrlbed
counterlSeasures, records on the planned
processes lind .ethods of theIr executIon,
ete. 0 shOUld be lett. such that they will
serve not only as llere records or recovery
of thIs tille's dlsuter but as datil for
reference In plannln. counter.easures for
the future.

MII1Y5l1 of The DIM'" Brld" or
Ma(SaySax

Froll analysis of the pile foundatlon. or
fallen Ma,sllysay Brldee. It I. clearly seen
that there Is no con.lderatlon or
liquefaction In desl,n Ilnd that tbe sel.lllc
Intensity Is considered to be at lIOat lOti. In
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conclusion the horizontal bearlnl capacity
of a pile foundlltlon Is Insufflcl ..nt to cop"
with Ilquefactlon. Further.ore the pile bent
foundation Its.. lr Is very tlexlbl ..,
therefore. It Ctln be said th.. brldres are
susceptible to rail durlnl a stron,
earthquake.
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Table Z.l Destructive Earthquakes and their impacts in the

Philippines

DATE EPICENTER INTENSITY MAGNITUDE CASUALTY/INJURED

01 Jul. Bacon, VII 8.3 13 101

1954 Sorsogon

01 Apr. Lanao, VII 7.5 291 713

1955 Mindanao

02 Aug. Casiguran, VII 7.3 270 600
1968 Aurora

07 Apr. Baler, VII 7.3 IS 200

1970 Quezon

17 Aug. Moro Gulf, VII 7.9 3,739 8,000
1976 Mindanao
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Table 4.1 Outline of Dauge (Number of Damaged Places)

Ii'
I a.c~loD c~~ .10p. 1 a.nk .lop. P'~••ODt Ocb.r. I
I I. I
I Lar.. Hid. 5••11 I Lori. S•• ll Thrun raulu I
I I up I
I I I
lla. 160 (SaD JOII' I Hud flov I
I~o 1•• 113 (011d11' 36 10 aD I 3 6 12 , Accu••locloa of I
I I IlrU~lal 110011 I
I I i
lit.. 113 (011.11' I ltud flail I
ItO 1•• 200 '1' 2 I 3' Orllcl0. 11004 I
I I I
lit,.. 200 I I
ItO I .. 201 (O.lto.. ) 30 H 15 I' 21 I
I I i

I Total 146 60 75 I 15 50 26 IS I
I I I
I 211 plac.. I U ploc.. IL' ........ .......''-- ''-- --'- ----1

Note: Cut slope ;

Bank slope;

Large:
Hediwn:
Small:
Large:
511\&11 :

more than 30 m of slope height
15 to 30 m
less than 15 m
collapse fr~m the boundary of the cut-bank
shoulder settlement
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Table 4.2 Classification of Disasters and Their Conceptual Figures for Kennon Road

DETRITUS CJ~

f==.," _-If
CONCEPTUAL FIGURES

CUT "."'E FAIU_
CUT HIP '''ILU••
CU1' ct.,lY! 'f LA-NOlL I Dol:
CUT on_'TUI 1.,,1I051.l01
tIlT WlATMEan ItOett '.......
CUT ItOCIt u. ..
eu, aoClt .
1Na&aI ,. CI.IIOII
..........beT tv.'''' ,.uW"
MUll "".w•••, II'LOW

CRF

EEjO I

CSF
CDF
CCl
COL
CWL
~n

ft!

TYPE:

•
,..UM "Oaf 1.AIDILJDC

CONCEPTUAL FIGURES

~';:J•
.

'" ........
'Ii'';'';, ..

COF

CRL

ClATfY so,- LAIil)!l.JD(

lJF I /T/: ~
cc~ I .. : :.

""" . .,"

I
" .- .. # ~

--
D!:TIITUI I...lNDILIDI

I I ._.-'\~
COL I ~s Ii ,.,~-"" """0/
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Recorded Stnlctural Respoase DuriDllhe M7.1
Lo.. Prieta Earthquake

by

A. Gerald Brady*

ABSTRACT

The recording of structural response
during strong-motion earthquakes has
been a goal of the structural engi
neering profession since the 30's, in
the profession's quest to understand
how buildings behave and to design
against collapse. The Loma Prietl!l
earthquake provided an unmatched col
lection of records, although few in
strumented structures were even close
to colll!lpse. Near-collapses or
structurally damaging motion will be
recorded at a much slower rate than
the engineering profession desires
and funding programs will need to ad
dress this question.

KEYWORDS: collapse, instrumentation,
response, strong-motion, structures.

1. INTRODUCTION

The Loma Prieta earthquake provided
strong-motion accelerograms from 137
ground and structural stations
throughout the epicentral area, the
San Francisco Bay Area and surround
ing areas. The largest networks are
those of the California Strong-Motion
Instrumentation Program, CSMIP, (of
the Division of Mines and Geology,
CDMG, of the Department of Conserva
tion), and the US Geological Survey,
USGS. Several st ructures instrument
ed by private organizations add to
the total. The data from CDMG and
USGS are made readily available as
soon as processing is completed
(CSMIP staff, 1989; Brady and Mork,
19901, and much research on struc
tural behavior has already been
initiated. A seminar was held by
CSHIP on 30 May, 1991, where short
presentations were made by research
ers havinq already spent a year on
funded research on Loma Prieta data
(CSMIP ataff, 1991). A further year
of funding, with grants of up to
$25,000, was launched in May, 1991.
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As of this writing, May-June, 1991,
data are available from 47 struet :ral
statione: 37 multi-story build~ngs,

four dams, three bridges, a gymnasi
um, an elevated rail and a wharf.
Some instrumentation dl!ltes from times
when only a limited amount of data
was satisfactory (three of the multi
story buildings and one dam), but 94\
of the structural stations recording
Loma Prieta have extensive instrumen
tation, with between 10 and 30 chan
nels designed and placed to help
solve specific problems related to
the structure. in all or part.
Structural stations cover a wide
range of epicentral distance, from a
four-story Watsonville building at 18
km and Anderson Dam at 27 km, to a
13-story Berkeley building at 99 km
and a 3-story Richmond building at
112 km, although beyond an epicentral
distance of 100 km, ground level ac
celerations at structural sites do
not exceed 0 .10g. Azimuthal coveraqe
is restricted to approximately 180
degrees, since the San Andreas fault
lies close to the Pacific Ocean. The
prominent centers for these struc
tures are the urban areas of San
Francisco, Oakland and San Jose, and
nearby locations. However, the re
mainder of the northeastern side of
the fault is uniformly covered.

2. INSTRUMENTATION GOALS.

St.:uctural instrurr.entation reflects a
longheld desire to understand how
structures behave during earthquakes,
particularly during damaging ~0tion.

Recorded weak motion, defined _~r the
purposes of this paper as a level of
motion for which the structure re
mains primarily ell!lstic and undam
aged, is useful for the interpre
tation of a specific structure's
design and the relationship between

• U.S. Geological Survey
Menlo Park, CA94025



design concepts and actual elastic
dyl.amic behavior. Recorded 5trong
motion, on the other hand, concen
trates attention on damage and poorly
understood dynamic5 and can, if cal
led for, provide evidence that build
ing codes need improving. It is the
intelligent analysis of recording5
from strong damaging motion that will
decrea5e the seismic hazard in the
years ahead, as well as the much more
frequently occurring visual inspec
tion and sub!equent interpretation of
damaged st£uctures.

As structures have become more com
plex, architecturally and geometri
cally, so has our interest heightened
in their behavior during strong mo
tion. More sensors have clearly
become necessary as structure :;;ize
increases. However, until every
joint is monitored for di~placement

and rotation, a clearly impossible
task, missing structural dynamic
properties will be needed from es
timates, calculations and assump
tions, in order to provide the motion
at non-instrumented points. Graphic
al representations of structural dy
namic r~sponse use joint motions that
are recorded, together with e5timated
values for all other points.

The more obvious structural para
meters that affect dynamic behavior
during strong damaging motion, and
would have to be incorporated in the
analysis of strong-motion recordings,
include:

a. The force-displacement relation
ship, perhaps as simple as elasto
plastic.

b. Joint detailing, the reinforcing
steel's containment of concrete,
and the ability to maintain integ
rity.

c. The ductility ratio able to be
achieved.

d. Behavior under repeated excursions
into the nonlinear regime (see, for
example, Perez and Brady, 1984).

These considerations complicate
enormously the analysis of structural
strong-motion recordings, although
not from the Loma Prie~a earthquake
because none of the instrumented
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buildings were damaged.

3. SYSTEM IDENTIFICATION.

The goals of system identi fication
routines include the identification
of basic vibrational patterns in the
response of a structure to an earth
quake input, from which the total
vibrational behavior can be built up.
The extent of the participation of
the basic patterns, or modes, can
chanqe with time as the earthquake
input progresses (see, for example,
Safak, 1988). Taking into account
the incomplete instrumentation that
is lamented on earlier, any mode
shapes associated with system identi
ficat.ion might well be l:eliable at
instrumented points, but unreliable
at all other5. In spite of this,
much useful information is obtained
on frequencies, damping, participa
t ':>n factors, mode 5hapes of basic
v~brational patterns, and the varia
tions of each of the5e with time,
from system identification investi
gations. It is clear that the use
fulness of the information is limited
by the same concerns expounded above,
namely, incomplete instrumentation,
unknown nonlinearities, and assump
tions, however subtle, on the way
structures behave during streng
damaging earthquake motion. A few
records from earthquakes other than
Lorna Prieta have been recovered from
structures suffering structural dam
age from earthquake shaking, and few
er still from structures with exten
sive instrumentation. These records
offer the real opportunity of corre
lating earthquake input, nonlinear
structural motion, and documented
damage. The structural engineering
community and the building code wri
ters need more of these research
results.

4. VERTICAL MOTION

A specific area where an understand
ing of e~ rtliquakes, structures, and
their relutionship appears to be less
than adequate is in the analysis of
vertical structural motion. Although
designing for vertical loads is ba
sic, the dynamics associated with
measured vertical motion adds a di
mension of difficulty. Differing
vertical motion at two different lo
cations at the same level (for ex-



ample, basement level), implies ei
ther the rocking of the structure on
its foundation as in the rolling of a
5hip at 5ea, or the verticdl motion
of column5 that -emain vertical as in
the stepping c stilts. Without the
measurement vf joint rotations, we
can"ot distinguish between these two
pos5ibilities, because there can be
an arbitrary amount of th~ second,
the stilt-stepping, without any
addition to t he horizontal structural
motion. How much, then, of the re
corded vertical motion is rocking?

5. PERIOD LENGTHENING DURING STRONG
MOnON

Records from an extensively instru
mented structure generally permit the
calculation of natural periods and
l.owest modes of vibration even from
original analog records, should this
be the recording medium. As the
excitation continues, or as it builds
in intensity, the stiffness of indi
vidual components decreases, due to
infinitesimal cracks, and, the mass
remaining constant, the modal periods
consequent ly lengthen. Under st ronger
excitation still, 3tructural members
weaken from cracks, initially infini
tesimal, but becoming damaging given
sufficiently high excitation levels.
This is accompanied by further period
lengthening. This behavior is not
yet sufficiently documented nor, con
sequently, able to be estimated. Ite
presence in the strong-motion records
of a structure provides a quanL ita
tive measure of the decrease in
stiffness, but no details of its
occurrence.

6. DESIGN CONSIDERATIONS

The successful design of structures
for seismic effects, apart from fol
lowing the relevant building codes,
is depende~t on the ability to under
stand how a completed structure will
respond to a future earthquake, how
this response builds, and how the be
havior changes from the expected norm
with the lowering strength of criti
cal sections. This task will slowly
become easier as the response of spe
ci':ic structures to weak motion is
measured. All instrumented st ruc
tures in the Loma Prieta area reached
at least this stage. Further success
will follow the recording of response

145

of structures to strong motion at
non-linear levels (a small fraction
of Lorna Prieta structures,. Less
common still, we await correlations
made between damage to a stn:cture
and its recorded motion during the
damaging experience. Post-earthquake
reconnaissance of damaged structures,
an endeavor that precedes recorded
motion by many hundreds of years, re
tains its position as a fundamental
provider of experience, namely, the
partially documented detail.ed dynamic
response of structures. Documenta
tion can only be considered partial
because there need not be a one-to
one correspondence between the time
varying dynamics of a structure and
the observable damage after an earth
quake.

The goal of reducing the earthquake
hazard in structures yet to be de
signed and built relies in part on
understanding the dynamics of exist
ing structures. Even though a struc
ture's behavior during a specific
strong-motion earthquake might be
well documented, there is very l.ittle
datd to suggest that the same dynamic
behavior will be evident during the
next. To the author'15 knowledge
there is in fact no such example. In
sofar as the next earthquake to cause
structural damage to a specific
structure is not going to be a dupli
cate of one that already h~3 done so,
it is likely that specific instances
of dynamics-damage pairs will remain
part of a very sl.owly growing and
consequently little-used database.
This statement might well be used as
an argument for increasing the number
of thoroughly instrumented struc
tures in high seismicity areas, but
the best that can be hoped is that
the time Bcale for useful data be
reduced from hundreds of years to
perhaps scores. In any case, the
time is much further into the future
than funding programs can usually
envisage.

The structural engineering community
and particularly that segment of it
that is re5ponsibl.e for changes to
building codes cannot wait for II da
tabas~ of pairings of measured dyna
mics and inspected damage. There ex
ists a risk in attempting to consider
changes to a code on the basis of a
specific dynamics-damage trend in



that no such trend can yet be con
sidered reliable. changes to codes
are slow to appea~ fo~ this reason.
It is clear that the tightening o~

loosening of some seismic code re
quirement4, at the expense of those
remaining unchanged, might possibly
be associated with not fully under
standing the complete st ruct ura 1
dynamics phenomenon. The detailed
faulting mechanism and wave propa
gation characteristics of all future
damaging earthquakes are su~ely not
yet sufficiently understood to be of
specific use to the structural engi
neering profession in its efforts to
reduce seismic hazard.

7. BAD GROlJND, AMPLIFICATION, AND
RESONANT FREQUENCIES

One of the interesting research ef
forts in the San Francisco Bay Area
after the H7.1 1989 Loma Prieta
earthquake has been the identifica
tion of areas of soft soil able to
amplify vertically-travelling ::shear
waves on their passage up f~om unde~

lying bedrock. Horizontal ground os
cillations from these waves a~e gen
erally considered the pr';'ncipal cau~e

of damage to residential areas in San
Francisco, to the Bay Bridge, and to
the Cypress Street viaduct (Hanks and
Brady, 1991). In addition to identi
fying the existence of soft soil of
SUfficient depth, questions a~e

raised as to why some of these a~eas

did result in significant amplifica
tion, with resulting damage to struc
tures thereon, while others, even
much closer to the epicente~, did
not. One of the obvious contributin('"
factors is that each soft soil area
has its own set of resonant f~equen

cies appropriate to large, nonlinear,
damaging motion, at which amplifica
tion is certain. Outside these f~e

quencies, and how far outside is de
pendent on the damping in the soil at
large, nonlinear, damaqing motions,
there is little amplification. At
the rock/soil interface, or more ac
curately, at all interfaces between
high shear wave velocity media, and
low, an amplification must occur,
independent of frequency, because of
energy considerations. If the reson
ant amplifications are dominant at a
specific site, then this site will
suffer large, damaging motions only
if the resonant frequencies and the
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input frequencies of the earthquake
coincide, and if the input amplitudes
are sufficiently high.

Although surface waves will have
played a part in the g~ound motion
th~oughout the Bay Area, they did not
apparently contribute to any of the
damaging motion in the San Francisco
area.

Shear waves emanate from a rupturing
fault as slip proceeds. One promi
nent propagation path is in the di
rection transverse to the rupture,
with particle motion parallel to the
rupture, driven by the slip on the
fault. Along the direction of rup
ture, both ahead and behind, trans
verse shear waves t~avel, with trans
ve~se particle motion, in sympathy
with the relaxation of the transverse
~e5toring forces. The frequencies of
these waves, and all other associated
body waves, are enti rely dependent on
the detailed travel history of the
rupture. This detail is not known,
and cannot be measured, but efforts
at estimating it are made from
strong-motion records written at the
surface in the epicentral and adja
cent areas. There exists no way of
estimating the predominant frequen
cies or their possible range for
large damaging earthquakes. Repre
sentations of estimated rupture
detail indicate, in general, non
uniform rupturing and variable rup
ture speeds. For any large earth
quake, even a repeat earthquake on
the same section of fault, generated
frequencie- are clearly arbitrary.
'l'he highe~ L and lowest frequencies
measured on strong-motion instruments
on rock in the epicentral area of
large earthquakes are each affected
by signal-to-noise limitations, but
a~e of the order of 50 and O. 05Hz,
respectively. Fourier spectra or
response spectra of such records
confirm the apparent arbitrariness of
prominent frequencies between these
bounds.

8. CONCLUSIONS

The structural engineering profession
is wise to limit its treatment of the
seismic component of codes to a ge
neral one. For example, in light of
the above paragraphs, there is no
justification at present, nor in the



forseeable future, for treating any
soft soil in high seismicity regions
differently from other soft soil.
Although the understanding of the
seismological and geophysical aspects
of the most recent multiple-recorded
earthquake (in the present case, Lama
Prieta) has grown considerably in
recent years, the ability to predict
the effects of the next remain in
question. There are not enough data,
and there have not yet been enough
earthquakes, for the situation to be
any different.
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Monotonic and Cyclic Loading Tests of Rockf'ill Materials

NorihiSi MATSUMOTO·'. Nario YASUOA*'2. MllSahil<o OHKUBO*3. Ryo-ichi YDSHIOKA*"

ABSTRACT

that monotonic
tests are not
,but actuall y

30-cm in diameter
was uti I i zed for
test. A hollow

Wl$ an 80-cm in
40-cm in inner

diameter and a height of 80-em was used
for the cyclic torsional shear test.
These specimens are shown in Fig.l. The
physical properties of the test
materials are given in Table I.

The grain size distribution curve for
the test materials is illustrated in
Flg.2. The maximum particle size of
specimen is 63.5 mm, which is less than
1/5 0 f the d jam ete r 0 f the sp. c imen
used for the monotonic loading tests.
The uniformity coefficient of the rock
material was set 30 in order to minimize
the effect of the system compliance. In
thi .. figure, the gradation curve for
t;u roc k fill mat eria I 5 of the 0 r a v i I I e
Dam (wi th which Banerjee et al. I)

conducted cyclic loading tests with
undrained condition) is also plotted.
The gradation curve for the Oroville
Dam materials had the maximum particle
size of 50.8 mm (which is slightly small
when compared with 63.5 mm for the
maximum particle size of our specimens)
is almost the same as that for this
study . Banerjee et al. used a 10"
reduction in the cyclic strength ratio
as cor recti or. factor for the membrane
compliance of the undrained cye;;r:
triaxial tast. for materials with a
diameter of 9.5 mm at 0.,0 (50" diameter
of soil particle). Therefore, for tha
purpose of this study, the 10"
reduction in the cycl ic strength ratio
is to be repeated.

The materials were placed in six
layers. with each layer compacted by
33kgf weight electric vibratory
rammer. Finally. the specimens with 85"
end 95" of relative density were
prepared.

The procedures for cyclic testing is
given as follows.

1) A confining pressure of 0.2 kgf/cm z
was app I ied to the specimen (30-cm in
diameter and 60-cll high) and
subsequently the vacuum pressure
inside the specimens was released.

2) Carbon dioxide (COz ) was supplied
under pressure of 0.05 kgf/cmZ to the

*1 Dr. Eng .. Chief, Filldu ::livision.
P.W.R.I.. Ministry of Construction.
Tsukuba City. Japan (Presently Japan
Dam engineering Center)
*2 Senior Research Eng .. ditto
*3 Eng .• ditto
*4 Visiting Research Eng., ditto
(Presently Shimz Corp.)

Teat.ndPru.rdion

The ..aterials used in this study were
trlnsported from a quarry site for the
Slgurigswl Dam. The rock. material
consists of very hard and high quality
glbbro.

A rigid specimen of
and 60-cll in height
th ... cyclic triaxial
c) .ndriel' specimen
outer diam.ter. a

In an undrained cyclic loading test
on saturated loose sands under
laboratory conditions. the sand tend
to flow losing its original structure.
resulting in liquehction. In contrast,
danu sands don't tend to behava this
way and shows the condition of cyclic
mobility. Although this heppens, due to
tha cyclic loading the pore water
pressure increases causing cumulative
strain magnification. Therefore. the
dynallic strength can be established
froll the number of cycles and
resulting strain. The static strength
can be simply obtained from a
.. onotonic I oadi ng test.

F rom this, it seems
and eycl ie loadi n;
.. utual Ii excl usi ve
relate to each other.

This report is concerned with the
monotonic and cyclic test result for
wall cOIiPacted rockfill materials. The
paper aims at ill ustrating the
definition of shear strength by the
laboratory testing. and presents the
effect of cyclic numbers. prescribed
strain, relative density. initial
confining stress. initial shear stress
Ind tha hsting method for dynamic
strength. and the overall relationship
bah..n static and dynamic strength.

Keyword Aockfill materials.
large-scale triaxial test. cyclic
loading. monotonic loading

I. Introdyctlon

In this paper the static and dynamic
strengths of rock materials of rockfill
dall body are 'Investigated through
monotonic and cyel ie loading tests.

Preceding page blank
149



3. punic atrlnath

u' v ([1"0

where
U'no: initial normal stress on 45·

p lane after canso I idation,
U ...... : lIaximum IKial stress.
U r = confining stress.
Th' dyn8llic strength ratio gained

t'd~ is defined as the cyclic strength
achieved during cyclic loading test.
where t'd is the cyclic stress when the
shear strain reaches t .. ~ at failure
after N~ cycles. Generally. t'.u is
effected by the vertical ef'fective
stress U'va. horizontal effective
stress U'ho of the field, cyclic number
Nan d the in it i al shea r s tress ,.. Th e
shear strength is eKpressed as merely
t' .. ~ or (t'.t t' d~) which is the SUII of
,. and ' ..... and the shear strength
ratio is obtained by dividing both
shear strength values by U'v. These
points are used in the following
discussion.

In the case of the triuial tests,
shear stress ratio is eKpressed by the
following equations;

t'd~ t'.H

specimen for a 24 hours period. in
order to f'ill any air void completely
with COil CO,. was used because it is
Much easier to dissolve in water than
air and a higher degree of saturation
for the specimens r:an be accomp! ished.

S) After replac;ng the air with C02'
70 liters of de-aired water WllS
supplied to the sample for a 24 hours
period.

4) The degree of saturation of tne
specilllen was then investigated by
Skelllpton's B-value method and testing
wes carried out l' H.e speci~.en had a
B-value of more than 0.96.

5) A 1.000 cc burette was used for
lIusuring the volume change in the
SllIlple during an average 45 minute
consolidation. Cyclic loading tests
were started once the rate of volume
change in specimen became I ess than
0.05" per minute.

A cyclic undrained test was carried
out under load-controlled condition of
0.\ Hz. The speci,un was subjected to 8
back pressure of 2.0 kgflcm ll

.

The digitized test results ",ere
recorded on a personal computer using
• low-pass fi I ter of 1.0 Hz and '",ere
subsequentl y pi oHed.

is

lIe.n

'''(3)

era

relationshipthe

shear stress.
shear streu:.

effective

Pc
where. t'd : eye I ic

t'. =initial
P.,=initial

principal stress,
Fig.S illustrates

: Cr2
U'V IN-SITU u'V TS
It can be said that

app rOKimatel y 1.0.

4. Tut results

In thili report. the strain r811ulating
dynamic strength in the cyclic loading
test is defined as single amplitude,
which is half of the double ampl itude
for isotropic consolidation. and the
peak strain which remains in
compressed direction for anisotropic
consol idation.

The dynamic Strength ratio is
expressed by the followinQ equation,

t' d+ ~ •

from the triaxial test has to be
corrected since tests in the
laboratory are not representative of
the in-situ considering the the
rotation of the axes of principal
stresses. horizontal stress and
pi ane-st r ai n state etc

t' "f' t' " ..
=Cr' "'(2)

u' y IN-SITU u' V TRX
Several values of C" have been

reported by previous reselrchers
according to K.,(: U 30/ C1 10; the
principal stress ratio during a
conso I idati on) as shown in Table 2.

On ~he other hand, the cyclic shear
stress 't'" is added with the initial
shear stress t'. for torsional simpl,
shear tests. t'd .. is defined as th,
shear strength achieved during cyclic
torsional shear test for a t'd of a
cycl ic stress when the shear strain
reaches a certain value, which is
established 85 the a>lial strain t .... or
shear strain r .. ~ at failure, after N..
IOllding cycles. Hereinlfter. the
strength is expressed by a
dimensionless stress ratio t' .... /U·y or
( T .... + T.)/ u· y as the case of the
triaKial test. A correction factor Cra
linown in the followinu equation is
required to compare the in-situ strelili
ratio with the laboratory stress ratio.
This is because the plane-strain
condition is not completely satisfied
unless the radial confining stress is
controlled so as to lIaintain the Ireal
strain at zero.

t'af' 'ar

... ( I)(f' "0

( U ......- U r )/2
=

:
U· y

t' .+, d"
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between the dynamic strength ratio and
the number of cycles. Each curve shows
the dynamic strength ratio when the
axial strain reaches 0.5. 1.0. 2.5 lind
5.0" respectively The dynamic
strength ratio for the anisotropically
consolidated condition iii 2 to 3 times
as large IS that of the isotropically
consolidated one. The dynamic strength
decreases according to the increase in
the number of cycles or the decrease
of prescribed strain. The curlle of the
dynamic strength ratio for the
anisotropically consolidated condition
has an inclination to close at the
boundary I ine of stress rellersal
«,,,+-r.>/P o =0,75). Fig." shows the

relationship between Po and the
dynallic strength ratio. which is
obtained from the curves for 20 cycles
with 1" of aXial strain for the
specinens at 85" and 95" of relative
density. The dynamic strength ratio for
the specimen at 95" of relative density
under both isotrJPically and
anisotropica 11 Y conso I idated condi ti on
is 1.5-2.0 times larger than that at
85" of relatille density. The dynamic
strength ratio depends upon the
confining stress and increases
according to the decrease in Pc.
Vunoki. et all" reported the same
tendency as in the results for dense
sands.

FIII.5 indicates the relationship
between the dynallic strength ratio and
the relative density. The increllSe in
the dynamic strength ratio at each
level of shear strain is equal for the
isotropically consolidated specilllens.
In the case of unisotropically
consolidated samples. the increase in
dynamic strength ratio is remarkablY
reaching 2.5" of the axial strain.

Th. ralationship between the dynamic
strength ratio and princi~al stress
ratio during consol idation is indicated
in FIII.B. The dynamic strength rat'lo
has a tendency to increase
accompanying the increase in the
principel stress ratio as described by
Vasuda. et al. 7

)

Flg.7 shows curves of the dynamic
strength ratio for the torsional she.r
test under isotropic consolidation.
which coincides with that of the
triuial test. This corresponds to
about a value of 1.0 for C~l for a
lIal Ue of 1.0 for Ko in Tab! e 2. The
shear strain r in the cyclic torsi~nal

test is compared with aleial strain e:.
in the cycl ic trilXial test and
Poisson's ratio lJ which is 0.5 for
undrained hsts.

r =( I t IJ) • E:. '''(5)
Yamashita, et al. 8 > reported that the

result of the torsional simple shear
test 0 ... dense sands is great.r than
that for the triaxial test on the
sample prepared using the
air-plulliation method. On the other
hand. Ochi. et al.'" claimed that the
relationship between the result of the
triaxial test to that of the torsional
shear test. is dependant upon
differencos in the sample preparation
method and relatille density.

Fie.8 shows the comparison between
the undrained dynamic strength. and
the drained and undrained static
strengths for rockflll materials. The
dynamic strength is the value
recruited at 20 cycles lind 2.5" of the
axial strain. Incidentally, the static
strength is defined as the peak stress
within 15" of the axial strain. It is
recognized that the undrained dynamic
strength with an enisotropic
consolidation is larger than the
drained static strength at a normal
stress of less than 5.0 kgflcmll

.

However. 2.5" of the peak strain and 20
cycles halle been adopted. and these
lIalullS erll not appropriate for
application as the dynamic faiiure for
filldams. These halle beer. 8(lOlpted in
this report because of the ll·,tation in
the loading capacity of the triaxiel
testing equipment used here,
Therefore, the dynamic strength at
larger axial strain is Ixpected to
increase.

6. CQDclysjQD

The follow'ng points ware conclUded
after carrYIng out a 58ril5 of
monotonic and cyclic loading tut&.
using well compacted rockfi II
materials

(D In the undrained cyclic loading
test. the pore water pressure rises and
the strain increases according to the
increase in cyr-Jic frequency. The
dynamic strength obtained depends on
the cyclic frequency. reference strain.
relative density. initial confining
stress, initial shear stress and testing
method. The overall tendency in this
study coincides with that expected for
a dense sand.
~ The dynnic strength in cyclic

torsional shear is almost the same as
that for the cyclic tria".;ial test with
thJ! isotropic conso 1idation.

Q) The dynalllic strength for the
anisotropic consol idation was greater
than the drained static strength at a
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normal stress of less than 5.0 kgf'/cm lZ
•
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Table-l Physical Properties of Materials

Spefific IIravity G. 2.933

Water content W 0.54(1) Air-dry

Hax ilul void ratio e .... 0.569

Hinilul void ratio e•• n C. ! 12

Haxilu. grain size d... I 63.5 III

Coefficient of uniforlity Uc 30

Dry density of specllen r d 2.46. 2.53 grlCI 3

Table-2 C'l of Previous Researchers

-------- E quat ions Crt for II: 0 =0.4 Cr 1 for Ko =1.0

finn. et al. 2 ) Cr t=(1+lI: o)!2 0.10 1.0

Seed and Peacock') VIr i es 0.55-0.72 1.0

Castro 4 ) Cr t =2 (l+2Ko)/3J" 3 O. 69 1. 15

Ishihara and l. i 5) Cr t=(I+2k o)!3 O. 60 1.0
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rT.= Axial strus at tri .. ial hst (kaf/c.-)

rT.= Effactive allill strlSS (kgf/cI Z
)
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rT.= Effective confin ing stress (k af/cs Z )
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Full-Scale Structural Appfications of Active Control Systems

by

T.T. Soong·. A.M. Reinhom* and M. Shinozuka·

ABSTRACT

An active bfll(;ing system has been designed. fab
ric8led. and installed in a full-scale dedicated
test stnlcture for structural response control un
der seismic loads. Presented in this paper an:
the design of tile active system, control algorithm
development. and simulated as well as prelimi
nary test results. Detailed design and analysis of
the active system are carried out with respect to
hardware development, control force constraints,
and power and energy requirements. It is shown
that a full·scale efficient active structural con
trol system can be developed within limits of
current technology. Simulation and test results
provide information on performance bounds that
can be expected of active systems in structural
control under seismic loads and under constraints
imposed by practical considerations.

KEYWORDS: structural safety; active control;
eanhquake engineering.

I. INTRODUCTION

The possible use of active control systems as a
means of structural protection against environ
mental loads, such as wind and earthquakes, has
received considerable attention in recent years.
It has now reached the stage where active sys
tems have been installed in full·scale structures
(Kobori, 1990: Soong. 1990). As an example,
an active mass driver system was recently in
stalled atop of the cleven-story Kyobashi Seiwa
Building in Tokyo. This system. designed pri·
marily for comfon control of building occupants.
has performed well under several hurricanes and
moderate earthquakes encountered since installa
tion.

Another active mass damper system was recently
installed in a dedicated full-scale 600-ton test
structure on the grounds of the: Takenaka Research
LIbolllOry. It bas alllO performed well during a
rec:enl moderate earthquake. In addition. a full·
sc:ale active bracing system has been installed
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in the same structure for performance evaluation
purposes. The advantage of having the perfor
mance of two active systems evaluated using the
same structure is obvious. In addition to pro
viding the same base parameters for performance
comparisons. this arrangement allows the calibra
tion of both systems by using one of the systems as
motion inducer and me other as motion controller.
Even without actual enviroruncntal disturbances.
much of the perfonnance characteristics of these
systems can be assessed.

To provide a focus, this paper addresses design,
fabrication, and performance issues related to the
development of the active bracing system. These
discussions provide a realistic assessment of the
potential benefit which can be derived from an
active system on the one hand. and system design
and capability requirements on the other.

2. TEST STRUCTURE AND
ACTIVE BRACING SYSTEM

2.1 Test Structure

As mentioned above. a dedicated full-scale struc
ture was erected for performance verification of
two active structural control systems. i.e.• an ac
tive mass damper and an active bracing system.
Located in Tokyo, Japan. the structure is a sym
metric two-bay six-story building as shown in Fig.
1. It was constructed of rigidly connected steel
frames of box columns and W·shape beams with
reinforced concrete slabs at each of the floors.
Weighing 600 metric tons. the structure was de
signed as a relatively flexible structure with a
fundamental period of 1.0 sec in the strong die
rection and 1.5 sec in the weak direction in order
to simulate a typical high-rise building. It is as
sumed that the floor slabs are rigid in their planes
and the structure does not twist; accordingly, the
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space structure was modeled as a fixed-base plane
frame with three degrees of freedom (horizontal,
vertical and rotation) at each joint in the eigen
value analysis. The stiffness of the concrete slabs
was taken into account by considering rigid zones
at ends of the members in analytical modeling.
1be spectral properties of the structure obtained
analytically as well as experimentally are com
pared in Table 1. showing that their differences
are within 3% for all modes.

2.1 Active Bracing System (ABS)

As shown in Fig. 1. the biaxial active bracing
system consists of a pair of hydraulic lI(;tuators
in each of the principal directions wi!h !he di
agonal braces connected to the first floor. The
actuators. monitored by two hydraulic servovalve
controllers with auxiliary hydraulic accurr .J1ators.
are capable of generating 685 kN of control force
ira each direction.

Velocity sensors arc attll(;hed to the base. the first.
the third III1d the sixth floors and an lI(;celerometer
is placed at the base. Measurements derived from
these sensing devices serve as the feedblll::k stale
variables in either of the two proposed control
algorithms. 1be PC-Limited 286 microcomputer
facilitated with AID and D/A boards is used for
on-line computation. 1be control logic is imple
mented on an 80286-24 MHz processor and an
80287-10 MHz co-processor.

2.3 Desip Earthquakes

For design purposes. the peak velocity of the
design earthquakes was taken to be 10 cmlscc
based on local seismic records of the past seven
years (maximum =9.S cmIscc). Accordingly,
the scaled (32%) El Centro eanhquake with 98
crn/so:2 (0.1 g) peak acceleration was detennined
as the design earthquake which corresponds to
the criterion of 10 cm/s«- maximum velocity.
Response analyses were also carried out using
a series of recorded earthquake time histories to
verify the adequacy of the design specifications.

2.4 Control AllOrithms

The real-time computations in the microcomputer
we~ based on a reduced order model (ROM)
active control algorithm. Two basic al80rithms
bued 011 the classical closed-loop linear optimal
control law (Reinhom, Soong et al. 1989) were
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designed for this investigation: (a) t.tm:e-velocity
feedback which uses only velocities measured
at three critical floors in the structure (Soong,
Rcinhom. et al. 1991) and (b) velocity feedback
with observer which accounts for full dimensional
state feedback with aid ofa state estimator(Soong.
Reinhom et al, 1991).

Both algorithms were modified to include the
compensation of delays in the force application
with respect to the measured signal. 1bc time
delays are a result of phase :o:llifts in instruments,
conditioners, time required lor on-line computa
tion and time required for the lIl::tuator to respond.
A phase type compensation was employed in con
nection with compensationofa parallel time delay
in computations and actuators. All compensa
tions were based on field measured performances
of the control components (Reinhom. Soong. et
al, 1989).

2.5 Simulated Results

Simulations using several designearthquakes pro
duced satisfactory results as shown in Table 2.
The maximum power required during an earth
quake ~aches 20 kw for most eanhquakes except
for Hachinohe earthquake where SO kw arc re
quired. The total energy consumption during an
e;;rthquake ofone minute will be ofthe oroerofO.3
kwh to 0.9 kwh which can be delivered from pas
sive electrical power sources. Additional power
should be considered for the continuous operation
of changing electrical and hydraulic equipment.

A typical structunU response of the full-scale sys
tem is shown in Figures 2. The petformance
is shown for the top floor of the structure where
both displacements and accelerations are reduced.
As a result. the base shear is also substantially
reduced. The required resources to produce such
performance are shown in Figure 3 (for the strong
direction of the structure for both actuators 0p
erating in this direction). The large forces are
required for short period of times associlllCd with
several power peaks and a rapid initial energy
demand.

3. DESIGN OF ACTIVE BRACING
SYSTEM (ADS)

The primary parameters upon which tbe detail
system design is based arc the control force, the
actuator displacement and the actuator velocity.



which ~ related to the detennination of the ac
tuator capacity, the cylinder stroke. and the flow
rate rc:quil1:mc:nt of the hydntulic sef"ovalve. In
addition. the lOla! flow of the hydraulic fluid re
qUired during a seismic event is the basis of sizing
the hydraulic supply system. During the oper
ating period of the active system. the hydraulic
scrvo-controller supplies a constant flow of oil
regardless of the actual requirement. When the
demand of oil is more than what is supplied. the
accumulator will pressure a subsidiary flow to the
actuator cylin1.:r; inversely. when supply is more
than demand. e~cess oil will be rlischarged into
the accumulator. thus no additional pumping is
neccssuy during the short period of earthquake
excitation. For economic reasons. the pumping
rate of the controller is detennined to be the av
erage flow rate estimated over the time history
of the cumulative flow such that the accumulator
volume is minimized. These design parameters
were established in accordance with the simu
lated results of resource demands required for a
desired structural performance under lhe design
earthquake as discussed below.

3.1 Prdlminaries

The maximum control foree and the specifica
tion of the hydnulic actuators were determined
based upon the experimental study of a 1:4 scaled
model. The fundamental frequency of the 1:4
scaled model was about 2.5 Hz and the time scale
of the ground motions used in the tests was a re
duction by a factor of 1/2 of the prototype. which
made the model dynamically similar to the full
scale structure having a fundamental frequency of
approximately I Hz and subjected to the design
eartbquake. Therefore, the expected maximum
control force of the full-scale system can be esti
mated to be proportional to the dimensions of the
strucnIre and the intensity of the ground motion.

Tbe maximum control force normalized with re
Ipcct to the weight of the structure was 9.5%
for the 1:4 scaled model asS(h;iatea with a 40%
reduction in relative displacement under the 25%
El Centro earthquake with an appropriate change
in time scale. It was asswned in the scaling of
the active system that, for the same degree of
~uction in response, the: force to weight ratio
mnaincd the same for the full-scale structure if it
is subjected to earthquakes of the same intensity
u used in the scaled model tests. Accordingly. the
expected maximum control force for the full-scale
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model weighing 600 mctrir tons was estimated to
be about 712 kN under 32% EI Centro earthquake.
Based on thcse estimates and the available man
ufactured units, twu 35-ton hydraulic actuators
were chosen in each direction. In other words.
the active sys~em can provide 685 kN maximum
control force unialtially.

3.2 Analysis and Design

Having dctennined the specification of the hy
draulic actuators, furthcr analysis of the control
system can be performed based on the associated
parameters. A sliffness of the diagonal brace (in
cluding the actuator) of 61.3l<Njmm was assume.d
in the simuiation in order to ,-stimate the actua
tor displacement and velocity. Changes in the
structural eigenprnperties due to implementation
of additional braces are insignificant, therefore
the influence of bracing on the structural dynam
ics was neglected in the analysis. The flow rate
requirement of the actuator or the hydraulic ser
vovalve was in tum calculated from the piston
area of the cylinder and the actuator velocity
based on a first-order approximation. Analytical
simulations were performed only in the strong
di !'Cction for design purposes and the same design
specifications were used in the other direction.

3.2.1 Design of Passive Power Resource

The required flow rate of the hydraulic cylinders
can be detemlined approximately in terms of the
piston area and the actuator velocity. Figure 4 il
lustrates the cumulative flow accwnulated during
an earthquake. which is obtained by integnting
the time history of the flow rate. The slope of
this curve represents the instantaneous flow rate
required to achieve the control goal. It is ob
served from interpreting the slope of the curve
that system demand is the highest between 2 and
5 seconds and less so over the rest of the time
history, a property apparendy resulted from the
nonstationary nature of the earthquake motion
and the control effect contributed in the previ
ous time period. The linear curve represents the
cumulative volume ofa constant flow which is ob
tained by minimizing the difference between the
demand and supply of oil using the least-square
criterion. The largest difference between the cu
mulative flow and the average flow indicates the
minimum volume of the hydraulic accumulator to
be considered in design.



3.3 Spedfkatlon

3.3.1 Braces

Tbc design of the bm;es is based on the maxi
mum control force and the anticipated stiffness
with the assurance that buckling will not occur
under actuator actions. Circular steel tubes were
used as bracing members with the following spec
ifications: length = 360.5 em, diameter = 165.2
mm. thickness =4.5 mID and strength =564 kN.

3.3.2 Hydraulic Actuators

Four units of PARKER, heavy duty hydraulic
cylindcr series 2H - style TC (NFPA style Mx2)
were selected as controllers with the following
specifications: length = 73.5 em, piston diameter
=152.4 mm, rod diameter =63.5 mm, stroke =
±5 em, and average capacity = 344 kN.

The average capacity of the actuator is calculated
from the working pn:ssure (3,000 psi) of the
hydraulic oil and the average piston area, i.e.,
average of the piston area on one side and the
same area minus the rod arca on the opposite side
of the piston. The capacity can be improved by
increasing working pressure of the hydraulic oil.

3.3.3 Hydnullc Servovalve Manifold

A pairofhydraulic actuators is monitored by a unit
of scrvovalve controllers in each direction. Hy
draulic accumulators are provided to regulate oil
supply without additional pumping during earth
quake motions (within 1 min. in general). Only
1/3 of the 8CQIIIluiator volume contains hydraulic
oil, the rest is filled with nitrogen. The me
chanical system gains substantial pressure with
only • slight volume change of the nitrogen. A
mBJgin was added in sizing the accumulator, in
addition to the calculated quantity shown in Table
2, to lIC4:Ount for energy loss due to pressure drop
and error due to the first-order approximation,
rapcctively.

Two wdts of MTS model 252.2x servovalves
with Oow filing of 15 gpm (55 lpm) at 1000 psi
pR:llllln: drop were used accompanied with two
five-pl. pressure accumulators and two two-gal.
mum ace:umulators.
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3.4 Verification

From the analytical data shown in Table 2, it
was found that the design was appropriate for
almDst all eanhquake records used eltcept for th.:
case of Hachinohe earthquake. In that case, it
requires a maximum control force of 696.5 kN
which is far beyond the design capacity of the
system if the same control strategy is to be used.
Investigatio'l was made by restricting the output
control force within the design capacity of the
actuator while using the same feedback gains.
Results show less reduction ofstructural response
(about ~O% in displacement and 47% otherwise)
when the control force is restricted to 333 leN
per actuator whereas stability of the mechanical
system is preserved.

This situation should also be taken into account in
the on-line control practice due to erratic nature
of earthquake ground motions.

4. EXPERIMENTAL PERFORMANCE OF
CONTROL SYSTEMS

Recently. the construction was completed and
initial tests were performed on the site. The tests
included three stages: (a) control of microtremor
excitation due to traffic and wind; (b) control
of free vibration of the structure after excitation
produced by the use of the active mass damper as
a force exciter; and (c) control of forced vibration
using the active mass damper exciter. Typical test
results an: presented herein as an illustration of
the system performance.

Figure 5(a) shows the uncontrolled stroctural re
sponse in both directions. The decayed rate of the
uncontrolled response is very slow bec:ause the
system is only slightly damped (1% in the strong
direction and 0.5% in the weak direction). Figure
5(b) shows the build-up of the structural vibration
and then the influence of control applied at the
peak of excitation. The increase in damping is
evident. showing. for eltample, an increase from
0.5% to 3..5% in the weak direction. The influence
ofcontrol during forced vibration is shown in Fig.
5(c). The response builds up in the transient stage
and reaches its steady state, which is evidently
smaller than the previous tendency as shown in
Fig.5(b).



5. CONCLUSIONS

Praented in this paper are design, simulation and
performance of a full-scale active blilCing sysrem
which was recently installed in a full·scaIe test
structure. AU components of the system weR!

selected from currently available hardware and
the power and energy resources required for this
structural application were found to be within
limits of current technology.

Analytical simulation and initial structural tests
indicate that the system can produce signifi
cant structural response reduction. While more
widespread applications of active structural con
trol systems must await more cAtensivc analytical
and experimental verification, results obtained
to date have been very encouraging and mOR!

fun-scale demonstrations arc CApected to confinn
these findings.
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Table 1. Modal Frequencies ofTest Structure

X-direction Y-direction

Mode Record Analysis Record Analysis
(Hz) (Hz) (Hz) (Hz)

1 0.900 0.922 0.650 0.643

2 2.700 2.703 1.800 1.750

3 4.650 4.737 2.975 2.918

4 6.850 6.973 4.125 4.117

5 9.400 9.481 5.425 5.511

6 12.75 13.03 7.250 7.623

Table 2. Summary of Response Analysis Under Design Earthquakes

Performanc.e Indices Resource requimnenll AaulIOI

eatlhqulkes ~c'le Top fl. Toptl. Base Control ActU.lor MIX. Ave. Vol.or. Total Power
acrol dlSp. ICC. .hcar force di~p. flow flow ccunl. volume

<em) <I) (kNl (kNl (em)
I~~l 1='1

<,II.) r:.'1i (kW)

Uncrrl 7.98
~7

IOIS.3
E1CenITO 0.32

R£~~"'l
4.66 .23 6180 31J 9 0.51 19.72 2.7 0.11 0.74 20:02
41.6 , 395 in 20 s

Unctrl ro 8.43 847.6
Mil'..ioki 0.68 R£~~) .27 .21 ~7.4 245.3 0.40 15.24 2.0 0.12 0.71 16.08

6.4 50.7 3H in 30 s

Unclrl 9.70 8.32 1347~

~;!w, 0.6' R£l~) ,.8~ .l~ 871. 255.1 0.41 6.21 1.2 0.18 I.M H5
40. 44. 35.0 in I •

Unctrl 9.95 tr I~.I

~~
1.11~

RS1r..,) ~99 .24 I .6 323.1 0.53 9.36 1.5 0.34 2.13 10.n
.8 .4 28.2 in 100.

Vnctrl ~.58 8-35 741.6

Pac~~e~ 0.095 R£I~"'1
.90 ~(17 500.3 255.1 0.42 10.94 2.0 0.06 0.47 10.06
0.1 0.7 32.7 in 20 s

Vnctrl 4.14 8.30 606.3

P~i\R1fIl 0.104 R£~r...) J.bS .14 406.1 176.6 0.29 9.35 2.0 0.055 0.44 4.88
5.1 52.6 33.0 in 20.

Vnctrl 7.~ ~.63 IfIIllO

rrJ2'fkl
0.11' R~r...) 4.6

l~ '35.6 333.5 0.54 18.29 3.0 0.12 0.96 21.48
42.9 50.5 in20.

UncuJ 4.85 ¥33 623.9
ToI<y<> 1.48 ReSlr...) L7~ .26 406.1 333.5 0.54 12.63 2.7 0.07 0.37 21.60

1.1 34.6 in 10.

Ut':'rr 17.93 8.79 27~1.I
HIChinolle 0.60 9.48 .41 1~.h5 696.5 1.13 26.74 6.0 0.17 HJ, '11.02

Red.i.,) 47.1 48.6 in •

nlCllinohe u~ J7~93
~19

2731.1
(~Prl 0.60 12.65 .69 1~.8 333.S 0.54 31.04 4.0 0.17 1.21 ".54Red:i'lJ,\ 29.4 2.5 .2 in 20.
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Bue-lsolated Buildings and Seismic Safely Evaluation in Japan

By

Yoshikazu KITAGAWA 1 and Mirsumasa MIDORIKAWA 2

SUMMARY

A total number of 59 design plans on
base-isolated building structures have obtained
the required special permissions in Japan by
the end of March, 1991. This paper presents
the characteristics, present state and safety
evaluation guideline of base-isolated building
structures.

KEY WORDS: Base-isolated Building
Structure. Characteristics of Base-isolated
Building Structure, Seismic Safety Evaluation.

1. INTRODUCTION

Japan is characteristically subjected to
seismic activity, therefore, it is a mailer of
concern how building structures behave under
eanhquake conditions. Currently the research
focus for a seismic design method has been
changed from static analysis to dynamic
analysis.

Many studies and proposals concerned
with the base isolation system have been
carried out. Some of those studies and
proposal were realized by actual structures in
New Zealand, France, U.S.A., Japan and
other countries. Recently. base-isolated
building structures have been proposed and
enthusiastically put into practice in Japan,
althoulh the ball bearing system was proposed
by Dr. K. Kito in 1924.

In this paper. characteristics, present state
and safety evaluation guideline of base-isolated
building structures are briefly presented.

2. CHARACTERISTICS OF BASE
ISOLATED BUILDING STRUCTURES

There is a recent technical trend that
introduces the base isolatbll method to
diminish the seismic load. The ultimate
objective of base-isolated structures is that the
structure not be destroyed. In that sense, base
isolation may be said to be method for maldng
aseismic structures. However, its aim of
obtaininl earthquake resistance by means of
reducinl the seismic load on the structure

Preceding page blank 1"

makes the base isolation system slightly
different from other types of earthquake
resistant design methods in that the increased
strength and ductility of the structure actually
improve its eanhquake resistance.

If we assume that ball-bearings can be
easily placed between perfectly nat plywood
slabs, the resulting structure wiU possibly have
a natural period of unlimited length. This
implies a static point so that the structure will
not move due to horizontal earthquake ground
motions. However, since the structure is
actually supported at the points where it
touches the ball-bearings, the response force
concentrates there. This leads 10 a supponing
point, not allowing a static point to be fonned.
Since there is no restoring force, there is no
guarantee that the structure, after the
eanhquake ends. will remain its original
position. There are several possible means to
secure a restoring force, such as the use of
both bearings and springs, or roughening the
steel surface. With an accompanying restoring
force, the resulting structure will possess a
longer, but not infinite. natural period.

The base isolation system thus tries to
reduce input eanhquake ground motion by
means of lengthening the overall natural
period. Nowadays, laminated rubber bearings
composed of thin layers of steel plates and
rubber are primarily used. This type of
systems is fmn against vertical loading and is
horizontally flexible 1) (see Fig. 1). Energy
absorption mechanisms, in use today, include
combinations of laminated rubber and various
kinds of dampers, (e.g., elasto-plastic, visco
elastic. viscous, friction), laminated rubber
containing lead, high-damping laminated
rubber, as well as a combination of elastic
sliding bearings that use low-friction Teflon
and horizontal dampers (see Table 1). In this
last case. the overall restoring force
characteristics are determined by the friction of
the sliding bearings and the restoring force of

1) Dr. Engrg., Director of Production Dept.,
Building Research Institute, Ministry of
Construction. .
2) Dr. Engrg.. Head of Earthquake
Engineering Div. n. lISEE, BRI, MOC.



the dampers. The natural period of the overall
system is able to be adjusted.

Base-isolated building structures have
two goals: first, to reduce transmitted
earthquake motion by means of lengthening the
overall natural period; second, to absorb the
earthquake ground motion energy during
severe earthquakes by the use of various types
of dampers (see Fig. 2). As a result, the base
isolated building structure itself behaves as a
rigid body at time of an earthquake. Also,
since it forms a so-called "non-vibration
space", it does not suffer any story drift as do
other structures which are directly lined to the
ground (see Fig. 3). This has the effect not
only of reducing input earthquake ground
motion to the structure during an earthquake,
but also of increasing added effect to the
structure.

The base isolation system is beneficial to
buildings that require a more variety of
possible construction sites and/or improved
safety and so on. Such building might include
museums, art galleries, socially and culturally
important buildings containing motion sensitive
equipment. such as built-in sophisticated
computer network systems, hospitals with
expensive medical facilities and equipment,
medical-eare centers, hotels and condominiums
needing a variety of facades. low- and
medium-rise apartment buildings containing
personal property as well as energy-related
buildings such as nuclear power stations.

3. PRESENT STATE OF B/,SE-ISOLATED
BUILDING STRUCTURES

Currently, construction of base-isolated
building sttuctures in Japan requires the special
permission from the Minister of Construction
to fulfill Article 38 of the Building Standard
Law. The reason is that the base isolation
system is a new technology where the design
standards and specifications are not yet fully
documented.

The first step in the building process
requires that the design be examined by the
Base Isolation Research Committee (Chairman:
Prof. M. h:umi, Univ. of Tohoku ) in the
Building Center of Japan. This committee
specializes in examining design criteria and
specific ba"ie isolation system mechanisms to
detennine whether or not the base-isolated
building structure has attained a safety level as
a total system. The committee then states the
necessary recommendations for compliance.
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The m:)(t step in the prcx:css is to have the
planned structure cxamined by the Base
isolatt.:d Building Structure Appraisal
Committee (Chainnan: Prof. Y. Inoue, Univ.
of Osaka). The planllt.:d structure is inspected
from technical point of view as to its structural
srrength. safety, the dur:tbility and maintenance
of the bast.: iso1:.ltioll device. In the case where
the planned structure j, equipped with a similar
base isolation dcvil'C previously examined by
the Base Isolation Research Committee, ~he

Base-isolated Building Structure Apprahal
Committee examines only the base isolation
system in question.

By the end of Man'h, 1991, a total
number of 59.iill_lf~turc design plans have
obtained thc r.:q uired special permissions.
Construction :ompanies have rapidly been
putting these r,}ans into practice. Experiments,
earthquake oaservatioll~ and various types of
analysis ha' e been carried out on such base
isolated budding structures, The results have
been presented at a l:onference sponsored by
thc Architectural Imtitutc of Japan, at the
World Conference on Earthquake Engineering
as well as other presentations.

Fig, 4 and Table 2 show an exampk of
design procedure~ of base-isolated buildings,
and an example of design criteria on earthquake
response of a base-isolated building structure,
respectively.

4. SAFETY EVALUAJION GUIDELINE FOR
£LA SE-I SOL A TE D B U I L DIN G
SmUCTURES

The Base Isolation Safety Evaluation
Committee (Chairman: Prof. H. Aoyama,
Univ. of Tokyo) established by the Building
Center of Japan proposed the safety evaluation
guideline for base-isolated building sttuctures
3) in 1989.

This guideline applies to a base-isolated
building structure that is constructed on either
hard or intermediate soil and with a height less
than 45 meters. However, application of part
of this guideline may be waived for a base
isolated building structure which was designed
in accordance with special investigations. This
guideline requires that target perfonnances in
six areas be carried out in the following areas:
(1) overall seismic safety; (2) overall wind
safety; (3) overall safety in architectural details
and equipment design; (4) overall durability of
isolation devices; (5) overall fire resistance of
isolation devices; and (6) overall construction
and maintenance of thc isolation devices.



BasL'-isolatnl huilJil~g structures <Ire
classified bascd on thclr n:~ponsc to lc\d-2
earthquake gr.llInJ llIotlons 2! (scc Table 3). A
level-2 earthquakc grounJ Jlll/tion ~LlITt:sponds

to a probable maximullI earthquake event
currently defined as t:arthqu~lkc ground motion
at a ground velocity of 50 cm/sct: in the Tokyo
area. Buildings in eJt:h catcgory are reviewed
with accordanc:e to s,lfc:ty consideration. The
notation A+. A -. B+, B- and C In Table 2
correspond to the safely evaluation levels: a
level A+ design IS consickn:J to be the most
conservative design. hL'nc:c inhclc:ntly safe.
whereas a level C dcsil!n is lhe least
conserv~tive_ DiffnC:lllTs bl"twccn these safety
evaluatIOn levels rl"sult in requiring which
safety evaluation itL'llls be addressed. The
required items llIay includl", hut are nlJl limited
to. the following: :Ird,itcc:tural design, soil
condition. structural dcsign. isubtion devices.
earthquake response :malysis. analytical model.
natural period. canhljuake ground motions.
evaluation for level-:' carlhquake ground
motions. and/or evaluation of safc:ty margin. A
level A+ design will require the: It:ast number of
items. while a level (' design will require the
most.

Article 83 of the Building Standard Law
specifies the combination loads used in
~eterminin.g ~ design load acting on a base
Isolated bulldmg strul·turc with the exception of
an earthquake: L ad. This guideline specifies
the calculation mc-thod for the eanhquake load
case.

First, an earthquake load acting on the
superstru\'ture is to be calculated llsing the
following relationship

Ci = a.Z'RAi"nCIl (1)
where.

Cj = design story shear coefficient of the
superstructure;

a = isolation c:haracteristics factor
reflecting the base isolation effect;

Z = seismic zone factor;
BA; = distribution factor of story ,hear

force coefficient along the superstructure (BAt
= I at the lowest story of the superstructure);
and

BCO = standard shear coefficient to be
taken equal to 0.2.

Second, an earthquake load acting on the
substructure is the sum of earthquake load
acting on the superstructure as determined by
Eq. (I) and the earthquake load acting on each
part of the substructure. The latter is
determined by the procedure with the exception
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when isolation devices are installed in an
intermediate story.

Lastly. for the case when isolating
devices are installed in an intermediate stoIV ;u)

eanhqu:tke load is determined 'J' ..n
appropriate analysis that accounts for the ~ffect
of response amplification of the substructure to
both the isolation devices and superstructure as
well as the transfer of the earthquake load
from the superstructure to substructure.

The effect of base isolation is best
reflected by an appropriate response analysis of
the structure to earthquake-type base excitation.
The coefficients a and BAi are, thus. to be
determined by the preliminary response
analysis to level-l earthquake ground motions.
This level corresponds to an once-in-a-lifetime
earthquake event defined as a maximum
ground velocity of 25 cm/sec in the Tok.yo
area.

In general, a base-isolated building
structure must be shown to respond to two
levels of earthquake ground motions 2) for
target performance in eanhquake resistance.
First. during a level-l earthquake. the
superstructure must remain in the elastic range,
and the isolation devices must remain within
stable deformation (see Fig. 5). Also, during a
level-2 eanhquake, the superstructure remains
within a general yield of the stories (or within a
permissible ductility factor), and isolation
devices must remain within a performance
insured deformation.

The degree of safety allowance must be
investigated for all base-isolated building
structures except fcr a level A+ design in either
case where the superstructure is expected to
absorb energy by inelastic deformation. or
where t he isolating devices undergo
deformations larger than stable deformation.
Confirmation of the safety allowance is
necessary as the level-2 earthquake response
analysis does not necessarily cover all the
possible unfavorable conditions. These
include uncertainty in the input earthquake
waveform, the analysis method and the
analytical model. Particularly important is the
uncenainly in stiffness evaluation of laminated
rubber bearings. variation due to
manufacturing conditions. hardening or
softening in the large defonnation range. and
eccentricity, Also important is the evaluation
of load variation due to eanhquake ground
motion. Laminated rubber bearings are
currently designed in such a way that no
tension would be allowed even in case of a
level-2 earthquake. However, in the



confinnation of safety allowance, performance
of isolating devices beyond this limit is
investigated.

5. CONCLUDING REMARKS

This paper has presented a brief outline
of: (I) characteristics of base-isolated building
structures; (2) present state of base-isolated
building structures; and (3) safety evaluation
guideline for base-isolated building structures.

When the guideline is finally approved
and in effect, a relatively conventional and
conservative base-isolation design can be
reviewed directly by the Safety Evaluation
Committee. The state of a base-isolation
system is still in its development stage, and a
general social consensus for seismic safety of
this kind of structure as a new technical trend is
yet to be developed.

REFERENCES

1) "Report 01'1 Durability and Relia~ilit) of
Laminated Rubber Bearings for Base-isolated
Structures", the Society of Rubber Industry.
Japan. 1988 (in Japanese).
2) High-rise Building Structure Appraisal
Committee. "Earthquake Motions of Highrise
Bnilding for Dynamic Analysis", t~,e Building
Letter. No. 203. the Building Center of Japan.
June. 1986. pp. 49-50 (in Japanese).
3) "Report on New Building Construction
Technology-No.2. Safety Evaluation
Guideline for Base-isolated Building
Structures". the Building Center of Japan.
1989 (in Japanese).

172



Isohline
Bear Inc

Table 1 Classification of Ilolatine Devices')

t Natural Rubber Bearing

{

Lulnated Lead Rubber Bearln.
Rubber Bearina

Hich D••pina Rubber Bear ina

Slide T Elastic Slioe Bearing
Bearin. L

Rigid Slide Bearl~g

Bar Type

Loop Type

{

H)'IIteretie
Duper

Veloeity-Type
Duper

{

Steel Duper

Lead Dalper

Frict ion Daaper

-{ 011 Daaper

Viscous Duper

PJrtal Type

Plate Type

Ring Type

Table Z Elalple of Seillic Responle Criteria

Earthquake Selslic Perforlanee

Level Superstructure Lallnated Rubber Bearing

1 Not erceedlng Less than 100S or Shear
Strain

(25cI/I) Allowable Stress

2 Not erceedlnc Less tban ZOOS of Shear
Initial Yield Strain
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Table 3 Classification of Base-Isolated Building under Level 2 Earthquake"l
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Dynamic Modeling of Soil-Structure Systems for
Control Awlications

by

H. A. Smith· and R. I. BOrja·

ABSTRACT

Much aaention has been focused r~ent1y on the use
of actively controlled stnlClural systems in seismic
zones. However. me majorily of the models utili7.ed
in mis research are highly simplified representations
of me SlrUClural and foundation sysrem, and usually
do nOI consider model nonlinearities or complexities
such as soil-suucture intetaetion.

This paper presents and discusses a modeling
lCChnique for studying me effects of soil-structure
interaction (551) on the active control of seismically
excited structures. Insrantaneous optimal control
algorithms are used to formulate a system of
equations applicable 10 both linear and nonlinear 551
systems. The resulting control equations of motion
are solved in the time domain using a direct
integration scheme which can be combined with
NeWlOll-RaphsClII iteration for nonlinear syStems

This soil-structure inreraction (551) model developed
for use in this study is represented using a coupled
finite element (FE) - boundary element (BE)
formulation which has the capability to resolve
fundamenral difficulties such as radiation boundary
conditions, nonproportional damping, and hysteretic
behavior effectively. The foundation of the building
is assumed to behave as a rigid body with both
translalional and rocational degrees-of-lieedom.

KEYWORDS: active control; nonlinear; soil
structure interaction; earthquake; time-domain

1. INTRODUCTION

In recent years. considcrablc: research efforts have been
placed on the application of active control systems 10
structures in seismic zones. MlIIY of thc:lIe structllreS
exhibit inelas1ic or nonlinear response which aids in
the dissipation of energy but causes damage and
ooaerviceability when excessive. Active control is
used to ensure that these sUUctures d" not undergo
extensive and prolonged deformations which could
result in deslr..OCtiOll.

Various control algorithms and systems, such as the
lICtive tendon conlrOl systems and active tuned mass
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dampers. have been investigated for Lall SlrUCLUres
undergoing earlhquake excitations. However, most
of the methods studied thus far have involved rigid
based SlrUctural models and rarely are the issues of
nonlinear behavior and soil-structure interaction
effeclS 00dressed.

Accumre represeRlation of soil-structure inremClion
(5SI) effects is a crucial part of eanhquake
engineering analyses. To date. little work has been
done to study the influence of 551 effects on the
effectiveness of control algorithms. The properties of
the underlying soil can significantly innuence
structural behavior and consequently alter the
performance of a control algorithm formulated with
the assumption of a rigid structural base. In this
study, a nonlinear 5S1 model is developed for use
with an instantaneous optimal control algorithm.

The purpose of the research is 10 determine now soil·
structurc interaction effects innuence the active
control of buildings subjected to strong ground
motion. In Section 2, an overview of the previous
work on nonlinear optimal control theory is given.
Section 3 formulates the equations governing optimal
control of the linear and nonlinear systems, and
Section 4 describes the 551 model developed for use
with the conlrOl algorithm. A summary of the work
is given in Section 5.

2. OVERVIEW OF ACTIVE CONTROL
FOR STRUCTURES WITH RIGID
FOUNDATIONS

2.1 General Theory

For a linear. actively controlled one-dimensional
structure represented using an N degree-ol-freedom
finite element model, the equation of motion takes
the form:

MY(t) + Cj(t) + Ky(t) = Hu(t) + FI!(t) (I)

where M. C, and K. are the sySlem mass. damping.
and stiffness mattices respectively; y(t) is the vector

• Department of Civil Engineering, Stanford
University. Stanford. California USA 94305-4020



The Internal lorc'c, I'r. IS a function of yet) and y(t)
IRet. 21 and is found from the e::.pression:

of syslem response; H IS lhe matrix reiJtillg the
localions of the control aClualors to the syslem
degrees-of-freedom; u(t) is the vector of contml
forces; and F [(I) IS the vector representlRg the
external excitation. Equation I can be transformed
from a set of N equations of motions into a set of 2N
state equations in the form'

Fr(1) = f. nT
(J dV

yolumr

(l1)

i(t) =Az(t) + Bu(t) -+ WI'.:(t) (2)

where z(t) is the Slate vee LOr; A is the system matrix;
8 is the matri~ specifying the locations of the conuol
actuators; and W is the matrix specifying the
locations of the applied external forces.

Control algorithms for linear systems arc well
developed and extensively sludied. Optimal wnuul
algorithms arc based on the minimil.alioll uf a
quadratic performance index whose objective is to
mainUlin the desired system Slale while minimizing
the conuol effort. For a linear system, this
p.:rformance index takes the form:

J =r[Z(OTQZ(t) + u(t)TRu(t)J dt (3)

where Q and R arc the weighting malnees dictating
the relative imponance between the response state of
the system. z(t), and the control forces, u(t). and t f is
the duration of the eanhquake.

In 1987. Yang et al. [Ref. 14] showed that the
optimal control theory based on Eq. 3 is not
applicable to seismically excited systems because the
time-history of the excitation is not known a priori.
As an alternative. they introduced instantaneous
optimal control algorithms which are derived by
minimizing a time-dcpendent quadratic performance
index at every time step. This instantaneous
perfonnance function takes the form:

J = Iz(t)TQz(t) + u(tlRu(t») (4)

These instantaneous optimal control algorithms were
derived for open-loop. closed-loop and c1osed-open
loop control systems. Yang concluded that all three
instantaneous control algorithms yield identical
results in an ideal control environment

The equation of motion governing the response of an
actively controlled system undergoing inelastic or
nonlinear defonnauons takes the form:

My(l) + Fr(l) = Hu(t) + WF.:(I) (5)
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where B is the malrix relating strains to displace·
ments and cr IS the vector of internal stresses.
Methodologies for the control of nonlinear systcms
have been studied less extensively than active conuol
of linear systems. The remainder of this section
presenLs the present state-of-the-art in active control
research for systems behaving nonlinearly.

Z. Z Review of Cnntrol Algorithms for
Nonlinear Structures

In 19M\, Masri el al. [Ref. 13) presented a method
which utilized portable gas pulse generators to
actively control structural response. This conuol
algorithm continuously monitors Ll,: system state and
applies a series of force pulses when a specified
threshold valuc is exceeded. The determination of the
pulse magnitude is based on a perfonnance criteria
which is linearly dependent 0" the deterministic com
ponent of the structure's response. Both linear and
nonlinear MDoF systems subject to determini"tic or
stochastic response can be analyzed with this
optimum pulse control method. Masri et al. [Ref. 8)
later developed an on-line control method also using
pulse generators. This methodology, applicable to
linear and nonlinear sY:;'zms, determines the pulse
magnitude based on the instantaneous magnitUde of
the structural velocity.

A non-optimal active control algorithm for inelastic
(bilinear) SDoF systems was developed by Reinhom
et al. [Ref. 10, 11]. This closed-loop algorithm is
based on a reformulated version of the Newmark-beta
time integration scheme in conjunction with the
Ncwton-Raphson method. Here the active control
mechanism is triggered when nonlinear response
exceeds a prescribed limit which would render the
system unserviceable. Like the previous work of
Masri et aI., this methodology also utilizes a pulse
control system.

Abdel-Rohman and Nayfeh [Ref. II used a
combination active/passive control system to control
nonlinear oscillations of a single-span bridge. A
truss tendOll is used to provide both the passive
control (increasing stiffness and shifting frequencies
away from resonance) and active control (increasing
damping to limit peak amplitudes). The magnitude
of the active control fon:e is proportional to the
bridge velocity at midspan.



In a follow-up to his earlier work, Yang et at. [Ref.
15) proposed lIle use of the instantaneous control
algorithms for nonlinear systems with bilinear
elastic-plastic characteristics. The time-dependent
stiffl1C'SS and damping terms of the ~uation of motion
are 'lpproximated using influence coefficients
representing the tangent stiffness and damping
matrices. A solution to the resulting set of nonlinear
equations is found using Lhe Wilson-9 numerical
integration scheme. This meth" lology is
succes,iuUy proven using examples with 10th active
and hybrid (active/passive; control systems. Yang
proposes combining an adaptive control algorithm
with an instantaneous control algorithm to account
for system degradation in the cCJntrol process for
nonlinear systems.

In 1988, Kamat [Ref. 6J developed a control
algorithm for flexible spacecraft with both geometric
and material nonlinearities. This method is based on
an extt;n~ion of the Davidon-Fletcher-Powell
algorithm tor multi-variable function minimization
pleviously studied by Tripalhi and Narendra (Ref. 13].
The Newmark-beta average acceleration scheme is
used to integrate the nonlinear equations and a
globallyoonvergent Newton-Raphson method is used
to solve the lCSulting nonlinear algebraic equations.

Nagurka and Yen (Ref. 9] convert the optimal control
problem to an algebraic nonlinear programming
problem using a Fourier series approximation of ach
generalized coordinate. This method generates near
optimal trajectories of nonlinear dy••amic systems
represented by deterministic. lumped-parameter
models.

Nonlinear optimal control for Duffing oscillators
was studied by Subardjo, et aI. [Ref. 12]. Duffing
systems primarily occur in systems with large
deflections exhibiting geometric nonlinearities. Here
the nonlinear optimal regulator problem is examined
and represented using indicial tensor notation and the
resulting control melhodology is used to study lIle
Duffing systems.

Though all the previously discussed re:JellICh addresses
active control algorithms for structures behaving
nonlinearly or inelastically, none of the work
specifically discusses the issue of soil-structure
interaction. For this reason, the following section
formulates the instantaneous optimal control
algorithm [Ref. 23] developed specifically for
application with nonlinear soil-structure systems.
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3. AN OnIMAL CONTROL THEORY
FOR NONLINEAR SOIL·STRUCTURE
SYSTEMS

3.1 Control Tbeof)' fOf Nonlinear Systems

In this study we formulate a control theory for
nonlinear soil-structure systems as a constrained
minimization problem. As previously presented. a
time-dependent quadratic objective function J\t) for
instantaneous opumal control in the context of Yang
etal. [Ref. 14] is assumed.

We seek to minimize the performance index al I =
In+1o

subject to the constraint (i.e. lIle equation of motion
at t =t,.+\ as stated by Eq. 5)

MY("'+I) + Ft(tn+1l == 8u("'+!) + FE(ln+!) (8;

For convenience we write the performance index of
Eq. 7explicitly in lennS of the individual elements of
the Slate vector z(tn+!). Since J(t) is a quadratic
function, the performance indell can also be written in
the following form:

J (In+!) =Y(In+llQIy(ln+I) -+ 2)'(In+l)TQ2i(ln+l) (9)

+ Y(ln+l)TQJY(In+I) -+ U(In+l)TRu(ln+J)

where tbe weighting matrill Q is written in
partitioned form as

(10)

Note that the minimization of J(t) is performed
instantaneously at each time station, as discussed by
Yang [Ref. 14]. Equations 7 through 9 represent a
general instantaneous optimal control algorithm
applicable to both linear and nonlinear soil-structure
systems.

Equation 8 represents a numerical integration of the
hyperbolic dynamic equation of motion in time. In
practice. time·stepping of a second-order ODE may
be performed effectively using either die Newmark
method or any of its variants.

One can establisb the equivalence of lIle control
algorithm given by Eqs. 7 and 8 with the nonlinear
control algorithms proposed by Yang et al. [Ref.
IS] by applying the Taylor series expansion of the
nonlinear constraint (Eq. 8) about the current time



and substituting into Eq. II. the incremental lime
stepping algorithm of Yang et al. is obtained where

and are the respective gradients of FI evaluated at
time station In. By letting

where C'" (tn) and K'" (tn) represent the langent
damping and stiffness matrn:es at 1". These matrices
can be rqresented as

(17)
r(ln+I) '" DY(t.,.J): A(t-v =DY(t.,.I)

DY(ln+ I) DY(ln+ V
~t.,.1) '" DF,(ln+J)

Dy(t.,.J)

i)H .
--'" 2Q1Y(t"..0 + 2Q~(t.,.I)
dy(lntv

T T
+ 2 A(ln+J) Q~{t.,.J) + 2 A(tn.J) Q:\Y(t.,.v (lSa)

+ [M r(t...1) + ~l,..I)lT~t...J) =0

and expanding Eq. 15. we obtain the following three
matrix equations:

Introducing the following (N x N) gradient arrays
where D represents the total derivative:

Together wilh the equatiOilS that characterize a
particular time-stepping algorithm we view the
Hamiltonian as a function of the control forces
U(ln.1). the Lagrange multipliers ''-(In+l) and, the
displacement vector y(tn• l) (note thaI y(ln+I) and
y{t... l) can be determined once y(t,..I) is computed).
The necessary conditions for minimizing the
performance indell. as defmed in Eq. 9 subject to the
constnlint imposed by the equation of motion are

inSla11t In.1o and let the Hamiltonian function H be
defmexlby

H = y(t.... I)TQ1Y (t... l) + 2y(ln+l)TQ;d(t.,.v

+ y(tntl)TQ3y(t",1) + U{t"'I)TRu(ln+l)

+ A,(t...I{ [My{l,,; I) + F,(tn. I)

- HU(ln+l) - FE(tntl»)

(13)

(12)

(II)

c·(w =aFttn) I aY(t..)
...

K (w,., aFttn) I oy(t..)

-M ri''<t.,.I) + HU(t.,.I)

'" -M"'-ii.<W +.uJ + H[u(tn) + t:.u]

M[Y(l.J + l:.y] + FiW + C*(tn)l:.Y

+ K*(tn)t:.y =-Mri''<ln+l)+ HU(t"..l)

M[Y(t..) + .1,] + F(ln)

• •+ C (tJt:.y + K (W~y (14)

'" -M "'-ii.<W + .uJ + H[u{tn) + ~u]

Clearly. Eqs. 8 and 14 are equivalent for the linear
case. For the nonlinear case, the equivalence of the
two algorithms can be established in the limit as the
time step vanishes. Owing to the explicit form of
Eq. 14. however, numerical stability problems could
seriously afflict the Yang et al. algorithm in the
nonlinear regime. particularly when the time step is
large. Furthermore. without a sound iterative
stnIlegy. the Yang et al. algorithm could fail to detect
the onset of initial yielding or initial elastic
unlOllding in e1asto-plastic mate::rials. which could be
ClUCiaito the aa;umcy of the control aigorithm.

station 1". Upon ignoring lite liCa)nd-order terms and

setting FI:(t.,.I) = - M ri'.<t). the expansion takes the
fonn

Equation 8 is a generalized equation of motion and
includes effects of soil-structure interaction provided
that the equation of motion is imposed over a region
which includes not only the structure but also the
foundation and the supporting medium. Thus. energy
dissipation due to radiation damping. which has no
counterpart in a rigidly supported structure. becomes
part of the constmint equation.

3.2 General Solution Algorithm

Let A(t".I) represent an N-dimensional vector of
Lagrange multipliers for optimal control at time

i)H T
--'" 2Ru(t...V- H A,(l"..I) = 0 (18b)
OU(ln+1)

dH "(.~ (--= My t.,.v + F, t... J) - Hu(te.1l
oA,(1nt I) (tHe)

-FI:(t.,.0=O

By solving Eqs. 18a. ISb, and 1& simultaneously,
we obtain the instantaneous values of the vectors
U{"'.I). y(t".d. and A(ln.l) .
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where r is an N-dimensional vector function of
y(t".I)' A vector y(t".I) is sought such that r = O.
The purpose of NeWlOn's mt"thod is to iterate over the
function

(where the subscript t in Eq. 23 represents an
iteration counter) untilllrli becomes negligible. In
practice, the error tolerance represented by the symbol
II rJl is taken as the Euclidean norm.

A. major impediment to an efficient solution of Eq.
22 by Newton iteration is the dependence of the
matrices on the (as yet unknown) Langent stiffness
matril\ ~t,.. I)' An alternative iteration strategy that
does not use this unknown Iangent stiffness is
provided by the so-called modified Newton iteration,
which requires the evaluation 0: an initial tangent
operator only; however, the convergence of this
iteration is generally very slow. Another possible
approach is to take an approximate linearization of
the left-hand side of Eq. 23 and define the langem
operator as

(24)

(23)

r'(y(t...Jt} = Mqtn.tl + ~lw-0

- HR-IH~Ur\(ta.)) + VJ

r'[y(ln+lh)~y =r(y(t.,..)t)

where y(tn.I)t.1 t- [y(t... l)t - t.yJ

(20)

A(t...1I = 2UY(.... t) + 2Vy(t... l) (19)

U = - [r(t.../M + ~""I)]1Q2+ A(.... lI
T

Q3]

V = - [nt.../M+ 1\ttntlllQI+ A(ln+))TQ2]

Substitutint! Eq. 19 ill Eq. ISb and solving
for U("'.I)'

with (assuming symmetric M and K)

Equations 18&. 18b, and 18c can be simplified for the
linear case by first writing Eq. ISa in a form suitabk
for evaluation of the Lagrang:: multipliers A(I".\)
whm

3.2 Linear Optimal Control

Note that r(t".I) and A(ln.l) are constant gradient
arrays, i.e., their elements are constant scalar
functions of the integration parameters for a particular
'ime-stepping algorithm. For the linear case ~1".1)

is also a C<lI1stant gradient array; however, ~I".I) is a
time-depen<1Cnt function for the nonlinear systems. It
is observed from Eq. 17 that for linear elastic
undamped ~ystems, ~tn.l) =K and for linearl)
elastic damped systems. ~t".I) = K + CA("'.I)'

The final recurrence equation is obtained by
substituting Eq. 20 into Eq. 18c where

MY(t...)) + Cy(lntll + Ky(t...)) - FE(lntt} (21)

- HR-1Hl{UY(In+I) + Vy(tmt}] ·0

Together with a given time-stepping algorithm (e.g.•
the Newmark method). Eq. 21 is a linear system of
equations that can be solved in a straight forward
manner in lime.

where the matrices r(t".1) and A(t".I) are as:aimed
fixed in the linearization. The convergence
performance of a Newton-like algorithm based on the
approximate tangent operator given by Eq. 24 is
presently under investigation.

4. APPLICATION OF CONTROL
ALGORITHM TO SOIL.STRUCTURE
SYSTEM

4.1 Onniew or SSI Model

3.3 Nouli.ear Optimal Control

Nonlihearities require that the optiMal control
problem be solved by iteration. Here, Eo::. 21 is a
nonlinear function of )'(1".1)' An efficient algorithm
for solving a system of nonlinear equations is by
Newton iteration. Equation 21 is put in the residual
form

M)I(In+t} ... F.(t...lI- Fr;(t"..)

- HR-IH1[U;(lnol) + Vy(ta.t}] =r

(22)

The equations formulated and discussed in the
previous section are applicable to both linear and
nonlinear 551 systems. In this section the
importance of incorporating 551 effects in earthquake
engineering models is discussed. The SSI mMel
developed specifically for use with the preceding
control algorithm is then presented.

When a structure is subjected to earthquake forces. the
structure's response is modified considerabl) by the
dynamic deformations of the underlying soil.
Acclll1lle represen&ation of soil-stnIClure interaction is
a crucial part of earthquake engineering analyses. A
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large number of soil-structure models exist of varying
degrees of compleltity. The choice of the most
appropriate model for a particular analysis is based on
the building-foundation system of interest, the desired
level of accuracy, and experienced "cngineering
judgment."

A conventional first step in analyzing the dynamic
response of acti vely conlic!!"" MDoF structures
subjected to seismic excitation is to input a one
dimensional canhquake ground acceleration at the base
of the structure. While this approach may be
appropriatc for structures supported on a rigid base
(such as bedrock), it is not realistic for structures that
rest on soft soils where interaction between the soil
and structure could dominate the building response.
For these cases, it is particularly important that the
innuence of 55! on actively controlled systems be
carefully evaluated.

In the present study, the actively controlled stnJCture
is considered as part of a larger system which indudes
the foundation and the supporting medium. Analysis
of a larger system allows modeling of radiation
damping and the rocking motion at the base which
could otherwise dominate the building response and
consequently alter the effectiveness of the control
algorithm.

The SSI model proposed for use with lhe previOUSly
outlined control algorithm is shown in Figure I.
The total domain, n is divided into a finite interior
part. n l, and an unbounded exterior part, n E.
Nonlinearities are allowed to take place in QI, but not
in QE where the response is assumed to be strictly
linear. Between the two subdomains is a non
renecting boundary Xb that serves to absorb all
scattered waves emanating from nJ during seismic
excitation. The non-reflecting boundary is not
necessarily regular; the only requirement is that it
defines the boundary between the linear and the
nonlinear regions. The finite element m.:thod is used
to solve the numerical problem in n t while the
boundary element technique is employed in QE.
Thus, a typical mesh consists of mixed finite and
boundary elements as shown in Figure I.

Seismic loads are input directly on the non-reflecting
boundary in the furm of free-field excitation.
f<J!lowing Gutierrez and Chopra [Ref. 5] and Bielak
and Christiano [Ref. 3]. Here, the free-fteld response
is substracted from the total response resulting in a
composite problem which is solved for the total field
in Q I and a scalier field in n E. Malerial
nonlinearilies are treated in the finite element
formulation using a bilinear constitutive model for
the structure and classical elasto-plastic and elasro
viscoplastic constilutive models with isotropic and
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kinematic hardening for soils [Ref. 4). Time
integration in QI is done using Newmark's fully
implicit scheme, while in nE time-marching is done
by numerical evaluation of the convolution integrals
in the time domain. The composile FE-BE system is
then solved simultaneously by Newtcr. Raphson
iteration.

4,2 Some Notes on the Application of
Control Theory to SSI Problems

In analyzing soikU"Jcture interaction problems for
control applications, we need to redefine the stale
vector I:(t). Restricting our structural model to the
case where the base of the foundation is assumed
rigid. the state vector can be defined in terms of the
nodal velocities y(t) and displacements y(t) of the
structure relative to the motion of the rigid base. If
rocking of the base is considered. then the relative
motion may be taken with respect to the rigid-body
configuration of the s!rllCllJfC compatible with the
rotational motion of tr.e rigid base. Hence, in
principle. the performance indelt can be uniquely
defined.

Note that the translational and rocking movements of
the base are themselves unknown in a typical soil
structure problem. Thus, the forcing function F[(t)
generally differs from the source-point inertia force,

- M n.<O. However, using the method of Bielalc
and Christiano [Ref. 3) for prescribing Lhe seismic
input through a sOil-strucLure interface. it is always
possible to write the equation of motion for the soil
structure system in such a way that the extemal force
is driven by the free-field motion. In that case, an
instantaneous control theory can phrased such that the
performance index is minimized at each time step
depending on the instantaneous motion of the free
field.

The control algorithms and 551 model proposed
herein are currently being irnplemertted. Parametric
studies are being made which quantify the influence of
nonlinear soil-structure behavior on control theory.
Consideration of system nonlinearities and analysis of
the combined FE-BE soil-structure model in the time
domain allows accurate representation of fundamental
difficulties associated with SSI analysis.

5. SUMMARY

Despite the extensive work done recently in active
control of seismically excited structures, little
resam:h has directly addressed the issue of the effects
of soj)-stnJCture interaction. The structural response
can be significantly affected by the properties of the
underlying soil, which Iypically are not oonsidered in



(onventional ::onuol applil:ations based on rigid
foundation systems. This paper formulates and
presents an optimal (ontrol algorithm for actively
(oouoUed soil-structure systems. The pwpose of this
study is to determine the effects of SSI models on the
effectiveness of centrol algorithms.

An instanlalleous control algorithm is formulated
which is applicable to both linear and nonlinear soil
structure interaction systems. The equation
governing the control of a nonlinear soil·stru~ture

system subjected to strong ground motion are
formulated as a constrained minimization problem,
and a tirne-dependent performance index is presented.
A solution to the resulting equation is achieved by
incorporating a direct integration scheme with the
Newton-Raplmn technique.

The SSI model proposed for use with this control
algorithm is based on a boundary element (BE) 
finite element (FE) fonnulation, and is capaNe of
overcoming the fundamental difficulties typically
lISSCCiated with soil-structun: interaction analysis such
as radiation boundary conditions. The foundation of
the sttueture is assume to behave as a rigid body with
the ability to translate and rotate. Hence, the state
vector z(t) in the control algorithm and performance
index represents the relative motion taken with
respea to the rigid-body configuration considering the
rocking motion of the foundation.

Studies are underway which fully implement the
control model and algorithms presented in this paper.
Results from these studies are expected to quantify die
influence of soil-structure behavior on the
effectiveness of active control algorithms for
seismically excited systems.
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Current Research Efforts in Japan for Passive and Active
Control of Highway Bridges Against Earthquake

KllZuhlko KAWASIIII'IA". ItlnJI IIASECI\IfA'"'. Shlgekl UNJOIf". IIlroyukl NACI\SIIIMA-.
llnd IIldeyukl SIIIMIZU··

A/J""J!ALT

This paper presents current research
activities on passin:. actl ..e and hybrid control
for appllcatlon to bridle structures conducted
at the Public Works Rescarch Instltute.

ItE1' lORDS: IIIlhway Bridles, Menshln Systells.
Active Control. lIybrld Control

I, IJmlODUCTION

Mcnshln aystells (Dase-Iaolatlon). which Is
belnl Introduced for application to hllhwllY
brlel,es In Japan'''·'. Is to reduce earthtluake
response of hllh"ay brldres b.v "Passive Means",
On the other hand. actIve control Is to control
It b" "Active Means. - Since PI ternal energy
suppl" required to reduce the brldre response
to satisfactory level Is slrnlncant durlnr a
s'rnlncant earthquake In the active control, It
Is stili In a laboratory, Therefore. -lIybrld
control. which Is a cOllblnatlon of advantages
or passive and actlve control. Is pro.lslne for
reductnr the earthquake response of structures
with allall allQunt ot external energy. The
developllent of hybrid control for Iliprovin..
the sehtlilc safety or hlKhway bridles. which can
not be achieved by extendlne current selsllie
desl,n lIethod, Is expected" .

A series of researehes. and develop.ents on
passhe. acthe llnd hybrid control for hlrhway
brldKes have been lIade at the Public Works
Research Instltllte since 1917. This paper
briefly presents current research activities on
passhe. active and hybrid control for
appllcatlon to brldee structures conducted at
the Public Works Research Instltute.

2. DE!t:LOI!IJ!T OF JlPSDIIf STS'!'EMS

2-1 "olAt Reuarc!a Procr.. 08 IllenlJhla SYSte-s
Cor DIC!nrv BrldcCll
For studyln, the apl'llcatlon at the -enshln

systells IplII!Ilve contrail to the selsllic design
or hleh..a,. brld,es, a co••lttee chaired by
Professor Tsuneo lIatayua. University of Tokyo.
.... tor_lsted throueh 1988 to 19119 at the
Teehnoloe)' Research Cl!nter tor National Land
Developllent. Three pro,rllM ..ere studied In
the co_lttee. I.e.. I) ,a survey of -enshln
devices ..hlch can be used for hl,h..a)' brldees.
21 a stud)' on the key points or the desl,n or
lIenshln hlrh".)' brldees. and 3) desl,ns or
lIen.hln hl,h"a" brldees. As .the final
accollpllsil.ent of the study. -GuIdeline! for

Deslrn of Menshln Brldees (draft)" ll'U pUblished
In 1989'"'.

Dased on the study IIhove. the three-ycllr
J~lnt research prorrll. on the .enshln systells
for hlehway brld,es Is now underway between
Public Works Research Institute and twenty
elrht private flrll's since the year of 1989. The
roal of the prOlrall Is ·0 develop the ll'Cnshln
deslrn ll'ethod and the new .enshln devices tor
hlrh"ay brldres In order to I.prove the sels.lc
p<!rforllance oC ne" and edstlne brld,es with
I!lSS cost by the _nshln systellS. Fill. I sho"s
the research Ite.s of the prOKra•• "hlch are
outlined In the follows·' .

2-2 DC!veloo-ent or New Mcnshla Dc!vleet
A lot of bue Isolation devices which are

811111"r to the .enshln device have been ever
developed for bulldln, structures. II o..ever. the
lIenshln devices for hlrhway brldees have to be
1I0re co.pact and !lOre "enther-proof than the
devices for bulldlne structures since the
lIensh!n devices would be Installed at narrow
and exposed crests of brldee colullns. The new
.enshln devices should be developed
exclusively for IIenshln hleh"ay bridges to be
effectively constructed In Jspan.

The followlnK ten new devices In the silt
types are no" beln, developed under the
research proerall.

II lIlrh Dallplne Rubber Bearlne----- 4 devices
2) SlIdln, Friction D....per---------- 2 devices
3) Steel Da.per --------------------- I devIce
4) Roller Meilshln Deltrln, -----_._-- 1 devIce
5) LInk Bearln, ---_._.-----._-••---- I devIce
6) Viscous Dallpc:' ------------------- 1 de"lce
All developed Jlp.nshln devices but the Ilnk

bearlne were tested by the loadIn, experl_nt
syste. oC PWRI under the sa_ loadln,
conditions to verify their perror..nee. In the
tests, the cyclic lateral force ... III"en to the
de"lees by th" adllator under the constant
axial force. "hleh Is equlYlllent to the dead
load ot the superstructure. as shown In Photo
1. Since the perforllance of 50_ devices could
be affected by the te.perature, the tests were
conducted In the roo. sholl'll In Photo 2, ..here
the tellPerature .u kept at 20 "C.

1) Head of Earthquake Enillneerlnr Division.
Earthquake Dlsuter Prevention DepartllCnt.
Public Works Rl!learch InsUtute. 1ll1nlstry or
Constructlon. Tlukuba Science City. 305 Japan

2) Senior Research Enrlneer. ditto
3) Research En,lneer. ditto
4) Assistant Research En,lncer. ditto
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Fle.2 sholl's the Illtcrll1 force \'s.
dlspillcellent hysteresis loop. of Il hleh duplne
rubber bearlne and a slldlne friction dalper. It
Is said that thc dalplnl cffect of every tested
devices Is satlsfactory for hleh.lly brldees and
the dyna.1c character Is also stable with the
sllOoth hysteresis loop.

The standard of the test procedure for
lenshln de\'lccs rtre belnl specified under the
research pro-rae In order to certify the other
devices which would be developed for hllhwlly
bridles In 1l'tLore. There are two lain Itels In
the proeed·Jre. :llle of which Is related to the
perfor.ance as a support such as the check of
the \'ertlcal stIffness, and the other Is related
to the dynallc horizontal perfor.ance as a
lenshln de"lce such u the check of the
stllbillty under t1;~ repeal <!d cyclic lateral
IOAdlne. thf! chf!C'k of the dependency on the
10lldlne \'eloclty or frequency, the check of the
df'pf'ndency on the axlnl force. the check of the
dependency on the lateral loadlnl dl rf'Ctlon
and the check of the dependency on the
teaperature. The tf'St condItion for each Itea
and the fl\'aluatlon of the to,st rcsu It have b....n
fo rlu lilted. The size Bnd shape of the
spf'cl.ens. the load Inc test apparatus and the
loadlnl procen .111 be standa, ~17:ed.

;-3 oe"cloncnt of Ezp....IOI "oluts and
~!l!!tr.lncn for Jl!eDShlu BrldeCII
The knock-off !lechanls. and the f1nrer

expansion Joint which Is dl.tlneulshed fro. the
relular rlneer Joints by the tran••erse
.o\'ellent. are belnl de"eloped under the
research pro.ral. The restrainer Which conll.ts
of the Iteel bar In.talled In the cre.t of the
lIubstructure and the steel culnl With the hleh
duplnr rUbber Inside Installed under lhe
superstructure. Is aillo belnr de"eloPf'd.

The knock-off .echanls. III Illulltrated In
Fie. 3'" . If the ellceul,e dlsplac'!!.ent of the
Ilrder toward the abutllent ..ere broucht by
earthquakes. the apron of the slab would
COllIde with the top portion of the abut....nt.
Since the portion III not actually filled to the
abut....nt Itsel~ It would be squeezed Into the
backfill behind the abutllent to eue the Ilpact
Induced by the colllsion.

The ....ch.nls. was tested as Ihown In Fie•••
In "hleh the top portion was pressed back Into
the backfill by the actuator. In order to
obser"e the .Ituatlon or the Iqueeze and the
da_le of the backfill. and _asure the
resistant force o~ the backfill"'. PIlote. 3 and 4
Ihow the .pecl.en IIIId the sltultlon after the
test. rupeetl"el,. Fie.!! shon the lateral
force "I. dlsplacellent cune 01 the IIeOhllllls..
It II seen that the I.pact force could be
.!tIcated and the extenslYe dl.place....nt of the
,Irder would be controlled by the .echanl••.
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;-4 nc.cloo-cnt of I1cnshln Dcsllll ftclthod
F1,.' Illustrltes the flow or the IICnshln

deslen .ethod. In whIch lhe two levels of the
deslln earthquake loadlnlr are considered as
Il.lted .tates. The lower le"el. L.evel I. II
..qul"alent to th.. deslln sels.lc rorce of the
selsale coerrrclent lethod reeulated In the
Deslrn Specification. of llIehway Bridles' Part
V Sels.lc Deslen. This represents the sels.lc
force for .oderate earthquakes which are
suppost'd to take place with hi "her probability.
The hllher le\'el. Le\'el 2. I. equivalent to the
deslln sels.le force of the check of the bearln,
capacity of the reinforced concrete colu.n. for
the lateral force re"ulated In the
specification, for lareer earthquakes. luch u
Kanto earthquake In 1923. which are .upposed to
take place rarelynB>. The deslln procedure will
be for.ulated. beln, ba.ed on the flo•.

2-5 Application of Illcn.bln DC!IIlcn
Since expansion Joints aake annoyIn, noise

and are "ulnerable to the trarflc load.
continuous brldee. tend to be constructed
rec..ntly with the de.and of 10werlne the
nUlber of Joints. Thf'refore. one tareet or the
.enshln Iy.telll Is to construct continuous
bridles. The .ultl-Ipan contlnuou. brldre with
the elrder leneth .ore than I k.. which I.
called In the research proln. III a luper
.ultl-span continuous bridle. Is hlrhllehted u
a crucial research Ite•. It wu concluded that
the super .ultl-span continuous brldre with 28
span. as shown In Fle.1 eou Id be constructed
with the IIf'nshln Iystf'••

Exl.tlnl sllple rlrders would be connected
one another In order to allo decreue
ellpanslun join til between adjacent .II~· ~

Ilrder•. Since the Inertia force of the elrder
trans.ltted to each lubstrueture .llht be
"arled by the eonnectlnr. the Itren,thenlnr or
sOlIe sUbstructures would be required due to
the lack of the bearlnr capacity. It w.. deduced
that the dlltrlbutlon of the Inertia foree could
be Intentionally adJUlted with proportlDn to
the capaclt, or each SUbstructure. by the
replacetlent of the exlstlne ordinary fixed or
lO\'able bearlne. with the aenshln de\'lces. The
construction ....thad and the stnlctural detail
or the eonnectlnr and the replac_nt will be
ex..lned under the research proer...

I-t Drart .......1 [or fl!WhIp bin 01 Dlmru
IIl:IH8
The proer•• will be aceo.plllllled In I'Iarch.

1"2. The draft ..nual or the aenshln dealrr.
_thad. the contenu of which are sho... In the
follOlJs. Is to be COlPOSed al the fruits of the
researeh procrlllL

Chapter I INTRODUCTlOM
1.1 Purpo.... of Manual



1. 2 App IIcation of Manual
1. 3 Dennl tlons of Teras

Chapter 2 DI\SIC CONCErTS
2.1 Purpose of Menshln Desl~n

2.2 Earthquake Levels and Ualted
States

2.3 Selsale Deslen Force of Manshln
Deslen

2.4 Desl~n Method and CriterIon of
Safet)· Check

2.S Basic Flow Charts of Menshln
Deslen

2.8 Application of Menshln Deslen

Chapter 3 DESIGN AND CHECK OF SUPERSTRUCTURE

Chapter 4 DESIGN AND CnECK OF SUDSTRUCTURE
4.1 General
4.2 Desl,n Acceleration for

Sub.tructure

Chapter 5 DESleN METIIOD OF 'fENSIIIN DI!:VICI!:S
5.1 Dllslc Concept of Dcsl,n
5.2 Desl,n Acceleration for Menshln

Devices
5.3 Rubber Dearln,
5.4 Lead Rubber Dearlne
5.S lIIeh Da_plne Rubber Bearln~

5.8 Steel Da.per
5.7 Frlctton D.aper
S.1I VIscous Daaper

Chapter II CIIECI( 01' MENS"IN BRIDGES BT DYNAMIC
A..ALTSIS
8.1 General
8.2 'npul Motion or Dynaalc AnalYsis
8.3 Dyn_lc Analysis Method
'.4 Safety Check by Dynaalc Analy.ls

Ch.pter 7 STRUCTURAL DETAILS OF MENSIIIN
BRIDGES
7.1 General
7.2 Restrainers
7.3 Structural Details of Iltenshln

Devices
7.4 Structural Details or Expansion

Joints

Chapter' CERTIFICATION TESTS OF MEI'ISIIIN
DEVICES
'.1 General
1.2 D)'n"lc Loadln, Test
1.3 Static Loadlne Test
1.4 Ultl..te State Test

Chapter II RETROFlnll'lC BY MElfSItlIC DESIGN
11.1 ceneral
11.2 Application of Menshln Desl,n for

Retroflttlne
'.3 Deslen Method of "'enshln Device.

for Retroflttln,

9.4 Construction of Mell!!hln Dcvlce!!
for Retroflttln,

11.5 StructurAl Details of Retroflttlnr

Appendix I Refer"nc('s for Oesl,n
AppendiX II Desl,n ElIlIapll'!!

3. CONSTRUCTION OF JlIIF.IIlSRlN 11IGIIYJ\Y DRffiGES

3-1 Pilot Construction of I'lcnshlD ",cbwll'
!!rldees
five pilot aenshln hl,hwlIY brldees liS shown

In Table 1 are under construction with the
supervision or Ministry of Construction. In
order to verify the perfor.ance of the .cnshln
systea. One of thea. MIYlIllIWlI BrIdie In
Shlzuoka-ken. was coapletcd Ilnd opened for the
public traffic In "lIrch 15. 1901 as the first
acnshln hl,hwllY brldee In Jllplln.

3-2 "17ua.a Brldee
- Flat MensblD Blehwu ~rl!OOL:

I)Outllne or "'laraw. Bride"
The "'IYll,IIWII brldre locllted at

!Iaruno-allchl. Shu·tI-,un. Shlzuoka·ken. Is II

three-span continuous !!tecl plate rlrder bridge
with the totlll lenrth Of IOS.8 • and the width
of 10.5. as shown In Fie.'. "hleh span!! over the
Keta,a"a rh'er as II brldlte of the nlltlonlll
hl,hwlIY 1'10. 362"'. The rubber bellrlnrs with the
lead plu, Inserted at the center shown In Pboto
5. which were developed In Ne" Zealand and are
usually deall'nated as lead rubber bearlnr!!
1m '''. were used as the aenshln devices.
Althou,h the lead rubber bearln, Is orl,lnally
.ovable to any lateral direction. the
restrainers were Installed to preYent the
bear InK tro. the transverse aoye.ent !!O that
the .enshln .yste. works only In lon,ltudlnal
direction.
2)'leDsblD Desll'll

The brld,e .lUI dest,ned In accordance with
the Deslen Specifications or HJlhway Brld,es.
Table 2 su...rlzes the natural period. the
deslen horlzont.l acceleration and the de!!lcn
relatlYe dlspl.ceaent Of the bear Inc for both
the sels.lc coefficient .ethod and the check of
the bearlnr capacity or the relnforl'ed concrete
eoluans for tbe lateral force. The desl,n
acceleration 'a 0.2 I with the natural period of
0.711 !H!C In the selsalc coefficient aethod. It Is
0.54 e With the natural perIod or 1.01 sec In the
check of the bearln, capacity. when ener,y
dllSlpation effect or the bllse-Isolated devices
Is taken Into account. nowe"er. since the brld,e
Is one or the Tlrat .enshln brldees In Jap.n. the
dll.plnl effect of the deVices was not taken
Into account In the check of the bearln,
capacity. Therefore. the deslln acceleration of
0.1 ;: Which 'll!< obtained by allSu.lnc thst the
enercY' dissipation of the devices Is zero. was
Uled In the check of the bear In, callaclty.
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Since the _n"hln "y"te. trll'rer" orr the
larlcr dl"place.ent of the super"tructure
rellltive to the "ubstructure than the ordInary
brldres. the nfrtclcnt ."p should be kt'pt
between the abut."nt and the .Irdcr. 1I0d lit th ..
ellpan"lon Joint. On the other hftnd. th.. larrer
rap at the ellpan"lon Joint would brine the
vulnerablll ty to the trafnc load. Ther..for ...
the rollowlnr concept wa" adoptt'd that the If"P
between the abut...nt and the Ilrder should be
decided a" the rlrder would not collide to the
abl'tllent when It Is subject to ellrthquak..s ror
the check or the bearlnr capacity. and the rap
lit the ellpllnslon Joint should b.. .lIde
equivalent to th.. relatlv.. dlsplacem..nt
developed at the ellpllnslon Joint by
earthquakes of the sels.lc COl'rflcl ..nt .ethod.
It was rollowed that the IIIps bl'tw..en th..
abutllent lind the rlrder were ISO •• lind the
''1P5 lit the expansion Joints were SO ••.
3) field Vibration Test

The rree vibratIon tests were conducted
under the Joint r~earch prorra. betw..en the
Earthquake Enrlneerlnr Division or rWRI ftnd th..
Shh:uoka-ken I'overnllent prior the openlnr In
order to verify the eHect of the .ensh In
syste•. The three hydrllu!lc static jacks oW'led
by the Research Institute of Japan "'Ihwoy
Public Corporation were placed bctween the
te.porary steel rra...s IIss...bled und..r the
rlrder and the A2 IIbut_nt a!l !lhoWll In Photo II.
The force capacity of each jack Is ISO tf and
the .alll.u. "troke Is ISO ••. The force crellted
by the jack can be releft!led .ore rapidly than
the reruler !ltll.tlc jack to develop the rree
vlbrlltlon. The rlrder WIIS forced by the jack to
• 01'1' aralnst the abut.ent In the loneltudlnal
direction to II cp.rUln dlsplacellent. The
."lll.UII dlsplacf'.ent ..as decldf'd liS 8 c. so
that the total force or the jackS should not
exceed the caplIc!:y of th~ C···ltlll"nt.

The accelerlltlons un tne rlrder at each
substructure (II poInts). the accelerations on
the crests of the sublltructures (II points) and
the dlsplacellent of the ,Irder relathe to each
substructure 1ft points) were recorded durlnr
the free vibration tests.

Fie.' ahows the relative dlsplace.ent of the
Ilrder on the A2 abut.ent ",hen the force of the
Jack "'as released at , ca. It II observed In the
fl,ure that the free vibration of the rlrder was
developed In 0.75 sec arter the release and the
I'lrder calle nearly to a Itop at 4 sec, re.alnlne
the residual dllplace.ent of 5.4 ca bT the
plllltl<~ resistant force of the lead plue.

Fle.IOCa) Ihoft the eeneral laOdel for the
lateral load VII. dlsplace-ent relation of the
lead rubber bearlnl'. Since the load conllsts of
the linear restorlnr force of the rubber and
the plutlc~ restorIn. force or the lead plue.
the relation ean be ellprened III a COIIblnatlon
of the linear IPrln. laOdel and the friction

.odel shown In F1I!1,lO(b) and (c). rl!speCtlv .. ly.
The naturIIl period and th.. da.plnr eff..ct was
IInalyzf>d with a sl.ple slnrle derrl!e of frf'edo.
oscillation syst... !IS shown In Flr.lI. which Is II
aodel for the I'lrder and the lead rubber
b..arlne5.

The sprlnl' constant lind the friction rorcc
"eCes5"ry for the 1I0lllY515 were obtslned froll
the r"sult of the loadlnl[ tests...hlch hlld
llellSU red the laternl loftd Ys. dlsplncellent
relation or the lelld rubber bearln. prior to
th.. construction. liS 2.351 tf/. and 173.8 tf.
rl'spectIYf'ly. The r..sult of the analysis Is IIlso
shown with a dott ..d 11"" In the Fl,.'.

The anllly!lls ..valuates the test very well In
th .. rl rst 0.75 sec after the rele!l!le. It can be
df'rlved that the dynnlc perfor.ance of the
IIpn'll1ln bridle could be assessed wi th the
pllrall.. t .. r!l obtained fro. the loadlnl' test of
the bearln, Its .. lf. The rradusl decr..a'le of the
relative dl5placell(!nt arter 0.75 sec observed In
the t ..st. could have to do wi th the ere..p of the
lead plur.

The trllfrrc vibration tests ..ere also
conducted by runnlnl the truckS under the
Joint r ..s..arch pro,ra. bet",een the Structure
Dlvl510n of PWRI and the Shlzuoka-ken
rovernllent. No unusual vibration due to the
...nshln 5yste. ..a" 1I0nitored around the
bearln,.

The 101l1-ter••ell!lure...nt of the residual
r.. ldl .... dlsplac.....nt after the release at • ell

"Ill be done .Ince the end of a serIes of tests.
The dlsplace.ent wu recovered to 0.9 c. at
about one .onth later. It Is said that the
re!lldual dlsplace.ent of the bearlne cause no
prllctlcal proble•.

At the "'Iyaeallll brld«~. thp. stronr ~t1on

ob5ervlltlon Is now belne .ade by the
ShlEuoka-ken rovern.ent and Ground Vibration
Division of PWRI.

4. ACTIVE CO!mlOL FOR SEisronc RESPO!!SE OF
IIWAr PlUPGP

4-1 .atrocluc:tloa
APpllcllblllty of an ActIve "'ll!IS Da.per

(referll as AI'ID In the rollowln.) for controlllnl'
ellrthquake responle of hlehway brldres wu
Inveltleated by ulln, a slncle-deeree-of
rreedo• .cdI'I and reportl'd In the last Joint
.eetlne. The resu Its Ihowl'd that a ereat delll
of eJlternal enerl7 II required In order to
control earthquake response In appropriate
leyel bT _ans of AMD. The _I and/or stroke
required are ellcHslvely larle. and It see_ not
practical to control sels.lc response of bridle
structur..s al'alnst a al,nlflcant earthquake
'm.. Hence, It Is of rreat hlportance to
develop hybrid control by collblnatlon or
pualv. and active eanll.··

DeYelop.ent or hybrid control tcchnolo,y
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WIIS InItiated at the rub lie Works Resellrch
Institute sInce IlIlIa. Prel!.lnary study on
control of sels.lc rcsponse of hlrhWllY brldlcs
uslnr ."Itlple "MD!I. which I!I buls for hybrid
control Is presented here.

The coopenthe research prorraa Is bclnr
executed as a U.S.-Japan cooperative research
prorru thr'Jurh the the Panel on Wind and
Selsale Effects. UJNR. The prolraa I" belnr
conducted at the Public Work" Re"corch
Institute In Japan "Ide. and at the Natlon..1
Institute for Standards and Technolory. and lit
National Center for Earthquake En(lneerlnl
Research ,.) with supports of Nlltl"nlll Sd.-nce
Foundation In U. S. side. Major subJect!l of the
prorraa In Japan sIde Includes InvcstlClltlons
on (]) passive control .ethod and (1) IIctlve
control .ethod for Ilppllcatlon to hyhrld
control Il!I wfOll liS <3l optl.u. hybrid control
which co.b1ne" th". Ilpproprllltely.

4-2 Blebwv Brldee Analyzed and ADalytical
Cogdltlon.
For "tudyinc where Is the best poInt for

control and effect of aultlple control by aeans
of AMD. the transverse re"ponse of three-splln
continuous Ilrder bridle with lenlth of ISO. as
!lhown In Flc.11 Is analyzed The brIdle Is
aodeled as a two-dlaenslonal !lprlnc-.ass .odel.
Funda.entlll nlltural frequency Is 1.6711z. and
this Is a first flexural aode of the deck. The
first .ode Is 80st predoalnant In the
transversfO rt!!lponse of the bridle.

for controlllni the deck \'esponse by Ileans
of one Al'ID. the welrht of a drlvlnc aass Is
usulMld as 1II0tf. wblch corresponds to about
1/10 of the deck wellht (1,95OtO. Control by
.eans or two AMUs w.. also studied. In which two
AMDI were aslU.ed to be Inltalled on the clrder
at the P, and P:o plen. respectively. Three
eases are anllyzed. that Is. their .ellhts are
..sulMld to be ISOtf each. 90tr each. Ind 120tf
and eDtf IillOtf In totaU. The .prlne
coefflclenU. whIch lupports drl,lne aasles. are
..sulled .0 that fundaaentll natural frequency
of tbe .... of NlD be 1/4 of fundaental
natural frequency of the brldce analyzed.
Structural duplnl ratio of the brldce Is
..suaed .. 5_. " standard Iround acceleration.
wblch I. specified In "Part V Selsalc
Deslrn71." of the "Deslrn Specifications for
BIcb.a,. Brldces". I. used as an Input aotlon.

Control allorlth. or Al'ID follow. the
classical optl..... feedback control .ethod. TIle
control force drl,lnr the 885S of A/'ft) Is
...ulled as a linear eoablnatlon or the '1lues
proportional to dlsplaceaent and velocity or
the .tracture and AI'tD. Proportional
coefficients are called .. control laIn. and the
optl.lla laIn obtained by tIOlvlnr Rlceattl's
Allebralc Equatlon'DI '''' I. ulled.

4-3 Erfcct or Controlllnl I'olnt bI Nt\)

In order to Investleate an optl.alt control
point. the earthqullke rC!'iponse analyses are
conducted. /\MD Is assuaed to be placed at the
"Ollie poInt, on the (Irder. Fle.13 "hows pesk
response d15place.ent Ilnd pellk response
acceleration of the Ilrder. It Is aore effective
In fl'duclne sels.lc response of the clrder when
the AMD Is In"tlllled ne/H the center of the
(Irdcr. Co.pllrlnr with uncontrolled one. p"ak
dlsplace...nt of the elrder decreases to 1/4 and
peak acceleration decrell!'ics to about half. On
the other hand, effectlyeness Is !I.aller when
AMD 15 placed near the abutaents. For euaple.
when AMD Is plllcf'd on Abut.ent A", althoulh the
response dlsplllce.ent becollCs saaller by In
than uncontrolled one. r:II!!place.ent respon!le
nl"ar the end!l of II rdl"r becoa"!1 lar,er by about
13 tlae3 the uncontrolled dlsplaceaent.

Therefore. It Is IIOre effective to IMtall
AMD at the poInt where the Dode nlue of
predo.lnlll't aode shape Is larcest.

4-4 Effect of ""'Itlple Colltrol
In order to Investl,,,te effectiveness of

aultlple ~"ntrol. the earthquake re"ponse Is
analyzed. In which Al'IDs are assulMld to be
Installed on the 1', and r .. piers. FIII.14 ahows
peak dlsplsceaent and pellk Ilcceleratlon 01 the
Ilrder controlled at the two polnta. Results
controlled by only one AMD Is also shown In
FIII.14 for co.parlson. Two-point control uke.
possIble to deerease the sels.lc response or
Ilrder _ore slcnlflesntly than the control by
only one /\MD. Effectlvene!lS of control 01 the
response lind control force required by Al'ID.
with the weicht 01 lIasSes of IIIOtf II alaost laM
u those of 80tr both. Effect of the weicht of
drhlnc ....es appears only In stroke lenlth!l
of drlvlnr .asses. The strokes or drlvlnll IUISS

when the welrht of drlvlnl IIlllISes Is 80tf both
Is twice those when the wellht I. 11IOtf•
Therefore. the welrht or drlylnc .lISSes lIffects
the stroke leneths of drlvlnc .asses. but does
not affect the effectiveness or control. The
slallar results can be obtained when the weicht
of drlvlnl IIlllISes are IOU and 120tf each.

4-5 COlICI"I", R...rk! up to tbe Preeent
o It Is _st erfectln that the AMI) Is Installed
at the point where the acde ahape Yalue of I
predoalnant aode II larcest ror controlllnr the
lels.lc response or continuous Ilrder brldees.
21 Two-point control uslnc NlDa II acre
erfeetl,e than one-point control In reducln,
the dlsplaceaent response and acceleration
response of the Ilrder. Since .ultlple control
aakes It posllble to control the deck response
acalnat any aode shapes. It Is required to
further InYestlcate the effect of the
.ul tlple-polnt control In detail.
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S.QEVELOf'lllEl!T OF A VARIABLE !WI'ER

II. " )(.-•• 4 t·x•••• (1/2 - ,9U& tla·x,_,
• ,(At)·· x.-. (3)

U Eartbgllalco R!l!pODI! .17... 01 ....1tI
Dccree=o[-Freed~Slit" wltll Yarlabl.
~

The equations of ltOtion for a linear
aultl-de,ree-of-freedo. IIOdel wIth the ,.arlable
duPers .lIY be wrItten U

In whl("h II and ~ are par".eters of the
lIe...ark fJ thad and If a constant
aeeclcrlltl0n thod IS a~suaeJ If lind P haYl':
to be taken 0.5 lind 0.25. rellpectl"ely.

Uslnll the Above "nlllytlcll\ IlcHlod. •
coaputer prolrra.. n"lIl'd liS "VDAH", "'hlch can
IInlllyse ellrthqullke response of Multi-decree
of-frecdo. synca with th(' "arlable da.pers was
de..elopcd.

5-' D1ch.a;r BridIe Aoa.lrzc<! and An.lytleal
Condlt.lOlls
In order to Investlilltr. effectiveness of the

variable daMper, a sllllp Ie "p"n .-' nler brldlre. as
sllown In FI,.IS. III th a !'Ipan h!l',th of 1011 Is
Ilnlllysed In the lonrltudlDIII direction. The
aod~1 bridle has elnstle Isclator lind the
'I'arillble dalllpers are IlSslIlled to lIP. Installed
between the superstructure And the top of
substructure. The sprlnr constant of elastic
Isollttar Is defined so that a fundll_ntd
natural period of the brldlle be I second.

Fourteen cues In total are analysed u
shown In Flp.IT and 18. In Case I the urlable
dllilper b not Instil lied. In Cues 2 and 3 tile
da.plnr coefficient or the da.per Is In
dependent of dlsplace.ent and/or ..eloclty. The
dlllllplnr coefflclents of Cltsell 2 lind 3 are riven
so tllat da.pln, ratio of crltlclll be !l~ (Ca.. 11
and IOO~ (Case 3). In CMes .. And 5. the daapln,
coefficient Is dependent on relatlve
dlsplaccMent Il!I shown In FIe-IT. Peak relatIve
dIsplaCeMent d" Is defined as a peak relall,.e
dIsplaceMent co.puted In Case 2 and It WlU
UIIUlIed u 11I.4ca. In ClUes 8 and T, the daMplnr
coefflclent Is dependent on nlatlve velocity as
shown In 1'1•• 11. Peak ..eloclty y" la defined u a
peak value 013 ell/s) co.puted In Case 2. Cue 8
I' a co.blnatlon or Cues .. and II and the
duplna coefficIent of the daMper Is dependent
on relatl"e dlsplAee.ent and relatiTe ,.eloclty.

A rround IIQUon acceleration Which w.
MOdified 80 that tile response sreetra .atcbes
with the tarret speetra Is u.elI U an Input
(round acceleratlon. The acceleratIon response
s~ctru., which Is specified I" ·Part V Sels.lc
Desl,n" of the -Deslrn SpecIfications for
III,h..ay B~ldres", for the cheek of bearln.
capacIty of reinforced concrete pier.. Is
assulled as tbe tar,et spectra.

Dallpln, ratio of erltlcal.91 a .odel brldee
,. ..su.ed 2... a MOdal daMplnr.

s-t Errectl"eIIC!! of VarIable DuPIn og

Earthquake R!l!!pOl!" of BlinD Brldlet
Table I show. the peak raponse of ,Irder

and the 'l"arlable da.per, where tbe peak nlu_
of dlsplace.ent, "eloclty And acceleration of
the ,Irder and d••pln, rorce. relath'"
ltlsplaeellent and relative yeloclt" or the
da.per are presented. Flp.l. and. COIIPSre
tiM histories of dlaplacelHint and acceleration

(1)f'I & • (C • ~) I • I' ! • - I! Xo

5.1 8ulc concept of A VarIable Duper for
Rlchwv Drldcctl
The varIable! da.per Is basIcally a vIscous

dn_p",r .nd the vIscous dll.plnr force Is
verlable dependlnr on the responsc of
strurtures (hlrhwlIY brldces) as shown In fIC.IS.
For Instance, the dll.pln, coernclent of the
dll.pl'r Is larlcr durlnl the vIbration .lthln A
5 •• 11 ".plltude nnd the da.per has the salle
function .s a fixed bearlnr support al(alnst
braklnl( load of vehicles. It Is. howun.
Movahle lI,alnst the IOlld "Ith 10. velocity.
sueh lllIJ elonr"t1on or ,Irder by teMperature
chsnle. Onee an enrthquake occurs and
a.plltude of vibration or rlrder beCOMeS Jarler
up to 1\ certain level, the daMpln, coeftlclent
of dall!>er decreases So that enercy dissipation
be OptiMUM and Inertia force to the
substructure be adjusted appropriately.
further.ore. when the "Ibratlonal allplltude
beCOMeS excessive. the da.pln, coefficient
Incr"ases ,radually In order to suppress the
allplltude and so that the ds.per have a
funetlon lIS a stopper. Therefore. the "arlabl...
dallVer has the advantares of an usual vIscous
da.per-stopper. II passin enerlY dl~~lpator and
a stopper with a ~hock absorber. The required
nternal ener,)' b)' the .. arlable daMPer for
alterlnr the dallpln, coeftlclent Is rreatl)'
5.aller than usual active control deYlces
because the width of the orlflee of the da.per
can be chan,ellble _Ith a s.a\1 aMount of
ener,,:

In which ~, " and I represent pas, duplne and
stlrfness utrlces or the structure.
respectlyely. X and Xo denote dlsplacellent
"ector and ,round dlsplace.ent, respeetlyely.
!a denotes II da.pln, _trlx of the ,.arlable
dallpers anet Is elTen by a function of relatl"e
dIsplaceMent and relatiTe .,Ioelt)' between the
nodell where the "arlable dUpers are Installed.
Since !a Is t11le-urylnr, Eq.(l) h. to be sol,.ed
by a direct Interratlon Method. Accordlne to
tile Plewaark ~ Mthod, ,..Ioelty and
displaceMent are usulled ..



of the rlrder anrl dalllping forc .. of th .. vulllble
ds_per ·,,,t.,,,en C"".. I (.. Ithnut the varlllbl ..
ds_per). Cas.. 5 (dlsplsc.. ,.ent de;><,nden t) !lnd
ClIse 7 (velocIty dependentl.

Accordlnc to th..s .. results, th .. fo110.. lnc
re.drks .ay be poInted out:
II If the da",:>lnc coerfkl"nt Is drp<'ndcnt on
relative dlsplacelll..nt of the dllOlrer, It Is
effective to set l!lrr;l'r dalllping coefflcl"nt
around zero dlsplacl'lIl"nt (Cas.. 5) Th.. pl'lIk
daOlplnc force In [lise 5 b..colllcs SII.2 x 2tr ..hi ch
corresponds to 48.2\ of the "eight of th .. dN'k
(241. 5tfl, The dallplne force of 98.4tr .akes
reduction of acceleratlon of r;lrdl'r to
566raI/13oor;al 43.5\, and rplatlve
dlsplace...nt of the rlrder to 13.2Se",/:l~.04c-11I •
40.1\ eomparlne with Case I In .. hleh the
varlahle daJlper Is not Instill led.
2) The dlllllpinc force rcqulr"d to control the
response UP to the Sllllle level Is slIIlIll .. r In
dlsplac£ment dep"ndent dalllpen (CllSC" 4 lind SI
thlln In veloelty dependent dSllpcr" «'as.." 6 sad
71. ThIs Is b,~cause pu 151'- type larr;e dlllllP' nr
forces lire rpI'Jul red In the velocity depl"nd'!nt
dllilpers. LllrR'p. rl~lIplnlf coefficient lit the time
when IlIr~e velocity Is developerl cllu.e~ large
dllmplnl' force. On the other hllnd, since the
dllmplnr force 1!1 dispersed liS tille larr;e
damplnr forccs are not reI'Jul red In the
displacement dependcnt dalllPers.
3: The tlile history dIsplacement shows thllt the
yarlable dampers operate satisfactorily liS a
stopper Which also hIlS a funct Ion 119 a shock
absorber without an IIIPact response.

5-5 De.elo~ntor A Pilot Model of the Variable
~
rbotOll T - • show a pilot 1I0del of the

"arlable dallper developed. The IIOdel Is
deslr;ned so that the dampln~ force be varIable
",Ithln 20krf to 200krf. Mxlmum relatIve
dlsplacellent Of dallper pl!ton be ± 5c•• and the
welrht be about 40krf. The variable dllilper
consists or an usual viscous damper and a
control system. Dallplnr charllcterlstlcs of the
.arlable dallPer Is now belnr studied, Model
experl.ents are planed,

5-1 Concladlnc RCllarks up to the Present
l) In the dlsplacellent dependent dllmpers, It Is
effectl,.e to set larcer dllJlplne coeffIcIent
around zero dl!lplacellent.
2) TIle dallPlnr foree required to control the
response UP to the salle le,el Is smaller In the
dlsplacellent dependent dupers than In the
.eloclty dependent dampers.
31 The t111e history response ,nows that the
.arlable dampers operate satisfactorilY a!l a
stopper whIch also hilS a function as a shock
absorber wIthout an Impact response.
41 The pilot IIOdel of the .arlable damper was
de.eloped, Experillental study on the

characterlstks lind control ",cthod of th ..
varillble dallper Is bplng studied.
5) The vllrlable dllmprr seems to bp n<'lIr a
practical use,

It;ls paper brlerly presf'nts curr...nt
n's"arch lind develop""'nt activities on passlv...
active lind h)'hrld <,ontrol for application to
hrldces structurl's conrJu('t"d at Public Works
Ilcsf'lIrrh rnstltutc. It Is thnueht that these
technologies may breome very Iliportant In
future for eonstructlnr super-",ultlple
continuous II'lrd .. r bridles, lonll'-spsn brldg!'s.
brl<:lg..s .. Ith hleh-rl.e plen;. and brldres In
urban area with strict land liSP restrictions,

I) KawIIshl"'lI. K. : Vev.. lopllent lind Future Scope
of S.. lsmlc .solatlon of Structures. - A
Revle.. -, Proc. of Jap/In Society of Civil
F:nrlneers, Structural Enll'./Earthquake Enr..
Vol.~9R/I-10. 1988

2) Du('kle, r. : D"v"lop",..nt lind Application of
Rasp isolation lind Passive Energy
Vlsslplltlon - A World Revl .... -, Proc. of A
Sr.lnsr lind Workshop on Rase Isolation lind
PlIsslve Fnf'rlfY DI"slplltlon. pp.IS~-174, Slln
Francls"o. U.S.A.• Mllrch 1986.

3) GuIdelines for DesIgn of Base-Isolated
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Table 1 P1lot Proeraa for Construction of Menshln Bleh"BY Bride.

Owner Narne oCBridge Type oC Superstructure TotalLellIth
Hokkaido deYeloplng Bureau On-netoh Bridge Steel Girder 458m

Tohck-u Realonal Construction
Napklpwa Bridge Steel Girder 97m

Bureau,MOC

Iwate-ken Marold Bridge Prestreaed Concrete 92m
Tochlgl-kell Dal.Ichl I(arasuyama Bridge Prestressed Concrete UOm

Shlluoka·ken Miyagawa Bridge Steel Girder 110m

Table 2 Natural Period. DaieD AcceleratloD

and Dalen RelatlTe Dlsplace.ent

Delip Method Item Al J PI I P2 I A2

Seismic
Natural Periqd (sec:) 0.764

Coel1lc:lent
Desi8n Acceleration CIl 0.20

Method
Deslp Relative

28.2121.8120.2128.0Dlsplac:ement'"''''

Chec:koC
Natural Period (sec:) 101

DeaiIn Acceleratkm (I) 0.&4
Bearlnl

DeaiIn Relative
1931109110151130CapIdt)'

Dilplacemenllmml
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Table 3 Peak Response of Deck and Variable Damper

(a) Full Control

D«k Variabl.. Damper

Displacf" I Acele Damping Relatr.·e Relative
Total

Analytical~ ",..loci'" Energyment
(em/sec) . ration Force Displac~· Vf'I(l('ity

Absorption
(em) (em/sf'C f ) (tf) ment (em) (em/sec)

(tr'm)f--r- .....
I No Control 33.04 189.0 1300 - - - -

Constant
2 Damping 25.63 148.7 1012 88 19.41 113.1 65.41

(hI = 0.05)

Constant
3 Damping 7.97 45.1 481 47.1 5.73 30.4 81.51

(hi = 1.0)

Dillplacement
4 Dependent 23.33 140.7 1043 39.2 17.32 142.2 70.70

Damping

DiIIplKemen t

5 Dependent 13.25 84.8 566 588 10.18 123.6 93.62
Damping

-- --
Velocity

6 Dependent 21.10 131.3 1117 1403 16.05 169.4 78.41
Damping

Velocity
7 Dependent 20.35 126.7 1029 1098 15.44 147.4 76.38

Damping

Displatl'!ment

8
IndVl'!~ity

20.96 122.7 1136 129.3 15.72 168.1 80.52Dependent
Damping

(b) Partial Control

Deck Variable Damper

Displace- Acele- Damping Relative Relative
Total

AIlalyticai Cases ment
Velocity

ration Force DL~plaef" Velocity
Energy

(CI'II)
(em/sec)

(em/secZ) (to ment(em) (em/sec) Absorptlon
(tr'm)

Dillplaeement
5 Dependent 13.25 84.8 566 58.8 10.18 123.6 93.62

Damping

9 Control When 19.10 113.5 769 71.2 14.87 181.1 94.16
v>O

10 Control When 18.87 112.7 757 70.0 14.57 176.8 92.81
v<O

11
Control When

13.60 87.2 575 60.0 10.54 136.5 92.83
d'v>O

12
Control When

14.14 86.9 591 60.1 11.41 147.1 94.28
d'v<O

13
Control When 13.69 84.8 592 58.5 11.48 140.3 92.80

d>O

14
Control When

14.02 89.4 585 61.7 10.78 141.9 93.59
d<O
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Devel.opment of.Men~hin Devices~ Iii);.'" Dampinll Rubber Bearing
for Ihgh way Bndges SIi,lillg Friction [)lImper

8tl'ci Damper

~
Hoiler Type MCIIsit:n Rearing

Link Be<il ::,g

Vi:;cous Damper

Certification Test of Menshln
Oevicl's

Development of Expansion ------rL- Expansion Joints fol' Menshin Bl'ldHeS
Joints and Restrainers for R"strainers for Ml!nshil1 "ridges
Menshin Bridges

Development of Menshin Design~Ih~ic Cnnccpt of Menshin Design
Method Dynamic Analysis Method of Mcnshin

Bridges
flcsign Metholl of Menshin Devices

E
Simplified Design Method of Menshln
Bridges
Design Method of Restrainers and
Expansion Joinlll ror Menshin Bridges

Evaluation of Model Tests by Dynamic
Analysis

AppUcation of Menshin DesignE Application for Prestressed Concrete
Bridges

Application for Steel Bridges

Application fol' Super Multi-span
Continuous Bridges .
Application for Seismic RetrofitUnl

Flc.1 Research Items of Joint Research ProrraJI
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KNOCK-OFF

ABUTMENT

FI~.3 Knock-off Mechanisil

DETAIL OF KNOCK -Off

z

FI~.4 Experiment ot Knock-ott Mechanls.o,

--
30

-WITH ANCHOR BAR
---- WITHOUT ANCHOR BAR

r ~
T

' ....._...... --
o , 5 10 15 20

LATERAL DISPLACEMENT (em)

FIC.5 Lateral Load vs. DlsP14i,ellent RelatIon
ot bock-oft Meehanls.
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[Iteml [Object] [Analysis Method I IDesign Force Levell

AMumplion or
Substructure Static Analysis Levell

Initial Dimension

Menshin Device Level 2
Deign

Substructure
Static Analysis

Levell

Static Analysis Level 2

Check
Menshin Device

Levell
Substrcture Dynamic Analysis

Level 2

Structural Detail
Expansion Joint (Level 2)

Restrainer (Level 3)

FIC.8 BllSlc Flow Chart of Menshln Design

1.027.
26 GIl 39.5111- t 027m

Fl~.1 Super Multi-span Continuous Bridie

FI~.I MIYllrawa BridIe
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Status of U.S. Research on StrocturaJ Control Systems

by

S.c. Liu·, H.J. lagorio·, K.P. Chong·

ABSTRACT

This paper assesses the current status nf control
technology and its potential application to
structural safety against seismic, wind .lod other
dynamics loads. An intensive effort underway to
develop a national research program is described.
Research needs and important problems
remaining from both the technological and
practical standpoinlS arc suggested.

1. INTRODUCTION

Bridges, buildings and other structures have
traditionally relied on their strength and ability to
dissipate energy through engineering design to
resist dynamic forces such as strong seismic
events, extreme winds, ocean waves, and heavy
traffic or machine loads. In recent years,
however, the use of passive and/or active systems
to control and reduce structural and architectural
damage caused by earthquakes, winds, and other
environmental loads has become an area of
considerable research interest. New provisions
dealing with seismic isolators have been included
in the 1991 edition of the UBC which will
enhance the practice. Historically there have
been a number of successful applications of
control concepts where the objectives, limits and
criteria for the C<lntroller arc essentially
establi~'lcd by the specific design requirements.
However, the pace of practical application in a
global sense and technological advancemenls ill
the field of intelligent materials and control
systems for civil structural design and
construction, havl been falling short of
expectations. Contwl technologies as required for
such civil structural applications clearly need
further development and enhancement through
use of advanced sensors, computers, and actuators
to (a) detect changes in the system internal state
aDd environment, (b) monitor quantitative models
of system performance by means of multiple
sensor inputs, and (c) generate real time actior.~

to modify or aller s)'Stem behavior, performance,
and operation due to earthquake, extreme winds,
and other natural or man-made hazard
uncertainties.

Preceding page blank 111

In connection with passive systems, much research
has been accomplished in specific areas related to
base isolation techniques and a variety of
mechanical energy dissipalors such as structural
bracing systems, friction dampers, viscoelastic
dampers, and other mechanical devices. In the
:trca of active systems, active mass dampcr~.

viiri:tble stiffness devices and active bracing or
tendon systems represent some of the devices
being developed, tested, or installed both in the
laboratory and, in certain cases, in prototype full·
scale structures. Kcccntly, the combined use of
active and passive systems, which arc often
referred to as hybrid systems, have been suggested
for some specific structural applications.

2. DYNAMIC CONTROL AND
INTELLIGENCE

An active or hy'hrid conlrollcd structure can be
viewed under Ihe general wntext of "intelligent
structurcs" or "intelligent materials". The
intelligencc can be programmed or built into the
slructure by material composition and processing,
real·time measurement and monitoring of dynamic
response, detection of microfracture, yic:lding, or
other failure, or conditioning through
computerized servo system to adapt in a
controlled manner to external forces or other
stimulus. In a general sense, a 'controlled'
structure usually contains, through ingenious
engineering design, its own sensors, data
acquisition and reduttion, attuators,
computationallcontrol, and feedback capabilities.

It appears that such technologies, when
sufficiently developed and broadly implemented
posses... an exccllent potential to impatt the s:lfety
design and construclion of new struttures in the
future. Furthermore, the dynamic control and
inlelligence ttx:hnology also offers a viable,
alternative solution to the nation's enormous

• Engineering Directorate
National SCience Foundation
Washington, ~.c. 20550



problems in the rehabilitation of exbling
structures which are deficient in their seismic,
wind. or other rcsistant capacities.

It is gr..nerally agreed that dynamic control and
intelligence technology holds considerable
promises in the design applications of civil
engineering structures. new and existing. By its
interdisciplinary nature, such technology alsr} has
the potential impact to the future development
of a diverse field of scientific or technical sUbjects,
such as material science. vibration, biotechnology,
neural network, and new devices.

To forge ahead in the development and practical
implementation of structural control It-'chnology,
a coordinated research program covering these
diverse but interconnected subjects is needed and
should be developed. This paper describes the
development pnx:ess of such a program by the
National Science Foundation (NSF) and presents
the results of the current technology assessment
and future research needs in this field of emerging
importance.

3. RESEARCH PROGRAM DEVELOPMENT

Over the last few years. intensivc dl:vclopmcnt
efforts have been made for the purpose of
charting a long-term national research agenda on
structural contml. An important capstone of such
an agenda is to foster. on a coordinated basis,
multidisciplinary research and development of
passive. active and hybrid control technology for
application to structures and nonstructural
Duilding systems under dynamic loads.
Collaoorative efforts among researchers in
interdisciplinary areas involving academics,
industrial experts and professional practitioners
are considered extremely e.ssential

The development effort. which is el'pCCted to lead
to an official announcement of research initiative
by NSF, can be described Dy the following series
of technical events that have take:l place to date:

(1) In 1989. a U.S. Panel on Structural
Control Research was established under the
auspices of NSF. The Panel has the responSibility
of:
(a) Facilitating the transmission of information
concerning state-of-the-art developments in the

212

field.
(b) Identifying and pri()ritizing needed research
and development.
(c) Developing preliminary plans for analytical
and experimental advancement in the field.
(d) Developing plans for the performance of full
SQlIc testing and demonstration.

The Panel's organization consists of an Executive
Committee with Professor George W. Housner as
its chairman, and seven (7) Working Groups in:
(1) Analytical Methods, (2) Experimental
Methods, (3) Building Applications, (4) Non
Building Applications, (5) Interdisciplinary
Approaches. (6) International Coordination, and
(7) Information Dissemination. In the meantime.
a Japanese counterpart panel on seismic O"lntrol
Research was also established by the Science
Council of Japan and Dr. 'I'. Kobori is thc
chairman of the Japanese Panel. Both the U.S.
and Japan panels have been working closely in the
development of a joint US-Japan research agenda
in rhe areas of active and hybrid control.

(2) On July 23 to 26, 1990, an International
Workshop on Intelligent Structures was held in
Taipei, Taiwan. The emphasis of the workshop
was on the development. application, and
modification of activelhybrid control theories. and
through innovative materials processing and
system concepts, to achieve designed intelligence
of civil engineering structures. Three major
theme areas for the technical program of the
workshop were established: (a) Sensing and
monitoring techniques, (b) Structural control, and
(c) Intelligent systems (Chong. Liu and Li, 1990).

(3) On OCtober 15 and 16. 1990. a workshop
was held at the Electrical Power Research
Institute (EPRI; under the joint auspices of NSF
and EPRI. The oDjective of this workshop is to
evaluate the status of and research needs in the
area of Intelligent Control Systems (Shoureshi
and Wormley, 1990). TIte technical program was
structured on four technical areas: (a) General
theoretical foundations assessment. (b)
Knowledge-based systems, (c) Application related
research. and (d) Softwarelhardware requirements.

(4) On October 25 and 26. 1990. the U.S.
Panel on Structural Control Research organized
and held the ·U.S, National Workshop on



Structural Control Research· at the University of
Southern California. Los Angeles. The workshop
identified four 5pedfic areas related to earthquake
safety for technical discussions. They are: (8)
Analytical research, (b) Experimental research. (c)
Building applications, and (d) Non-building
applications. Procee<lings of the Workshop is in
press and will be available by the Summer of 1991
(Housner and Masri, in prCS5).

(5) On February 25 and 26. 1991. NSF held
another Workshop on ·Sensors and Signal
Processing for Structural Control" in Washington,
D.C. This Workshop focused on assessing the
current state of knowledge and technology
concerning sensors and measurement techniques.
signal processing, actuator mechanics as they
applied to structural control (Roberts and U. in
press).

4. PROBLEMS AND RESEARCH NEEDS

Front the intensive investigations conducted under
the special meetings and workshops as described
above. a clear picture of the current state of
structural control technology is now emerging.

While considerable progress is being made in
research and development of passive and active
structural control systent5 both in the U.S. and
abroad. a number of important technological as
well as practical issues of cross-disciplinary nature
need to be addressed in order to forge close ties
between research and practice and to accelerate
the process of implementation. Such issues by
their disciplinary nature include:

• Determination of quantitative parameters of
the input forcing functions as well as structural
response parameters that could be measured
and incorporated in the control algorithms;

" Dcvelopmenl of high-tech sensors as well as
effective use of conventional sensing devices
currenlly available for sensing and measuring
Ihe desired forcing and response parameters
which would minimize the lime-delay and spill
over problems;

" Investigation of IIClualor mechanics which
allow lile desired real·time actions 10 be
FDerated reliably within practical power
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supply limitations for safety or for comfort
control according to the established
performance specifications through system
design and integration;

" Use of, or use through modifications of,
existing control concepts. theories. and systems
developed or applied in other fields such as
aerospace, navigation. mechanical or electric
systent5 to civil engineering structures;

" Developmenl of new materials and sensors
which possess their own intelligence;

• Development of effective 5ignal pr0CCS5ing
lechniques and algorithms for instantaneous,
fecdbacklfeedforward. adaptive. or optimum
on-line control operation;

• Development of advanced computer
technology and systems incorporating artificial
intelligence. fuzzy logic. and/or neural
nelworks for specific structural control
application;

• Reduction and control of chaotic vibrations in
mechanical and transportation systems;

• Development of innovative structural,
archileetural and nonstruetural systent5 which
are amenable to the application of structural
control;

• Modelling and robustness of structural control
under uncertainties; and

• RemnciliatioD of the conventional concepts of
structural safety and controlled safety.

It is with sucb a background that a coordinated
national research initiative in this emerging area
of significant application potential is being
formulalcd. This initiative is designed to facilitate
and accelerate research and development in
structural control. Through this effort a solid
tecllnological base is expected to be eslllblished
which will make possible for broad. practical
implementation of structural control systCnt5 to
safeguard structural and nonslruetural systems
against unpredictable natural hazard events.



5. SUMMARY AND CONCLUDING
REMARKS

In some of the research areas identified abovc,
collaboration among researchers, practicing
engineers, and manufacturers is necessary.
Results obtained from such a roordinated
research effort are expected to generate new
knowledge. techniques, and a better understanding
of the working principles as well as practical
limitations inherent in these control systems so
that conditions of applicability and design limits
of each class of systems call be established and
evaluated. It should be emphasized again that the
ultimate goal of this multi-year research effort
under planning is to bring about technological
advances so that control technology can be
realistically implemented in a timely fashion to
provide safety resistance to protect structures such
as buildings, bridges, tunnels, and other critical
lifeline systems against earthquakes, winds, and
other natural or manmade hazard environments.

Over the lISt two decades, considerable progress
has been made to improve structural safety
through research in structural, earthquake, and
wind engineering. The possibility of applying
control systems to mitigate the structural damage
against earthquakes and winds opens up a wide
range of challenging research opportunities for
multidisciplinary investigators in the field.
Further. such challenges can be undertaken most
effectively by engineering professionals through
international research cooperation. In this spirit,
the mechanisms which might be provided by the
Intern.ilional Decade for Natural Disaster
Reduction (IDNDR) program can efficiently serve
IS a launching pad for the research projects IS
identified. The UJNR Panel on Sei...mic and
Wind Effects, and the US Panel on Structural
COntrol Research and its counterpart Japanese
panel are all expected to playa pivotal role in the
advancement of control technology and to lead us
toward a safer and more economical future for
civil engineering construction.

The fundamental objectives of the program
Initiative under dl:"elopment Ire identified IS:

• encourage Innovations in passive, active, and
hybrid control systems.

• advance sensor and actuator technology and
signal processing techniques and their
appllcatlons.

• develop Intelligent robots, other devices and
computer systems for structural safely.

• develop innovative systcms for energy
absorption, added damping, and variable
stiffness.

• study the robustness and system reliability of
control systems.

• develop guidelines. standards and practical
approaches and techniques for design.
fabrication and field installation.

• investigate emerging technology subjects in
innovative structural systems, and smart
materials, sensors, and devices for detection,
sensing, monitoring, and diagnosis.

In line with the above objectives, the following
key research problems are identified:

• New materials.
• Performance evaluation, analytical and

experimental verification.
• Standardized test proa:dures and performan~

criteria.
• Integrated structural and architectural systems

design techniques and standards.
• COntrol algorithm development, robustness,

and reliability, adaptivity, and optimization.
Senson, actuators and monitoring system
development and optimal deployment.

• Advanced computer technology incorporating
artificial intelligence, neural network, fuzzy
logic. etc.. for on-line targeting, detection,
monitoring, diagnosis, and control.

• Intelligent robots and devices.
• Modelling, signal processing, and computer

simulations.
• Practical methods and teclmiques fOI design,

manufaeturiDg, fabrication, and
Implementation.

• Laboratory and field experiments of systems
and devices under actual or simu:atcd dynamic
e:xcitatiollS.

• Deslp and demonstration projeciS of control
systems as applied to new or exiSting
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structures.
Innovations
dissipation
techniques.

in base isolation,
devices, and other

energy
passive
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Vibration of Large-Scale Shaking Table Foundation

BY

Chltlbll"ll II11lDl1114• IlcIbQul1
1
0glw2. Tadubl I4lkOlhlbl5•

Kallchl OhUII • llarlo Oyagll

The large scale s/llklng table of MatioMI
Reselrcllinst Itutl for Earth Science and DlsllSter
Prewntlon. .., laproved In 1988. By this
l....-ov-nhlort. tile shlklng table perforwncls
hive been enhanced. Just after this .echanlcal
effart. tile relnforc_t -t of the shaking
table foundation ..s conducted. During the
relnforc.-rns. the change 0' ~Ic charac.
terlstlcs of large-scale shlklng table 'ounda.
tton .....sured It till vlrlous IIlIrk stages to
extract the ~lc Interlctlon effects. By the
relnfarcelents. the foundation weight ..,
Increesed about 3OOOtons. The old one ''is of
about 8700t0ns. Ind the _ one his 11700tons
Ippl"IlXl.tely. This pIpel" presents the ..
~nt clatllnd descr'llIs till vibration control
syst.. far sbltlng tlble foundation "'Ic:II WlS

proposed during the pllnnlng of this reln
f~ts.

WJlIII!Il: Sheklllll Table Foundation. Vlbntlon
Test, Soil-Structure Interaction. Vibration
Control

1. I"IBO!lOCIIOll

Ilal1Ystudles to vertfy .......I.nUlIy the effects
of ~IC Interlct Ion betwen soli Ind foun
ditto!! hive been carried out In recent ~rs.
MOlt of the ~Ic tests. hoIIever, have been
conducted us Ing cOlllPll'at lveIy ~ 11 sCile
foundation "h. It Is preferable to use
foundations as larva IS possible In order to
alnlalze the effects of the 10CI1 Irregullrltles
of soli properties ""'Ich Inherently exist In
Ictual soil.
Valuable experl_nUI results far both ~Ic
soll·structure Interlctlon and ~lc charac
teristics of the surroundIng soil have been
presented by..lng use of the Ilrge scale stIak Ing
table foundation of Ilatl_1 Researdl Instttute
for Earth Science and Dtsaster PreventIon. In
I•• the 1t.1t perf~nc:eof this shlktng table
..s 11IIIlI"OYId. TIll ..t_ dlsplac..nt his been
IIllll"f1d to 44aI p-p fna old ..lttude IaI pop,
liso till ..t_ velocity hIS been aagnlftld to
75aa1sec:...tnf~-tts of the foundation
begin just Ifter till tlJl' ow_nt. The drives of
this shlklng table have been posslllie clurlng till
...Inf~ IIlIrks. III caune ·of the ...In
fwa.nt IIlIrks. the ........t c:andltlons. the
caaflguratlon Ind the weight of the foundation
Mve been clIulged. At ".t_ stages of the
...tnf~-tis. tile txctUtton tests of the
foundatton hive been perlorwd bJ drl"l", the
sIlIkllll Uble. TIle dlIftIII of ~tc chlrlC-

Preceding page blank

terlstlcs of the foundation lind the surrounding
soil It ellch stages of the wrk has been .uurecl.
The Olle of object I.,. of this study Is to ..sure
the thange of dynulc tharacterlst lcs of tile
foundation and to extract tile Interact Ion effects
f I'OlI the observed resu Its.
In the plann1ng of tile relnfort_nts, "Ibratlon
control .thods for theshalllng Uble foundation.
wtIlch alreadyexlsts.llIredlscussed. The.thods
Ire described In this Piper.

2. !IJITLINES OF MI"G TABLE FOlIIlDr\TIOI.
uewJlfN! A!Il I!W!IlEII(N!

The foundation Is .de of reinforced concrete
with base lrea of 1911c2!i11 Ind ilIIIbeddecI In the
soil by 8.2a IS shown tn FIg. 1. Soli profiles
Ire shown In Table 1. In the relnfore:e.nt llOrts.
concrete MSS of about 1.200.3 ''is cast betwen
the buttresses of both sides 0' the foundation
as Indlcllted lIy black pointed area of Fill. 1.
The 1lI1ght of foundation Itse If 1ncreased fl'Oll
8700tons to 11700tons after the relnfore:e.nt
worts.
FillS. 2(a) to (f) show the six states of the
foundation llhen the Illlcitation tests IlIre per
folWod. The first stage corresponds to the sUte
before the relnfore:e.nt llOrts; t!le second to
the state when the surrounding sot 1 WlS reaovedi
the third to the sUte .n tile concrete WlS
CiSti the fourth Ind the ftfth to the states when
the sides of tile foundation were hilt Ind fully
backftlled. respectlvelYi Ind the shlth to the
state .n sheet pillS were take out. The
blctftll ·"n h loose and the shear Wive velocity
of the.. IS IItt.ted to be about 5OlIIsec.
The d)'naIIlc response of the fOl.lldatlon during
the e.clUtlon tests have been _lured by
dlsplae:e.nt _ten. accel~ters Inr.I ear.th
pressure \llgas. Fig. 3 shows the 1000tion of
accale..-ters and the dlsplle:e.nt _terse T·
Isec. l;. 7a-) set on the foundatt on Ind the
sUl'TOUftdI ng soI 1.

I Dtrector. Disaster Prevention Dtvlston.
1It101l11 .....rc:II Institute for Elrth Sctence
Ind Dlsalter Prevention. Science lind Techlllliogy
f41ncy
ZlINd. Elrthquake Engl..... lng Laboratory. dttto
3 HIIId. Elrtl1qulke Ind Volcanic Dlslster Pre
vention Sectton. ditto
4 Senior RlSftrcher, ditto
5 .....rd1 1ISer. Earthquake Englnwertng LIb
oratory, dttto
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3. DYIWUC CHARACTERISTICS or Sl\N(ING TABLE
fOOQIIOfl

By c~rlng the expert_ntll results of stx
stlgeS of the foundation shown In fig. 2. the
effects of various flctors on the dynamic
characterlsttcs of foundation cln be extracted.
It should be noted that all of the coq>arlson
are .cIe for the resu i ts observed at the
.elsure.ent points of foundatton.

3.1 Effect of Conmalnt of Soil
rigs. 4(a) and (b) show the cOllPlrison of the
horizontll Ind vertical frequency-response
curves for the ftrst Ind the second Ixperl..mts.
These results are no~llzed by unit excitation
force. The difference of these curves cln be
cons idared to be the effect of constra int of soi 1
at the sides of the foundation. It Is clear from
these results tllat the constraint of 5011 at the
sides of the foundation deceases the horizontal
Ind vert ical responses wlltch Is CluSed acclllll
panled by the rocking -.ltion of the foundat ion.
It Is also notIced that the constrllnt of soil
deceases r_rklbly the resonant frequency of
the rock Ing -.ltion.

3.Z Effect of Added Concrete 11m
ftgs. 5(a) Ind (b) show the OOIP4rlson of the
hor Izontal Ind vertical frequency-response
curves for the second and third expert.,nts. The
difference of these curves ay be Interpreted as
the effects of the Idded concrete .sses. The
foundlt Ion weight of the third stClte Is IDOUt
30% larger thin the second stlte. It Is not tced
that the effects of Idded concrete .sses Ippear
only on lIerttcal response of foundatton. As
being expected. tt Is Ilso seen that the Idded
MSses decrease ,...rtaoly the resonant fre
quencyof the rocktng IIltlon.
The effect of acIdecI asses My al so be seen by
~rlng the first Ind shth experllEnts. whose
results Ire shown In figs. 6(a) and (b). A slight
shift of the resonant fl'e1Utncy of the rock Ing
IIltlon Is a\!'lllOttced fre. ftg. 6(b). The .tn
reason that the effect of added asses ts less
thin the cases shown tn Fig. 51s that the tncrease
of MSS the sixth ~Uite Is only 8\ larger thin
the flnt state.

3.3 Effect of El!lAlnt Depth
In Figs. 1(1) and (b). the frequency-response
curves for the thtrd. fourth Ind fifth expert
.ents Ire st-! st.lta_sly. FI"Oa these
mults. It can be seen that with Increase of
the ......nt depth the horlzontll and rock log
responses of till fCllllldlI ton tend to CllCrease. I t
should blllIlltld that the ....nt effect, appeer
only eround 4 to 6Hz for the hortzontal response
but Ire __ pronounced for the rock tnv response.

3.4 Effect of Sbaet PIllS
The sbth .xpertant III' ,.,.foned soon after
the ,'-t ptles __ taken out. Ftgs. 8(1) Ind
(It) sIllIlf the ~rtSOllof the frequency-response
CUIWI for the fifth and sixth uperl.nts. The

us

difference of these two cunes may be interprett'd
as the effects of the sheet pi les. Since the
difference is very small. it can be said tllat
the effect of the sheet piles is negligible.

3.5 Deformation of foundation
I t has been general I; po~nted out frOll the
theoretical studie5 that the deformation of
foundation become :'emarkable with increase of
frequencies (Iguchi and Luco 1982). Perhaps.
one of most lnterestlng subjects 15 to Observe
the deformat ion of the foundlt Ion experl.en
tally. figs. 9(a) to (e) show the defol'lllltton
curves of the foundation during I ha 1f cycle of
harmntc vibrations for f-6. 8 and 10Hz of the
fifth experiments. The deformation curves are
drawn by using the observed results of accel
erOftleters shown in Fig. 3. These results Indicate
that for higher frequencies IIIlre than f-8llZ. the
foundation may not be considered to be rigid IS
far as this foundation Is concerned.

4. PYIlAt!IC CHARACTERISTICS OF SURROUNOlftG SOiL

By eoq>aring the experimental results of six
stages of the surrounding soil, the effects of
various factors on the dynamic charactertst ics
of the surroundlrlll soil may be extracted.

4.1 Effects of rllnstraint Soil
Two resonance curves on the points of 35m and
100m are shown In figs. 10 (a) and (b). The 3S.
Rasure point near to the foundation displayed
the d 1st Inct differences between first C1nd second
stage. 'he curve of second 5 tage gave SNIl

a~lItudes in c~rlson with the first stage.
H~ver. The 10llm measure point far f!'Oll the
foundation wouldn't tnclude such I re.artable
differences.

4.2 Effect of Eli!edment Deoth
The resonance curves of the 35m measure potnt tn
third, fOllrth Ind fifth stages arll shown In rig.
11. The e!llbedment effects to surrounding 5011
responses IIlght be cont llct log to foundat Ion
responses. T'le Increase of I!IIDedIIent depth
decrened the foundation responses, but
increned the surrounding soi 1 responns.

4.3 Effect of St!eet PIles
figs. IZ(a) and (b) sno. the COMParison of the
3511 potnt frequency-response curves for the fifth
.nd sixth experhllnts. The difference of these
two curves .y be tnterpreted n the effects of
the sheet plies. Since the slight dtfferences
are recogn Ized .

5. VIBRAIIOIl CONTROL !!£II!OO fOR A SWING rMLE
FOIJ!!OAI! Q"

Severa 1 II!thods Cln be i_ged. tn order to
decrease the uncOllfortible vibrations of shak Ing
table foundations. It Is generally Slid that the
weight of shlk tng table foundlt Ion need, 100
tl_s Its power, so IS to take good perfOl"Mnces
Ind decrease surrounding sot I vtbrltlons.



Recently, In constructions of ne.. Shaking table
syste.. It can be possible to eaploy the
effectl~e floating fOtJndat Ion which Is supported
byalr springs on rigId foundations. The floating
foundations have been used In IIII\)' shakIng table
labllratorles In JaPin. For the ihak lng table In
operation. tM.e~er, It My be I~sslble to set
a floating fOtJndatlon so as to decrease the
uncc.fortable vibration. In the planning of
reinforcement works of the large scale shaking
table foundat ton. vibration control methods for
shak Ing table foundatIon .ere dIscussed In
addH Ion to the .55 Increase methods for
foundation. Severe uncomfortable vibrations of
foundations take places In sinusoidal shaking
table .:ltlons. If dynaJIIlc da~rs will set on
the existIng foundation, the uncOIIlfortilble
vIbrat Ions wou ld be decreased lI\lch IIIIre than the
_55 Increase lllett.ods. The dynaJllc d~rs for
shaking table foundation have to IlIOrk effectively
ln the frequency range between 311z and 10Hz.
Therefore. the d~jc da~r .ekes resonances
to shaking table ..,tlons all over Its wIde
frequency range. In thiS reason. the spring
rlgtlflty of dynulc dupers have to be vartable.
As the springs with variable rlgldltles. air
springs and hydrau 1Ic actuators will be proposed.
The high pressured air sprIngs glve high
freq.-ncy resolMnce. As for the hydraulic
actUilton. the stroke end position of piston
gives high frequency reSOlMnce, and the neutral
position gives low frequency resonance. If the
~IC cIaIIler .ss of fiOOtons will be used. 1000
Ilr sprl~s of 30C1! dlueter would be necessary.
or hydraulic actuator of ~ stroke and section
area la00a.2 would be necenary. rtgs. 13 and 14
show the l_lIlls of air spring and hydraulic
dynuItc cIaIIler lnstalled In large scale shaking
till1. foundation of IIIIESIlP. Fig. 15 Is
calculation eXlIIPle of dynamic daq)er effects.
Unfortunately. th Is vIbrat Ion contro1 .thads
have not been adopted to relnforee.nt works.

6. CO!!CLYSION

(l) The constra Int of the s Ille so II of founda t Ion
has effect _Inly on rock Ing response of l!IDedded
foundatton.
(2) Added _55 of foundation tends to in~rease

the horizontal dlsplac_nt tn lower frequency
regions and changes the resonance characterts
tics of the rock Ing .,tlon.
(3) DefOl'lliltlon of the foundation beCalS
....rIlI111. for hlgller frequencles.x'l than 10Hz.
(4)EIIeII an the Nctt tl1 soil loose. the
....-nt effects _y Ippelr on the dynaIIlc
I'ftporlH of the foundation.
(5)1n order to cIec~lSe the ullCOllfortlb Ie
vibration IIICII ..... the vlbretlon control
.tIIods IIlst be used for the existing shaking
tabl. syst_.
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Safety and Economic Benefits Realized From Upgrading
the Lawrence Berkeley Laboratory

by

1Donald G. Eagling

2James R. Hill

ABSTRACT

The Lawrence Berkeley Laboratory (LBL)
initiated a comprehensive seism:c safety
program following the 197' San Fernando
Earthquake. Since then, 34 buildings have
been strengthened, and emergency
recovery facilities improved significantly.

The 7. , M Loma Prieta Earthquake,
centered 65 miles south of Berkeley,
produced '2%9 acceleration at LBL
compared to 65%9 near the epicenter. It
caused only non-structural damage at LBL,
because those buildings susceptible to
structural damage from minor ground
shaking had been strengthened. For
example, two of LBL's major laboratory
buildings would have sustained diagonal
tension cracking in brittle reinforced
concrete bearing wall window piers if they
had not been buttressed to prevent
damaging deflections. After the
earthquake, it would have been mandatory
to evacuate these two bUildings and find
130,000 square feet of laboratory space to
lease for 350 people. It would have then
taken two years before these buildings
could be strengthened and reoccupied.
Research would have been disrupted over
one year and the U.S.. epartment of
Energy would have suffered a loss over
$30 million if these two buildings had not
been upgraded.

Including other facilities that would have
suffered structural damage, upgrading LBL
saved over $50 million at a cost of less than
$4 million expended since 1971.
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KEYWORDS: seismic safety; Loma Prieta;
cost savings.

1. INTRODUCTION

The Lawrence Berkeley Laboratory is a
mulliprogram research facility operated by
the University of California lor the U.S.
Department of Energy (DOE). It is located
in the San Francisco Bay Area on the hills
above the Universi1y of California at
Berkeley (UCB). The LBL site
encompasses 130 acres including 80
buildings and has a population of 4,000.
As can be seen in Figure 1, the seismically
active Hayward Fault passes at the foot of
the hill near the Laboratory's main
entrance. LBL buildings are shown in the
foreground of Figure 2 above the UCB
Campus. The San Andreas Fault lies
about 15 miles west across the bay just
beyond the Golden Gate Bridge on the
horizon.

In 1971. folioNing the destructive San
Fernando Earthquake in Southern
California. LBL initiated a comprehensive
review of its facili1ies and operations to
improve earthquake safety. Since then, as
shown in Figure 3. 34 buildings have been

1Retired Plant Manager, University of
California, Lawrence Berkeley Laboratory

2Manager. Natural Phenomena Mitigation
Programs, U.S. Department of Energy



strengthened. Active and potential
landslide areas have been stabilized. life
lines have been hardened. non-structural
hazards have been mitigated and
emergency recovery facilities have been
upgraded and augmented in preparation
for a great earthquake.

As shown in Figure 4. the Lorna Prieta
Earthquake. magnitude 7.1, occurred on a
25-mile segment of the San Andreas Fault
about 65 miles south of the LBL site.
Ground acceleration at LBL was only 12%g
as compared to 65% near the epicenter
and 25% on soft sediments near the bay a
few miles west of LBL where a portion of
the Cypress Street viaduct collapsed. The
Lorna Prieta Earthquake caused only non
structural damage at LBL, because those
buildings which would have been
susceptible to structural damage in 1971
from 15%g accelerations had been
strengthened by 1989. The cost to upgrade
LBL facilities since 1971 has been less
than $4 million. If susceptible buildings
had not been stre~ .hened. it is estimated
that LBL (and DOE) would have suffered
financial losses in excess of $50 million.

2. BACKGROUND

The Lorna Prieta Earthquake triggered a
backlog of developing concern about
liability which had grown with each of the
smaller but damaging earthquakes
experienced in California during the last
decade or so.

Public attitudes about earthquake hazards
and the financial risks of liability have
changed considerably during this period.
Engineers have become more outspoken
about building types which are
substandard and hazardous to occupants.
Owners and managers have in turn
become more aware of their corporate and
sometimes personal liability for the safety of
occupants. particularly when a building is
known to be unsafe.
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Allowing people to continue to occupy a
building after earthquake damage has
shown It to be a potential collapse hazard
is untenable to most responsible owners. It
is a liability thJy are unwilling to bear.
People are al:;o becoming aware of the
enormous costs associated with evacuating
a damaged building and relocating
occupants elsewhere until !he building can
be repaired and made safe for
reoccupancy. Of course. the cost of lengthy
disruptions to operations and research is
devastating in itself.

Examples from the Lama Prieta Earthquake
are many. A very large department store in
Oakland was out of business for one year
following the earthquake. The Oakland
City Hall. a high rise building. sustained
structural cracking and has not been
reoccupied one and a half years later.
Several substandard buildings at Stanford
University which remain unoccupied will
require enormous costs for rehabilitation
before they can be reoccupied. None of
these buildings collapsed, but the signs of
structural damage are obvious and
concerns for liability and public safety
required their evacuation.

3. THE LBL EXPERIENCE

Earthquake shaking at LBL due to the
Loma Prieta Earthquake would not have
caused the collapse of any substandard
buildings even if they had not been
strengthened. However. certain buildings
would have sustained structural cracking
which would have required the evacuation
of occupants. repair and strengthening
before reoccupation. Prime examples are
the two major laboratory buildings (50A
and 50B) shown side by side in the center
of Figure 5 as they appeared in 1971
before they were strengthened. The two
tower elements are seven stories high on
the downhill end and four stories on the
uphill end. They are reinforced concrete
bearing wall structures of identical design.
The end walls are shear walls which
provide satisfactory resistance In the
transverse direction. Lateral resistance in



the longitudinal direction. provided by
reinforced concrete moment connections.
was deficient in that deflections necessary
to resist earthquake forces would permit
structural failure to take place in brittle
bearing elements.

Shaking due to the Loma Prieta
Earthquake would have caused diagonal
tension cracking in brittle reicforced
concrete window piers in the sidewalls if
these towers had not been buttr~ssed in
the longitudinal di rection to prevent
damaging deflections. Consequently. it
would have been necessary to remove the
350 occupants and find 130,000 square
feet of laboratory and oHice space for them
to continue research for two years or more
until these buildings could be repaired and
strengthened for reoccupancy. This would
have cost the U.S. Department of Energy
an extra $30 million and disrupted vital
research programs for at least one year.

A brief explanation of the weaknesses
inherent in the original design and the
measures taken to prevent structural
damage follows.

Figure 6 shows one of the towers in 1973
after it was determined that these buildings
would suffer catastrophic collapse in a
major earthquake and structural damage in
minor shaking. Lateral resistance in the
longitudinal direction was originally
provided by moment connections between
the 8-foot wide vertical elements at the end
of the window rows and the heavy
longitudinal spandrels between horizontal
rows of windows. The 14-inch thick side
bearing walls. perforated with windows,
transmit the venical load down through the
2-foot wide window piers. The 8-foot wide
end piers were heavily reinforced to resist
longitudinal bending, but intermediate 2
foot wide window piers were only nominally
reinforced. In an earthquake. the 8-foot
wide end piers could resist the longitudinal
load. but would ~~~~w the short brittle
window piers to deflect enough to crack in
diagonal tension. To compound the
problem the reinforced concrete beams
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supporting heavy concrete sunshades
were cantilevered out from the brittle
window piers. In minor shaking. the piers
would develop typical ·X· cracking. In
heavy shaking they would disintegrate
leading to collapse of the towers. Soon
after these hazards were identified the
sunshades were removed as shown to
reduce the risk until the buildings could be
strengthened. At that time these buildings
were not evacuated. The concern for
liability was not as strong in 1971 as it Is
today.

Figure 7 shows a diagonal tension failure
in a non-ductile window pier in the Misawa
Commerce High School as a result of the
1968 Tokachi-Oki Earthquake.

As shown in Figure 8 the solution was to
install heavy stiff buttresses on either side
of the uphill end of each building to limit
deflection of the window piers during
earthquake shaking. Each buttress was
wrapped around the end wall and In-filled
into window openings. Extensive bolting
into the floor diaphragms and within the
periphery of the in-filled windows tied the
buttresses to the buildings. By observing
the pattern of windows above the buttress.
one can tell where windows were In-filled.

Figure 9 shows the two buildings after
strengthening was complete. One of the
buttresses can be seen at the far left end of
the nearest tower. The cost of
strengthening these buildings in 1974 was
about $0.5 million. The cost today would
be about $1.5 million. Replacement value
tc~ay is $60 million. This expenditure
saved $30 million in 1989 when the Loma
Prieta Eanhquake took place and will save
many lives in a great earthquake.

4. CRITERIA FOR UPGRADE

Structural criteria for strengthening these
buildings were based upon a maximum
credible earthquake of 7-1/4 magnitude on
the nearby Hayward Fault with a peak



ground acceleration of 75%g for dynamic
analysis. Results were checked by static
analysis using a minimum base shear of
20%g. These criteria are used for all
normal lBl buildings. both for new
construction al'd upgrading existing
facilities. For essential buildings hailing
emergency recollery facilities or hazardous
materials. a static base shear of 28%9 is
used.

5. CONCLUSION

Including other facilities that would halle
suffered structural damage. upgrading
substandard bUildings at LBL saved over
$50 million during the lorna Prieta
Earthquake. The total cost to upgrade
these buildings since 1971 is $4 million.
LBl will spend another $10 million over the
next few years to complete its seismic
upgrade program in preparation for the
grnl earthquake that is sure to come. In
the meantime, the work accomplished thus
far has produced large cost savings for the
U.S. Department of Energy.

The lBL experience In the implementation
of its seismic upgrading program served as
a basis for the development of the "Seismic
Safety Guide· (Eagling, 1983) which was
prepared for the Office of Nuclear Safety,
U.S. Department of Energy. Tha Seismic
Safety Guide provides the managers of
facilities with practical guidelines for
administering a comprehensive earthquake
safety program.
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Figure 6. Removal of Concrete Sunshades from
Building 50B (About 1972)
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Figure 7. Diagonal Tension Failure in Window Pier
Misawa Commerce High School
Tokachi - Oki Earthquake 1968
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Structural Regulations of Buildings and Development
of Technology in Japan

By

Yuj i OIIASIII.1

This paper \11'''='1118 i) emtl ine of ~truc

tU£1l1 regulations of the Bui Iding Standmtl
Law, which prescri bes I he lJasi C ,"Ii Illi lIg
restriction uf Japan. alld relat illn of bui 1,1
ing restriction and deveiopellclIt of bui Idillg
technology. showing sune exalllpies uf new
structural techniquf>.

Building rf>glll"tinlls in Japan an' lla.,,,t
on the Bui Iding StHl~lard lllW. There IlI'e Il
lot of standards in tll(~ law. There is Il
special 8llIX'0vai systelll by Ihe Minister of
Construction for new structures which do
not COIIIPly with Ihe stan<lards to \lr'event
the resririction frum IlL'clllllir,g too rigid.
The systllll has providc.od the way lor a lilt
of new building structure III dale. Air
supported ..t>r-ane structure. base iso1"tillll
structw-e and reslXmse cUI.I.ol Sy~tl~ al'e
the latest successful cKalllP)cs of thi:>
systllll.

KEY ll()fU): Buildillg Restriction. Structural
Regulation. Sei9llic Design Methud, !lui Iding
Codes. The Building Standard law. Approval
Systllll

1. OUIUNE OF JAPANF,'iE IlII1LlJjNf. RESIRm!!!~

1.1 feature of the land and !tJ~tlliiNi~ Q.f
~
There have ht'ffi ll'oilllY disar't rous earth

quakes in the hist.llry of .I"""n. IIllll p.very
yeer. the country is attacked by typhoons.
These extr_ forces of nature have
inflicted great <Ja.age un building struc
tures. and it has long been a I18jor task uf
Japenese building technology to find ways
of preventing this eoostanl danger.

Tmdi t ionary. lrOCJd wus used to bui Id
irags. f~ the plentiful supplies in the
IIOUlItains. Houses were constructed with
wooden col.-ns and bef.s. using tedllli'IIIt'_'l
of disoster prevention developed oVt,r years
and years of experience.

ht of the urban areas in Japan can be
regarded lIS a continuation of old towns
.ben: wooden bui Idings are densely packed.
The urbItn areas in Japan have been subject
to the attacks of a lot of conflagrations
in the JllISt.

The cause of conflagrations is not only

Preceding page blank

lIil'oyuki YAMAtnJCII..2

accidental fires but also the si...lta1eowl
outbn~lk of fires in mny places due to
a Idr~" scale earthquake, The Grllllt Kanto
Earthquake (1923) was typical of the latter.
with i1plJ['oxillateb 700.000 buildings being
de.<.;tnIYc.'I.I. and SOlIe 140.000 persons dead or
missing.

Thus. it is highly necessary that build
ings in .Iapan be able to safely withstand
attads of earthquakes. typhoons and fires.
I t is tile purpose of the bui lding restnc
tion of Japan to safeguard against the
dilllJ(er.

! ,2 Purpose and coostitution of the Buildins
Standard Law

Bui Iding Standard La. lIlIS ell8Cte:I in 1950
considering the abov--.tioned conditiOO8.
and s inee then has been BUbjected to ....y
revisions in accordance with the advllllCes in
tcchnology and the conditions of building
disasters that have occurred.

TIle bui lding standard statute consi5t8 of
the Building Stlllldard Law. the Building
Standard Law EnforCllllellt Order lIS cabinet
order. the Building Standard Law Fnforcment
Regulations as Ministry of ConstnlCtion
Order. and Notifications of Minister of
Construction brlsed on these regulatiOO8.

TIle purpose of the statute is to 'safe
guard the life. health. and properties of
the people by providing .ini_ standanls
concerning the site. structure. l!Qui~t.

lind IL'>e of buildings. and thereby to coo
lrilJute to the furtherance of the PJblic
welfare. '

The statute cOIIPl"ises the 'seneral pro
visions' on procedures for building coo
strucHon. the' building codes' on standards
for safety and sanitation of all buildings
i n the who Ie country. rnI the 'zoning codes'
on standards for ensuring the .rety and
appropriate envirORlenIs in urban areBS
to be applied to city plllllllinc 8rl!lllS bIscd
on the City PllIllIIinc Law. as well as penal
provisiOO8.

.1 Senior Reseercb &ci.--.
Structural Engineering Departaent. Building
Research Institute. Ministry of Cnstructillll
Totehand. Tulruba-Cily. IbBraIti • .JaiBI
*2 Dr. ~.. Director of Structural
D)'IlMics Div. Structural Ensineerilll 1lep.IIIU
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I j (luU!,,,· "I tI,,, 1'.'L:,,1..1illl's "I
!!1K S'Ll!~l.ild law

II", l'llld Bili 1011111: ,,,I.,.',
:llnHIIII.a) ~Mdl't'J.

,~I ip,,1 ·Ie :;Iallr~j(.b fur
til t" jll"l-...,{'r.t lull l..AIld .so:UlI

10 'llIIilllen I
ull.illille
allo~able

eljuivillL~11

!,.tUJII

\1 ~)ldJl,I.II:I. hll :dnll lund ~'dtl·tJ

1\",:_tl<l.III: "tll"I,,:,II :.,f,'Ir, tilt' «xl,,:;
L1I.1' dllVt'11 tilt: ;,tdJldiUd;, of d.,t.lllt.,1 ~>tnH

1111(' I(JI "01' It Iyp(' ,J! :,lllJl\lJll' ,.(Jch as
"'[llMII'11 :,tl-'il 1111 t'. ,'11"1,1 .',1 1lIl"tlllt· iliaci relll

Illi'.,d Illrllr'i'tt' :,1 t 1),1111"1' ,Ifld :;tallildnl uf

~)\ 1111 till id Lal, uLit iUIl.

III ", <1.'1 '" HISIJle till' "oIldy ul u IMlild
I"~, 1I,,' !\IJlldlllg SIJlNI:u ,I liI~ b,lol"CIflll'nl
/lldi>' plo\ltlt~;; th, .. t ~;:il!t tlH'•.tl Li:JlullutiulIS
m(J:.I I., 10" f,um,,1 ttl, o"lllm tlw safdy "f
Ii.. I;" b'lI idll~'i" /tw l'arll;" (Jf 1'lIlldill!: fur
~It 1111 sl Ill. ',11,11 c<d I II 1,.1 i "II'; mllsl I., dOlll'

I" a" f"I\"WS,
1\'1" I' f ,ollsl nlCl i UII

""jlidcrt ~ltl'lh,tUI (;

othf:['S

h.I"" "

st:.(dt~

I,~:l 01' A.-:511Um'
II"':~ 01' A~200m'

n""anI",," of :;lori"" of Ihe bllilJing
A;lol,r1 floor iil'<.I 01 tile building)

Iii., mdlll.l of lhl' "tnwlul'Ul C;ilculalioll
Wi!" I <,v i",,1 i" 1!lillI, illitl hi.l>j lIem in forep
"11"'- .Illll': ~, l!llli Addi,,~ 10 till' c,,,,vell
t iUllili all<'.iihl" sl n·' ..'i ,ksi~lI mdhou for
1'I.I,.,li,. lillll:", Ihis ,..,~ Dldho,] lIf .';lnu;tllnil
rid, olat lOll dd"I"mi""" d",;i';11 m,,1 h..l '"I1"i,1
.'1 III~ lilt inul,- sl,".,s.'i irj('ludll~; III" "tr"""
WIII,ill .I plilSllt: l'alll~t', I,. addiiioll, :;I(wy
,ll'il'l. ,iddily I'dr:llll" and I'n:f'lItl'icily
r..et lII' should he chl""k"t 10 "IIS11l1' a bal·
ill ICn J sl.-uct un..d plall.

IIII' hlflln:t!l1"lIt (!I II, 'I" pn,slTihes Ihe
IUil.ls, 1111' ,-xl"l'Ilal 101n>s, the allowable
sll'l".,; IIf hllildll~ mal,.rials 1,"Cl!ssary for
sl Ill' IllI'id ";11 ell I al iOIl. ill,,1 ,lIsll thl' lI1Pthots

of "alclliat iOIl Ihal i1l'(> 1l,,,es.'i<U'y 101' slruc
tllral s"l"t\' "I a('(;lIlddllU: wilh lhe heighl
illid "h'lIc1un- of huildin!l",

H'-gi'l'ding I,,~ slructul'al calculal iOIl. 1.0
r:lll1fillll <ilrudUI"i.l1 safety, ill' least five
kll"ts of louds ""d I'Xlt-I'llal for<:<,B musl he
d",dul, lli1l1lely, fixed load, imposed load,
SIlUW load, wi lid fOI"ce illd sei:-Jllic force,

Values of allowable sIres:; arc providL'<i
fol' ttll~ <;<.llIIlIOn IIlalerials such as lilllber,
sl ,~~I. ClIllf,e1 c, dc, lJuill ollowable stress
sysl,m is cNluj.lted. ll'i'ldy, allowable sIn,'>.,>
for WIlllimeli1. luuds i.lIJd iilluw(jbll~ :;Iress for
IIJIlII(ll"ilI"y 1u,j(ls on~ pn,v iduJ.

Vol lie:; ul alluwi.1ulc "tl ,,:;s f(J[
1110<1:; are half III IIl1e Ihil"d uf
slless uf IIIi.ller ials, val ues of
~,I.rl'.ss fOl' IL'II(lOI'ary load:. ill'e
III yield If!Vl!1 ur elastic Ilmi l.

lhe sl.l"ess generaled in f'.ad, of structu
ral Ill....nhers I>y !hi! comltinatilJlls IIf loads
anti ext ernal forces, oo"s 11('1. excI->ed I heI, :1, 2 Building cI.les

[.,'!wlal 1'1 (lViSIIIII<; 11'111, "lur I', 10,
I_Jlldillg I (111:,1 I lI< I I (If,)

!, IWlIldilll; '"IlI,I lInuL 11111

llf'f1pr'all}' lrl tilt' ('~~~I' ~11l"'t' it 1'1111(lllu~ 1:1

LIl t., 1'Il!kslll,d,,1. 1111' 1,,,1.1,",: ,i "'1.1 raw ,I
s"blllil Ihe "011:->11"11<'11011 I,bll 10 a lJ"J1,!lIl/:
(llflcwl of II,,, I lJGi I glJV,IIH:tl'III, ,1lId II'

,,,iv,, th.' cOllfirlll"li(l1i 01 till' Ilil j('I,,1 ,c, 1(1

wll"lb." 'h,. pl"l1 ,;.,I.d,\, II", l"gul"lllJ!', 01
Ih" lIuildll~ SI,,".I.I... ll.l~ It II", pl.", d",'s
110' IIM,-I Ihl' 1".-g"I"I""", 1,,",,11"'11,1 "'" '.111
nol I", ollowct!,

n,(n' i1l'" al.Jul IGIlIl I_d Idi'I!: off i. 1.. ls,
OVI" !JIlIlII "lh"l" llical "ffici .. I" WI.II CllI,'''!'1I

.,tl. tonlding r"sll'icllllll ill,,1 .il.,ul ,HIli
I oed I g"v'~nln"ll:> thlllu,;/,uul .J.ipin, I i"" I'

arll alOlll1 olle mi II illll l"lildll'll ,,,"ljln..1 UIlIS

""I' y,~l".

(~, 11t!"I~' alN! SlIlll'lvision lJy ljucalili"ll,uiltl
ilt~ ellJ~iflPt~rS

Il,e (b'iigll and II", sU''''rvision of, 1111

sll'w I ion \jjo('ks of lJ<li Ielillll" I'xu,,~hll!-: ii
u'llillll scale 1IIlls1 be IN'I"folm"IIJY qllollili,,1
bui I.hlll: "I>gilk"'l:;, Ill" ",mlN,I' of 1II .. Iolli Id
,"g "IIg,"""", I"~ al'jlll 'diO Ih(H1~itll(ls "illlll
It", I'(,f''''UQf'1I1 "f Ih,' liI~ildillg St.mdolnl !.'W,
Il1iS ",1IIi.'I" IlIclllll"s ol 101 IIf dead "lIgill' "'1''',
Ita,· 11IJmbpC' of al:ll\'i.' l!llgIl1l."f"rS is IlIlu·..taill

A 1111 of IIII' " ..gin'''',,, .,,,"k II:> 1It.1 Ihl'
<I.'''lgll<.:IS of bllildill!:s bill lI,e Slllll'r VISI'I'"

"I" 'uns Illld IIlfl wUI'k:"

('3 J In:->~I(>(;llllU aftl!l' thi! uwaJd.·t ion ld con

~'rtJcllull

OllIe Ii LOfl;itnlClioJl wlJlk Ikl\'l~ "'PH

IOllll'lelul. tI", 1.lIilding eli,,"1 mll,,1 ,,111 111 iI
a f1olifiu,IIOIl III IlIi~ ..tfwl, to tl ... I.lild
'"I,; official. "Ih" &lId 1,"il,ling mll,,1 «""i\'I'

<111 ill",",.tl"" by lite bui Ielin!: officill!. it:;

10 IlIhdher tt", 1.'1 lding :ii.ll i:;fy II", «:gUlil

I illl"," ,\ ,,"rlifiCdle IIf ill",.".ti"n i" lite..
gl',,"l<~1 when it. is cUllfilln,,1.
(1) 1'1'. iodie ill:-;Jk!Ct iun allu perjooic n'~lrl

sysl':ID
Ille uWllers of u,;"Ii1ill IJlIi Idillgs <iIK:II a'i

hospildls. hulels, lil"lilrlmenl sl'lI1',;. 111m
leI'S, cullc" IiVL ,hwll ilogS alltl oifiCl~ ex
"LLdlllg eel ••lin ,,,,,II,,,,, idld Ihe ownl'I'S uf
"'.u>I"IIJI"s ar.l "'"villlll:; alld olher' I'lll,lil(g
L'QUIIJlllL~,ls IIllIbI IJiIV'" ('('gular il~;,)(~ctiO/lS Curl

(;elllil.g I he condll,o..,> tlf such bli 11Iing." anti
bui (<ling lJ(jUiIJl('"ls I,y " '1'.1<11 j fied "login!'er,
,;very I '0 :i years dud IllUSI leIXl/"1 Ihe
re.'iulUi of insIX!CliOlIS to lhe local govern
.....nL
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allowable stress.
The pUrpose of the current seiliJlic design

code is that hui Idiru;s should withstand
.oderat~ earthquake .,lions with III-.:>t no
daE«e. and should not collapse nor harll
h_ lives during severe earthquake .mtions

Regarding seiSilic design. adding to the
allowable design Ethod. li.i tations on
story drift. rigidity factor. eccentricity
factor and ul till8te lateral shear strength
of each story lire pi'ovided.

The laterlll seisaic shear Qi of i -th
story is detet"llined by

Qi • Ci Ii (I)
.heJ'e Ci is the lateral sei~ic shear C(,

efficient of the i -th story and Wi is the
.eillht of the bui Iding Ilbove the i -th stOlY

lIIterlil seisaic shellr coefficient of the
i -th story is given by

Ci • Z Rt Ai Co (2)
,here Z is the seisaic hazard zoning co
efficient. Rt is the design spectralcoeffici
ent. and Ai is the lateral shear distribu
tion factor. The st8rvlard shear coefficient
Co is 0.2 for lIOderate earthquake .mtions
and I. 0 for severe earthquake ~t i 0Il:J.

For buildings higher than 31 •. or .ith
irresularities exceeding the specified li.
its. the calculated ulti..te lateral shear
strencth of each story IIlSt not be less than
the specified ultill8te lateral shear lba :

lb1 " Ds Fes Q (3)
.here Ds is the structural coefficient. fes
is the shape factor. and Q is the shear for
severe elIrthquake ~tiOllS which is given by
Eqs. 0) and 12) letting Co = 1. O.

The structural coefficient Ds is deter
,..;IJ('(\ ;.y the energy llIJ50rbing capacity of
the structure. The shape factor Fes is the
product of the factor Fe. which is deler
.lned by the excentrici ty facte r and the
factor fs. which is deter.ined by rigidity
of each floor.
2) Approval of the Minister of Construction
for IM!ll structure and Sp,l(;lal _ter illl

There is II special provision which Res
alloance for construction using IM!ll struc
ture and _teriais. in response to procress
in construtioo ",chnoIOCies and devel~t
of IM!ll _lerh.l,' According to this provi
sion. Artide 3~ 01" the Ilui lding StBndanl
law. such 8 b~i Iding plan requires onl)'
special approval by the lIinister of Const
ruction. OYerTiding stan.1anls of the build
ins codes. The article sa,ys as foHOIIS.

• The provisions of this Olaptel' or those
of orders or cord inances blIsed thereon shall
not lIPPb to bui ldingg usilll special bJild
illl .terials or _hods of construction
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unanticicipated thereunder. in cases where
the Minister of Construction dete~ines that
the said building IIatedals or .ethods of
(;unstructiun are equal or superior to those
specified in the said provisioos.·

Before the approval of the MinisteJ'. the
safety of the buildings shall be evaluated

by the c~Htee of the Building Center of
Japan WIder the supervision of the Minister.

The buildings approved by this Systml in
rec.ent years average about 150 per year.

Super-highrised buildings higher than 60.
have been approved by this syste.. To evalu
ate the safety of such buildings. adding the
allowable stress desillll. dy-.k rEl5lJOfl56
analyses are taken using records of the
ground ~tions of past earthqookes. where
su.e typical groood ~tiOllS such as' El
Centro' and the gromd ~tiuns which were
recorded nelIr the construction si te of the
building are used. At this tiE. The scales
of the ground .atiuns are normlized and 2
levels of the ground ~tiOllS are adopted.
Maxi_ velocity of the ground .ations of
level 1 is~ 25 calsec and that of level
2 is m.e 50 calsec. Ilespoose fra. level I
ground ~tions shall not exceed elastic
Ii.it of the building _terials of struc
tural IIelIbers and that of level 2 ground
.otions shall be .Hhin apt value of duc
ti Ii ty factor.
3) Other regulations

Outline of other regulations of the
Building Standard 1II. is as follows.

As for fire prevention. the codes stiPl
late that roofs and external walls of build
incs in a specified arllU be Be fire
preventive construction. that deparbwent
stores and other buildings for special use
be .Me fireproof construction. and that
fire COIIJIII't.ents be created in large scale
buildings accocding to II specified floor
SIJII(:e. Standards for rwergency facH ities.
includill& hallways. staircases. ~e-exhaust
equi~t. etc. are also stipulated.

To secure sanitation. the codes lIlY down
standards for natural lighting and ventila
tion of rOOE. structure of lavatories.
structure of elevators ID1 escalators. etc.

The zooing codes prescribe relatiOMt1ip
between 8i tes and roads. land use desill\8ted
districts. ratio of total floor aree to site
area. heipt of a building, restrictions 11II

buildilCS in fire prQtection districts. etc.

2. OIID.lNE Of DIE HISJlM!)' Of SEISMIC lIIlE Of
IIIILDI!IiS Of JAPAN

Ii tb the end of the Edo Per iod IIIld the



lIeiji Restoration in 1868. Japan sel Uw
course for a .ooem nalioll. Ahol ishilll( the
insulation policy of the Edo EJ'a. lhe nl-'Wly
established Mcij i govenllllefll car.-il-'<1 out
various .easu('es to open the country and
catch up with western advanced nations,
IIodem structures sud. as steel slructure
and reinfoced concrele slructure were lIIlro'
duced f~ Uaese nations.

Ii til the ootbreak of World War I. the
JaPlllles€~ !lade outstanding progr'l'B.'i.

ClIUSing cooccntralioo of the populat ion and
industries in urban areas and lIlUking it
necessary to estahl ish urban planning and
building regulations in big cities such as
Tokyo llIld 05aka.

In 1919. the Ci ty Planning I,aw and the
Urban Bui Iding I.aw wos enacted for six III'Ijor
cities. The two laws served as the starting
point of .ooern building regulations in
J8IJilII.

The Urban Iluilding law provided for
such syste.s as bui Iding lines regulations
and lOlling syStans, It also stipulated
slandanls for buildings in te...s of fire'
proofness. safety in structural strength.
and guarantee of sanitation.

Regarding struclurlll safety. the code.'>
stipulated the standards for detailed struc
ture and structural calculation. As loads.
onb fixed load and ill(USed load were
provided in regulations of structural cal
culation.

In 8CCllI"dance wi th progress in construc
tion technolO8Y. and econ~ic and indust.-ial
growth. the Urban Building Law underwent
several revisions.

In 1923. the Great Kanto Earthquake
attacked the Kanto Area. destroying a buge
nlllllber of buildings. Fires GlIUSed by the
earthquake burned down wooden houses in
the region. killing about 140.000 people.

In reflection on the MSSive ~e. the
Urban Building Law set up sei~ic force and
IIllde it oNigatoru to calculate the sei~ic

strength of building. where seiswic coeffi
cient shall be lOre than 0, I in 1924, The
article ~s. • IlorizonLaI seiSllic coeffi
ci ent shall be lOre t1Pul O. I. • That ElIIIS

each buildi,. shall be d3signed and const
ructed so that, it can resist II lllte:'al force
of at Il!IISt 10 " of its weillhl.

_lations on dlIfety of bui IdtRgS in
Japnneae lecislation hlIve since centered on
fi~'lrOOflleSS and IlIIl"thquake-proofness.

The le89IIll of the IlIIl"thQuake d~trllhl
the .....t illlJO("tance of bear ing mils in
resistance to __ thquakes.

l1lere 1IIlII been only one allowable stress
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fur each IIIi.Iteriul which is about one-third
of Ih.. yidd level of the mterial.

llurinll Ihe Wof'ld War' 11, because of
the :-JIOI'tuge IIf construct ion IliJlerials. a
dual allowa!>l .. strp.ss systenl was introduced
i lito .IUpwl, TlILlL is. the stress caused by
permanent loads was to lJe Iess than the
allowaLle slress for penll8llent lOOf!s. and
the slress frUIII tlDJlOrary loads was to be
less Ularl the all owable stresses for tellpO
r'ary loads,

[.wing the "of'ld War II. building rest
('idion Lo:;cd 011 the Urball Building law were
sllspr!fMI{~1 except for SOOIe regulations on

fire prevention.
After the World War II. the Urban Build

ing I.aw was restored, In accordance witb the
enactlllellt of the Consti tution uf Japan. the
Bui Iding Standard Law was enforced in 1950.
abol ;shing the Urhan Bui ld1.~ l.aw. The IIp
pI ication area 01 the llui Iding Standard Law
is the whole nation. not lilll ted districts
as in the Urban Building Law,

Technically speaking. the !lui Iding Stand
ani law was basiCillly the extension of
the Urban !luilding Law. But. regarding
structural c.aleu lations. the standard was
revisL'Il. where dual allowahle stress systEll
I'!as "'Iop!.ed aud seiSllic coefficient becaIae
0,2 and allowable stress for temporaly load
1ike seiSlllic load regulated about elastic
li.it of building .aterials.

NI'.arly 40 years have passed since the
Building St.andllrd Law was enacted in 1950.
During the period. Japllll has IIlJl1e rlSJl"kable
progress in ecOIlOllY and building technology.
And the !lui Iding Standard 1Bw has been
revised several times. taking into account
progress ill building technology and ~es
to bui Idings caused by earthquakes.

The Tokachi Earthquake in 1968 showed
illlpOrtance of the ductility as well as
strength of strur.tural .aRbers. As a result.
the structural codes of the Bui Iding Stand
ard Law stipulated ductility of buildings
witb the revision cf reinforc~t for
shearing uf pillars of reinforced concrete
buildings in 1971.

lAJring that tilll!. the delleln~t of
cOllPUter t:eehnolO8Y also P1~terl struc
tural analysis knowholr. Through cOllPUteri~

seisaic analysis. construction technoiocy
of super-highrise buildings WllS developed
around 1960. using the earthquake ground
IIOtions recorded in the Uni ted States.

The construction of super-highrise build
ings requires approval of the lIinister of
Construction based on the regulation of
Article 38 of the BuildIng Standard Law and



evaluation by the r~i ttce of the Building
Center of Japan before Ihe cOllstruclin work
of the hui Iding. In onler to evaillate lhe
safety of the bui Idings which IISC special
strucure or special .aterials. the lluiJJil~

Center of Japan was establ ished in 1965
under the supervision of the Minister of
Construct ion.

Against the hiICkgrOllnd of these factol's.
the Ministry of COlIslroetioo laJ the devcl
o~t project for new seiSllic design lieI hod
fra. 1972 to 1977 with a view 10 thorough-
going revisions of seiSlllic design IlCthod in
the Bui Iding Standard law. And in 1981.
the drastic revision took effect wi th
dy~ic considerations on seismic calcu
lation. For instlJllCe. Ihe sei:!lllic force.
which had been set at lIore than 0.2 of
seiSlllic coefficient. was filled in accordaw;e
.ith natural pericxh of lJuildings. TIle revi
sion also called for two-slagI' designing.
n_b design against the seiSlllic force
equivalent to self weight of a building.
in addi tion to the convent iOllaI aUowabl I'

stress design against seiSllic force of 20%
onhe self weight of the bui Iding, lloreover.
retained ulti.ate lateral shear slrength
Willi to be calculated wilh consideration for
ductility of a building. not allowable
8tres8.

Revisions and ilCJdition have been IIade to
standllrds for detai led structure in accord
ance with progress in structural Eterials.
soch 8S steel products. and develo.-ent. of
new structuralfor&S. including wood fr_
construction.

3. 811ILDI~ICTION AND DEVELOPBENT OF
IlgtWlGy

3.1 Buildill£ regulation and technological
kY!tl
A lot of teclllilogical standard s 8I"e

established in the Building Standard Law.
Moat of the standards are regulated based
on the general technological level and so
cial ard ~ical condi tior.s of the tiES
when the standIlnIs 8I"e regulated. ~lso. they
refld the average for'll and structure of
buildina of the tiE.

Thus. in a rapidly changing societ~ wilh
h iBh Iy advllnCfld technology. occas iona11 y tlJe
:tandards of the E!Kisting buildinll standards
camot deal with LIM' newly developed struc
ture !lIId Eterials. S«.e of these buildings
do not ~it in the f01Wl1 rr-ork of the
existing bui Iding re.,\llations.
~tiES. these uisting standards starAt

in the wa,y in developing these 1_ build-

i ngs, !Iowever. there is II special IJI'"Ovision.
which <lllows the construction of these
huildings thal do not satisfy the Sliifldards
hy tile approval of the Minister of Coosl
ruction, as explained in sclion I. 3. 2 of
Ihis paper.

TIlis approval systelll has COVL'['ed the
construction of these new bui ldings and has
conlributed the develol8l6lt of building
technology. Exa.ples of those buildings are
slJpcr-highrised buildings and pre-fabricated
houses. etc.
liReli!lion ~bui Id.i!J&....r.estrietiQ!!

oo<! develo!l!!ll!!f\t of t2".lmolos,Y
Here. the wri ter shows relation between

building restriction and developellellt of
technology. using air- supported-membrane
st"lClure. base-isolation structure and the
structure which adopts response control
SystClll as eK1llI;ples.

3.2. I Air-supported-llE!lllbrane structure
Air-supported-Dalbrane structure usually

makes its roof If i th IIlOIIbrane and :lakes
internal air pressure slightly higher than
external air pressure to add the ridigity of
the roof.

I~e-scalc air-supported-mellbrane struc
-ture features a lot. of special charact.er
istics when ca.pored wit.h conventional
structures. The falIDling are fQIe of these
characteristics.
Illhis type of structure features an ex
trurely 18l"ge roof with low rigidity. Wind
pressure acting on the roof is different
fr~ that of u',ual rectangular Edil8 sized
buildings. which have high rigidity.
21 This structure requires a SIlOl-~lting

Sysl.6l. Snotr load on the roof requires
higher internal air pressure. which dose not
good for usage of the building becwse the
the higher air pressure is. the higher
veloci ty of the air flow at doorways is.
Thus. a snow-~ltill£ syste. is required.
Howeve:. in JllpBn. we do not. hIlve the ex
periences of such a syslell.
3) This structure uses Elllbrane. special
Illlteri81.
4) The single huge space CreDted by thilS
structure require s a new concept for the
fire lJ('evenlion and eIII!I"«encY facilities of
the building.
5) This st.ructure requires :special facil
i ties which sustahlS internal air pressJI'e.

The fllCilities .ust be "operly operated
and well .intained for stabili ty of the
structure.

The standards of the llJildillll Standard
l.mr do not antichJale these specific chanIc-



teristi~ 11" thili stl'ucture.
These chMacleri::;lics n,'lIuires lhe tlJr

proval of the Minislt~l- of Colliitmclio/l and
evallJlltion of safely loy a cUlllillec of thl~

Buildin!: f..enter of JapiJn. befure lhe CIJlltit

ruction (1f the bui Iding, Tu this effect. Ii

new concept had I n be Crl'Oted for design
and evaluation which wvers these charac
teristics.

Around 1980. sOlie I18jor Japanese const
ruction COIIP'IIJies 1)(!!liJIJ to develop the teeh
nology of large-seale air-supp<ll'lw .".lI'itIle
struclure like a bllseball stadium with moL
studing such existing stadilllti in the United
States. A special c~ittee w~ set up in
the Building Cmt£.'(- of JalJiJlJ in 1983. lJased
on the agr~ts among the construction
cOIIIJa/lies. the Bui Iding Center IIf JapiUl.
the Ministry of C<JrIslruetion and cKparlli.
The CUllli lIee. COl1JlOsed of representati ves
frOll tht>.se partic.'i. began Lo work out the
sLandards for eva Iuat iO:1 uf the safety of
the large -scale air -supported IDI'IIlbrane
structure.

In Decaaber 1984. the evaluation standard
was .ooc_ This work prOllUted planing.., of
such buildings. The dl.'Cision to construct
the Tokyo DI.e. first baseball sta,li .. wi I h
roof in Japan. was 1Iade. The evaluation
standard was used as a guidel ine for the
design of the Tokyo 1loIIe, After the~ was
designed. the evaluation ClIIlIIitlee of the
Building Center of Japan llade ~,he safety
evaluation based on the standard, After
tto'lt. the Mil.ister uf Construction approved
the construc..ion of the dole with Article
38 of the Buildiflg Standard Law.

S,nee then. a lot of air-supported _
kane structure of lledilll size have been
constructed in Japan.

3.2.3 8Me isolAtion structure lIIld n~I:i1lU1J:ie

control systUi
AdvIlllCefi in resoonse /IIIiIlysis technology

had given the knowledge that seiSllic force
could be reduced hy lengthing the natural
period of II building. and research was
carried out into 110. this could he done.
l.-inated rubber bearing was inveoted around
1980. The bearing is~ of seveml alll..r
nating layers of rullbe I' sheets and steel
plates and CIVl withstand great forces in a
vertical direction. such as the self-weight
of the building. while horizontally it is
flexible in character. When they are install
ed in the fooodation of a bui Iding, or the
col_ of its lowest floor. they can sup
port the self-weight of the building and at
~ tiE. because of their horizontal flex-

ibil i ty. can lengthen the buildtng' s natural
period. TIliIt reduces seiSlllic force, This
technique is known as base- isolation, In
.Japan. it is "II'eadY beyond the experillelltal
stage and has heen introduci!d gradually into
aelual cunstruction. CllIpared wi th conven
t ional sll'udure it is capable of considc
nlbly rwuclng the CffL'Cls .J! seiSllic force,

Researeh has a Iso done into other IIethods
of absorhing or controlling the response
fnlll ClrI earthquake. One of ll- is to
install a 'dr.lapel". Diapers <:an be installed
ilMlependenlly in Lhe walls or structural
hraces. 01' ('.an be used in COIIbination with
lUl1linotl!d rubber beari ngs as purt of a base
isolation structure syst6ll,

Another technique involves install ing II

large IIIBSS un tire roof or top floor of a
hui lding. nle special charocterislics of
thlllliiSS IIeilIl that when it is cnmected
thnHJgh the superstructure of the bui Iding
to springs and dampers. the vibration caused
by extemal furces such as seiSlllic force is
converted to the vibcation energy in the
lIasS, The superstructure of the bui Iding
will then vibrate less violently than it
would do without the I18SS.Ibis kind of
systEJII is called' tWied II8SS et.per' .

Structures which use such devices in
addition to conventional structural ..tiers
are known as 'response control structurm' .
There are alroody several of thlJl in JapM.
and further research is sti 11 WIder way.

The .asl advanced syst_ of resplll1lle
control involve sensors and COlIPuters. The
sensors can llellsure the i ntensi ty of an
earthquake IIDtion or a strong wind force.
and response vibration of th e building
i tsel f, Signals fm. the sensor are fed into
a a.puler, which calculates and triggers
off a' control force' in the building to
reduce the response of the building. This
kind of syst61 is known as •acti ve IBSS

d8lllPCf' -
In other structures. a ca.puter can cal

culate to what eKtent the rigidity of struc
tural braces should be lIIXIified. and can
alter their rigidity I!ICCOrdingly.

These systlJlS which can reduce the
response of structure by using appropriate
energy arc knowlI as 'aclive response control
Systc. '. The research and develDPlJlClll of
the syst_ are now being carried out.

These s)'stc.s are special ones. and the
regulations of the &Ii Iding Standard law do
not anticipate. Thus. the ~truclion of
the bui Iding which uses 5UCh II 8Y5u. re
quires lI/lIII"oval of the lIinister of Consl
ructioo and evaluation of the c.-.ittee of



the Building Center of JfIPlIII. It is supposed
that it will take long ti.e La evaluate
safety of such systCllS beaIuse W'.l do not
have the exper iences of planings and const
ructioo works of the kinds of the SystellS.

In order to reduce the ti.e of evaluation
of the octual construction. prior to th~

evaluation. slJCCial ~ittees which sW:jies
.ooel buildings that adopt such systl'Jr; are
so.ellllCS set up ba.~ on the requests III 'he
cOllP8flies which are developing these syshJlS.
These ~ittees are sludiag basic struc
tural problellS of the sysllWS. Hley contrib
ute to reduce the ti.e of the evaluation of
actual construction plans.

4. PRESENT POOBI.EIfi RELATED TO BlJ ILnl NG
RFSnU CT ION AND IJEVElOPfJIENT OF TECIINOl1XiY

" lot of buildings ..-hich use newly
developed technology that dose not COlIPly
wi Ut the regulations uf the Bui Iding Stand
ard Law have tJeen mnstructed by the approv
al of the Minister of Construction and eval
uation of the cOftllli ttce of the Building
Center of JaplIfI. The approval and evaluation
Syst81 based on Article 33 of the Building
Standard Law contributes the cleve 10J]lWl!llt of
building technology. However. there are IK.e

problellS in this syst81 and its ~th
adIIinistration. The followirc are Sl.e of
these prohlHlS.
11 Technical evaluation requires a lot of
tiE and effort

The evaluation ~t be conducted care
fully to ensure the building safety. Thus.
this syst8l requires IIUCh ti.e and .,-apower.
This has been pointed out not only by const
ructi r n COIIPlII1 ies and structural consultants
but aim by officials and experts in charge
of the evahmtion. corresponding to the i
nCNlllSing m.ber of buildings to be eval
uated.
2) Intenlllldiat.e (;oordination -.Y be required
during the technological devel~t BtaIle.

In general. official evaluation is to be
conducted after the callPletioo of the buil
dire design. However. a building incorponlt
illl extr8lely new technologies II8Y require
coordination between the developer or de
sicner and officials in chane during a
technolOCical developMl!llt or design stale
to pruDte ~th buildirc develo.-ent. The
Building Center of.lBlJllll recently started
• tee!lnical guidance· service or setting up
of ave --.Uoned special ~ittee which
stUllies new technique to handle such cases.
when neceEN7. prior to the official eval
uatioo beaed 011 the request. f~ the devel-

oper of the technique.

5. CLOSURE

Bui Iding regulations in Japan are hosed
on the Building Standard l.aw. There are II

lot of standards in the lliw. TIlcre is a spe
c ial aptX'oval Syst81 by the Minister of
Construction for new structures which do mt
clIIPly with the standards to prevent the
resririction frOll ta:o.ing too rigid. The
systl'll has provided thp way a lot of new
building structure tu Jate. Air-supported
lMJIbrane structure. base isolation structure
and response control syst_ are the latest
successful exMPles of this systell.

This BYst81 requires evaluation of the
c~ittee of the Building Center of Japan
prior to the approval of the Winister.
However. there stil 1 reEin _e probl_
to be sol ved. I t is hoped that the syste.
will be silllPlified to respond to these
proble.s. creating a favorable environlent
that will pr~t.e ~th technological de
velo~ts wIli Ie at the _ ti.e satisfying
the~ of the building restrictiOfl.
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ABSTRACT

A seismic hazard analysis was conducted
using various combinations of a.... and earth
quake magnitude at a dam site where post-earth
quake stablily Is suspect Results of the limit
equilibrium slope stability analysis usi",j residual
strengths and pore pressureswere combined with
seismic hazard calculations to estimate the likeli
hood of liquefaction of dredged foundation
gravels and consequent failure 01 the dam-founda
tion system. The hazard associated with each
interval of earthquake magnitude was calculated.

KEYWORDS: Earthquake; Seismic Hazard; Post
earthquake Stability

INTRODUCTION

A seismic stability evaluation of the
Mormon Island AuxHiary Dam (MIAD), part of the
Folsom Dam and Reservoir Project, located near
Sacramento, California. was performed as a
cooperative effort between the US Army Engineer
Waterways Experiment Station (WES) and the US
Army Engineer District, Sacramento (SPK). A
location map of the project is shown in Figure 1.

From a Phase I study (Hynes-Griffin et a!.
1986), It was determined that the portion of MIAD
with shells founded on dredged tailings will not be
stable against large-scale internal sliding durin~

and alter the design earthquake event. Remedial
measures were recommended over this length vf
the dam. It was concluded tram Phase II studies
(Wahl et a!. 1988) that the segments of MIAD with
shells founded on rock or on undredged alluvium
w~1 be stable both during and after the design
earthquake event, hence. remedial measures in
these SE'ctlons are not required.

Further engineering ana'ysis in the form of
limit equHibrium slope stability analyses and
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seismic hazard assessments were conducted to
assist in the decision making process f':." remedial
measures at MIAD. Are-analysis 01 post-earth
quake slope stability, using stratigraphic and
cyclic strength data obtained at the site, was
conducted to evaluate the slope stability of a
representative section of MIAD founded on
dredge taDings (gravels) If SUbjected to the design
earthquake or less severe shaking. A seismic
hazard assessment (SHA) was performed to
determine the risks associated with different
combinations of earthquake magnitudes and peak
horizontal accelerations causing liquefaction of
dredged foundation gravels.

These additional engineering studies were
aimed at assessing the potential for occurrence of
a damaging earthquake at the site, and provide
background analyses from which possible post·
earthQuake embankment configurations could be
envisioned. An exhaustive analysis was not
conducted because of the short time frame within
which the results were applied to the construction
of remedial measures. Calculated return periods
are considered to be lower-bound values because
of the conservatism applied throughOut the anal~··
sis. The results of the seismic hazard analyses
are summarized in this paper.

Project History and Description

The Folsom Project was designed and
bu~t by the Corps of Engineers during the period
t948 to 1956. Upon completion of the project in

, Research Civil Engineer, Geotechnicallaborato
ry, US Army Engineer Waterways Experiment Sta
tion, Vicksburg, Mississippi, USA

: Superl/isory CIvA Engineer. Geotechnical labora
tory, US Army Engineer Waterways Experiment
Station, Vicksburg, Mississippi, USA



May t956, ownership 01 the Folsom Dam and
Reservoir was transferred to the US Department
of the Interior, Bureau of Reclamation, for opera
lion and maintenance. The Folsom Project is
composed of a concrete gravity dam, two adja
cent earth-fill wing darns. the earth·fill MIAD, and
eight earth-fill saddle dikes. Additional aspects of
MIAD, documented in detail by U.S. Army Engi
neer Dislrict, Sacramento (1953 and 1955). are
presented below.

MIAD is a zoned embankment dam
4,820 It (1,4691 m) long and 165 ft (50.3 m) high
from core trench to crest at the maximum section.
The shells were constructed of dredged tailings
gravels. The narrow, central Impervious core is a
well-compacted clayey mixture founded directly
on rock over the entire length of the dam to
provide a positive seepage cutoff. Two transition
zones, each 12 ft (3.7 m) wide, f1arlk both the
upstream and downstream sides of the core. The
transition zones in contact with the core are
composed of well-<:ompacted decomposed
granite which classifies as a silty sand according
\0 the Unified Soils Classification System (USCS).
The second (outer) transition zones are construct·
ed 01 the fraction of the dredged taWlngs passing
the 2-ln. (5.08 em) sieve. Typical sections of the
dam are shown in Figure 2.

MIAD was constructed across the Blue
Ravine, an ancient channel of the American River
thaI is about 1 mUe (1.61 km) wide at the dam
site. For about 1,650 ft (502.9 m) of lis w~:I1h. the
Blue Ravine is filled with auriferous, ~ravelly

alluvium of Pleistocene age. The maximum
thickness of the chamel gravels is about 65 ft
(19.8 mI. The gravels have been dredged for
their gold content In the deepest ponion of the
channel, and Ihe tailings were placed back into
the partially water-filled channel. The replacement
process tended to deposll the taRings In a very
loose and random condition. The remaining
undisturbed allUVium is crudely stratified and
slightly cemented.

POST-EARTHQUAKE SLOPE STABIUTY

Background

Slope stability studies were performed
using the computer program UTEXAS2 (Edris and
Wright. 1987). This program may be used to
determine Iirnit equUibrium factors of safety
againsl sliding along surfaces prescribed by the
user within the soil profile of interest, using one or
more of sevp.ral computational schemes avaUable

10 the geotechnical engineering community. The
scheme selected for this re-analysis calculated
factors of safely along circular slip surfaces using
Spencer's Method (Spencer, 1967).

Material properties used In UTEXAS2 were
derived from the various sources 01 field and
laboratory measurements including pre-construc·
lion Investigations, construction lestlng, and
recent studies including crosshole and downhole
seismic measurements, in-situ density measure·
ments, cyclic triaxial testing, and Becker Hammer
Penetration Testing (BPT).

Earthquake·lnduced shear stresses were
computed in the Phase I study using the comput·
er program FLUSH (Lysmer et al. 1973). Zones
in the foundation where low factors 01 safety
against liquefaction (high excess pore pressures)
were predicted were enlarged slightly to account
for lower cyclic strengths indicated by lower (N,l&o
values. Strengths were assigned corresponding
to residual strength of liquefied soil, 8.." for the
purposes of POSl-earthquake stabniry analysis.
The relationship of residual strength to (N, l&o
values used In this re-analysls Is shown In Fig·
ure 3.

Residual excess pore pressures (ex
precsed by means of a residual exc~ss pore
pressure ratio, F\) induced by earthquake shaking
in salurated zones with factors 01 safety against
liquefaction (F~) greater than unity were deter·
mined and represented in the manner described
by Hynes-Griffin et al. (1988) and Wahl et al.
(1988). Average 1\ values 01 0.25 and 0.50 were
used in the non-liquetied portions of saturated
embankment and foundation gravels, respectively.
These values were selected on the basis of
upward adjustments to values reported by Hynes·
Griffin et at (1988) to account for tower cyclic
strengths indicated by the lower (N,~ values
discussed previously. The effect of these eanh
quake-Induced excess pore pressures was mod
eled as causing a reduction in available frictional
slrength (by means of a reduced effeclive angle
of internal friction, ~') for input to UTEXAS2. An
artificially reduced ~. was calculated for non·
liquefied rnaterials using the following expression
(after Hynes-Griffin, 1987):

sin ~'I\*o ~ (1 - f\.) sin.'R.O (1)

The zonation 01 materials and tilrengths input to
UTEXAS2 for slope stability analyses underdesign
pool and earthqUC:~:J conditions is shown in
Figure 4.



Determination of Foundation Zones Critical to
Post·Earthquake Stability

The earthquake acceleration necessary to
trigger liquefaction In the free fW!ld gravels (aver
age «N, Iso z 7.1) was estimated for several earth·
quake magntudes tor level ground conditions
using the simplified procedure (Seed and Idriss,
1982). Ac:ceIeratlons estimated by this procedure
range from 0.08 9 to 0.10 g for magnitudes
ranging from 6.5 to 5.25. respectively, but It was
found that liquefaction In the free field UN, leo
- 7.1) may not control threshold stability. A
residual excess pore pressure ratio. F\. of 0.40
wal ntimated for zones of foundation gravel with
average (N, l.o - 13.7. Vasquez-Herrera and
Dobry (1989) found that F\ ~ 0.40 generally
defines stable excess pore pressures In loose, fine
sands: this value corresponds to F~ of about 1.2
in the foundation gravels at MIAD. Residual
excess pore pressure ratios In the remaining
saturated. non-liquefied gravels were assigned
values between 0.10 and 0.40 for the purpose of
evaluating stability with liquefaction restricted to
free-field gravels. Excess pore pressure ratios
were estimated In the remaining saturated, non
liquefied zones.

Two of the several upstream potential
post-earthquake faHure surfaces evaluated for the
case of liquefaction only in free-field gravels (aver
age «N, ~o = 7.1) were found to produce a factor
of safety against post-earthquake sliding of 1.05.
The factor a safety calcwted using UTEXAS2
and material properties associated with the less
severe shaking for this particuar surface Is 1.7':'
The resUts of these efforts Indicate that
liquefaction of the foundation materials with
average (N,l.o = 13.7 controls stability with
respect to damage to the core of the dam

Determination of Unsafe Combinations of
Acceleration and Magnitude

The principal finding of this re-analysls of
post-earthquake slope stability was that deep
faUure surfaces would not likely develop to the
extent of intersecting the core of MIAD unless the
zones of dredge taMings In the upstream fOUnda
tion having an average (N, leo = 13.7 were caused
to dev.e1op residual excess pore pressures about
equal to the total overburden stress In Slf~ (that is.
and F\ ,. 1.0. or expressed as tOO percent). It
then remained to determine the level of earth
quake shaking necessary to Induce 100 percent
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pore pressure response in the (N,)"o = 13.7
zones.

One-dlmensional dynamic response
analyses were performed for an idealized column
through the upstream slope at the location of the
thickest part of these materials (I.e.• through the
break point between 3:1 and 4.5:1 slopes) using
the computer program SHAKE (SChnabel, Lysmer,
and Seed 1972) to determine approximate rela
tionships between rock outcrop acceleration and
Induced shear stresses. The use of SHAKE for
this case Is expected to yield falriy good, s1ighdy
conservative estimates Of cyclic shear stresses In
the foundation solis. These estimates are some
what higher than cyclic shear stresses that would
result using FLUSH. Stresses calculated using a
onEKlimenslonal analysis in the embankment are
less accurate for the two-dimensiondl condition.
Cyclic shear strength profMes were developed as
a function of (N, leo and multiplied by factors to
correct for the effects of initial static shear stress
on horiZontal planes. K" . initial effective confining
stress, I<i. (both of these stresses were obtained
using FEADAM (Wahl et al. 1988)). and the num·
ber of significant cycles based on earthquake
magnitude ~ using the following relationship
(after Seed and Idrlss. 1982):

Figure 5 ShONS proflas of cyclic strength
developed for earthquakes of magnitude 5.25 to
6.5 for the SHAKE Idealized column of materials.
along with profdes of average cyclic shear stress
induced by the design earthquake acceleration
history scaled to various (rock outcrop) levels. A
shear modulus proportionality constant ~ l-. =
30 was assigned to foundation gravels (dredge
taMlngs) to generate the stress profUes. Cyclic
shear stresses Induced by the design earthquake
(predicted using SHAKE) exceed the avalable
cyclic shear strength throughout the foundation
gravels In Figure 5 by about 20 percent. It Is thus
estimated from SHAKE stresses that an increase
In cyclic shear strength of about 20 percent would
be necessary to avert extensive liquefaction in the
gravels with (N, >eo = 13.7. Figure 6 gives similar
relationships for developmem of 40 percent resid
ual excess pore pressure in the dredge tailings
zone with (N, leo = 13.7.

A relationship between peak horiZontal
acceleration. a..... . and earthquake rnagnllude
was derived to differentiate between potentlany
liquefiable and non·Uquefiabie (unsafe and safe,
respectively) conditions for dredge tallngs foun-



dation gravels at MIAD. This relationship. which
is specific to a value of (N,ho = 13.7 for founda
tion dredge taUlngs gravels. is shown in Figure 7.
Correspondence between earthquake magnitude
and number of equivalent cycles as depleted in
the figure Is adapted form Seed and Idriss (1982).
For the stresses and strength conditions exam
ined in this study, It was detennlned that rock
outcrop accelenttlons near MIAD of 0.25 g from a
magnitude 6.5 event or 0.37 g from a magnitude
5.25 event would be required 10 initiate liquefac
tion 01 sufficient extent In the dredge tailings
foundation gravels to develop critical faHure
surfaces passing through the core ano potentially
leading to loss 01 the reservoir.

SEISMIC HAZARD ANALYSIS

The objective of a seismic hazard analysis
Is to estimate the return period Onverse of hazard)
associated with the exceedance of a particular
ground motion. usually a...... The probabUity that
a cenain level of a site ground motion parameter
is exceeded In a specified time Interval may be
calculated from the analysis results. In addition.
for this study, the hazard was estimated for
combinations of a.... and magnitude causing
liquefaction of foundation gravels at MIAD.

California and western Nevada comprise
the most seismically-active region of the continen
tal United States. In these areas, much emphasis
has been placed on recording earthquake-In
duced ground motions, locating epicenters of
earthquakes. deriving distinct source zones, and
derMng characteristic parameters. such as those
defining attenuation, for variOUS source zones.
These efforts gready benefitted the study of
seismic hazard assessment at MIAD.

Several capable faults exist in central
California and are summarized in Table 1. The
closast capable fault to the Folsom Project is the
East Branch of Bear Mountains fault zone, which
has been found to be capable of generating a
maximum magnitude 6.ri earthquake. The mini
mum distance between this faUlt zone and MIAD
Is 13 km.

Earthquake Source Zones

A1germissen et al. (1962) proposed the
use ofnumerous seismic source zones in the U.S.
to laclltate probabilistic assessment of maximum
accelenttion In rock. SeIsmic source zones ara
Selected on the basis of !leY8l'8I criteria. including
the existence of CllDable faults, the rate of previ-
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ous seismic activity. and the controlling type of
selsmoteclonic regime.

The number 01 seismic zones in california
(including near off-shore zonesl, northern Baja
California (MeXico), and western Nevada suggest
ed by A1germissen et al. (1962) Is about 60.
Initially. about 50 of these original source zones
were considered for this study to determine which
zones would significantly affect the seismic haz
ard assessment. On the basis of this sensitivity
analysis. nine of Algermissen's source zones were
found to significantly contribute to seismic risk at
the site. Oniy these nine zones were used In the
remainder of the stl.II'fy. These nine seismic zones
are described below. The locations are shown In
Figure 8, and the recurrence paramelets are
summarized In Table 2.

A zone delineating the East Branch of the
Bear Mountains fault zone (Zone 10). not consld·
ered by A1germissen et al. (1982), was Included
as an option for this study because of Its close
proximity to MIAD. The computer program RISK
(McGUire. 1976) was used for this study and does
not allow for true line sources so a thin area
source (about 0.7 km wide) was used to repre
senl this fault zone. The location of this fault
zone with respect 10 source lanes. In pl.1n. Is
shown In Figure 8.

Recurrence Parameters

Recurrence parameters used for this
study were obtained from a national study by
A1germissen et al. (1982) and a site-specific study
by Tierra Engineering ConSUltants. Inc. (1983).
A1germissen et al. (1982) also presented contour
map!': of seismic risk for the u.o. based on com·
puter analysis using general•. regional- source
parameters. These contour maps were later
updated to indude the results of more sophisticat.
00 analysis and were published by the Federal
Emergency Management Agency (BuDding Seis·
mic Safety Council, 1988). The value of lower
bound magnitude, rT\, • is chosen to represent a
magnitude cutoff polnl below which earthquakes
are too small to be of engineering Imerest. A
value of"\ = 5.0 is generally recognized to be
reasonable for engineering studies and was used
for this study.

The annual rate of earthquake occurrence,
also called the annual activity rate. is a function of
earthquake magnitude and may be determined for
each source zone from the historic data by
dividing the number of earthquakes that exceed 8
given magnitude by the length of the observation



or

where

Attenuation Relations

In [N (M) J = (I • 13 M, M ~ M..... (5)

(6)11 = bin 10

N (M) = average annual number of
earthquakes with magnitudes
greater than or equal to M;

a. b. 1Il =0 parameters determined from
activity rates for respective
source zones.

Relationships propc.:;~ by Joyner and Boore
(1981) to calculate mean values of peak horizontal
acceleration were used for this study. An upper
bound value of acceleration of 0.60 g was applied
to these relationships for mean acx:eIeration as
suggested by Bolt (1989) for seismic hazard
studies. These relationships have been derived
from measured data with magnitudes greater than
5.0 In western North America, predominantly In
the state of California. The equallon proposed to
calculate the mean peak horizontal acceleration
is:

The parameters P and b are related by:

The values of 13 used in the seismic hazard
asses!)ment for this study, obtained from
Algermlssen et aI. (1982) and Tierra Engineering
Consultants. Inc. (1983). are listed In Table 2. The
magnitude-recurrence relations for these 10
source zones are plotted in Figure 9.

period, .1. In years. A complete recurrence rela
tion may be compiled by considering increments
of magnitude for the full range of magnitudes
possible for the source 20ne.

Historic .:ports of earthquakes in the U.S.
date back to the fourteenth century (Chiburis,
1977). However. consislent reporting and
recording did not occur untH the late 1800's and
instrument measurements did not begin unt~ the
earfy 1900's, and then, were only sparsely locat·
ed. In most cases of reported earthquake activity
in central California prior to 1911, only Intensities
were recorded. Therefore. earthquake magni
tudes. M, must be estimated from values or
Modified Mercalli (epicentral) Intensity, MMI, for a
majority of the records. The annual activity rates
corresponding to a MMI V event Ie all seismic
zones used In this study (except r"ne 10) were
derived from A1germissen et al. (1982). The rate
of occurrence for Zone 10 (East Branch of the
Bear Mountains fautt zone) was regorted by Tierra
Engineering Consultants, Inc. (1983). The rates of
occurrence for all seismic zones are listed in
Table 2.

The rate of return corresponding to IT\, = 50
is a necessary input for RISK This rate of return
may be obtained by relating magnitude anG
intensity scales of earthquake motions and using
published rates of return based on MMI. A corre·
lation between MMI and magnitude, M, was
determined for this study using seismic data
(6809 sets of MMI and M) measured before 1
March 1985 from the western U.S. (west of 105'
W longitude), as contained in the Stanford Univer
sity data base (Nielsen, 1982). The magnitude at
the average plus one sample deviation for Intensi·
t'l V data Is 4.1.

A1germlssen et ai, (1982) used a similar
relation suggested by Gutenberg and Richter
(1942) to relate i... and MMI:

M = 06 MMI + 1.3 (3) log,o 8,.,.. =

A magnitude of 4.3 is obtained for an intensity of
V using equation 3. The seismic risks calculated
for this study are lower than those calculated by
A1germissen et al. (1982) because a lowervalue of
Il1, was used. if ail other input were equal.

The recurrence rate for earthquake magnitude
is assumed to be of the form (Gutenberg and
ttichter, 1954):

log IN (M» = a - b M. M:<; M.... (4)

·102 + 0.249 M - 109,0 r· 0.00255 r (7)

where
8",.. =0 peak horlzorJtal accel&rc.tion

(gs)

M = magnitude

r = (cf + 7.:i)"~ 5.05 M 57.7

d = (surface) distance from source
to site.
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The standard deviation of log,o 8",.. reported by
Joyner and Boore (1981) is 0.220 (0.507 for
In 8",•• ).

Recent studies by seismologists Indicate that
thrust faults produce accelerations that are about
20 percent greater than accelerations produced
by other types of faulting at a given distance
(Bolt. 1989). Reviews 01 seismologic data for
each of the 5QUrce zones described In Table 2
indicate that thrust faults exist in Zones 2 and 3.
In Zone 2. the thrust faults are considered to be
inac've and. therefore. were not considered
separately for purposes 01 this study. In Zone 3.
however. active thrust faults exist. The modified
anenuation relation used for Zone 3 to account
for the influence of the type of faulting is:

109.0 a..... =

-0.941 + 0.249 M - log,o r - 0.00255 r (8)

A standard dE,viation for 100,0 a..... of 0.220 was
assumed. The same cap of a.... = 0.60 b was
applied to Equat;on 8. Mean values of 8",.. from
thrust faull zones are not expected to exceed
0.60 g since the closest point of Zone 3 to MIAD
is about 40 km.

Seismic Hazard Calculations and Results

The computer program RISK was used to
calculate the annual probabilities of exceedance
given the aforementioned input parameters. The
program RISK is based on the theory described
by Cornell (t968). A Poisson distribution of
events Is assumed with the assigned recurrence
parameters over each seismic source. The
("I:,w,;r1g ..~umpliun::lare inherent with a Poisson
model:

a. The earthquakes are spatially independent.

b. The earthquakes are temporally Indepen
dent.

c. The probability thai two seismic events will
take place at the same location at the same
time approaches zero.

The probabilitifls are computed using the com
bined contributions of sources and a numerical
integration method.

The overall study Induded the calibration 01
the input data with the res~s of natlon·wlde
seismic hazard calculations made by others and
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calculations that followed the profession-wide
procedures to calculate the seismic hazard al any
given site. The set 01 calculations presented
herein were developed specifically for this study
and are reported hereln_ These hybrid calcula
tions were developed to Incorporate information
available on critical combinations 01 earthquake
magnitude and peak horizontal acceleration thai
cause liquefaction for the dredged foundation
gravels at MlAO. This latter set of calcUatlons
were thought to provide the best values for decl
sIon making.

Results Of traditional seismic hazard calcu1a·
tions Indicate that not all seismic zones used for
this study contribute a significant amount to the
seismic ha2ard at MIAD. Rather, only three
seismic source zones were determined to make a
contribution of 5 percent or greater to the total
risk for a.... = 0.25 g and two seismic source
zones contrtlute 5 percent or greater lor '- r.

0.37 g. These sources zones are: 7,9, and 10 for
a.... - 0.25 g and 9 and 10 for '- ., 0.37 g.
The magnitude and percentage of contributions
for each zone are listed in Table 3. Zones 9 and
10 prodUce 87 and 94 percent. respectively. of
the risk at these two levels of acceleration. The
East Branch of the Bear Mountains fault zone is
Ihe largest contributor to the total seismic risk.
The results presented In Table 3 suggest that
some of the source zones used for analysis did
not contribute any hazard for these two levels of
acceleration. Including zone 3 which utlized
modified attenuation relationships speclflc to
thrust faulting.

The contributions 01 different magnitude
events were also examined for purposes of this
study. The contributions of magnitude Ir1t8l'V8ls of
0.5 were calCUlated for peak horizonla' accelera
tion of 0.25 and 0.37 g and are presented In Table
4. Eighty-seven and 94 percent of the contribu
tions for 0.245 and 0.37 g. respectively. come
from magnitudes betw69n 5.0 and 6.5. Notice
that these numbers correspond to the contribu
tions of Zones 9 and 10 (which have M",.. of 6.1
and 6.5, respectively). Therefore, Zones 9 and 10
essentially make the significant contributions to
seismic risk between magnitudes of 5.0 and 6.5;
the remaining zones make contributionsat greater
magnitudes. There Is relatively little to no contri
bution for the magnitude range of 6.5 to 7.0 or
from Zone 3.

The probability of exceeding a given accel
eration alone does not slgnlly a specIIIc risk to
lIQuefaction of the dredged foundation gravels.
The results 01 the seismic hazard and post-ealth·



quake slope stability analyses were combined to
estimate the risks for various conditions that will
cause Initiation of liquefaction of dredged founda·
tion gravels and consequent faHure of MIAD. The
results presented In Figures 7 and 10 ",ere com·
blned and are presented In Figure 11 and tabuat·
ed In Table 5. The annual (total) risk associated
with critical comblnations 01 acceleration and
magnitude leading to liquefaction of the dredged
foundation gravels is approximately 0.0009 (an
annual return period of about 1100 years) for
magnitudes that could have an Impact on the) site
(greater than 5.0).

The greatest contributions to the seismic
hazard causing liquefaction at MIAD come from
critical combinations 01 peak horizontal acceler
ation for earthquake magnitude intervals greater
than 7.0 (corresponding peak accelerations less
than 0.21 g). The sum of the probabilities of
occurrence for magnitudes greater than 7.0 Is 6.5
x 10'·. The sum for magnitudes less or equal to
6.5 is 2.5)( 10'·. The seismic hazard tor the
magnitude interval 7.0 to 7.5 comes from Zones t
(San Andreas Fault zone), 4 (Hayward and
Calaveras Faults .<:ol1e) , and 7 (Genoa.Jack Valley
and West Walker River Faults zone). The seismic
hazard for the magnitude interval from 7.5 to 8.0
comes from Zones 1 and 4. The seismic hazard
for the magnitude intervgl from 6.0 to 8.5 comes
from Zone 1. This finding differs from the conclu
sion drawn from the traditioMI seismic hazard
analysis.

The Poisson distribution may be used to
calculate the probability of exceedance, p., by:

(9)

where:

t - time period 01 Interest

T ., retum period (yrs)

using Equation 9 and considering a retum period
of 1100 years, the annual probability of
liquefaction occuning is 0.09 percent.

SUMMARY AND CONCLUSIONS

Analyses Of slope stability for post-earthquake
conditions and seismic hazard have been con·
ducted to assist in making decisions regarding
remedial measures necessary over portions 01
MIAD. For the post-earthquake slope stability
analysis. accelerations frem both the design

earthquake and lower magnitude events were
used. The seismic hazard analysis used various
combinations of a..... and earthquake magnitUde
to assess the seismic hazard. Results of the two
analyses were combined to estimate the likelihood
of liquefaction of the dredged foundation gravels
and consequent faUure of MIAC.

Acceleration levels required to cause liquefac
tion only In free.fleld gravels with (N, >'0 ., 7.1
were estimated using the Seecl-Idrlss simplified
procedure (Seed and Idrlss, 1982, and elsewhere)
to range from 0.08 to 0.10 g for magnitudes
ranging from 6.5 to 5.25, respectively. One
dimensional dynamic response analyses were
conducted to determine approximate leVels of
acceleration required to produce the critical con
ditions. A range of induced average shear stress
es and strength conditions were examined to
determine critical combinations of peak accelera
tion and magnitude. For example. these studies
Indicated that rock outcrop accelerations near
MIAD 01 0.25 9 produced by a magnitude 6.5
event (6 cycles) or 0.37 9 produced by 8 magni
tude 5.25 event (2.5 cycles) would be reqUired to
initiale liquefaction of sufficient extent in the
dredge tailings fOUndation gravels to develop
critical taHure surfaces passing through the core
and potentially leading to loss of the reservoir.

The input data used for seismic hazard
calculations are primarily 1.001 A1germissen et al.
(1982) and Joyner and Boore (1981). The com·
puter program RISK by McGuire (1976) was also
used. Best estimates of seismic hazard at MIAD
from earthquakes with magnitude greater than 5.0
are shown in Figure 10. The annual retum peri
ods for the best-ertimate relation, Including the
contribution 01 all magnitudes, at peak horizontal
accelerations of 0.25 and 0.37 .g arw 1,500 and
10,500 years. respectively. It was determined, In
general, that over three-fourths of the total seismic
risk is generated from the Sierran blOCk and the
East Branch of the Bear Mountains bult zone and
lhat these same percentages of contribution apply
to magnitudes between 5.0 and 6.5.

The overall risk of experiencing a critical
acceleration and magnitude level causing lique
faction of dredged foundation gravels at the site
was estimated to be 0.0009 or an annual return
period of about 1,100 years. It was determined
lhat the seismic hazard for cr;t1cal combinations
of peak horizontal acceleration and earthquake
magnitude originates from three source zones:
San Andreas Fault zone, Hayward/Calaveras
FaUt zone, and Genoa.Jack Valley!West Walker
River Fault zone



The return periods calculated for this study
are considered to be lower bound values. Many
conservative estimates were made in the course
of this seismic hazard assessment due to the
uncertainties associated with many of the Input
parameters. More sophisticated analyses would
require greater effort and time. However, It was
known at the Initiation of this study that the results
wo~d be applicable for only a short duration due
to the construction of remedial measures. (The
first phase of remedial construction was complete
In November 1990, nine months following comple
tion of the seismic hazard study.)
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rabl@ 1
Wi!!ttc! sei""ic Charact@ristics of Capable feults'

Ulldlfltc! frC!! Iierrt £naineering ~ons\Jlt'"ts, Inc .. 1983)

Minl_ Mui_ ApproxiM" Mo.t RotCMlt
N_ of Di.t~. Type of Eerthquake SLip Rate Di.pl"~t

fault Zone To Sit. (0) Faultina Megnitude' (ClIl!yr)
1 Known'

San Andreu 1no Strike-.I ip 8.5 1 - 2 Hi.toric

Hayward 1'0 Strike·sl ip 7.9 0.5 Hi.toric

CalawrlS 130 Strlke·sl ip 7 0.25 Ni.toric

GMoa Jack
Vel ley 117. .o.... l·.lip 7.25 0.01'0.02 HoloceM

\lest Walker
aiver 142 .ol1lllll·slip 7.25 0.01 Historic

"e Iones 27.5 .o.-I-slip 6.5 0.0006' Pleistocene
0.0001 !1 00. 000

East Br~h
aear "tna. 13 .0....1·.lip 6.5 0.0006- Pleistoeene

0.0001 :!:100.000

I It capable f ...lt lie. defined es one thet eJlhibited displ.ceooent 81 or Mar the grOWld surfeee within the past
35,000 yr.rs, recurrent _t within the pest 500.000 ye.rs, e.hihi ts cr@@jlllOv-..t, wrdjor exhibits .1 Igned
Mcro-sei ..iei ty (M $ 3.5) dr"..lned frC!! instr~ts.

2 Esti_tecl bv Tlerr. Englrwerlng CllI'lSIJltlll'ltll, Inc. <19831 blsed on various stueli", including, US D@P8rt-.t
of the Interior. Bure.... of Aecl_tlon (1977a. 1977b, fro 1978>, end others. Modifieclslillhtly usir'll date frQII
"lgermlssen ,t ,I. (1982).

l Slip rtteS esti.ted frOll historic, .,...orphic. or geoloaic , idence.

4 Lete PI.istoc_ displec.."t _y be .. old .s 500,000 years .go or a. YOl.01ll as 10.000 yea,.. ago.

rable 2

D,.criet!on of S,ismie Soure, ZON!S Used for this StudY

Source Code
rhis AI8l...i.s",
lllm: st .1. (1982>

1 Clio

2

3

4

6

7

8

9

10

09

02S

024

030

029

027

026

••san Andr... • ....l t lone

Northern Coest A8rIIles

Heyvard & Calawras flll.Jl ts

Elk a. Kettleman Hi lis

Northern Sierrt H,veda

GenoIl- JlCk V.lley tnd
"'.t W.lk,r River hults

Southern 5I erra Herlda

Sierran block

bst Ir~h. I.ar Mtns.
fault zone

Recurrence P.r_ters
AI!!eMlli"en et ,t. (1982)

Rate
~ -L- !l..
1.97 0.99 11.3*

0.358 1.0 7.9

0.168 1.5 6.1

0,827 1.2 7.9

0.247 1.5 6.1

0.588 1.5 7.3

1.32 1.5 7.3

0.1" 1.5 5.5

0.477 1.5 6.1

0.llS1*- 1.96 6.5

• Adjusted frc. 8,5 •• per lolt (1989).
R.t.. reported in te,.. of Mgnitude.
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Table 3

Contributions of Seismic 2""". to Seismic Hazar.;!

at Mormon l1iland AUAiliary Dam

0.25 9 0.37 9
Contribution Contribution

Amual Rate to Total Hazard "musl Rate to ToUI Hazard
(events/yr I (percent) (events/yrl (percent)

1.12. 10'5'> 2 5.45 X 10. 7

5.18 ~ 10'· 3. 14 ~ 10. 7

1.02. 10·· 4.64 x 10"

2.15 ~ 10'> 1 1.33 x 10"

4.0 X 10·"

2.84 x 10'· 1.53 X 10. 7

4.50 x 10'· 7 3.62 x 10'· 4

6.89 x 10" 2.16 x 10'

2.77 x 10" 42 4.17 x 10' 50

2.91 x 10" 45 4.14 x 10" 44

100 100

Table 4

Distribution of Seismic Hazard Among Earthquake Magnituoes

Contribution to Total Hazard (percentl
~ .J!.:.E..L

Range in
Magnitude

5.0 5.5

5.5 • 6.0

6.0 6.5

6.5 7.0

1.0 1.5

7.5 8.0

8.0 8.25

12

44

3'

o

6

100

157

4

46

o
3

2

100



Table S

Risks C,lculnecl for various ~ombinations of Magnitude and Peak ,'eeelerttion

Causing Liquef,etian of Dredged foundation Gravels •...J.!!.l.o

Nagn; tude Ile.n N...ber of Return
Range "'9Oitude Eguiv, Cycles ----!!..o,_ Hazard Period(yrs)

5,0 - 5.5 5.25 2,5 0.37 0.000003 333.000

5,5 - 6.0 5.75 4,5 0,31 0,000094 10.600

6.0 - 6.5 6,25 6.75 0.26 0.00015 6.670

6.5 • 7.0 6,75 10,0 0.22

7.0 . 7.5 7,25 13.5 0.20 0.00012 8.300

7.5 - 8.0 7.75 17.5 0,17 0.00021 4.760

8.'J - 8.25 23 0.16 0.00031 3,020

~ombined; 0,0009 I, lOa
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Zoning for UTEXAS2:
I'

1
2
3

4, 5, 6, 7
8, 9

10, 17
11, 16

12 i 15
13, 14

18
19

20

Gravel shell, dry, Ym·• 146 pcf, ~' - 4~·, c - 0
Transition SM, dry, ~m • 136 pef, ~' • 37·, e • 0
Dredge tailin&8, dry, ~m • 136 pcf, e' - 41", c • 0
Gravel shell. Yt - 152 pel ~' - 30·, c - 0*
Dredge ta1lio&8. saturated. ~t - 136 pef ~. 19", c • o·
Dredge tailings, liquefied. Sur - 100 pef, ~t - 136 pc!
Dredgcc8iling•• liquefied. Sur - 400 paf, ~t - 136 pc!
Dredge t8ilin&8, liquefied. Sur - 650 pef, Yt - 136 pc!
Gravel shell, liquefied. Sur • 1200 psf, ~t • 152 pcf

TranR1tion SM, 8aturAted, ~t - 142 pef. e' - 37", e - 0
Clayey core, ~t • 135 pcf. e' • 29", c - 0
Bedrock

~

Ii pcf ·157 N/cu.m)

*NOTE: ~' in theae material. vas redoced to simulate strength
reduction caused by earthquake-induced exces. pore vater
presaure. aocording to (llin~' )RufO - (l - Ru ) (a1n_' )R.u-O . (llee text)

500} Q _

j

u
1.04001200'000aoo600

JOO ~ ~ ~ I~"'~' '~! ll~'~'rt,riliillllllilillPrl >~ =:"400 Iii , I' i I I Iii i i f iii iii I I I I t I i

Figure 4. Material zonation for slope stability analyses. design pool and
earthquake conditions
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System Identification or Spirally Reinforced Circular Bridge
Columns Subjeded to Cyclic Lateral Loading

by
William C. Stone1

.-ld
Andrew W. Tay~

PrOblems relating to present procedures for the design of bridge columns to withsland selsmic loads are
discuSsed and a more rational design procedure is proposed. C8ntraI to the proposed anattsls method
is the requirement for an analytiCal capacity to predict the hysteretic behavior cA reintorced concrete
bridge columns when subjected to inelastic lateral loads up to and Including failure. A three-parameter
model with a nonsymmetric trilinear envelOpe was used in an initial effort to identify relationships between
physical column properties and hysteretic model parameters. A digital database cA Ioad-dsplacement
histories was established for circular, spirally reinforced bridge column tests. A system identification
analysis was performed on each specimen In which the error In predlc1ed cyclic absorbed energy was
minimiZed. Three parameters. comprising a stiffness degrading coeI'ficIent, a strength degrading
coeI'ficient, and a pinching coefficient, were employed in this study. Subsequent multlvariable least
squares regression analyses were conducted to corrBIaIe the v8lia1lOn cA the three failure model
p&I1IITle18fS with the specimens physicaJ variables as well as cummulatlve absorbed energy. Conclusions
are presented regarding the sensItIvily of hysteretic behaviour to certain physical characteristics or
circular, spirally reinforced bridge ooIums.

Imoduction

Research on the design or bridge structures to resist seismic loadings has been driven by the Inadequate
performance of constructed facilities under actual earthquakes. The catastrophic collapse d thB 1-880
Cypress Freeway, and the significant damage sustained by other elevated higlTMly structures in thB
Oaldand-San FranciSCO region during thB Lorna Prieta earthquake cA 1989 (Lew. 1990) has given rise to
a research project at the National Institute d Standards and Technology (N1S1') to de'I8Iop a ratIOnal
procedure for the design cA ductile bridge columns. This paper describes the fundamental tenets
comprising this concept and the results of preliminary work on one phase of the proiect, that d
developing a suitable hysteretic model for the prediction cA Inelastic dynamic response of ductile bridge
columna.

Before dlscussIng whaI constitutes a ·ratlonal" design procedure, It may prove useful to summarize the
ClMT8l1t generally accepted design procedure for single. cantilevered bridge columns employed by the
California Department of TransportatiOn (Caltrans. 1984), as this~ a more strIi1gent version of
the AASHTO (AASHTO. 1978) procedures presentJy in effect ttYou(JhoIA the United States for thB design
d bridge structures. The Callrans procedure, presented In Table 1, requires the seIecdon tI a maximum
expected bedrock acceleratiOn II the brldge site from a seIsmlclly contour map: the seledIon of a

1~ 8WotunlI EneW-. NIidonlIllnldlule CIf 8IMdIrdI1nCI Tecto.WlolW.~. MervlMd

2~ 8lruclunIl Eng"-. N.IlonaIInduee CIf~ InCI Technology. CWherwburg, M8rYImd

Preceding page blank



response spectrum based on generic lOll r..o.nditions; and the calculation d Ole anticipalecl fundamental
period of the structUfe. The deSigner then reads a static equivalent lateral design force from the response
spectrum and ,)fDC88ds aJong the design steps outlined in Table 1. This procedure, while lending ilsen
to a codified .;JOdard. sutlers from I8V8f8I drawbacks:

• A single peak lICC8Ieration value for a regional area Ignores Important IocaIlzecl phenomena
associated wIlh distances from active faults, var'.ations in earthquake magnitudes and their effects
on frequency content. and lIttentuation and frequenc:y shifting with distance from the ec:tive faults.

• A sample of representative raponae spectra for homogeneous lOll condlions for a few depth ranges
will not necessarIIV yield a realistic measure of the lateral swface excitation force as experienced by
the structure, particulal1y If the frequency content of the earthquake rock mocion is other than
assumed In the generation d the generic design chaI1s and If there are multi-layered sedimentary
deposits.

• There is no basis for the prediction of the post-earthquake damage status lor the structure. Thus.
the design codas for lifeline structures presently Include arbitrary modifiers to the static eqUivalent
lateral design load based on the level or "importance" or a p81ficular Ilructure. Because of this,
there Is no 8bIity to perform an effective optimization Iludy which would result in the Jeast-cost
design aokAion to meet a particular survival requirement.

A more rational approach, desct1bed graphically as a computer program flow chart In Fig. 1, to the design
d bridge c:olumrw II proposed. This approach II based on recent advances In synthetic earthquake
generation techniques and the development of reliable models for the prediction of hysteretic behavior
in reinforced concrete structures. Because the concept requires the integration of both aeismoIogicaI and
structural analysis components, the Input data upon which the analyses ar. based are lite specifIC.
Presently there Is no natIOnal data base from which one might, for example, obtain a set of representative
acceIeration-tlme histories for a particular site which might then be used for design. For this reason, I
was decided that a demonllr8lion project, using the San Francisco-Oakland Bay area as the example,
would be used to limit the Icop8 of the requited data base generllion. SlmiIarfy. beclllS8 there are many
possible variatlona to auperatructure 8rChItecture, we have timited the Initial scope d this project to the
performance and deIIgn ~ c:IrcuIa". apIraIly reln'orced, lingle cardevered columns wt1ich are
monoIlthicaIti cast wah cantlnuoua longitudinal reInforcer'n8R through the pat.... plastic hinge regions.
These crleria ..e applicable to a broad number ct el8VMed highway systems pr8SInIy In use In the State
of California.

From a fundar'n8fUI~ there .. aeven unique, and Interdependent, aspec:ts relating to the
design of a bridge coIurm that Is required to perform in a certain manner when subjected to certain IevelI
d seismic excItllion. These are _ foIIcMIs:

• SUpersllUCtLn and Performance DefinItIon
• Subeurface (Sol Column) DefinItion
• BedrOCk Motion DefinItion
• Site (Surface) MotIon Cllcllillion
• Hysteretic F..... Model Sllletion
• Inela8tlc 0ynM1iC AnIlIyIII
• Cost OptimizatIon

In conslderIng the fIrIt ct theIe. SupetltrUClure II'ld Performance DefinItIon. the engInMr would prefer to
erter _ few pIec=- ~ IrformaIIon Into a computer program as necessary. In the case d geometry and

270



... the "*'Imum data reqund .. the~ of the column, L. and the elf8ct1ve axial load, p., from
the 1DIIdw8y. In adcItIon ..,. engineer would .-0 like to specify the IeYeI d .,...... damage following
., eartnqulikl d • given rJIIVIIIUdIt. n may be appreciated that a bridge coIurnn which Is required to
be totally functIonIII, with no damage at'" folIowlng a Magnitude 6.5 earthquake, may In fact demand
• men robuIt dMlgn then the ...... column which would be required to remain marginally standing (ancI
NqUire IlIb1equent dIrnoIIIIon) fallowing I Magnitude 7.5 earthquake. Since theM criteria w1a depend
on Ih-sp8cIfIC char8cI.-lsIIcs, the engineer would also want to provide the comput.- program with •
QICPIPhiCII location (longitude and latitude) of the construction lite, from which. ultimately, design
IOIdIngIwouId be~ generated. 0tM0usIy, this design approach representa I departure from
cunent practiceI. lis Implernentatlon II predicated upon I number of deveIopmenta taking place and on
the lnIegr11t1on of what .. presently disparate research software lnIo an aulomaled system.

The iIsue d atrue:turIIlnp\.t Ioadinga II addressed in the I8COnd through fourth upects lISted aboYe. The
I8iImIc acbtlon function (8CC8l8fal1on-time hlstOtY) II d8pencI8nt upon the foIlaMng pa'ameters. among
0ItMn:

1. The magnlIude of the HI1hquak•.
2. The local tectonics which IIfect the generlltlon and propagation of I8lsmIc WIIV8S.

3. The diItance from the epicenler to the structure.
... The underlying I0Il condItlona which exist b8tw88n the foundaIiOn of the Itructure and bedrock.

GIven these~.. the development of an epproprlate "design" earthquake loading III probebaIistic
process which II presenlly the subject of considerable research. We envision, ultlmalely. a national
databae which would permit the user. by specifying a geographic location tor the construction lite, to
8WomItlcaIIy dewlap • belt estImaI. for the soil column profile from surface to bedrock level; and to
~ u-wn-e ..... of design bedrock acceIeratIon-tl hiStorIes, at varying magnitudes and
hql*'Cy coni.... which WOUld be representalive of thai.... These two pieces of data, combined with
exiItIng....,. propagation IOftware (a.g. SHAKE, 19S1O), can be ful1her U88c:l to auornatically gener••
IUIf8ce ... acceIIlllllon-tlme histories which would I8rVe • the irlpla loading for the ltrUCtural design.
1nItIIIIy•• II ae. thII the aparsIty of avalIabIe boring logs to bedrock wII rel8gMe IUCh lUtonaed I0Il
MIectlon procedlns to preliminary analyses, pending availability of specific construction site logs.
Howev8', with reqund filing d boling logs to bedrock at all construetIon liIes In seismiC regions with a
nItionII arganizIIIon, such • the United States Geological Survey, the completeness of such a lOlls
dellIbIM would gr8duIIIIy improYe to the point where • refined anaIyaIa would become unec:essery.

~ ..~ available (e.g. Joyner and Moore, 1988) for the dIIveIopment of aynIheliC
e.thquIk• ..cordi at • given .... provided information on local geology and tectonics .. available. For
..ginn .... and .. given 1trUCIln•• INIy be 'ppnICiaIed tnalillingle acceIer8tion-time histOtY, just
• wIh I lingle equhtaIIrt italic 1at8f'8lload, II~b' proper 8N1ys1s. Bec8l1S8 some structures
may re.pond more dramatically to • particular segrnert of • response spectrum, llllrnport.-t 10 develop,
for HCh ........ of acceIefIlIon-tI hiIIorles whIc:h represert, In adcItlon to the dir. fItlIPOrW8
~ MgINI lis d.. l..IaIwiIe, becal_ dlferent magnitude .-thquaIc.. may lniIlaIe from dlIferent
IOUfCII, ........... of design accelerItIon-tI histories for each magnitude under considenIIlon
II1UII be uer-ed. GIven IhIse data, one may then develOp • lUll. Of IUlfaclIeveI time histories
IUbbIa for • !bIeql1d ItrUCturaI anaIysls. Art lnIeractiYe graphics-drIven system which employs the
abcM p(,i1clpIIII II preuntIy being droelopecl for theO~ F...-.cIIco Bay ... .-.cI will be the
IUbjICt of • forthcoming paper.

..._ ... F.......

The Nm8Inder of the propoud design procedure ..... upon the ability to ana1ytlcaiiy predicI the dynamic
MIpOf1M 01 the tagM 1trUCbn, not just to .. ela8IIc 11mb, but to c:omplete ...... Several computer
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programs preeently exist Including SAKE (Otani, 1974). SAACF-II (Rociriguez-Gomez, Ct-tung, and Meyer.
1990), and IDARe (Park, Relnhom, and Kunnath. 1987). among others. which have. to varying degrees,
achieved some measure of success In achieving this goal. AI are "research COdeS" and to dale are
limIIed to the analysls of two dlmensionaI structural systems. At the heart of these programs are anaIytlcaI
modeII to idealize the IneI8sIIc behavior of reinforced concrete under dynamic or quasl-static loading (EI
Borgi, While, and Gergely. 1991). These 81'8 generally accomplished with the use of macromodeIing
schemes In which Inelastic action Is~ed through hysteretic models describing force.deformatlon
cnaracteriltlcs lit a crosa-sectIon. Such modeIa atternpl to capture ~a11 behavior of the strueIuraJ
eIeIT&1l based on Ioad-dISplacement predictive algorithms which are calibrated to experimental data.
These latter models, generally referred to as hysteretic failure models, were selected for the project
desclibed In this paper because of their abiUty to be calibrated to experimental data and because the
output directly lends Itself to the computation of absorbed hysteretic energy and displacement ductility.
both at WhICh have been shOwn to be correlated to a quantifiable measure at the state at damage
ausIained by the structure following 8 seiSmic event (P8I1c, Mg, and Wen, 1984).

Since the m1d-1960s research has progressed towards the development of two general hysteretic failure
modelS which can be cIas&Iied as Bither "smooth" or "multi·Unear." depending on the mathematics Of the
algorithm employed. State-Of-the-art summaries 01 the various methods can be found In EI-Borgi, White
and Gergely (1991) and In Park. Reinhorn and Kunnath (1987). In the preeent study a multi·linear
hysteretic model, known as a "Three Parameter Model." based on IrnproIIementS to the Clough-Takeda
Model ('rakeda, 1970) by Takayanagi (Takayanagi and Schnobrlch, 1977) was employed. This same
lIIgorthm Is presently used In the program IDARe (par1c, Aeinhom. and Kunnath, 1987).

It Is convnon practice to describe the envelOpe curve at the force-d8formatlon relation of rehforced
concreIe components by a multl-llnearfunctiOn with three turning points. e.g•• cracking. yield. and ultimate
8tI8llgth. The tri-linear approximation to the et1YeIope CUMt Is known as the "skeleton" curve. Procedures
have been d8veIoped to extract this curve from an equivalent monotonic Ioad-dIsplaceme envelope
curve thai has been fitted to experimental da for coIurms tested under reversed cyclic loading (park,
ReInham, and 1<IJnrWh. 1987). A variety d hysteretic properties can be obtained through the combination
d the trI-linew skelelon CUI'\/8 and thr8e characteristic parwnetera, a, (l and 1, es will be subsequently
de8CrIbed.

(1)"'.. -
fIE

'7

The parameter a controls the degradation (softening) in the unloading stIfIn8Sa that Is generally observed
in reinforced concrBt. metI'lbers as they degrade under reversed cyclic loading. In the thl'99-parameter
model. stillness degradation is Introduced by setting a common point on the extrapolated skeleton CUNeo
It .. assumed trw b unI08ding lines aim all this point untU they reach the dIsplacement-axis. as shown
In Fig. 2. The perameter a difectIy affects the slOpe Of the unloading branches of the IoacI-deIIectIon
history and, as can be seen In Fig. 2, lndirectIy affects the area bounded by the hysteresis loops, which
... measure Of Ihe 88ismic energy 8bsorbecI br the structure during~ given cycle. As a decreases
10 doeS the unlOadIng stiffness.

The parIf'IMIIer 11 deIennine8 the,.. Of str8ngIh degradation, • shown In Fig. 3., and Is defined as the
l1iiio 01 the Incr8m8rUI damege IU8IaIned by the structlnI elemenI caJ88d by the increase of the
m8XImum 1'IIpOI'lI8. dart/a" to the normalized InctemerUI hyst8f8ttc energy, rlCIC"uP.). as:

1Ia.
6". --fIE

6.'7
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where:

all • utlm8te deform8Ilon under monotonic loading; generally defined • the dIIpIacement on the
deIcending monotonic failure curve aI which point the Ialeralload has decreMed to 80% of the
maximum ...... load.

P~ • YIeld strength. C8IcuIated from the envelope CWV8.
~ • Incremental t?isteretlc absorbed energy during the current cycle • Ihown In Fig. 3.
a", • Maximum obeeMId dIIpIacement during the~ cyc:llc loading history.

AI c.-. be teen from Fig. 3, a value of (J equal to zero wID produce hysteresia loops wilh no Itrengrh
degradation, no maner how many IUbsequent cycles .. carried DLt. prOYided .. ather parameters
f8tn8In the same. Increasing, non-zero values 01 If produce Incr8asIngIy rapid decay In the maximun load
M~cydea.

Plnching behavior, such • iIIUS1rated In Fig. 4, may be Introduced by lowering the target maxJmum point
(1abeIed • the Initial Target Point in Fig. 4) to 8 level of lPy (labeled as the New T8rget Poirt In Fig. 4)
IIIong the previouIlM1Ioading line. A new stiffness is calcullited SUCh that the reloading plIIh aims • this
new Wget point untl: the crack closing point is reached. The stillness of the reloading path II changed
again • this poinI such 1hM IlJbsequenI increases in deformation produce Increases in load along •
steePer (lth') akJpe which lAtImaIeIy passes through the initial target point. The Irtroduction cI such
• pinchng p8I'8ITIMer I88dIlo a reduction in the cycle enersw abeorbed by the ltfUCtural eIemenl
TheM IhrM paramet.... together with the a1eeleton curve iriormaIion deIcribed 1Ibove, cornprise the
variables requHd for lmpIemention of the hyltlf'ltiC rule deIc:rIbed In Park, Reinham, and Kunn8lh (1987).
EI-Borgl, WhIle, and Ger'l,l8ly (1991) w.-n thai the proper irnpIemenlation 01 this type 01 model requires
calbratIon fJ the V8riabIes to • 8p8CIIlc type 01 SIrUC:tlnj 8I8menI r reliable r8SUb we to be otxalned.
It waa for thIa reaIOn thai the inlIiaI projecIlCOpe wa& restricted to cIrcUlar, IpiraIIy reinIorced, IlngIe
bridge c:oIumn&. Our first task waa thus directed to usembIy 01 • suIt8bIe digital dalabale of tata of
Iplr8IIy r8W0rced, circular concrete bridge columns subjected to reverse cyclic Io8dIng ..,. c:ombin8d
8Xi8l1oad. The procell of determining tte reIatJonshlp b8lween the t?isterellc parametera Gr. fJ, and 1
Ind Ihe coum geometry and ~erlais is known • system IcIerdIc3ion. The abiIIly to IrnpIemert the
optimized Inelastic dynamic Itrudural anaIysls described In Fig. 1 is precICIIed on the IblIlty to reduce
such • reIIliorW1ip to • Sal of cloSed form equationS.

A~__d for DIgIIaI T.. R8carda

An extensive aeralure search Identified several sources 01 bridge column 18St data. Digitized records for
8 column ....were IIVaiIabIe from Stene and Ch80k (1989) and Cheok Ind Stone (1990); 12 acdlonaI
rec:ordI were ObtaIned from Ang, Priestley, and Paulay (1989, '985, '88'): Mander (1884); Murvo, Park,
Ind PtIaItlaV (IW1); No. PrIestley, and Parte ('978): PrieItJey and P8Itc ('984): and lahn (1986). AI
nat cI theM IaIter ..... were originally conducted UIIng analog recorcI8rI • digitizing progIWft was
dIVIIoped • NST to produce dIgiIaI Ioad-dIIpIaceme I'8CClrds from high ,....ion photogrllphic
enlargements from the t8ChnlcaI papera. AddltionIII UI8bIe daIa was idefdi8d In La.."~ Ind
HenIew ('890); McLean Ind Linl (1890); Petrovskllnd RlsIic ('984); n:I wong, PalIay, n:I Priestley
(1890) bullhilila. dIU __ IIV8iIabIe too ... for irlc:Iwion In the ....,.... r8PO'Ied in this PIP8".
A sunmary~ the IIVIIiIabIe .... Ind their~ we reportec:lln TIbIe 2.
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One 8IpecI concemillg 8lq)8rimental data merits disCUSSIOn at this point, and that IS the maner or 'noise'.
Introduced lnCo the Ioad-deII8ctIon record IIitt& by spurious electronic Signals or by mechanical sources
such 88 INking serw-hydrauJlc loading appaI8Ius. Inevitably all eKpel'imerUI data is laced wilh noise
to lOmB degree. Furthermore, there exists the iSSUe or how many data points are necessary to effectively
CIIpI...... single nysteresis loop. For It1e purposes or analysis, it Is desireable to: a) reduce the
experimental record to 88 fN digitized points as necessary to accurately capture the Ioad-dlsplacemenl
record; b) eIirnin8Ie to the best possible degree the inftuence or noise; c) represent quarter and half cycle
,.,..... CUIY88 88 1l'IlOOIh. continuously differentiable mathematical functions and d) have within each
cycle a one dIM point with precisely zero displacement at the start or each loading cycle. All 01 these
have one uItimIlIe purpose: to reduce computer processing time when perfonning a system IdentlflC8liOn
~ In whict1 l8Y8fal tens or thousands or Iterations through the entire data set may be required to
IIII'iv8 .. a best ,. for the particular parametric model being used. These criteria were achieved In the
preMnt It~ by fitting the initial quarter load cycle. and all subsequent half load cycles with n" order
p0lyn0miai eurv8*. The belt fit for the first quarter cycle in almost all cases was achieved through an
equIIIIon 01 the form:

P,(a) • Crlf2 + c,aIR + C~512 + Ca'712 + C."t12 + Cr/J"12 (2)

The belt fit for .. subsequent half cycles was generally achieved through an equation or the form:

PLn(,) • Co + C1' + C; + C~3 + C.''· + Cr/JS + Ct/Je (3)

The IlboV8 fitting was done using a special purpose Interactive graphiCs program. NIDENT 3.0, which was
_eloped an a high performance workstation 88 part or the present project .. NIST. UsifIg NIDENT 3.0.
the reMIIICher may expertmenI with different polynomial fits and visually assess the accuracy 01 the fit.
An In&I denIIy or 25 points per half cycle was Hlected fer aubsequent regerwratIon or the I08d
deIIecticln hpt.... record using the polynomial regression equation appropriate to each half cycle.
RecordI proc••••d In this manner were then used for systBm IdentlflC8lion analyses 88 will be described
below.

In the proceu 0I8II8mbIlng the clgltaI records 01 the 'rwr data fer each column lest It became apparenI
IhII • Ip8CIIC form8I would have 10 be established so Ihat each test coutd be handled by aUiornaled
IyIItm Idelllllc8Iion routnes being detoeloped .. NIST. As there Is presently no standard protOCOl for
IUCh data rKOI'CII we propose the IormaI described In Table 4. The substantial problems encountered
In de\ .lopIng the digital database used fer this p8p8f' Indicate thai It Is particuIarty Important Ihat •
......, digital r8COfd fonnII be defined soon and used throughout the lntemationalltruCturel research
communIly In Ihe h.ture. Such. standard, combined wIIh increasingly effective lnter-c:anpL.ter
CCIfMlI.flIC8Ii (•.g. FTP. lnI8rNeI, ArpaNeI, etc.). would make. much broader range 01 exper'.men181
dIbi IIV8IIatlIe for ... reHnemenI of hysteretic falIure models for all types 01 structural components. We
fMllNllUCh 8NIyIIs methods repreMrt the vanguard r1 fulure 181sm1c:-r8IIst8nI design~ • such
rnerI the coaperatIon of international research Jab(dories.

ew-m ldeIeIIcIIilJI.

The term "System IdenIIIcIIIort Is generally aaaociIIted with the experimental acquisition 01 such dynamIC
ctwactart.IIca 01 • ltrUCture 88 III mode It1apeS, frequencies, and damping coeIIicIenIs. In this paper
we..the term 10 refer to the determination of the three paramet\1fS Q, ~.~ 'Y. which best characterize
Ihe hpt..aIc behlMor or • given test specimen. The system identification procedure USed In IhiIlludr
consilii 01 • three eIm8nIionaI trlaI 8nd error I88ICh with bounded limits on a. ~. a'ld 'Y subject to the
COII1tra1rIl 01 rnilllmlzing the emw between predicted and experimentally obs8MId dlferential energy
abeorpdon. In IqUItion form. we leek to rrW1lmize the function F. where F Is d8fIn8CI • follows:
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F •

where:

•
E 0.5(81-1 - &,·.XP..(I) - P_(1))%
/.1

II

(4)

n

• displacement of next point in Ioad-displacement record
• displacement of previous point in Ioad·displacement record
- experimentally observed load at current point
• predicted load at current displacement, calculated uSing the multi·linear hysteretic rule and

the currently selected values of a. S, and ')'
• number a data points in the experimental record

In mathematical terms. the above analysis constitutes an optimization problem. Where smooth,
continuously differentiable (te second order) equations can be used to describe the hysteretic rule, such
as...presently emplOyed in the so-<;alled 'smooth' hysteresis models (see EI·Borgl, White, and Gergeley,
1991. lor example). it is possible to make use of procedures such as the Levenberg·Marquardt methOd
(More, 1977), among others. Unfortunately, attempts to integrate a Levenberg.Marquardt solver into
NIDENT 3.0 (the NIST graphics-based system identification package) failed with the Three-Parameter
model. The reasons for this stem from the fact that the hysteretic rule (see Part!, Reinhom, and Kunnath,
,g&7 tor. detailed presentation) for the Three Parameter model is presently comprised a 15 discrete
cases which govem such situations as loading. unloading. re-Ioading. and pinching. This results in the
presence of step-like facets to the function describing the relationship between a, fl. 8fl(j ')'. Optimization
routines such as the Levenberg-Marquardt method base their 'next best guess' at the optimum solution
by taking m.C'KIdi~1y small steps to obtain estimates of 1he local first and second derivatives of the
funCtion to be optir,lized. For the Three-Parameter model, this generally muls in several aerationS until
a p81ticular facet is reached. There, considerable variation in a given parameter may not produce any
lignified Change in the predicted load. Once such a situation is encountered most optimization solvers
terminale. Indicating that they have 'ound the "optimum' solution. even though the fit, as visible in a
graphics display, is poor. /to. solution to this problom was developed for NIDENT 3.0. This consisted c1
employing the coarse·mesh three dimensional trial and error search for an initial estimate of the
parameters or, fJ. and "t. These values were then used to calculate the predicted Ioad-displacement record
whiCh was SUbsequently superimposed graphically. in a different color, on top of the experimental record.
Using a high performance graphics workstation it was then possible to interactively adjust any a the three
mod8I parameters by means of a dial-box while viewing the results in real time on the graphicS screen.
Thia >MuaI-feedback approach proved surprisingly effective in arriving 81 a 'best fit". As. final CheCk, the
8bsorbed energy was calculated for the experimental data rnodeI estimates for each cycle and compared
In. histogram plot When the error between the theoretical and experimental sums of the cyclic lIbsorbed
energies was reduced to a level of a few percent, the final values of or, 13. and ')' were recorded.

Examples of the fit between the analytical model and experimental data are shown In Figs 5-9. Several
deUIiII of these figures bear discussion. The first, as evidenced, for elCample, In Fig. 8, is thai as the
column begins to fail, there is a tendency for the prediCted loads 10 owrshoot the experimentally obsel'Ved
load 81 the maximUm observed displacements for each cycle. This is an expected consequence of using
alri-llne.- lleeleton curve where the post.yielding stiffness tor such 8 model is defined 10 be positive for
numeric liabiiity. Seconclly, as evidenced in the assOCiated cycrlC abSOrbed energy histograms (see Figs.
5-8), there is • tendency for the predicted absorbed energy to overestimate the experIm8nIaI data for low
"...of 1aI•• displacement and to underestimate the experimental data for high displacement dLlCtUity.
O8IpIte these Ihortcomlngs, the Three Parameter model is able to generally predict both overaIIlIbsorbed
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cyclic energy and displacemem ductility to within a few percem error, which was considered acceptable
for the puposes of the present project.

Given best-fit values of the parameters D, p, and .., for many different column tests, the next objective is
to lISCef'tain If there is any conelation between these parameters and the physical properties and
eJimensions of the test specimens which were modelled. For this. objective a stepwise linear regression
analysis was conducted. Of the 20 digital test records listed in Table 2 all but three were able to be
eslimaled to within 2% error in tOlal absorbed enerm' using the techniques described above. Two
specimens repre';:"'lled re·tests d previOuSly loaded specimens and were therefore considefed suspect
and the third, for r..(,~" ;" unknown, proved intractable to accurate solution using the Three-Parameter
model. These three specim'~"s were therefore eliminated from the anaJyses. In eddition to the basic
specimen properties listec4 in T...bIe 2, a large series of variable permutations. shown in Table 3, were
considered in the regr8f.sion ana'" ses. The regression analyses were conducted using the commercial
software package SAS STAT (Sf.S/STAT, 1987) and the results are presented in Table 4. ~ (square 01
the regression correlation cor.lflCient) values of 91 %, 86%, and 97% were obtained for the estimates 01
the parameters a, p, and ..,. respectively. The regression equations associated with these parameters
are given by:

~ • 0.189 + itA (13.14{fc - ...457) + ~(:cY...OS1 - JO.826
t

P
,; )

f. , II ,.A II ,

- 0.00171&, + 0.101p.(~) + (O.356P. - 1.3(6)(0.9)"

L .!!.J D)y • 0.845 + 0.003090 + 0.0704;~L
.ffc

- 1.879!!. + (0.0826 - 0.748x10-4f,.)J7,
~

(5)

(6)

(7)

The 8bove relations should nO( be construed as a reliable basis for aeismic design in their pres8I'"t form,
giYen the llmIIed size 01 the database upon which they were developed. However. from • research
Mandpoint, ....,.,.81 useful observations can be drawn which may guide further deveIopmenI 01 hySteretic
failure rnodelI.

StIfnea degradalion. as defined in Fig. 2, is heightened by lower values of (I. It Is Ihefefore reIardecI by
high V8Iues of iplraI reinfOfC8l118rll yield stress, f ; by high concrete strength to spiral nllnforcamert yield
aar.ngth. r,If.,.: by Increased Initial column flexi~ity. as inferred by the COlumn 8Ipect ratio. UO: and by
Increased amounts 01 confining reinforcement, p., It is of particular note that the total absIxbed .-gy,
Ew enters In this equation. All 01 the other variables can be derived from material propertles ancI
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geonwtry. In. computational anaJysis It Is possible to caIcuIale the curnmulatlve absorbed energy at
each polnI In U.. time-history. This opens some rether inleresting opportunlies which may solve the
problem 01 overestimation 01 cyclic IIbeorbed 8Il8IW • low displacement ductilities and the
t.ndereltlm8l1on 01 cyclic absorbed energy 81 high displacement ductilities. It may be possible, with
further I'M88I'Ch on ." expanded test dat8bue, to develop • correIIItion between cummulative cyclic
IbIorbed energy and .. the parametn defining • hy118f8tIc model. If such • correlation exists, It may
then bit poaIbIe to answer one d the fundlnlnal questions faced bV structural researchers: the
quanIIIc8lion 01 the eftects 01 cyclic load history on the behavior oIltJ'Uc:tures.

Of the three patameter& defined above, {l (strength degradation) appears the least aubiect to precise
defInItlon. AIIhough. relatively high correlation c-oetrlCient wa achieved, this was al the expense of a
IlgnIficanIIy higher number d panicipaling terms In the regressIOn equation. This was not altogether
unexpected. for Park, Ang. and Wen (1984) had already reported in the derivation d an energy-based
fIlIlure crhrion for reinforced concreIe thM there existed IignIIcant scatter in the data used to define when
"tllill.n" aetUlllly occurrect. The t8lm fJ is the most CIOS8Iy COfT8I8Ited to theae 01 damage, as previously
deIcribed, 8M we therefore anticipated sIgnificanllCatt8l'. StiII,. number of useful observations can be
made. SInce Increased values of fJ correspond to more repld fallure of the column, II may be concluded
from • MnIIIYIy analysis 01 the above equation thai higher 8ldaI1tI'8St levels lead to more rapid failure
01 • cclumn, • does • lower aspect ratio. This would urve to reiterate the conventional wlsdom that
~ streued Ihon columns 81'8 at greatest rIsIc in earthquakes. n is also interesting to noIe that for
lOngItudInaI relnrorcement rMioS d less than about 4", increasing the confining steel reinforcement serves
to ImpoYe column performance (see final term In IJ equation).

The third paramel8I', 'Y, influences the pinching behavior In the hysteresis loops. A smaller value 01 'Y
IeadI to • more pronounced pinch and. therefore. less energy absorption during any given cycle.
0esirabIe performance woulC dictate the malnta1nenc8 01 , .. hysteresis loops. Although a regression
IqUIIiOn II presented fOr 'Y. we C8UIiOn against drawing my behavIOral Information from It. Only one d
the IpeCImenI presented in Table 2 exhibited any observable pinching behavior (Ng No.3, shown In Fig.
7); .. 0ItwI had 'Y values greater than or equal to 1.0. It may be epprecIated from Fig. 4 thai values d
'Y In exceu 011.0 I'8IUlt in • rt-t8l'geting d the initial target point on the untoading WIVe; thai the results
ahoukl therefore be insensitive to changes In 'Y beyond 1.0 went verlfied bV means of interactive variation
01 the perameter using the program NIDENT. n Is d some note, however, thai all but one specimen
eIChIbIlld • IIIck of pinChing behaviOr through failure. Since au of these test specimens were cJesigned
in accordanc8 with current Caltrans or New Zealand 3101 crIer1a, • would appear thai these provisions
prcMde for adequate confining relnforeernet'C to prevent slgnIicanI pinching behavior.

CclnclJIionI

WIhi'I the bOundS r:A the available test d8Ia for c:iI'cuIar. spirIIIy reinforced concreI8 bridge columns
lubjeded to cyclic 1aIera! loacIing, • was found IhaI the Three Parameler model was able to generaJIy
predict the obIeNed experimental lo8cktefIection historiel, and to produce an estimale at the
e&mn'UaIlve abIorbed cyclic energy within III error bculd d several percenl PreIimInaIy regression
equ8IianI were developed for the parametn a, fJ. 8M ., and lIlCpIanations were offered to explain the
NlIIIonshIp between these parametn and the material and geomeIrtc properties 01 the columns. WIth
onIr one exc:eptlon, .. columns were able to be 1ICCUr8l~modeled with • ., value r:A 1.0, Indicating thai
the deIIgn guidelines utlliZ8d for the design of the individual apeclmenI were suftIci8nI to prevent
IIgnIicInt pi lChing hysteretic behavior through failure of the c:oIumns. The accuracy d the regression
equ8IianI can be lUbstantiaily enhanced through expansion of the available cjatabase. To this end •
-*d formII for AJpOftIng digital records for tests at reillfou:ed c:oncrete coIumnI subjected to cyclic
...... 108dIng.. proposed.
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1. o.Ign the II18ln Iongltudinlll relnforcemenr for biaxial bending baSed on AASHTO group loads I-VI
.-ld C..,... I8lsmIc loads for group load VII.

2. Determine the prob8bIe plastic moment d the column.

3. Design ......, AlinforcemenI for the conIrOIIIng group Io8d or the lesser of the CaItrans group load VII
UlY8duced eMhquMe force or the plBstlc moment. whIChever controls.

4.~ lind Ih8Ir reinforcement are designed using the AASHTO Code and modifications as
IpecIl8d by C81tr..:

a) Confill8m8nt II c:overed In (8.18.2.2) as modified by Callrana Code in the plastic hinge zones. Two
~ •• UMd baed on the lize d the column. In 8M other lOcations the confll'l8m8flt equation
II (8-82) .. dIIIin8d In the MSHTO Code.

b) m.. str8ngIh (8.18.6.1.1) equatiOnS (8-46) and (8-017) .. defined In the AASHTO Code. Concrete
Ihear strength (8.16.6.11.4(a) Is modified by Caltrans In the area of plastic hinging.

c) RellIIoroement IhNr strength (8.16.6.11.4(b)) conforms to MSHTO Code equations (8-53) and (8
es).

5. FOOling design equMIons conform to the AASHTO Code. FOOIlngs are designed for MSHTO group
I08dI I-VII 8nd C8Itrans l81smic loads for group load VII.
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N

iA

f' fX f ~ 1.cRIdt p P Pc AI -!L TOIa1 P, 6 Ac
~

Q ~ 1 EneID 'J -SpeciIDea ..... IoDiiL spiral IonciL
r~AI tN.....mMPI MPI MPI ca an ~ .. tN Ill. em (1Il0 4 tN ... mm

~'76No.l· 40.0 305 389 SO 273 1.24 2.~ 26.4 2071 0.003 14.00 0.001 UlO2 9.189 113.6 28.4 112

NI'7INo2· 35.1 305 263 2S 134 1.50 2.51 16.9 517 0.009 14.00 0.001 UlO2 1..564 36.18 56.8 63.0

NI "11 No. 3 33.0 2M 207 2S 93 2.44 2.26 550 SOl 0.333 5.00 0.120 0.9SO 1.617 6S.74 8.5 39.9

'791 2U 303 300 60 120 0.7S 2.43 1920 2980 0.231 8.15 0.100 1.002 16.76 634.2 8.8 43.2

793 26.6 303 300 60 120 1.12 2.43 4300 2980 0.5043 13.00 0.030 UlO2 4.200 683.2 6.2 14.2

794 32.9 303 423 60 120 0.80 2.43 378S 2980 0.387 10.SO 0.240 1.002 13.20 726.3 8.2 32.0

79 SA 32.5 307 280 60 120 2.61 2.43 3385 2980 0.3SO 5.00 0.310 1.002 10.86 703.5 5.4 26.9

79 sse W 307 280 60 120 2.61 2.43 6770 2980 0.700 14.00 0.001 um 11.28 851.4 11.2 23.1

IAlII '81 No. I 26.0 D 308 40 160 0.16 2.43 680 1326 0.200 8.00 0.080 1.002 6.230 133.(J 11.3 56.4

AnI '81 No. 2 28.5 308 280 40 160 1.53 2.43 2111 1326 0.560 14.00 0.001 1.002 3.8n 146.5 10.1 36.6

ZIIID '116 No. 5 32.3 331 466 40 160 0.62 2.43 555 1326 0.130 10.50 0.250 UlO2 6.165 131.2 11.1 66.6

ZIha '116 No.6 27.0 337 466 40 160 1.09 2.43 2()8(J 1326 0.580 14.00 0.001 UI02 5.838 169.1 9.3 56.6

NIST ModcI Nl 24.1 393 441 2S 75 1.45 1.99 120 487 0.100 12.01 0.005 I.:m 2.623 54.35 9.1 60.7

NlST ModcI N2 23.1 393 441 2S 75 1.45 1.99 239 487 0.200 10.SO 0.320 1.00:: 3.022 66.16 7.8 58.9

NlST....N3 2H 393 47t 2S ISO 0.69 1.99 120 487 0.100 10.SO 0.170 1.002 2.162 19.83 14.4 108.5

NIST Model Nt 24.4 393 441 2S 75 1.45 1.99 120 487 0.100 12.01 0.230 UIOI 3.586 53.19 5.3 53.6

NIST ModcI N5 24.3 393 441 2S 75 ....5 1.99 239 487 0.200 10.50 0.280 1.002 3.333 67.92 8.3 51.3

NIST....N6 23.2 393 476 2S ISO 0.69 1.99 120 487 0.100 14.00 0.180 1.001 3.426 24.24 11.9 69.8

NlST Pun Scale Flu. 35.8 4~ 493 1S2 914 0.6S 1.99 44SO 18240 0.068 7.SO 0.065 1.002 1214 1209 132.2 521.0

NJST PuI1 Scale SbeIr 34.3 475 435 152 457 1.S2 1.99 44SO 182AO 0.071 10.50 0.2.50 1.002 937.9 2556 52.5 348.0

• NulillcWed...........,.

Table 2. Test specimen properties.



Retrusion Symbol DefinitionVariable

X22 Ps -
fya

X23 Ps -f ya f c

X24 Etot Measum1 total cnergy

X2S Py Mcasum11ateral )'lCId load

X26 5y Measum1lateral )'leld disp.

X27 5max Maximum observed Jateral
disDlacement

X28 5max Ductility ratio
3y

X29 ~ Normalized absorbed
Py Sy cnergy

Pc
X30 ..[r; A g

-

X31 ~CAI(~ -

X32 Pe~)f c Af. [ -

X33 ~) Inverse of aspect ratio

X34 ~~) -

X3S vrc~) -

X36 ;;~ -

X37 PsVlC -
X38 fys ..fFC -

X39· X48 KPs Where K = 0.1,0.2,0.3•...
0.7, 0.8, 0.84, 0.9

X49 -XS8 {fi)K
PS Where K 50 0.1,0.2,

0.3.... 0.7. 0.8. 0.84. 0.9 .
XS9·X68

Pa KPs
Where K .0.1. 0.2. 0.3•...
0.7.0.8.0.84.0.9

Table 3(pan U). Regression variables



Kelreslion Symbol DefinitionVariable

XI f c COncrete compreSSIve

X2 fya Longitudinal reinfmlCmmt
yield SD'eSS

X3 fys COntUUng mnforcement yacld
stress

X4 D Column diameter

XS L Column height or
effective lenith

X6 Ps
Confmmg reinforcement rano

X7 Pa Longltudlnal remfon::cment rano

X8 Pe Axial load

X9 AI! Gross cross section area

XIO
Pe Nonnalized axial load

f c AI!

XIt Ae Effective concrete IUeI

X12 ~ -

XI3
fc: -
fva

X14 ~(fC;) -
Aery;

XIS ~(rCI(i P
e

:)
-

Ae ly; f c A,
X16 ~ Column aspect ratio

D
Tc: -X17 fVI

XII Ps -
Pa

X19 ~ -
X20

'ra I -
..jl";

X21 !l! -
tva

Table 3 (Part I). Rcarcssion variables.
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Table 4: (Page 1 of 2)

Proposed Standard for Digital Test Records of Reinforced Concrete
Columns Subjected to Cyclic Loading with combined Axial Load

Administrative:

1 1X,A10
2 1X,ASO
3 1X,ASO
4 1x,A80
5 1X.ASO
6 1X,A80
7 1X,A80
8 1X,ASO
9 1X,A80
10 1X,A80
Specimen Properties:

Year of'l ~st
Tast Specimen Name
Laboratory Name
Laboratory Street Address
Laboratory Clty,State, Country, Zip
Laboratory FTP Digital Communications Address (if available)
Researchers Name(s)
TIlle d Most Appropriate Report/Paper
Reserved for future data/aux. notes
Reserved for future data/aux. notes

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

34
35
36
37
38
39
40

1X,E12.6
1X,E12.6
1X,E12.6
1X,E12.6
1X,E12.6
1X,E12.6
1X,E12.6
1X,El2.6
1X,E12.6
1X,E12.6
1X,E12.6
1X,E12.6
1)(,E12.6
1X,E12.6
1)(,E12.6
1X,A80
1)(,E12.&
1)(,E12.6
1X,E12.6
1)(,E12.6
1)(,E12.6
1)(,A80
1X,A80

1)(,E12.6
1X,E12.6
1)(,E12.6
1X,E12.6
1)(,E12.6
1)(,E12.6
1)(,E12.6

Concrete Compr9SSive Strength (MPa)
Longitudinal reinforcement yield strength (MPa)
Confining reinforcement yield strength (MPa)
Column diameter, if Circular (mm)
Column depth, In loading direction, if Rectangular (mm)
Column width. if Rectangular (mm)
Concr918 CCN9f 10 centerline of confining steel (mm)
Effective column length (mm)
Confining steel reinforcement ratio ('lb)
Confining steel pitch or spacing (mm)
Confining steel bar diameter (mm)
Confining steel type: Spiral; Hoop; or Rectangular TIeS.
longitudinal steel reinforcement ratio (%)
longitudinal steel reinforcement bar diameter (mm)
Number of longitudinal barS
Longitudinal splice description (if any)
Axial load (kN)
Experimentally measured cracking displacement (mm)
Experimentally measured cracking load (kN)
Experimentally measured yield displacement (mm)
Experimentally measured yield load (kN)
Rate of LoadIng (include units)
P-Detta effects included in Ioad-displacement data?
(yes/no)
reserved for future data
r9S9lV8d for future data
r888lV8d for futlX8 data
reserved for future data
reserved for future data
reserved for future dafrl
reserved for future data
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Table 4: (Page 2 of 2)

Proposed Standard for Digital Test Records of Reinforced Calcrete
Columns Subjected to Cyclic Loading with combined Axial Load

Fl8Id FORTRAN Desc:r1Jtioo
tUnber Formal

Loading History:

41

42
43
44
45

41+nc
42+nc

1X,15

1X,E12.6
1X,E12.6
1X,E12.6
1X,E12.6

1X,E12.6
1X,E12.6

nc

3m
."3mln.,

limu,2

limin,2

3mu,nc
limin,nc

Number c:I cycles in test loading history, including any
used in the initial detennination c:I the yield displacement

Maximum (positive) displacement for cycle 1
Minimum (negative) displacement for cycle 1
Maximum (positive) displacement for cycle 2
Minimum (negative) displacement for cycle 2

Maximum (positive) displacement for cycle One"
Minimum (negative) displacement for cycle One"

Load-Displacement Record:

43+nc 15
44+nc 1X,2(E12.6.3X)
45+nc 1X,2(E12.6.3X)

npts Number of data points in the Ioad-displaCement record
1i"P, Lateral displacement (mm); Lateral Load (kN) pair
~,P2 Lateral displacement (mm); Lateral Load (kN) pair

43+nc 1X,2(E12.6.3X)
+npts

Lateral displacement (mm); Lateral Load (kN)
pair at fInaJ sequential point in the record.



Table 5: Regression Analysis CoefficieIds

R8IIl I 111M~ for VariabIB~

A-square • 0.91085245

Paramet8f Standard
Variable Estimate Error

Intercept: 8.31876014 4.89794429
X3 0.01160500 0.00834998
X17 -SO.93576455 24.16746952
)(24 0.00000043 0.0000002O
X26 -0.06646607 0.02255637
X54 0.57236815 0.32174906

R8IIl I p'on An8Iysill tor V811ab181!!1!

A-aquare - 0.86416021

Parame\8f Standard
VwiabIe ESlimale ElTOI'

Intercept: 0.18964653 0.351585S0
X10 ".45792174 2.02667807
X14 4.05133212 2.06712680
X15 -30.82632478 12.65111862
X26 -0.00170923 0.00062060
X30 13.14743204 5.32542453
X34 0.10056988 0.02926639
X48 -1.30608709 0.57406484
X68 0.35G404IXt 0.t16750S2

R-square - 0.97634278

P....-er Standard
Variable E8IlmaI8 ElTOI'

Intercept: 0.84494717 0.01515021
X1S 0.00309135 0.00072887
X17 -1.87851685 0.11806923
X19 0.08262993 0.00615182
X3B 0.07035537 0.01785830
X38 -0.00007482 0.00000S91
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NIST Full Scale Flexure Specimen
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Figure S. Experimental and analytical results for NIST full scale flexure specimen.
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NIST Model Specimen Nl
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\,00
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Figure 6. Experimental and analytical results for NIST mode) specimen Nt.
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Ang '81 Specimen 1
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Figure 8. Experimental and analytical results for specimen 1 of Ang.



Potangaroa '79 Specimen 1
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Figure 9. Experimental and analytical results for specimen 1of Potangaroa.
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Simplified Procedure for Inspecting Earthquake Resistant
Potential or BIeb".Y Bridges Apiost Soil Liquefaction

lJy

Ken-Ichl Toklda', Jlro Fukui'" and Hlrteo MatsullOto'"

SUJlOtlARY
Reasonable and sillpllfled procedures are

necessary to Inspect the earthquake reslstabt
potential of elllstine highway bridges. Effects
due to soli liquefaction during earthquakes
are very I.portant proble. on the earthquake
resistance of bridge foundations and should
be considered for the InspectIon of bridges
a<1equlltely. Inspections on the earthquake
resIstant potential of highway bridges have
been carried out In Japan since 1971, and the
Inspection procedu re has been I.proved step
by step.

The next Inspection of earthquake resistant
potential for hlgh"llJ' bridges will be con
ducted In Japan. In 1991. For this Inspection.
the procedure to Inspect the liq
uefaction-Induced dallqe potential of hIghway
brldees has been Investigated to I_prove the
foner procedure of 1986-lnspectlon. The
procedure for the next Inspection will be
drafted In the near future, referring to the
reSUlts or the dlltall Investigation shown In
this paper.

In thIs paper. neWly Investigated procedure
for Inspecting the liquefaction-Induced dall
age potential of highway bridges Is presented.

~RD~ : Earthquake resistance of brldee
foundation, Site liquefaction potential, LIq
uefaction-Induced auage potential, Pro
cedure for Inspection

). FOREWORD

Two kinds of procedures to reduce the
earthlluake-Induced d.-ge of highway bridges
can be considered: (I) the earthquake deslen
.cthod for newly-constructing bridges; and
(2) the retrofit IIetllod for elllstlng on'!s. The
earthquake desIgn IIethods haTe been In
vestigated for a Ion, tlae and applied to the
actual design of hl,hway bridges In Japan [ ..
2]. on the other hand, the Inspections to
check the eartblluake resistance of elllstln,
bridges alllO have been carried out sInce 1971
for retrofit of hIghway bridges.

nble-l shows the history of procedures ror
Inspecting the earthquake resistant potential
of highway brld,es In Japan. As shown In this
table, soil liquefaction wu not Inspected di
rectly at the rtrst stace of Inspection In 11171
alld 1918. HCTeTer, liquefaction potential
of • ground was Doted concretely for the first
tI.e In the tWO-Inspection. Further1lore, In

Preceding page blank

the 1986-lnspectlon. both liquefaction po
tential of a ,round and Its effects 011

bridge foundations were considered. Th..
nellt Inspection for the earthquake resistant
pottmtlal of hl,hway bridles will be con
ducted In 1991.

Based on results of the 1986-lnspectlon and
lessons froll the past earthquakes, the
foll01l'Ing Is necessary to be Investllated for
establlshlng the reasonable procedure for the
cOlllne Inspection.

1) Lack of data for Inspection:
For Inspectln, the liquefaction potential of

a ,round and the liquefaction-Induced damael'
potential of a bridle llultab Iy, the data
related to both ,round conditions and
structural conditions of hl,hway bridges,
especially, foundation conditions should be
surveyed. However, because It Is eenerally
difficult to ,et the data, especially on
borlnes and/or structures related to the
bridges constructed Ion I qo. It shOUld be
considered how to deal with the bridges
..Ithout sui table data for Inspection. From
this point of view. sl.pllfled procedures are
proposed for the co.lnc Inspection with usc of
datil which can be obtained easily In this
paper.
2) Reasonable estlaatlon of both liquefaction
llnd Its effects on structures:

Not only the occurrence of soil lique
faction but also the effects Induced by
liquefaction shOUld be considered. Frail this
point of view, two kinds of Indexes; (1) the
site liquefaction potential; (2) and the lique
faction-Induced dallaCe potential are proposed
to estlaate the scale of liquefaction and
duage of highWay bridges .ore quantitatively
than the 19S6-lnspectlon In this paper.

2. GROUND LlQUEFACTIOll POTENTIAL

2.1 Indelles of Ground Liquefaction Pot~ntll!l

As a first stage for Inspectln, the earth
quake resistant potentia1 of highway bridges.
a ground lIque"Bctlon potential defined as the
probability and/or scale of occurrence of

IHead, Ground VIbration Dlvlslon,Publlc Works
Researeh Institute, MInistry or COnstruction,
Japan.

2Senlor Researcher, Foundation Dlvlslon,dltto.
3Researcher. Ground Vibration Dlvlslon.dltto.
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0.6 Is)
0.8 (.j

1.0 (a)

~11 liquefaction at the brld,e site should be
estluted rou.hly and/or In detail accordlnr
to the data obtained. In this paper. Indel{es
for estl_tln. the ,round liquefaction po
tential are proposed as follon :

)) Ground Group and Topo,raphlcal Group:
Because these Ind~x~!I can be got cnslly

cOIIparln. with the borlnr data. they can be
IIPplied for Inspectlnr the ,round IIque
taction potential rou,hlY [see Section 2.3] .
2) Liquefaction Resistance Factor (Ll. Mod
Ified 11I1ckness of Liquefiable Layer (0 ') and
Site Liquefaction Potential (I~d:

However It needs to ,et borlnr data and
test resUlts of soil propertle!l to calculate
these Indexes. they Clln be applied for In
spectln, the .round liquefaction potentlal In
detail [see Section 2.2] .

FurtherlIOre. the relation of site lique
faction potential bet..een the objective
brldre site and the nelrhborlng site of the
brldre Is Investllated In Section 2.4.

2.2 Procedure for Detail Inspection of Groune!
Liquefaction Potential

Liquefaction potential as for sandy soli
layers can be exulned bllSed on the lique
faction resistance factor FL defined by the
followln, equatlon applied In the
"Specification for Hlrhway Brldresw [1. 2]

FI.·R/L (1)

where
F.. : Liquefaction resistance factor
R : Resistance of solI ele.ents to dynulc

loads, and H • HI -R", +R3
HI : Resistance based on relative density
L : Resistance based on Deo-values
L: Resistance based on fine contents
R, .0.0882,.1 N/(er vi.O.T )

i
0.19 (0.02" :It D50:It 0.05..)

L O. 225 lor ,0(0.35/050)
(0.05•• < O..o:lii 0.8 ..)

- 0.05 (0.8 •• < D=:lii 2.0 ••)
Ib i 0.0 ( 0' :It FC s; 40 ')

0.OO4FC-0.18 (40' < FC:lii 100 ')
L : D)'IIulc load to 11011 ele.ents

L. r.·k.·(cr v/" v')
r •• 1.0 - 0.011lJ:
Ice • CzCoC,ko

If : Blow count by standard penetration test
0.0 : Mean araln size C••)

FC : Flue contents (')
K :Depth fro. the actual rround surface (.)
Ice:SeI••le coefrlclent for evaluatln, lIq-

lIefaction
Cz : Sels.lc zone factor
Co : Grollnd condition factor
C, : ].portaDce t.etor

Ko : Standard !lels.lc coefflclent (. 0.15)
cr v : Total overburden pressurelkgf/c.")
cr 'J': Effective overburden pressure at the

statIc condItion lkrf/c."j

Soil layers wIth the liquefaction rl'slstance
factor FL slialicr than 1.0 lire Judged to
liquefy during carthqullke!l. I/owever Fl
value Is very suitable to estl.ate the IIque
factlon potential of a certain ll'lyer at the
obJective depth. another Indell: Is necessary
to estimate the liquefaction potential of the
whole subsurface ground In stelld of Fl.-value.

In this paper. the following Index Is pro
posed as the sl.pllflP.d paralleter to represent
the Iround liquefaction potential.

0'
h... ·.. ·•· .... ·..·.... ··..··· .. · .. ·· .... (2)

20
..here

In. : Site liquefaction potential [~1.25]

H' : Modified thickness of liquefiable lay
ers. /lnd II" • II,' • H,,'

II,' • 1.50.... , • 1.011 :- + 0.5H....3

H2' • I.OH"L I + O. !iH :-
0,' Modified thickness of liquefiable lay

er at the depth of 0 to 10 •
0.,' : Modified thickness of liquefiable lay

er at the depth of 10 to 20 •
H.... ,: Total thickness of layers

with FL ~

with 0.6 < F.. s
with 0.8 < FL S

The coefficients In the para.eters H.' and
H"," are decided for convenience sake, by re
ferrln. the relation In Table-2 [ I ] where
bearing capacities of liquefied rround are
eIther neglected ~r reduced by reduction
factors DE deter.lned In accordance with
FL.-values.

The duages of bridges Induced In the past
earthquakes In Japan are Investlrated In view
point of the effects ot Jlquefactlon and so on.
T_le-I shows the typical eJ[uples of bridges
which can be estl.ated to be dasared Mlnly
by liquefaction. Site liquefaction potential
(In) Is calculated with use of borin, data at
the brldres as shown In Table-3. Fur
therllOre, the dllllages of bridges related to
liquefaction dur-In!" earthquakes are classified
Into fl ve levels as shown In Tab]e-4 In this
paper. For the brld,es In Table-3, the
relation between the duage level of brldees
and tho lite I1que- faction potential U..d ean
be drawn In Fig. I. 111e standards on site
liquefaction potential can be classified Into
three ,roups as follou. conslderln, the
dllllare level of brldlres lIS shown In Table-3.

[ ],. .. < 0.2] There were not any case of
dllllare related to Irlrder fall Induced by
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lIquetactlon. The scale of liquefaction and
Ita ertects on bridges can be assumed to lJe
••all. . (Estl.atlon· J I
[ 0.2 lit IF'L. < 0.4] There were cases of damaKe

related to IIquetaction. The effects by 11'1'

uetactlon on brIdles can be assulled to exist.
.... ·· .. · .. ·•·• .. ···· .. · .. · .. · .. ·(Esllmatlon·2l

[0.4:1i I,.L. ) There were cas<,s ()f .:1 nh'r
tall Induced by liquefaction. The seale of
IIquetactlon snd Its effects on brldKes can be
usu.ed to be very severe...· (Estlllllltlon-3l

Fro. the above results. It can br Indicated
that the Inde~ of IpL can bc used 8S one of
Indexes to estl.llte the ground Ilquefllcllon
potential at the brIdge sIte. The Ir I. values
of 0.2 and 0.4 can be applied as the boundary
to judge the level of ground liquefaction
potential, considerIng the damage level of
brIdges.

2.3 Procedure for Jl!acJ:.o::lnspe(:tjon _oCGr9.und
Liquefaction Potential

Both «round group and topographical Kroup
are selected as the Indexes for mllcro
Inspection of the ground liquefaction poten
tial, and theIr effectiveness are Investigated
In this section.

2.3.1 Ground Group and SIte Llqucfad!on Po
tential

The cround cond Itlon can be classlflrd
rouchly according to the stiffness and/or
upllflcatlon chsracterlstlcs of ground at the
brldce site. In thIs paper. the ground con
dItIons are assu8ed to be classIfied Into three
croups; (1) Ground Group I ; (2) Ground Group
D; and (3) Ground Group m as shown In
Table-5 Which shows the classIfIcatIon of
(round (roups defined In the ·SpeclflcaLlon
tor HI(hway Bridge- [I. 2] •

Tllble-t shows the results Investigated on
the relation between the ground group and
the alte liquefactIon potential (IF'L.) at 217
sites ot brldces. As shown In Table-6, the
sItes Included In Ground Group I can be
usu8ed as the ones wIth a low liquefaction
potential related to the da.age of brldgf's.
conslderlnr the Estl.atlon-I of Section 2.2.
In other words. the sItes classIfied as Ground
Group D or .. are In danger to have high
liquefactIon potential related to dallage of
bridles.

2.3.2 Toporraphlcal Grou~nd SIte Llque
bctlon PotentIal

It Is well known that the tOP<l.raphlclli
c:oDdltion Is related to the probability ot IIq
uetllCtion occurrence. In this paper. top-

ollraphlcal condItions are classified roughly
Into three groups. I.e., A, Band C which
are proposed as Table-7 for InspectIng the
earthquake rf'slstant potf'ntlal of highway
brldgf's.

Tablr.-II show., thr rf'SU I Is Investlgal<,d on
the relation bl"twt"('n the topographical group
lind Ih.. sit .. Ilqu"raetlon pot"nLllll (In.) at
332 sites of bridges. As shown In Table-8. the
site classified as Topographical Group A can
he assumed to have high liquefaction potential
related to the damage of bridges. In other
words, the sites classIfied as Ground Group B

or C eRn be assumed to have low liquefaction
potential related to damage of brIdges.

2.4 !Jqll!ifae~JmL.EQ.~~tlaL_aL_Ne!gnbQX.!ng

SJ~~

For dealing with the proble. on the lack of
boring data at the site of the obj"ctlve
brIdge, the relation of liquefaction potential
between the bridge sltf' and Its neIghboring
site Is Investigated wIth use of the Indell
defined by Eq. (3).

HT ~ HI" • H2" ·.. • • .. · .. · .. · .. •.. ·(3)

where
HT : ModIflt"d thickness of IIqueflahle layer

(II) r,;; 16(2/3)11]
It,"· I.OHrLI' (2/3)11 ... ", + (l/:t)II"L"
H,," • 12l3)1lrL1 + 1I/3J1IrL"

H,' ': Modified thlcknt"ss of liquefiable lay
er at the depth of 0 to 10 II

H,,": ModIfied thickness of liquefiable lay
er at the depth of 10 to 20 •

HFL'. HFLO>. H.-L:3 : See Eq. (2)

The coefficIents In the paralleters H," and
H2" are decIded In the sue way with the
parameters II.' and II,,' shown In Eq. (2).

For the above InvestlaatJon, 187 borlna
data wIth liquefiable layers are selected
within a radius of 750 • around 10 bridges.
The 1I0dified thickness of IIquefillble layer
(RT) of selected sItes distributes ~1 shown In
Fhr. 2. Five Items whIch see. related to
lIquefactIon and theIr categories are selected
to Investigate the relations between the
borIng data of 8 bridge site and the ones at
Its neighborIng sItes as follows.

(Ite.-I) DIfference of above the sea level.
Category: - -3.- -1.-1.- 3.

(Ite.-2) Dlstllnce.
Caterory: 0-100•. 30011-500:'1- 7 5\)11

(Ite.-3) Difference of CrOUnl111'8t"r level.
Category: --3.--1.-1.-3.

(Itell'4) DIfference of cr'.mnd group.
Category: -I. O. 1. 2

(Ite.-S) Difference of toporraphlcal group.
Category: O. I, 2
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Fie. 3 shows the distribution of <lata
accordln&' to the categories of each Ilpms. The
rerresslon coefrlclent and ('orrplllllon
between the difference of lIod Iflcd thlcknpss I
A HT) and the above Items with Pilch catPRory
are calculated with usc of t)'pe I quanti·
flcatlon analysis, lind the resulls arp
su••arlzed In Table-II. Bllsed 011 ttw r('su I ts
of Tablc-9, however all of correlations IIrc
very low, the three correlat lOlls on the
differences of ground water Ipvel, top
oeraphlcal group and «round grollp IIrp fPf

atlvely high co.parlng wIth other Il.('ms.
FurtherllOre, as for two Items of dl ffNence of
ground water level and topographlclll group,
the difference of modified thlcknpss (tlIlT) Is
Inclined to Increase according to thp InerC'lIse
of the•.

Fro. the above Investll\'ntlnn, the dif
ference of topographIcal group. dlffcrPlwP
of ground group and difference of ground
water level sccm to relate to the II'Iu('fll(,1. 1011

potential between two sllcs, relativelY, The
ruldellnes to adopt the boring data at the
neighboring site for estimating site liq
uefaction potential (In) of the ohJeetive
bridge can be proposed as shown In Table 10
for convenience sake.

3. LIQUEFACTION-INDUCED ILAMACEJ.'()TE~Tlr\I. O~

BRIDGE

3.1 Indexes Related to Dallagc.. aLB ridge by
~ef!~tlon

For surveying the Indexes related to the
liquefaction Induced damage of bridge foun
dat�ons' the following five Indexes arc se
lected considering the results of Table-3.

I) : Supported condition on pier-lop.
I... : Foundation type.
I...". : Bearing condition of foundation.
In.. : Site liquefaction potentln I.
he : Ground group.

Tablp-ll shows the categories of earh Index
~ntloned above. With usc of type J
quantification analysis, flv... cases for
analyzing the effects of these Indexes to the
duage of bridges are conducted by combining
thea all shown In Table-l2. In this analysis,
the duage level (see Table-4) of bridge foun
dations Is defined all a dependent variable and
the Independent varIables arc combined with
the Indexes lIB shown In Table-l2.

Table-13 sUllmarlzes the results of cat
crary-scores and correlation-coefficients for
each case. Fro. these reSUlts, It can be seen
that tbe three Indexes, I.e...... I... " and h.L.
can explain the da.age level of bridge
foundations relatively well.

3.2 SImp II fled . Method for Estillatlng klq\l~=

f8etlon-jnduc.ed IJamagcJ'otentlal oLHlghway
Bridge

It should be noted thaI. I hI' dalllage patterns
of hrldge foundations Induced by 5011

IIrjucfartlon Is different aceordlng to the
foundation typl' a~ shown In Table-H. In
other words, It Is desirable to select the
sultllhle Indexes to explain the cause of
damage Indueed hy liquefaction. Based on
resu Its In Sf'f'Uon 3.1 and lC!Ssons froN the
past earthquakes, three Indexes. I.e., PI, PO
and I'ill are proposf'd In F.qs. (4-1), (4-2) and
(4-3), respeetlve Iy for convenlen('(' sake to
estimate the liquefaction-Induced damage
potential of hrldge foundations according to
the foundAtion type (sec Table-15). For es
timatIng the;;e Indexes quantitatively. the
weighted points are supposed roughly,
considerIng the seale of effects to damagc of
bridges.
Abutment:

1'1 • ( Ie + I, + I, + In' 1)( IpL)( I .. , ...... (4-1)
MQv!ible Pier:

r n • ( k + I r + I r '" ) )( I,. L X I" ,c " (4 - 2)

r:lxl'dl'l~r:

Pill- (IF + IF.')x lrL .......... ·...... · ...... ···(4-3)
where

1'0 : Effect of device agllinsl. fall of a girder
• Continued girder. fixed girder : 0.0
• Both Insurance of s~ and

Installation of stopper/connection : 0.5
• Insurance of SE or Installation of
stopper/connectIon : 1.0

• Not Insu red : 1.5
(Note)SE:Dlstance between the end of gird

er and the crest of a substructure.
\' :Effect of girder-support condition on the

top of pier/abutment
, Movable bearIng : 0.0
• Fixed bearing : 1.0

I .. : Effect of foundation-type
• Pile, Caisson : 1.0
• Wooden pi le. Pile bent: 2.0

IF",:Effect of bearing condItIon at the botto.
of foundation

· Perfect support : 1.0
· Imperfect support : 5.0
· Shallower than liquefied layer : 6.0

l"g:Effect by flow of abut.ent-backflll
(Represented wIth "eight of bIlCkfll1:Ue)
• Us < 5.0. : 1.0
, lis ~ 5.0 a : I. 2

IpL: Effect by liquefaction (Site liquefaction
potential: Ipd
• 0.2 ~ lrL < 0.4 : \.0
• O. 4 ~ I.- L. : 1. 5

(Note)The site with I",. < 0.2 Is o.ltted
because of low liquefaction potential.

l<Jc:Effect by defor.atlon of surrounding
ground (Represented wi th Ground group)
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• Ground group U 1.0

• Ground group m 1.2

3.3 L1quefaction-l!LdJ!<:-eJtJl~ma~e Potential of
Hlahway BrldK~J1LJ11.~J"lIsLJ';arthqu8kcs

The sl.pllfled procedure for estlmillln~ liq
uefaction-Induced damalte potential of hl~hway

bridge proposed In Section 3.2 are applI<'ll to
the bridge foundations damaged In the past
earthquakes as shown In Tablc-3. .'Igs. 401.
4(2) and 4(3) show the relations between
liquefaction-Induced damage potPlltial and
da.age level for abutment. movable type of
pier and fixed type of pier. resp('ctlvcly.
Based on these resulls. the boundary values
of Indexes related to the severe damag(' of
bridges, I.e.. with th£' damage level more than
4 clin be estimated as follows.
Abut.ent:

P I < 6.0 :Damage Induced by liquefaction
can be estimated to be small.

P I ~ 8.0 : Be In danger of severe dnrnag('.
Detail Investigation should be
necessary.

.............................. (Rc Illtlon-4)
Movable Pier:

P D < 6.0 : Damage Induced by liquefaction
can be estimated to hc small.

P D ~ 6.0 :Be In danger of severe damage.
Detlill Investigation should be
necessary.
........................... (Relntlon-5)

fixed PIer:
pm < ".5 :Dalllage Induced by liquefaction

cltn be estimated to be sma I J.
P m~ 4.5 :Be In danger of severe damage.

Detail Investigation shou Id be
necessary.
........................... (Relation-G)

4. S.lMPJJFIED "'pROCEOllil!L-.f..Q!L~F:SI!~.'.~J!N(;

EARTHQUAKE RESISTANT POTENTIAL_OfJHQlIWAY
BRIDGE AGAINST SOIL LIQUEFA~TI01'!

Fro. the above Investigation and other
lessons In the past earthquakes. the s:m
pllfled procedure for estillating earthquake
resistant potential of highway bridge agaInst
soil liquefaction can be proposed such as
flC- 5. As shown In thIs flow-chart. the
Inspeetlon Is classIfied Into four stages as
follows.

I) First-stage of Funda.ental Inspection:
In this stage. before Inspecting the site

liquefaction potential and the lIquefnetlon
Induced dance potential. the bridges In the
following condItions can be excluded.

(1) Bridges designed with use of the spec
Ifications after 1911 In which the effects of
liquefaction are considered for earthquake

resistant design of brIdges .
(2l Brll!ges whose superstructure can be
considered as the types not effected by soil
liquefaction severely. for example. Deck
Arch BrIdge, RIgid-frame BrIdge and CUlvert
Bridge.

2) S"'f'ond-stagc of Site :.iquefactlon In"pec
tlon:
In this stage, the site liquefaction po

tential Is Inspected before Inspecting the
effects of liquefaction on brldgl's. Tho
Inspection flow Is divIded Into two flows ac
cording to the existence of boring data at the
bridge sl teo When the boring data Is possible
to get. the ~.-~ liquefaction potential can be
calculated with use of the Index of IPL pro
posed In E'l. (2). On the other hand. When the
data can not be got. the itround liquefaction
po~~ntlal Is estlllated roughly with use of
elth,'r ground group or topographical group
of tne bridge site based on the results In
Section 2.3.

Purthermore, for the bridge site judged 8S

both Ground Groups D and m and Top
ographIcal Groups A • the borIng data at the
neighboring site of the brIdge site which can
be selected by the standard proposed In
Table-lOis possible to use to calculate the
sIte liquefaction potential OFL!. When the
slle liquefaction potential (h,d Is less than
0.2. the effects of liquefaction Is judged to
he small by the Relatlon-l shown In Section
2.1 and further Inspection Is not necessary.
When the soli data for the Inde/[ of IFL can
not be got at both bridge site and neigh
boring site, the Inspection should progress In
the next stage.

(3) Thl rd-stllge of Damage Potential Inspec
tion:

In thIs stage. the liquefaction-Induced
damage potential of PI, P nand pm should
be calculated by F-qs. (4-0. (4-2) and 14-3) for
the abut.ent, movable pier and filled pIer.
respectlYdy. When the values of PI, P D and
P OJ are less than the bOI!adary shown In
Relatlons-4. -5 and -6 In SectIon 3.3, the
damage Induced by soil liquefaction Is assu.ed
to be small and further Inspection Is not
necessary.

(41 Four-stage of Detail Stability Inspection:
In this stage, the detail Inspection should

be conducted to calculate the stability and
resistance of foundations by the earthquake
resistant design of highway bridge [1. 2 J •
Por the unstable brldces for soil
liquefaction. the counterllCMures for
reducing the effects of liquefaction shOUld be
selected and designed for planning the
retrofit of brIdges In the future.



5. !'.VIURE RF;~~!(~

The results Introdueed In this p:lpl'r willI>I'
referred In the r.l'xt Inspeel10n (If Pllrthqllllkl'
reslstan t potential for h hthwlIY I> rldl!:'ps eon
duetI'd In 1991. The funher Investlglltlon
will be carried out after Olll alnlng 1IIP
results of next Inspedlof! to ImproY(' tllP
procedure lIOre reasonably In til(' futurl'.
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Table-l IIlstory of InspectIon for Earthquake ResIstant Potential of

Highway Brldee Considering Liquefaction Effects In Japan.

Stage Inspection Procedure for Liquefaction

1

I
1971 · Views by Site Observation.

• L1quefact1~n Is not considered directly.

2 1976 • Check List for Present Condition and Damare.
• Damage Potential (A. B. C) for Each Check-index.
• Liquefaction is not considered directly.

3 1979 · Flrst- and Second-stage Inspection.
· Ground /Superstructure/Substructure.
· Calculation of Bearinc Capacity of PHe (2nd-stqel.
· EstilDl>tion of Cost for Counteraeasure.
• Liquefaction potential of ground is considered.

1st-stage: Existence of Saturated Sandy Layers (Yes/l'lo).
2nd-stqe: Thlckness of Saturated Sandy Layers

(- 1.0. - 10.0 a -).

4 1986 · First-. Second- and Third-stqe Inspection.
· Ground ISuperstructure/Substructure.
· Calculation of Bearinc Capacity of PUe (2nd-stace).
· Esti_tlon of Cost for Counteraeasure.
• Liquefaction potentlal of cround and its effect to foundation

are considered.
1st-stace : Existence of Saturated Sandy Layers (Yes/No).
2nd-stace : Calculate FLo and Thickness (H...) of Layer with FLo

less than O. e.
Compare HLo With Depth of Foundation.

S 1991
• Inspection Procedure Is investlcated at present.

Table-Z F... - D. RelatIon"''''

f ... [)@pth. Z (al Reduction Factor. D.

FLo 10 0.8 Z 10 10 0
10 <: :z 10 20 1/3

0.8 < FL Ii 0.11 :z ;Ii 10 1/3
.0 < Z Ii 20 2/3

0.8 < FL Ii 1.0 Z Ii 10 2/3
10 < Z 10 20 1

1.0 < FL - I
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Table-3 Daaace of Rlcbway Brldce Ilnd Liquefaction In Japan

Earth· ! Ill... ot ObJectl•• S",betnacture Site
qualle I Blebw." Typical D..... or - ID_.Le...1 L.lquetaetlo. L.la. Pot.
(EQJ ,Bride" Irld._ Str'\leturel No. &lid It. 0...... Pbeooeena I....

IlIlpU S"owa- • , .1..,1. elrd.ra I PI Settle4llcal. Pl.r-top DIIP.I34cal • S...ere '.ST
Ell Irldee (P2-1) rell dowa. IIQuerlCtlo.

• 2 pl... I..bald......d 2 PI Subalded la the Rher. S occured.. '.41
1_' otbe.. Inc11lted.

· PII. d.to"-. ate. 3 Pl S.ttl...llca). Pier-top Dllp.lk.) • '.4T
"".,

IIC..bJ- • I .1..,1. clrd.r 4 At Silellt~. (U.ImOWIt lit detall) 2 S••er. ....
1- IPI-I. fell dowa. UqIMrlCtlo.
1.Ide'e · Pl•• lub.lded ..d ill- S P1 - 2 occured. ....
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Table-4 Cluslflcatlon of D••are Level of Rlrhway BridIe

Related to Liquefaction
-

\)aMI. L1quefactloll Related St&lulard to Estl.ate D_e La"e,
IA.,.I to 0..... of Brllll. of IIrld......d COUDt.......U••

LlCIulraclloll 11 uJn facto I' • Glrd.r I. f.U dOWll.
5 lad cau_ M ...r.~ ot • Suatructu.. II brouD.

brldr.· · COIIDU.--ur. tor lIquefactloD ••
needed p,,'.rentlaUy.

D_ ot bridle I. relatl••ly • Pier-top d1.pl~t by .llalda...
........ IoIId 11quetactlOD II ud/or hlCllnaUGIl I. -.ore tba:l II ea.

4 cauldered .. 01\1 of CIlI8... • .ldUi or crack I• .ore tbu 1 _
• COIIDU........r. tor botb l1q"efactloll

and otb.r cauae ot ,,_, II needed.

Liquefaction II Dot dlrlCtly • Plar-top dlo"l~tb7 .ut-Id......
related to 4_e of brl4le. and/or IDl;llDatlGll II I... tban II ...

~ • .14th of crack 11 1... t ..... I _
• GaDaral r.troflt ....vor r,p"r for
d_a I. n-.lecl.

• 511rllt repair tor dDq. 11 needed.
2 511rhtlY Ilaaared.

1 Mot 4Ma«d.

Not.: 0..... 1....1 for ....er. d..... Yblcb wu DOt Induced by lIqllefactlll 11
cOUldel"tld to be 3.

Table-5 ClasaU'lcatlon of Ground Group"'"

GI'OllIl Charaet.rlotl" of Gr<lUM 'I'C <.1 •

• RocIL. Dllu"flal Groud
1 'l'G<1.2

(1"1,-)

• Allu9lal Gf'Olllld

• '.2"'l'G< I.'
(....Iua-.tlJ'l')

• loft end '\'Illek AlluYlal

• Grou.d ,.,,,Te;
<Soft)

• : a.u-rla\lC '1L1111 of Ground

Tabl.... Relation between Grourul Group &lid
Site LIquefactIon PotentIal (rN.J

Grolllld Wltllout 51tllr,,- 0.2" I
GI'GIlP old SiUldy Layer 1....<0.2 1..~<0.4 0.4" 1..~ Total

I at T a I 0 "a 14 15 13 I 2 1114

• a 34 21 I la 14

Total 41 11. 40 I 15 21T

btiNtil Suitably

Eat. sat.l)' EIItl&lte SU1 tabIy



2

TabIe-7 Classification of TopuCl"!Iphlcal Group

G..-p TOPCIP-lPblcal CGadl~I.

• bcl....vrIll~-lIp IUl4
• 1Iuked-1Ip ,rollDd GO tIM aUnlai 101'

rrClWld
lip • ...1I...•..p ,rolllld oa ~lM tOrMr .atarl

A ~lqu.t..,tIOI •• ar.
Po...Ual • 511,b~ lMlrb" 01 u. to....r rh.r bed

• Laad 11)' dral..,a
- nclal nat ·'I_pl....
· eoutal plaIA • Sand dual'
- Dalu • Sud bar
a ....tur.ll• .,._ • ...,.. 101' Iud
• For_r rl".r bed • (Fo...r) IIarab
• ('o....rl Moat

IladIU. • ~eept tor GrollP A ad Group C

• Llq...t..,~loa ["'lIed-UP I'rollDd ueept tor A•
POtUl~W Fu etc.1

• Ternea..- • Pla~,,"

C Llqu.taetoll .1.11'11"
ro,...~lal • Bill

• Slope
• NoUDUI1l

Note: £lt1.UDr clYer bed lbollid be ..~I..t"'. c .....ld.r..... u.
tOl'O-,r_loal rroup of tlM lucco....dlDf alta of u.
obJec~I".blrllW&)' 1Irl4&.

Tmle-I Relation between Topographical Group and
Site Liquefaction Potential (rHI...)

Toporrapblc- WI thout S&tu rat- 0.2~

&1 Group ed Sandy Layer IFL< 0.2 I.L<D.4 0.4S; IFL Total

C 21 3 0 D 2.

B 15 I 0 0 2.

It. 50 172 ..... 18 284

Total III 114 .... 18 332

Table-t Correlation between Dlrrerence of Modified Thickness
( A HT) and Difference of Indexes at both Objective

and Neighboring Sites

Dependent Variable: Difference ot Thickness ~BT

.Multlple Correlation Coefficient Jl • '.121l

Independent VarIable
Rerres.lon Variation Correletlon

Ite. Cate,ory Coefflclen t Ratio

DIfference <-3. I 8
of above < -I. 2 - 8. sail
the Sea iI I. ~ - 8.ln 8.725 '.831
Level • 10 3. .. - ....112

> 3. 5 - 8.557

10 188. I •Distance ii38.. 2 - 8.7"3 8.7118 '.8116
so 588. 3 - 8.221
ii 758... 8.8711

Dltference < -3. I •
of Ground < -I. 2 - 2.323 11.283 - 8.3112
Water S; 1. 3 • :'-858
Level • S; 3. 4 - 11.575

Difference -I I 8
of Ground 8 2 - 1.383 ll.lU •. 214
Group I 3 • '.311.... 2 4 8.6114

Dlt. Topo- • I 8
Iraphlcal I 2 - 1I.1I116 7.1161 - •. 13
Croup ••• 2 3 - 1.81.

• : Difference. (Objective Site Condition)
- CNelrhborln~ Site Condition)

•• : (Eu.ple) Cateror)' 3 - Dlf. 1 • (Ground Group I I - ( I )
••• : Toporrapblcal Group A • 3, B· 2. C· 1. Olf. Is absolute value.

Estlaate Sui tallly

Est. Safely

Est. Dan~erously

Est"..e Sultably
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T.ble-I' Standard lor Seleetlq Nelehborlne Site to
Apply It. Borlne Data to ObJectlye Site

Ite. L1..t for Selactlon

Dlffereoc:e ot Topolraptllcal Group sa.. Group or Close Group
I wltll Otljeetl•• Site wltb I-Grade Blrb-poteotlal

Difference ot Ground Group
2 wltb Objeetl•• Sit. S...... tbe I\oon

Difference of Ground Water lAyel
3 wltb Objeetl•• Site Wltblo :1 1 II

1I0te: 11 It .. bett.r to ..leet tb. oellboorlol lite at outside or 101lde
of tb. rl..r wltblo _ II or at II fer troe tbe obJectl.. lite,
reapectlnl7.eacI allO orttblo :t t' II blp froe tbe obJectln olte.

II Tb. lrolllld water 1...1 It tb. lite IbOUld be atlMted baaed
011 tile oorlill date ad lurrouodlol rrollod condltloo.

Table-ll Indelles and Its Cate.orles Related to Da...e Level or Brldee

Indel
----

Catelory Supported Co. Foundation Bearlnl Co. I Sile Liquefaction Ground
on Pier-Top Type of roundatlon Potential Croup

J, I. I... I~L II;I-=-

Pile. Perfect
I Movable Caisson Support )"L< 0.2 I

Wooden Pile. laperf..,t
2 flied Pile Bent Support 0.2 ai In< 0.4 II

Movable Shall""e r than
3 and filed --- Liquefied Layer I 0." ~ I.. L ---

Table-Ill Correlation betwcen Idclles and Da••re Level or Bridie

TllbIe-12 Indexes to Investlrate Effects

to D.....e LeTel or Brldre

lIIdeJt
c.e .. I~ I~. I. L I.e

I 0 0 0 0 0

2 0 0 0 0 -
3 - 0 0 0 0

• - 0 0 0 -
5 - - 0 0 -

liIote: 0 10 lelected to In"estlrate Its
eftect to Daaare Level.

("~r of ObJecu... Sub.t ructlolu • 12)

I_del. CAlecory I. I. I•• In I.e

I I I I I I I I I I I I I 12 II I 2

CorrelaUoa
c_ I I I Coerrlclent._. 1.11 3.• 11.31 11.15 5.U

I
..., 11.5& 1- 1.14 -'.15 12.n - 5-1·1··"1··1S . 3· .. II.A I.·" 2.AI .J'

....
C.~o17 Score...... '.15 3.51 1.17 lUI

2
I,ll 12.11 1- loll - 1.11 12.511 .3.1.1 ,11 1•. 17

-- 1.1%
cahCory SCOrt - •.11/3.17 1•. »-_. ... II_II '.1$ 5.5'

3 ---
- I.IS 13.21 - 5·.. 1 3. 74 1 .... - 2.75 J 2.13 17.12 2.•11- '.4'

....
C.'...ur-,- $cun

a..... 5.11 '.12 II."

• ---
I." 11.17 ··_Jlls.SlII··., .2.1.1°2 17.11

-- 1.11
Clt••or,. SCore

a..... '.11 11.11
S --- --

~;-r;~'11 1.17
-- 1.51

C.tqoq SCore ·1.13 I ~.T5 1•. 1•

Mote; C&teeorY Score [~:::~~):~::~=.



Table-14 Classlflcatlon of Da.ace of Foundation Induced by Liquefaction

Abutaent l'Io.abl. PI.I'" Flied Pier

• Fall·dOWll Indue.d b, 11.',_
dllPlac:~t or pier-top.

• ._clatloo-coll..... In4ueeclIt, loa or Marllll or Irovnd.
• S.tU..Dt JaClueecl by 10..
or trletloa nt .raund,

• faU-da-n Induced b, lal"'18
dllplacntent ot' pier-top.

• Settlnent Induced by 10••
of frlrtlnn of ~round.

. Foundatlon-collap.e lndlJced
by 10" of be.rln, of rrouad.

• SetU...... t Induced by loea
of frletlGD o( ~roUDd.

Table-15 Indexes to Estlaate Llquefactlon

Induced Daaace PotentIal of

Hllh• .,. Bridie

heb! Jt 8r i. AL- P2
(Duttr ,f Fell) 7

I • •

r...1 : In 11111

• .1121411118

II'Ial
111111.. DI.,....t L1...th'l.I.I,ar

•
21

II

IfIO

•
•
II

(Naer FalIn Peril

Si.-IIIl ..... arl PI

Mote: • I. added lad•• 00 Llquafoctlon·lodu_ Duoca Pot••tlal.

Substruetu.r. Type
IDc1I.

Abut_nt Molt.ble PI.r Fh.~ Pier

DI.L~. A....lnat Fall Ie· 0 0 --
Supported Co. on
Pier-Top I, 0 -- --
F'Quadar:toD 'T'ype ,F 0 0 0

B41al"'lnr (;c,.. rtr
J;'CluD.dattoD. IF. 0 0 0

".I,bt ot Backfill I ..... 0 -- --
Sit' L1Qu.faetloD
PCltectlal I .... 0 0 0

Groullod Group I•• -- 0 --

1.0

Ill".' BrIL Al2 hi ar; rl
3 hi~.i hri. "
4 Sh i n-Mo hh••, II i. ~I

21

o.s
Site Liu.faction Pottnli.1 I...

I

I

I

- • p,

I I- - --, ..---.. , - ~ - - - - - - -
I

•

II

o

5

·~.. 4
o
~....
1.3c:;

:2
•..J
•.....••...

"I•• I Relation between Site LIquefaction Potential
(roo ..) and Dauce Level of Substructure

FIC. 2 Distribution of Modlfled thickness
of LiquefIable Layer (RT)
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Evaluation aod Repair or M~orWater Resources Structura
ror Improved Safety aod Seismic Stability

by

Dr. William Roper·

ABSTRACT: This paper addresses recc:ntly
de~loped technology for evaluation and repair of
water resources structures for improved safety and
seismic stability. It dWers selected examples of
researdl conducted under ibe Repair, Evaluation,
Maintenance, and Rebabilitation (REMR) Research
Program. The REMR program WIlli a
comprehcDSivl: six-year effort in which 54 individual
studies were conducted. Those studies which can be
related to wind and seismic events are discussed
UDder three categories: Monitoring and Inspection
of Existing Structures, Remedial Treatments to
Impr~ Safety, and Repair of Damage.

KEYWORDS: Breakwaters; dissimilar armor;
foundation 8S5eSstDents; foundation grouting;
geophysjca1 methods; jetties; instrumentation
automation; liqucrillble foundations; liquefiablesoil6;
monitoring structures; nondestructive testing; relief
wells; rubble-mound structure toes; \IDderwater
inspections; u1trllSOnic pL'1se-echo; wave rUDUp and
overtopping

1. INTRODUcrION

The perccntage of the US Army Corps of
Engineers' budget devcted to maintenance, repair
and rehabilitation of its cMl works projects
iDcreasecl throvgbout the 1980's as the a~rage •
of Corps structures increased. About 70 percent of
the Corps' hydraulic structuI"es arc over 20 years of
IF; 49 percent arc more thaD 30 )"C8I'S old; and 26
percent were CODSlnICled prior to 1940. Since it
generally cost less to rehabilitate a structure thaD to
replace it and budget constraints continued to
increase, a major need was for technology to extend
the life of cDsting structures. The Repair,
Evaluation, Maintenance and Rehabilitatioa
(REMR) Research Program was initiated in 1984 to
meet this need. The overall objective of the
prosram was to identify and ~Iop effectiYc and
affordable technology for maintaining and exteadiDg
the ICrvic:e life of cxiItiDg CorP' cMl worb
1lnIeturcs.

The Corps was one of the first Federal agencies to
recognize the need for research to address the
nation's deteriorating infrastructure. The REMR
Research Program has clearly demonstrated tbe
benerats of research in getting more value for tbe
dollars speat 00 maintenance and repair activities.

Technology from the REMR Research Program is
credited with producing savings in excess or
$70 million dollars with estimated savings over the
next 5 years exceeding S200 millioa for the Co~
alone. In addition to dollar savings, the program
has resulted in other benefits such as improved
safety and reliability, reduced manpower
requiremeats, and improved operational capabilities.
These figures represent a significant return on a
S35 million dollar in~ent.

REMR was a broad based research program which
was broken down into seven problem areas: (1)
Concrete and Steel Sir ,etures, (2) Geotechnical, (3)
Hydraulics, (4) Coastal, (S) Electrical and
Mecbanical, (6) Environ:nentaJ Impacts, and (7)
Operations Managemt;Dt. A total of 54 individual
research studies were conducted over the 6 year life
of the program.

Although most of the evaluation, maintenance.
repair and rehabilitatioa elfortli at Corps projects
are due to normal wear and tear, aggressive
envirODDleDts, and the need for increased capacity,
dam. from wind and seismic e~nts does pose a
significant threat. several REMR research studies
produced technology for evaluation, remedial
treatment, and repair efforts related to wind and
seismic events. This paper summarizes those
studies.

• US Army CarpI of Eugiaeers, 20 Masacbusetts
A¥enuc, NW., WulJinstoo, DC 20314-1000



2. MONITORING AND INSPECI10N OF
EXISTING STRUCTURES

The monitoring of existing structures during various
loadiug eY\:Dl5 ClIII provide advanced waruiug of
impending failure or allow timely actions to be
taken which will prevent failure. Ouee damage has
occurred, it is imponant to thorougbl)' inspect the
dam. prior to any repair or rehabilitation effon.
The cause and clltent of damage must be considered
for proper selection of repair or rehabilitation
procedurCi. A summary of the results of REMR
Sludies on inspecliOD and monitoring of existing
structures is provided below. The results are
applicable to the evaluation of structures subjected
to wiDcl and seismic events.

2.1 Nondestructive Testing

Nondestructive testing of concrete allows the
inspection of lArger areas at less costs than coring
aDd provides morc information than a visual
inspection. A comprehensive REMR technical
report describes the available techniques, their
applications, advantages, and disadvantages.

A new, impr~ prototype ultrasonic pulse-echo
system was developed for the evaluation of concrete
structures where only one surface is accessible. The
system WiCS piezoelectric c:rystals for both sigDa1
generation and detection. The 200-kilohenz
two-transducer system has a signa1-to-noise ration of
18. The wcight and dimensions of the improved
system, which bas the shonest pulse length on
record, works well in making thickness
measurements of port\aDd-cement concrete « 12
iIl.) and call indicate the prcscllCe of reinforcing
lIteel, \'IOids, and inferior quality concrete both above
IIId below water.

To keep ciW works metal structurCi fully functional
IIId ..ret a thorough inspection procedure must be
implemented. A guide for tbe selection of an
appropriate tellt method for metal strudures was
pubIislaed. The guide iucludca information on the
theory, applications, adYantases, and disadvantagCi
01 each~ testing method. Case
bisa0rie5 ale included whith describe how
IIODdestructive testing procedures can enhance
inapectioa routiDes.
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2.2 Geophysical Techniques

Existing structures complicate and limit routine
application of standard engineering geophysical
techniques for foundation assc:ssments. New
geophysical methods were developed and standard
methods adapted that allow defmitive and
cost-effective application to existing structures.

Field procedures, data processing methods, and
interpretation methods were developed or adapted
for high-resolution seismic reflection, ground.
penetration radar, microgravit)', and self-potential
methods. Two field tcst sites were selected and the
methods applied to the assessment of various
structure and foundation problems. At the
Lockport Approach Dike on the Illinois Waterway,
near Joliet, Illinois, a ground-penetrating-radar
survey detected possible seepage paths through the
dike, verified the locatioD of the concrete core wall,
and assessed its condition. At Dike 1, Beaver Dam,
Arkansas, a comprehensive foundation assessment
was conducted. The geophysical methods applied at
Dike 1 succeeded in mapping se~page paths and
delineating the complex geology (Figure 1). Based
on the rcsults of the geophysical surveys and other
geotechnical investigation the rational design of a
concrete cutoff wall to eliminate anomalous seepage
was possible.

23 Evaluation of Damage to Underwater Ponions
of Coastal Structures

Effectiveness of techniques for inspection and
evaluation of underwater damage is limited by the
scV\:re conditions encountered in the zone
surrounding coastal structures, iDcludiDg high WlY\:
energy, strong rnrrents, and low UIIderwater
visibility. Current teclmology and methods for
performing inspections were examined, including
diver and crane surveys, underwater video, and
commerciaJly available side scan and other SOIW'S.

Guidance was develope:l, through testing and
experience in actual field conditions, on the
selection and use of these tedmiqUCi. Trainiug was
prmided to Corps persoDDe~ and the guidauc:c was
used in evaluation of underwater pans of Humboldt
and CrCliCCnt City jcttiCi on the California coast.

Since none of the available teclmolosies is entirely
satisfactory, an effort was undertaken to develop an
underwater survey system that would be less



depeodcDt on favonablc c:oacIitklas aDd pl'0Yide less
subjedivc results. A prOCCltype systcm c:aUcd the
Coastal Structurc Acoustic RISler ScaIlIler
(CSARS) (F'JIUfC 2) baa oo::n dcUpcd, wostructcd,
aDd impl'oved through field rrWL Results, th. fu,
u\'e beeII promisiDg.

2.4 IDStnIIDcatatioa Aulomatioa for Concrete
Structures

AutomatiOD of iDstrumeDtation at exiWog wacrcte
'&tructures caD iDcreasc the timeliness aDd accuracy
of data and caa rccIuc::e man-hour requirements. It
c:aa aIao permit the iDstrumcnts to be moaitorccl
hom a remote location DI' hom an off-sitc office.
ImormatioD wu accumulated oa WIIIDlCrcially

aYIiIabIe hardware and software, and guidaJu:c wu
developed on the use of tbese produe:u fDl'
iDatrwaeatatioa automation.

This tcdmology wu dellloastrated at Bea\'er Dam
DellI' Eureka Spriop, Arkansas, where pressure
ecIIa, weirs, joiDt meters, aad piczometen were
automated. Prior to tbe autODlatioa of tbe
84 piezometers, a team of field pel'SOllJld took four
hours to read the piezometcn whic:h caa DOW be
rCIId in less than a minute.

2..5 Continuous MoaitoriDg System for Structural
Safety of Larp Dams

Tbc oormaI be1laW:lr of a dam Deeds to be
uaderIlood 10 that abDormal behavior caD be
detected. PrcciIe daily Itudie& of dam motioa were
DOl previously IeuibIe because the measurements
couIcI DOt be automated. Uader tbis study. a
coatiauoUI moaitoriDB l)'Ilem was cIe\'eIopcd that
\IIC:I the NaYItar Global PositioUtg S)'ltc~ to
dctcrmiDethrcc-dimcasiouldiffcreatialmO\UlcDts
at up to cipr poiats 011 a 1ItnK:ture. Eada poaitioa
is thea compuecl to an origiaaI pOIitioa to
cIctermiae the total amOlllll of movement.
Accuracies of +1-5 millimeters in tbe
three-climcuioa DC pouibIc. The mUlUtoriDg and
cia t'OClUidia& cquipmCDl DC Iiabd tcJFtbcr with
IeIepIIoBe IiDeI, R-m c:abIc, or fiber optic: c:abIc.
No system operator ia reqllirecl, and real-time
stnduraI deforaultioas may be monitored at
remote IocatiODI &Ucla U _ oft-site office. A
prototype aystem wu installed and clemoastrated at
Dwonhak o.m, ldallo &om July to September
1989.
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3. REMEDIAL TREATMEJ'IITS TO IMPROVE
SAFETY

Improved inspection and analysis tedmiques DOW

available often point out the need for remedial
treatments to ellistiDg structures to imprene their
safety. REMR studies to develop remedial
tJutments for structures subjected to wiDd and
seismic C\'el1ts are de.scribed below.

3.1 Reducing Wavc Ruaup and Overtopping

Problems associated with ruDUp and enertoppiDg
have Dtturred on about 7A) perte:nt of the Corps'
coastal structures. Problems from ruDUp and
enertoppins range hom (1) excessive wave action 011

the lee side of breakwaten aad jetties, (2) Rooding
and erosion on the backside of seawaJls, sea dikes,
and bulkheads, to (3) backside subsidence, erosiol1,
and sometimes collapse of revetments.

Mathematical models and flume stuclics were used
to evaluate and rank the hydrau1ie perfOI'llWlCC of
a number of seawall/revetment configurations. For
emtiag revetments, it was found that an attached
low berm frooting a rubble revetment signific:aatly
deaeascs wave runup and OYCrtopping. This
tcdmolOS)' was used at the Temple Emanuel project
on the Chicago waterfroat (F'JSUI'C 3) and resulted
in • 12-perte:Dt savings ener the costs of the
traditioaal high berm re\'etmeDt.

3.2 Remedial TreatmeDt of Liquefiable Soils

LiquefaetioD of foudation soils C311 cause
catastrophic failure or limit the w;efulncss of a
project. It is DOW known, through DeW and
improved testil1g~ thai many CorpI
structures are l~ed on liquefiable fouadations.
Tcdmiq1U:S applicable fDI' remedial treatmeDt 01 the
fow:adatioas of CIiatiIJI strue:hU'CI wac ideDtified,
ud guidaac:e was provided for their seIectioa and
use. Two 01 the more promisiDs tcdmiquca arc
UDd compac:tiOD piles aDd stoae coIUIDDL The
relati....e costs c:l theIe teduliqus are moderate aDd
they prOYiclc (a) vcrtical support, (b) drama to
~ pore WIler pressure, aDd (c) shear raistaDc:e
in borizoatal and iaclincd directioas. Stoac coIuauw
were used to improve fOllDduioas CODditioas at
Steel Creek Dam, Georgia (FIg1UC 4).



3.3 Restoration of Relief WeDs

Relief wells, a safety feature when installed at a
structure, can become clogged by chemical or
biological inauatation allowing uplift presslUes to
iDa-ease beneath the structure. A procedure was
developed for restorin:! tl..e efficiency of these wells
using a process called "Blended Chemical High
Temperature; or BCHT. The Corps has
l\l'proximately 5,000 relief wells that must be treated
periodically or replaced. The BCHT process will
extend the maiDtenance iDterval for tbese wells by
at least one year and will result in annual savings of
SSOO,IXXJ.

An example of additional savings is the relief wells
at the New Alton Pumping Station Project in the Sl.
Louis District. Standard cleaning methods failed to
bring these weDs up to the required 80 percent of
original capacity. The BCHT process was
demonstrated to be capable of successfully cleaning
the wells, thus eliminating the ~xpense of
replacel'lent wells. The cost difference between
restoration and possible replacement "If as many as
60 weDs at I"":" site was estimated to be $1.5 million.

4. REPAIR OF DAMAGE

Several repair techniques and malerials were
evaluated under REMR and undoubtly many of
them can be used to repair damage from wind and
seismic ev.-:nts. However, those which would seem
to relale more specifically to repair of damage from
seismic and wind events are foundation grouting and
repair of coastal structures damaged from wave
action.

4.1 Grouting for Foundation Repair and
Rehabilitation

foundation grouting has long been an accepted
procedure for improviDg foundation conditions.
The oIJ,jcctM of this effort was to evaluate and
develop modem methods of foundation grouting to
imprcwe quality COIItroi and reduce costs. several
pcoduc:ts were deve10ped llllder this effort including
• eomprebelllM tcdmical report on consolidation
groutiDs of rock masses.

A computerized grout coatrol and monitoring
syBlCID wu developed under a joint effort witb the
Bureau of Redamatioa. The use of this system is
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expected to substantially reduce the number of
changed condition claims by grouting contractors.

ft_ method to evaluate rock properties prior and
subsequent 10 grout injection was developed. A
drill rig instrumented with a drilling parameter
recorder (Figure 5) is used to predict groutability,
and an acoustic emissions monitoring system is used
for mapping grout location. Test grouting on this
method was conducted at Little Dell Dam, Utah.

4.2 Rehabili''ltion of Rubble-Mound Structure TOCI'

Many breakwater failures have been attributed to
failure of the toes of these strudurea. No fUlll
guidance existed to aid Corps personnel in designing
Ihe berms and most design work was carried out
using limited local field experience with ~t

SJcces~es and failures.

A series of two-dimt:nsional and threc-dimensio.:a1
breakwater stability pbysieal model experiments WLi

devek ped ;.nd conducted to address the si2iDg of
toe berm arrl toe buttressing stone in breaking wave
~ovirolllLcn,:;. The two-dimensional tests focused
on l>izing of toe stone 00 rubble-mound structure
trur;l;,s exposed to 9O-degree wave attac1, i.e. wave
orthogonals perpendicular to structure crest. Toe
berm armor stone sizir.g for oblique wave attack on
rubble-mound structure heads and trunks was
examined in the three-dimensional model tests.
Guidance for sizing toe berm armor stone was
developed for a range of wave lIIId still-water Ieve1
conditions. Guidance for sizing of toe buttressins
stone was addressed for a limited set of incident
wave conditions on structure trunks. UIC of this
new guidance should eliminate wave induced toe
berm failures and result in signifiamt dollar ..vinp
for tbe Corps.

4.3 Use of Dissimilar Armor for Repair and
Rehabilitation

Model test have shown that overlays of concrete
units such as dolosse and lribars lMr stODC require
larger sizes than if tbe structure were origirWIy
designed for those particular units. Tbua, the dcsip
~dance for new ~!!'Uctures is inappropriate for uSc
in the design of repairs and rebabilitationa inY01ving
dissimilar armor.



Stability tests were conducted of dolos overlays on
stODe-armCr,..d, dolos-armore,l. and tribar-armored
breakwater and jetty~~ subjected to breaking
wa~. TC6t5 were also conducted on tribar overlays
of stone-armored breakwater and jelty trunks and
dolo5 overlays of stonc-armored breakwater heach
subjcded to breaking waves. The results from these
tests can be used to dcMgn appropriately sized
armor units for rcpair and rehabilitation of
breakwaters and jetties.

4.4 sealing of Permeable Breakwaters and Jetties

Rubble-mound breakwaters and jetties are intended
to protect harbors and navigation channels from
eXCC&5ive wave energy and to prevent shoaling of
dwmels and boat mooring areas by littoral
material. The cores of many such Corps coastal
structures have deteriorated and become permeable
to such an CJltent that they do not serve, or only
partially serve. their original intended function.

A cost-effective alternative to traditional methods of
rubble-mound structure sealing (i.e. dismantling to
rebuild core sections, chinking layers along surface,
additional armoring layers, etc.) was detcrmined to
be drilling and grouting (sealing) a vertical barrier
curtain along the ceNCI line of the structure from
the bottom to approximately mean hig.'ter high
water (Frgure 6).

ScaliDs permeable breakwaters or jetties should be
approached fram the standpoint of preventing wave
or sand movement through the structure and not
from the requirement of imparting structural
stability or strength. In planning a sealing
operation, a quantitative determination must be
made of the wave energy or sand Jl8SSing through
the structure to IlStCrtaia ccooomic benefits.

5. INTRODUcnON TO REMR-II PROGRAM

The Succ:easeI of the REMR Program, the high
demand for its products, and the opportunity for
similar sua:e&ICI oa other REMR type problems
ere thc justification for getting approwl for a
folJow-on effort (REMR-II). REMR·I1 was
iDitiated this fiscal year (FY91) and is proposed as
a ?-year. $35-million effort. It M1l address new and
different nccda which have been identified by Corps
field pel'lOllDCL REMR-II will concentrate on
problems and areas which have the potential f'll'
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large payoffs and widespread applications. Much of
the technology lhat will be produced will have
applicatioll5 outside the Corps to other types of
infrastructures. A significant effort will be devoted
to tite coordination and sharing of this technology
with other federal agencies, state and local
govermr.ents, and the private sector.

6. CONCLUSIONS

The U.S. Army Corps of Engineers was one of the
first Federal agencies to recognize the need for
research to address the nation's deteriorating
infrastructure. The REMR Research Program was
implemented to address that need and bas clearly
demonstrated the oonefits of research in getting
more value for the doUars spent on maintenance
and repair activities.

The REMR Research Program was a very broad
based program with 54 individual research studies.
Several of tbe..e ~tuC,jes are applicable to the
evaluation, remedial treatment, and repair of
structures subjected to wind and seismic events, as
summarized in the above text.
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Figure I. Results from geophysical studies were used to design
a concrete cutoff wall at Beaver Dam, Arkansas.
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rJgW'e 2. The Coastal Struaure Acoustic Raster Scanner
is raise<! from its underwater surveying position.
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rJgW'e 3. Low berm revetment instaIIcd at Temple Emanuel
to decrease wave ruDup aDd OYCrtoppiag.

FJgW'C 4. Equipmeat used
to iDstaII stone columns to
improve foundation coodi·
,ions.
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rJgUl'c 5. Drill rig
instrumented with "Drilling
Parameter Recorder.'

FJgUI'C 6. Sealing or tbe south jetty at Port Everglades, florida.
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Sbak.ing Table Tests for Hydrodynamic Pressure Acting
OD Double Cylindrical CaiS!IOD Type Breakwater in the Deep Sea

By

Tatsuo UWABE 1 , Hakoto OSADA2 and Setsuo NODA3

SUMMARY
Shaking tabl@ t@sts w@r@ conducted to
inv@ltigat@ charact@ristics of hydrodynamic
preslur@ acting on a doubl@ cylindrical
cailson. This cailson il compoled of a
permeable outer cylinder whose upper part has
many openings and an imp@rmeable inner
cylind@r.
The lize of cai.lon model ~ade of ac[vlic
boardl was SOcm in height and SOcm in
diam@t@r. The openings of outer cylinder
were made within the 20cm limits below the
top of the model. Opening ratio of lOt, 2S,/;
and 100,/; were used. These models were called
a. a permeable type. The model, that hal a
permeable half circle in front of cylinder
and an impermeable half circle in rear lide,
wa. m.de and called as a wave dissipating
type. In the eKperiments. hydrodynamic
pr.llures were measured under the conditions
of lingle cylinder type and cylindric wall
type.
In ca•• without opening, the re.ultant force
of hydrodynamic prellure actinl on the
cylindric wall mealured here wa. almost equal
to the v.lue of Westerg••rd's formula for the
uall whose width w•• the same al the di.meter
of outer cylind.r.
In cal' with openinll. the relultant force of
hydrodynamic prellure on the perme.ble type
~d.l with 2~,/; openinl Wal about 0.7 timel of
th.t on the model without openinl. The ratio
of resultant force on the wave dilsip.ting
type lodel with 2St opening to that on the
.odel without op@nina wal above 0.9.

KEY WORDS: DOUble Cylindrical C.illon,
Hydrodynamic Pr.llure. Opening, Shaking Table
T.st.

1. INTRODUCTION
A. offlhore and waterfront development is
.tronlly required recently, ••ny larce
Itructur.s have been conltructed in deep I.a
ar.a for port and airport facilitie •.
I.cau•• in thil .rea, most of the Irounda are
v.ry weak and lar,e hydrodynamic prelaure
.ct. on theae Itructurel. they are .uppoaed
to b. e•• ily da••,ed by .n earthquak.. So we
have to inve.ti,at. the dyn.mic .tability of
th••• Itructurel durin, e.rthquake.
Since the breakwatar i. conltructed on deap.r
••ab.d around a. coap.r. to oth.r port
faciliti.l. it i. n.c••••ry to CO .h.ad with
d.velop••nt of a d••p-.e. breakwat.r. In
Japan, a coapolit. type of br.akw.t.r th.t
con.ilt. of • rubble mound and concrete
cai.IOftl il con.truct.d in leneral. The co.t

Preceding page blank
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of the rubble mound of breakwater in deep sea
stronlly increases. To reduce this cost, it
il needed to introduce a larl@ size type of
cais.on. The double cylindrical caislon
ciscu.sed in this study is one of them. Thi.
caisson is composed of a permeable outer
cylinder whose upper part ~as many openings
and impermeable inner cylind@r. Wave that
permeate through outer cylinder il dislipated
in the ~ave chamber that is formed by outer
and lnner cylinder•.
Generally a design section of the breakwater
i. deteruined by wave forces. But the
hydrodynawic pre. sure during earthquak@ that
become large with the increa.e of the water
depth is a main eKternal force for design of
the deep-lea breakw.ter. In the current
delign standard of port and h.rbour
facilities, the hydrodynamic prellure is
given by the Westergaard's formula for a
vertical wall, and i. gly,n by Z.ngar's
formula for an incli~~d wall . Uwabe, Noda,
Chiba and Hisaki reported that the
hydrodynamic pressur@ on the rectangul.r
cailson is calculated by the Westerg••rd'.
formula when the bre.kwater doeln't Ihow
larce response. On the other h.nd. ..ny
studiel for hydrodynamic pres.ur@ on a
cylinder have ~een carried out §~ deaicn of a
footine of bridle. Sakurai presented
general lolution of hydrodyna.ic pr•• sure on
a lona cylinder. which i. deriv.d fro. the
equationl of motion conlidering the fl.xur.l
osciktation of the cylinder. Goto .nd
Toki reported the .olution of tbr.e
di.enlion.l hydrodyn••ic pres.ure u.inC
Euler'. equ.tion and velocity potenti.l that
is d.rived fro. wave .quation. But tbela
Itudi.1 were carri.d out for the linlle
cylinder. and ch.racteri.tic. of hydrodyna.ic
prel.ur. on a cylindrical cai••on with
openinCI were not .naly&ed in the pa.t
studi.l. Allo it il n.cellary to c.lculat.
the hydrodyn••ic pr••lure .ctinl on •
cylindric w.ll wh.n thil cylindrical c.il.on
is .dapted to a co.polite type bre.kw.ter.
But there il no description about calculation

1 Dr. Enl .• Chief of Earthquake Di.a.ter
Prevention Laboratory, Structural EDlina.ring
Divi.ion. Port and H.rbour R.I.arch Inltitut••
Hini.try of Tr.nlport, 3-1-1 ".g••••
Yoko.uk., Japan.
2 H••~.x of Earthquake Dil•• ter Prevention
La~oratory, ditto
3 Dr. Enl., Director, Structural EDlin••riDI
Divis ion, ditto



3.1 Outlin. of Modal Ta.t.

3. I'IODEL TESTS

2.1 Outline of Double CYlindric.l C.illon
Figure 1 shows .n outline of double cylindri
cal caillon type breakwater. Thil type of
caillon hal many advantaael .1 followl;

,1) Necellary volume for Itability il effec-
tively liven.

(2) Costs of materials .re cut down.
(3) Surface area of the Itructure il saall.
(4) Various permeable ratio il cholen.

Thil Itructure is composed of double vertic.l
cylinderl. Tbe upper part of outer cylinder
.bove .n intermediate floor .lab has .any
openings. Waves that permeale through thele
openings are dissipated in the w.ve ch••ber
that is formed by the intermediate floor
slab, and th~ inn~r and outer cylinders. An
opening ratio of o~ter cylinder is defined as
the ratio of the total area of openings to
the upper p.rt .rea of outer cylinder. On
the other h.nd, the inner cylinder and the
lower part of the outer cylinder are
impermeable. Inlid. the., concrete and I.nd
.re filled.

2.2 1'I0del
C.is~model. for sh.kina t.ble tests were
••de of acrylic bo.rdl. For these experi
ments, we uled a m.alurina model .nd two
dummy model.. Figure 2 Ihow. the outline of
these modell. The lize of the model w.s 50cm
in heiaht .nd SOc. in di.meter. The diameter
of the inner cylinder i. JOcm. On th~ top of
the model th.re i5 a cov.r to lLnk both
cylinderl .nd al the bottom of the model
there il an acrylic Iquare board to conn.ct
to lo.d cell.. Sixty four openings whose
shape w.. rectangul.r were ••de around the
outer ~.. inder vithin 20c. limit below the
tc, vi the .odel. The openina ratio. of
.odel w.re 0,10,25 and lOOt. The opening
ratio of 01 me.n. th.t th.~. is no op.nina on
the out.r cylind.r. Th. openina ratio of
1001 me.nl that there i. no outer cylinder
.bov. the inter.edi.ta floor sl.b. In this
• tudy, th.le .odlls w.re c.ll.d a. •
per•••ble typ.. Be.id•• thele, the .odal
that had. peraeable half circle in front of
cylind.r and an iapera••bla half circl. in
re.r side va. .ade and called •• • vave
di•• ipatina typ.. Therefore, ve uSld four
p.r•••bl. type aodels ( oplnina r.tio: 0, 10.
25, 1001) and tbre. wave di.lipatina type
aodell ( openina r.tio: 10, 25. 1001 ),

The contents of model teltl are as follows:
(1) In case without opening

a) Single cylinde~ type model
~) CylinQric wall type moQel
c) Dotted line sec type model

(Space betwee~ models: 0.5, 4.0cm )
(2) In case with openings

.) Single cylinder type model
(opening ratio: 10, 25, 100~)

b) CylinQric wall type model
(opening ratio: 10, 25, 100l;)

The tests of single cylinder type model mean
that only the mea5uring model was set in a
container on the Ihaking table, while the
t~lts of cylindric wall type model mean that
the dummy aodell were set in contact with the
mealuring model. The telts of dotted line
set type model were only conducted using 0%
opening models. In this case, the dummy
mOdell were set le.ving a space from the
measuring model, then relation between the
characteristic of hydrodynamic pressure and
the distance of space was investigated.

3.2 l'Iealuring ite~s

R.sponse accelerations and hydrodynamic
pressures on the model were me.lured. The
hydrodynamic pressure was measured by wat.r
preslure gauges that were set on the lurface
of the model. Distribution and resultant
force of the hydrodyn.mic pressure on tbe
1Il0del were given by the.e me.sured v.luel.
Howev.r in cas. with openingl, it va.
difficult to measure the hydrodyn.mic pre.
lure on openings. The~efore the re.ultant
force of the hydrodynamic prelsure w••
m••sured by four load cells set under the
model.
Figure 3(1) .hows an .rray configuration of
.ccelerometers, water pre••ure gauge. and
load celli in eale without opening. B.eau••
the model was Iymmetrical with the direction
of excit.tion, the water prelsure gauael ~ere

deployed in six rows and three columns on 1

quart.r .re. of the outer cYlinder. Anale.
from the direction of excit.tion of ••ch
column were 0, 3~ and 67.5 degre.. rh.
re.pon.e acceler.tion of the mod,l w••
••••ur.d by lix acceleroaeterl. Five
accelerometers were set in a row inside the
out.r cylinder .nd another .cceleromet.r w.s
put on tha top of the .od.l .
Fiaure 3(b) showl an arr.y confiauration of
in.tru••ntl on the model with op.nina"
S.v.n water pre. lure gauge I w.re u.ed to
••••ur. distribution of the hydrodyn••ic
pr•••ur. on tbe inn.r cylinder. Thre. of the.
w.r. ..t in a column on 0 decree fro. the
direction of excitation and otherl w.r. let
in • row around the half p.rt of the inner
~ylinder. Po.ition. of the w.ter pr•• sure
aauae. .nd the .~c.l.ro.eters set on lovel
part of the outer cylinder were .aae to tho••
of the ~ase vithout opening. In c••e of the
wave di.lipatina typ., a per.eabl. half

on

2. MOD2~ OF DOUBLE CYLINDRICAL CAISSON

m.. thod of this press~re in the current
.t.nd.rd. Therefore, sh.kina t.ble
were conducted to investig.te
characteriltics of hydrodynamic prellure
the double cylindrical caillon.

1_,.. .
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circle was set on a side on which the water
pressure aauaes vere set.

3.3 Seltinl of Model
Two kinds of shaking :able that were of
electro~aanetic type and an underwater
shaking table were used for the present
study. The underwater shaking table was
develo~ed for ~arge structures constructed in
deep sea area~. Since the shaking table i.
set on the bottom of the large water tank, it
can reproduce the seabed ground duri~g

earthquake.
In model tests using e~ectramagnetic type
shakinl table. a container ~ho§@ size ~as 3m
long. 1.~~ wide and 1.2m high was set on the
Ihaking table. Figure 4 shovs the location
of the ~odels. The load ce~ls were set in a
Iteel box and the measu~ing model was put On
them. Crushed stones were poured around the
Iteel box so that the level of the bottom of
the model was same to that of the surface of
them. The dummy models were set on
rectanaular steel plates that were put on the
crulhed Itonel. In order to fix the model to
the container during shaking, the dummy
aodels were connected to a cross beam at the
top of the container. In case using t~e load
celli, it was necessary that the measuring
aodel didn't touch the dummy models and the
steel bOK during Ihaking. Therefore, little
Ipaces vere inserted between them. As the
effect of this, it was expected that the
hydrodynamic pressure on the model decreases
in co~pare with a case without a space.
However, ve jUdged that it was possible to
estimate the correlation between the
hydrodynamic preslure and the opening ratio
froa the results of test usina load cells.
lelides the tests deocribed above, the model
testo in which the models were directly oet
on the bottom of the container were conducted
to get rid or effects of the load cells and
the crushed stones.
The underwater shaking table was used for the
dotted line type model telts. Figure ~ ohows
the outline of these tests. The single
cylinder type model tests and the cylindric
wall type model tests were carried out using
the underwater Ihaking table to compare with
the results of the tests using container.
Input motion used for the experiments was of
sinusoidal wave form that was of SHz and of
IOcycles. Maximus accelerations of the input
.otion were 50, 100 and 200Gal. Table 1
showl the whole telt conditions mentioned
above.

4. RESULT OF MODEL TEST

4.1 Distribution. of Acceleration.
Distributionl or peak values of responle
accelerations obtained from tis. histories
are .hown in Fie.f). Heun 6<a) shows
resultl of ca.el that the modell were

3:n

directly set on the ~ottOIl: of the cOI.tainer.
It IS easy to recognize that the response
acce:eration of the top cf the modeliAl) is
almost same '::0 thAt of the bottom of the
n:odeliASI. Figure bib) s~o~s the ,esults of
the case usi~g loac (ells. In this case, rte
respor.se acceleratlon of Al is a litt:~

larger than that of AS. This tendency ~as

more obvious in single cylir.der type than 1n
cylindric ",,'.al: type, and ""'oS more obvious :.n
in:pe<meable type than in permeab:e type. But
the ratio of acceleration at Al to that at A~

:s :0O more than 1.1 in maximum. Therefore,
1t was also judged that the models ~ere

almost shaken as a rigid body in case with
load cells.

4.2 Distributions of Hydrodynamic Pressure
Distribution of the hydrodynamic pressure on
the model, ~hich was set on the bottom of the
container. is described here. Peak values of
second and third half waves were chosen from
time histories for analysis (called as pl.
As mentioned earlier, the model was shaken as
a rigid body so that a mean value of
accelerations measured each accelerometer was
used here as a response acceleration of the
model. A ratio of this response acceleration
to the gravity a~~eleration was named a
seismi~ intensity (called as k). Since a
relation between p and k was almost liner, we
used a mean value of p/k for following
discussion.

4.2.1 Distribution of Hydrodynamic Pressure
( without opening )

Figutes 7{a)and{b) show ve"tical distribu
tions of the hydrodynamic pressure on the
model in case of the single cylinder type and
of the cylindric wall type respectively. The
hydradynami~ pressure on the cylindric wall
is larger than that on the single cylinder.
Figure 8 show. horizontal distributions of
the hydrodynamic pressure on the model at the
height of l7cm from the bottom of the model.
It is easy to recognize in this figure that
though the hydrodynamic pressure become small
with increase of the angle from the direction
of excitation in the single cylinder type,
that become large in the cylindric wall type.
The hydrodynamic pressures measured in the
dotted line type are between them. These
facts suggest that the hydrodynamic pressure
concentratel near contact point of cylinders
in case of the cylindric wall type, and when
a little space is set between them, the
hydrodynamic prellure is rapidly decreased.

4.2.2 Relultant Force of Hydrodynamic
Preosure (without opening)

Figure 9 shows vertical diltributions of
resultant force of the hydrodynamic pressure
on the model that are approximately
calculated using the horizontal distributions
at each level. Distributions of the Coto&
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Toki's formula and the Westergaard's formula
ar. also shown in Fig.9. ~~e distribution of
the Westeraaard's formula is obtained for
the vall whose width is the same as the
diameter of the outer cY~lnder. The
distribution in ~ase of toe single cvllnder
type agrees with that of the Coto&To'i's
formula, and the distribution in case of the
cylindric wall type is almost saue to that of
the Westergaard's formula. Therefore, It i.
considered that the resultant force of the
hydrodynamic pressure on the cylindric wall
is given by the Westergaard's formula.
Distributions in case of the dotted line type
lie between those in case of the cylindric
wall type and in ease of the single cylinder
type.
~~ole resultant force of the hydrodynamic
pressure was approximately obtained by calcu
lating the areas formed by each distribution.
The results of calculations are shown in
Table 2. The resultant force in case of
dotted line type with 4.0cm space, which is
equal to 81 of the diameter, is 0.67 times of
that in case of the cylindric wall type. As
describ.d earlier, this result suggests the
hydrodynamic pressure is decreased by
in.erting • little space between caissons.

4.2.3 Distribution of Hydrodynamic Pressure
( with openings )

Figure 10(a) shows vertical distributions of
hydrodynamic pres.ure in case of the single
cylinder type with openings. The value. above
31.5cm were mea.ured by the water pressure
gauge. on the inner cylinder. Though the
hydrodynamic pressures measured at wla-W3a
show larae value with increase of the opening
ratio, the value. at W4-W6 decrease. In
particular, the value at W4 considerably
decre.se. From these results, it seems that
the hydrodynamic pres.ure on the lower part
of the outer cylind.r was decreased with
d.cr.... of hydrodynamic pressure on the
upper part effected by the openings. On the
other hand, it is estimated that the
hydrodynamic pres.ur. on the inner cylind.r
.how. larae value with increa.e of the
opening ratio. Figure 10(b) shows vertical
distributions in c.se of the wave dis.ipating
type. Diff.r.nc.s b.tween the hydrodynamic
pre••ures of each opening ratio are small a.
comp.r. with those of the peraeable type.
Fiaures ll(a)and(b) show horizontal distribu
tions of the hydrodynamic pressure on the
lov.r part of the outar cylindar in case of
the par••able, and tha wave dissip.ting type.
It is obvious that the hydrodyn.mic pr.ssure
d.crea.e with increa.e of the op.nina ratio.
Fi.ura 12 .hows the eomparison of the
distributionl of hydrodynamic pre••ure
b.tveen the per••able and the wave
dislipatinl type. Thouah the hydrodynamic
pres.ur. in the wave dissipatina type is
lar.ar th~n that in tb. per.eable type as

expected, the differences of the values at
W4-Wo are very stall. These characteristics
of the .ingle cylinder type as described
above ~ere o~served similarly in the
cylind~ic wall ty?e.
Figures 13Ia)andlb. show horizontal distribu
tions of the hycrodynamic pressure on the
inner cylinder in case of the permeable type
and the WBve dissipating type. In case of
the permeable type, values at W4a and W6a,
and at W3a and Wla are symmetrical about W5a
respectlvely. Absolute values of each water
pressure gauge lncrease according to the
opening ratio. In case of the wave
dis.ipating type, however, signs of the
hydrodynamic pressures are SBme at each point
and the absolute values of them increase as
increase of the angle. Also the hydrodynamic
pressures measured at W5a. Woa and W7a
increase with decrease of the opening ratio.
In the cylindric wall type, though the
hydrodynamic pressure was larger than that in
the single cylinder type, same character
istics yere also obtained.

4.3 Relation between Resultant Force and
Opening Ratio

The resultant force of the hydrodynamic
pressure was estimated from measured values
of load cells. They contained inertial
force. of the mod.l, load cell. and water
inside the model. In the experiment.,
therefore, the model was .haken in ca.e
without water and in Case with water, and the
inertial forces of the model and the load
cell. given by sUbtractin& the mea.ured
value. without water from tbo.e with water,
and the inertial force of water inside the
model was removed from measured value of lead
cells to obtain the resultant force of the
hydrndynamic pres.ure. In this process,
however. the water in the wave chamber was
regarded as hydrodynamic pre••ure in c.le
with opening, and val relarded al inertial
force in case without opening. Therefor.,
the inertial force inside the wave chamber
Wa' added to the hydrodynamic pressure on the
model without Openln& when the relultant
ferce on the model without openina wa.
compared with thOle on the model. with
openinls.
Peak values of the second and third waves ~f

time histories m••sured by load cells wera
chosen as mea.ured valuel of the load calli
in the same way as tha hydrodynamic pre••ure
(call.d a. f). Filur. 14 show. rel.tion
batween the accelerationl and the valua. of
the load cell.. Straiaht lin.s in Fia.14
Ihows mean valuel of f/k u.ad for thil
analy.is.
Filure 15 shovs relations of the r.lult.nt
forc.. of the hydrodynamic pre. sure .nd the
openina ratio. Th. vertical .xi••hows the
r.tio of resultant forca in case vith
op.ninal to that in case without openinl' As



1Ilentioned above. the resu~tant force i:: case
without opening co~tai~s tte i~ertia: :orce
of the water inside the ~ave c~amber. In
case of the per~eab~e type of 5,~gle

cylinder, the ratio of resu:t4~~ force ~ith

lO~ opening is 721. .~c t~a~ ~:~" :OO~ o?e~ing

is b21. :n case of the per~eab:e :ype o~

cYlindric wall. as simi~ar to :~ese res~::s.

the ratio of resultant force ~~~~ ~O~ ope~ing

i. 781 and that with lOO~ ope~i~g .5 6&~. O~

the other hand, the ratiQ of res~~tafit :orce
in case of the wave dissipat:ng type shows
little decrease with increase of the opening
ratlO.

S. CONCLUSION
Shaking table tests were conducted to investi
gate characteristics of the hydrody~amic

pressure acting on the double cyl:ndrical
caisson. The following conclusions are
obtained.

(II The resultant force of hydrodynamic
pressure on the cylindric wall was almost
equal to the value uf the Westergaard's
formula for the wall whose width is same as
the diameter of the cylinder.
(2) The hydrodynamic pressure on the
cylindric wall concentrates near the contact
points of cylinders. This pressure concen
tration is relaxed by slightly separating
them each other.
(3) In case of the permeable type, the
hydrodynamic pressure on the lower part of
the outer cylinder tends to decrease with
increale of the opening ratio. In partic~lar,

the prellure near the openings considerably
decreales. In contrast with this, the
hydrodynamic pressure on the inner cylinder
tends to increase with increase of the
opening ratio. These characteristics were
also 00 served in case of the wave dis.ipating
type.

(4) 1n case of the permeable type, the hori
zontal distribution of the hydrodynamic
pr~ssur~s on the inner cylinder is Almost
symmetric4~ with ~ero. But in cale of the
wave dissipating type, the sign of the
hydrodynamic press"re around inner cylinder
1S same all at once and the absolute value of
it increases as the angle increases. Alia,
the absolute valee of it increases as
decrease of opening ratio for the angle above
45 degree.
(5, The resultant force of hydrodynamic
pressure on the permeable type model with
251 opening is 0.7 times of that on the
model without opening. The ratio of
resultant force on the wave dissipatine
type model with 251 opening to that on the
model without opening is above 0.9.
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Table I Test conditions

Type of Model
Sinele Cylinder Type
Cylindric Wall Type
Dotted Line Type

(Space between Modela : O.5.4.0cm)

Openinr Ratio o , 10 , 25 • 100"

Type of Ca i sson Permeable I Wave Diuipatinr

lIIeuurine Ite.. Hydrodynamic Prea. , Acee leu t ion

lIIeasurine Method of Water Pres. Caure
Hydrodynamic Pres. Water Pre6, Clure ~ Load Cell

Inpul Motion Sinusoidal Motion (SHI, lOWat~;)

lIIax. Acceleration 50 . 100 I 200 Cal
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Table 2 lleasured and tbeoret ical rnul tant foro's uf hydrod)'namic pfPssurr

llc~sured Values He uft' \ i cal ~ a1un

Do II cd Line Type
fa 11 Type Single Tnc l"stl'rgaiHd GOIO& loki

0.5 CI 4.0 C.

Resultant
133. 1 113.6 8'3.5 57. 3 13~. 6 55, &

Fore e ( kgf)

Ra t i 0 1 O. 853 O. I> 72 0.431 I. 01 O. 419

Fig.l Out! inc of double cyl indrical caisson
type breakl/31er
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Fie.5 Setup of dOl ted I ine type test
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Subaerial and Submarine Landslide Generated TllUDIIIIlis

by

J.... P. Lander', Pllbicia A. Lcx:bidge', and Herben Meyerr

ABSTRACf

Sublerill and IUbmuine landalide-fCner&ted
tIUJl8IDis constitute a c.... of tlRlnanus which,
altboup tbey have caulled at least 58.000
f..utiel in die Jut four tIundMd yeaJ'll. 8M
inMiequarely studied and gen«ally fall
outlide current warning and mitigation
1IY1teIDB. This is becaUJe their effects,
altbougb~y~s, .-e local with
lilt1e available resporw time once they are
generated. They are molt conunon in areas
of piatiOD, volcanic activity. submarine
caJlVOIII. IlDd reservoirs. While warning and
mili'ptim activitiel are difficult for tbiI clau
of l!IIDWDil, dIere are monitoring and other
actions ... can be taken on a site by site
baIis. 1be definition of at tsUDllDi is
expancIecl to include all impulsil'ely-generated
travelins sravitational water waves wbose
velocities are a fuoctioo of the water depth.

KEYWORDS: Landslides, Natural Disasters.
Natural Hazards, TIuoamiI, Water Waves.

1. INTRODUCTION
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1.1 Frequency and Distribution of Occurrence

Landslide-generated tsunamis causing
fala1ities have occurred more than 25 times
since 1596 and occur in many places
worldwide. They have caused about ~8,OOO

fatalities including about ISOO in the 20th
Century.

Figure I shows the location of the known
fatal laodslide tswwnis. It also shows the
four types of environments most COmmotl for
landslide lBUDlID1ia: areas of piation, areas
of recent volcanic activity, submarine
canyons, and reservoirs.

Table 1 1istIl tbese IBWUUDis. This list
UDdentates the p-oblem since it is not always
clear wben landslides 8M the cause of a
tawwni during complex earthquake 01'

volcanic; sequences.

1.2 Definition

Since some of the waves dilcuued beIc may
Mem to be different from what is lIIUa1ly
meant by the term "tIUDImi" the following
definition for "tsunami" is used:

A tsunami is am impulsively generated,
trBveIinB gravitational water wave which
has a velocity (v) proportional to the
square root of the depcb (d) and wbelc

V.JIi
if the depth is peat in compariIon to die
wave amplitudes.

This definition uniquely idenlifies a sinJIe
popbyaicaI pheoomeoa eIimioatio& leiclles

tUnivenity of Colondo CIRES, Boulder, CO
80309
~OAA Nllliooal GeoPtysk:ll Data Center.
Boulder. CO 80302



which .e IbIDding waves, storm surges, and
vuious other waves. AI. a pnK:tical matter
leiches Jenerated by tsunamis are usually
included u pcut of the tsunami phenomena.
The original J..,...e use of the term and
earlier European use included storm waves
and lIW'aes. but theIe two are two distinct
phenomena. Also in much current western
IiteAture mmy evcots bcrc called taununia
are called "water waves." an unnecessary and
vague term.

1.3 ClWIeS

The buic: cawIC of landslide taunami.s is the
failure of over-steepened deposits 01' slopes
above 01' below the water suda:e. Once
UDICable conditio.. have been aeated the
failure an be trigered by any of several
apntI such u e.tbquakca. volemic a:tivity.
nin (which increues the mus and reduces
the friction), IDd continued deposition or
progressive failure from creep. Once the
slide material baa been released. the resulting
wave depends 011 the kinetic eoergy in the
slide. the volume and geometry of the body
of water, and possibly other fa:tors. On
impBct of subeeriallandslides on water, both
a surge 01' spIasb and II tsunlImi are
genemted. The surge such u the famous S24
m nmup UlOCiated with the Lituya Bay event
is not put of the tIUJIami u defined here
aiDce its velocity is kinetically-generated
.... thin gmvitation in nature. Its velocity
does oot depend on the depth of the body of
water. 1be diapIa:ement of the walei' audlCe
does create a true tsunami.

Submarine landalida are leu well
underltOOd. They often generale turbidity
eurreotI but may aIIo be rotational.
Turbidity curreotI U inferred by Ilroken
sullmaiDe cables may or may IIOt be
sufficient evidence of the generation of small
tIUMIDia DOt otherwiIe ot.rved. Submuine
JandaJidel UIOCiated with submariDe canyons
may be clue to the purging of lediments from
coatal IOUn:et 01' sedimentl IrIDIpOrted along
the c:oastI by curreotI 01' they may be pert of
the procell of creating and expanding the
c:aD)'OIIS laterally or headword. SurpriJIngly.
....... J.rp riv. cIeltaa do DOt eeem to be
lIOUR:CII of submarine Ilump 18UIIEIUI. None
!lave beeo reported from the great deltas of
the Miai.1ippi, Nile, Amazon or odw "p
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river deltas. 1bis may be due to the better
sorting and finer grain size of these deposits.

1.4 Environments

Landslide tsunamis are associated with four
principal environmental regimes as follows:

I. Glacial

a) over-steepened fjord walls, i.e.•
Lituya Bay, Alaska 1958; Tujord,
Norway, 1934

b) glacial outwash deposits, i.e., Gulf
of Alaska 1964

c) glacial ice, banPts glacierl and
calvina. i.e.• Diaeocbanbnent Bay,
Alaska, 1905.

n. Volcuic

a) Failure of pyroclastic deposits on
volcanic slopes, i.e., Sbimablra,
Japan, 1792.

b) Collapee of lava flows upon ICIICbinS
the sea, i.e., Hawaii. 1919

c) CoI1aples a:compenyina eruptions,
i.e.• St. Augustine, Aluka 1883.

d) Collapees of the vokank edifice
~ed by earthquakes at the site,
1.e., Hokkaido, Japan. 1741.

10. Submarine Canyons, Le.• Grand Banka,
Newfounclland, 1929; French Riveria

1979.

IV. Reservoirs, i.e.. Vaiont Dam, Italy 1963;
Roosevelt Lake, Waahington 1949·S 1.

Reservoirs ..e a ~cu1lIr problem. 'IbeIe
are typically built m steep valley. which may
show signa of landsJidinB before the relerVoir
was CODItruCted. ID addition. the raervoir,
may raise the water table. create
miaoclimatel of enhInced rainfall or mow,
and create the possibility of induciDI
earthquakes due to auatal loading. Their
conatruetion aIIo creIIteI the poIIIlDility for
lancIsJid&induced surges and tsunamis which
can cauIe damage upaream. ttaIlSVene to the
~lide. and doWlllUelDl overtopping__ of the
dam. DoWllltteam of the dam, floodiDI may
occur from the breakinB of the dam or its
overtoppiDg but tbeIe are floodI IIId do DOt
meet the tIWwni definition crileriL



I.S. Warnings lIDd Mitigation

The problema associated widJ the warnings
IUd mitigation or the landslide tsunami
buMd IIIe more difficult than for thole due
to euthquakes. As can be Ir.eIl in the
foDowins examples, the effects .-e generally
limited to a few kilometers or a few tens of
tilclmeten which means that the lime for
evasive action is limited to a few minutes.
The ~ for each potential bmdslide
IllUIWIIi must be evaluated. Depending on
Ibe population at risk and the potential time
available once a slide has been initiated,
various lICbemes involving monitoring. slope
stabilization, and land UBe may be employed.
MOlt mua failures are deteclable weD before
Ibe failure, and sometimes yars earlier. A
biSCOCy of such failures in the area or in
similar areas indicates a need for evaluation
of the risk. Reaean:h can be done to
deline8te die risk through modeling, both
physical and numerical. Surveys can be
made ~ 1I10pe stability and rates of
deposition, f*UCularly for offshore areas.

2.0 CASE HISTORIES

The Int of d1ia study will illustnlte the
problem with sevaal cue histories IIelected
to lIbow lOme of the features of dlia hazard.

2.1 Glacier Re1atecI Sources

2.1.1 Oversteepened Fjord Walls

2.1.1.1 Li~ Bay. Lituya Bay is a T
IIuIpecI Jlacially carved fjord approximately
13 kin tona, the lOp being two inleIs with
JlIcierl lyiJII in me FairweaIbeI' fault plme.
00 July 10, 1~8 a mapatude 7.9 eartbquab
let in motion It least six landalide-iDduced
tlUlWDil including one in Lituya Bay. A 30
miDioo mJ slide was releued from 200-1000
m lIbove Gilbert Inlet down~ ~ about
40" 011 Ibe eaIt side or the inlet (Milla',
1960). The impact of the slide on the water
lent • IUI'P IlCrOI8 the inlet to the opposite
poiIII of land,c~ the fcreal to • beight
of ,2<4 m. The reauluna tsuoami swept down
Lituya Bay de8Iroyiq two of three fiIhiDg
boatI, ki11iJII two people about tine miDutlll
.... the wave wu tint NeIL It wu 30 to
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50 meters high near die middle of the bay.
Figure 2 shows the configuration of Lituya
Bay and the maximum immdation level.
Lituy. Bay has been die location of repeated
landslide Isunamis including one in 1936
which appears to have been induced by
excessive rainfall, and others documented by
tree ring dates of new growdJ areas, although
die ex.;:t lite and nature of lbeIe earlier
tsunamis have oot be exacdy determined.

2.1.1.2 Norwegian Fjords. About 210
people have been Irilled by lIunamis
generated by rockfaUs and landslides in
Norwegian fjords and gblcial 1akes of
LangfjOnl, Loen Lake, and Tafjord. The
tsunamis have bad beighll of S to IS m widJ
surges to 10 m on owolite shores.
Earthquakes are oot a factor. (Miller, 1960)

At TafJOrd. Norway, on April 7, 1934, about
one million mJ of rock felI from a maximum
beight of 730 m from a 4S· .Iope along a
229 m front. Tafjord bas a maximum depth
of 213 m. The tlIUDami wu about 12 m high
at opposite enda of the f,JOld and 1 m at
Nordal about 50 Ian away. Fagure 3 show.
Ihe locldion of the slide and nmup heigbb.
'The tsunami is believed to ha'Ye been
ttiggerecl by melting .mil freezing of water in
Ihe fracture (as such rockfalls are most
common in the spring and fall). The
begillniDg of such failure may be detectable
lleVeral yean in advance. (Peck, 1978)

2.1.2. Glaciation Outwash DepoIitI

2.1.2.1 PriDce William Sound. A mapitude
8.6 eartbquake on March 28, 1964, generated
a . tectonic tIunami obeerved around IbePacT Basin and ttiggered JIIL"l)' local
tIUIIIIIIis moltly from submarine landsliclea
from Jlacial outwash seclimenIs. Almost 8MJ
of Ihe tIwI8DIi-ca1llecl fal81itiea in Alaka ....
IDOIt of the damage wu due to tbeIe local
landslide lIUMIDis. In Seward, AIuka, a
section of die waterfront 1070 m long and 91
meters wide slid into abe My. The mmftaI
wu water-1OIbd lllu'Yium witb III offsbore
dope of 30" to 35". A nine meter wave
lIltUmIld in about two minUtlll. Ei&bI
.... local IIwIUnjI cauaecI • total of 11-



82 fatalities with waves up to 30 m. The
flDliliell could have been much higher but
this ia a lpBDdy inhabited region. (Cox and
Panraa-Cmly..w., 1976)

2.1.3 G1IIcial ke

2.1.3.1 F.uen G1JIcier. A glacier in a
hmPnI valley in DiJeoc1wllJnent Bay.
AIab, .....ently suddenly sW'f,ed out of ill
valley and feU 30~ m down. 68 slope into
Dt.ench8ntment Bay without an obvious
triger. 1be ice fall generated waves 37 m
hip II far .. four Ian away. Indian legends
report Ihar several hangins piers bad
llW'Jed in a Iimilu manner in earlier times.
Collaple of glacier tonpes ClIII abo generare
1arJe local tIUIWl1ia. (TaD', 1912)

2.2 Volano-Related FonJl8

2.2.1 Pyroclastic Deposit Failme

2.2.1.1 Shimabua, Japan. In 1792 of a S3S
million m' portion of Unzen Volcano
collapeed. 11Je col1aplcd lIre8 was located
IOIDe 4 km from venti which bad been active
a moadl 01' two earlier. TIle co1laple and
resuhina landslide was probably c~ by a
ItrOIII sw.-m of volc:anic earthquakes or l1li
apIoIlOll. 1be 1IndaIide-8eaerared waves
I'MChed a beiJbt of about 10 m and caUled
devutatioa for a distmce of 77 bn along the
Sbimabua peninsula. Fifteen thousand
people weft killed or disappeared without a
trice IIId 6,200 houses were destroyed.
(Soloviev and Go, 1974)

2.2.2 Lava Flows iDlo the Sea

2.2.2.1 Mauna Loa, Hawaii. On October 2,
1919, an enapdoo of Mauna Loa produced a
__ of lava which re8Ched the .. near
Alika 011 Septemba' 30 creating UDlISUa1
"..,. aad boiliaB WIRr mel creatins a ddta.
May IOUriIa were atttICted to the sigbt.
The IUIlmIrine e-tetIIioo of the flow became
...... in the marine environment and
coIIlIpIed aeaIiDI a 4.3 m wave which
C8UIed miDDr climap ad swept lCVeral
peope out to lea. They Weft all rescued.
(Colt .... MClIpIl, 1m)
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2.2.3 CellapllC A«:«:ompanying Eruptioo

2.2.3.1 St. Augustine I.. AIuka. An
explosion on October 6. 1883. of the summit
of the Sf. Augustine volcano generatt-1 a
debris avalanche and tsunami which r.carly
destroyed the community of English Bay, 85
kIn to the cast. A wave 7.6 te 9.1 m high
reached the community about 25 minutes
after the explosion. Fortunately. the wave
arrived at ebb tide. The tidal rllllge here is
4.3 Ill, 1IO only minor damage occurred.
Figure 4 shows the location of the slide sma
on the volcano and the locatioo of 8ngliAh
Bay relative to the volcano. (Kienle et aI.,
1987)

2.3. Submarine Canyons

2.3.1 Grand Banks Earthquake. A
magnitude 7.2 earthquake on November 18,
1929, was associated with a massive lI1ide
down the LaW'entian Channel at the Cabot
Trench. Hasegawa and Kanamori (1987)
believe the volume of the material, SSO x 10'
m'. is sufficient to account for the observed
earthquake. The resulting tsunami may have
been IS m on the Newfoundland coast where
26 lives were lost. 1be earthquake and
tIUJWni occurred at the time an abnormally
high tide was expected and while a gale
lIonn was in progress. Twenry-eight cable
breaks occurred from the turbidity currents.
The landslide could have been triggered by a
small earthquake or perhaps was related to
the storm. (Keith, 1930, Smith, 1968)

2.3.2 French Rivera. Two waves
approximately 3 m high sauck a 30 km
stretch of the French Riviera Coast from the
Italian border to Antibes, France iDclutlinl
the shore at Monaco and Nice OD October 16,
1979. TIle waves caUled considerable
damage aod 10 deaths. Evidence IUgeltI
that the waves were caused by the failure of
a ground fill intended to extend an airport
runway or by two much larger IUbmarinc
slides that apperently occurred on the
continental aIope, perhaps triggered by the
landfill .tide. Turbidity currentlJ continued
beyond the .lides and cut submarine cables at
80 and 100 bn offshore of Nke. Fipre 5
shows the location of the canyon, dide and
afJec:1ed c:ommunit;·.



2.4. Reservoirs

2.4.1 Vaiont. Italy. The Vaiont Dam in
Il81y. the second highest dam in the world at
26S.~ m. was completed in Ihe fall of 1960.
On October 9. 196~ the worst dam disaster in
history occuned when 240 million m' of
Mount Toc slid inlo the reservoir complelely
filling it over a length of 1.8 Ian and a depth
ISO m above the original reservoir level.
The surge wave ovenopped the dam by 100
m and was still 70 m high downstteam al the
enttanee to the canyon. The engineers had
been aware of the slope instability since June
and leveral days prior to the disaster realized
dIM die affected area was larger than
originally thought. They had begun to try to
lower the water level in the reservoir and had
thought aboul evacuating the downstream
communities. Il had been raining heavily in
August and September hampering the effort
to lower the reservoir. and was raining hard
when the landslide occurred. This. the
WIest flood disaster ever. killed about 2000
1leOIie. (Mtlller. 1964: Kiersch. 1965)
FigUre 45 shows the location of the slide and
the affected communities.

Less well reported was 3 tsunami which
traveled upstream demolishing homes and
struck the town of San Martino with full
force. 1bere were 158 fatalities in Casso and
Erto. 1be toe of the slide was under the
level of the reservoir, the ground water level
bad risen due to the impoundment.
Geologically the area was unstable with steep
slopes due to earlier glacial action and recent
river erosion. The bedding planes dipped
steeply toward the river valley. (Quarentilli.
1979)

2.4.2 Franklin D. Roosevelt Lake.
Between April 8, 1944, and August 19. 19S3,
cleven landslides OCClDTed in terrace scarps
unda'iain by bedded unconsolidated deposits
in the: Rc:c:d Terrace area near Kettle Falls.
Columbia River Valley, Washington. Narrow
IqIIIeDtI of the scarp on slopes averaging
about 23° suddenly gave way and slid into
FnnIdin D. Roosevelt Lake. Debris came
down from a maximum height of 63.6 m
above water. Wavcs were generated by at
least 11 different slides; the largest wave rose
to • maximum height of 19.7 m on the
opposite shore and was observed 10 kIn up
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the lake where boats and barges broke loose
from the dock. Observed velocity of one
series of waves was about 75 kin per hour.
(Miller. 1%0)

3. CONCLUSION

I. The term "tsunami" should be broad
eoollgh to include waves which meet the
following criteria: spontaneous generation,
ttaveling gravitational waler waves with
velocities defmed as a function of the water
depth. 1bis definition includes landslide
generaled "water waves" not previously
classified as ISUJ1lII11is although physically
there is no difference once the waves have
been generated.

2. Landslide-generated waves are most
convnon in four environments: glacial and
glaciated area. areas of volcanic activity.
submarine canyons. and reservoirs. Locally
they can be disastrous and collectively mey
are a significant hazard.

3. Since the hazard is limited in area and in
available response time, special warning and
mitigation effons tailored to the individual
site are needed.
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Table l.-IDEN"IIFIFD LANDSLIDB-GBNEIlATIID TSUNAMIS
CAUSING FATALn1ES

DATE LOCAllON MAXItUNUP SB1TINO. DAMAGE FATAUTDlS
(SURGB)

<81>
l,.ot04 lIIlIKAIDO. 'APAN ,.0 V7 lluumlUN 'IQI
l5970t 10 BBPPU ....Y. 'APAN 2.0 V7 lIOMIl 40
17000401 ItYUSIIU. 'APAN 2.0 , 3CIO IIOUIB 10lIO
1741.29 HCaKAIDO••APNf 90JJ V IlIO IIOUIBS IfIIO
17!61» 22 l..ANOJIJC:aD, NOaWAY 40JJ 0 BUILDINO A BOATS 1lBI11lOYIID 32
179205 21 SHlMABAItA, JAPAN 11.0 V GClO IIOUSIIS I~
1115 II 22 JAWA (JAVA), INDONIISIA U V SOME 12llO
1m GOGO uruYA ....Y. AI( 37.0 0 SOME MANY
111103 O'Z N. toIlJLlICCA II. 25.0 V MlDlDAMAOB 277
1113.27 .AVASSA 35.0 V TOWNS DBSTaO'YBD 3dllllO
1..0313 IIUMAa<:SSM dO.O V VWMJIlS DIIII'mOYIID MANY
I""ot 10 SA AlASKA (dO.O 0 ~ DBSTaOYIID 10..
19lI501 IS LOIDf LAD, NORWAY (40.0) 0 BUJUlINCJI A BOATS DBInOYBD III
1921. eM JILOUS SIIA 10.0 V SHIPS SUNIC 121
192911 IS OlAND BNlU, NIUID. 4.6 sc CAIILBI aaoaN 21
19!4eMCJ7 TAI'JOaD, NOaWAY (62.0) 0 BX11INIIVB ...
19!6ot21 LOIDf LAD, NORWAY (70.0) 0 BX11INIIVB 73
1946.23 B.C.CNfADA »0 IC7 CAllLBlIIIlOKBN I
195ICJ7 10 S. ALASKA (525.0) 0 2 IIOI\TS IVNII: 2
19113 lOot VAIOHI', rrALY C240.0) • lIOMIl 159'
1... 0321 ot1LI' OP AlASItA 67lJ 0 MIDI DBlDVCIlON 71-12
197103 IS CIRINOAR, PD.U (3OlJ) 0 CAMP DBSTaOYllD 5CIO
1919 CJ7 IS LOJOLIIIoI I. IMIlONBIIA lOll IC7 4 VILLAOIS 540
191910 I' JIUNaIIMIlA 3.0 sc CONSIDIIIA8L8 10

DBA11I TOTAL APPIlODMA11ILY 5I,lIlIlI
'KIIY: o. CL\aAL MBA, V .. VOLCANIC MBA, Ie .. stlBlIAaINB CANYON••• "_VOla
'M............... fIII ..... fIII ....... -... ..........
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A Study on the Errect or Tsunami Breakwater
by Numerical Simulation
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Ibe e.rtb I. conlidered •• lbe Ipbere .llb
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Tb, Ibillo, I.t,r Ib,orr It.led .bov, II uled

for tb, Ilunael II.ullllofti UIr III coul.1

Ille. On lbe olber bind. In lb' .ea ar'l .Itb

Ilu, deplb. Ibe ... Ier .qulllo", c.n .e
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The U.S.-PRESSS Program

MJ. Nigel Priestk,

General

Precast Seismic Structural Systems have been chosen by the U.S. and Japan as the topic for

the 4th phase of the Uol.N.R. Panel on Wind and Seismic Effects Large Scale Testing Program.

U.S. funding for an initial three year program was approved by the National Science Foundation

in May 1990, and the project has proceeded very rapidly from that time.

Raarcb Emphasis

The U.S.-PRESSS project aims (1) to develop comprehensive and rational design

recommendations based on fundamental and basic research data which will emphasize the

viability of precast concrete construction in seismic zones, and (2) to develop new materials,

concepts and technologies for precast concrete construction in seismic zones.

This second aim also indicates the emphasis and direction of the U.S.-PRESSS research

project It is felt that the greatest challenge and promise for precast structural systems in seismic

zones is to develop new and innovative technology appropriate to the construction constraints.

The approach of designing precast structures to emulate monolithic reinforced concrete

structures has already been established by earlier experiments and design studies, and is felt to

require less research effort. Further, it is doubtful if emulation of monolithic reinforced concrete

struCtures is economically viable for precast systems in the United States.

BCBllrcb PmjedS

The following projP.cts are currently funded in Ph..se I of U.S.-PRES:;S. It will be seen that

the emphasis is on design studies and analytical development. Experimental research is currently

being carried out in an associated study at National Institute for Standards and Technology, but

will also be the focus of a second phase of the U.S.-PRESSS project, expected to start in 1992.

P.-ojed 1.1 - Concep' Devc1opment: Development of new concepts for precast concrete

constrUction for seismic wnes focus on innovative structural solutions and the incorporation of

advanced technology to ensure relevance for the needs of the 21 st century. A series of seminars

involving practicing designers, precasters and contractors has already been held to promote

discussion and development of new concepts. Conclusions from these seminars will be available

shortly. From these preliminary studies, a selection of systems which have been established as

economically and technically viable will be chosen for further el(perimental and analytical study.
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Project 1.3 - PRESSS Connection-Classification and Modelin!:: An imponant task for future

analytical and design studies is the development of a classification scheme for generic PRESSS

buildings based on con r clion type and function. This involves a thorough review of existing

research and design infonnation, and original work to predict the characteristics of innovative

and currently untested connections. There is considerable cooperation with th~

Japanese-PRESSS group in this area, and also with Project 1.1, since it has been found that

suong interaction between Projects 1.1 and 1.3 is essential to the succc-ss of both studies.

Project 1.4 - PRESSS Analytical Platform Develgpment; The special needs of dynamic

inelastic analyses of PRESSS are being met by developing advanced anaiytical programs based

on the DRAIN-2D architecture. Both 2-D and 3-D versions, based on fiber constitutive models,

and capable of reproducing the deformatirJ"1 ch:u-acteristics of precast connections are being

developed. These programs will be used in analytical studies to predict structural response in the

different seismic zones of the U.S.

Project 1.6 - PRESSS Preliminary Desil:p Recpmmepdalignsj Current seismic design codes

for precast concrete structures are being reviewed, and design philosophy for the final design

reconunendalions fonnulated. Prescriptive design requirementl> fN 'strong-joint' (i.e., monolithic

reinforced concrete emulation) are being based on existing information, and those for ductile

joints llJ't. being based on the results of Projects 1.1, 1.3 and 1.4. The fom~i of the

recommendations is expected to be strongly influenced by structural reliability theory.

Project 1.7 - PRESSS Coordination: Uis project provides the umbrella under which the

separate projects listed above are interrelated. Regular coordination meetj~g~ involving t~e

entire PRESSS research team are held 'wice a year, and are attended by researchers working in

allied fields not specifically funded in the PRESSS project. The coordination between U.S. and

Japanese research teams is also an extremely imponant part of this project. The U.S. learn is

desirous of having closer interaction between the U.S. and Japanese teams than has been possible

in previous U.I.N.R. joint studies. As a means toward closer cooperation, both tearns have have

agreed on a standard 'test·bed' building, to enable different design philosophies and details to be

compared. Commitments have been made toward producing joint documents on design

recommendations and connection classification.

The first U.S.-Japan Joint PRESSS meeting, held in San Diego in NovemberlDecember

1991, was extremely productive and effective in terms of cooperative effon.
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S"lDIQIn

Although the U.S.-PRESSS project has only been in operation foc 12 months, it is already

producing useful infonnation in the fonn of preliminary repons on structural concepts,

connection c:lassificabon. and a draft version of the analytical platform. Cooperation with the

Japanese team has been effective an.i rewarding.

Although the scope of Phase I of the U.S.-PRESSS program is comparatively modest. it is

expanding by association with the NlST experimental program and with the An.sS building

systems program. It is expected that funher experiment31 projects will be added to U.S. PRESSS

early in 1992.
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U.S.-Japan Cooperative Research PI"OK1'8IIl Precast
Seismic Stnlctural System

by
Shin Okamo[o,Shinsuke Nakat:l.Takashi K;uninosono

Hitoshi Shiohara and Mizuo lnubi

Part 1 Design Trial of 15 story Precast Reinforced Concrete Buildings

1. Introduction
In 1990. Japan side did three cases of trial design
of IS-story precast concrete structures using
cumnt Japanese building codes and design re
quirements. Here one of three design trials is
introduced as case 1.
Case I consists of moment-resisting concrete
frames without structural walls. The dimensions
are 30 m x 60 m in plan (6 m x 10 m in bay size).
57 m in height (3.8 m in story height).
Common designed conditions are as follows:
(1) no-basement. but with sufficiently rigid foot
ingbeam
(2) seismic zone factor = 1.0
(3) medium grade ground (soil period Tc= 0.6
second).
The precast elements in the designed buildings
arc used forcolunUls.bearns, semi-finished slabs
and spandrels.
This building is designed in a manner the same as
• monolithic structure. because the precast ele
ments are connected rigidly with in-situ con
crete. Therefore. the design is based on "AIl
Standards for structuralcalculation ofreinforced
concrete structures" and related standards. The
strength of concrete is 360 kgfcm2. the upper
most value allowed in the standards.
High-rise precast concrete buildings in Japan
have a shon history. The precast concrete struc
ture was introduced to Japan more than 30 years
ago; only a few precast concrete buildings were
constructed as compared with other types of
construction. A major reason may be that ductile
frame buildings such as steel frame or steel
framed reinforced concretc arc prcferrcd in Ja
pan attacked frequently by earthquakes; and the
ductile performance of precast concrete con
struction has not been Clearly understood.

Another factor is that the construction cost of
prccastconcrcteSb'Ucturcs is higher than cast-in
silUreinforcedconcretesll'Ucturcs. Accordin~I)I,

precast concrete structures which are assembled
by their units have not been used positively up to
this time.
With a rapid development of eltperimental re
search on joint perfonnance and joint construc
tion methods to assure acceptable perfonnance,
not only high-rise reinforced concrele structures
but also high-rise precast concretc structures
have been constructed in the last several years.
Funhennorc. the lack: of labor power caused the
development ofconstruction ofprecast concrete
structure.
Through the study of the three buildings on
precast concrete. we believe that the designed
buildings satisfy the requirements in serviceabil
ity and aseismic perfonnance, and conoibute to
reduction of construction tenn, buildi1'lg cost.
Outline of designed building, material design
concept and precast joint system are here men·
tioned.
Fig. I shows the joint concept of precast mem
bers integration. In the bearn-eolumn joint re
gion • longitudinal reinforcements of columns
and beams .... • exposed from these members and
are casted in rigid body by post casted concrete.

Detailed section of column and beam arc shown
in Fig.2. Hatched pans show the precast con
crete in this figure. Fig.3 shows the detailed ar
rangement of reinforcements in comer column.
The longitudinal reinforcement of beams are
anchored in the beam column joint wirh 90
degree hooks.
Fig.4 ill ustrates the procedure ofconstruction set
upofprecastmembers. In the step l.precastcol
umns arc jointed at column base through slcevc
joints. Step 2 shows the selling beam members
from both directions. In step 3, half-precast slabs
are installed and top reinforcements of slab are
arranged. Step 4 in4icates pouring cut-in-situ

Buildillg Rc~t;!~:;h (nstitute ,MOC
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concrcte atlilab liurfacc. beam lOp and beam
column joint. Size of designed column section
is I m by I m at lower stories, and 85 em by 90
em in lower beams.

T;able I shows the defined condition of criteria
for "ductile" members. In columns. the limita
tion of il;\ial force ratio. shear span ratio and
longitudinal reinforcement r:uio are defined. In
beams, applied shear suess rario is limited. Ac
cording to the a check of this criteria to this
design example, this building is estimated as
ductile structure.

3. Results ofStructural Analysis
Fig. 6 shows calculated skeleton curves of hori
zontal force - story drift relationship in each
story..Using this mathematical model, clasto
plastic frame analysis showed around 2.0 em
story drift in each story due to design shear force
(CB=O.168). And due to 60 percem higher
design shear force, re:sponscd story drift reached
to hinge mechanism in each story. Fig. 7 is the
results of dynamic response analysis to four
input eanhquakes. Upper two graphs are in the
case of 25 cm/~ max. velocity input. Lowers
are in case of 50 em/sec input. The results of
responsed story drift due to 25 em/sec input,
show l.53 em max. story drift. In case of SOkine
input, the max. response show due to Hachinohe
Earthquakeand its rcsponsed shearforce isalmost
same as that of failure: mechanism of structure.
This means that the designed building is enough
safe to big earthquake.

4. Conclusion
In this repon, an example of three design trials
are introduced and discussed its seismic safety
based on lite existing Japanese seismic design
criteria. In order todevelopmore grade ofdesign
freedom, it is recommended that prestressed
concrete system should be much more used.
Through this project results from US side and
Japan side.Japanese seismicdesign standard and
desi,n Ir..'''ual of t·:ec~Sljointsare to be estab
lished and next year this designed building will
be discussed hs seismic safety based OR these
new research products.
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3.8m

Build1.n~

1-1 Out11ne of Bu1ld1.ng

1) Plan

2) Elevation

3) Nu.ber of Sto~ies

4) Type of Structure

Exte~nal wall

Internal wall

Logitudinal Direction:

10 @ 6. OOm a 60.00111

Transv.rse Direction:

3 @ 10.00ma 30.00111

Total Bu1lding Height

Story Height

, 5 (No-basement)

freeaat reinforced concrete frame

Precast concrete panel cladding

Board [fireproof board) partition walls

OfUce

1-:2 Hateriala

1) Concrete

o Precast Concrete Normal Concrete

For Column. Beam and Slab

• In situ concrete Normal Concret '

• P~eca.t wall panel Light Weight Concrete

Fc- 360 kg/em!

Fc- 360 kg/em!

Fc- 300 kg/cm!

2) Reinforce.ent

• Colu.n and 8ea.

For Hoop, stirrup

• Secondary bea. and Slab

For stirrup

Deformed bar SD 40

fy-40.000 kg/cml

High strength deformed bar

fy ~ 13.000 kg/cm!

Deformed bar SD 35 SO 30

Deformed bar SD 30

359



n....

21'. L. -15'.1

Procut ~~ unit
\. I

j-
SPlice 31ceve jQint

f r li II eel • i th Bellllt"Bel1JII jo lnt
;' ~r~ (In-situ concret.)

ProC33t ~ftl unit

In-situ concrets

Precut beu

111I1d wltll IOrtar

/

~ !)\R!CTIOll FRAIl!

~----Be4IIl-Colu:on joint ----........
(In-Iltu concrele)

In-situ concrete

PrecUt beu

~onectlon pert or
Secondary beaII

Preocut col\llll1'l

Spllcl 11.1'1 Joint
Pilled wi th IOrtar

zr.L. ...15r.I..

Precut baa

1 D!RECiIOK '~\K&

Fig.l Fr:unc Dclnils



ColUDll\ Dotall:J
--- -- - -_._-t--~i---_

Due t throush t11l8
latof7 col..

Splice sleeve tyP8
~-15 ato17 colWlll1

Pre~t
coillal'

Z1
II II
il II
I "-JI

Duct Cor ~ II I
. ro In[orce~nt II II

Splrll1 hoop
(lllch Ilrlng th doCorllcJ barl

~]
~

IMer hoop
Wish stl"llllth
d.Cor_ bar)

lla.lll bar

Beu Details

I direction be~ Ydirection beam

Spiral stlrrup
(Hllb atrel1llth
deConM!d bar)

In-s i tu ( :.~~9i[3]f~p;coneruLe =

=-'l
Construction JointSpiral stirrup

Wish lItrell8th
deCor1llld b4r'

In-lhu

L
concnLe

.Precut
beu

Constf»ctlon Joint

AochOraJll:8 of Min reinforcements of bellJ1l 8ea.II-Beam .faint

In-situ concrete

Fig.2 Dclails or Columns :lnd Beams

36i



co.-...
~

rtJ

G

I" 11
-'
~

t [> , -
.- ~.

!~:
c

~. .- ~-

<
b r:- ~.~

~

Precas t beam

PLAn

beam-column join
In-situ concrete

6S0

&:~fJ.!r
e

Cl

l~~~===:::::.. 6.l ."
------ "Bj------ :.i3

~

t"-'-f-l-=t~':""::"''='~F"1r- Proc:ls t beam

..-:
.@

UYPW

CI c, C. c, c, c, C. c, c, C,

CI C. C, c, c, c, c. c, c, c,

~ c, c, c, C. Cl c. Cl «:. Cl

Cl
co
en

Precast beam

VF.L

30d

/ 0 Section

L.- Precast col umn

~ Precast column

.--Hf--H--
3
""';O:""'d--lIHH

,0 •.

Fig.3 Dctail oreomer Beam Joint

361



Construction Procedure

aD Setting precast concrete Column

GO Setting precast concrete beam and half precast concrete slab

CD Arrangement of beam reinforcement, floor slab reinforcement,

beam-column joint reinr~rcement

GO Placing concrete into beam-column joint, on the half precast

beu, and on the bal f precas t s lab

Fig.4 Construction Procedure
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For Col\lmn

Table I RC'IlIirco Condition for Dllclilc l\lembcrs

1I.lllllon 01
EfllullonI I til, I VCllrBeJ niH

RAil K A-
e.1 la,s« lOde

Shuld bc AII colYln, • r e
fl ••• rll yleldlnr Iluanl ,leldlD'

!

A 984 1t ( U~)

X-d i rtclloB B 49(' (tU) .!
blal Ilrus at C 414' (t, 4~)

~1)/Fc~O.3S

Colli's. aechlBlsa A 7609' ( 14S)
Y-d i recllon B 2120t. ( 2U) !

c ' ( I)

S~'lr "10 rltl, or
1st stor, coluu 21l/Q'D~U aor. tblD 3. 91 A

·forel., .11,11

a.leforc.leol rilio
Rt:iiO, IS O,54'A to 0.101 A

for "Idl., I'lell

II... '''11 lirell
'Il c.IIa,1t ~ ll/fc~Q. I less thn 0.099 A
••ell.....

'. ,For Bealll

Itns
L1ahllloD or

Desllneduln hlliitioa
.. RANK A

Coilipse .ode
Should be All bu. rr.

A
1IIIaril ,leldlnr Ileursl ,I.ldln,

W,le Illt.r Ilrtll
II colll,lI IIl/fc::O O• 1S lUI Ibn 0,091 A
ucllulsa
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U.S.·JapL~ CooperiLtive RC3earch Program PRESSS

Part 2-1
Tensile Tests of Lap-Spliced Joint

for
Precast Concrete Panel Connections

1.1 Introduction

Teuile force oecurrins in conmectionl of precut
concrete frame· wal I stradllre. ncb .... (I) wall
pLllel to bounduy column couedions, (2) wall
pLul to bOIlDdary beam connedions, and (3) slab.
to-.lab CODllectionl are often designed to be trlln.·
mined at joint by lapped deformed loar which are
embedded in lite·cut concrele. MallY researchers
hve reported the bellavior of these join ts under
.hear Itrea•• although reporta 011 the teuile be
hLvlor are limited. ThuI. the provisions in c....t·
in-plllCC concrete bllilding codes Ilre used to design
of lapped'lpliced joillt to tensile force. It is Il.imed
to develop lapped.spliced joint in which the lite IU·

aembly ITIlly be simplified Ilnd nece..uy site w<>rk
ma:! reduced and in whieil satisfactory performa.nce
may be Ulured.

In this paper, re.ulta of 17 p...el. te..ile tesh Ille
reported LIId tensile behavior for tl,e details wl,ieh
illclude (I) the type oraplice (2) lap length of splice.
(3) space beh'Cl" II splice reinforcement, (1) shape of
.plice reinforcemellt, and (5) reinforcemellt fl.li,>.
are discllued.

1.2 Test Program

1.2.1 Speclmenl

Tile .pecime•• tCited were .eventeen full-lelLle pre
cut collcrele lat puel•. Their dimensions ILre ~oo

mm ill width x 1,000 mm in 1enllth nnd 100 or 120
rom ia tbickaeu.

Fillllre I .how. the loadiag applLralus and tl,e
.Ilap. of tile lpecimena. TLc: .pecimen. are "on·
aected at th. ce.ter. The four direrent types of
lap joi.t t..ted ar. ~ill,,1fIl ill Fie. 2. They inclutle

• Itraisb lap splice joint (ltroi,lat lop j~in'),

• loop shaped lap splice joint (/~., .,Iice j~in'),

• strail't lap .pUce which laid on prec..t con·
crete puel which embedded ia topping con·
crete (I."in, concn" I., j.i..,), lind I

The telt varilLbles are

• puel thidtneu I (100 mm or 120 mm),

• lilP length I (10 d, 20 d, 30 d, where d tlll=
nominal cross .ecliollal area of deformed bar),

• spAcing of lapped bar I (60 mm or 30 mm).

• the pre.ence or ablence of supplemental rein
lor"ement. which i.ll.id tru.verae to reialor"e
menl in loop in case of a I<>op shaped splice
joint only,

u well III four different IILp detl.ils.
Seventeen specimens and the mlLteri&1 properliea

Ue listed in Table 1. 5D30 gude .teel ....ere used for
the splice reinforcing ban. Normal weight c;oncrete
was \lied and the compressive .trengtll of concn:te
o( site·cast concrete was 384 kgf/cm2 •

All 0 1 the specimens were pllLced horizontally &lid
concrete wa. cut on it to form an illtegrlLted 1Init.
The concrete WIlS left lor IS to 22 dLy' before Clllt
ing. No prepu&lioll 011 concrele joillt Will carried
0111 except 'oppin, eonertle '4P j~in', The later
lace of precut conerele and topping COllcrete ""111
brushed. veneer pand Will used for the form lor
side edgea of .e,menl I., .,lin joint.

1.3 Loading and Measurement

The specimens were loaded witb illcreuilll m01l1)

tonic tensile force ulllil failure occured. The de
lormations were meuared between two targets o.
sp""imen. The target. were allekor bolts embedded
ill cOllcrele and tbe di.t&llce betweera tllem Will 600
mm and Ihe distance i. acarly equal to Ile 6-timea
of the panel thidme... Averap teaail••traia Will

deli ned herc u thc ratio of tbe deformatio. to tile
distance betweea targetl(=600 mm). Ayerap tea
sile .tre.. W&I defined &I the ratio <If the total tea
sile force to the total crOll IICctiolllll area of splice
rcinforcemellt.

1.4 Test results and Discussions

• .pllce rei.forcemeal i. betweell filII-precast Filllre 3 show Ihe relatio. of averlLle t..llI. atr&i~

aepnc.t-(,rcc••' ,r,men' I., join'). &ad average len,ile strcu. The Ultimate Itrealtll



and the Ultima-Ie strun at Itrength are lis led i.
T_bl. 3. Obaerved failure model are Ihown in Fig.
II.

1.4.. Straight lap .plice joint

DuriDI the teats o( the .pecimeDI, the lap lenglh
of wllid, exceeded 20 d ( d; nominal diameter of
rebar ), yield of the ateel &ad the f"i1,ue in tLe zone
,...illl .0 lap joi.t were observed(lpecimens #1, #2,
'3, '4). A1malt of all deformation are able to be
_ttribllted '0 opeDinl of lLe crack a' the cOllcrele
coutrllclio. jOiDt. The .p.cimeu witla thick.... of
100 mm ud 130 mm hd a1mo.t the .ame .trenllth
and dllc'ili'y. la 'he cue of the .pecimeu wllich
Iaad a lap lensth of 10 d, teuile yield of the steel
wu observed. The aver&le .trun wu almo.t 12'" before .udden rupture al the .plice occurred
nad the .treallh suddealy dropped off (Ipecimen
'5, '6).

The teuile Itiffnel. w.. almosl e'lulLl to the .tiff
aell o( tlae reinforcing .Ieel 1Iy Ihem..lvea. The
Opeaill of the crack at concrete illlerfMe mny re
dllce tlae .lif..... The dilfereDt Ipacinll of lapped
reinforcinll ban seemed to lanve little eft'eel all their
IlreDlti ud dllctilily.

••••2 Loop .plice joint

Tile .pecimeD # 7 &lid #8 had a Iplice lellsth of
10 4 and hd trulYerae reinforcement pllLCed in
aide tlae loop. The .plice reinforcement yield ob
..rved &lid attained tv maximum atrensth at aY

crap Itrain of \.0 - \.3 %. It ,,,atlUlled Itrellgtl.
and a gradu&l failure oblerved. In t" cue of the
•pecimeal which had a ahorter .plice lenlth of 5 d
.laowed Irldual failu re at cut-in- place concrete be
for. t" reiDforcam..t yi.lded, while it had a traal
verne rei.lorcemenl i..ideof llae loop bar (specimeo
'10). Tie .pecime.1 wltllout tru.....rae reh.force
_ot .Ilowecl britt1. ruphlre at averale .traill 01
0.05 ", before yieldia, 01 the reinforcemeat (.pec
ilDllo. #9, # 11).

....1 Topping concrete .plice joiul

10 th. cue of .pec:iINO wllich had a .plice I~n~lll

of more til.. 20 II .Ilowed yie1dil. of the rcidorce
_Ilt &ael a pacini lailan at the IeCtloa occurred
at tile poiat wllere tile trll.. reillforceme.t a wu
terminated (apec;imeo '12 '13). Ie 'lie cue 01
a 10 rl .plice leogth, jeat alter lile yieldiDI of the
Riaforcemeo', a ..ddeo failere and rededioa 01
.tml'll wu observed at tile .plice joiat. Tile atif·
._ btrlon field ..u , ...rally hillier l.... for til.

other typel 01 splice joiD I due 10 th. leD.i1e lorce
Iranamilled by cOlerete 01 cut-ill-place panel.

1.4.4 hec:BIIt aegmellt lop joint

When Ihe Itreu i. ralliorcement exceeded 51 - 71
% of the yield .Irenslh, .hear .lip at the COllstruC
tion joint belweea prntul concrete paaellJld cui.
in-plnce concrele occu rred, and a uddea red uction
of .lrenllth WLa obaerved. Bond failure &10111 the
.erfilA:e of aplice reiDforcemellt wu not obaerved.
(.pecimen '15 '16 '17).

1.5 Concluding Remark

Te..ile testa 01 tlae .pliceel jointl with embedded
cut·in-place concrete were carried Ollt. Mo.otol·
jcany incre...ill' Ie-aile foree were applied. Splice
reinforcement wu SOJa srade .teel ud tile com
pressive atrenllih of concrete wu 384 kgf/cm2•

From tie leat re.ull, tlae (ollowilll cOlld••ioo. are
mlde.

J. Strnight lap longer Ib.n 20 4. ; wllere 4 the
nominal diameter of the bar, alaow exeelleat
behavior. The maximum aver&l" .trmn exceed
3 %. WIl.. tile lap join' lenll'h wu 10 4,
yield atr8Dgth of ,Ile .toel attained bu' after
th e.l iadden fnilare occured.

2. Loop-shape .pllce joint .howed better per.
formance 'h &II I'raillll' lap .plice joll' with
lap lenlth 10 J, if 'raDive.. reiDforcement
i. added. Wilhoul Iralllverae reillforcemeat,
brittl. failure occllrred al averace .traill 010.05
%.

3. Straight lap .plice joinl In toppia, COllcrete
.1I0w excelleat b.havior .imil.. '0 .trailll' lap
.pllca joint. I. addition, lli.ller ltif'n_ wen
obtained compared wl,h .trailla t lap .plke
joint.

4. The lap .plice joiot In precut Mplala allowed
brittle fnilare before 'he yield .'realtll wu
reached. Fail.n al til. eoo.tr.c:tloa jolot b•
hveen ti,e precul CODerete &ad cut-ill-place
concrete were observed.



T~ble I: Lil' of Specimen> (COIII'd)

.... T,p••, SpI"o Tluck".u LAp LAo,'k Spoe.l,
.(mml / (mm) 1'(1l\III1

'I 100 304 10

'1 120 304 10

'3 013 S',oi.h' Lop Splie. 100 Xl4 III

'4 100 204 30

'3 100 10 c III

" 100 104 JlI

'1 100 10 ..• -,. 120 '0 ... -
'II DIO Loop-SIl.po lOll 104 -
'10 lOll ...
'II lOll 3 .. -
'I~ 120 304
'13 DID ToP....·CO....I. 120 -
,It 110 -
'15 lOll

'I' 013 Procall S••_o. 100 -tIlT 100 -
• I "i'. 1,&M,erN ,••fore...' i. IODp

T~ble 2: u., or Specimelll

C••cre•• Co...,...... ~'ft'l Ten.a.
S'I••dh SInnlUh Splic. Reiaforc.......

H•. Pr.C... c ..,.•".PI_acc y,.'d Uilimat. R.,i.
hll/em' hlf/em' hl/em' ~.l"m' ".1 131 1.01

.2 433 0."

.3 UI JlI 34111 5082 1.01
II" I" 1.01,. 43. 1.01
i. I,. 1.01

:: 151 0."
HI CUI

'II tlO JlI Jl90 3711 0."
'10 HI 0."
#11 4111 0."

::~
1111
151 JlI 31110 .711 0.11

.14 410

.1& 110

.1. '10 JlI JlIIT .,0t O.tO
iillT tlO

Table 3: Tell nellllia

UII._I. A.u..e:il.... A'
Ullimt.hS',...N•. T.aoil. L-d Uhimal. Load raillaIlM".··

I." mm/mm
yl.... 5.uH

:~
2\.t 0.0231 \.21 "> :1.1.,. :> 00343 1.33 "'3 > 22.2 • :> 0.0111 1.2' "'I > 21.1 • :> 003D \.to ":: 20.1 0.01111 1.1. C
1'.1 0.00011 1.01 C:; 1f.3 0._ 1.01 S
11.1 0.0130 1.11 B,. 10.' 0.0011 0." 0

'10 ••• 0.0111 0.5T C"II '.3 0._ 031 0
~12 23.1 0.0313 1.31 "'13 .1.1 0.0000 1.14 ".14 .1.1 O.OOU 0.14 C

::: 1.& 0.0010 0.71 &
I. 0.000' D.U B

itu 10 0_ 0.51 B

• Ultimat. Sari." ...,. Nt .u....... dlurin, .....
..... Fl." S
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A : Ondual failure afler y1ll1c1
due 10 openl..... c:a\llnIc:lIon Jdnt.

('1,'2,13,'4,112,'13)

B : 0nIduaI failure afler field
clue 10 c:oncrclc fracture ncar spliced bar.

(1'1,11)

C : Brtule failure .flor :rleld
due 10 fracture ncar spliced joint.

(",16.110,'14)

D : BrtUle Failure befor yield
due 10 fJaClUn ncar lpIiced joint,

(19,'11)

E : Brlltle failure cIu/l kI IIIcIc
alona CDnIlNCtlon jolnlbcI_ 101JIICftII.

('15.'16.117)
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U.S.-Japan Cooperalive (lesearch Program PRESSS

Part 2-2
Strength of Concrete Interface

Subjected to Compression and Shear

2.1 Introduction

Ia precut concrete buildings, site,cMl concrele
collDe<:tiolla reqllire cul·in-pillee concrele for lileir
cornplctioll. h lhe sile-cul conneclion, tl.e in
terface between precut concrete and ca:ll-in-place
CODcrete b.yc an imporlall role in Corce transfer.

The majority of existing data about shear trans·
fer hu be... obtained from le.ls of push·olf speci
men. whicb laave .plice reinforcemenl &ClOSS inlel
flCe. bill wilhout a cl&mping rorce on the inlel
flCe. Building code requiremenll COl verlica.l joint
or laOriZOlltal joinl of a wall-puel conatruclion re
tcct. Ihac tat realllla and sl udy.

At Ihe cOllllcction of line clement .ud M beam
ud collnDIl. tile allear .hould be hauferred by ag'
pclale inlerlock IInder high bellding momellt, allct.
U ia lIe.":lIre billie seclion. PaliculalY, in Ihe mem
ber with a .malilhear-lo-.pan-rt.lio, aheu force ia
•maller Ihaa the normal compressive fOlce. In this
colldidoa or .treu, Ihe ill~erface do.. nol caUie any
.Up &ad bebaves u a monolithic contructed con·
crele wilh a crack. Tllil kind of concrele interface
.hould be rell.lded to be equal to monolilhic wilh
reaped 10 the .hear Iruafer by concrele. Bill, less
dl.tl. ill.vailable on .Iip behl.vior of I., inlerfa.ce lind
the faillir. mode wit h high clamping Cor~e.

Tlli. paper reporll tal. of concrele ililerri\c~".

Tile purpoae i. to find condiliops, III which inler·
IKe bdav.. mOllolitllically. Deformation a.l the
illterll.CC and the failllle mode I.re I.lso discussed.

2.2 Teat Program

3.3.1 V_labIll.

nil iI I. simple dircct .hcu leal 10 cllamine con
crete ialerlKe belweea the precut and cuL·i.
piKe coacrete. Tl.ble 1 lilts Ihe specimena. Num
ber or .pccimelll is 4:; ill totll!. TII~ hvo v"ria"'~a

or tlae lata I.re Ii.ted u lollow:

1. Five diferell interCacca are lesled. The inLer
I~ arl chO'CD coll8iderillg lhe poa.ibility of
....e la praclice, which doca 1101 neceasary reo
lecl til. carrelll pra<;tica in precasl concrele
member manur.cluing.

2. Tile illcU...lioa 01 tlae loading direclion 10 in
t.rlace I. Tlli. i. dloaen 10 6nd lhe angle al

wh ich the apecimen behl.ve equal 10 monolilhic
oae.

The fi ye dilferenl aurface condition. or precul
concrele are shown ill Fig. 1. The claaracteriatic:a
of lhe~e 'Ilrface conditions are briefly explained u
fol1ow~;

• Type A specime... have no interCl.Ce becalile
they ue monolithica.IJy cOllStr1lcled I.Ild ill
tended to be used u control .pecimell'.

• Type B .pedmena have concrele interlace
wilhout uy intentional prepul.lion. Tllllllhe
surface wu as smoolh as the Iteel form 'IIr
face.

• Type C .pecimena have a cOllcrele interface ill
lenlionally roughened by bru~1a before precut
concrete hrdened. 'flae deplh or TOughne<!
surface wu estimated to be 1 - 2 mm.

• Type D Ipecimens have cOllcre&e interfl.Cc
shOI-bruSled wilh smll!l Ileel bll!ll. Tlai.oper
alion wu intended to be done ulllil Ihe &ggre
gale become visible. BUI due 10 tlae Iimitatioll
or I.bilily of ma.chine, the obtained roughll'"
WI.! eslimaled to be 1 mm.

• Type E .pedmens have a COllcrete interlace
wi ll. .mall .hear keys. The .ize of the aheu
keys were 2.8 mm heilhl with aectioa of tri
angulu aeclion ud wlaich were act by 9 mm
.p&ciag.

• Type F .pedmea. had a cutelerl.led coacrete
interlace. The dirn....ion. 01 culc1cratioa were
10.0 mm height I.ad tlae width wu I.boat 35
mm. The .pacillg wu 50 mOl.

Z.Z.Z Shape of specimen. materlab

Figure 2 shows the shpe of Ipeamea.. All 46
.pecimenl hl.ye Ihe lune Ihl.pe and dimell.iolli.
20 x 20 x 10 Col. They bve 110 IMerul reinrorce
menlo On lour sidel, .hear keys with .plCilll 0120
mm were ml.de, ill order to pre...at DOa:-Illiform
.lr..s cnlillg irregulu railure 01 .pedm... Nor·
mal weight COllcrele with c:ompreaaive 11mIlia of
213-294 kgf/cm2 wu used. The muimum aur.
gale size waa .pedlied 10 be 20 mm. Table 2 Uata
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tlae cODcrele compressive Itrenglb. Cut-in·place
coacrete wu placed 10 make Ille direction of lb.
ialedl.Ce verticulo horizonlal plane.

2.2.S Loadins

Filue 3 .how. a loading rig. The loading rig wu
..t betweea the puallel loading plate. or Ihe hy.
draulic Dlliveraai tesling machine, Ille ca.plICity of
whiell i. 200 tonf. Monolonically Italic increLl
iag compreuiveloa.d .u applied to Ille Ipedmen.
mai.waiD, t.e coutant angle betweeD the can·
crete btedace ...d loading direction. The value of
taa' 01 the DIlgJe wu 0.4 to 2.5.

la order to prevellt Irom irregular lailure due 10
"neven atr..1 by bending moment, lhe rolalional
lreedom 01 the loading pl..les wu fixed. To releue
coabemea' 01 interlace &lter large .Iip &t interl"ee,
a let of llide beuing wu inaerted between tbe 10M'
ID, r11 ..d the b.... plate.

Wllite IYpum capping wu uled 10 Ret " niform
Itr... tr....fer betweea Ipecimen and 10 mm thid.
Iteel Iralaape loading plata, tbe .urface of wl.ich
Ilad tile lame .h&pe u tbe Iheu lcey on specimen
lida. Tile Iyp.llm caPpinl was allo iDteoded 10
keep tbe opp<NIite lides oflpecimen p..rallel. Tests
were curled Ollt without inilial cracks at interf..ce.

2.2.4 Measurement

Applied load &Dd the deform&tion neM the inler
faca were _uned. Alluming lhe Ihear Ilress
alOD. tho ia'erface T aIId clamping Ilress normal
to iaterfa.ce e. i. ulliformly distriblled, the follow
iD. equtioDi are obtained from the equilibrium of
lateraal It,... ...d applied loree.

P.,
r = AI.a

P
II. = ACOI' (2)

wilen, P: tlte ..pplled load, ,: lhe allele from
loadia. direction to lbe normal line 10 illlerf""". r

: Ibeu atreu aloog tbe interfa.cc. 11. I,orlll~ slr':s.~

actinl 011 iaterface, A : area of inlerfllC~.

By iacreuilll ,I.e compressive slrellSlh of lhe
coaeNI., lh. altimate sbeu slress of Ihe Ipecimell
alao i..cre.... Thus, for 'he purpose of compar
In. tile alLimate Ibear slreso of Ipecime., the ratio
01 tit••Il.u atrea to compressive Ilrenglh of con
crete fI'..red 10 .. tI,e Ilormalised Il'ear Ilrell i.
aled. la ,,,. e.... tkat the Itrengtb of ll.e precasl
CODcrete i. dilereDl from lhl oflhe cUl-in-plac;e
CODcrete, til. me... value w.....d to normalise lhe
•be.., .t,....

Traosla.tioDai dilplacemeDt aloal lbe interface
and al 90 • 10 Ibe interface were meuurcd wilh
four crack displacemenl tr....ducers, w!lid were ..I.
lached 10 Ibe bOlh nrfllCes of lhe concrete wilh ad·
beaive. The dis lance betweeD meunemenl taflell
of each crack displacement tranlducer wu 60 mm
in common.

2.2.:> Test procedure

More th all two spedmelll were tested witb tbe lime
Icst vlI.rill.bles. Some Ipedmenl Ihow irrelullr lail
are pallern, lor cx..mple, the value of straia mc..
IlIred on opposite .ide of Ipecimell were ailllifi
canlly dilferen&, ..nd the fa.ilure modes diKer aD two
side•. The reLlon of irrCflular failure m ..y be &t

lribaled to errors in the capping procedue. Ia "'is
c""e. the irregular data wu di.carded and ..other
specimen wu tested. Tbe aclual Rumber of Ip"'
imellS IOllded was 63 and the 11 .pecimen. fa.iled
irregularly, (27 '" of tolal number of IpecimeDl)
the data of which were diacuded. Tbus, the lesta
of only 46 Ipecir:lens are reported here.

The Ipeeimeu with Imall tao I value were lated
first, By iocreuing the t... I, the dominaat failare
pllllern changed from cru.hiD. of concrete to trus
latioul displacemellt a10al ialerlace. Oace clJDD.e
of fail ure mode ocellrred, farther tests witll .peci
men Wilh lar.er t... I valaes wu Dot cOlldacted.

2.3 Test Result and Discussion

Ilere the (I) ultim..te Sbear Stres., (2) Ihear str.....
Ir..nslalional di.placemeat relll.tioD, aad (3) fail
ure cri lerioll of tbe interrlUl are reporled ...d dis
eulted.

2.3.1 Ultimate Ihear .tre..

Tbe ullimll.le IIIear Ilren 01 difereat types 01 inter
race are eomplred wllb tht of moaolitllie one in
Fig. 4. The horizonlal axil represents the Dormal
ized al,el\r stress dehed iD equatioa (1) &lid the
vertic,,1 axia rcpracnb the taft I. The val... of
lua 0 al which the .pecimen. Ibowed almoat equsl
or ,realer streagth were 0.6, 0,8, 1.00, }.oo ...d 1.25
for Type B, C, D, E, a.d F, respectively.

The provi.io. for shear-friction in lbe ACI code
III.pedfy I.D efeclivelrictioa coeflicieat 0.6 Ioco.-
crete to concrete d 1.0 ror iatenti..aally raulll-
ened concrete i..terr respectively. If tile elec-
tive .he.... friclion coefficieat in the ACI code il
used, Ihe interflCCl .re expected to lIave lIiCllu
Itrenglb til ... mo.ditllic cOlcrete iated.:e.
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2.3.2 Translational displacement - shenr
Itresa rlliation

Tile .hear ItrC31 VI. translational displacement
along iDterfl.ce:I lore shown in figures 5 to 7. The
haulational di.plecemenl is t:,e mean value or rour
displacements. obtained witlL rour cr ..ck di.pl""c·
ment transducers. The clastic stier"e" or Ihe inler·
fliCC3 showed good correlation with Ih~1 of mono·
lithic concrete, e~cept thaI tl,e Type B specimen
with Ilnrollllhened inlerr..ccs show low stifTl,e... As
the value of tan 9 decreased, the claslic stilTnen de·
ceued. The ultimate shear stros WILS attained at
the translational displaamenl of 0.1 - 0.25 mm.
The .till'ne•• or inlerface ud Ihe tran.lalioni>l di.·
placement at maximum shear Itres. of Type r in·
terface wu varia.ble bu t was generally larger Ih I\n
that or monolithic .pecimen and specimen with
Type E interface.

2.3.3 Failure crilorioll of illlnt'fa"n~

The .Itimate Ihear stress divided by tl.e concrete
.trength .,-1/;, and normal aIres. "ell; are plotted
i. Figure. 8 to 12, and compared with the yield
.ufaee or monolithic concrete.

Type A MonolithicaDy cor.struclrd specimens or
Type A con.truction, showed compressive fail·
ure, when tan 9 was in the ra.nge of 0.4 - 1.67.
In this case, diagonal sliding wa., occllrred afler
the ultimate load wu rea.chcd. The specimen
with a vlLlue ohlln II of 2.5 showed failure ..long
the plue correspoRdi/.g to interrace.

The plot mark••how good correla~ion to the
arc or Mohr'••tress circle, which h&d principill
Ilrenel or zero and 1.25 I:. (where, I: is the
compressive IIrenlth of a concrete cylinder (10
cm dia. x 20 cm)

Type B In the eue of the interfl\Ce Type R, l\t
wllich no roughening wu cllrried 0111, no fl\il
lue lLIong interfa.ce wu obser~ed. witl. Il,e V1\I·
ae. of tan 9 of 0.4 and 0.6. The """,.jlllt·" \Vill,
a value tau' of O.g, .howed s,..I<I"" .Iil' .",,1
brittle faHue at a .hel\r stre•• or 25 % - 35
" of ultimate ahear atrelS of monoli Ihic .p.,ei
men.

Type C The interface of Type C, which I'ad "
brulled interface, showed no flLilolre along the
iaterface when vaille of tan II from 0.4 to 1.0.
The spceimea with tlLn 9 = 1.25. showed lUlId
dea .Iip &ad reduction of restoring force jllst a.f·
ter altaiaillito maximum load. Tl,e I1IMimlll1l

lo.d exceeded that carried by l\ monolitl,ic

.pecimen. From the flLilue I1IrfllCe observed,
tl.e c.... l.in·place cOllcrete was .cr&tehed off by
precut concrete.

Type D The .hotbru.t roughened iaterf&Ce of
a.bout 1 mm depth, wu llIed in Type D. The
specimen of with tan' values of 0.4 - 0.6
showed no fLilure lLIong the interfllCes. The
apecimen with tan' values of 0.8, ,howed .ud
den failure after it attlLined its mlLXimum load.
Tile mllximum load wu larger tbn that of tbe
Type A .pecimen. The flLilure plane teemed to
hllve been ma.de by leratching of tile cut·hl
place concrete by precut concrete like thllt of
Type C.

Type E The interfa.ce Type E had amlLll .hear
keys. Ia this type, .pecimeDl witb tan II rrom
0,4 to 0.11 .howed no railure a101lg lnlerC&CC.
The mlLXifTIum strength of .pceimena ill whicll
Ian II <qua.led 1.0 exceeded the atrength of the
monolithic ,pedmen. One or them .howed a
sudden f&ilare lLIong the interface after maxi·
mu m strenglh was reached, the other .pecimen
showed dill'erent fLihue mode and the atrCllgth
rapidly decreued. The rn&ximum .lrength of
the specimen. with tan II of 1.25 exceeded lhe
streng~h of the monolithic one. Arter attained
to the maximum slrellgth, IIIddell railure along
inlerfl\ce occurred. The cu~·ill-pla.cecOllcrete
seemed 10 be scratched off' by tile shear key of
t he precut concrete.

Type F The Type F interface has a cutderlltioD.
No f..nure aloa, the interlace were obaervcd
in the specimens with t ..n' value of 0.4 - 1.25.
During the 10Ming ollhe .pedmelll with t..n II
value. of 1.67, suddell reductioll or load oc·
curred at a .trength or 70 " or tbe malO
lithic ,pecimell .trellgtb. Failure of cut·ill·
place concrete lLIonl the linea wlich colllled
t~e pel\b of the cuteler..tioll of precut con'
nete was observed.

2.3... Discussion

T~e values of lan' at whicb the failure mode
change from crushinl of concrete to failare aJ01l1
interface are listed in T&ble 4. From t~... teat r.
.1I1t•• it was fOllnd that by iaereulng the roagh
nCl' of II,e interface, the &bility '0 tr&llsmi' skew
comprosive lorce i.creu... It is also .eell lhat
ll.e .pedmen wilh higher shelor strength th&n the
nlonoli~hicapecimen did lot IIcee..ary ahowed tb"
'I\lne failure mode u monolithic specimens.
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2.4 Conclusion

rorly Ihrlle ,pecimens were ,u bjecled 10 compre,·
lioll &lid Ihear. T~ling wu were cll.rrie<l 0111 in
order 10 ex..mine Ihe performa"ce of II.. concrele
illted~ll belweell Ihe cUI-in.place concrele a.nd lhe
precasl concrele. The conclusions a.re ~iveu belolY.

1. When the ugel q Cram Ihe direclioll of lo..d,ng
to the normal line 10 inlerface w .... 101,,11, No
Cailure a10nll lhe interface OCCII rred and bolh
.ida of the concrete acled u one unil. The
muimllm slreaglh was grealer or equ a1 to t~al

of moaalilhic specimens. By increuing Ihe ..n
gle " the f&ilure moele changed 10 Ihe fail ..e
"'0111 Ihe illlerface which wu always accom
pa.Died by IUddea reduction of resloring force.
Therefore, if the ugle q is smaller Ihan .. pu·
tieular va.lue (w hich depenels on Ihe Iype of
illlerCace) Ihe inlerface oC precut concrete and
'he cuI-in' place concrele behave M one.

2. The uglll al whkh the failure mode cbanged
Cram Cailure other lhan interface 10 the faihre
..I illledKe, varied according 10 Iype of inler
C&Ce. The tan' for interCace without rOllghen
illg was 0.6 - 0.8. As increasing the depth of
roughillg, The Ian' increue II p to O.ll - 1.67.
III cue of monolithic concrele, the v..lue tlLll (J

was more Ihan 1.67.

3. The traaslational displacement 1\1 11,<, maxi·
mum .hea.r .has we., estiml\ted 10 be 0.1 
0.25 mm. Whet)"r or 1I0t 1111 illlcrf"e<: wa.,

Died, did aol a/Tecl IRe dulic Ililfl'ess beCore
the maximum Itrellgtb. The ,tifflleu 01 an in
terflCe withollt any roughening was lower thlLn
other illterfaccs.
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TaLle 1, Lill of SpcdmeAl

T)'pe IDlerfoce tan' TOI&! No. .
Coadillon 0.4 0.6 O.lI 1.0 1.25 1.67 2.5

A Moaolilhic 2 1 12
B Coaerelc 10 1 2 2 5

Coaerele
(j (;oaerctc to Rouchened 2 :I 1 2 7

COnerele wilb b...k
D Coaerete to 2 2 :I 6

Sbolbruled Concrete
I; Coacrele 10 Concrele 2 2 :I 2 8

witi Small Shear I(eys... Concrele 10 Colerele 2 2 2 2 8
wilb Castelclation

wllere, ,: "Cl. (_ FiC' 3)

Tabl. 2: COlcrolc Compre••;ve SlreaClh

Concrele Compre.sive Sireneth ia icl/cm'
Type Prccasl Cul·in-Place Average

Concrele Concrete Streall"
A - 213·2411 -
B 270 215 2511
C 226 251 :139
D 248 242 245
E 224 204 214
F 213 291 252

T"ble 3: Oh•.,..cd FAiIu r. Mod.1

Type Inlerr..,e t.. ,

Condilion 0.4 0.6 0.8 1.0 1.25 1.67 2.5

A Mo.olil~ie CG C CO CC C CC 55
B COlcrele 10 C CC 5S

CODcrele
C Colerele 10 Rou."eud CC CO C 55

Coaclelo with bru.h
D Coacrde to CC CO 55

Siotbruled CODerelo
E Coacrele to Co.erole CC CC OS SS

wHi Small Sheal KeYI
F Colcrete 10 Cal"rei. CC CO co SS

witi CUleleratioa
waore, C : Cruhill or Colcrele, 5 ; Slid i•• alOll. iaterrac. aad

Table t: ka' at wiiell I"c rail.,c mode C"&Age rrom cr..Mac of concrel. to llide failare alaallaled..,.

Interface Condition IU'

A Monolithic 1.87 - 2.S
B Coacrcle 10 COlcrele 06 - 0.8
0 Coacloto 10 Brashed Conerele 1.0 - 1.25
0 Coacrote to SiolbrUlted Collercle 0.1- 0.8
E Collcrclc to COlcrele ..il~ Imall Ihe.r keYI 1.0
t· {;otlcICle 10 liollcrete wili Culeleralio. 1.21- 1.17
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Japan-U.S. Cooperatlve Research Pro&,rall PRESSS. Part 3
Experi.en~a1 Study on Shear Walls o~ HIgh-Rise

Precast Rein~orced-ConcreteFra.e BuildIngs.
by

Shlnsuke Nakata. Takashl KaDllnosono, HltOl>lll Shlohara. and Mlzuo Inukal

1. ABSTRACT
We aake an experlDlental study on two lower three-storIed shear walls

of fifteen-storied precast reinforced concrete fralle building. We have
not yet .ade criteria about high-rise precast reInforced concrete frame
building. Th!s experimental study will be a fundamental data which may
be useful for making the criterIa. In thIs experlDlent. we put an atten
tlon on the vertical Joints of the shear walls, In ord:;r to dIscuss why
and how the vertical Joints are destroyed and what effects on the
shear walls thIs destroying happens. So we get the results of destroy
Ing and not destroying of vertical JoInts on first floor.
At the results. It Is clear that at the shear wall whIch vertical

Joints are destroyed Its strength easily decrease Ilnd at the shear wall
which vertical JoInts are not destroyed aLS strength keep Itself until
joint translation angle Is 1/100. When the horizontal load lIarks the
IlAXIIlUII load, the dlsplacellent of both shear walls concentrates on the
first floor. and after that, the rotation angle and story drIft angle
decreases on over second floor.
Therefore we recognize that It Is useless for seismic system to design

the vertical Joints whIch Is destroyed under earthquake.

2. lEY WORDS
1) precast. 2) frame. 3)shear wall. 4lcotter-bar In vertical Joint.
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Japan-U.S. Cooperative £.leseareh Prolram PRESSS, Part 3
Experl.ental Study on Shear Walla

or 11Igh-Rlso Precltst Rolnrorced-Concl"'et. Fl"'a.e BuIldings_
by

Shlnsuke Nakata"I, Takashl Kamlnosono"2, Hltoshl Shlohara"3, and "'lzlIO Inukal"4

1. ABSTRACT
We .ade an experimental study on two

lower three-storied shear walls of flfteen
storied precast relnrerced concrete fralle
blllldinp.•e put an attention especially
on yertlcal Joints b"tween coluan lind
shear wall which Is supposed to effect on
strenithll of bulldlnes.

2_ DESIGN or TEST SPECIMENS
The speclens are two shear walls, that Is
three-storied. one-third scale, 3 aeters
span. 1.17 meters helcht on each tloor.
The speclens are made of columns. beams.
shear walls. slab". a foundatlon. alo·j Ii

loadlne-beaa (I'll. I). Tbe precast aembers
of the spedaen are colullns and shear
walls wltb beall (1'11.1, white partsl. and
the c..... t-In-place aeabers of It arc slabs.
a part at beaas. vertical jol nts. and so
on (Flc.l, Iray parts). The size or lIembers
are lIS follows; collllln sectlon: 300x3001llll.
be.. sectlon:300x230ma. wall thlcknes.:IOO
... slab tblckness:IOOmm. The specimen has
vertical Joints and horizontal Joints. The
vertIcal Joints are reinforced concrete
150mm WIde. 230 or 100.. thick. between
cast-In-place column and beam. or precast
colullO and shear ..all. respectively. They
Include shear-cottersOOOxlOOaa sectlon.
20.. thick. 45 lIe,rees) and maybe cotter
bars. The borlzontal Joints have two
types; one la spllce-aleeves-and- mortar
type wblch la Io.a thick between abear
wall ...d alab. or coluan and alab, and the
otber II cotter-bars-type between bea.
and alab. In order to discuss why vertical
JoInts rail. we decide the para_ters of
test specl..na as the exIstence of cotter
bal"'l and Yertleal-barl area or shear wall
In tile horIzontal Joint on first floor."'e apecllMln PCWALLI has no cotter-ban
Uld all vertlcal-bars or Ihear ..all In the
borlzontal Jolnta on first floor. II:.... tbe
apeel_n PCWALL2 ba cotter-bars and
three "rtleal-bara In each aIde of ahear
wall on first rloor.•e Ihow the data or
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test specImen In Table I. the bar arranle
ment of test speclen In Fle.2. the sectlo.1
detail of coluan In Fle.3, the detail of
vertlcal Joint In F1C.4. and lhe a.. lerl,,1
properties In Table 2.

3. TEST SETUP and LOAniNG

II 1STORY
We show test sel-up equlpeent In 1'1,.5.

We put the spedaen on reaction floor.
raul'" actuators upon the specleen ror
allial force loadlne. two actuators on
r~actlon wall for borlzontal force load
1111· This test setup Is called a cantilever
loadln,. The specImens are subjected to

cyclic load hIstory.
Dllrlnlt cyclic loadlne. the specimen

PCWAU.I Is subject to the axIal force
(210tont) anL the top aoaent ..hid keep"
the Inflection point 7-meters bleh. The
specimen PCWALL2 Is subject to the axial
force (I00tonf). The Inflection point of
PCWAI.L2 Is 4.2-lIeters hleh.
The cyclic load history Is as tallows;

one posltlve-neeatlve cycle at lateral
force l-20 tont ..hlch Is below bendlnl
crack strenrth). one cyele at Joint trans
lation anrle (R- 1/2000, 1/1600 rad.). two
cycles at Ro l/800. 1/400. 1/200. 1/100
(rad.). and then. for speclaen PCW...LLI. two
cycles at Rol/SO. or. for specleen PC....I.I.2.
three cycles at .R"I/67 (rad.land tbe de
tlectlon for failure.

Durlnr load Inc. we aaaple the data of
bendlne detor..tlon In coillan and ahear
wall. Joint allp and openln. displaceeent
at horizontal and Yertlcal Joint.. and
steel strain of co1umn-.aln-bar. wa11
nrtlcal-bar. beu-..ln-bar. and cotler
bar.

01 Head Research Aaoclate. Bulldlne Re
search lnatltute (BRI). I Tatehara. Tsuku
ba City. Ibarakl-Pret.. Japu
02 Chief Research M80clate. DRI.
03 Research Auoclate. BRI.
", Research Auoclate. BRI.
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4. RESULTS
The crack confleuratlon In Fle.S and

lateral load - dlsplaceaent relationship In
Fie.? are shown. About speel.en PCWALLI,
bendlne-crack Is fQund at R- 1/1600(rad.),
belldlne yield happens at about R-l/250.
and speclaen streneth decrease larrely at
R-1/50 because or shear-sllp- tallure at
precat shear wall 011 tlrst tloor. The
bendlnr yield Is caused by tenslle-yleld
Ine of colu.n-.aln-bars In tenslle-alde
colu... on first floor and wall- vertical 
bars In quarter-tensUe-slde - wall fro.
first to third floor. It .. unexpected that
there I. no failure In vertical jolnta In
spite of no cotter bars.

About speel.en PCWALL2. bendlne-crack Is
found at R-l/lSoo(rad.l. bendlnr yield
happens at about R-I/270. alld specillen
streneth decrelllle I.rlely at R-IIS7 be
cause of vertlcal-jolnts-tallure on tlrst
floor. The bendlnl yield Is caused by

tenslle-Yleldlnr or coluEl-uln-bars In
tenIUe-llde-colu.n on tlrlt floor. The
result Is that the vertical-joints-failure
II caus. by the decrease ot aXial force.
the Inflection point heleht, and the wall
horizontal-bar area on rtrst tloor.

".1 COIIPAIUSON of TEST RESULTS
with CALCULATED RESULTS about
STRENGTHS _

Table 3 Is the c_parlaon of teat with
calculated results about bendlne-crack.
bendll\&-yleld. and aaxl.ua streneth of
speclHns. Thf. equatlonl for calculatlonl
are below Table a. About bendlne-yleld
and aaxlaua streneth. calculated reaulta
follow test results perfectly. but about
bendlne-crack strenlth. calculated ruult
Is ,reaur than ten. It II because we
decide tbe bendlnr-crack-happenlll' u tbe
tl.. whu we can ... a crack at precast
_bers I.norln, horlzolltal JOints.

... 2 OVERALL DISPLACEIIEIIT
Fle.S sho.. the overall dlsplace.ent of

8POCIHnl at R-1/400, 1/200. 1/100. 1/50 or
l/S7(rad.), and aaxlaua R (Joint tranllatlon
an,le). W. deacrlbe the dlsplace_nls by
ten tI_ aultlplylq. In FII.•, we can find
tbat tb. onrall dlspla_nts follow tbe
bendln,-dllplac_nt-type fro. flnt to
tblrd floor until laaller dlsplsc_t. and

the horizontal dl.placeaent concentrates
on first floor at .axl.u. R while the
story drift dlsplace.enta on 2nd and 3rd
floor decrease.

FII.IO shows rotation an,le - story drJrt
anile relationship. It Is clear thal the
relatlon.hlp ot each floor Is linear until
R- 1/50(rad.) In PCWALLI. or 1/87 In
PCWALL2. and tbe dl.placeaent concentra
tion on first floor Is caused by the rapid
Increase ot story drift en, Ie on first
floor and deereae of rotation ancle.

4.3 DISCUSSION about DISPlACE
MENT CONCENTRATION

Fle.1I IhOWI the lateral load - openlnr
or slip of vertical and horizontal Joints
relatlonsblp. Flr.1I aha... the s..plln,
place of these data. Botb at JoInt openln,
dlsplaceaent and IUP Is teDd to Increllsll
at poaltlve loadIn. (coluan tensile). In
specl..R PCWIILLI. the Joint slip Is about
7-.lIl1aeters at R- 1/50(rad.). and In
speclHR PCWALU. It Is about 14 al1l1.e
ters at R-I/B7(rad.). After that. In PCWALLI
the precast .all on first flOOr Is .alnly
deforaed whlle neeatlve loadln, (colu.o
coapresalve), and In PCWAlL2 the vertical
Joints failure la cauled by rupture of
wall-vertical-bar.. Increae of Joint-slip
dllplaceaent at first floor wall. and
coapressl"e fallur. of coluans while posl·
tlve loadln, (coluaD tensile).

6. CONCWSIONS
1. The speclHn PCWALLI (without cotter
bar); failure lIOde Is shear-sUp ot precast
shear wall and hYlteresls characteristic III
bendIn, typ. Includln, larer hYlteresls
ener,y wltbln lbout R-l/IOO. There Is no
failure at Joints.
2. Tbe lpeclHn PCWALL2 (with cotter bar):
failure lIOde II vertlcal- jOllltl when Joint
tranalltlon liliie II 1/87. Tbe dlsplace
aentl concentrate on flr.t floor.
3. Th. horizontal dlsplac_nt concen
trates on first floor because of abear
failure or borlzontal Joint Illp dllplace
Hilt of first floor wall while tbe rota
tion an,l. and stor" drift anll. fro.
aecund to third floor deer.....
4. The vertical Joillt failure on first
floor II caused by the Iner_ of borl
zl'lItal Joint .Ilp of lbear .all.



S. The equatiOlis tor calculated results
proper Iy tOllow the test resul ts even If
precast concrete shear wall.
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Fig.5 Set-up Equipaent
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Current Efforts to Improve the Perfonnance of Nonstroclural
Systems Based on ExperiellCe From the Lorna Prieta Earthquab

by

Robert Reithennan*

ABSTRACT

The October 17, 1989 Lorna Prieta
earthquake in Nonhern California produced a
few new findings concerning the behavior of
nonstructural components, while in most
respects the earthquake confirmed past
conclusions. The psychological impact of the
earthquake, however, was more historic than
the technical nonstructural lessons learned:
Expectations have been raised, at least in
California, as to the level of seismic
perfonnance, including the performance of
non structural items. These higher
e"pectations on the part of the pubiic must be
balanced against the increased cost of higher
levels of protection. Some nonstructural
features, such as elevators and various
hazardous materials components, are likely
candidates for improvements, while past
practice will proceed unchanged for most
items.

KEYWORDS: contents; equipment;
nonstruetural components.

1. INTROnucnoN

A variety of nonstructural earthq uake
damage, as well as good perfonnance or lack
of damage, occurred in the Lorna Prieta
earthquake. None of the 63 earthquake
fatalities was caused by nonstructural
damage, as shown in Table I. However, this
optimistic fact should be cited in conjunction
with another fact: the earthquake's ground
motion only peripherally affected the heart of
the urbanized ponion of the region, causing
only a moderate level of shaking. Even many
deficient or vulnerable nonstructural items
escaped damage. Judgement must be used in
interpreting earthquake casualty statistics:
There is sometimes a tendency for the latest
eanhquake's figures to be quickly seized and
used to prove a particular theory or to
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suppon a certain policy prescription. Some
kinds of straightforward engineering
solutions, such as anchoring relatively rigid
pieces of equipment or cabinets, appear to
need no revision. Future changes in pmctice
will be more focused on more complicated
nonstructural components that did not farr. as
well as most designers and clients would
like, such as elevators and hazardouo;
materials components.

2. LOMA PRIETA NONSTRUCTURAL
DAMAGE

A summary of nonstructural damage in this
earthquake is provided in Ding and Arnold et
al. (1990) and discussed by Soong (1990)
and by many of the authors of papers in the
Applied Technology Council ATC-29
proceedings (Bruce. 1991 in progress). One
convenient means of pulling together the
variety of effects is to group them by building
occupancy. Using this approach, some of
the more interesting and significant kinds of
damage are seen to have occurred in medical,
manufacturing, and laboratory settings. rather
than residential, school, or office buildings.
Ubiquitous types of nonstructural items such
as suspended ceilings or light fixtures
suffered damage where not designed in
accordance with then current (1985 or 1988
edition) Uniform Building Code provisions.
and in the case of some ceilings there was
perhaps damage even where those provisions
\ ·ere met. However, damage to the more
a;- '-;ialil~d kinds of nonstructural features in
medic ii, manufacturing. and laboratory
buildings was more notable.

The prime case of medical facility damage
was the Watsonville Community Hospital.

• The Reitherman Company, Half Moon
Bay, CA 94019



Though no strong motion instrumentation
was at the site. it probably experienced
shaking of about the intensity measured at the
Corralitos station (0.47 g PGA vertical. 0.64
g horizontal) or the Watsonville Pacific Bell
building (0.66 PGA vertical. 0.39 g
horizontal). These peaks are at least double
the typical values for the more urbanized
portion of the region around San Francisco
Bay. Damage to nonstructural items at the
Hospital comprised a long list, as reported by
Angell (1990): fallen and spilled
phannaceuticals and chemicals. (including a
dangerous hazardous material incident);
malfunctioning radiology processor (no x
ray service); spilled files and leaning,
overturned, or jammed file shelving (only ad
hoc patient tracking, billing. reference to
medical histories. etc.); lab equipment thrown
to floor (no "high tech" support services
available); broken water pipe (3 inches of
water in the key Central Supply area within
10 minutes); broken gas line (one of the
danger signs that almost led to complete
evacuation); large exterior oxygen tank tipped
20 degrees (adjacent to 30,000 gallon
propane tank. causing another situation that
almost triggered complete evacuation);
toppled refrigerators (no food service); main
doors jammed (usual access had to be
bypassed); damaged elevators (manual
transportation of patients from the area of the
building that was evacuated--the Critical Care
Unit on the top or fourth floor); one of two
diesel motor-generators displaced off its
mounts, disabling itself and causing a fuel
outage to the other unit (concurrently with a
26-hour utility company service outage);
paramcdi<.: base station radio damaged and not
repaired until two days later (while telephone
service was sporadic after an initial complete
outage). Some of the above, such as the
generator damage, ~h(;uld have been
prevented by the use of currently required
California Hospital Act building code
requirements. Other examples. however.
such as spilled chemicals and perhaps
elevator damage, seem to be problems that
current standards do not completely solve.

The case of this hospital--one of the smaller
of the 112 acute care hospitals in the region
but the most severely shaken (California
Association of Hospitals and Health

Systems. llJYOj--illmtrates the range of
effects possible. and also indi~'ates the
distinction between damage that can cause
Injuries vIs-a-vis damage that ~'aJl interrupt an
essential sel'\'ice. The near collapse of the
oxygen tank represents both types of risk, the
damage to the generators was only a
functional loss problem, while the extensive
amount of glass (window and contents)
damage in the building was primarily a safety
threat.

At one large high-technology research and
manufacturing facility with numerous labs, a
similar long lisl of nonstructural damage
pertains. though at a lesser scale. This
complex of buildings was near to sites where
the recorded ground motion reached a peak of
0.3 to 0.4 g acceleration. Damage included:
toppled compressed gas cylinders, spills of
hazardous materials in labs, broken
glassware. overturned file cabinets; asbestos
ceiling material was released. small
computers fell. equipment on wheels rolled
and hindered exiting. some light fixtures fell,
and several chilled water Ii nes broke and
callsed water damage.

A commonality between the public hospital
and the private research and manufacturing
facility is that loss of fun~·tion proved to be-
in retrospect, from the point of view of
tenants or owners--intolerable. In both the
hospital and lab facilities, extensive remedial
measures have been implemented after the
earthquake. totalling between one and two
million dollars for nonstructural work in the
case of the company and $42 million in the
case of the hospital to demolish the existing
facility and construct a new one The drastic
solution in the case of the hospital was
necessitated by structural and soils failure
problems with the building. but the result wiD
be a new facility with greatly enhanced
nonstructural protection since it will be built
under 1990s California Hospital Act criteria
which exceed ordinary UBC requirements.

3. CURRENT EFFORTS

Some of the current efforts to deal with the
observed performance of nonstructural
components in the Loma Prieta earthquake
are educational in nature. rather than only a



maner of engineering. Many, perhaps mo'"!
building owners and users assumed the
building code was providin~ them with
extensive nonstructural protection, while in
fact the aims ofthe Uniform Building Code's
seismic regulations. as stated by the
Structural Engineers Association of
California (1990), are rather modes!.
Protection against functional losses. such as
flooding from an occasional blOken pipe that
causes a building to be shut down for repairs.
isn't promised. There are even many
nonstructural items that may cause serious
injury--tall file cabinets or chemicals on
shelves for example--that are not within the
scope of the building code, and are outside
the process by which drawings are produced
to guide the construction of a building under
the regulations of a building department. The
efforts to better educate clients so that they
can either knowingly accept the risk of code
minimum design or select a higher (and
costlier) level. are not coordinated but are
rather the efforts of individual consultants or
building code personnel. A standardized and
quotable explanation, with specific mention
of nonstructural components that are included
within the scope of the building code and
their intended perfonnance levels. would be a
useful addition to chapter one of the URe.
More sophisticated clients, such as some
facilities managers of larger companies or
agencies. knowledgeably discuss the subject
with their designers, but this is still unusual.
Short of a definitive public opinion survey
there is no way of deio=rmining what the
general public or typical building
owner/occupant expectation of nonstructural
seismic performance is, but among
earthquake engineers it is commonly stated
that the public expects to receive more than
the code intends to deliver. The following
three facts add up to a communication
problem:

1. The public commonly uses the tenn
"eanhquake proof;"

2. Earthquake engineers know that code
minimum designs will ell.perience extensive
nonstructural (and structural) damage in large
earthquakes;

3, Most buildings are designed tQ a code
minimum level (and many fall beneath that
level with respect to nonstructural
c:omponents--water heaters have often been
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installed without seismic restraint in recent
l'Onstruction in California, for example).

The sol ution, if lhrre were to be excellent
l'OllIlllunicatinn between eanhquake engineers
and the public over this issue. would not be
Simply to universally raise minimum
requirements to ensure very high levels of
perfonnance. Once the public found out the
cost of that extra protection, they would not
be willing to pay for the extra benefit. The
solution, if communication were better,
would probably be a matter of selective
voluntary use of higher standards for projects
where the client needs and can afford higher
protection (e.g., the labs of the corporation in
the above example), and a slight
improvement in the mandatory minimum
requirements for all buildings based on better
technical seismic protection techniques.

The State of Califomia is now pursuing
improvements in nonstructural performance
with respect to schools and hospitals, the two
types of buildings for which the State
preempts local jurisdictions in the
enforcement of buildin~ regulations.

The Office of the State Architect. which
controls the building permit process for
schools in California, has been continually
updating its nonstructural regulations since
the 1950s for new construction and is now
also looking into the issue of the retrofit of
schools up to a current level of seismic
protection. The California Seismic Safety
Commission is currently investigating the
cost and implications of a statewide survey of
nonstructural hazards in schools. The
Berkeley Unified School District
commissioned a nonstructural seismic survey
of its schools after the Lorna Prieta
earthquake (Reithennan and Kustu, 1990),
including prioritized hazard rankings, cost
estimates, and other necessary guidance to
decide how to proceed. The same District
accomplished a structural seismic safety
study of its schools by SOH & Associates
along with a disaster planning effort by
Emergency Management Group.

If the structural, nonstructural, and
emergency preparedness needs found in
Berkeley are projected statewide. including



desirable improvements as well as bare
minimum estimated needs. the potential cost
would be enormous. With rc£ard to
nonstructural retrofitting. the only feasibk
approach is to narrow down the scope of
evaluations to potential damage that is truly
unacceptable. beginning (and perhaps
ending, for most schools) with items that
would cause serious injury. In the Berkeley
Unified School District nonstructurOll ,tudy.
approximately half the estimated
nonstructural life safety retrofit cost was
attributable to items in the highest of three
hazard categories, which is a common
finding: Half the cost can be eliminated if
only the most serious life safety threats are
tackled. In many buildings, narrowing down
the scope results in a nonstrU\;turallife safety
retrofit cost of fifty cents or a dollar per
square foot, instead of a figure several times
higher if more conservative life safety criteria
are used. Extending the objectives to include
protection of propeny value and essential
functions has an even greater associated cost
increase factor than eKtra conservatism in the
life safety evaluation process.

With regard to hospitals, the Office of
Statewide Health Planning and Development
has commissioned a study of elevator
perfonnance at medical facilities in the Lorna
Prieta earthquake. Like suspended ceiling
systems, elevators are a nonstructural system
that, even if constructed up to current
California requirements, don't seem to yet
provide acceptable performance. In both
cases, the systems have many elements, thus
complicating earthquake solutions, and the
construction industry developed the basic
product designs prior to the evolution of
seismic regulations. Some of the more
reliable or easier engineering solutions
interfere with the usual way these systems are
installed or built, or increase cost
significantly. Solutions must involve
improvements in the products manufactured
by the construction industry, not just
individually engineered retrofit or new
installation designs.

Staehlin (1990) reponed that fifty elevators in
hospitals required repairs as a result of the
Lorna Prieta earthquake, and Schiff (1990)
catalogued several areas of concern with
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regard to ekvator ~afety and post-earthquake
functionality Many tenants or owners in
building... other than hospitals also concluded
after tk earthq uakc that the performance of
their devatms was unsatisfactory, and it is
likely that improved elevator design
rC4uirelllcnts wil! be one result of the
carthq uake 1'01 hoth market and regulatory
rca ...on....

The As"'lKiation of Bav Area Governments
(1l)l)OJ has completed- a National Science
Foundation spon~ored study of hazardous
mater;~t1s incidents caused by the eanhquake,
(there were over 150) and this is anotht'r area
where some specifi\: changes are likrly to be
SOOI1 implemented. The topic of h:iZardous
mutcriah and earth4uakes includ~'s a wide
variety of nonstruclUral items--compressed
gas cylinders, fume hoods and ventilation
systems, piping, lab chemical boules, etc.
Some of these items, such as compressed gas
cylinders, are most likely to be regulated by a
building operation safety code, such as the
Uniform Fire Code in the case of California
junsdil:tions. Ther~ has been interest on the
pan of the fire service and fire protection
engi m:ering l:omlTIuni ty responsible for
developing the UFC in incorporating
earth4uake engineering rules. and so it is a
matter of developing workable
(predominantly prescriptive rather than
analytil:al) provisions. Hazardous material
piping issues have been studied by Kircher
and Loshkari (\990), and the applicable
avenue for incorporation of improved
performance may lie in the revision of piping
standards such as those of the American
Society of Mechanical Engineering. Unlike
some of the other nonstructural problem areas
like ceilings or light Fixtures. the hazardous
material piping problem will get worse rather
than better unless future practice considerably
improves: Current practice often neglects
earthquakes, and combined with the fact that
large amounts of such non structural
components are being installed every year,
the level of vulnerability will increase.

4. CONCLUSIONS

The Lorna Prieta earthquake was of greater
structural or geological significance than for
its nonstructural lessons, but there were still



some noteworthy effel.'ts withlll the SI.'Opt: III

this paper's topic:

I. Psychologi~'al eft·e~·ts: Building
tenants and owners, on tht: Olle hand, and
eanhquake engineers and building code
personnel on the other. are (kalin),: with the
disparity between perceived proteltioll and
actual protection, and between the
performance expected by the earthllll<tke
engineering community and h) the general
public.

2, Technical developments: Elevators
and hazardow. IlMteriab are two areas where
the development of improved design
solutions will probably be ljuid;)y re!leeted in
revisions to models codes and standards.
With regard to most nonstru~·tural

component~. the earthquake validates current
approaches and emphasizes the need for
effective tmplementation of existing l'ri1eria.
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Table 1. Lorna Pneta Earthquake Fatalities

CAUSE OF DEATH I COUNTY NUMBER
ICollapse of Cypress "doubledec:<er" freeway I Alameda 41
Unreinforc~d masonry building damagel San Francisco 5
Unreinforced masonry building damage! Santa Cruz & Monterey 4
Dwelling collapse / San Francisco 3
Fallon stairway I San Francisco 2
Fall from tower / Santa Clara 8. Monterey 2
Landslide on coastal highway I Santa Cruz 1
Smoke inhalation from natural gas caused fire / San Francisco 1
Gunshot wound to civilian while directing traffic I San Francisco 1
Motor vehiclEl accident, collapsed span of Bay Bridge I San Francisco 1
Motor vehicle accident with horse on highway I Santa Cruz 1
Carbon monoxide inhalation from emerQency Qenerator I Alameda 1
TOTAL 63

source: "Earthquake-Associated Deaths - Califumia," Morbidity and Mortality Weekly Report.
Vol. 38. No. 45, November 17, 1989, Centers for Disease Control.
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State-of·the-Art Report on Seismk Design of Buildinx Equipment
and Nonstructural Components in Japan

By

Masaya HIROSAWA I, Hatsukazu MIZUNO 2. and Mitsumasa MIOORIKAWA3

SUMMARY

Recently in Japan, in the event of an eanhquake,
more investigations have been made into damage to
building equipmen t, furniture and nonstruclural
components such as inlerior and exterior finishing and
nonsttuctura1 walls rather th311 structural members. and
there have been not a few reports on the analysis of such
damage. Accompanied by this IJ'Cnd. seismic design
guidelines for non structural components have been
prepared under the supervision of the administrative
organizations concerned and some of the guidelines have
been used for actual construction.

In this paper, we will survey damage to these
nonstructural components and members used for
construction and introduce various rclated guidelines
wbich have recently been prepared to reveal their goals
and other principal contents.

KEy WORDS: Earthquake Resistance, Building
Equipment, Nonstructural Component, Seismic
Guideline. Confumalion, State·of·the-Art

1. INTRODUCTION

Recently, earthqua1ce hitting cities with many
medium- and high-rise buildings have inflicted great
damage to nonstructuraJ components. For example,
windows and water storage tanks at the roof are broken,
inlerior and exterior finishing come off, and indoor
furniture is tumbled. Also, as for reinforced concrete
buildings, what is called nonstructural walls have often
caused a brittle failure of structural columns. and have
displaced doorway sashes to stop the inhabitants from
going in and ouL Like collapsing buildings, sucr>
brealtaie is in most cases very dangerous because it
causes building inhabitants and passers-by to be injured
at ItiUcd as well as significantly decreasing the functions
rL the buildings which are expected to work in case of a
disasfu.

Table 1.1 shows damage to equipment machines
and so on in the recent severe eanhqua1ces in Japan.
Also, Table 1.2 shows the history of ...anous seismic
SUide1ines related to equipment machines and so on. As
seen in these tables, in the 1978 Miyagiken-oki
Earthquake which inflicted great damage mainly to
Sendai. the most populous city in the Tohoku region,
major damage was done to large compUlCrs, many water
sunge tanks al the roof, and a lot of other interior and
exaior finishing and equipment machines, Based on
this experience, the Minislry of Construction and other
orpnizalions concerned started to prepare seismic
resula1ions concerning main nonstnlCtural components

for conslruction and equipment machines, while as seen
in Table 1.3, some related industries tried to meet the
challenge by having a pri vate organization (for example.
the RelRforced Plastic Association) prepare related
technical guidelines. That was the time when work was
under way to sweepingly revise the existing seismic
regulations concerning bu;ldings based on the results of
the five-year national research & de...elopmcnt program.
There.fore, preparation of new regulations on equipment
machmes followed the example of this revisionaI work.

In 1980, laws and ordcrs concerning the seismic
design methods for building structures saw a sweeping
revision for the first time in thirty years. In the revised
version, the goal of seismic safety was to allow
buildings to survive without collapse such a severe
earthquake motion that liley might possibly encounter
only once in their lives. For Ihat purpose, it was
stipulated that ultimate strength should be designed by
using 1,0 as an elastic response shear force coefficienL

The revised laws and~~~("rs (Enforcement Order
of the Building Stand:lJ'd Law) stipulated that in ligbt of
the damage to nonstructural components in 1978
chimneys and water tanles extruding from the roor
(Article 39-2) and water-supply and drainage and other
piping facilities (Artide 129-2) should be safe in the
event of earthquakes. After this performance provisions
were $Cl, the Building Cenler of Japan pUblished in
1982 under the supervision of the Ministry of
Construction "Guideline for Seismic Design and
Construction of Building Equipment" 3), provisions
covering concrete seismic design methods for the overall
building equipmenL Although these provisions cover
earthquake forces and displacements to be considered,
sttuctural design methods, and recommended details,
which are noted in Section 2.2. the targeted seismic
safety is a lillIe smaller than Ihat for structures.
Moreover, the 1983 revision of "Technical Guideline
and Commen~ry for Water Supply and Draiqage
Equipment" 1) involved the addition of seismic
counlCmleasures. which followed lile above guidelines.
The Ministry of Construction notified each building
officials that these guidel incs should be used for
reference in designing.

On the other hand, immedialely after the 1978
Miyagiken-oki Earthquake. the ArchileCturallnstitute of
Japan eSlablished a committee. which lIIcn began

1) Dr. Engrg.• Deputy Director General, Building
Resean:h Institute. Ministry of Construction.
2) Ms. Engrg., Head of Large Scale SlrUcture Testing
Div., Production DepL. BRI. MOC.
3) Dr. Engrg., Head ofEarthqualce Engineering. Div.lI.
IISEE. BRI. MOC.



invesligating the seismic safety of non structural
components for conSlIUCtion such as various interior and
exterior finishing. In 1985. Ihe resulls of the
investigation were published as . Guideline and
Commentary for Seismic Design and Guideline for
Seismic Design and Construction" 4). As previously
stated, these guidelines were mainly intended for
nonstructural components such as interior and exterior
finishing but are not often used for actual designs now
partly because lhe 1915 version of laws and orders do
not contain any provisions for nonSlfuctural
components.

For govemment buildings which are often used
as disasler prevention bases in the event of a disaster.
the Governmenl Building Division. the Ministry of
Construction had had its own regulations based on the
buildings important factors. but in 1987. it prepared a
seismic design guideline chiefly intended for inlerior and
exterior finishing S). This technical guideline, whose
details are noted in Section 2.3, is now used to design
many government buildings.

On top of !he above examples. another building
element which is likely to suffer from earthquakes is
reinforced concrele nonstructural walls in reinforced
concrete buildings. Despite repealed experiments since
lhe 1968 Tokachi-ckj Earthquake where many related
disasters were observed. there has been no coordinated
technical guideline available yel. Also, there is
something to be modified in the particular sections of
lhe Japanese Industrial Standard which provide for design
seismic forces and other matters for various vending
machines, which are often inslalled in the middle floors
of the building these days. In addition, dedicated
investigations have been made into the access flooring
system which is used to inslall computers.

Seismic guidelines on these nonstructural walls,
vending machines. and free access nooring systems are
covered in Section 2.5.

In addition 10 the several nonstructural structures
slated above, chimneys and reinforced concrete block
fences are examples of building belongings which have
often sustained damage from earthquakes and are
provided with well-coordinated technical guidelines, and
equipment piping for nuclear power plant facilities is a
nonstruetural element which is scrupulously designed to
resist great seismic forces. On the contrary.
nonstructural components for buildinSs with a base
isolation system or with an active seismic response
control system are a typical example for which no
seismic technical guidelines have ever been considered.
This report does not refer to these matters for want of
space.

Chapter 2 of this repon gives the outline of the
typical guidelines which are used for ICtual design.
Moreover, Chapter 3 describes the seismic design for
several equipment machines covered by these guidelines.
This chapler is divided into several sections each of
which refers to design seismic forces or other major
items of those guidelines.

2. OUll.!NE OF IYP!CAL TECHNICAL GUlOeUNES

2.10!.d1Da
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Each of the following sec lions covers Ihe
guidelines listed below as typical seismic guidelines for
several building nonSlnIctural components and outlincs
their comcnts.
a) Guideline for Seismic Design and Construction of
Building Equipment (Building Center of Japan, revised
in 1984) 3). 3)

b) Guideline for Seismic Design of Building
Nonstruclural Components (Public Buildings
Association. 1987) S)
c) Technical Guideline and Commentary for Water
Supply and Drainage Equipmenl -1983 version
(Building Center ofJapan, 1983) 1)

Similarly, Section 2.5 outlines seismic
guidelines for reinforced concrete nonstruclural walls
and vending machines and free access flooring system~
installed inside and outside the building as examples for
which several guidelines have been made but still have
much to be modified.

2.2 Guideline for seismic Design ot Building
Equipment (Building Center of Japan 1984) 3).
3')

2.2.1 Background
The Building Center of Japan. a juridical

foundation supervised by the Ministry of Construction.
compiled Ihis guideline in 1982. Damage to
nonslruetural componenls and building equipment
during the 1978 Miyagiken.olti Eanhquake motivated
intensive studies on seismic performance of lhem. The
Enforcement Order, Revised Building Standard Law b)
executed in 1981 includes specifications on seismic
safety of water lanks. chimneys, etc. extruding from
roofs, piping equipment and elevators.

NOlification No. 1101 of the Ministry of
Construction. 1981 c) specifies lateral design seismic
forces of water tanks. chimneys, ele. eXlnlding from
roofs. The lalela1 shear force, P, for water tanks, eIC.
cxtruding from roofs shall be determi~ from the
foUowing formula:

p= k.W (21)
where.

P • lateral design seismic force acting on water
tanks, ere.;

k = design seismic force coefficient of water
tanks, ele. which shall be determined by multiplying a
value more than 1.0 by a value of seismic zone ractor Z;

Z. seismic zone factor specified in article 88,
Enforcement Order, Building Standard Law. The
Minister of Construction specifies a value within a
noge between 1.0 and 0.7 according to the extenl of
eanbqllake damage. seismic activity and other seismic
characlCristics based on the record of earthquake in the
~gion concerned; and,

W ., sum of dead loads of water tanks. ete. and
supporting parts of structure. and live loads of water
tanks, eIC. (unit tgf).

The lateral design seismic force on water tanks.
elC. can be reduced to • half of that mentioned above, if
IOmC countermeasures of preventing dlImase and harm



(2.9)
(2.10)

to hul1ll1tl lives due 10 Ia&eral movement and toppling of
water tanks. ~. during car1hquakcs arc eff~tivel y done.

The 8uideline conforms to the Enforcement
Order. Buildin, Scandard 1.:Iw and NotifICation No. 1101
of che Ministry of ("oo."'ruction. 1981 mentioned above.
and includes knuwledgc of some studies. new
countermeasures from practical viewpoint and some
design examples. The scope: of the guideline is:
(I) Installation of building equipment in buildings of
more than three stories and their heishts not taller than
60 melers. Seismic performance of equipment iuclf is
supposed to be confll1Tled by equipment manufacturers;
SId
(2) Installation of equipment lishter than 100 kgf is
excluded, if equipment is installed on carefully treated
surface of structure in a way specified by equipment
manufacturers.

The guideline adopted two types of design
sclsmic force on equipncnt; One is the force specified in
;he local seismic coefficient method, another the force
specified in the modified seismic coefficient method.
Both includes acceleration amplification effccts with
stories of building. and the latter explicitly considers
acceleration amplification eflcctli ofequipment.

2.2.2 seismic Force I
Lateral design seismic forces to equipment

installation are the followings and act on the center of
the gravity in principle;

FH· KH-W (2.2)
KH • ZeKS (2.3)

where.
FH • 1atetaI design seismic force;
KS • standard design seismic force coefficient

(Table 2.1): and
Z· seismic zone factor.

If vertical ~ism;c forces arc considered. the vertical
design seismic foccc is given as follows:

Fv· Kv-W (2.4)
KV • 1.~Hf2 (2.S)

wbcrc,
Fv • ver1ical design seismic force; and
KV• verticat design seismic force coeffICient

If a tank with free water surface is considered, W of the
above expression iB substitul"'C1 Cor W().

Wo• uy-W (2.6)
ClIr is prepared In figures for cylinder and ball tanks. and
in formula for rectangular, cylinder and ball tanks.
Namely the 1atuaI design seismic force to a water tank
is ,iven as follows:

FH • KHeWO· ZeKSeuy-W (2.1)
11Ie force lets at the following height, hoi' from the
bottom:

hot· h-h (2.8)
where,

h • equivalent height of a waler tank (unic em);
(1) full heilht for slCCllanb and the like; and (2) height
or the center of overflow pipe for a fiber-reinforced
plulies tank. In a c:asc of hqlper-type overflow. the
hei.ht shall be the sum 01 hei,ht or wiler surface and
lIdius ofoverflow pipe:; IIld

~T .. ratio of force-acting height hOI and
equivalent height h. Figures and formula are prepared.

Liquid tanks with free surface shall be designed in
a similar way as water tanks.

2.2.3 Seismic Force II
Lateral seismic forces to equipment installation

Me:
FH'" KH"W
KH .. Z-I- KI-K2-1co

where,
KH = lateral design seismic force coefficient;
W '"' weight of a nonstructural component or

equipment (unit: kg{);
Z .. seismic zone: factor (O.7-1.0);
I .. importance reduction factor (l.O, 213);
K1.. floor response amplification factor of a

building (I-IO/3);
K2 = response amplification factor of a

nonstruetural component or equipment (1.Q-I.5 -2.0);
11II

kO" standard design seismic Coree coefficient
(O.3).

If vertical seismic forces are considered. the
vertical design seismic force coefficient Ky is given as:

(1) supported on a vibration-reduction apparatus;
Ky .. KWl (2.11)
(2) fixed wiLh base. floor, CIe. by anchor bolts,

e&c.;
Kv" KH!(2K2l (2.12)
Importance reduction factor I is given as shown

in Table 2.2:
(1) important equipment I '" 1.0; and
(2) general equipment I '" 2/3.
Building amplification factor Kl is given as

shown in Fig. 2.1:
Kl '"' AB ; penthouse (2.13)

"" I+(AB-I)eMi ; general floors
.. 1 ; basement and rust floor

where,
H. height from ground level; and
h .. height of equipment-installed floor (unic m).
AB means response amplifICation at the roof, and

is given as follows:
AB • 10f3 ; T,-<0.6 (2.14)

• 10f3-213(TT-l) ; O.~T<1.2
• 3,2/l'T ; I.2STT

Fundamental natwaI period TT (sec) is evaluated
as follows:

TT • {0.02+O.0Ia)-H (2.15)
The coefficient a is the ratio of the total heisht of stee1
COIISU'UCtion slOries to the entire height of a building. If
all stories over the ground level are of steel
construction. (l • 1. If ~I stories are of reinr~
concrete or of steel and reanforced concrete ComposIte
c:onstruetion. a • O.

Equipment amplification Cactor K2 is given IS
follows:

(1) fundamental natural frequency fm (Hz) is
unknown. K2 • 2; and

(2) fundamental natural frequency fm is known.



1) in a case of fmSl5. K2 is given for the ratio
fb/fm in Fig. 2.2. In a case of important equipment. a
value of I-KI-K2-kij shall not be less than 0.6. and in
a case of general equipment, shall ROI be less than 0.4.

2) in a case of fm> 15. K2 = I.

2.3 Guideline tor seismic Design of Building
Noostructurgl Components (Public Buildings
Association. 1987) 5)

The conlents of the guideline are die following :
Chapter I. General

1.1 Purpose
1.2 Scope
1.3 Target of Safety

Chapter 2. Seismic Design
2.1 Inspection for Seismic Safety of
Nonstruetural Components
2.2 Deformation Capacity against SIOlY DriflS
and Nonstruetura1 Components
2.3 Inspection for Strength Capacity of
Nonstruetural Components
2.4 Inspection for Overturning Possibility of
Nonstruetural Components

Chapter 3. Design of Details
3.1 Principles of Delail Design
3.2 E.>:~crior walls and their Finishing
3.4 Ceiling and Floor Materials
3.5 Opening Members such as Windows
and Doors
3.6 Furnilure and Equipment
3.7 Computers and Associaled Equipment

2.3.1 General
The purpose of this guideline is to provide

minimum standards for use in nonstructural component
desisn and inspection for the seismic resistant capacity
of nonstructural components mainly in government
buildings to maintain the seismic safety of total
building systems in a major earthquake.

The guideline applies to all nonstrDctural
components in buildings not taller than 60 meters.
Nonstr\lCtural components include all members except
for struCtural members. equipment. chimneys. parapets.
exterior stairs, and miscellaneous structures, such as: a)
exterior walls and thc:ir finishing; b) exterior fixtwc; c)
partition walls and interior materials including interior
doors; d) ceiling and floor materials; e) furniture and
equipment; and I) computers and associated equipment

The target of safety is as follows:
(1) In inspecting the safety of the earthquake resistant
capacity of a government building, the target of the
seismic performance in a major earthquake is decided by
laking into consideration the functions to be performed
and the loca&ion conditions;
(2) ~tivity SC'tion rooms in a government bUilding to
be used as disaster prevention bases in a major
earthqllllke mall possess 'he seismic resistant capacity to
pcrf'orm their funclionJ ,Jter a disaster;
(3) The target of seismic resistant capacity of
nonstruetural components, as shown in Table 2.3, is the
foDowing:
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a) Ordinary government buildings snail be guaranteed to
be safeguard agaiilstloss of life and secondary dis:lSlers;
:n1
b) Activity section rooms in a government building to
be used as disaster prevention bases in a major
earthquake shall be secured their functions in addition to
thc condition mentioned above; and
(4) In the seismic design of nonstructural components,
the target of seismic resistant capacity shall be classified
into two groups, exterior and interior. in a building:
a) All ulerior parts of a building shall be guaranteed not
to faU down due to break; and
b) The interior parts of a building shall be designed by
distinguishing the activity section rooms from the
olbers.

2.3.2 Seismic Design
Nonstructural components shall be designed to

possess the seismic resistant capacity against eJlpec:ted
story drifts and seismic forces in a major earthquake.

The following inspections are required in the
seismic design of nonstructural components:
a) Inspection for the deformation capacity against Story
drifts;
b) Inspection for the strength capacity against seismic
rorces;and
:~ Inspection for the possibility of overturning and
sliding.

All of above inspections are not always required
depending on conditions such as characteristics of
nonstructural components, faxing positions, and faxing
types. Fig. 2.3 shows the general flow of the seismic
design of nonstructural components.

In the inspection for the strength capacity of
nonslrUctural components, the procedures are in the
following:
(I) Nonstructural components and their joints. if
necessary, are designed to resist the design seismic
forces determined from !he calculationS;
(2) The design seismic forces for a nonstructural
component shall be calculated considering the floor
response amplification of the building concerned, the
response amplification of the nonstructural component
itself, the seismic zone faclOr. and the importance factor;
(3) The design seismic forces may be assumed to lICt
noncurrenl1y in the following direction: a)horizonlal (in
plane); b)horizontal (out-of-plane): and c)verticaJ
directions; and
(4) In the design of nonstructural component joints, the
maJlimum working stresses shall not exceed the
allowable stresses of material under temporary loads.

The design seismic forces for a nonstruetural
component is determined according to the "Overall
Design Standard for Earthquake Resistant Capacity of
Govemment Buildings· prepared by the Ministry of
Construction, which includes seismic: a) forces based on
the modifaed seismic fOlCC coeffICient; b) forces based on
the local seismic force coefficient; and c) forces
determined from the rigorous analysis procedure.

According to the modified seismic force
coeffICient, the lateral design seismic force, FH. shall be
determined from the f~lowi"l formu1J:



(2.16)

(2.17)
FH-KHeW
KH" ZeleKleK2eto

where,
KH - lateral design seismic force coeffICient;
W = weight of a nonsU'UCtural component or

equipment (unit. kgO:
Z = seismic zone factor (0.7-1.0);
I .. importance reduction factor (1.0, 213);
KIlO floor response amplification factor of a

building (1-1013);
K 2. response amplification factor of a

nonstructural component or equipment (1.0-1.5-2.0);
ln1

ko = st.andard design seismic force coefficient
(0.3).

The vertical design seismic force, FV, shall be
delamined by the following fannula:

~=K~W ~~

where,
KV.. vertical design seismic force coefficient

(-Kw'2).
In the formula (2.11), the value of leKleK2eto shall be
not less than 0.6 and 0.3 for the important and ordinary
nonstrueturaJ components. respectively.

2.3.3 Design of Details
In the design of nonstructural components, the

details shall be examined by properly grasping their
individual characteristics and their fIXing conditions on
the building.

The detail design of nonsttuctural components
depends on their fixing conditions which can be
classified into Ihree groups such as surface, line, and
point joints.

The seismic effects on nonstructuraJ components
depend on the fixing conditions mentioned above. The
IIORStructuraJ components such as exterior tiles and
mortar with surface joint arc dominated by the effects of
story drifts. The inspection for the strength capacity
against seismic forces is required for the nonstruetural
components such as ceiling with point joint. The
inspection for both deformation and Sllength~ly is
required under certain circ:umstanees for nonlttuclUral
components with line joinL

2.4 Technlcgl Gyldellne god Commentqry tor
Wgter SUpply god Qrglnoo§ Egulpment 0983
version) I')

2.<11.10Ut1ne
Bued on the 1910 revision of the laws and

orders, technical guidelines for building water supply
..d drainage equipment were published as "Technical
Guideline and Commentary for Water Supply and
Drainage Equipment", but this first edition had no
regulationS on teismie design. Lacer, the 1980's revised
"CtSion stipulated that safety in the event of earthquakes
shO~ld be considered for storage tanks, piping. and
eqUipment, resulting in the 1982 seismic design
,ulcleline 3) intended for the whole equipment The
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guide!i~ covers water supply and drainage equipment
and plptng.

This guideline is extensively used for actual
design partly thanks to the adminisU'lluve guidance d).
Thus, when the guideline l') was revised in 1983, the
related pan of the above equipment guideline was added
to it as a new section. Since then, the seismic
regulations of the guideline have been almost the same
as the technical guideline 3). 3') shown in Section 2.2.
Here, we focus on piping and outline its related
guidelines, which are not covered in Section 2.2.

2.4.2 Scope
This guideline mainly covers equipment such as

wal;Cr st~ge and supply t.ank!. and water supply and
dra1R~e pI~S.. Also, as for seismic design, it refess to
a) design seismiC force, b) seismic measures at the base
of equipment. and c) seismic measures for piping.

2.4.3 seismic Measures for Piping
prtocloles

Piping sometimes suffers damage due to the
deformation of buildings forced by earthquakes and
excessive vibrations of the piping itself. To avoid such
damage, the seismic force working on the middle floor
piping is considered as a horizontal force equal to~
of the dead weight of the piping and the allowable stress
design method is applied for the working stress
generated at each element by this horizontal force. In
addition, if the story drift angle RD caused by the
seismic force is not to be particularly considered, use
Ro =1/200 and appropriate expansion joints. To be
specific, ~ismic suppon intervals for the piping, the
cross secuon of the suppon members, and required
erection anchors are determined to meet the above
conditions.

Piping through Exponsion Joint of Buildings
For piping though the ellpansion joint of

buildings, the relative displacement 50 of both
buildings shall be defined as follows. Flexible joints to
be provided (expressly iIIusuated) must resist the
following disp1acemenc

3D • 2ROeh (2.19)
Here. h is the height from the ground to where the
piping runs.

Coooections between Eqylpment gOd P1ptna
Basically, the equipment shall be fixed, and the

piping shall be supported by sliding supports and the
like so that it will not be subjected to excessive
displacemenL Then, flexible joinlS are used to connect
them (illustrated).

HOrtz0otgl Piping
Horizoncal piping is given seismic supports at an

intetVD1 appropriate to impede excessive displacement in
the axially perpendicular direction on the oceasion of
earthquakes. On the assumption that filled-type or
supporting-type seismic supports lR used, a convenient
table shows various kinds of piping, bow to actually
support them and to select the cross sec:lion of the



supporting members and required anchors according to
the intervals of the scismic supports.

vertlcgl Pipioa
Vertical piping is given seismic supports to

hamper excessive displacement in the axially
perpendicular direction in. lime oC ~~uakes .and to
flexibly resist me slOry driCt of the bUlldmg.. L~e the
case of horizonlal piping. a convenient lable IS given to
be utilized for design.

2.5 Seismic Guidelines for Other NQnstructurol
Cgmponents

2.5.1 Guidelines for Reinforced Concrete
Nonstructural Walls
(1) Outline

In the 1968 Tokachi-oki Earthquake, two to four
story reinCorced concrete school buildings particularly
sustained heavy damage. Most damage was caused by
the nonstructural and hanging walls (These arc known
generically as secondary walls. Refer 10 Fig: 2.4)
installed in the reinCorced concrete frarnes Without
making any calculations Cor these elements. These
walls shortened llie clear height of the structural
columns. increasing stiffness 10 concentrate stresSes, and
in tum causing brittle shear Cailures in many columns.

Since then. secondary wall-caused damage to
reinforced concrete buildings has been observed in many
earthquakes at home and overseas. amounting 10 one of
the important speciCic challenges which must be
overcome 10 minimize seismic damage. Though many
experimenlal investigations have bee!! made since the
1968 Tokachi-oki Earthquake 10 produce cerlain results,
there have not yet been any measures commonly
applicable to a variety oC reinCorced concrete structures
The Currellt specific measures for such secondary walls
are as foUows:
a) as Cor ultimate strength design melliods where ideal
seismic behaviors arc pursued, secondary walls arc used
in such ideal fonns as perfect slits 1);
b) as Cor gcneral reinforced concrete structures. a method
DC making the thickness oC secondary walls. t. small
enough for the column width, b, (tJb<1I6 and tSl0 em)
is illustrated in the selSffiic technical guideline 2-8>, and
c) as for thick-walled Crame struetuteS which have
substantial stiCfness and sirength, recommended standard
IeCClIIdluy walls are cIetaiIed 6).

The above third problem will be detailed below.

(2) secondary Wals In Guideline for Structural
Design of High-rise Waned frame Structures
QutIcD

Intended for six 10 eleven soory apartment houses
(now applicable 10 as fiftccn Story buildings). these
IlrUCtures conlain a frame structure composed of nat
ICCl8IlIular-secliOllai wall wlumns in the longitudinal
direction and I shear wall structure willi surrounding
waIl columns in lhe spill direction (refer 10 Fig. 2.S). It
is necessary 10 specify how 10 treat secondary structures
because they arc mainly bllilt in me longitudinal
dim:tion but are esscnrial as partitioning walls or
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eXlcrior walls which arc nceded for apartmcRI houses to
work properly. The superstructure ~n the longil~di~1

direction is a frame Sll'Ucture and a Callure mechaRlsm IS

assumed 10 be a lOla! failure mechanism which is ductile
enough to dcvelop yiclding hingcs at the end of the
beams and thc wall base in time of severe eanhquakes.
However, since the struClure has extremely high elastic
rigidity and a short fundamental nalural period of
approximatcly O.OI2h (h: hcight of a building), the
required horizontal bearing capacity is defined as O.3S or
more in terms oC yielding base shear coefficient 10
obtain a response deflection of 1/100 or less in tenns of
drift angle.

Recommended Detgils of Secondgry walls
It is recommended that anything but wall

columns used for structural members should be
com.;dercd as secondary walls. and that secondary walls
should have a thickness of 12 cm or so, and out of four
sides in contact with the structure, at least two should
be notched into slits because mey do not have any
adverse effects on superstructure behaviors on the
occasion of earthquakes (Fig. 2.6). Incidentally. it was
revealed that in the failure experiments on semi-full and
full-scaled structural frames willi secondary walls
complying with these details. the secondary walls
ruptured before developing major displacemen.t and ~e
subject structure showed the expected lOelasuc
defonnation capacity.

2.5.2 Seismic Measures for Vending Machines
(1) Outline

At present in Japan. there are various vending
machines installed on the street or in the building and
the variety is on the increase. Some of lliem are for
bottled drinks and so heavy mat they can probably
damage as if they should be tumbled. Thus, by listing
design forces, the Japan Industrial Standard (JI58-8562,
1985) recommended that beCore installing vending
mlK"hines. not only impact by human bodies and wind
Corces but also seismic forees should be investigated 10

obtain rcql:ired strength capacity.

(2) Design seismic Forces ana Ttlelr Problems
It is stipulated that for a vending machine of

weight W (its height of gravitational center is h)••
O.4W horizontal force and a O.4W.h overturning
moment on the installation surface should be considered
to enable the machine to resist seismic forces. There is
no provision, however. on the location of installations
or lhe allowable strength capacity of anchor bolts.

Therefore, this JIS can be applied even 10 the
case where the machines are installed in the middle
floors of the building. In that case, what is called floor
responses should be considered to increase design
stresses. which has not yet been covered by lliis JIS.

2.5.3 Free Access Floors in Computer Room
The design and conS1nlCtion oC Cree ac~ floors

in a computer room are specified in guidelines oC Refs.



Sand 4. The lateral design seismIc forces are delennlOcd
basically by the formula (2.16).

The design target of each guideline is the
following:
(1) Guideline of Ref. 5 (Public Building
Association. 1987)

Free access floors in a computer room shall resist
l.he laleral seismic design forces, due to a major
earthquaIce, without brillle failure or collapse to secure
l.he ways of refuge. This guideline applies to l.he
computer rooms of ordinary use e,.;cept for l.hose to be
used in a majoreanhquaIce.

In the dc-sign of supports for free access floors,
the maximum working stresses shall not exceed the
allowable stresses of material against lateral design
seismic forces, and principally the strength capacity
shall be conf1J'll'led by an experiment.

(2) Guideline of Ref 4 (Archi1ecturollnstitute of
Japan. 1965)

The extent of damage in nonstruclural
components is divided into five ranks according to l.he
amount of damage, the necessity for repair and
exchange, l.he fall down, and/or the deterioration of
irnporlant functions.

The allowable limit of damage due to a moderale
or major earthquake, as the design target of
nonstructural components against story drifts, shall be
provided by one of five ranks according to the
importance of a building, the type of nonstruclural
components. the effects on refuge, and so on.

In Ihe design. the maltimum working stresses
shall nOI exceed Ihe allowable suesses of material
egainst lateral design seismic forces.

3. COMPARISON OF SEISMIC DESIGN
METHODS IN RELATED TECHNICAL GUIDELINES

3. 1Q!Jt.Illlil
In this chapter, we refer to Ihe design seismic

forces, design methods for each elemenl, a.,d other
matters covered by Ihe above guidelines for several
nonstruetural components, while maIcing a comparison
with design methods for building structures. In
addition. we outline the seismic safety levels aimed at
by each guideline, the aclual conditionspf nonstructural
camponent design. and the confirmation methods.

3,2 Prtnclples of Seismic Design

The lateral design seismic force coefficient, gk.
oeequipment and nonstructural components is generally
given by the following formula:

Ik = Z".K-.ko (3.1)
where,

ak a lateral design seismic force coeffICient;
Z· seismic zone faclDr (0,7-1.0);
aK • factor due to floor response amplification of

• building. response amplification of a nonstructural
component, importance, and so on; and

ako • standard design seismic force coefficicnL
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The value of gkO IS 0,2 10 Refs. 3, 3' and 5. The
value of gK "gkO for important eqUipment and
nonstructural components is increased by 1.5 times that
for general ones. These values are determined by
expecting a major earthquake of ::la;llimum ground
acceleration of 0.2-0.3 g (g: acceleralion of gravity),
which is a smaller level of ma;llimum ground
acceleration for lhe seismic design of building
structures.

The value of gK is 2-10 in Refs. 3 and 3', and
1.5-10 in Ref. 5.

The allowable stress design is basically required
for eq'lipmcnt and nonstruclural components against the
lateral design seismic forces determined by the formula
(3.1), while the ultimate strength design is principally
required for building structures.

The formula (3.1) is compared in detail with each
guideline in the following section.

3.3 Design Seismic Forces and Deformation
Copacttv

Table 3.1 summarizes two typical guidelines for
the seismic design of equipment and nonSlrUctural
componenLS. The table includes the seismic structural
design of example buildings (31 m < height:!> 60 m) for
reference.

Design seismic forces 10 building equipment and
nonstructural components are given based on a seismic
force coefficient. This is derived from specification of
local seismic coefficient to water tanks. chimneys, ell;.
extruding from roofs specified in Notification No. 1101
of the Minisuy of Construction. ]981, Building
Standard Law. The design seismic force coefficient of
building equipment and nonstructulal components is
determined by the local seismic coefficient method or by
the modified seismic coefficient method. Both includes
acceleration amplification effects with stories of a
building, and the Jailer includes explicitly those effects
of equipment. An importance factor is also a parameter
of seismic force coefficient. Building owners and
structural designers can determine whether specific
building equipment and nonstructural components are
genaal or important.

Representative seismic coefficient values of
general building equipment and nonstructural
components at the (lISt floor level are campared in Table
3.1 with a representative base shear coefrlcient value of
buildings higher than 31 meters and not taller than 60
meters. The seismic zone faclor Z is assumed to, and
the structural characteristics factor Rt is also assumed
1.0 in building base shear determination, The design
seismic force coefficient is 0.4 in the local seismic
coefficient method, and 0.2 in l.he modified seismic
coefficient mel.hod. These values are equivalent to a
design base shear coefficient of 0.2 for the rtrSt phase
design or for possible several moderate earthquaIce
ground motions during building lifetime. The design of
members are based on allowable stresses for temporary
loads in both building equipment and nOnstruclurai
components. and building structures, In addition, !he
structural design requires ;:. check of ultimale strengl.h of



an overall struclUre against ;) design base shear
coefficient of 1.0. This check is on the basis of
possible one major earthquake ground motion during
building lifetime.

The seismic design of building equipmcnt and
nonstructural components requires a ddori.,3tion
capacity check in addition to a stress check. nllildings
are designed for moderate ~quake ground motions so
that story drift angles are less than 1/200. Vertical
pipes of buildings are designed so that the pipes can
deform to 1/200 story drift angles without damage.
Pipes through expansion joints arc designed so that the
pipes can deform to maximum relative displacements
among two struCtures in possible reverse phases. The
guidelines include several detail e;w.amples to secure
enough deformation capacity.

The seismic design of building equipment and
nonslructural components for major eanhquake gl'Ound
motions (Ref. 5) assumes the following slory drift
angles of thrcc types of buildings: a) Steel Structure 
more than 1/100 story drift angles; b) Reinforced
Concrete Structure. and Steel/Reinforced Concrete
Composite Structure with comparatively a few walls 
less than 1/100 story drift angles; and c) Low-rise and
Medium-rise Reinforced Concrete Structure. and
SteeI/Reinforced Concrete Composite Structure with
comparatively many walls - less than 1/200 story drift
angles. Story drift angles in building structures during a
major earthquake are evaluated from those for moderate
earthquake ground motions in the presented formulae of
Ref. 5. As the first step of the seismic design of
building equipment and nonstructural components. the
maximum story drift angle of a structure shall be
estimated and evaluated. Then. the prospected damage of
building equipment and nonslrUctural components shall
be compared with that of a building structure, and
suitable ones shall be selected.

3.4 Seismic Design Methods for Equioment
Mgchine Piojn" Bodies. gnd Their Supporting
Members

(1)OUflioe
Metallic materials are often used for various

water Wlks. boilers. equipment machines, storage boxes
and piping bodies. Lately, FRP «(iber reinforced
plastics) has sometimes been used for storage tanks.
Also. steel angle members are used as material for
supporting frames use 1 to suppon piping against the
struetuJe. In designing ,:ach member such as a machine
body by one of these materials. the allowable stress
design is often used to control working slIesses
generated in ea(;h membolr by the design foree noted in
Scclion 3.3.

(2) Stress Analysis of Each Member
A working stress generated in each member is

approximatelY in elastic calculated on the basis of the
elastic stiffness of each material.

(3) Allowable Stress of Each Member
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Thc Enrorccmenl Order. Building Stand;u-d Law
stipul;Jtcs that the dwd weight of each machine and the
weight of its C'untcnts should be defined as permanent
IO:ld< ol1l! thesc weights plus seismic forces as temporary
loads. III case of the materials covered by 1IS, it lists
allowable stresses for sep;u-ate loads. As seen in Table
3.2, the tempor.lI)' allowable stress of met.allic material
is the standardized yield point slrength of thaI material.
Incidentally, in normal cases, the sLandardized yield
point strength is approximately 1/1.1 10 1/1.3 and never
below the actual yield point strength of the material
although it depends on the type of steel material. The
0.2% offset point strength is used for steel materials
which have opaque yield points. Moreover. the order
stipulales that allowable stresses of adhesives and the
like which do not have any standards should be
delermined by making experiments on it and then
seuing appropriate safety factors on the results.

(4) Confirmation of Strength Capacity of Each
Member

In terms of the strength capacity, the safety of
various ~uipment machine bodies is usually conftrmed
by checking to see if the working stress of each member
obtained as stated above is not over the temporary
allowable stress. Never available are those design
methods which use the ultimate strength and expect the
effects of inelastic deformation capacity as in building
superstructures.

3.5 Allowable Stress of Anchors

(1) Outline
What is called post-installed anchors are often

used to attach equipment to reinforced concrete buildings
or floor slabs. In the seismic actions for equipment and
piping covered in this report, such anchors are used in
the following cases and play an important roll:
a) insLalling equipment machines or vending machines
on the floor slabs;
b) attaching seismic supporting member of piping to
walls; and
c) attaching prefabricated precast CJlterior panels.

Therefore, some related technical guidelines
provide for the allowable strength capacity of the post
installed anchors. But there are ~ti!1 many problems
unsolved because of the variety of the products on the
markeL

(2) Design Methods of Anchors
Like the equipment machine bodies noted in

Section 3.4. the allowable stress design method is used
to design anchors, so it is necessary to set the allowable
strength capacity for anchors.

(3) Temporary Strength Capacity of Anchors
Since anchors are ordinarily subjeclCd to tensile

forces, shear forees. and/or their combined forces when
used to attach equipment machines. ICmporary strength
capacities are set for those working streSseS as follows:

Tensile bearjne capacity Ta
Ta· ~1.Min(Tal,Ta2. Ta) (3.2)
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where.
Tal" strength capacity which is caused by the

tensile yield of anchor and depends on their sectional
area. aA, and yield point stress. Oy;

Taz • strength capacity which is caused by the
cooe·type failure ofconcrete and depends on the anchors'
embedded lcngth.IA and corU;:~1e strength. Fc;

Ta3 • strength capacity caused by the bond
failure of the connecting plane between adhesive and
concrete when adhesive anchors are used; and

III I = strength reduction coefficient which
represents the safety factor of the material.

Sa capacity Qa
Qa = IIlz·Min(Qal. Qa2> (3.3)

where,
Qal • bearing strength which is caused by the

shear failure of anchor bodies and depends on aA and aA

and O'y; and
Qa2 = strength capacity which is caused by the

failure of concrete and is usually represented by a
function of Fc. Ec (elastic modulus for concrete) and aA.

Safety with anchors subjected to combined
~

(Q. 1) shall be considered by using charts based
on the following expression or other similar
alternatives.

(Q/Qa)n ~ (Trra)n ~ I (3.4)
Ordinarily, the value of 1 or 2 is used for n.

(4) Problems with Anchors
As Slated above. anchors play an important role

in the seismic design of nonstructural components but
there are many problems unsolved, including those
under investigation:
a) There is no standard for industrial products
manufactures, while many products are on the market;
b) Few research materials are available in terms of the
effects of dynamic cyclic loading and creep phenomena
on Slrength capacities or 1000d-denection relationships;
c) There are few data on time-dependent durability or fll'C
proof abilities;
d) Few date are available in terms of hOw base concrete
conditions and conslnlCtion preciseness work on the
anchors: and
e) There are few date on limit conditions for combined
~. '

3.6 Structurgl Details for Seismic
Coyntermeqsyres

(1) Outline
Since actions bued on structural calculations

tannot cover the whole sphere of aseismicity
improvement for building equipment, structural details
to be adopted are often illustrated and recommended
spccific:ally, Among suc:h slnlc:&W'a1 details. many have
been developed to cope with horUontal deformations
occurring in lime of earthquakes. while some are rdaled
to tile strenp capacity. These structural details are
divided in several major c:atepes below.
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(2) Structurol Detoils for Seismic DefQrmations
The strul::lural details are mainly related to piping

joints. the formation and joining of interior and exterior
fmishing. structural strengtJ1 capacity. and otJ1er matters.
a) Many of tJ1e structural del:lils for piping joints are to
control deformations occurring in time of earthquakes.
For example, as for piping through expansion joint
members as shown in Section 2.4, tJ1e demit describes
how to install flexible pipe joints or flexible joints in a
manner that Ibey will not be damaged by deformations
of possible intensity. Also it describes how to use
flexible joints where the piping enters the building from
outside so as to control uncalculated deformations which
are possible to occur vertically and horizonlally.
b) The structural demils related to the formation and
joining of various interior and exterior finishing I)
contain typical demils about fasteners for precast curtain
walls (fixed or sliding type). dry-type partition walls in
steel buildings (flexible type). glazing compounds of
glass windows (clearance with frame members), and
seismic doors and ceilings (flexible enough to resist in
plane deformations).
c) The structural demils for strength capacity include
details about reinforced concrete nonstructural walls
stated in Section 2.4 (1) and convenient tables for
selecting appropriate seismic support members for
piping (see Section 2.3). as well as the detailed figures
of strul::tLlfal joints for the supporting frames of
equipment machines (showing the shape of gusset plates
for the end of braces and the position of rivet holes).
They arc used to omit calculations for the strength
capacity except the uses of secondary walls.

3.7 Equipment Machine Design ood
Confirmatioo

Today in Japan. licensed building engineers are
responsible for the seismic designing of building
structures based on the related laws and orders bl.
whe~ building officials at the supervising authorities
~ in charge of structural calculalions and structural
drawings based on tJ10se calculations. On the other
hand. although building equipment and piping under
control of laws~ sim:larly conflIlTJed. there is no large
control or building confirmation for various inlerior and
exterior rlllishing. Partly due to Ibis. exccpl the cases
of official buildings. aseismicity has not necessarily
inspected for nonsltUCtural components. Also. building
confirmation for building equipmeftl is nOI as
scrupulous as that for strength capacity.

4. CONCLUDING REMARKS

We ~ported above on the guidelines. and related
lEtual design and conflmllluon regarding the seismic
design for building equipment and other nonstnlClUrn1
components or members. As stated, there arc not a few
problelfts as some guidelines have much to be
coordinalCd or improved. These guidelines are
established by several commiuees ofleamed and
experienced people. affiliated with the Ministry of
Construction. and the Ministry or International Trade



and IndusUy. Rescard\ers at !he Building Research
Institute eommillhemselves to almost all!hese
commiuees and offer them technical infonnalion so as
to ma.inWn consistency amonglhe guidelines.
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Damages and LesSODB From the Loma Prieta EartbquaIte

by

Stephen A. Mahin·

ABS1RACT

The Lorna Prieta earthquake prOYides a wealtb of
information on the seismic response of a wide
variety ofstrutluralocatcd in a large metropolitan
area. Soil amplificallen of motions al sites distanl
from the epicenter ooDtnbulcd slpificantly to the
damage developed during the earthquake. Because
of tbe large shaken area, the earthquake provides
much useful Information on earthquake resistant
design and preparedness planning. Structural
damages resulting from the earthquake are
reviewed herein with emphasis on buildings and
bridges. Implications for modem design and
retrofit methods are highlighted. Emphasis is
placed on the need to carefully oonsider soil
oonditions, to treat a structure lIlIi a system rather
than as an assemblage of Independent elements. 10
explicitly define performance expectations. and to
Increase errorts to retrofit older seismically halJIrd
ous structures.

KEYWORDS: buildings; bridges; damage;
earthquakes; retrofit; seismic resistant design.

1. INTRODUCTION

The Loma Prieta earthquake of October 17, 1989
has proven to be one of the ID05t OO5tly natural
disasters in American history. Probably tbe most
vivid cwnples of structural damages from tbe
period Immedlalely following the eanhquake were
the calaSUDphic oollapse of the Cypress Street
viaduct on Interstale 880 in Oaltland, the partlal
oollapse of a section of the San Francisoo • Oak·
land Bay Bridge, aDd the distress 10 numerous
buildings in San Francisoo's Marina district. As
addilional data was Jlllhered during Ihe days and
weeks foUowillg the earthquake, It became
abundantly clear that damages were far more
extensive lhan originally suspected.

In total more than 18,000 dwclUngs and several
thousand other ItrueIUI'eI were Ilgnlflcantly clam
aJed by the earthquake. Nearly a tbousand of
theIe were destroyed by the earthquake itself ucI
SOO more IIa\'C bceD demolilbcd siace the earth-

Preceding page blank

quake. Numerous buildings and brldga stand
empty today u studies oontinue to determille the
technical and eoonomic feasibility orrestorilll their
structural Inlegrity.

Particularly severe damages were observed the
epicentral region. The older downtown regions of
Santa Cruz, Watsonville and Los aatos (PI8- 1)
were hard hit as were individual homes In the
Santa Cruz mountain. Today, several square
blocks in Watsonville and Santa Cruz baYc been
demolished and stand vacant u silent reminders of
the devastation caused by this earthquake. High
way and building structures were also damaged in
localized regions throughout the greater San
Francisco Bay Area. Significanl damages were also
observed in lifeline facilities (waler pipelines and
treatmenl plants. In particular),telcoommunication
facilities. and in the arctlltectural and mechanical
oomponents and oontent5 of buildings.

The total rost of tbe physical damaJCI to
structures Is estimaled by Ihe Federal Emergency
Management Agency (FEMA) to be in =:as of
S 6.7 billion. However. the total rost of the
earthquake. ooll5idering the lou In Immediate and
long term business revenue. damage to oonlClllI
and invenlories, medical ucI workman'l compeDII
tion claiDl5, and reallocation of re&Ounx:s, is likcIy
several times tbis amount.

1be buman toU of the earthquake _ a1lIo sub
stantial Sixty seven fatalities resulted from the
earthquake Bnd more than 3,7(1) InJurieI .ere
reported. While these numbers are tar.. they are
DO where u large as might ba\'C been czpccted
oonsidering severity of structural damaF- The
low number of casualties 15 attributable In pan to
lhe fBCI lhat on lhe day of the earthquake many
people had goDe bome early 10 walCh the buebaU
World Series.

'Professor of Ck'il Engineerinlo UDivenity of
caUfom!a. Berkeley, CA 94720



For example, based on the number of vehicles
expected on the Cypress Viaduct on a normal
workday. estimates of fatalities made just after the
earthquake exceeded 700, substantially greater than
the 42 deaths that actually occurred. This is
indeed fortunate. but it is clear that had the
earthquake occurred under more normal circum
stances. casualties in this and other structures
would likely have been far greater.

In addition, the number of damaged and destroyed
dwetllngs resulted in more than lO,CXXJ displaced
persons. Finding adequate food and shelter for
these individuals oontributed significantly to the
recovery efforts. Fortuitously. the weather was
good and, with a few important exceptions, the
transportation infrastructure remained intact
permitting relief supplies to be delivered to the
needy.

The Loma Prieta earthquake is the first :najor
seismic event to strike a major metropolita:t area
in the U.S. in nearly 20 years. As such, it provides
the earthquake engineering pmf~ion with a
unique opportunity to assess ~tructural design and
retrofit methods. As the ~rthqualce affected an
area where even larger earthquakes are expected.
an examination of the damages will provide par
ticularly valuable indications of future damage
trends. Because the levels of motion was not
unusually severe, and because many different
common structural types and soil conditions were
excited. the earthquake also provides planners and
engineers in other parts of the world with many
valuable lessons.

In this paper, the overall natlire of structural
damages observed during the Loma Prieta
earthquake are reviewed. After making some
overall comments on tbe apparent severity and
distribution of the damages. information regarding
the specific types ofstructural damages obsem:d is
presented. Due to space limitations, emphasis is
placed on building structures and bridges. Finally.
tbe implicatIons of these damages to the design of
structures in seismically hazardous areas are
offered.

Additional detailed Information on the damages
can be found in the References.
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2 SEVERIlY AND DISTRIBUTION OF
DAMAGES

Ground motions were recorded at 131 sitea and in
46 bulldinp during tbe eartbquake. Correl_tion of
this information with observed damage will provide
a focus for research for many years to come.
However,5e\'eral important observations regarding
the distribution and severity of structural damage
can already be made.

First, ground motioos rcmrded in the epicentral
reglot:. ~le quite severe, raaginl up to 64% of
P"I Motions greater that 30 to 40 percent of
F\.. '! ...ere detee:ted over a very wide area. Since
the&e levels of motion approach those considered
in the design of DeW structurea, one might expect
to ICe In thae areas some significant damage to
engincc-ed structures, especially to older ones
deslgn~ to I",,,,,. :".~ levels, However, damage
in these areas Wl\h ":~ exceptIOns concentrated in
older unreinforcecl masonry all" 1IroOlIen structures.

Older types of ~ngineered structures with known
seismic vulil~J'I!Nllties (SlOo..b as non-dllClile
reinforced concrete buildinp, till-UP structures,
precast buildings, etc.) ge.~rally survived the
motions in the epicentral region without serious
damage. While the precise reasons for this
une,,~ good behavior are under study by
many at the moment, this anomaly reconfirms the
limitations of peak ground aa:eleration as sole
reliable index of earthquake damage l'Otential. In
this <:ase, the recorded motions in the epicentral
region ranged from 6 to 15 sea>nds, depending on
lhe record aad the method used to determine
duration. nus duration Is sbon for IIlJs magnitude
event In additloll., surface displacements induced
by the sbakina were also relati\tely small in
wmparison with those developed durinS other
1I'.0re typical and damaging earthquakes of this
'.nagnltude.

Comparison of tile motion and damage data
obtained for this and other earthquakes will pro
YicIc very important insight IIlIO the factors that
iDfiuence damage in structures. Until the OlH

aJlDes of suclt studies are blown. It is prudent to
ackDOIII1edF that the Loma Prieta earthquake did
not aenerate particularly damaging motions In the
epiceutral reJioIl and that it may nol be conserva
tive to Cltl'apolate dama..OCItUrrinl in thiI region
to other parts of the Bay AreIi or the world where
earthquakcl with pater damage potential might
oa:ur.



Damage was quite serious to a wide variety of
structural types in some areas outsid: the epi
central region. In particular, regiollli of san
Francisoo, Oakland and other areas as far as 80 to
100 kin. from the epicenter suffered significant
damago. Peak ground accelerations recorded Oll

firm soil at thoe distances were generally around
10% of gravity or less. However, most of the
strutturo damaged in these areas werr. concen
trated around the San Francisco Bayc.u Man made
land overlying bay mud or on soft, deep soil
deposits. In these areas mN;uns were recorded
with peak accelerations ~anging between 20 and
30% of gravity. Nonetheless, duration of shaking
was relatlve~ ~jlOrt, generally less than 6 sec., at
thoe SitO.

Attenuation ot peak. ground acceleration ~t

distance was substantially less severe than might he
expected on the basis previous west coast earth
quakes. Whether this discrepancy relates to special
features of the faull mechanism and resulting
directivity f 'r the Lorna Prieta earthquake or
unusual, high amplification of the earthquake
waves by the soft bay mud requires additional
study. Regardless. the large laventories of older.
seismically vulnerable. structures 1000too over
these soils resulted in substantial numbers of
damaged stru....m:s. Soli effects clearly had B

dominant influence on the unusual severity aOCl
distribution of damages throughout the Bay Area.

Nonetheless, serious damage still concentrated in
only the most vulnerable of structures since mo
tions still were generally significantly below current
design levels. On the other hand, the damage
observed possibly provides a reasonable indication
of the damages that might develop over a wider
area ira large local earthquake occurred in the Bay
Area. In this case, peak accelerations would
approach th06C that developed only on soft soil
during the Lorna Prieta earthquake. lboe c1amag
es also may provide a useful indication of the
nature of damages that might occur in other a~
of the world where similar soft soil conditions
exist The 1989 Lorna Prieta and 1985 Mexico
earthquakes c1eally point out the potenti~ivulner
.ability of urban areas over;flng soft deep soil
deposit, Cller. for distant earthquakes. This should
have IlUljor Implicatlo.1S for the Pacific Northwest,
the c:entnl mid-west and many locations on the
eas~em seaboard of the U.S. and elsewhere in the
world where similar conditions exist.
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Significant damages also occurred to new and older
buildings in the Palo Alto area. This region was
relatively close to the epicenter and had large
stacD of buildings. Ground motions ranging
between 30 and 40 percent of gravity were record·
ed. Several new concrete and steel buildings
suffered c1amaged as did older reinforced concrete,
wood and masonry structures.

Thus. it appears that structural damage Is highly
dependent or. the nature of the building invento
rio present in the shaken area, the typo of soil
conditions and the specific characteristics of the
motions generated by the fault rupture and that
arrive at the site. While elJorts aimed at microzo
nation must continue. this sensitivity makes it from
a practical perspective all the more important to
design structures in accordance with the basic
lessons learned from past eanhquake.<i.

These past earthquakes have suggested the
desirability of designing simple structures that are
inherently insensitive to the uncertainties
associated the input motions and soil conditions.
Thus, emphasis should be placed on avoiding
systems with limited redundancy or that tend to
concentrate damage in a few locations. on
providing details capable of large inelastic
dcformalions, on selecting structural &y5tems that
are able to limit deformations to reasonable IClleIs,
and on attaching nonstruClural components in such
a nlanner that they do not adversely inOuence
structural response and are not extensively
damaged by the structural deformations.

The c1amages produced by the Loma Prieta earth
quake must be reviewed to determine the contin
ued soundness of thtse past lessons. In the follow·
ing sections, the performance of a variety of struc
ture5 will be reviewed with this In mind.

3. DAMAGE TO BRIDGE STRUCl1JR.ES

More than 1500 bridges exist in the area affected
by the Lorna Prieta eartbquak~. Eighty of thoe
lIuffered some relatively minor damage during the
earthquake, ten required shoring (thOUgh traffic
continued to Dow over them during repair) and
another ten were closed due to the stNerity of the
damage. Three bridges suffered collapse ofone or
more spans. Thoe were the double deck Cypress
Street Viaduct. the truss sectIon of the san
Francisoo • Oakland Bay Bridge and the Struve
Siougb bridge west of Watsonville. The collapled
splm on the Bay Bridge was replaced within about



a month. The Cypress Street Viaduct has been
demolished, and six other double deck viaducts in
and ncar San Francisco remain closed a year and
a half after the earth<juake awaiting the results of
engineering studies to determine whether they can
be economically retrofit. The Struve Slough bridge
was removed and rebuilt within a few months using
modern design practicc".

Virtually all of the bridges in the area had
undergone the Phase I retrofit program. iniliated
by the California Department of Transportation
(Caltrans) following the 1971 San Fernando earth
quake. These retrofits consisted of installing cable
restrainers at bridge expansion joints which arc
intended to prevent bridge deck mcmben; from
sliding from their seats. These retrofits proved to
be generally quite effective during the earthquake.
In addition. at the time of the earthquake several
bridges in the Bay Area. including the double deck
Interstate 480 Embarcadero viaduct. were under
design review for Phase II retrofits. The locus of
this new retrofit effort was on tall single column
bents that failed c:..tastrophically during the 1971
San Fernando event.

4. DAMAGE TO STEEL BRIDGES

A number of long span steel bridges arc used in
the Bay Area to cross the bay and to span over the
sacramento River. Damage was reported to three
of these: the san Francisco· Oakland Bay Bridge
on Interstat" SO, the San Mateo - Hayward Bridge
on Highway 92 and the Carquinez Bridge where
Interstate 80 crosses the Sacramento River at
Carquinez Straits.

The portion of the San Francisoo - Oakland Bay
Bridge east of Verba Buena Island consists of a
double level freeway supported on truss spans. A
large steel tower (numbered E9) is provided near
the center of this segment of the bridge. This
tower resists longitudinal loads from a single
506-ft span to the west and two 290-ft. spans to
the east. The two concrete roadways extend across
the tower on sets of 50-ft. long. simply supported
steel beams running parallel to the bridge's
longitudinal axis. Each of these beams was bolted
to a seat angle on the east, but the seat was
allowed to slide freely at the west end. During the
earthquake the beams slid froOl the free end with
the west end of the upper deck resting on the
lower one (Fip. 3 and 4). The lower deck was
also unseated aDd came to rest several feet lower
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on an electrical transformer housing and tbe tower
bra~.

In addition, the bottom chords Jf the tfUSSCS were
aUached to the tower by means of twenty I-in.
diameter bolts. During the earthquake the bolts in
the connection on the east side of the tower
sheared completely and the bearing plate moved
approximately 5-10 inchcs to the east. This was
the proximate cause of the roadway beams slipping
from their seaLS.

Additional damage to the eastern portiOns of the
bridge were also identified. These damages ranged
from spalling of concrete in support piers to
shifting of bearing platcs and breakage of anchor
bolts.

The bridge was repaired by jacking the eastern
segments back into place and providing new road
way beams and supports. The support seats were
oonstructed aoout 50% longer than in he original
design. A more extensive study is currently under
way by Prof. A Astaneh and his colleagues at the
University of Oilifornia, Berkeley and by C8ltrans
to assess more reliable long term retrofits.

The San Mateo • Hayward Bridge is a steel ortho·
topic box girder bridge with a main span of 7SO-ft.
During the earthquake one of the bearing
assembles on an approach pier sbifted. The cap
screw used to retain the S-II2-inch diameter
bearing pin stripped off. The upper portion of the
bearing assembly shifted with respect to tbe lower
potion by about 2-3/4 inches. The bridge was
jaeked back into po5ition and repaired without
interruption of traffic.

The Oirquinez Bridge consists of a pair of steel
cantilever truss spans. Bearings supporting steel
plate girder on the approach to the bridge re
portedly tipped over. These were repaired by
jacking the girden; up and re-setting the girders. In
addition, the piers supporting the truss spans
sbifted in some locations as much at 2-inches.

The closure of the san Francisco - Oakland Bay
Bridge and the damage to tbe other bridges cross·
ing the bay clearly indicated how vital thC5e
vehicular arteries were to tramport within the Bay
Area. The Governor of the State of california has
since signed a proclamation mandating that such
critical bridge structures be designed to remain
operable following a major earthquake. This Is a
significant depanure from the emphasis usually



placed on life safety in the design of such
structures.

5. DAMAGE TO REINFORCED CONCRETE
BRIDGES

The most spectacular damage to reinforced con
crete bridges was the catastrophic collapse of
nearly a mile long portion of the upper deck of the
Cypress Street viaduct located in west Oakland on
poor soil reclaimed from the bay (Fig. 5). This
structure was designed in the early 1950's and
construction was completed in 1957. The deat"
toll from this collapse was 42, though as
mentioned earlier a thousand casualties or mOle
might have been expected had the earthquake
occurred during congested rush hour traffic.

A variety of factors contributed tel the failure of
this structure. These include the amplification of
the ground motions due to the soft soil conditions
in the vicinity. traveling wave effects, and variable
soil conditions. The structure was also built at a
time when earthquake resistant design procedures
were not highly developed. Thus, while the bridge
appears to have been conservatively designed
relative to the structural requirements in force at
the time of its construction. it has a number of
major deficiencies with rcs~t to current
construction practices.

This bridge represented in many respects a sub
stantial advance in the state of the art at the time
it was built. Not only did it have two levels, it was
one of the first major bridge structures in the U.S.
to employ post·tensioning and large diameter
reinforcing bars. In most cases the structural
system incorporated a significant number of
Rexural hinges in order simplify the future
addition of access ramps. to reduce secondary
forces resulting from deformations associated with
post-tensioning and foundation settlement. to
reduce computational effort and to control
moments that could be transferred to the
foundations. This resulted in a struc1ure that was
nearly statically determinant. In addition, detailing
did not incorporate features needed to impart
ductility to tbe elements (shear reinforcement
sufficient to develop the Oexural capacity of
members. confinement of potential plasti~ binge
regions and inadequate development length on
reinforcement). and joints were neither confined
nor designed to resist the shear forces associated
with realistic lateral loadings. Details of a typical
transverse bent are shown in (Fig. 6). In addition,
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in the longitudinal direction, frame action
depended on the bending forces developed in tbe
decks being transfened to the columns by tonlona!
forces developed hy shear friction. A relatwely
massive and brink stru~ture resulted.

Detailed studies b:I Nims et 81 (1989) and otbers
have indicated thai any of a number of struc1ural
deficiencies could have triggered the collapse. The
laek of redllndan(.'Y (needed to redistribute forces
in the event of the failure of an element) and the
brittle details utili7..cd ma-le the final catastrophiC
outcome a certainty, regamlCSli of the actual trigger
of the failure and details d the ~~::;iI1IC input.

The dominant features of the typical collapse
mechanism are shown in (Fig. 7). Sbear cracks in
the pedestal supp<Jrting the hinged upper level
columns were able to extend downward into the
joint region following the projection of downward
bending hooks on the end of the transverse girder's
(cap's) top level reinforcement. The lack ohhear
reinforcement in the joint allowed this inclined
crack to act like a slide, with the resultant pancake
collapse of the upper level.

The sudden and catastrophic nature of this failure
mechanism was demonstrated convincingly during
the demolition of the viaduct. A wrecking ball was
used to initiate failurf. in a single column. Almost
immediately progressive COllapse occuned
throughout the upper level not only extending
transversely across the roadway, but also
longitudinally for six bays to tbe end of the
remaining standing portion of the viaduct (AJ. 8).
Clearly, such brittle structures are not compatible
with earthquake resistant design.

Upon construction of the cypress Street viaduct a
series of six other double deck viaductS M:re
designed and constructed in the San Francisco Bay
Area. All of these: suffered damages during the
earthquake. Each suffered characteristic distresS in
the lower joint regions similar to that developed in
the cypress Street structure. An ~~;l1r.ie of this
is the Southern Freeway portion of Interstate 280
located near tbe southern border of San Francisco
(FiJ. 9).

A bent in a etJrved connect'lr structure between
Interstates 880 and 980 near the Cypress viaduct
also suffered damage. A knee joiot exteDcling
transversely from the side of the deck developed
severe shear cracks and a #18 bar fractured at the
hook (FiJ. 10). The apparently inadequate abcar



capacity of such joiots is of concern, since the
structure was only about two years old at the time
of the earthquake. Similar damages were seen nn
several older single level viadum (e.g., where
lotelltate 2M crosses Mission Creek). ImprOVed
design cril~rill and retrofit procedures for such
knee joints are under Investigation by Caltrans.

Two sbort bridges crossed over Struve Slough
ncar WallOoville. 1belie wnsilited of multiple,
skewed T·beam spall5 supported on monolithic pile
bents. During the earthquake the supporting piles
failoo In shear, resulting in tbe d«:k of one of the
bridgcs collapsing ancl the piles punching up
through the deck.

6. RETROFIT TESTS OF CYPRESS VlADucr

1be need for rapid retrofit of the damaged double
deck freeways in the San Francisco area led to a
series of field tests on undamaged portions of the
Cypress Street viaduct. These tests wnsisted of
forced vibratioo studies to determine the dynamic
characteristics of the structure and static lateral
load tests in the transverse direction to determine
force and deformation capacities. Tests were
performed on a relatively unmodified segment of
the structure, as well as on the same segment after
it was retrofit. The three bents used in the tests
are shown in (Fig. 11). The results of these tests
have been reported by Moehle and Mahin (1990).

Tests on tbe original structure indicate that the
upper oolumn pedestal and the adjacent lower
joint d~loped CllICking characteristic of tbe
damage leading to the failure of the structure
(Fig. 7) at a displacement of about 3/4-in.
(191 mm)at the upper deck level. 1be total lateral
load of 1400 kips (635t) applied to the tbree bents
oorresponds to an equivalent base shear coefficient
of about 0.32 assuming a 2:1 distribution of loads
to the upper and lower deck levels. A simple
elastic: time history analysis of the test structure
has shown that it would have required a base shear
coefficient at least 61% larger to have remained
elastie for a ground motion recorded nearby. The
workingltress base shear coeffident utilized in the
original design was 0.06.

'Three dift'erenl types of retrofits for the lower
joints were iJM:Sligated. In addition, upper and
lower bent cap' (JinJell) were cnernally pml.
tensioned to help compensate for inadequate bar
development lengths, and to provide Increased
strength and confinement in the joints. Most of

tbe columns were reinforced in shear by adding
cnerior post. tensioning.

The retrofits were able to maintain the vertical
load integrity of the test structure. However,
significant damage was observed. In particular, the
critical failure zone moved away from the lower
joint to the upper joints. which began to fail and
disintegrate during the tests. Diagonal cracks in
the upper jOints began at displacements at the
upper deck level of less than I-in (254 mm). In
addition,the non-retrofit wlumns began to fail In
sbear at an upper deck level displacement ofabout
I.S·in. (381 mm) and an equivalent base shear
ax:fficient of about 0.61.

After strengthening the shear damaged columns,
the structure was again cycled and lateral dis
placements of 9.8-in. (0.25 m) were achieved at its
top along with equivalent base shear coefficients of
0.91. These values are about 13 and 3 times
greater, respectively, than the wlues that could
have been developed by the original structure
(Fig. 12).

One of the bents had heavy steel wide fiange
sectioll5 post-tensioned vertically along the face of
the columns like splints. During the tests
composite action could not be maintained and the
relatively long lengths of unbounded post-ten
sioning steel used resulted in large cracks and
spalling In the lower joints and in gaps between
the steel and the wncrete (loss of confinement)
over large portions of the columns and joints.

Another bent had inclined rock anchon 8fOuted in
the lower joints. This bonded reinforcement
proved effective in resisting perpendicularly
oriented shear cracks. However, towards the end
of the tests spalling and flexural aacking and joint
shear crackiog had begun. 1be continued integrity
of this retrofit scheme under these conditions was
not fully addressed.

The third retrofit consisted of a heavy steel collar
placed around the pedestal and the base of the
upper level column. This collar was JIClIIt-tensloned
to the sides of the lower joint. During the test the
collar was observed to rotate about tbe lower joint
and. upon its removal following the tests. fully
developed sets of inclined cracks were observed in
the joint along wltb much pulverized concrete.



These tcsts Indicate the err«tiveness of re!rofi II 111!!
existing bridge structures. However. th.:y P' Hnt out
the Deed to coMider a structure as a sv",lem and
nOl to simply flll the damaged or O\cr·stress~d

portions. The Iimitalton~of the te.\ls musl abt, tlt:
rea>gnized. Loading of the test structure \lIa,
halted when the test site hall ll' tx: V;K~teJ

However. the structure wa., not believed sale I"

oontinue tcsting at that time The lIdmmiJll"l1
history imposed may not tll' mn'er..ative lin lhe
most severe ground motions expecleJ !n the B;IY
Area. In addition. no allempt .....a.' made to retrofit
or tcst the structure in the longilullIfl3l dIre,'''' ,n
and this mode of behavior musl t)e car,'j ullv'
considered,

7. DAMAGE TO WOODEN B~Ilf)I;-';CIS

As indicated prcvilllJsly n~·:trly 211,Inl u""e1linl'
units were damaged during the Loma Prieta e;nUl
quake and 10.000 individuab .....ne f"f\:ed til rd)
cate as a result. A majority of lhc,e olsplal'C'l!
people lived in wood frame h"uses and ap3rtmcnl'.
Many homcs located in the Santa Crut mountain',
in the immediate epiccntral region, were damageJ
Damages ranged from fallen chimneys and por~h.."
to partial or complete collapse. Many .....ood frame
buildings in the hardest hit areas werl,; owr·
whelmed by the seismically indLlccd inertIa forl'c,
Sadly, the majority of the damage (\<:l:ulled in
older wood frame buildings where the SlrU(tur~"

were simply not connected I" thl'ir foundatillll'
During the earthquake. as they haw in innumer<t·
ble past earthquakes, the struclurc.s simply shifted
off their foundation with rcsultant vertic" disloca·
tion (Fig. 13).

Another common type of failure that was ohserveLl
related wood Cramt> dwcllin~s built upnn short
pony or cripple' These short walls providnJ
a two to four foot \ lJ.6 to 1.2 m) tall acces, 'racc
that was used Cor storage. ventilation alld ttl

acoommodate sloped sites. In m:lny nluel
buildings the framing bet.....een the ground nom
and the foundation consisted of vcrti\:al stuu, ;.nd
hori1nntal siding. Even though uiagonal braces
were provided in the upper levels III resist lateral
loads, braces were typically omilt~ from the JIl-my
wall<;. In addition, the hori7.0ntal siding covering
these walls in most cases had badly deteriorated
and effectively provided litlle or no lateral
resistance (Fig. (4). The failure of these shon
5Upport walls resulted in large vertical and lateral
displacements of the supJIl-lrted slruel U:" \lIt IS).
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The unlllflunate a.'p«t of both of these forms of
damage I' that '-Imple and economical retrofit
pwn:dUfl". If Implemented prior to the earth
'lUJ~I,;. wuh,l have pres'cnted or significantly
rClluLUI the scvnlly of the observed damages.
Repair f,'Unwing the earthquake was generally
c'xtr'rIlclv e\JXn\l'" not unly a.<; a re-mlt of the
1~"julreJ suu,lul.II r~'paiP.o>. but because of wide
,pfCdJ dam"!,,,,, to architectural, electrical and
nJe,ham(al kalurc.' Pre-earthquake retrofits to
these ",ails and fnundatioDS were seen to be efl«
111,'<' 111 ~e\'Cral In'lan"c.o; in santa Cruz and else·
",,11""l'.

AnOlh"'r form of damage t(J wooden structures was
LJh,crvcd ill the' M:II in:: Di_triet in San Francisco.
"11m ;tr~ \\a~ II ,"'tructed on loose, fine sandy
h"JI:lUllc 1111 DUml!! the earlh~uake the area
cxhd)lll,;L1 1,;\ll!t"nL~ 01 significant liquefaction with
IOGlli/... L1 sand hoil~, latcral spreading. slumping
anL! hc·:t\Jng \If sidcwalk~ and roadways,

.\1:1 n, W(lod hudulngs were damaged or collapsed
In thiS area. However, a detailed inspectioD of the
,bnla!!'" illl..I1e:llc,\ that the oollapses were
-:\lm·... ntr.'led In three or four story apartment
hUlldlngs (Fig 1fl) loalled at the comers of blocks
(or \\ here a st ru,'t urc was not sandwiched between
1""0 <llher aUjJccll1 tlLlildings with little or no sepa·
rall"n). The'l' older apilrtmem buildingli were
gl,;nerally construe\( d with relatively massive
apartmcnt 110m, sUpJIl-trted over a level of garages
(Fig. 17). The hotlom level thus was largely open
to allow for multiple garage door openings.
TypiQlly. parking qalls were several cars deep and
oftcn extcnded (lUI Ihough the back or the building
to provillc for cven more parking. This situation
rc.sulte<J in a soft first story. Lateral load resis·
tance .....as prmidcd by hori7.0ntal wood sheathing
(oft"n cmcred hy brick veneer) placed over only a
fcw walls. This she:l1hing was observed to have de
wyrd sl'\"CTcly in many casc.'i during the life of the
structure.

The amplilicd !>eil>mie motions in the Marina
District rCl>ulted in the collapse of the lower level
of these corner apartment buildings in many cases.
It is significant to note that these types oC apart
menl complexc.<; arc quit common throughout san
Frandsco. Some apparently identical bllildingli
locatcd only a k'W hlock.~ away from the heavily
damaged area. hut on firmer ground, remained
\Iflll:ltly uncl:lIl1;","U ",nowing the earthquake.
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Table 1. Damage Statistics for URM Buildinp·

·Adapted from Benuska (1990)

Number
Vacated

Approx. Number
of URM Buildings

City

Only limited damage was detected in Gilroy, for
instance, even though motions in excess of SO
percent of gravity were rewrded ia tbe vicinity of
several unreinforced masonry structures. In otber
cities damage only concentrated in certain areas,
with severe damage in some llreas and virtually
none in otbers. While soil conditions play an
important role in this distribution, tbe precise
interrelationships between the various factors
inRuendng damage in tbis class of hazardous
structure need careful study.

================••= ••••••

Berkeley 400 S
San Francisco 2(XX) 252
Oakland 2(XX) 400
South San

Francisco 42 2
San Mateo 28 1
Salinas 96 16
Hollister 17 14
Palo Alto 49 0
Mountain View 20 6
Gilroy 41 2
San Jose 230 3
Los Gatos 29 11
Santa Cruz 46 36

Similar damages were also observed in other areas
of San Francisro, notably in the Mi.'lSion Creek
area located south of Market Street. The
distribution of this damage is similar to that
following the great 1906 San Francisco earthquake.

8. DAMAGE TO UNREINFORCED
MASONRY BUILDINGS

Initial suppositions regarding to the causes of the
severe structural damage in the Marina District
focused on the observed soil liquefaction.
However, structures did not collapse or suffer
substantial damage even in the most heavily
afflicted area, if the lateral load resisting ~lem

was continuous over the height of the building.
Another remarkablc feature was the limited
damage to residential homes located along the
middle of a block. These structures typiUllly wcre
two or three stories tall, with adjacent structures
having the same floor elevations and virtually DO

separation. As noted in during other recent
earthquakes, such structures seem (at least
initially) to buttress one another and suffer only
limited damage. More extensive damage occurred
in buildings located at the corners of blocks.
Where liquefaction occurred near or under a
structure, vertical differential settlements of a few
inches were observed with resultant structural and
especially architectural damage.

Nonetheless, the potential hazard posed by these
structures during future more severe earthquakes
should be carefully investigated.

The older downtown areas of many well
established cities in California were built of
unrcinforced masonry. These commercial areas
suffered significant damages in Watsonville, Santa
Cruz, Oakland and San Francisco. However,
damage appears to be strongly inRuenced by local
soil conditions and the intensity of ground
motions. This can be seen in Table I wherc the
approximate numbers of unreinforced masonry
(URM) buildings vacated following the earthquake
are compared with the total stocks in various
cities. Cities are listed in order of deaeasing
epicentral distance.

The most prevalent form of damage to URM
structures was the collarse or dislocation or para
pets. In most of these CISCS the IIIB5Dnry wu ded
to the noor diaphragm by means of steel ancbors.
The sbort extension of the waD aboYe the roof fell
from many buildings, eYen wbere only moderate
ground motions occurred far from the epiceatral
region.

A panicularly devastating form of damage resulted
when tbe walls were not tied to the Roor
diaphragms. In many cases tbe walls failed out
of.plane, falling into the street (Pi.. 18). In
SC\'eral notable cases the walls fell from upper
0001'5 of a building onto tile roof of a lower
adjacent structure (Fig. 19). Tbe damaae to the
lower building resulted in two cleatlll ill two
separate buildings ill SAali Quz. ID anolber
instance, fhoc c:uualtica resabed wbeIl • wII
collapsed onto tbe sidewalk alQ ill front of aa



unreinforced masonry structure. For the level of
shaking enoountercd. moderate amounts of tie
rei"forcement appeared effective in limiting this
tv,c uf damage.

In some cases in-plane shear failures of brick walls
was observed (Fig. 20). In some cases this distress
resulted in local oollapse of wall panels. In other
bUildin~ wide spread. inclined cracks developed.
stepping along weak mortar joints. In many cases
buildings with moderate cracking have been lert
un·repaired with continued occupanl)' or the
cracks have been simply repaired with epoxy
injection to insure 'Nllter lighlncss.

Brick and stone architectural veneers fell from
many buildings. Typical metal iJlM:rts embedded In
the mortar joints proved Insufficient when the
attachment nails pulled from the wood framing.
The framing under the veneer had deteriorated
badly In many of these ca~. In other ca.~ the
veneers were dislodged as a result of hammering
against adjacent structure~.

9. DAMAGE TO REINFORCED CONCRETE
STRUCfURES

While non-ductile concrete frames have performed
poorly in past earthquakes. few of these types of
buildings were located in areas SUbject to severe
ground shakings during the Lorna Prieta earth
quake. In some cases severe shear cracks were
observed in oolumns. However, the buildings in
question (for example. along Mission Street near
Third Street In San Francisco) were located mid
block with no space separating them from the
adjacent structures. It is expected that the
adjacent structures provided the required lateral
resistance In these cases.

In Watsonville, where peak accelerations of 39% g
were recorded, an old five story reinforced concrete
frame structure appeared to suffer mainly
architectural damage. The building had a number
of broad shear walls which apparently aClXlunted
for its good behavior in spite of tlte severe motions
rewrded in the area.

Damage was observed in a number of newer rein
forced roncrete structures. For example. a me
chanical penthouse, rontaining a water tank.. fell
from the top of a reinforced ooncrete multistory
hotel in Burlingame. Across the street another
hotel. build less than 16 months prior to the
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earthquake. suffered significant damages til iL\

sbear walls In the lower levels and to its dia·
phragms near tbe sbear walls. Both of these hotels
were ronstructed on fill oyer bay mud. Motions at
the nearby San Francisco International Airport
were up to 33%g.

A ten st0l)' moment frame oonstructed in San Jose
of lightweight oonerete suffered severe spalling
damages in several locations and architcctural
damages in spite of ground motions in thc area
less than II % g. lightweight ooncrete shC<lr walls
in a 15 story telecommunications building (Fig. 21)
in Oakland suffered severe cracking. spalling and
splitting in the lower stol)'. This building was
designed 85 a dual system with steel frames
proportioned to carry 25% of the lateral forces
along with the gravity loads.

Damage also occurred in reinforced concrete
buildingli used as hospitals and schools. The seven
st0l)' tower of the Peralta Hospital. huilt in
Oakland in 1927, was severely damaged and has
been demolished following the eartbquake. Thc
Palo Alto Veterans Administration Hospital suf
fered serious damage. including shear cracking to

the oolumns in two of six buildingli. The four
buildingli without damage had been previously
retrofit. A number of reinforced concrcle build·
in~ on the Stanford University campus, including
the School of Su.slness Administration, the LibraI)'
and some residence halls suffered moderate
cracking. The John O'Connell High School in San
Francisco suffered serious structural cracking to its
frame·wall system.

10. DAMAGE TO STEEL BUILDINGS

Damage to steel buildingli was typic:i1ly lCSli
obvious than that to mason.)' or ooncrcle struc
tures. However, there were several reports of
buckled braces in several buildings along the San
Francisro Peninsula near San Mateo and Palo
Alto, In most cases these oould be fixed within a
few days. In other cases substantial effort was
needed to find damage in buildings where large
amounts of architectural distress suggested the
presence of structural damage. Evidence of panel
wne buckling. gusset plate yielding and buckling.
and rolumn buckling were found in several
buildin~.



11. DAMAGE TO RETROFIT STRUCTURES

The engineering profession ha~ known for many
years of the seismic vulnerahihly of many lyre" of
structural s)"items and has altempted 10 retrofit
many of these struclures. The Loma Prieta
earthquake providCli an oppmtunily to a"css Ihe
efficacy of the prOC£dures used.

A good example of the effectiveness of retrofil~ i~

the performance ora four stof)' reinforced concrele
telecommunications building in Watsonville. This
building had been be upgraded hy infilling windows
and adding shear walls. During thc carrhquake
aa:elerations were recorded up to 1.~4g al the rouf
without the building suffering any significant
structural damage. Another example il; the retrofil
reinforced concrele structurc.~ at the Velerans
Administration Hospital in Palo Alto. A,
mentioned previously, these surrned lillie damage
in comparison to the non·retrofit units.

On the other hand, there is ample eviden<:e that
some retrofit schemes did not work as well. This
is attributable to the lack of any pcrformanu:
standards for retrofit work, any <:ode 10 sci loal!
and detailing rcquireml'nls. and virtually no
research on the effeclivem:ss of many lypcS of
retrofit procedures used In practice.

One example of this silualion is a (, story rein
forced concrete building wnslruclel! in San
Francisco at 150 Fourth Street during Ihe early
1980's (Fig. 22). During change of ownen;hip a
few years after it was built a number of seismic
deficiencies were identified. Thl'Se were remedied
on the basis of prolection of the life safety of the
()(;CUpanlS by adding steel hraces and shear walls.
Following the earthquake. connections in the sleel
braa:s were observed to buckle (Fig. 23), Ihe
attachments of the braces to the concrete frames
bad slipped (in some ca.~es due to faulty instal
lation of ancbor bolts). cKtcnsive cracking occurred
in tbe sbear walls. and initiation of punching shear
failures in a few column to fiat plate conn,;:clions.
The building has been since repaired (Fig. 24) to
restore the capacity Ihat exisled prior to the
eanhquake.

Another example. is the Hotel Oakland in Oak
land. This is a steel frame building wilh extensive
masonry lnfill panels. In rl.'trofi lting thi.~ slructure
new lateral load resisting elements were added and
the exterior masonry elements were positively
attaehCCl to tbe building to prC\'ent large panels
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hom falling inln the street. As resull of the
earthquake nearly all of the ma.~onry piers in the
building dl"Vclopcd dhtinctivc x-shaped shear
erack.~. In addilion. at a flOW locations masonry
elcmenL~ were dislodged from Ihe huilding and fell
to Ihe street (Fig. 25). Th~ building apparently
preserved life safety 8!i intenl!cd, but extensive and
el(pensivc repain; were rC(juired 10 restore the
building fully 10 service.

Most of Ihe focus of relrofit wurk hll!i logically
been on unreinforced masonry buildings. In a
recent study by Conrad (19'Xl) 400 of San Francis
C{)'s more than 20XI URM buildings were
inspected and 69 were idenlified as llaving been
retrofit III some degree. This wuuld indicate that
only about 3% of Ihe city's URM buildings have
been retrofit. Mosl of the retrofits had been
implemented through the inlroduction of steel
braces. Retrofit strU[1urcs lended 10 be found in
clusters where a local oommunity was being
redevelopc4. The rcport found that 54% of the
relrofi I huildings suffered no damage. but no
comparison with the performance with adjacent
non-retrofit structulcs was offered. Light damage
was observed in 22';.; of the reuofit structures and
moderate damage wa.~ sccn in another 20%.
Heavy damage was secn in Ihree buildings (3%),

One of these structures (259 Front Street) was
located at the corner of a block and it was heavily
braced along two strcct sides (Fig. 26), The added
braces at the street level buckled out of plane
significanlly (Fig. 27). but no damage was actually
found in tbe masonry ponions of this four story
building. The second struclure (1051-1075 Battery
Street) was also braced but the mortar in the
existing masonry walls was apparently so poor that
random sections of the exterior wall fell from the
building. Another building (located at the comer
of Sixth and Bluxome Streets) had apparently been
partially retrofit by addition of wall anchors. Five
people were killed as the upper level wall on ODe

side of the structure fell onto the sidewalk and
street. This damage may have been initiated by
pounding with an adjacent building. In all of these
eases it is clear tha t the lack of a consistent.
systems approach to the design of the retrofits bad
a detrimental effcct and that a new class of
potentially hal.ardous buildinp (i.e.. the
inadequately retrofil structure) needs to be
investigaled.



12. DAMAGE DUE TO HAMMERING OF
ADJACENT BUILDINGS

Another Imponant observation from the Lorna
Prieta eartbquake is that many buildings suffered
damage due to pouDding. The separation of many
buildings was insufficient to avoid collision of the
upper stories. A wide range of damage resulted,
from local spalling of venecrs near the impact
polDt through crclcking of vertical supporting
members to failure (though not collapse) of
columns. Field inspections have identified several
hundrccl cases where pounding contributed to the
observed damage. In many instances it was
apparent tbat a few more cycles of impact could
have caused the failure of the structures involved
(Fig. 28). In many of the severely damaged
unreinforced masonry structures evidence suggests
that pounding was a conlributor to the damage.

In one instrumented buJld10g 10 Uakland (at the
intersection of 17th and Harrison Streets) the
records show clear evidence of poumling at one
corner of the building. The steel moment frame
building (with reinforced masonry walls along the
property lines) was separated from the adjacent
unreinforced masonry storefront by about an inch
(25 mm). However, no significant damage was ob
served in either building a~ a result of the
pounding.

Damage due during the 1985 Mexico and other
earthquakes suggests Ihat pounding is a serious
problem that needs to be addressed by lhe engi
ne::ring profession. A number of investigators are
currently stUdying this problem ~ it relates 10 the
Lorna Prieta earthquake.

13. LOSS OF FUNCTIONALITY

An important observation regarding damage to
structures during the Lorna Prieta earthquake has
been the public's reaction. Most structures
performed generally in amformance with the
design professions expectations. New structures
and most engineered structures did nOl collapse.
and life safety was protected, even in regions of
severe shalting. However, these motions were not
the I1105t severe or damaging that might be
expected in the Bay Area. Nonetheless. the public
reaction to these damages was generally that they
were excessive.

There was much nonstructural damage to parti
tions, ceilings, cladding and contents (Fig. 29) in
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structures with lillie or no structural dama,c. This
damage not only contributed a significant life
safcty threat in many cases, It disrupted tbe
functionality of the structures and added
substantially 10 repair costs. One ten story
huilding in Oakland reporledly bad 56 million in
water damages due to the breakage of a fire
sprinkler line.

Structural damages were repaired quickly In many
cases, hut in other cases considerable delays were
enoountercd as owners await financing or u
technical difficulties are encountered. In many
cases the resulting repairs were cosmetic or
intended to simply restore a structure to ilS
pre-quake oondition.

Large institutional owners or ones with significant
capital investments have increasingly developed
heightened awarenPH of the neccl to control
damage. In addition to oonsideration of lifc safety
for a structure's occupants, they have become
concerned over institutional life safety. For
example. SlanFord University h~ developed much
more stringent criteria since the earthquake for
retrofitting their seismically hazardous buildings.
Having had to relocate several departments and
instructional and research facilities following the
eanhquake. they now stipulate that buildings
should be designed or retrofit to permit repairs 10

be made within a few days or weeks of the
eanhquake (depending on the occupancy of the
building). Other institutions that cannot similarly
just pick up and move have c:ome to similar
oondusions. Similarly, the Governor's
proclamation also indicates that California state
buildings should be built or retrofit so that they
would remain operable following I major
earthquake. This is a major depanure relative to
the conventional design of buildings.

14. IMPLICATIONS FOR EARTIiQUAKE
RESISTANT DESIGN

Few new lessons have been developed IS I result
of the Loma Prieta earthquake. However, IS the
first major urban earthquake in the U.S. In nearly
two decades. the earthquake stands as a c:ompelling
reminder of many important past lessons. We
have again seen tbe vulnerability of several major
classes of buildings deslgnccl In earlier ens when
our knowledge of earthquake resistance wu not
fully developccl. The damages to numerous
unreinrorccd concrete buildings, wood dwellinp
with inadequate foundation attachments, soft story



StructUfCS (Col-. Marina District apartment houses)
and DOn~uetjleconcrete frames (e.g., double deck
vladUCIS) arc reminders of well·known past lessons.

Similarly. tbe imponant effects of soil liquefaction
and sitc amplification have been seen in many past
earthquakes. such as the 1985 Mexioo, 1967
Venezuela and 1964 Nigana, Japan earthquakes.
The Loma Prieta earthquake indicates that these
soft soil sites should be carefully considered in
design as tbey will be sensitive not only to close
earthquakes, but also to lIny number of
earthquakes generated on other relatively distant
faults.

The special need to have a safe and dependable
transportation system has been again demonstrat
ed. It has been seen that cenain structures may be
more critical than others, and greater levels of
conservatism should be considered to assure their
operability even following a major earthquake.

At the same time some past phenomena were not
seen. However, the Lorna Prieta earthquake
appears to be an unusual earthquake in many
respects and iu motion in the epicentral region
appears not to be as damaging as other typical
earthquakes in the western U.S. Thus, the good
behavior of some types of structures during this
earthquake should not lead to complacency in
implementing their retrofit.

The damages provide a clear warning to the Bay
Area and to other seismically active areas of the
world to increase preparedness activities. In
particular. tbe substantial bazard posed by our
older seismically vulnerable structures must be
remedied. This can only be done through reliable
evaluation and retroOt criteria develOped and
validated on the basis of laboratory research and
quantitative investigations of the seismic
performance of buildings eluring earthquakes.

The earthquake has shown a greater value being
placed by the public. government and corporate
entitles on redudng economic as well as life
hazards. Control of damage durillg earthquakes
need not in\'Olve great expense, but additional
attention to the selection of tbe structural system
and to detailing of nonstructural components.
AdditiOnal researc:1l Ii needed to prOvide a reliable
design basis for such considerations.
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Finally, it must be recalled that the timing and
location of the Lorna Prieta earthquake were
fortuitous. The epic:enter was in a spanely
populated region relalively far from urban centers.
It also occurred at a time when many people were
away from Ihe most vulnerable litruClures. Thii liet
of favorable circumstances can not be expected to
occur for all fulure earthquakes.
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Fig. 3 Detail at Collapsed section of Bay Bridge
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Fig. S Collapse of Cypress Street Viaduct

Fig. 4 Detail of Seat C()nncction on Bay Bridge
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Fig. 7 Postulalcd Failure Mooe Fig. 8 Failure Mode Observed eluring Demolition

Fig. 9 Damage to Soulbern Freeway Fig. 10 Damaged Knee Joint in New Freeway

Fig. 11 Cypress Street Test Slructure



Fig. 12 Hysteretic Plots for Retrofitted Viaduct
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Fig. 14 Damage to ·Pony" Wall

Fig. 13 Damage to House Not Bolted
to Foundation

Fig. 15 Collapse of Home on "Pony" Walls



Fig, 16 C:>l1ap!>c of Apr!~ll'nt III Ma.. ",j J),':lill Fi~ I 7 Typical Marina District Apartmcnt
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Fig. 22 Retrofit of New Reinforced Concrete
Building

Fig. 21 Lightweight Concrete Shear
Walls Failed At Base of Building

Fig. 23 Buckled Brace Intersection

Fig. 24 Repair of Damaged Intersection
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Fig. 25 Damage to Retrofit Steel Frame Builcling
with Masonry Infilled Walls

Fig. 27 Buckled Brace In URM Building

Fig. 26 Retrofit URM Building with Steel Braces

Fig, 28 Pounding Damage

Fig. 29 Damage to Building Contents
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Damages and Lessons Leanlt'd From Hurricane Hugo

by

Peter B.. Sparks·

ABSTRACT

Wind and surge conditions in
Hurricane Hugo are reviewed and
their relationship to the extent and
nature of damage is discussed. It is
shown that in areas where the gust
wind speed exceeded 50 m/s.
10%-20% of the buildings were
destroyed or seriously damaged. At
40 mls the figure was about 6%
and at 30 ml s only 1% were
seriously damaged. Surge damage.
although locally severe. only
accounted for about 10% of the
overall damage.

In general damage was related to
the local conditions not to the
relative severity. Thus the wind
damage in Charleston. where the
Wind conditions had a recurrence
interval of 50 years. was similar to
that in Sumter where the same
wind speed had a recurrence
interval of more than 200 years. It
is suggested that this was due to
the fact that more than 95% of
structural systems and 99% of
building enclosures had been
selected without direct reference
to design wind conditions which
had been based on appropriate
recurrence intervals. For recently
constructed bi dldin~s design flood
levels did have a bearing on the
structural form.

Certain types of bUildings and
components performed very
poorly. primarily mobile homes.
unreinforced masonry buildings.
older single family dwellings close
to the ocean and some newer ones
With masonry foundations. most
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roofing materials and some wall
cladding components.

The severe disruption of the
electricity supply system.
beginning when the wind reached
about 30 mis, and its effect on the
community is discussed and
contrasted with the much better
performance of the telephone
system.

It is concluded that the extensive
damage resulted in general not
from unprecidented wind and
surge conditions, but from the
failure to use available knowledge
on wind and surge effects in the
selection of building and utUlty
systems.

KEYWORDS: buildings; damage;
Hurricane Hugo; storm tides;
tropical cyclones: utilities.

1. INTRODUCTION

By the time Hurricane Hugo
crossed the coast of South Carolina
just after midnight on September
22. 1989, it had already caused
over $2 billion worth of damage in
the Caribbean. In its passage
through the states of North and
South Carolina it caused further
damage estimated to be nearly $7
billion. making it the most
expensive storm in the United
States history.

• Department of CMI Engineering.
Clemson University. Clemson. SC
29634-0911



At landfall Hugo had a central
pressure of 934mb and an eye
about 50 km in diameter. Winds
circulated in a counterclockwise
direction about the eye. but the
high forward speed produced a
highly asymmetric wind field.
increasing speeds to the right of
the track and reducing them to the
left. The highest winds and worst
storm surge occurred where the
northeastern part of the eye-wall
crossed the coast about 35 km
northeast of the city of Charleston
at Bulls Bay. The high forward
speed (13 m/s-18 m/s) and a track
almost normal to the coast resulted
in very unusual wind conditions in
the interior of South Carolina and
the western part of North Carolina.

2. WIND CONDITIONS

A number of anemometers
measured wind conditions during
the passage of Hugo. Unfortunately
only one of these did so under
standard meteorological conditions
and no anemometers survived in
the area of highest Winds.

Figure I shows the probable
maximum gust wind speeds at a
height of 10 m in the most exposed
locations. based on corrected
observations in Charleston. Myrtle
Beach. Beaufort. Sumter. Camden.
Florence. Charlotte. and Hickory
plus the use of a theoretical wind
field model.

3. STORM TIDES

Continuous records of water level
were obtained near the Customs
House in Charleston and at Wlnyah
Bay near Georgetown. Additional
still water levels were obtained by
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surveys of tide marks along the
coast.
In the Charleston area tides ranged
from 3 m above mean sea level In
Charleston Harbor to 4.5 m at the
north end of the Isle of Palms. At
the south end of Bulls Bay the tide
reached 6 m and at the north end
of the bay. in the fishing village of
McLcIlanvilIe. it was 4.2 m to
4.8 m. In the resort areas along
the northern coast, including
Myrtle Beach. tides were 3 m to
4 m above mean sea level. The
normal tidal range Is less than 2 m
and much of the occupied land is
only 2.5 m to 4 m above mean sea
level.

In the areas that experienced the
eye of the storm, Charleston. Folly
Beach. Sullivans Island and the Isle
of Palms. the offshore Winds before
the eye held the surge back until
the winds dropped as the eye
passed. The water level then rose
rapidly. remained up while the
trailing eyewall passed and then
dropped as the Winds subsided.

To the northeast of the eye the
surge rose more steadily. reaching
its peak at about th{~ time of the
highest Winds. The surge began to
drop as the winds diminished and
moved around to the south.

To the southwest of the eye the
offshore winds suppressed the
surge and little flooding was
experien ced.

4. SEVERI1Y OF TI-iE STORM

Based on its central pressure. Hugo
was the 10th most intense storm to
strike the United States this
century, being about the same
strength as the 1926 storm



in Miami and Hurricane Hazel
which struck the Carolinas in 1954.
The hurricane produced the
highest storm tide recorded on the
Atlantic coast this century. but a
similar tide was recorded at
Savannah Beach near the South
Carolina-Georgia border in 1893
and higher tides might have been
experienced In the Charleston area
In the storm of 1752. However. In
the southern part of Bulls Bay the
tide was a very rare event which
would be expected to be exceeded
on average only once in over 500
years. In McLellanville the mean
recurrence Interval was about 300
years and at the northern end of
the Isle of Palms about 200 years.
On Sullivans Island. In Charleston.
and along most of the northern
coast the mean recurrence interval
was approximately 100 years and
about 80 years at Folly Beach.

In the Charleston area the winds
had a mean recurrence interval of
about 50 years. but similar
conditions had not been
experienced since 1911. They had
however also been experienced in
1893. since records began in 1879.
Based on the description of
damage. the wind conditions in
Hugo were almost certainly
exceeded in 1752 and possibly in a
number of other storms in the 300
year history of the City.

In the Bulls Bay area the wind
conditions probably had a mean
recurrence interval of about 100
years. possibly as high as 200 years.
[t was about 60 years in
McLellanville and less than 20
years in the Myrtle Beach area.

The combination of an intense
storm and high forward motion
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produced rare wind conditions in
the interior of South Carolina and
in the· Charlotte area of North
Carolina. At Sumter. 150 km from
the coast. the mean recurrence
interval was probably between 200
and 300 years. The very gusty wind
conditions in Charlotte. 300 km
from the point of landfall. may have
had a recurrence interval more
than 100 years.

5. BUILDING PERFORMANCE

Since the early 1960s engineers
have recommended that buildings
and other structures be deSigned
for conditions with a mean
recurrence interval of 50 to 100
years. Well designed structures
usually incorporate factors of safety.
so serious structural damage should
not be expected in conditions with
a mean recurrence interval less
than 500- 1000 years. Such
conditions existed only for surge
action in Bulls Bay and probably did
not exist anywhere for wind action.
Nevertheless the damage was
widespread. The extent of damage
appeared to be related to the local
conditions. not the relative severity
of those condiUQns. nor was
damage confined to buildings
constructed before appropriate
design criteria were available. In
retrospect this was not surprising.

Most of the damage occurred in
South Carolina where the building
stock consists of apprOXimately
75% wood-framed single-family
dwellings. 15% mobile homes. and
about 10% other types of buildings.
These other types. however
comprise about 35% of the value of
construction.
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Single-family dwellings are usually
constructed on traditional lines.
sometimes influenced by
prescriptive building code
requirements. These requirements
generally do not adequately reflect
the need to resist wind and water
effects.

Since 1976 mobile homes have
been constructed to Federal
Government standards. The wind
loading requirements in these are
much lower than those generally
set for conventional construction
a~d reflect a very poor
understanding of wind effects on
buildings.

In South Carolina buildings over
450 m2 or three or more stories in
height must be designed by a
registered architect or engineer.
Even these buildings often contain
components selected on the ba~is

of empirical design procedures and
product data which do not
adequately consider the effects of
wind (or shrge).

Under these circumstances it is
unlikely that. of all of the buildings
affected by Hurricane Hugo more

- than 5% had structural systems
designed to resist appropriate wind
and surge loads. Probably less than
I % of the buildings had roofing
apd cladding systems specifically
designed for appropriate wind
conditions. - Design wind speeds
based on recurrence Intervals
therefore had very Uttle bearing on
the wind resistance of most
bulldings.

Design flood levels had more of a
bearing on coastal construction
because the aVailability of Insurance
through the government-run
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National Flood Insurance Program
was tied to satisfying floor elevation
requirements based on the 100
year flood level. Unfortunately the
flood maps were not very accurate
and buildings were often
constructed without consideration
of the forces generated by the
storm surge and the associated
wind loads.

Table 1 gives the insured losses for
buildings and their contents. The
number of insurance claims for
each type of building is in almost
exactly the same proportion as Its
relative contribution to the building
stock and the amount of damage is
in the same proportion as its
relative value. Although the flood
damage was widely reported and
many buildings were destroyed.
flood losses were only about 10% of
the total property losses and
accounted for only 4% of the
insurance claims.

Table 2 gives the Red Cross
estimate of the number of housing
units damaged. This was made
shortly after the storm.
subsequently insurance claims were
made on nearly 3 Urnes as many
properties as were initially
observed to be damaged.
Ultimately claims were made on
30% of buildings in South Carolina
but only 3% were seriously
damaged or destroyed. The vast
majority of damage was due to
relatively minor wind damage
followed by extensive ram damage.

The distribution of damage was
closely related to gust wind speeds.
the proportion of mobUe homes.
and. for surge damage. prOXimity to
the ocean. In some rural areas
where 20%-30% of the population



lives in mobile homes. 7001tl-80% of
the buildings completely destroyed
were of that type.

On the islands near Charleston and
on the shores of Bulls Bay nearly all
buildings experienced some wind
or surge damage and in some
coastal communttles nearly 50% of
the ocean-front buildings were
completely destroyed.

In counties where the wind gusted
to more than 50 mls at least 80%
of the bUildings experienced some
damage and 10%-20% were
destroyed or experienced extensive
damage. Damage rates diminished
as the wind speed dropped. At
40 mls about 6% of buHdings were
destroyed or seriously damaged. At
30 ml s less than I% received
Significant damage.

5. I Detailed Survey of Wind Damage

Wind damage to buildings and
other structures was observed
along the South Carolina coast from
Edisto Beach 55 km southwest of
Charleston. to the North Carolina
border and inland to beyond
Charlotte. Damage to roof
coverings. wall cladding. and signs
occurred where the local gust wind
speed exceeded 30 m/s. Major
structural damage. Including loss of
roof structure. collapse of single
story masonry buildings. complete
destruction of moblle homes. and
extensive damage to older pre
engineered metal buildings and
wood-framed construction. took
place where the gust wind speed
exceeded 50 ml s. However.
damage was dependent on the
upwind terrain and shelter. In
sheltered locations even old wood
frame houses remained completely
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undamaged where the gust wind
speed in open country exceeded
55 m/s.

South Carolina is a heavily forested
state. The trees provided
significant protection from the
wind and undoubtedly reduced the
amount of damage to buildings.
However pine trees apparently
began to fall as the wind speed
approached 30 m/s and many
buildings. although protected from
the wind by the trees. subsequently
suffered damage from them.

In the Bulls Bay area. where few
trees were left standing. the
exposure of buildings would have
changed Significantly during the
course of the storm.

Two other factors greatly reduced
the wind damage. Firstly. the
densely populated islands of Folly
Beach. Sullivans Island and the Isle
of Palms experienced the eye of the
storm. This meant that the
strongest winds would have come
from the north to northeasterly
direction and south to
southwesterly direction i.e. along or
oblIquely to the shore. Many
ocean-front buildings would
therefore have received shelter
from neighboring buildings.
Secondly. the strongest winds in
the storm affected the most lightly
populated area of the coast.
occupied primarily by a wildlife
refuge. In this area all settlement
is landward of the Intracoastal
Waterway In forested areas. Had
the storm htt 30 km to the
southeast. Charleston and the
adjacent Islands would hav~

experienced onshore winds
producing wind loads on ocean
front properties perhaps double



those actually experienced. Had
the storm hit 80 kill to the
northwest all of the buildings on
the densely populated northern
coast would also have experienced
Wind loads more than twice those
actually experienced.

5.1.1 Single Family Dwellings

In general these performed
reasonably well. probably more as a
result of shelter than any other
factor. Major structural failures
resulted from loss of roofs. shear
failures and foundation failures.

Failures of roof structures were
relatively rare. probably due to the
use of metal anchors to attach roofs
to walls in exposed coastal
locations. However. in the highest
Wind areas. failures occurred even
where anchors had been used.
particularly after window damage.
A typical roof failure which led to a
general collapse is shown in Figure
2.

Failure to provide bracing led to
some shear failures in two story
buildings. The traditional bracing
techniques proved to be
insufficient. especially in butldings
with few interior cross-walls and
large openings in r.xterior walls.

In most coastal flood-prone areas
buildings are elevated on wood or
prestressed concrete piles. On the
SOuth Carolina coast many buildings
had been constructed on concrete
block piers. The local building
code had permitted unreinforced
masonry piers to have a height to
width ratio of 10. if filled with
concrete. Piers meeting this
requirement failed. as did those
that were lightly reinforced (Figure

3). In meeting the elevation
requirements for flood insurance.
the very lar~e forces applied to the
piers by the wind acting on the
building had apparently been
overlooked.

Many single family dwellings lost
shingles. These apparently minor
wind failures resulted in Significant
rain damage. often magnifying the
initial damage by a factor or 10.
Repeated on an enormous scale.
this contributed significantly to the
total cost of the storm.

In some areas wind and surge
dama~e to single-family dwellings
was difficult to differentiate.
particularly in older buildings built
on grade or newer buildings
meeting the flood insurance
elevation requirements. but
subjected to surge in excess of the
design level. as in the northern
part of the Isle of Palms and in
Bulls Bay. In some instances Wind
debris was transported by the surge
making the nature of the wind
failure difficult to determine.

5.1.2 Mobile Homes

As mentioned earlier these
buildings had a failure rate far
higher than other classes of
structures. Their vulnerability was
recognized and the Governor of
South Carolina ordered the
evacuation of all mobile homes in
the coastal region prior to the
arrival of Hugo. This probably saved
many lives.

Structural collapse of mobile homes
was often sudden and complete.
either by overturning or by the
separation of the superstructure
from the chasis. A typical example



is shown In Figure 4. In general
the more stable "double-wide"
homes. formed by JOining two
"single-wide" units together.
performed better than "single
wide" homes.

5.1.3 Multi-Family Wood-J<'ramcd
Construction

Several of these professionally
designed buildings in exposed
locations suffered extensive roof
failures, often preclpttated by
window damage. In some of these
buildings metal anchors had been
used to secure the roof. Whether
or not these had been selected
after a structural analysis is not
known, but consideration of
Internal pressure would not have
been required by the building code
and the uplift loads could have
exceeded the design value after the
failure of windward windows.

5.1.4 Masonry Walled Buildings

Failures of unrelnforced masonry
buildings were observed over a
wind area (Figure 5). The
instability of thes~ buildings has
been documented in several past
hurricane investigations. but the
form of construction is still
permitted by many local building
codes.

5.1.5 Pre-Engineered Metal
Buildings

A number of these buildings located
in exposed locations suffered
serious damage (Figure 6). Being
light and very efficiently designed.
these structures were very
sensitive to the under-specification
of wind loads in earlier building
codes. Buildings designed to
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increased requirements in recent
years appeared to have performed
much better.

5.1.6 Steel and Concrete Framed
Buildings

As observed in other hurricanes.
the frames of buildings designed by
structural engineers to meet the
wind loading requirements in the
building code preformed well. The
wall cladding. roof system. and roof
covering. often selected without
reference to the wind-load
requirements. performed very
poorly.

An exterior wall system which had
been employed extensively in the
area used gypsum board attached to
metal studs. The gypsum board
was covered with insulation and
stucco. Based on published data on
the ability of such systems to resist
wind suction. these systems should
not have been used on any building
over 10m high located on the
South Carolina coast. Nevertheless.
this system had been used
extensively on medical
facilities. educational buildings.
condominiums. office buildings.
and hotels. Failures were found on
the coast as far north as the North
Carolina border where the actual
wind speeds were less than half of
the design value. Several bUildings
In the Charleston area. including
hospitals and other critical
facilities. were seriously damaged
(Figure 7). Window systems also
failed due to positive pressure and
suction. giving rise to extensive
internal rain damage.

Failures of flat-roof coverings. both
build-up-roofs and single-ply
systems. sometimes coupled with



the roof-deck failures. were also to
be found along the South Carolina
coast as far as the North Carolina
border and inland as far as
Charlotte. These failures. which
included schools used as
emergency shelters. hospitals. and
other Critical facilities. resulted in
extensive rain damage to the
interior structure and contents of
the buildings. A limited survey of
insurance data indicated that the
rain damage in multi-story
buildings was often 20 to 30 times
the actual wind damage to the
structure and multi-million dollar
claims occurred in areas where the
storm had a recu renee interval of
less than 20 years.

The local building code. in use
when most of these buildings were
designed. underestimated the
uplift loads on the edges of roofs.
The deSign loads were almost
certainly exceeded in many places
in Hugo. In some cases the
shortcomings in the building code
may have led to the selection of an
adequate system. but in many cases
the system was probably chosen on
the basis of cost rather than wind
uplift resistance.

5.2 Detailed Survey of Surge
Damage

Storm surge damage was observed
along 240 kIn of coastline from
Folly Beach near the entrance to
Charleston Harbor to Cape Fear
50 km beyond the North Carolina
South Carolina border. Shallow still
water flooding of sheltered low
lying buildings occurred throughout
the area. including the older parts
of the city of Charleston. The worst
structural damage resulted from
wave and current action along the

beachfront and the unprotected
shoreline of Bulls Bay.

5.2.1 Single Family Dwellings

Many older buildings built on grade
or on low piers floated off their
foundations. Those that were
better anchored or heavier
experienced damage from rising
water or. if near the ocean.
extensive damage by wave action
(Figure 8).

As mentioned in the survey of wind
damage. many oceanfront houses
had been elevated on slender
unreinforced or lightly reinforced
masonry piers. These were
supported on shallow concrete
footings. some less than 0.5 m
below grade. In addition to lacking
resistance to wind forces
transferred to them by the
supported building. many piers
became unstable when erosion
exceeded the embedment depth.
Several hundred oceanfront
buildings of this type collapsed and
many more were damaged. Other
buildings had been supported on
cast-in-place concrete columns.
Many of these were also under
designed. poorly constructed and
lacked proper embedment. They
also performed poorly (Figure 9) as
did wood piles that had very short
embedments. some as little as 1 m.
Buildings constructed on wood or
prestressed concrete piles.
embedded at least 3 m. generally
performed well. although in some
cases buildings were damaged
when the wave height t:'xceeded
the lowest floor elevation.



Wave and current action extended
farther Inland than predicted by
the flood Insurance maps. Some
foundations. particularly solid
masonry walls. had therefore been
selected on the assumption that
they would be subjected only to still
water flooding. These foundations
performed poorly when subjected
to a combination of wind. wave. and
current action.

5.2.2 Other Buildings

Ocean-front condominiums. hotels
and other commercial buildings
had usually been supported on
piled foundations. but the first
floor of many of these buildings had
not been elevated above the 100
year design flood level and wave
damage was quite common.

When the bearing walls were
perpendicular to the shoreline the
first floor rooms were gutted by the
waves. but the upper floors
remained stable and undamaged.
In the few cases where the bearing
walls were parallel to the shoreline
the first story bearing wall failed
and parts of the two or three floors
above collapsed.

Some buildings had used slab-on
grade floors at the lowest level
which were Independent of the
piled foundation supporting the
rest of the building. Even small
amounts of erosion under these
slabs caused theJr collapse.

Many sea walls. bulk heads and
retaining walls failed. leading to the
destruction of almost all oceanfront
swimming pools In the Myrtle
Beach area.

6. PERFORMANCE OF UTILITIES

The electric utility companies had
constructed transmission and
distribution systems which were
very vulnerable to wind damage.
The decision to use wood poles for
high voltage transmission systems
and overhead local distribution
systems was probably made on
economic grounds. Although
interruption of power supply is
common in the region In severe
thunderstorms and had been
experienced in earlier hurricanes.
the extreme vulnerability of the
system had not been appreciated by
the utility companies nor their
customers. It had certainly not
been appreciated that loss of
electric power for an extended
period of time would have such an
effect on the basic essentials of
life - the ability to obtain food and
water and the provision of
wastewater facillties.

Approximately 1.5 million people
liVing in areas where the wind
speed exceeded 30 mt s lost
electric power. The utility
companies made tremendous
efforts to restore power. but the
extent of the damage was so great
that In many cases the system
could not be repaired. but had to be
rebuilt. usually to the preViously
existing sULldards. Eight days after
the storm only 23% of the
customers in the Charleston area
had power and in some rural areas
11 was two to three weeks before
power was restored.

The telephone companies had
attempted to reduce the
vulnerability of their systems by
burytng cables. In most areas there
was very little interruption of



telephone service. Other forms of
communication. including
teleVision and radio broadcasts and
even two way radio
communications of emergency
services. were seriously affected by
loss of electric power and the
collapse of transmission towers.

7. CONCLUSIONS AND LESSONS
LEARNED

Hurricane Hugo taught South
Carolina and the nation some very
expensive lessons. The potential
for disaster had been recognized
but the political and economic
systems made it difficult to remedy
the situation. It is worth examining
what went wrong.

The state had chosen a laissez-faire
system of building control. The
power to adopt and the
responsibility for enforcement of
buUding codes had been delegated
to local jurisdictions. This resulted
in considerable variation in the
quality of control. from some of the
best in the country to no control at
all.

The model building code adopted
showed a very poor understanding
of the wind and surge effects on
structures and permitted forms of
construction in wood and masonry
which were inconsistent with the
loading requirements. Lacking
proper deemed-to-comply
documents. the performance
requirements of the code were
unenforceable for non-engineered
structures. Using the permitted
forms of construction in the code
led to structural systems unsuitable
for a hurricane. tornado. and
earthquake prone area such as
South Carolina.

In poor rural areas mobile homes
were the only affordable form of
housing for many people. These
homes were built to inadequate
standards and when delivered to
site were often not properly
anchored.

Despite the fact that cladding
failures can pose a threat to public
safety and even compromise the
structural integrity of a building.
claading systems had been
speCified by those without adequate
training in structural design. The
professional licensing laws had
permitted this.

In recent years owners had often
been unwilling to pay for adequate
professional inspection during
construction. The quality of
construction had suffered.
Compounded by poor building code
requirements. the use of
inappropriate design profeSSionals
and inadequate material testing
standards. this had led to cladding
systems and. in some cases.
structural systems with very low
wind resistance.

The insurance industry had been
willing to insure property with
little regard for its wind resistance.
Premiums were often based on the
building's fire resistance. Thus
there was little or no incentive for
the owner to improve wind
resistance in order to meet
insurance requirements.

The electric utility companies had
been permitted to construct
transmission and distribution
systems which were very vulnerable
to damage by a hurricane. The
public was unaware of how fragile
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the system was or how dependent
they were on a continuous supply of
electricity.

Finally. there was the lack of
experience. For 30 years prior to
Hugo. during which time the
hurricane-prone areas of the state
expanded rapidly. no major
hurricanes hit the South Carolina
coast.

From an engineering standpoint
the dominating lesson is clear and
the solution is straightforward.
Design and construction practices
must reflect the loads which are
known to occur in conditions with
reasonable recurrence intervals.
The prospects for achieving this
and correcting past mistakes are
not good.

The building stock chan~es slowly
and the fragmented building
control system in the United States
is ill-equipped to impose improved
construction standards. Based on
the success of the National Flood
Insurance Program. the best
prospect for improved construction
is by insurance industry action.
That industry certainly learned its
lesson in Hugo when it paid out the
elll1ivalent of all property insurance
premiums collected in South
Carolina in the last 5 years.

Not all lessor..r learned were
concerned with what went wrong.
Properly deSigned buildings
performed well and the telephone
service was a fine example of what
can be achieved with good
planning. Perhaps the most
valuable lesson learned was that
modern technology can be used
very effectively to monitor storms
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and warn coastal residents of
impendin~ danger.

In 1893 a storm of similar strength
to Hugo drowned 1000-2000
people in South Carolina. Prior to
Hugo's landfall over 250.000
people were evacuated from the
coastal area. Only a handful of
people were killed. none by
drowning in their homes. It is a
poor reflection on the construction
industry that many evacuees
returned to buildings that were in
considerably worse condition than
their counterparts after the 1893
storm.
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Table 1. Insured Damage to Buildings and Contents in South Carolina

Number of Claims Total Amount
($ million)

Wind

Conventional dwellings 287456 (74%) 1423 (55%)

Mobile homes 57808 (15%) 172 (7%)

Commercial property 41282 (11%) 997 (38%)

Total wind damage 386546 2592

Flood

All types 15739 320

Table~.. Number of Dwelling Units Destroyed or Damaged in South Carolina

Destroyed Major Minor • Total
Damage Damage

Single family dwellings 3783 18146 57698 79627

Apartments 313 2647 8948 11908

Mobile homes 5200 5976 9063 20239

Total 9296 26769 75709 111774

• Externally observr ~lle damage only. excludes damage to outbuildings•
fences. decks. porches etc.



Figure 1. Probable Maxunum Gust Wind Speeds (m/s)
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Figure 2. Wood-Framed
House.
Folly Beach

Figure 3. Masonry Pier Failure
by Wind Action,
Isle of Palms

Figure 4. Mobile Home
Near Sumter



Figure 5. Unreinforced
Masonry Building.
Charleston

Figure 6. Pre-Engineered
Metal Building.
Charleston
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Figure 7. Cladding Failure.

Isle of Palms



Figure 8. Wave Damage to
Masonry Building
Near Myrtle Beach
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Figure 9. Concrete Pier
Failure by Wave
Action Near
Myrtle Beach
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INTRODUcrlON in 1988 alone) causing recurring intermiuentlosses.

The purpose of this paper is to present an
overview of the roles and responsibilities of U.S.
Federal Agencies and the major programs they are
conducting which involve mitigating the impacts of
natural and man-made or technological hazards on
vulnerable populations, economic investment and
critical facilities both in the United States and
abroad. The United States through its many
Federal Agencies, state and local governments is
committed to protecting its J'Cople, businesses,
communities and economic resource base in the
face of disaster.

According to the U.S. National Academy of
Sciences, Advisory Committee on the International
Decade for Natural Disaster Reduction, as many as
70 million people in 39 states face significant risk
from earthquakes and secondary hazards such as
landslides. It is estimated that more than $100
billion in total economic losses could occur from a
single major California earthquake. Billions of
dollars in damage could OCCUI from a devastating
hurricane sudJ 15 Agnes in 1972 or Hugo in 1989
which we know resulted in $9 billion in losses,
including 8,800 square miles of downed timber. The
U.S. experiellCCS some 900 tornadoes annuaIly;
wildfires destroy hundreds of thousands of acreage
each year and volcanoes are a constant threat. The
eruption of Mount St. Helens in 1980 caused over
$1 billioo in dam.. Recent estimates indicate
landslides cause $1 to S2 billion in economic losses
each year with flood disasters ($1 billion annual
loss) and drought impacts ($40 billion estimated lose;
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The Office of U.S. Foreign Disaster
Assistance, Agency for International Development,
estimates that more than 3 million people have died
and more than 900 million have been seriously
affected worldwide by disaster during the past 22
years. Property damage and economic losses are
believed to exceed $75 billion during the same
period, although data coUected over the years
remains imprecise.

The magnitude of destruction and human
loss both physical, social, and economic is dramatic
when viewed on a global scale and at the national
level. Governments have, in several instances, failed
following significant disasters and their impacts.
We, in the United States, recognize that we live in
a disaster-prone world and nation and have
determined to take concerted action to mitigate
these negative impacts now and in the future.

DISASTER REDUCDON PROGRAMS OF THE
U,S. GOVERNMENT

Within the 14 cabinet level departments of
the federal government and more than 70
independent agencies, there are thousands of
bureaus and offices dealing with various aspects of
hazard reduction either at the personal, loca~ state,
federal or global scale. Billions of dollars are
expended annua1Iy to monitor, regulate, control,
document and respond to the many facets of natural
and tedmological hazards 15 they affect the
American people both in the public and private



sectors. The II.8ture of our government is to protect
its citizens, as well as to provide humanitarian
assistance to those in need abroad. The lead U.S.
domestic agency responsible for disaster
management and civil defense is the Federal
Emergency Management Agency (FEMA). The
Agency for International Development's (A.I.D.)
Office of U.S. Foreign Disaster Assistance (OFDA)
coordinates U.S. international disaster assistance to
host countries abroad. Both FEMA and OFDA
work closely with other federal agencies to ensure
effective and timely implementation of disaster
countermeasures as mandated by legislated laws and
regulations at all levels of government. The federal
departments and their many agencies have specific
missions and programs designed to prevent,
mitigate, prepare for, respond to, rehabilitate or
otherwise ameliorate the impacts of disas.er.

11Ie Lead Role 01 the Fedenl Emerpncy
Manqement Aaeac:y (FEMA) In Earthquake
Hazards Redue:tloa

Under the 1980 amendments of the U.S.
Earthquake Hll7.ards Reduction Act, the Federal
Emergency Management Agency (FEMA) was
assigned the leadership role for the National
Earthquake Hazards Reduction Program (NEHRP).
FEMA's leadership responsibilities include a range
of activities that focus on planning and coordinating
the work of the NEHRP, and broadening its scope
of participation and effect.

The purpose of the National EtUthquake
HIUJIIYb lWducfion Prognun is to reduce the risk to
Ii\U and property. This is aeromp1ished through a
comprebcnsn-e, multi-agency program of scientific
research, mitig,tion, preparedness and response
planning and public education. FEMA, as the lead
agency, has the statutory responsibility to plan,
coordinate aDd recommend goals, priorities and
budgets for earthquake activities among the
principal agencies authorized under the Earthquake
Hazards Reduction Act of 1917, as amended. The
agencies iftdudc the United States Geological
Suney, the NatioDal Science Foundation and the
NatioaallnstitUle for Standards and Tcsring.

The prinaary activities of the program arc
to:

(1) ~Iop improved seismic design
and construetiMl practices for adoption
by Federal agencies, State aDd local

governments and the private sector;

(2) provide financial and technical
assistance to State and local governments
to implement comprehensive earthquake
hazard reduction programs;

(3) develop public education and
awareness programs and

(4) plan for and coordinate an
adequate Federal capability to
respond to a catastrophic
earthquake.

FEMA's Role In Milnagia. Other Natural and
Tecbaoloatcal Hazards and Emergency Response

FEMA's natural and technological hazards
programs include the following elements: (1)
National Earthquake Hazards Reduction, (2)
Hurricane Preparedness, (3) Dam Safety, (4)
Radiological Emergency Preparedness, (5)
Hazardous Materials and (5) Chemical Stockpile
Emergency Preparedness Program.

The goal of the Hurric/Ult! Preparedlless
Program is to reduce the loss of life and property
damage from hurricanes in high-risk populations
and to develop State Hurricane Evacuation Plans.
FEMA, as the chair of the Interagency Coordinating
Committee on Hurricanes, coordinates ongoing
burricane-related planning and mitigation activities
of the U.S. Army Corps of Engineers, the National
Weather Sernce, the National Hurricane Center
and the Office of OccaD and Coastal Resource
Management.

The objective of the Dam Safety Program is
to enhance the safety of the Nation's dams, thereby
protecting lives and property. FEMA exercises dual
responsibilities through its Dam Safety Program to
(1) coordinate Federal dam safety activities and (2)
coordinate and implement activities designed to
entourage States to implement strong dam safety
program5.

The mission of the HQZJlI'dous Materio/s
1'rogrrIm is to provide technical aDd financial
assistance to State and local governments. In
addition, FEMA coordinates and cooperates with
the private sedor in dewlop. . implementing and
evaluating hazardous m.;terials emergency



preparedness programs for State and local
governments. The mission is accomplished through
five s,-,parate functional elements··planning, training,
exercising, information exchange and
intergovernmental coordination/cooperation.
FEMA develops and distributes planning and
preparedness guidance to State and local
governments in cooperation with the 13 member
agencies of tbe National Response Team.
Hazardous materials training courses and course
materials are developed and financial assistance is
provided to State and local governments.

As a result of a Presidential Directive in
1919, FEMA was assigned the lead Federal role for
radiological emergency planning and response.
Under FEMA's Radiological Emergency
Preparedness Program, the goal is to enhance
integrated emergency planning and response for all
types of peacetime radiological emergencies by the
State, local and Federal governments. The primary
emphasis is directed to planning and preparedness
for commercial nuclear power plants. nuclear fuel
cycle and material license bolders, Department of
Defense and Department of Energy facilities and
transportation accidents. Key activities pertaining to
offsite radiological emergency planning and
preparedness include evaluation of emergency
response and utility plans, review of public
emergency information materials, review and testing
of utility alert and notification systems, periodic
exercises to test emergency response plans and
periodic program activities such as drills, plan
updates and public meetings.

FEMA. more tban any other· Federal
agency, provides the financial and technical
assistance to State and local ~overnments to prepare
for, respond to, and recover from natural disalJers.
This is done through the Civil Defense Program,
wbich provides a system of survival capabilities to
protect life and property from natural hazards
through the construction of emergency operation
centers, warning systems, and training of State and
Ioc:aI emergency managers. Otber relevant FEMA
programs assisting natural hazard reduction efforts
of State and local governments arc (1) The national
Flood Insurance Program, which makes flood
insurllDce backed by the U.S. Government available
to communities that bave agreed to adopt and
enforce floodplain management ordinances to
reduce f",ture: flood losses through wise utili7.ation of
tbeir floodplains; and (2) The Fire Prevention and
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Control Programs of the U.S. Fire Administration,
which prmides tr.tining and grants that support the
efforts of State and local governments to reduce the
number of fires nationwide and the loss of life and
property from fire.

The Role or the Department or the Interior's U.s.
Geological SUI'Vt'y (US.GS.) In Geophysical
Hazards Countermusufts In the United States

A principal goal of the National
Earthquake Hazards Reduction Program is to
identify, evaluate, and characteriz.c accurately the
seismic hv..ard in areas subject to high or moderate
seismic risk. The U.S. Geological Survey (USGS)
is the principal agency responsible for addressing
this goal. There arc two primary program
objectives: to determine the tectonic and geologic
framework and earthquake potential of the various
earthquake-prone (or seismogenic) zones in the
United States through detailed seismological and
geological studies; and. as these zones are defined
and their seismic potential quantified, the hazards
and risks to the population, structures, and lifelines
must be identified, evaluated, and documented.
Decisions made by various governmental and
private sector enlities regarding construction
practices, land use planning, and disaster
preparedness should be based on accurate and
complete assessments from "'.ork under this
program clement.

The USGS also conducts earthquake
engineering research focused on strong ground
motion data collection, processing and analysis,
maintains centers for seismological data coliection
and dissemination and leads the nation's earthquake
prediction research pro~Tams in prediction
methodology and experiments; theoretical,
laboratory and fault zone studies; and induced
seismology research.

The USGS currently is managing several
projects focusing on earthquake hazards in the
Eastern United States. These include: studies of
the structure of tbe crust in earthquake prone areas,
examination of faults, calculation of horizontal
stresses over large areas, modeling of the local
amplification of shli~ing due to earthquakes, and
emhquake monitoring networks. The Parkfield
Earthquake Prediction experimeill on the San
Andreas fault in central California is now fully
operational and being monitored in real time. The
use of high-precision geodetic survtying across large



distances of the Earth's surface now allows scientists
to monitor mir: ..,c changes in the dimensions of the
Earth's crust in earthquake-prone regions. This
information provides a more accurate assessment of
where and how stresst"s are accum ulaling in the
crust.

In earthquake engineering research the
USGS in cooperation with other agencies is
conducting laboratory simulation of earthquake
strong ground motions which promises to increase
dramatically our abiliry to learn about the effect of
damaging earthquakes on engineered structures.
Research on spatial variation of strong ground
motion is helping to illuminate the patterns of local
damage during earthquakes. Understanding this
variability is prerequisite to controlling it by means
of protective measures or appropriately conservative
seismic design.

The USGS is at the forefront of producing
and deploying arrays of new digital seismographs in
the U.S. and elsewhere in the world. The southern
Quebec Earthquake of November 25, 1988, was a
rcal-time test of the Earthquake Early AI::rt Service.

Understanding earthquake risk IS

fundamental to disaster planning and mlligation
policy and implementation of countermeasures.
Despite the Lorna Prieta Earthquake, the risk of a
damaging earthquake in the San Francisco Bay
region still confronts nearly 6 million people. A
Dew study, released in July 1990 by the USGS, says
tbat there is approximately a 70 percent chance of
another earthquake equal to or larger than Lorna
Prieta int he next 30 years, meaning tbat the
earthquake is twice as likely to happen as not. The
same report examined individual segments of Bay
Area faults and gave probabilities of major
earthquakes on each of those segments during the
next 30 years. It is important to recognize that
there arc various potential sources for the next big
earthquake, and tbat these sources are much closer
to beavily populated areas than the Loma Prieta
event, hence the potential for loss is greater.

USGS Tedaolc:al Support For 10teraaUonai
AdlYitia 10 Geophysical Hazards Reduction

Since 1983 the U.S. Geological Survey
(USGS) bas worked closely with the Agency for
International Development's Office of US Foreign
Disaster Assistance (AIDIOFDA) in support of
geopbysical ba7.ards reduction programs in the less
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developed countries (LDCs).

These programs have produced results that
have placed AIDlOrnA and the USGS in a highly
visible rolt: as leaders in reducing the impact of
natural di!i8Sters. In addition to cooperating with
OFDA in crisis responses such as the catastrophic
eruption of Ruiz Volcano (Colombia), the toxic gas
emissions of Lake Nyos (Cameroon), and the
earthquake devastation in Armenia (USSR), the
USGS provides ongoing technical assistance in
OFDA's prevention, mitigation and preparedness
ac!ivitic~.

In 1984 the USGS and OFDA sponsored a
Geologic and Hu-ards Training Program in Denver
which has proven to be a milestone in the
technology transfer of earthquake countermeasures
information to the LDCs. The purpose was to
develop hazard mitigation expertise in order to save
lives and reduce economic losses in countries where
geologic and hydrologic hazards are prevalent.
Forty-two international participants from 28
di!i8Ster-prone countries attended, The proceeding.'i
volume (1,112 pp.), has been used extensively by
other organizations as a text for subsequent hazards
training courses.

In 1988 the USGS completed a series of
detailed earthquake conditional probability maps
and reports which cover the Circum-Pacific region
and show comparative earthquake and tsunami
potential for zones in the U.S., Central and South
America, Southeast Asia, Japan and Alaska.

The Volcano Monitoring and Research
Project in Indonesia has been a cooperative
AID/Jakarta-funded five-year volcanology program
between the Volcanological Survey of Indonesia and
the USGS. At the conclusion the agreement was
renewed by AID!OFDA. The purpose: of the
program was to provide the on-site consultant
services of an eminent advisory volcanologist, who,
with a number of USGS scientists and technicians,
prepared a national volcano hazards assessment of
Indonesia and trained the Indonesians so that they
could respond to volcanic crises. This work
included upgrading the volcano monitoring networks
and providing transfer of technology and expenise
in volcanology.

In 1986, as an outgrowth of the USGS's
Volcano Crisis Assistance Team (VCAT) and as a
result of the Ruiz Volcano disaster in Colombia, a



5-year program was sct up between the USGS and
A1D/OFDA. This cooperative program, equally
funded by the USGS and OfDA, ha~ established
the U.S. capability of providing rapid, efficient and
cost-effective volcano emergency respoO\e, initially
in Latin America and also wmldwide. VDAP
provides on-site moniloring by a technically
qualified volcano crisis assist'IDce team, ongoing
mapping and analyses of volcano ha;rards.
preparation of data on th': threat information to
facilitate evacuation planning, an equipment cache,
and training_ To date VDAP has responded to
volcanic threats in Colombia, C,,~ta Rica,
Guatemala, Ecuador, and Peru.

The U.S. Geological Survey is currentl~

implementing the Worldwide Earthquake Risk
Management Program (WWERM) as a one-year
interagency cooperative pilot pmgram (l9')()·lJl)
with OFDA. Subsequent activities will depend on
co-funding commitments from other donors and
organi7.ations. The nbjectivc of WWERM is to
develop an action plan and conduct tht: one-year
pilot program in each of three earthquake-proDl~

target regions to demonstrate the utility,
importance, feasibility and need for unif(lrm global
earthquake hazard mapping and risk
assessment/management in preparation for a
program linked to the International Decade for
Natural Disaster Reduction. In each of tht' pilot
project's four target countries (Morocco, Peru,
Chile and Indonesia) the USUS, in cooperation with
host country experts, will prepare probability
earthquake ground motiun maps and preliminarv
estiml' nS of expected physical losse!...;thin the
"built environment" as a basis for risk management.
life saving preparedness planning, and the
development of mitigation strategies.

'Ihe Department or Commerte's National Institute
01 Standards and Technology (NISn Improving
Seismic Design And Constnactlon Guidelines

The role of the National Institute of
Standards and Technology (NIST) in the NEHRP
is to conduct research and provide technical support
for the development and application of improved
SC"ismic design and construction practices. The
research conducted by NIST is driven by two
general objectives: to make new construction safe
and economical with respect to earthquake hazards
and to mitigate potential earthquake ha7.ards in
existing facilities. Thus, laboratory and analytical
studies are oor.ducted to provide technical
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information needed for improving building code,
and standards pertaining to new construl,tion, and to
develop new criteria regarding the repair amI
strengthening of existing structures.

Sewral years ago, NIS'I dlili,tted a mulli
year research program to develop technical data 011

lhe I,..havior of connn·tion, betwccn beam, and
columns to provide a hasis 1m a rational sei,mi,
design mcthod fur precast heam-w)ulllil
connections. Inelastic deformations are
concentrated in the connections, which arc smallCl
and weaker than the precast clements bl'ing
connected. Thul'>, the connections arc often the
weak li~lks in the structure, and their strenglhening
is essential as an earthquake countermeasure. NIST
is also developing other strengthening techniques
which arc aimed at improving lateral strength and
ductility and arc being applied to deficient
structures. A scI of design guidelines for asscssing
the overall capacity nf strenglhened reinforced
cnncrete frame structures is being devel, 'pC·I!. A
prerequil'>ite tu the establishment· ,r ,uch ~uiddillL"

is knowledge of the intcractic:, between cxi,tillg
structural members and strengthening elemclIls and
of the behavior IIf the anchorin!/, eleml'nls used to

join the "tructural members.

The National Sdence Foundation's (NSF)
Responsibility For Upgrading Experimenl:ll
Rest'areh l..aboratories in Earthquake Milillation

Experimental research in earthquake
engineering is conducted at l ..a,ly laboratories
locatcd at universities across the United Statt:s.
These laboratories vary from very large mull i
purpose facilitics to small specialized facilities. NSF
is continually providing rest'l'" p" to UPI!-, dde and
expand the capabilitics and instrumentatitlO at these
facilities. At the present time. several majm
facilities exist that conduct research sponsnred by
the NSF. These include The University of
California (Berkeley and San Diego), University uf
Colorado, Cornell Univcrsity, University of lIIinuis,
State University of New York at Buffalo. Univcrsity
of Texas at Austin, Lehigh University and The
University of Michigan.

Additionally the NSF has bcen at the
forefront of supporting information dissemination
centers and clearing houses in natural ha7.ards. A
numhcr of these include: the National Informal ion
Service for Earthquake Engineering (NISEE) at the
University of California, Berkeley, and the



California Institute of Technology, which conducts
comprehensive earthquake engineering
dissemination programs; the N:llional Information
Service of the National Center for Earthquake
Engineering Research (NCEER) at the Slale
University of New York at Buffalu; and the N;J{urai
Hazards Information Center at the University of
Colorado, a major clearinghouse for social science
and policy information in the hazards field.

The information the NSF disseminates
reaches a diverse audience that includes engineers,
architects. building officials, planners, government
officials, and researchers. Numerous channels of
communication arc employed to inform users about
the results of countermeasures research from
projects supported by the NSF in disciplines such as
engineering, the social sciences, architecture. and
planning.

The Role or tbe Department of Commt>rct"!>
National Oceanic: and Atmospheric Administration
(NOAA) In Mitigating the Impacts of Floods,
Severe Storms and Tsunamis In the United States
and Abroad

The primary miSSIOn of the National
Weather Service (NWS) is the protection of life and
property and the enhancement of the national
economy. Hence, the basic functions of NWS are
the provision of forecasts and warnings of scyerc
weather, flooding, hurricanes, and tsunami events;
the collection, exchange, and distribution of
meteorological, hydrologic, climatic, and
oceanographic data and information; and the
preparation of hydrometeorological guidance and
core forecast information. The NWS is the single
·official· voice when issuing warnings for life
threatening situations and is the source of a
common national hydrometeorological information
base. The national information base forms an
infraslrudure on which the private sector can build
and grow.

Accurate and timely weather and river
forecast and warning systems are vital to the safety
and well-being of the Nation's population. Weather
and water resources forecasting harnesses modern
advances in information to increase the productivity
of American industry. thereby contributing to
economic growth.

The National Weal her Service (1) collects
and exchanges hydrometeorological data and

456

information on a national and international basis;
(2) issues warnings and forecasts of seyere weather,
floods, hurricanes and tsunami events which
adversely affect life and property; (3) issues
weather, river and water resources forecasts and
related guidance matcrials used to form a common
national hydrometeorological information base for
the general puhlic, private sector, aviation, marine.
forestry, agricultural, navigation, power interests,
land and water resources management agencies and
emergency managers at all levels of government; (4)
provides climatological summaries, quality controls
for observed and collected data; and (5) other
services such as global, national or general regional
atmospheric modcls.

The National Weill her Service (NWS) is
charged with responsibility for the Tsunami
Warning Service and for the preparatioll and
distribution of Watches and Warnings of tsunamis
that may threaten lives and/or property in and
around the Pacific Ocean. The NWS operates and
administers Ihe Pacific Tsunami Warning Center
(PTWC) and the Alaska Tsunami Warning Center
(ATWC). The PTWC functions as the National
Tsunami Warning Center responsible for providing
tsunami warning services for all coastal States and
othcr U.S. interests throughout the Pacific. The
PTWC also provides regional warning services for
Hawaii; the ATWC pro"ides regional warning
services for Alaska, British Columbia, Washington,
Oregon, and Caliiornia. The PTWC is the
International Operational Center for the Tsunami
Warning System in the Pacific.

-'-:Ie relationsh;p between earthquake size
and historic tsunami generation is being studied by
the PTWC on an area-by-area basis to determine
the influence of regional and local tectonics and
submarine geology on the generation of tsunamis.
These studies are prLviding the basis for a better
evaluation of the po·escnt warning thresholds and
operational proccdu"es.

Tile ?TWC continues to work closely with
Hawaii Civil Defense in coordinating and supporting
State legislation for enhancement of tsunami
mitigation measures for the State of Hawaii. The
State Legislature approved funding for the
installation of nine additional tide gauges within the
Hawaiian Islands, equipped with digital data access
via a computer telephone query. Each of the
County Civil Defense Agencies, as well as the State
Emergency r.r· ...,~~ing Coenter, will have



microcomputers capable of automatically
interrogating and plotting sea level data fmm any
station using software developed al the PTWc.
Te1efax units arc also being installed to pmvide a
graphics communication link betwcen the PlWC
and all Civil Defense Agencies.

The National Geophysical Data Center
(NGDC) located in Colorado acquires. processes,
and analyzes technical data on earthquake hazards,
and disseminates the data in many usable formats to
Federal agencies, private industry, academia, and
the public.

The NGDC Pacific Tsunami Dala Base
includes more that 1,600 events since 49 B.C. and
more than 5,100 locations where tsunamis wcn:
observed. Times of generating earthquakes,
tsunami arrival times, travel times, firsl motion of
the wave, and periods have been added to the data
base. The data base has been designed for use on
IBM-compatible personal computers.

The Department of Energy (DOE) Program in
Environment, Safety and Health For Mitigating
Technolotical. Earthquake and Other Hazards

The Department of Energy (DOE) plays a
m.,im role in the National Earthquake Hazard
Reduction Program (NEHRP) and is commilled to
supporting the program through the Department's
environmental, safety, and health obligations. The
support has been forthcoming from all levels
of the Department, especially from the operations
offices and power administrations that serve as
NEHRP contacts. The Department's
representatives have participated in NEHRP
activities of the Interagency Committee on Seismic
Safely in Construction and the Subeommittee on
Feder31 Earthquake Response Planning.

In April 1989,the Department issued DOE
Order 6430.1A, General Design Criteria. which
specifaes the use of design basis earthquake levels
for nuclear processing facilities and other ha7.ardous
operations based on probabilistic hazard curves.
The DOE Order requires the use of the Design and
EVflluation Guidelines for DOE FaciiitieJ Subjected
to NllIUraJ Phenomena Hazards. This was re-issued
as an interim report in 1989, and its methodology is
based on the approach used in the Uniform
Building Code UUC (1988 Edition) anJ the; U.S.
Anoys Seismic Design Guidelines for Essential
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Building. DOE's Office d Safety Appraisals is
sp---nsoring workshops on thl usc of the guidelines.

The Department uf Energy (DOE)
continues 10 slr.:ngthcn ,!::" ;!"'areness and broaden
the involvement ui its program offices, field
organizations, and energy contractors in the
National Earthquake Hazards Reduction Program
(NEHRP). The following major organizational
units of DOE .lre involved in natural phenomena
hazard mitigation programs: 1) Management and
Administration; 2) Defense Programs, 3) Energy
Research. 4) Environment, Safety and Health, 5)
Fossil Energy, 6) International Affairs and Energy
Emergencies, 7) Nuclear Energy, 8) Civilian
Radioactive Waste Management, 9) Power
Marketing Administrations. 1) Operations Offices
and 11) Energy Technology Centers throughout the
U.S.

These organizations arc responsible for
implementing the requirements of Departmental
Orders, including specified consensus standards
(e.g., seismic requirements of the Uniform Building
Code (UBq and the Seismic Design Guidelines for
Federal Agencies).

Department of Defense (DOD) Activities In Civil
Works, Research and Education for Disaster
Reduction and International Humanitarian
Response

The work of the U.S. Army Corps of
Engineers (CE) military and civil works programs
and activities in earthquake, tsunami and flooding
countermeasures conducted by the U.S. Navy are
important contributions to the protection of critical
Cllastal f:.cilities worldwide.

The Lorna Prieta Earthquake demonstrated
the need for an increased effort in the area of
structural evaluation of existing structures and
methods of retrofitting. This has set the stage for
research work on base isolation and elastic damping
systems. A large percentage of essential military
installations are located in areas of high seismic
activitv, and therefore should be 'llble to function
during and after a seismic event. Many of these
facilities are conslructed of masonry units and are
vulnerable to seismic damage.

The Corps of Engineers continues to
develop and improve its seismic design and



coDStructioo requirements, using the latest seismic
design provisions and innovative design concepts for
water resource type structures. A new geotcchnical
seismic design manual applying the latest findings of
research for the practical design of shallow and
deep foundations, retaining walls, buried structures,
slopes, and embankment dams is in preparation.
The manual, developed with the U.S. Naval Civil
Engioc:ering Laboratory, provides geotechnical
design guidance for waterfront structures. In
addition, structural engineering guidance is heing
prepared for the seismic design of concrete towers
required for the intake of outlet work!> for dams.

The U.S. Navy Facilitie!> Engineering
Command continues to investigate naval shore
facilities located in areas of high seismic risk. Thc
program is approximately 85 percent wmph.:ted and
will ultimately involve 95 Navy activities. Areas of
vulnerability to potential liquefaction, tsunami
nooding, and landslides have been idenlified. and
widespread deficiencies arc being adJressed.
Approximately 14,500 structures have heen
screened, approximately 1,600 structures analy/ed,
and 650 foud to be seriously vulnerable. For the
structures identified as ha7ardous, nonstructural
components as well as the lateral force resisting
system were evaluated. In areas where site hai'.ards
are identified, they are shown on planning
documents, and new construction restricted or
adapted to provide protection.

BulUU or Redamatlon Earthquake and Flood
Hazards Reductioo Applications Research And
Imp1emeotatloa

The Bureau of Reclamation (Reclamation)
earthquake hazards reduction activities basically
involve seismic analyses and the designs or
modifications of embankment and concrete dams
and large struC'tures. Thesc seismic analyses require
a variety of state-of-the-art technical studies,
including regional and local seismotectonic
iovestigatioos, microseismic monitoring, subsurface
drilling and trenching explorations, materials
sampling and testing programs, and various types
and levels of dynamic analyses, including risk-based
analyses. The studies include the installation of
field instrumentation and the development of II wide
latitude of seismically related programs.
Reclamation also conducts research related to
earthquake effects on materials and struet ures.
Projects underway in r1SC31 Year 1990 include
centrifugal modeling of embankment dam crading
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and soil strength and deformation following
liquda("\ion.

The Bureau of Reclamation is the lead
technical agency in the Department of the Interior's
Safety of Dams Pmgram and is involved in seismic
issues throughout the contiguous 4H States and
Alaska. There are, at present, 385 dams in
Interior's Safety of Dams Program. Of these, 269
arc Reclamation, 52 are Bureau of Indian Affairs
(BIA), 29 arc Fish and Wildlife Service (FWS), 26
arc National Park Service (NPS), and 9 are Bureau
of Land Management (BLM). This Bureau has
identified about 70 dams that may require
Dlllllilicalions for safely reasons; however, most of
these safety issues arc not associated with
earthquakes.

Within the Bureau of Reclamation, a major
program is continuing to evaluate the safety of
existing dams and foundations of new dams in
highly seismic areas. Dams or dam foundations that
arc suspected of being liql'efiable are first evaluated
using in situ field testing and simplified empirical
methods. Techniques f'lr determining in situ void
ratio and the steady sl.de of deformation are used
in thl: evaluation of Iiqudaction potential on
projects for which the simplified empirical methods
do not give a definitive result.

The Role or the Department or Transportation In
Protecting Critical Fa&lIities and Urellnes In tbe
U.S.

While the Department of Transportation
(DOT) is emphasizing seismic safety in new
construction, its long term objectives are to develop
prioritized courses of action involving mitigation or
retrofit programs for existing buildings and lifelines
in high risk areas, and to promote long term
research into ways to increase seismic resistance for
both new and existing structures. DOT also expects
that this seismic safety program will have the added
benefit of reducing loss and disruption risk from
other natural and man-made hazards affecting
transportation systems.

A goal of DOTs hazards reduc[ion
program is to achieve earthquake resistance
commensurate with the seismic risk for that region
for new struc' Llres and lifelines. All ageocies of the
Department of Transportation (DOT) are
encouraged to identify cost-effective, low expense
activities for quick enhancemen~ of their present



programs. In this regard, procedures are being
established for a future review of the vulnerahility of
existing DOT facilities in areas of higher seismic
activity.

Another goal calls for the review of DOT
Orders that govern leasing of space, with adherence
to local building codes on seismic safety as an
evaluation factor in renting building space.
Agr.:neies are also encouraged to continue huilding
a seismic knowledge base and sponsoring low cost
research. Underlying thcsc objectives is the
Departmental policy to dcvelop awareness and
information programs for all its constituencies and
employees on the need for increasing seismic
resistance for the Nation's transportation system.

The 1971 San Fernando earthquake was a
major turning point in the development of seismic
design criteria for bridges in the United States. The
earthquake started a chain of events which led til
the American Association of State Highway and
Transportation Officials (AASHTO) adopting, in
1983, a set of guidelines prepared by Federal
Highway Administration (FHWA) to establish
design and construction provisions for bridges to
minimize thC"ir susceptibility to damage from
earthquakes. DOT is also concerned with the
additional effects ot dynamic earthquake-induced
ground shaking on the behavior of structures and on
soils underlying ports and harbors, as well 35
tsunarnie threat.

The Departmeat orVeterans Affairs (VA) Hospitals
lIDd Medical Facilities Protection Against rlsasters

The Department of Veterans Afbirs (VA)
develops plans and strategies for the t>rovision of
emergency health care service. to veteran
beneficiaries in Vcterans Admi:.istration medical
facilities, to active duty pr.:rsonnel and whcrc
possible to civilians in communities affected by
nati ~nal security emergencies. The VA works
closely with other USG agencies to apply applicable
building codes and conSlruction techniques to
protect its facilities and equipment against natural
disasters. The VA also assists The Department of
Health and Human Service~ (HHS) in developing
national plans to mobilize the health care industry
and medical resources during times of national
emergency.

Thc Department of Veterans Affair~ (VA)
seismic stren: bening program strives to ensure the
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~afcly of patients and staff through the seismic
strengthening or replacement of all essentiltl
suhstandard buildings in seismic-risk arC35. Since
the inception of the program in 1971, approximately
120 buildings have beeD strengthened, are being
strengthened, or are presl'ntly in the design stage of
a construction project for strengthening. The
seismic structural strengthening program h35 made
significant progress toward achieving its objective,
although much more remains to be donc.

The Lorna Prieta Earthquake prompted tbe
VA to reexamine its seismic correction program. A
comprehensive study of VA requirements in this
areas has been completed. There is an increased
priority for projects that address seismic
deficiencies. The seismic correction program has
been instrumenlal in proposing funds for seismic
projects; $5.9 million for design of seismic
correction at Long Beach Medical Center W35
budgeted for F;scal Year 1990, with construction
funding of $67.2 million planned for Fiscal Year
1')91. Design funding of $15.3 million for seismic
corn:c,iuns at the Martinez Medical Center is
planned for Fiscal Year 1991, with construction
funding of $157.8 million planned for future fiscal
years.

Commensurate with a recent VA study, the
development of future budgets will continue to give
high priority to projects at medical centers requiring
seismic correction, including future projects at
Memphis, Alhuquerque, American Lake, and Manlo
Park. The Loma Prieta Earthquake significantly
damaged the VA medical center in Palo Alto,
California, and necessitated an emergency response
by the VA. The VA has been provided 554 million
in emergency funds for medical supplies and staff
equipment, temporary bed and support space,
seismic upgrading, and the design and site
preparation for a replacement facility. The total
project cost of the replacement facility is $252
million.

Also included in VA earthquake hazard
mitigation efforts is a wide range of programs
initiatcd to: (1) Anchor major mechanical and
electrical equipment to prcvenl dislodging or
disruption during an earthquake. (2) Insaall an
emergency radio network to provide direct
communication between any of the VA facilities in
the United States; (3) Provide emerg~ncy utility
services, especially water and electrical power, in ali
VA medical centers; and (4) Install special



earthquake provisions for equipment, furniture, and
supplies to assure the operation of VA medical
centers in the postearthquake period.

Nuclear Replatory Commission (NRC) Sehmlc
Countermeasures for Civilian Nuclear Elfitric
Power Plants

Under its congressional mandate to
regulate commercial production and use of nuclear
materials, the Nuclear Regulatory Commission
(NRC) conducts a variety of regulatory activitie!>
and manages a strong research program to support
its regulatory operations. NRC-supported research
encompasses the areas of seismicity, tec«mics, and
stress/strain measurements. These studies provide
a scientific basis for regulating the activities of the
nuclear industry and improving the safety of nuclear
plants and waste disposal facilities. NRC-supportt.d
research programs in these areas contritmte to the
efforts of the National Earthquake Hazards
Reduction Program (NEHRP).

Since 1980, the NRC has sponsored
analytical and experimental research on low-rise
reinforced concrete shear walls, buildings. and
building segments. The research is focused on
answering certain structural concerns related 111 (1)
the adequacy of criteria currently used in design dnd
analysis, and (2) the ability of existing nuclear
power plants to withstand earthquakes greater than
considered in the original design.

While the adequacy of nuclear plant
equipment to withstand earthquakes has been a
continuing consideration, only the more recent
plants have used a rigorous testing program to
qualify their equipment for design level earthquakes.
The resistance to earthquakes larger than design
levels has not been documented. An extensive NRC
and industry effort nearing completion has used
both the collection of earthquake experience data
from non-nuclear facilities and the synthesis of
existing nuclear equipment qualification test data to
form a program to reevaluate the seismic activity.

The studies performed have shown that, on
a generic basis, much of the equipment used in
nuclear plants is inherently seismicalIy-rugged if
properly anchored and not subjected to damaging
interactions (e.g., the collapse of un-reinforced
masonry walls onto equipment). In general, it has
been found that the seismic strength evaluation of
electrical equipment is the most aitieal for

operating nuclear plants.

In recent years, both industry and the NRC
havc been concerned with the appropriateness of
NRC s piping design rulcs for seismic and other
dynamic load~. An over-design of piping for
dynamic inertial loadings can produce negative
crfeets from thermal expansion and the relative
displacement of piping and points and can reduce
its overall reliability.

Both the NRC and the Electric Power
Research Inst itute (EPRI) have sponsored programs
to evaluate the earthquake experience of piping in
heary industrial facilities. Thc basic conclusion of
these programs is thaI welded above-ground piping,
designed according to the more relaxed criteria of
the non-nuclear Industry, performs very welI during
large earthquakes.

Environmental Protection Agency (EPA) Natural
and Technological Huards Abatement

The Environmental Protection Agency
(EPA) works to prevent and respond to hazardous
materials releases and related incidents that are
caused by natural disasters. Building on EPA's
existing statutory response activities under the
National Oil and Ha/""rdous Substances Pollution
Contingency Plan, EPA provides managerial and
technical leadership to State and local governments
requesting assistance with hai'.ardous materials
releases, damage to hazardous materials containers,
fires involving ha7.ardous materials, stabilizing leaks
and spills to protect public safety and the
environment, and related incidents caused by
natural disasters. EPA also conducts environmental
research contrinuting to our understanding of
natural hazards. The Environmental Monitoring
and Assessment Program (EMAP) provides
statistically determined baselines on ecosystem
status from which to measure and understand
impacts of disasters. Research is also conducted to
determine the environmental and ecological impacts
of genetically engineered biological agents and to
assess the cumulative loss of wetlands on the
frequency and severity of floods.

The Role of the U.s. Department of Agriculture
(USDA) In MitlgatJng Drought, Flood, Fire Bnd
landslide Impacts

The United States Department of
Agriculture's Office of International Cooperation



and Development (USDA/DIeD) is coordinating a
Famine Mitigation Project for Africa under a
Resource Support Service Agreement (RSSA) with
OFDA for an initial two year period. It is widely
acknowledged by emergency experts that much can
be done to mitigate the effects of a famine situation
prior to its onset. The intent of this activity is to
identify, test under actual field conditions, and
develop standard implementation models for a
limited number of interventions that can
dramatically reduce the impact of famines prior to
their onset, and to reduce the recovery period after
the conclusion of a famine. The major areas that
will be investigated under this activity include Early
Warning Systems and Rapid AssessmellC, Seeds and
Tools, Livestock Presen;atioll, Water Resources, Cash
for Work, and Conflict Modi/kations. Expert teams
will be formed to design and field test these
interventions in Sudan, Ethiopia, Somalia, Angola.
and Mozambique. Following implementation and
evaluation of the selected interventions, the teams
will develop generic guidelines so that these
activities may be implemented wherever they arc
necessary and appropriate. Finally, workshops will
be conducted for famine response personnel in the
United States and in East and Southern Africa to
provide an overview of the tested activities and to
develop practical plans for their usc during future
famine situations.

The Early Warning and Rapid Assessment
team will examine current Eal'1y Warning Systems
and options for OFDA, develop methods and survey
instruments for establishing deviatiom from norms,
and identify indicators for determining appropriate
intervention measures for at-risk populations. The
Seeds and Tools team will identify agricultural
baselines and identify appropriate seed varieties,
tools and methods that could be employed prior to
famine onset. This team will also examine
agronomic and horticultural packages and seed bank
activities as well as traditional crops and practices.
The Livestock team will identify and test activities
to maintain livestock through famine situations.
The Water Resource team will identify interventions
that can be implemented at regional and local levels
to maintain a reliable, safe water supply. Although
Food for Work activities have been extensively
employed and examined in the past, the Cash for
Work team will identify direct cash transfer
opportunities and how they may be employed to
support and strengthen the agricultural, livestock
and water resources activities to be tested by the
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other teams. The Conflict Modifications Team will
identify the barriers to working in and applying the
ahove inlerventions under conllict situations.

Additionally, the USDA, U.S. Forest
Service conduch both domestic and international
drought, flood. fire and landslide impacts programs
which focus on disaster preparedness (primarily
emergency plannin~ wildfire prevention, and
wildland fud modification) and wildfire suppression.
The USDA also conducts research examining
ecosystem processes; people/structure/hazard
interactions; vegetation management and biological
controls: climate/weather/hazard linkages, and
post-hazard recovery.

The Soil Conservation Service of the USDA
aid, local communities sponsoring projects to
reduce flood and drought hazards; provides
assistance for emergency intervention and recovery;
education and awareness; drought prediction and
warning; community mitigation planning; and
research on the relationships between soil moisture
regimes and agricultural productivity.

The U.S. Forest Service's Disaster
Assistance Support Program (DASP) was
established in 1985 to increase cooperative efforts
between OFDA and the U.S. Department of
Agriculture (USDA).

The primary goal of DASP is to assist
OFDA in disaster preventi•.m, preparedness, and
emergency response, mainly to developing nations
of Africa. L.:tin America and the Caribbean, and
Asia and the Pacific regions. The Forest Service is
thus able to:

(1) Provide technical support in
disaster prevention;

(2) Develop and implement programs
for training disaster management personnel from
OFDA, United States embassies and USAID
missions, and from host countries;

(3) Develop and use a computerized
roster system for identifying technical experts and
disaster management specialists;

(4) Plan and coordinate workshops,
conferences, reports, and publications that promote
effective disaster prevention, prepareclDess, and
management; and



(5) MohililC disaster management
slll:cialists, equipment, and supplies to disash:rs.

internatiltndlly to U.S. gm'ernment agencies and
multilatcral org;;nil.alilllls involved in refugee health
(·are.:.

(2) Development and impkmenlation
of di"aster management (raining courses and
simuhdioll exercises;

(I) Landslide hal.ard training and
ilSSCSSlllenls III Asia, Latin America, and the
Caribhcan;

DASI' works with ()f[)A 10 strengthen the
ability of countries to cope with disasters hy helping
them impwve thcir own disaster preparedness and
response capabilities. DASP hal> pwvided the
following a"sistancc to countries around the wnrld
through it:; support to OFDA:

(.l)
conferc IIces;

(4)

Sponsorship of workshops and

Locusl control operalions in Africa;

In )9H'J, eighty·six memhers of CDC staff
partkipaled in forty-three.: emngcncy response
mis~illns and dcvd'lped for the World Health
()rganil.ation (WHO). a dlstrihution network for
rapid assessmcnts for nine t)'pC" of emergencies. In
)'J90, CDC, WHO and AID dre designing and
implementing'! project to develop the surveil1ance
and response capabilities of African countries lying
within the meningitis helt. CD(' has also develnpcd
a briefing package for usc by consultants in
emergency and non-emergency situations. This
package includes such informatilJD as
communic.atillns procedures, cultural sensitivity
guidelines, and instructions for shipping supplies
and samples to the U.S. They arc alsll conducting
retrospective evaluations of n:cent emergency
responses to determine most appropriate and
effective respunse procedures.

(5) Wildlire as.,cssments and tcchnical
ilssistance in Latin America;

(0) Operatiun of water purification
systems at disaster sites;

(7) Production of operatiolls manuals
alld guideb<loks for disaster management;

(g) Shipment uf fire suppression
SUI)I,lies and equipment; and

(9) Supply of communications
IlCrsnnncl and equipment.

U,S. Publk Health Service (PHS). Centers ror
Disease l:ontrol (CDC). EpIdemiological
Surveillance and Emeraency Management

The Centers for Disease Control.
International Health Program Office in Atlanta.
Georgia provides epidemiological technical
assistance internationally in natural and man-made
emerge",:y situations. The CDC organizes and
maintains a resource center (including a library and
data base of consultants) to support CDC-wide
organizational activities and objectives. CDC assists
international organizations and their respective
constituents in preparedness activities leading to
more effective provision of assistance in emergency
situations, and provides technical assistance

462

Agency ror International Development (A.I.D.).
Office of lJ.S. ForeIgn l>isaster Assistance (OFDA)
Program in Disaster Prevention. Mitigation and
Preparedness In The Developing World

A.I.D., through the Office of U.S. Foreign
Disaster Assistance (OFDA). is responsible for
providing emergency relief assistance to foreign
nations affected by natural or man-made disasters
and for providing other assistance in disaster
prevention. mitigation. and preparedness. This
program has been structured ttl (I) concentrate
OFDA relief resources on those activities which
save the greatest number of lives; (2) concentrate
OFDA mitigation and preparedness resources on
those activities which save the greatest number of
lives and protect the economic infrastructure of
(levclnping countries; (3) reorient OFDA's approach

disasters by integrating development concepts
;.• ) relief. rehabilitation, prevention. mitigation and
pr.:paredness activities; and (4) encourage other
U.S. Oovernment departments, private industry,
intern;'lional institutions and A.I.D. regional
bureaus to integrate disaster preparedness and relief
principle.s into their projects.

The ultimate goal of this program is to save
lives and reduce human suffering in disaster-prone
countries. A.I.D. recognizes that property loss and
subsequent economic and social disruptions
associated with disasters arc major deterrents to



A.I.D.'s and the developing countries' goals of
fostering economic grov.th and sustaining the
viability of development assistance programs.
OFDA currently works with the Agency's regional
bureaus to reduce the threat posed by natural
hazards to development.

A.l.D.'s strategy addresses the principal
goal of saving the greatest number <'If lives by (I)
responding with relief goods and services during
disasters in foreign countries, and (2) preparing for
and reducing the likelihood of economic impat.:ts
and loss of life prior to the occurrence of disasters.
The two main components of this strategy are as
follows: (1) U.S. Government Emergency Relief
Coordination. Through the use of all appropriate
U.S. Government resources and coopentliun with
private sector resources, A.I.D. seeks to alleviate
suffering and reduce the number of deaths in the
aftermath of disaster by providing efficient and
rapid responses to requests for emergency relief and
to enhance recovery through rehabilitation
programs, and (2) Prevention, Mitigation, and
Preparedness. A.I.D. seeks to apply
multidisciplinary approaches in the fields of disaster
prevention, mitigation and preparedness to reduce
the impacts of disasters.

The program in disaster prevention,
mitigation and preparedness (PMP) stimulates new
and dynamic approaches to reduce the impacts of
disasters on potential victims in target countries.
The goal is to save lives. Through pre-disaster
action, OFDA assists vulnerable countries in
reducing the economic and social impacts caused by
disasters. The PMP program provides support to
applicants from the public and private sectors,
institutions, universities and agencies. Groups
implementing activities are encouraged to provide
matching support to ensure the transfer of findings
and results. The following illustrate areas of
concentration which may constitute the multi-year
disaster PMP program: (1) private sector activities;
(2) famine; (3) hydrometeorological events; (4)
geophysical conditions; (5) medical and health
concerns; (6) environmental and technological
disasters; (7) A.I.D. mission program support; and
(8) project design, analysis, and evaluation. The
A.I.D. PMP program will support the U.s. and
international goals established for the U.N.
International Decade for Natural Disaster
Reduction.

The program will provide the analytic,

technical, economic and social expertise necessary to
supJXlrt A.I.D. policy and program interventions to
reduce the impacts of disasters on development.
Sustainability will be assured by not funding projects
where the host government commitment is
inadequate. Activities will contribute to sustaining
economic development by reducing the vulnerability
of the work force and economic assets to disasters.

This program supports A.I.D. efforts to
provide more effective humanitarian assistance to
those who potentially would suffer from natural and
man-made disasters and to interve'le on their behalf
prior to the occurrence of disaster. The program
will also help to protect private sector investment
and economic development worldwide.

Principal beneficiaries will be the potential
\ictims of disasters in the developing countries and
~)frlCials in public and private sector organizations
whl~ have disaster PMP, relief, rehabilitation and
reconstruction responsibilities.

Major outputs of this program are: (1)
hazard-specific technical assistance and training in
selected countries based on strategic planning; (2)
building host country institutional capacity to
manage disasters and monitor hazards; and (3)
reduction of disaster potential through protection of
infrastructure, mitigation of impacts, and helping
host governments plan for, prepare and, where
possible, prevent disasters.

u.s. FEDERAL PROGRAM STRATEGY FOR THE
DECADE OF THE 1990'S

The U.S. Federal Program for reducing the
impacts of natural disasters in the decade of the
1990's focuses on reducing fatalities, human
suffering, environmental damage and economic
losses by coordinating programmatic resources to
resolve priority hazard-related issues and integrate
and enhance planning and response capabilities
from the Federal to the local levels. Integration of
extensive interdisciplinaryexpertise, various missions
of the Federal asencies and State and local
governments, and existing components of private
sector disaster reduction efforts is key to the
successful reduction of hazards during this decade.
The federal program strategy seeks to integrate
mitigation measures across hazards by applying
common tools for pre-disaster interventions,



examuuDg causal relationships, geographic ilnd
spatial similarities and other factor~ leading to
sueec:ssJ'ul foreca~ting and implementiltion of
appropriate risk redlt~tion measures prior to event
occurrence. The strat.~gy for the 1990's will beller
define acceptable risks by hazard type and location
and \"IilI increase public awareness as to those
praru~ countermeasures which can be taken to
redllce personal and community economic, social
aId' jlhysical impacts. The Federal Subcommittee
on Natural Disaster Reduction of the Committ.:e on
Ea",I>' and Environmental S"icnccs of The
President's Office of Science and Technology Policy
(OSTP) has recently completed a dr<tll report. This
report will help establish the U.S. national strategy
fo' disaster reduction in the 1990·s. Al the same
time. these activities arc complemented by current
program planning by the National Research
Council's U.S. Natio'lal Committee on the Decade.
Their report with a recommended plan of action,
will be available in late June. 1991.
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BouDdary Layer Wind Tunnel Study on Full Aeroelastic:
Long Spall Bridge Model

b,.

Kolchl YOKOYAMA". Tu.okl KANAZAKl m and "a.ahlko YASUDAa,

In order to carry out Iinal
verltlcatlon of aeroelaltlc .afety 01 the
Aka.hl llalll1o(.tra1t I Brld... "hlch ha. a
.aln Ipan 01 1,990. Ind t"o aide Ipanl or
960. and a trl':: Itlffenln••lrder, il.
lull leroelaltle brldp .odel "Ind tunnel
tntlnp were planned and are now In
pro.rell. A reo.etrlcal aodel Icale or
1/100 WII lelected and prlaary dlaenllonl
to be required ror the telt lectlon 01 wind
tunnel "ere deter.lned; "Idth 4la. helrht
4a Ind leneth 308. Thll paper preaents loae
dl.cu.alona related to thla larre boundary
hyer wind tunnel facility and Ide.. of
aodelln. lor the brldre.

Keywordl: wind. dealen. fUll aodel.
IUlpenalon brldee. wind tunnel

1. Introduction

The Akalhl lIelll10 Brldre. which "Ill
connect the Honlhulaaln Illandl to the
A"aJI Ialand. II now under conltruetlon. A.
the brldre 11 a very lonr apan IUlpenllon
brldce whOle aaln Ipan lenrth II lar beyond
that 01 the current "orld lonrelt
IUlpenllon br Idee. It II one 01 the aoat
laportant th..1 to leeue the wind
reilitant lalety 01 the brldre. Therelore.
It la nee..lar)' to Yerlf)' the lalet)' aore
accuratel)' not onl)' by evaluatlne Iru. the
ordinary wind tunnel teltl ullnr a
leeUonal Mdel but aho by curylnr out
"Ind tunnel teltl ullnr an aeroelaatlc lull
brldre Mdel whose ahape and elastlclt,.
Ihould be II II.Uar al pOlllble. flr.l
ahowl the ceneral view of the Akllbl Ilalkyo
Brldre.

Thll paper I_arllel conelullonl of
the atucl)' concernine the laree boundar)'
layer "Ind tunnel IIelllt1 and a full
..roelaltlc Mdel 01 the Akalbl lIaJkTo
arid,..

2. PurDOI. 01 the fUJI AeroeJ••tlc
Irl411 Rodel 'Ind lynnel Iel'

The purpoI.I 01 the lull ..roellaUc
brldre 1 wind tuna.1 t.lt are
el..IJII 1 lollOWl;
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11 Verlrlcltlon or AerodYn..lc
Stability

AI the lunduental natural Irequency
01 10nr Ipan IUlpenalon brldrel Iuch al the
nashl Kalkyo Brld•• 1a very 10". nutter
character IIticl or thOle brld,.1 are very
lenaltlve to IUpt chance 01 eaber
arraneeaent and to the dillerence In telt
condl tlons. Thererore. it 11 necelaary to
verity the aerodYn,.ale .alet)' aore
preclaely by lull aodel "Ind tunnel teltl.

21 Eltlaatlon 01 lind Load

"lin aeaberl of the atltlenlnr trull
01 the Akashl KalkTo BridIe Ire decided by
Itatle wind load. In the Itatlc dellen with
"Ind laid. CUlt relponle 01 draco lilt and
aoaent Ire considered but thele are all
uLlaated by theoretical loraulal. It the
Iccuraey 01 thOle loraulal II veri lied
qUlntltatlvely by elnl 01 oblervlne three
dlaenslonal behavior or the lull aodel In I
Ilaulated turbUlent "Ind. aore rltlonal
dellen lor ,,!nd 10ld "Ill be pOlllble.

31 Verilication 01 the Ordlnar, 'lnd
Tunnel Teatlne Method

IIot ani, In Japan but alia In other
countrlel. wind-Induced vibration 01 a Ion.
Ipln brldce hll allnl1 been predicted by
wind tunnel teltl In I.ooth now ullne a
.ectional aodel. However. In truth. wind II
ehanr!n. In tlae and In Ipaee. The
Itructure al.o hll three dlaenslonal Ipread
that can not be eaprelled by the lectlonal
IOde1. Therelore. It ahould be quite
I.portlnt to Itud)' three dlllniional
etlectl of wind and the structur. by
carryln. out larce Iclle lull Mdel "Ind
tunnel telt In order to understlnd aceurae)'

II Head. Strueture Divilion.
Structure and Brldee Departaent.
Public 'orkl Relearch Inltltute.
"Inlltry 01 tonitraction
21 Senior Releareher. ditto
31 Head, FI.lt Dell.. Dlvilion.
Dellen Depart..nt.
Ionlhu-Shlkoku Irldll Authorlt)'



and llalt at the current ordlnar,. .Ind
tunnel t.ltlnr .ethod quantitatively.

AI delcrlbed above. t~e aaln purpose.
at tull aeroelaatlc brld,e ~el .Ind
tunn.I t.IU ar. to v.r Ity the latety at
th. Akalhl Kalkyo Brldre to Itron, .Ind. to
eitabllih rational elnd r.III'ant dellen
..thod and to leprove current .Ind tunnel
t.atlne aethod.

3. Conltructlon at the Lar..
80undarr LaY.r 'Ind Tunn.l facilltr

3.1 ReaMlred Char!Ct.rlatlcl
01 the lind Tunnel

At flr.t. the aodel acale of 1/100 ea.
decided conllderlnr not to fall to Ilaulit.
the characterlatici ot the brldre and to
uke It al laall al pOIslbl.. Then the
• Idth 41a and helcht 4a of the telt lectlon
eere decld.d to put whole the lOdel In It.
The len~h of the teat IIction 30. eere
IIlected conslderlnr to renerate boundery
layer turbulent tlol.

The aulaua elnd apeed 12 a/a .a.
alaed at conllderln, the froude nuaber
alallarlt)' and loa. 01 enerlY du. to
ren.ratlnr turbulence.

The properUel 01 aaooth floe eere
alaed at .1 tollo'l;

al Turbulenc. Intenalty
lell than I "

bl ~an lind Speed Dlatrlbutlon
lell than 3 "

3.2 Pilot 'Ind Tunnel Telt

In order to deteralne the Itructur.1
cant!",... aUon or tb. elnd tunnel and the
bulldln, which latla:,. th. r.qulred
propertlel !Conoalcally. a pilot lind
tunnel t.et ea. carried out. Itl aeale eas
1/11. The pilot elnd tunnel II Ihoen In
Photo 1. The tact. underatoad b1 thll telt
eere al tollo.. :
II Speclflcatlona of the contraction

nonle :
al Contraction ratio 2 can aatlat,

th. required floe propertlea.
bl Two ateel aereena are enouch for

the required propertlea.
clOne of ateel aereena la to be

lnltalled et the entrance
of the bell-aouth.

21 IIulldln. :
al The alnl_ lanrth 01 15 a la

re,ulred.
bl The .Inla. helcht 01 1'.5 • II

reqUired.
cl TIle celllnr c.. I:a Jade 2 a l_r

at the ald. at the l_r reach.
31 Othera :

al COrner-yanea at tile entraael are
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very ettlclent and thOle at th. ellt
are not.

bl T~e tlo. II l.ttle attected by th.
Inalde truII,a lupportlnr the
ceiline at bulldln,.

cl The tlol II little .uddled by
the Itr,..llne-Ieetlon POltl
at corner-vaa'i .

3.3 final Plan at the 'Ind Tunnel

The r.neral layout at the .Ind tunnel
tacility a.lect.d al a tlnal plan II Ihoen
In flr.2. "prov.d points att.r the pilot
.Ind tunn.l t.at conllderlnr the ulere are
eI tollo.. :

al Thr.e t.lt lectlonl are pr.pared:
.100th flow telt at upltre...Ide.
turbulent floe t.lt .t down.trell
side Ind dllt.rent .Ind dlr.ctlon
t.st It th. center .

bl Senior roo.1 are arranred at both
Iide. of th. telt ••etlon.

cl Size Ind nuaber at tan••re
••lected a, 1.S. In dilleter
and 36 re.pectlv.l,..

dl lind .peeda are controlled by
rotation c,.cle. at tan•.

Thl. .Ind tunnel Ilclllt,. had been
eo.pl.ted on th. end at F.b. 1991 at the
.Ite of the Public 'ark. Rea.arch In.tltut.
of IIlnlltry 01 Conltruetlon. floe
properties e.r. leaaured Juat Itter
co.pl.tlon of the elnd tunnel and the
reaulta are quite I.tl.'.ctory.

4. lIod.llne at Full Aeroelaltle
Lone-.pan Suapenalon 8rldee

4.1 R.Qulr.d Charaet.rlltlel
at Aeroelaltlc "odel

In tla. at carryln~ out the tull ~.l
wind tunn.l teat. tor th. Akalhl Kalkyo
8rldre to verlt,. aerodynllie Itlbillt, and
CUlt re.ponl' con.ld.rlnr three dl..nalonal
effecu at elnd and the Itruetur•• It II
eonlldered that th. eOlt laportant lubJeet
II to realize a pod alanarlty at the
.00de1. In aodellnr of a lull aUlpenllon
b.ldre. folloelnr attention Iho.ld be paid
ren.rally:

al to latlat, th. al.ll.rlty ot ahape,
a":. dlltrlbutlon .nd Itlftnel'
distribution 01 the Itrueture .t the
... tI..

bl to reduce the deapln, at lOdel
.1 1••11 .a poallble

On the ether hand. larrer acal. 1111
eauee hlcher CO.tl of the lOdel .a ..11 aa
the .lnd tunnel t.cliity. Throucb a lot at
Itudle. on ~.llnr. It ••• tound poaalhle
to .ake • full a.roel.atle lOde! ot the



Akalhl Kalky, Brldre with a reu.etricil
Icale of 1/100. havlnr a pretty
latllfactory perforlance elce~t Iinor
polntl In reOletrlcal and lechanlcal
IIIUarlty. For eluple. la.. and
Itlffnell of the rlrder. which actually are
not untrorl. are alloat unHorlly
dlltrlbuted to the brldre alii. However, It
II conflrled by sale analytical Itudles
that thOle relalatlon of 1IIIlarity
requlrelent would rive little erfects on
aerodynallc characterlatlca of the brldre.

4.2 Nodellnr of Stlffenln, Truaa Girder

In order to realize three dllenslonal
aeroelalUc behavior of the truss lodel.
the 1IIIlarity of reoletrlcal shape as well
al Itlffnela of vertical. lateral and
tonlona! directions Ie really Ilportant.
Frol a lot of lectlonal lode1 wind tunnel
Itudlea repeated 10 far. It II quite clear
that the craIB lect Ion shape of the
Itlffenlnr rlrder caulel a lot of effects
on flutter characterlatici. Therefore. In
lodellnr of the stlffenlnr truII rlrder. at
flrlt. attention was paid to reall!lnr the
1IIIlarity of the Itlffnels without
provldlnr a kind or Itlffenln, spine at the
center of crosl section.

Two typel of the trusl lodel were
Itudled. One II the rlrld block lodel
connected by sprlnrs. and the other Is the
wholly elaltlc lodel In which four
stlffenln, bars are used as lain cords. As
for the latter. It was found dIrr Icult to
support deck rlrders leparated at each
panel In a row. It Is needleal to aay that
IllIllrnunt In the deck rlrden affects
flutter characteristics of the brldre very
luch.

Conaequently. the rlrld block lodel
wal adopted. In the lodel. the trusl rlrder
11 cOlposed of rleld blocks of every four
trull panels to Illulate tile aerodynallc
characterlltici of the actual truII rlrder.
and Iprln,s Installed between blocks
repreaentlne the lechanlcal
characterlstici. In thla lodellne. It was
IIPortlnt and also really hard to dellrn
the Iprlnl. Based on the prelilinary atudy
on the characterhtlci of thOle sprlnes,
V-Ihape sprlnes were fInally lelected. The
outline of the lodel II shown In Fle.3 and
Photo 2.

Actuilly. the problels were still to
be worked out In how to Ilnlllze effectl of
Iprlnea and clearancel between the blockl
on the flutter characterlltici. and how to
dealrn luch rleld blockl al npected. AI
for the forler problel. it 11 contlrled
that there are few effectl of V-ahape
Iprlnp by aectlonal lodel wind tunnel
teat. And for the latter. It II 101ved by
ullne lIcht n.. laterlal of carbon fiber
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plate for the truss lelberl.
The detailed lodellne of the trual

elrder II one of realO,. I a reoletrlcal
Icale was deterllned as 1/100.

•. 3 Nodelln, of Tower

The lodel or tower 11 cOlpoled of •
fraae of Itltrenlne bars Installed Inllde
and exterIor wooden fori. alillar to tile
eeoletrlcal shape of actual .tructure.
Accordlne to the analYlh on the actual
brldee. the effect or tower. on total
behavior In Itltlc as well as dynllic
responses can not be lenored. However. It
II reslly hard to realize all the 1IIIlar
Itlffnesl only by .callne down actual
structure. So It was prellllnarllY Itudled
to check the enect or IU trne.. or tower
coluln.. dlaconal and lateral aelbera on
st.tlc deforaatlon AI well as olcUlation
behavior of the tower. and alia tile effect
of Ittrfness of tower. on the behavior of
rl rder.

Frol the results of the atudy, It was
found that the .tlrrnell of brldee allal
and torsional directions would be ealUy
slaulated by chooslnr an appropriate
section of stlfrenlne ban. Sllulatlon of
stlffness transversal to the brldee alii
was not easy. but was contlrled by
replaclnr the effect of actual dillonal
lelbers to those or lateral lelberl by
cuttlne at their cross polntl.

Ho_ever. It wal also round that saall
error In torsional deflection or the elrder
would be Inevitable because It II very hard
to Illulate the axial IUffnell of tower
colulns.

Fir .• showl I rraae of stlffenlnc bara
of tile tower lodel. The level of 1IIIlarity
wal checked by analyzlne natural
frequencies Ind static deflection on the
totll brldee structure. The results were
alloat satisfactory.

4.4 Nodellne of Cable

As for the lodelln, of the cable. the
lass. drae force on It and allal Itlrfnell
Ihould be Ilaulated, elpeclally conllderlne
the effect of difference In Reynolds nUlber
on drae force 1IIIlarity of circular cable
lectlon. In this .enle. it I. out of the
queltlon to aodel thel by ullne anI, one
kind of unlforl wire. Therefore. the dellrn
w.. lade by Ullnr a unltorl wire IIlllar
to only IIlal Itl rfne.1 and weicht plecet
1IIIlar to laSI and drae foree arraneed at
a certaIn Interval. The dllenalon and
arranclne pitch or weicht plecel were
deterlload Arter tile dechlon of the la..
alillarity requlreunt. The prellalnary
ItUdY WII rlnally checked by aealurlnr the
drar force wl th wind tunnel telt and the



d..pln, for the eKtended clble.
AerodYn..lc Interference between I

IU"enln, ,Irder and cablel clo.. to It
near the center of ..In IPII 11 anotller
proble. to be conlldered. A prellllniry
wind tunnel teat WII carried out w1th I
lectlonal IOdel 01 two clblel and a ,Irder
coeblned. Judeln, Iroe the relultl. weicht
plecel, which are 1IIIlar to only Ihlpe and
not to dra, 'orce. are to be attached In I
certlln po.1 tlon near the center 10 tllat
there II no wron, e"ect of clblel on
Hrodyn..lc charaeterlltlci 01 the rlrder.
FI,.4 and 5 Ihow the aDdelln, 01 clblel.

4.5 condition 0' Connection

Connectlonl 0' each ele..nt luch al
end llnkl. tower Ilnkl. cable anchorl,
tower b.lea etc. were carefull, dellmed 10
a. to r.elhe the .... functlonl al thOle
01 the actull brldee and a laall .tructurll
d.-pln, on tile total 1Ode1 .y.te•.

The co.pleted lull lOdel of the Akalhl
Kalkyo Brldee II Ihown In Photo 3.
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5. Concludlnc Re.ark.

Thl. piper delcrlbel the clrcu'ltancel
of .tudyln, on I llr,e elnd tunnel facility
Ind a full aeroela.tlc lodel of the Akllhl
Kalkyo Brld,e.

JIIaln lubJects of thla Itud1 are
IU"lrlzed a. follo.l:

I) Conltructlon of the lar,e boundary
elnd tunnel

2) ~odelln, of a Itlffenln, truII Without
••tlffenln, .plne

3) Coni Ide ration on aerodyne.lc
Interaction between Itl"enln, trul.
and cablll

After rlnl.hlnr the teltl for the
Akllhl Kelkyo Brldll. thll facUlty will
allo be Ulld for full lOde! wind tunnel
tllte Of the Kurulhlla BrldpI, three
.ulpen.lon brldee' elth center Ipan. of
6001. 1.020. and 1.030. 0' aUtlenln,
bO.II. and the Tltarl Brld,e. the world
lonll.t cable-ltayed brldre with a center
.pan of 890•. Throu'" the.. te.U. It ..
eKpected that wind re.lltant de.len of lon,
Ipln brldre' will .ake further prOrrell.
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Comparison of Responses of a Select Number of Buildings
to the to /17/1989 Lorna Prieta (California) Earthquake

and Low-Level Amplitude Test Results

1,\

ABSTRACT

This paper S\lIllllWriz<,s (lyU:\llli,' cL"r;\l't(Ti,
tics of five buildill).!;i'i withiu thl' Sail Fnllwi:,,'{)

Bay area. The dynamic d:iIl';,,·t('[i~ti.. ~ "IT

extracted froIll the Odolwl 17. 1!)~fJ LOIll<t
Prieta earthquake reSp()ll~(' r'''Jlrd~ ,lwl fn'l}}

ambient tests conducted III :\o\"I'IJllll'[ ] !):J().

Dynamic charactC'ristics ,1t't('rJIlilll'c! for t w{)

of the five buildings prior to tIll' LOIll<t Pri
eta earthquake arc also inrlt1(k(l f'n' ('omPill'
ison. The results are to h(' w;cd to dr,,\\' COl!
elusions related to the' ntlidity of slllallllIll
plitude tests in assessinp; tIl(' dynamic' dwr
acteristics of buildings and 01111'1' strncln!"('s.
The preliminary results show. in SOllie casl's.
that low-level tests are useful and. in othn
cases, they show considerable ditff'n'nC('s
with those determine'd from strong-lJlotion
response records.

KEYWORDS: vibration: It'~tin,!?;: strong;
motion; earthquakes; huildinl!,s; dalllpin/!,:
frequency; period,

1. INTRODUCTION

This paper provides a summnry. prop;n'ss to
date and preliminary re1illlts of a projn·t that
aims to study the dynamic cllllraCU'l"istics of

] u.s. Geologicd Survey. 345 Middl,.fi,·loI H0;,<1

Menlo PArk, CA 94025 USA
20uilding and Fire Research Labore,ory

National Institute of StAndards and Tpchnololl,Y
Gaithersburg, MArylAnd 20899 USA

;, "..\.-.-t !llllu!)('r of hllildings in the San Fran
.. j,,(·o U:IY an'a. TIl(' i<kntified characteristics
fl()lll tIl<' I"I'("on!('(1 responses of the subject
I"li!dill,~~ to 1111' LOll1R Prie'ta earthquake of
O,r()]H'1" IT, 1080 (.1/. = i.l) and those from
le,'I'ut illll]ljl'llt vihration tests are compared.
:\. JlI(' of t II(' 1111ildill~s studied in this project
-1111"'11,<1 \"i~ihk damage during the Lorna Pri
.-til "ilrtl\'lllilk.. (LPE). For some buildings,
a\';ld"i,rf' l't'"nlt." f1'01I1 small amplitude tests
j)(TforIll('t! priol" to the LPE are also used
fot j"()llIp'll"iso!l. The main objective of the
I'LOjl'ct i~ to study the validity of small am
I'litlltll' t<'sts in assessing the dynamic char
actni"tic" of lmildin~s and other structures,

2. APpnOACH

TIl(' steps to he taken during the course of
t!Ie projert are as follows:

1. SeIPet a feasible number of build
ings in thp San Fransisco Bay area from
which recorded response data are/will
1)(· <l\·ailahle. The buildings selected are
representative of different designs and
ronstruct.iOll materials and yet form a
basis to provide a representative inven
tory of structures and data, both from
1itroll~-motionssuch as the LPE, and
small amplitude data.

2. Perform ambient vibration testing..
This step has been carried out using a
PC-hast'd data acquisition system. The
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system accommodates 16 data channels,
has an input range of +I -10 \'olts and
uses a 12-bit AID converter capable of
performing up to 250.000 conversions
per second. For this study, each channel
was sampled 50 times per second. In
execution of this step, in a majority of
the cases, permanently-installed force
balance accelerometers were used as the
sensors. This facilitates easy access to
various floors of the building, without
having to provide temporary cables or
sensors and makes it possible to directly
compare th~ results with those from
strong-motion excitation. Nominal ac
celerometer sensitivity is 2.5 voltsIg.

3. Analyses of Data. Both the recorded
strong-motion responses and the ambi
ent responses are analyzed to identify
relevant dynamic characteristics and to
provide a basis for comparison of these
characteristics. Whenever applicable,
studies performed by other investigators
will also be used. This step will include
detailed time-history analyses.

4. Derivation of Conclusions and Rec
ommendations: This is the last step and
ultimate goal of the project which seeks
to determine the validity of small
amplitude testing as a means of assess
ing the dynamic characteristics of build
ings and other structures.

3. SELECTED BUILDINGS

After considering several candidate struc
tures, five buildings were selected for this
study. Significant characteristics of the se
lected buildings (structural type, foundation
type and height), distance from the Loma

Prieta earthquakt' epicenter, number of chan
nels of strong-motion sensors within the su
perstructurf' and the peak accelerations at
the ground (or foundation level) and at roof
lewl for the selected buildings are summa
rized ill Table 1. Also indicated in the table
is the agency (USGS or CDMG) responsi
bl{, for the instrumentation in each building
and the nominal north-south building orien
tation. The orientation is important in iden
tifying the direction of recorded motions and
resulting evaluations.

4. SUMMARY OF ANALYSES TO DATE

To date, processed strong-motion data ia
available only for three of the five buildings.
The analyses and investigations performed
on these three structures are summmarized
below. General information is provided in
those C8.'leS where detailed records are Dot

yet available. For some buildings, small
amplitude test data and results were avail
able prior to the LPE and these are sum
marized for each building in Table 2. Also
summa.rized in Table 2 are the results of
data-analyses to date.

4.1. Administration Building (CSUH)

The instrumentation scheme of the Admin
istration Building of the California State Uni
versity, Hayward, is seen in Figure 1. This
CDMG-instrumented building is square in
plan and sits on an 18" thick (45.7 cm) mat
foundation supported by bearing piles. The
13-story building has a steel moment-frame
core and exterior reinforced concrete frame
(Shakal and others, 1989). There were no
small-amplitude tests conducted prior to
LPE.
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4.1.1. Strong-Motion Data

Copies of the unprocessed strong-motion ac
celeration records obtained from this build
ing during LPE are seen in Figure 2. Dp
tailed analyses of these records will be per
formed when data is available. At prf'sent
we estimate the period to be approximately
1.1-1.2 seconds determined from the avera/?;e
of several cycles of the top floor records in
Figure 2.

4.1.2. Ambient-Vibration Data

Figure 3 shows time-histories and amplitude
spectra of ambient vibration response of the
roof of the building recorded after the LPE.
The identified fre(luenc>~ (periods) are 0.93
Hz (1.07 sec) in the N-5 direction and 0.86
Hz (1.16 sec) in the EW direction. Note that
the ambient vibration data obtained in this
study is expressed in microvolts rather than
as a percentage of g.

4.2. Santa Clara Count~' Office Building

The instrumentation scheme and general di
mensions of this building are seen in Fig
ure 4. The 13-story, moment-resisting steel
frame building experienced strong shaking
due to other earthquakes that occurred prior
to the LPE. Records of thE response of this
building to the Morgan Hill (1984) earth
quake are also available (CDMG, 1985). The
building is founded on a concrete mat foun
dation (Shakal and others, 1989).

4.2.1. Strong-Motion Data

The unprocessed copies of the strong-motion
acceleration records obtained from this build
ing during LPE are seen in Figure 5. De
tailed analyses of these records will be per-

formed when data is available. At present we
estimate the period (average of several cycles
of top floor records ill Figure 5) to be approx
imately 2.4 seconds ill both directions.

4.2.2. Ambit'ut-Vibration Data

Figure 6 shows time-histories and amplitude
sppctra of ambient vibrations of the roof of
the building recorded after the LPE. The
identified periods (frequencies) are 1.92 sec
onds for both NS and EW directions. Other
identifipd frequencies are shown in the figure.

4.3. San Bruno Office Building

This 6-story, reinforced-concrete moment
resisting franwd building is founded on in
dividual spread footings. Overall dimensions
and the general instrumentation scheme of
the building are shown in Figure 7 (Shakal
and others, 1~89).

4.3.1. Strong-Motion Dat.a

The processed strong-motion accelerations
and displacements are shown in Figure 8.
For the sake of brevity, we show only pre
liminary results obtained by system identi
fication procedures whereby a model is esti
mated based on observed input-output data
(Ljung, 1987 and Mathworks, 1988). The
model used in this paper is the ARX model
based on the Least Squares method (for sin
gle input-single output) and as seen in Fig
ure 9, provides an excellent match for the
accelerations at the roof (output) with the
ground floor motion as input. From these
analyses, we extract damping values of 7.2%
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and 4.1 %, and periods of 0.85 and 1.02 sec
onds for the N-S and E-W directions, re
spectively. As seen in Figure 9, the time
histories of the recorded and calculated mo
tions of the roof and corresponding ampli
tude spectra are in excellent agreement.

4.3.2. Ambient-Vibration Data

Figure 10 shows the time-histories and am
plitude spectra of ambient vibration of the
roof of the building recorded after the LPE.
The periods identified from these records are
0.59 (NS) and 0.71 (EW) seconds. Another
significant peak at 1.93 Hz (0.52 seconds) is
seen in the EW direction (nol·th end). Damp
ing values are 2.9% (NS) and 2.3% (EW).

4.4 Transamerica Building

4.4.1 The Building and Strong-Motion Data

Figure 11 shows the instrumentation scheme
of the Transmerica Building as well as the
orientation (in degrees) of the building. Also
shown in the figure are the processed accel
erations and displacements at different lev
els. Detailed studies of these records were
performed by ~elebi and Safak (1991) and
sarak and ~elebi (1991). According to these
studies, the building experiences rocking
motion at approximately 0.5 seconds (2 Hz)
and the fundamental translational period
(frequf'ncy) is 3.57 seconds (0.28 Hz).

Figure 12 provides results determined from
applying system identification techniques as
described previously (Ljllng, 1987 and Math
works, 1988). The figure shows recorded mo
tions and spectra and calculated motions and
spectra for the 49th floor corresponding to
basemat input motion. In addition to identi
fying the fundamental frequency at 0.28 Hz,

also identified is the 2 Hz rocking motion
frequency apparent for both the output and
input motions. This rockinl'; frequency also
appears in phasf' with the spectral analyses
using the 49th level horizontal and basemat
vertical motions.

4.4.2 Pre-LPE Tests and Analyses

Dynamic response characteristics determined
from small amplitude (forced and ambit>ut)
vibration tests and analyses performed on
the Trallsamerica Building in 1972-73 are
summarized by Stephen, Hollings and Bouw
kamp (1974) and I(inemetrics (1979). Anal
ysis performed on the structure did not in
clude soil-structure interaction. The funda
mental periods (frequencies) determined from
tht>Se investigations are 2.94 seconds (0.34
Hz) for both the NS and EW directions. The
modal damping percentages are 0.9 and 1.4
respectively. These characteristics are sum
marized in Table 2.

4.4.3 Post-LPE Ambient Test

A 40-second window of recorded ambient vi
bration data of both the NS and EW direc
tion at 48th floor of the Transamerica Build
ing and corresponding amplitude spectra are
shown in Figure 13. The data has been fil
tered with a Butterworth filter (order 4, at
0.1 Hz). The frequencies identified from
this analyses are shown in the figure. The
0.34 Hz frequency is identical with the pre
LPE identified frequencies from tests and
analyses. Also identified is the 2 Hz frequency
but whether it corresponds to the rocking
motion is still under investigation. Damping
values based on combined mode response are
1.5% (NS) and 1.9% (EW).
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4.5 Pacific Park Plaza Building

4.5.1 The Building and Strong-Motion Data

The instrumentation scheme and recorded
acceleration responses at different levels of
the 30-story three-winged reinforced concrete
moment-resisting frame building as well as
the two free-field sites in proximity to the
building are shown in Figure 14. Peak val
ues of accelerations at roof and ground level
are also provided in Table 1. System iden
tification techniques were applied and the
recorded and calculated output acceleration
responses at the 30th floor level and cor
responding amplitude spectra are shown in
Figure 15. Also shown are the input ground
level motion records and their amplitude spec
tra. The identified fundamental frequency
(period) is 0.38 Hz (2.63 seconds) for both
NS and EW directions. However, this mode
is a torsional-translational mode. One of the
striking results of this set of records is that
the ground level and free-field records show
frequencies that are clearly structural; thus,
there is teedback of structural frequencies.
Further detailed analyses of these records
showing this feature are in Celebi and ~afak

(1990) and ~afak and Gelebi (1990).

4.5.2. Pre-LPE Tests and Analyses

Non-destructive testing and analyses of the
Pacific Park Plaza Building was performed in
1985 by Stephen, Wilson and Stander (1985).
They determined the first mode frequencies
(in both directions) and the first torsional
frequency to be 0.59 Hz. The difference be
tween this frequency and the 0.38 Hz fre
quency determined from strong-motion re
sponses can be attributed to several factors
including significant soil-structure interaction
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during the strong-motion event which pos
sibly did not occur during small amplitude
tests. Another possibility is the action of
the piles and non-linear behavior of the foul'
dation and sub-strata of the soil during the
strong motion t",'ent. Yet another possibil
ity is the micro-cracking of the concrete al
though no visible damage was experienced
by tht" structure.

4.5.3. Post-LPE Ambient Vibration Tests

In Figure 16, we show the recorded ambi
ent vibration responses at the ct"nter core
and the wings of the 30th floor. Also shown
are the anlplitude spectra with identified fre
quencies. These spectra show the first mode
(translational-torsional) frequency to be 0.49
Hz. Again, as with the Transamerica Build
ing, we observe that the post-LPE first mode
frequency is closer to the pre-LPE frequency
than it is to the frequency identified from
strong-motions.

5. DISCUSSION AND CONCLUSIONS

The recorded strong-motion and ambient
motion data of the five buildings provides
a unique opportunity to study the dynamic
characteristics of a variety of building struc
tures. In addition, it provides an opportu
nity to assess the validity of the low-level
non-destructive testing procedures of struc
tures-one of the stated objectives of this
project. The preliminary results of the post
LPE ambient vibration investigation (this
study) and those available from strong
motion data and pre-LPE tests and analyses
are summarized in Table 2 for easy compar
ison and are discussed below. The study to
date covers preliminary assessments and has
not advanced to a stage whereby the signif
icant differences between the characteristics



determined from low-level amplitude tests
and those from strong-motions can be sat
isfactorily explained. Also a dear statement
about the usefulness of low-lew-l tests in as
sessing vibrational characteristics of struc
tures can not be made at this :,tage.

• CSUH Administration Building pe
riods from the strong-motion data and
post-LPE ambient study are similar.

• Santa Clara County Office Building
periods from the strong-motion records
and this study differ considerably. The
periods identified from anlbient test data
acquired in the two orthogonal direc
tions of the roof are also quite different
raising the question as to why the build
ing was not excited in a strong trans
lational-torsional mode considering its
significant eeccentricity.

• The San Bruno Office Building re
sults from strong-motion and ambient
data are not similar. Periods in both
directions obtained from strong-motion
data are longer than those obtained from
ambient tests.

• The pre- and post-LPE Transamer
ica Building first mode periods are iden
tical but differ from the period deter
mined using the strong-motion records.
Furthermore. using the strong-motion
records. a rocking mode at 2 Hz (0.5 sec
onds) has been identified. The investi
gation of the 2 Hz frequency from am
bient data is being carried out to see if
that is associated with a rocking mode.

• As in the case of the TransaIllerica
Building, there are substantial differ
ences between the periods identified from

pre-and post-LPE low level amplitude
tests and the strong-motion records of
tIle Pacific Park Plaza Building.

Final <'Ouc1\1siolls will he made in the future
regarding the t{'~ting techniques employed
in this study and their accuracy in predict
ing d~;nalllic characteristics ofb.\ilding struc
tures during strong-motion e'lents which is
the basis for earthquake resistl'nt design pro
redures. During the course of this work, we
have found system identification techniques
to be a very useful tool in assessing the re
sponses from both the strong-motion and am
bient tests.
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TABLE 1. Characteristics and 1.0IIIa I'ri('ta I'('ak :\c("pl('ratioll of Buildings.

Building H·· NA/No• 0·· n·· LPE Peak Comments
km Acce!. (g)

m Grnd. Roof

(1) Administration 13/0 70 16 (NS) 0.07 0.15 Steel moml'nt·framl' cor...
Building (CSl:H) 61 (EW) 0.09 0.24 Exterior reinforcE'<! concr..t ..
Hayward, CA (Vert) 0.05 mom..nt-fram...
(COMe) Coner..t .. sh..ar wills around
NS=320'(···) elevator shafts to second floor.

(0.4-5 m slab on grad..
and bearing piles)

(2) Santa Clara Cty. 12/1 35 22 (:"S) 0.11 0.35 Moment-resisting steel framp.
Office Bldg. 51 (EW) 0.10 0.36 (Concrete mat)
San Jose, CA (Vert) 0.10
(COMe)
NS=337°

(3) Office 6/0 81 13 (NS) 0.14 0.25 R..inforced wocrete mom..nt·
Building 24 (EW) 0.12 0.32 resisting fram...
San Bruno, CA (V..rt) 0.12 (Individual spread footings)
(CDMe)
NS=335°

(4) Transam..rica Bldg. 6C/3 97 22 (NS) 0.11 0.24 Steel frame.
San Francisco, CA 257 (EW) 0.12 0.31 48th floor is th.. top u...d floor
(USGS) (Vert) 0.Q7 (2.75 m thick concrete mat)
NS=351° (No piles)

(5) Pacific Park Plaza 30/1 97 21 (NS) 0.17 0.29 Reinforced coner..te mom..nt·
Emeryville, CA 95 (EW) 0.21 0.38 reqistiog frame.
(USGS) (Vert) 0.06 ( 1.50 m thick concrete mat
NS=350° on friction piles)

·Note 1: NA = no. floors above flround level, No =no. of floors below ground level
··Note 2: H= height of the building, 0= distance to epicenter, n= number of channels, .

···Note 3: The orientation of t~e,!ltlminal NS designatE'<! direction of the huildinr;.
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TABLE 2. SUIIImary of Id('lIti!ipl! First ~Iod(' Characteristics
Periods (1' in seconds). Frpl!u('ncips (f in liz) and Damping(().

Building !'iomillal Prp-LI'E LPE Post-LPE
Direction Test & Data Ambient

Analysps
'1'/(f) ( (/() T/(f) «(% ) l'/(f) , (%) •••

(1) Administrative !'is 1.1 1.07 0.7
Building (CSUH) (0.91 ) (0.93)

EW 1.2 1.16 0.8
(0.82) (0.86)

(2) Santa Clara ety. !'is 2.4 1.92 +
Office Bldg. (0.42) (0.52)
San Jose, CA

EW 2.4 1.92 +
(0.42) (0.52)

(3) Commercial Office NS 0.85 7.2 0.59 2.9
Building (1.17) ( 1.70)
San Bruno, Ca

EW 1.02 4.1 0.71 2.3
(0.98) (1.40 )

(4) Transamerica Bldg. NS 2.94 0.9 3.6 • 2.1 2.9 1.5
San Francisco, CA (0.34) (0.28) (0.34 )

EW 2.94 1.4 3.6· 1.6 2.9 1.9
(0.34) (0.28) (0.34 )

(5) Pacific Park Plaza NS 1.70·· 2.6 2.63 11.6 2.04 0.4
Emeryville, CA (0 ..')9) (0.38) (0.49)

EW 1.70 2.6 2.63 15.5 2.04 1.0
(0.59) (0.38) (0.49)

Torsion 1.70 3.8 2.63
0.59 (0.38)

• A significant rocking mode is identified at 0.5 seconds.
··This is torsional-translational mode.

···Identified by spectral analyses.
+Unidentifiable due to noisy signal.
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Figure 14. General instrumentation scheme of the Pacific Park Plaza Building. Also
shown are the unprocessed accelerations at different levels and free-field sites
in close proximity to the building (LPE data).



45

--,
!

1
;

40353020 25

TIME (SEC)

IS105

SOO ,--_~-:;S-=-Y~STE~M~lD=-ENTl=--=---c:,c. :.=-Fl-=.cC::.:.A-=.cTl:.;:.O,,-.,-N_-.P:...:A-=-C~,I::...Fl::..::C:.;:.P::..::ARK-==.-=:.::....::..cPLAZA=-=~.-=.-::..::-L=..\'

~ OlITPlTf ~ 30TH. FL. (260) Recorded and Calculated

~ Of--..----....."",.,,~... I, A~~~~~
::J INPUT I~: Y'" GRND. FL (260) Recorded
UJ ·SOO~---~IfI\I--"1N1 ~lr ,.Ar'.""""--V---~~~~~~~----

~
-1000

0

xlO' OtITPUT--3OTH FL(260)
6000.

INPUT··GRND F1..(260)
2 I

I ! Recorded

~
1.5 Recorded --1

" i ~~and 'g 4000~
Calculated - - -- I

i 1 ~ I
~\ r~ ~2000L I I,

0.5 i) ~}~ ~~#/~jI~
0

0
",_•./'.

2 3 4 5 00 I 2 3 4 5

Freq (Hz) Freq (Hz)

500 SYSTEM lDENTlfiCATION--PACIFIC PARK PLAZA··LPEI 01 "':"'~"O) R«o""••0. CaIow.le.

::i' . INPUT ..... h!. ~ GRND. FL (350) Recorded
UJ .500--~vvV~"'r"v~~~--~---

~ I
'10000~----"'5---1-'-O---1~5---"20e,----25~--3~O---3""5---"40---1

45

TIME (SEC)

OUTPUT-30TH FL(350)
8000r---r-r----.---.--~-_

INPIJT--GRND FL(350)
6000,---~, ,

Rccorded 
and
Calculated .- ---

1 2 3

Freq (Hz)

4

"~ 4000

'E..
~ 2000

Recorded

Figure 15. Recorded and Calculated (by system identification) 30th Floor Center Core
Accelerations of Pacific Park Plfl.Z8 Building and corresponding Fourier Am
plitude Spectra with Ground Motions as Input

498



PACIFIC PARK PlAZA-AMBIENT-ROOF-WINGS

403S302SlS10 20

TIME (SEC)

PACIFIC PARK PlAZA··AMBJENT··ROOF-CENTER CORE

5

2~,--~--~--~-~--~-------~

(260) Recorded

52.5 3 3.5 4 4.5

FREO (Hz)

2J.S0.5

6 ~x~10:....7_~...;P~A~CI~FI~C~P:..::ARK~~P~lAZA~~-AM:..:;::::::BI:..::E~NT:.;-:TESTI=~N~G::.....-..:.:R:.::OO:,:::..:..F_~__

0.49 Hz solid : 100m wing (050) J
dashed: DOnh wing (290)

.........." .... ("0) j
,::::A::o-.. ± .~.

5 ~xI~O:....'~ ~__~ ~ _

solid : ccnter co~ (350)
dashed: ccnter wre (260)0.49 Hz

3 3.5 .. 4.5 5

Figure 16. Ambient vibration response of the 30th Boor center core of Pacific Park Plaza
Building (NS and EW directions) and corresponding Fourier amplitude spec
tra.



Evaluation of Penetration Resistance for Liquifaction
AssesSJDeDt at Jackson Lake Dam

by

Jeffrey A. Farrar' and Nario Yasuda"

ABSTRACf

The authors performed a statistical analysis on a Jarge
amount of Standard Penetration Resistance Test
(SPT) data collected as part of dynamic compaction
construction control at Jackson Lake Dam. Jackson
Lake Dam was modified by the Bureau of
Reclamation to increase seismic stability.
Modifications included treatment of the foundation
with dynamic compaction to increase resistance to
liquefaction. Dynamic compaction was accomplished
in two stages. SPT was used to evaluate effectiveness
with over 300 SPT borings performed. Eng:neers
performed initial evaluations were performed by direct
comparisons among adjacent boreholes. In this report
the SPT data arc evaluated in statistical fashion to
provide further insight into penetration testing and
construction by dynamic compaction. Analysis is
presented on depth of treatment, effect of compaction
phase, improvement by soil type, effect of differing
energy in SPT, influence of gravels in evaluation of
SPT, and increase in liquefaction resistance in
potentially liquefiable soilS. Further analyses should
be performed to evaluate overburden pressure
correction factors, clean sand equivalent adjustments,
and effectiveness of wick drains.

KEYWORDS; penetration resistance testing; standard
penetration test; liquefaction resistance; dynamic
compaction.

1. INTRODUCfION

Jackson Lake Dam located in northwestern Wyoming,
was constructed in several stages from 1906 to 1916.
The dam is comprised of a short southern
embankment, concrete spillway and outlet works
structure founded on a bedrock ledge, and a northern
embankment approximately 4,300 ft. long founded on
fluviolacustrine sediments. The dam was investigated
starting in 1975 as part of the Bureau of Reclamation's

Safety of Dams program. The north embankment and
foundation were found to be susceptible to
earthquake-induced liquefaction. The design
earthquake was of Richter magnitude 7.5 at an
epicentral distance of 4 miles. Reclamation undertook
modifications of the dam from 1986 to 1988 to
increase seismic stability. Modifications included
removal of the northern embankment and foundation
treatment consisting of deep dynamic compaction and
reinforcement with mixcd·in·place soil cement
columns. A detailed overview of the foundation
treatments was reported by farrar et aI., (1990).

The purpose of this report is tf present analyses of
penetration resistance data collected during the
dynamic compaction program. A preliminary report
on evaluation of dynamic compaction was presented by
von Thun (1988). These preliminary analyses were
based on a direct comparison of neighboring drill
holes. In this report, all data were evaluated in a
statistical manner to provide further insight into the
effectiveness of dynamic compaction and the use ofthe
standard penetration test for liquefaction resistance
evaluations.

2. DYNAMIC COMPACTION PROGRAM

Dynamic compaction was used to improve the
foundation beneath the central portions of the dam as
illustrated on figure 1. The concept of block
treatments was applied, using deeper treatments of a
honeycombed pattern of interconnecting soil cement
columns under the toe of the dam. This allowed for
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significant savings in foundation costs.

The dynamic compaction program consisted of
dropping a 3O-ton weight from a height of 100 ft. The
drop grid, illustrated in figure 2, had primary impact
points spaced on 40 ft. centers with 20 drops at each
impact point. The treatment was then completed with
15 secondary and 10 tertiary drops with 40 and 20 ft.
closure spacings. A final "ironing· phase was applied
to the complete construction surface using a 30 ton
weight dropped from a height of 40 f1. The final
ironing phase was only applied to the downstream
portion of the foundation downstream of centerline
since the working pad was excavated upstream of
centerline for embankment placement.

Several design and construction features assisted in the
dynamic compaction program. Drainage trenches
were excavated around the perimeter of the dynamic
compaction working surface. These trenches were
helpful in lowering the ground water. Typical
horizontal spacing between trenches was 300 ft. Fine
grained soil was excavated to a depth of 7 ft. and silty
gravel backfill was replaced to provide a stable
working surface. This excavation and backflll was
performed in almost all of the treatment areas.
Foundation investigations revealed numerous layers of
lake deposits separating cohesionless soils. In areas
where lake deposits would delay dissipation of excess
pore pressures, wick drains were installed. von Thun
(1988) analyzed wick drains using the direct
comparison approach and found they greatly improved
effectiveness of treatment. Approximately 45 percent
of the 750,ooo-~ area of dynamic compaction was
treated with wick drains.

Dynamic compaction treatment areas were divided
into sectors as shown on figure 3. Construction was
performed in two stages as shown on the figure. Since
the construction was performed in two stages, there
were significant differences in construction and
monitoring methods to be considered. The Stage I
contractor used modified Manitowac cranes with a
single part line to drop the weight. The Stage II
contractor used a lattice boom crane specifically
designed for dynamic compaction. The significant
difference among the contractors was tbe greater
amount of repair time required by the Stage I
contraclor which innuenced continuity of treatment.
As win be shown later, a greater level of treatment
was realized in Stage II. This increased improvement
may be also due to more extensive use of wick drains

in Stage II.

3. MONITORING PROGRAM

Principal methods for evaluating improvement in
dynamic compaction were SPT and piezometers. A
considerable amount of additional testing was
performed to evaluate improvement. Cone
penetration testing was initially performed in Stage I
construction but the program was greatly reduced after
it became evident that the presence of gravel layers
slowed testing. Foundation shear wave velocity was
measured by both cross hole and surface wave
methods. There was also a study using several inplace
test methods to evaluate the increases in horizontal
stresses from dynamic compaction. Interpretation of
specialized testing was complicated by complex
layering of the foundation. As a result of complex
stratigraphy, simple penetration tests provided the
measure of improvement

Monitoring of Stage I was performed by drilling 168
SPT drill holes before and after compaction. For
Stage II monitoring 153 SPT drill holes were drilled.
SPT holes were located in regular pallerns of 50- to
8O-ft. spacings. Samples were taken at 2.5 ft. intervals
to depths of 35- to 5O-ft. Drilling was performed by
contractors. SPT testing was accomplished generally
within 1 to 2 weeks after completion of the dynamic
compaction phase to be studied. Reclamation drilled
an additional 25 SPT holes approximately 9 months
after dynamic compaction to evaluate aging effects.
These drill holes are not included in statistical
evaluations presented in tbis paper. A typical layout
of SPT drilling performed in scctor N is shown on
figure 4.

Different philosophies were applied to the SPT
monitoring program in the two stages of construction.
There was an equal amount of pre- and post
compaction SPT drill holes. In Stage I, SPT's were
performed after specific phases of compaction. At a
single location where soil conditions were critical there
were two and sometimes three post-compaction SPT
borings. In other noncritical locations there were no
post-compaction borings. In Stage II, each pre
compaction boring was matched with a postcompaction
boring drilled after the final phase of compaction. As
a result of these differences, the Stage I data are
useful to evaluate improvement by phase of
compaction.



There were very significant procedural differcncef. in
SPT among Stage I and II contractors. The Stage I
SPT was performed using safety hammers by the rope
and cathead (pulley) method. Stage I drill holes were
advanced using tricone rotary rock bits and drilling
mud. A pump bypass line was used to maintain fluid
level in Stage I holes during the removal of rockbil.
Casing was rarely required in Stage I. The Stage II
contractor performed SPT using a CME (Central
Mine Equipment Company) automatic hammer. The
hammer lift is accomplished with a hydraulically driven
chain and cam mechanism to lift and drop the
hammer. Stage II holes were advanced with the casing
advancer which is a rotary casing advanced by
circulation of drill mud. With the casing advancer
system, the casing was left inplace during SPT
resulting in less disturbance from fluctuating fluid
levels in the drill hole. During SPT testing, a SO-blow
limit was typically observed. With the use of the
automatic hammer in Stage II, there was a greater
tendency to continue testing in high blow count
material and blow counts in excess of 50 were
obtained.

The most significant difference in between Stage I and
II SPT testing was the energy delivered to the sampler.
Seed et aI. (1984) have shown the significance of SPT
with regard to liquefaction analysis. In an effort to
measure energy, Reclamation performed energy
measurements in accordance with ASTM (American
Society for Testing and Materials) test designation D
4633 (1986). A Binary lost.uments Model 102
calibrator with piezoelectric load cell was used to
check SPT energy. The measurements were difficult
due to premature integration times believed to be
caused by the large NW drill rods used. Data for the
Stage I contractor were initially collected using an
incorrect rod area factor. Only 10 series of tests of
approximately 200 blows of data were collected for
botb tbe Stage I and II contractors. The best estimate
of drill rod energy ratio, ER i, was 73 and 97 percent
for Stage I and II contractors, respectively.

The measured energy delivered by the Stlige I
contractor appears high since he used a jointed
hammer and rod connectifln with consistently soft
worn rope to drop the hammer. Prior to the discovery
of the rod area correction, energy corrections to SPT
N values in this report were performed using
conservative assumptions of 40 and 80 percent ER j for
Stage I and II contractors, respectively. These values
of energy were also used in this report for calculation

of N.oo values. Details of the energy measurements
are being reported in a thesis by Farrar (1991).

For statistical analysc!>, data were collected and input
on a spreadsheet program Lotus 123 ... Data were
entered at field offices under the direction of project
geologist Karl Wirkus. For each SPT test, particle size
analysis (gradation) and moisture content tests were
performed to identify soil t)'IX:. The soil sample was
classified according to the Unified Soil Classification
System (USCS). Recovery, which is expressed as the
ratio sample length to drive length, was also input to
evaluate sample quality. An example of the data base
is shown on table I. Four spreadsheets were
developed, representing pre- and poslcompaction data
for Stage I and II construction. Over 4,000 SPT tests
make up the database. Analysis and verification of
this data was undertaken by Mr. Yasuda. A more
comprehensive draft report by is available from
Reclamation. This database is available for further
study by request.

Caution should be used in grouping of soil types based
on gradation analysis from the SPT test. In many
cases there is low recovery of soil, resulting in a soil
classification which is not representative of the
material tested. Also, the gradation could be a
mixture of layers and may not represent the dominant
layer affecting the N value. Occurrence of no recovery
may often represent liquefied sands. In many cases
the sample size is below that required by recognized
testing procedures for a representative gradation.

It is important to note that the frequency distribution
analysis represents the Dumber of occurrences less
than or egualto the value shown on the IfApbs. Most
frequency distribution (histogram) graphs plot N
values in increments of five blows. An apparent
arithmatic mean from distribution bars will plot to the
right (larger value) of the true mean value. Therefore,
the true arithmatic mean is generally five blows less
than depicted on the grapbs.

4. SUMMARY OF IMPROVEMENTS

4.1 Improvement by Soil Type

A summary of improvement in raw N value by soil
type is shown on table 1. Several significant fmdings
can be seen in this table. Predominant soil types
present in the foundation include those with uses
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groupings of Poorly "raded Gravels (GP), Poorly
Graded Sands (SP-SM), Silty Sands (SM), and Silts
(M L). Frequency distribution graphs of the pre
compaction raw N value for thesc major soil grouping,
arc shown on Figures 5 through 12. We have f(lund
no explanation for the differences in freq'J:nry
distribution between Stages I and II. The dat,1 1,)[
Stage I appear log-normally distributed. This may be
attributed to thicker layers of gravels encountered in
Stage I.

A summary of gross improvement by soil type is taken
as the percentage of the increase in Olean values
before and after compaction. The amount nf
improvement for Stage I appears to he less than Stage
II, but the data from Stage I include primary and
secondary phases of compaction. Since the data for
Stage I include interphase testing, it dOl:s not represent
final improvement. Improvement is significant for all
soil types.

The most significant data trends in table 1 arc the
differences in mean values fmm Stage I and II
construction. The primary difference is due to the
energy delivered in SPT by the Stage I and II
contractors. The data provide a unique opportunity to
investigate the theorem of N value inverse
proportionality to energy delivered. From this data we
can determine if the theorem holds true, regardless of
soil type.

4.2 Energy Effect on SPT Data

To evaluate the inverse proportionality of N value with
energy, the ratio of pre-compaction Stage Ito Stage II
data is ploued by soil type on figure 13. This graph
shows the ratio of raw N values ranges from 48 to 57
percent for the most predominant soils present. The
ratio did not seem to correlate with particle size or
permeability inferred by USCS symbol. The
differences in mean values vary lillIe by soil type.
These findings indicate that the inverse proportionality
holds regardless of soil type. Extreme values outside
this range were checked and found to be caused by
low sample population.

It is assumed that the ratio of preeompaction raw N
values represents the ratios of mean energy delivered
by the two drilling contractors. This assumption would
appear valid if geologic conditions remain conslant.
The ratio of approximately 50 percent docs not agree
with the measured energies mentioned in section 3.

Part of the rcason for this disagreement may be due to
the differences in drill hole advancement techniques.
The ratio docs confirm the assumed energies I sed on
engineering judgement (ER, = 40 and 80 percent). It
is clearly evident lhat the different energies are
signifieanl tll interpretation of ground improvement.

4.3 Improvement by Phase of Dynamic Compaction

Data from Stage I allow the best opportunity for
evaluating the improvement hy phase of the dynamic
compaction program. Figures 14 through 16 show the
mean raw N values tabulated al 5 ft. depth increments
for different phases of compaction. The data show
that while a significant increase in penetration
resistance is obtained from the primary and secondary
impacts, there is still addilional benefit from tertiary
and quaternary impacts. Improvement in silts (ML) is
more pronounced from later pha.ses of compaction
which is related to lower permeability of the fine
grained soil. Effect of compaction phase is also
illustrated in figure 17 where all Stage I data are
evaluated.

4.4 Effective Depth of Improvement

The determination of average raw N values versus
depth aids in ready evaluation of effective depth of
treatment. Figures 14 through 16 show that effective
depth of treatment is approximately 40 ft. for Stage I.
Effective depth of improvement both for Stages I and
II is summari7.ed by averaging all penetration data on
figures 17 and 18. It is nol clear from figure 18 if the
depth of treatment for Stage II is greater. SPT testing
was generally stopped at 40 ft during Stage II testing.
Examination of figure 19 for Stage II silty sands (SM)
shows some indication that effective depth is also in
the vicinity of 40 ft.

Comparison of figures 17 and 18 indicates that there
was a significantly larger occurrence of gravels in Stage
I with higher penetration resistance.

5. EVALUATION OF L1QUEFACfION
RESISTANCE

5.1 Computation of Normalized SPT N value

To evaluate liquefaction resistance, we computed the
NltlO value as proposed by Seed et ;:1. (1984). To
adjust for energy differences between Stages I and II,
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drill rod energy ratios of 40 percent for Stage I and 80
percent for Stage II were first applied. Future studies
should be performed using different energy ratio
assumptions. This initial assumption of energy seemed
to produce a good match of mean N values with each
stage.

SPT N values at depths less than 10 ft were multiplied
by a factor of 0.75 to account for incomplete energy
transmission in short drill rod sections. For
calculation of overburden stress, the ground water was
assumed to be at the base (7 ft) of the dynamic
compaction working surface. The wet unit weight of
the silty gravel (GM) working surface backfill was
assumed to be 104 Ibrlfe. This assumption is
unreliable for the gravels whose wet unit weights can
reach 140 Ibr/ft3 and future studies should use higher
weights. The saturated unit weight of the foundation
soils could vary from 115 to 145 Ibr/fe. In this
analysis we assumed a saturated unit weight of
foundation soils of 125 Ibrlfe.

Overburden pressure correction of the SPT N value to
the 1 tonlfe stress level was performed using the
following equations.

and

where;

n = -0.5
a' = effective vertical stress in ton/fe

Chamber tests on coarse and fine sands have shown
that the factor, C•• varies with particle diameter.
Chamber tests also show that penetration resistance in
coarser sands is larger than that for finer sands at an
equivalent density. In this analysis, we only used a
constant C. factor. Future studies could be performed
to evaluate the data with C. as a function of mean
particle diameter, D!O. This correction factor may not
be too significant since a majority of data is taken near
the I-ton/fe stress level which corresponds with a
depth range of approximately 20 to 30 ft.

5.2 Improvement by Soil Type

Figwes 20 and 21 were developed to rencct the
improvement in mean NUll for all soil types. It should
be noted that the N I60 method proposed by Seed et al.
(1985) is only applicable to sands. These figures allow

fUi examination of improwmcnts to all soil types. All
soils exhibit significant increases in penetration
resistam;e. Data fur Stage II gravels show larger
increases than those for Stage I.

5.3 Improvement in Sands

Figures 22 through 25 illustrate the improvement in
c1can sands (Sr, SP-SM) and silty sands (SM). Thc
frequency distributions are shown hcfore and after
compaction for b<lth Stages I and II. All of thc
diagrams show a n:duction in the lower N100 values.
For clean sands, there was a reduction in the num!'>cr
of tel't occurrences after compacticn. There ""ere
more low N values in SM sands in StalS'" !I d:.ta.

In the method propol'cd by Seed et al. (1985), the
limiting N100 value for dean sands for magnitude 7.5
earthquakes is approximately 20 to 25. N100 values
greater than 25 should not exhibit initial liquefaction.
An approximate correction in NllIO for silty sands (SM)
is approximately 7.5 blows. figures 22 through 25
show that the soils have practically no liquefaction
potential after compaction. The data also demonstrate
that improvement goall' should be specified in a
statistical manner.

5.4 Effects of Gravels

The presence of gravels presents a difficulty in
evaluating liquefaction resistance. figures 22 to 25
show a large number of data with high NI60 values
prior to compaction. If gravels are present in the test
interval, the N values of sands may be increased
greatly. At first impression it would seem that the
data would indicate that most soils are resistant to
liquefaction. However, it is well known that coarse
particles present in significant percentages will result
in higher penetration resistance values.

Figures 26 and 27 were developed to evaluate if
removing samples recovered with appreciable gravel
contents (> 5 percent) would result in a more
reasonable distribution of data. These graphs were
developed for Stage II construction. Examination of
these figures reveals that although the number of high
blow count tests occurrences is significantly reduced,
the distribution of high N100 values remains. The
figures do show a significant reduction in the
occurrence of low NlfIlI values for loose sands. Possibly
gravel can also be present in the bottom of the sample
interval and is nol recovered.
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Figures 2S and 'Z9 were developed to illustrate the
dependence of N,OO on mean particle diameter, D5lJ.
Hydrometer tests were not performed on the SPT soil
samples so fine-grained soils wcrc nut evaluated. The
data sen'e to illustrate the extreme variability of N
value at any mean particle diameter. This variability
is caused by many factors including gcologic variability
and sample recovery. Although there is considerable
scaner, a trend of decrease in NallO with decrease in
particle diameter, D"l is evident.

Of all the allempts to evaluate liquefiable sands none
were completely successful in reducing the effects of
gravels on penetration resistance. Recently it has bcen
recognized that given the correct conditions gravel may
be Iiqucfiable. The conventional SPT is not
appropriate for evaluation of these materials. One
approach to separating data by geologic classification
was presented by Wirkus (Farrar ~t aI., 1990). SPT
soil samples were grouped into three geologic groups:
Ofg (any soil containing more than 5 percent gravel),
Ofc (fine-grained soils according to USCS group
symbol), and Ofs (sandy soils with less than 5 percent
gravels). Figure 30 illustrates improvement by depth
for these three groupings for Stage II construction.
The improvement for sands shows reasonable
conformance with ranges in penetration resistance for
liquefiable sands without the inlluence of gravels.

5.S Importance of No Recovery Tests.

For evaluation of liquefaction resistance, penetration
resistance tests may be the most important when no
sample recovery was possible. Lack of recovery may
be caused by very loose clean sands which liquefy
during testing. These same sands have the highest
susceptibility to earthquake induced liquefaction. No
recovery may also be caused by very coarse gravel
obstructing the barrel. To examine this effect, we took
all N1eo values of less than 50 blows. Figure 31 shows
the occurrence of no recovery N10ll values for Stage II.
There is a significant reduction in no recovery after
compaction.

5.6 Clean Sand Equivalent Offset

Rccently, there has becn an attcmpt to evaluate post
earthquake residual strength from penetration
resistance data (Seed, 1987). A proposed correction
in N1eo to account for increased fines content was
proposed. This correction allows for evaluation of an
equivalent clean sand NlliO value for soils containing

fi ...;:s contents of up to 75 percent.

We inv\;stigated Ihis offset in N100 values to see if the
offset may be inlluenced hy increased density and
horizontal stresses induced by dynamic compaction.
Figure 32 shows a comparison of the values
recommended hy Seed (19H7) and the values obtained
from both stages of compaction before and after
treatment. First it can be seen that the factors
proposed hy Seed arc extremely conservative and
could possibly result in a preponderance of low
equivalent N valucs in dirty sands. Part of the
differences between Seed's values and our data may he
caused by the higher N values resulting from the
gravels. It is interesting to note that at approximately
35 percent fines, our data show an equivalent offset of
7.5 blows, which was proposed by several groups
',c1uding Seed for correcting N values for silty sands.

The dean sand equivalent orfset increased significantly
arter treatment in Stage II. This trend was not
apparent in Stage I data but intermediate treatment
phase data arc included. The results do point to the
dependence of the offset on density and horizontal
stress level. Further study should be performed to
analyze the data using overburden pressure corrections
which are dependent on partide size.

6. CONCLUSIONS

Reclamation performed over 4,000 SPT tests both
before and after a dynamic compaction ground
improvement program at Jackson Lake Dam.
Improvements were performed to increase the
resistance of foundation soils to liquefaction. These
data were analyzed to provide additional insight into
the use of penetration testing for assessment of
liquefaction potential. Construction was performed in
two stages with each stage using differing construction
and penetration testing methods. Important
conclusions are as follows;

- The data serve to illustrate that at any given site
there will be extreme variability in penctration
resistance in any given soil type due to natural
deposition conditions. This variability may also be due
to particle size effects. After dynamic compaction,
there is also variability. Evaluations of improvement
of improvement should be performed in a statistical
manner. Contract specifications for improvement
should also be expressed in a statistical manner.



Penetration resistance data were significamly
affected by energy delivery. Drilling contractors used
two different drilling and SPT testing methods.
Adjustments to raw N values were required to
accurately evaluate liquefaction resistance.

The effective depth of impmn:ment was
approximately 40 fl.

Penetration resistance was incn:ascd by dynamic
compaction for almost all soil types.

- Liquefaction resistance was evaluated by using the
N\oo method proposed by Seed et al. (1984). After
dynamic compaction, thcre were very few occurrences
of NIH] values less than 20 to 25 blows/fl.

- The frequent occurrcnce of gravels had a large
innuence on the penetration resistance data. Data for
sands can be more accurately evaluated hy omilting
SPT samples where coarse particles arc enwuntcred.

- The offscl in penetration resis::mce caused by lines
content was evaluated. The offset in mean N value
waS investigated to sec if it \'''.IS a function of
compactive effort or resulting density range of the
soils. The offsets were much larger than the
conservative values proposed by Seed (1987). Some of
the data indicate this offset was a function of density
range.

6.1 Areas of Future Study

The database of SPT data from Jackson Lake Dam is
available for additional study. Additional studies
varying the overburden stress correction factor, energy
corrections, and corrections for particle size efkcts
could be performed. Such analyses would provide
funher insight into usc of penetration resistance for
evaluating ground improvement.
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figure 1. Cross Section of Jackson Lake Dam as Constructed
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Figure 3. Plan or Stage I and Stage II • Jackson Lake Dam Modification
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Figure 5. Histogram of raw N value of GP, precompaction, Stage I
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PRESTAGE-II SP-SM

.0 ,-------------------.--------,

'0

.0

I .0

.0

10

.0

"·YIt.LUS(~)
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Figure 13. Ratio of average raw N value of Stage I and II by soil type, precompaction
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Figure 15. Average raw N value versus depth, SM soil, Stage I
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Torsional Resistance or Multi-Column Foundation

Yukitake 5HIOI O
' , Michio OKAHARA 02

, Jiro FUKUI·', Syoji TAKAGI 04

[Abstract]
In this report, torsional resistance

of a multi-colu.n foundation to
eccentric horizontal load is reviewed.
To rsional resistance characteristics
were clarified by means of loading
tests at fields and in laboratories.

for multi-column foundations, results
at a full size model test, and the
results of a comparison .~tween the
saall-sized model test values using
acrylic model and the analysis
values.

The multi-column foundation method
is econa-ical and easy to execute
when foundations are to be installed
in the sea or in a lake wi th
considerable water depth. (Fig. 1)
However, when the free length of a
pile is long due to the deep water,
the displaee-ent of a slab caused
by horizontal forces is large.
Therefore, it becc.es necessary to
install quite a few piles to keep
the displaee-ent within allowable
tolerances. It was previously
reported that the use of inclined
piles in ea-bination with vertical
piles is very effective in solving
thi s probl_, in the report on
"Vibration characteristics of multi
colu.n foundation with inclined
piles during earthquakes" at the
12th UJNR joint ~ting. lFig. 2)
In that report, the analysis was
..de on the pr_ise that horizontal
forces work on the center of a
slab. However, on actual foundation,
earthquake forces change ...-ent by
..-ent and the horizontal forces do
not always work on the center of a
slab. There are cases where an
eccentric load exists as a result
of a ship collision, or where the
center loed is changed into an
eccentric load due to the ground
slope or lack of uniforllity of pile
lengths and or pile spacing. There
are very few eaaapies in which
analysis or eaperi~nts were ..de
on these eccentric loads.

In this paper we introduce equations
for calculating torsionel resistance
to an eccentric load and load sharing

2. Torsional resistance and load
sharing of multi-column foundations

Engineering
and Bridge
Ministry of

Foundation
Structure

P.W.R. I.,

o I Chief, Design DepartJlent, Trans
Tokyo Bay Highway Corporation. lFc:.er
Chief of Structure and Bridge Depart
ment, P.W.R. I., Ministry of construc
tion)
02 Head,
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Depart.ent,
Construction
• a senior Research Engineer, Founda
tion Engineering Division, Structure
and Bridge Depart.ent, P.W.R.I.,
Ministry of Construction
• • Chief, Investigation Section,
Kagoshi_ National Highway Construc
tion Office, Ministry of construction

Fig. 3 shows the two different
relationships between a torsional
moment and the rotat1.ng angle of a
slab and between a torsional .-ant
and the rotating angle of the whole
multi-column group on the ground
surface, when the torsional .-ent
works at a slab of the multi-colu.n
foundation.When the displaee-ent is
small, these relationships are linear.
It is generally considered that
torsional resistance of a .ulti
column foundation consists of
two resisting .-ants. One is the
SUII of the torsional resisting
IIIOaIeI1ts Mr ; of individual piles.
The other is the SUII of the values
obtained through -ultiplying
horizontal resistance at a pile
head Hr i by the distance fre- the
center of a slab ~;.

In this case, theoretical solutions
of torsional resistance and horizontal
resistance are given and their
sharing ratios in the torsional ~t
are deteI1llined.

Eccentric
Inclined

[Key words)
Multi-colu.n foundation,

load, Torsional resistance,
pile, Field test, Model test

1. Introduction
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(1) TheoretiCbl solution of torsional
resistance.

From equation 7 and 8 the rotating
angle •• at ground surface can be
obtained as follows.

Here,
M.:torsional resisting moment

,tf·.) at the depth x.
The following equation is obtained

fra. the relationship between the
rotating angle ." and strain 8 •.

Here,
G:coefficient of shear elasticity

of a pile (tf/.")
lp: pole --.mt of a pile C.4 )

The following differential equation
can be derived fro- (equations 1-3).

Here,
t: .: shear ground reaction force

between a pile and the ground (tf/..·)
0: dia-eter of a pile (m)

k.: coefficient of the shear
ground reaction force of the
ground (tf/.a )
Fra. the balance of the dx section in
Fig. 3,

(9 )

(10 )

••
h +~ 0

••

E

£h
£

1 +

M
---

G1p

G1.e.=G1.·

A horizontal spring constant at the
pile head of a pile with a free
length h, which penetrates elastic
ground is expressed with the following
equation:

Here,
h: free length of a pile (.)

Equation 10 indicates that torsional
resistance of a pile beca.es saaller
as the free length ~s longer.
Applying these equations to the case
of an inclined pile shows that
cc:.ponent of cosine of an inclined
angle 13 becc.es effective. However,
when torsional resistance in the
IIxial direction of an inclined pile
is taken into consideration, there
is no significant difference when
10 is applied to the resistance of
all piles.

When 1/ /; equals ~ 0 ( Refer
to Fig. .. ) , ~ 0 indicates a depth of
a virtual fixed point to torsion.

From the above, torsional resistance
Mp t of one pile can be expressed
as in (10) by using the rotating
angle •• of a footing.

(2)Theoretical solution of horizontal
resistance

(2)

(3)

(4)

( I )

D" . 1: •

G1p

- M.

2

E 2 ."

1t

8 ,,=

d· • "

dx·

d."
dx

dM"---
dx

Under the conditions that a pile
wi th a free length h penetrates into
elastic ground and a pile head
receives a torsional --.mt Mo ( Fig.
3), then if the rotating angle of b

pile at the depth X is •• , the
shear ground reaction force, 1:. of,
the pile surface can be expressed
by the following equation.

Here,
K,:spring constant of a pile for

horizontal displaceaent (tf/.)
EI:flexural rigidity of a pile (tf'.)

h: free length of a pile (.)
k: coefficient of horizontal

subgrade reaction (tf/.-)
0: di_ter of a pile (.)

E .('It O"k./4Glp),/a (5)
By solving the equation 4 the

following is obtained:
• " ••• -pC - EX) ( 6 )

Here,
., • : rotating angle at the ground

surface
When (6) is differenUated and II

equal. 0, equation 7 is obtained.
8 0 .- £ ., • (7)

Torsional -.ent Mo at a pile head
i. eapr888ed as follows.

M•• - 9 0 Glp (8)

12EI tl·
(l + t3 h)' + 2

13 = (kD/4EI) 1/4

( 11)
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(13)

(3) Sharing ratio

a

a

of

pile

of

of

of

1 ~ 'h'

1-+ 11----
C ch (1.~h)'+2

20 0 CI
o

61:( € ,/h)' E
1+-----

(17)

U. H -1- u.. (18)
When Inclined piles are used, the

equations change to (19) and (20).
# 11-2n-GI/[2n·GI+ L Jl .2(h+ll (; ){It.

(cos l 8 sin l a ,+ cos l a,)+ K.. sin2 8
sin2 a • }] (19)

#H- 1- u..-LJl.Z(h+ll (; )(ltaCcos2

B sin l a • + cos I a.)+ K.. sin2 8 sin2

a .}/[2n·GI+L Jl ,2(h+ll £ ){K.(cosZ B
sin l a • + cos2 a i )+K.. sinz 8 sin2 a .}]

(20)
Here,
e i :distance f~ a slab center

to a pile (a)

h:free length of a pile (.,
n:nuabBr of piles
E:Young's 80dulus

..terials (tf/a2 )
G:shear elastic coefficient of

pile ..terials (tf/a2 )
E :characteristic value

pile torsion (tf/_)
(Refer to equation 5)

(J : characteristic value
pile for bending (1/_)

(J -(kD/4EI)I/4
k:horizontal coefficient

subgrade reaction
D:di.-eter of a pile(_)

K, :spring conatant in the
perpendicular direction of a
pile eais (tf/a)

12 EI (J a

(1 + {j h)2 + 2

2noCI • 1: Il ,,/ h + -1_] K,
c

u. • : sharing ratio by the torsional
resistance of piles

Hp.:horizontal resistance of one
pile

12 ,:distance fra. a slab center
to a pile head

M: torsional IIOIIent working on a
aulti-coluan foundation

Mp , : torsional resistance of one pile
When the relations I p ·2I and Mp .- L

Mp i In are substituted into (15) and
( 16) after eliainating .,' fre:
the relationship a80ng (equaiton 10 -
13), (17) and (18) can be obtained.
These are applicable only to vertical
piles.

U. .- L Mp • 1M

rotating angle of the
• ' , the horizontal

pile head can be
following equation.
• ' (12)

Sharing of resistance to a torsionel
.-ent which works on a aulti-coluan
foundation is deterained as follows.

# H' L H.. Jl, 1M ( 15)
# •• L M.. 1M ( 16 )

Here,
U. H: sharaing ratio by the horizontal

resisting force of piles

In the cade where there are inclined
piles, since the allial force of a
inclined t.'ile resist a torsional
-.ent, equation 14 applies. In this
case an inclined angle (.J of a slab
to a horizontal surface due to the
torsional .e-ent is neglected.
LH.Jl .-LH.il ,z.' (cosz 8sinz a.
+ cos2 a. )+ L k .. Jl • Z • 'sinz 8 sin2 a •

(14)
Here,

K.. : spring constant at a pile for
axial direction (tf/a)

8 : inclined angle of a pile
a. :angle bet~ the inclination

direction of an inclined pile
and tbe central direction of
a slab (Refer to Fig. 5)

The equations above indicate that
K. rapidly decreases with an
increase in free length h. Thus a
aulti-coluan foundation with long
free length is easily affected by a
torsional .e-ent. However, .hen there
are inclined piles, the longer the
free length becoaes, the acre
effective the inclined piles ~
for both torsional ac.ents and
horizontal loads. AIIOng the various
inclined piles, possible piles at
the coOler or at the edge are aost
effective as equation 14 shows.
Inclined piles in the central part,
however, have the sa.e properties
as those of vertical piles for
resisting a torsional 8Oa8Dt.

When the
footing is
for~ H. of a
obtained fra. the

H, -K.· Jl,
Here,
e •:distance fra. the rotating

central axis to pile (i)(a)
In the ca~e wbere there are vertical

piles only, resisting ~t by the
horizontal resisting force is
e.pressed as follows.

L H, e . - r H. Jl •I. '
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1(.: spring constant in the pile
axial direction (tf/m)

Equations 17 through 20 show that
when K" K. and values are determined,
the sharing ratio of torsional moment
by the horizontal resisting force and
that by the torsional resistance of
piles can be determined from the
dimensions of a multi-column
foundation.

3. Field Test Results

While a multi-column foundation is
said to be a structural system
easily affected by torsional moment,
it also can be referred to as a
ductile structural system because
torsional resistance largely
depends on the horizontal spr ing
constant or coefficient of shear
subgrade reaction, although the
torsional resistance is affected by
the free length of a pile as
analyzed in the earlier section.

Eccentric h"Tizontal load tests
shown in Fig. 6 were conducted
with full- sized foundation models
in order to examine foundation
-ave-ent, stress distribution, load
sharing, et::::. when torsional force
was applied. The maximum load was
set to be 60tf. The loads on the
foundation IIIOdels P, and p. became
a reaction force to each other. The
lIl8asure-ent was conducted mainly at:
p.

Fig.7 shows load-(rotational
displaee.ent )-time chart resulting

frOB torsional load at a slab of
p. . The CYlOunt ot displacement is
the average of horizontal
displaee-ants lIl8asured by two dial
gauges on the diagonal line at the
model. The two dial gauges showed
alJK)st the s_ values. Because
horizontal displaee-ent of the
central pile of the foundation was
-.all (la8Jli_ 0.2_), we concluded
that the hox'izontal load acted
alllOst purely as a torsional
..-ant.

According to F ,i g. 7, dispJ aoement
shows an a180st straight line
relationship and residual displacement
is _11. Therefore, as long as the
load is less than €l0tt, we conducted
that Pz IMJVeIM!nt is wi thin the range
of elasticitv. A load of 60tf was
tested on p. which corresponds to
an allowable horizontal bearing
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capacity of 69tf. Displacement on
the ground surface was about 5 rom
a t the corner pi Ie which is affected
most by torsional moment. However,
it was about 8 rom in an axial
center loading test. We assume that
the di fference is caused by the
torsional resistance of the piles
which worked effect ively to
decrease the horizontal load on the
pi les.

Next, torsional angle • was
determlned by dividing the
displacement by the distance fra
the slab center to the measuring
point. Also, the rotating angle .'
was determined by diViding the ground
surface displacement of a pile by
the distance from the slab center
to the pi Ie center. The relationship
between the torsional IIOIIIent: and
the torsional angle 4>. and between
the torsional moment and rotating
angle, III '. are shown in Fig. 3. The
figure indicates that the ratio of
the rotational angle, 4>', to the
torsional angle,.·, is about 60'.
Therefore, torsional rotation of a
slab forces a horizontal displace.ent
cf a pile on the groundsurface to
take place. As a result, horizontal
resistance of the ground acts as a
torsional resistance me.ent.

The relationship between the two
di fferent angles of torsion, • • •
corx-esponding to torsional .-ants
of P, and P2 respectively is shown
in Fig. 8. When a torsional spring
constant is defined as the ratio,
torsional I1lOIIIent to the angle of
torsion, the torsional constant
gradually decreases BE' the angle of
torsion becOllleS larger. However,
since its decrease is saall, III fixed
nummer can represent torsional spring
constants for an extensive range of
of an angle of torsion.

The torsional resistance -e-ent
was calculated frOlll the shear stress
of a pile body. The horizontal
resistance ma-ent was calculated
from multiplyingthe pile head
horizontal force Hi by the distance
from a slab center, .e i and pile head
horizontal force H, was calculated
frOlll the bending ma.ant of a pile.
These resul ts for each pile is shown
in Table 1.

Table-l shows that the sharing ratio
of torsional resistance of a pile
is about 60 , and it increases



(1)Outline of tests

4. saall-sized .adel test the
the

the

in
to

In the tests, two series loadings
were carried out on three different:
types of models. However, in this
report. only the results of loading
test in the :It direction are shown liS

(2) Test Results

composed of vertical piles only.
Model 2. a mul ti -column foundation

with inclined piles in the bridge
axial direction (a short side) only

Model 3. a mul ti -column foundation
with inclined piles in the
perpendicular direction to
bridge axis (8 long side) only

Acrylic resin was used as a
materi al because it is easy to build
uniform models with it. FrOlll the
tensile test resul ts the Young' s
E=290N/cm', and Poisson's ratio
=0.356 were deteJlIIi led. The linear
relationship between stress and
strain was also confirmed.

It was difficult to make the
elastic ground model appropriate for
the acryic pile model. Therefore.
the diameter of the acrylic resin
part corresponding to a pile in the
ground was adjusted such that the
displacelllent (deflection) and
inclined angle (angle of deflection)
were nearly equal to those values
in the full-scale test. Di8lleter of
8 free length pile is 30 __ • but
diameter of a pile in the ground
should be 50 mE based on our
calculations. On the llOdels, the
lower end of a pile in the ground
was fastened.

DiJllE!nsion and form were lIlade as
small as a 1/100 scale. After careful
study. we found it difficult to
make an exact acrylic model of a
typical foundation. Therefore. we
focused on determining structural
characteristics.

Loading was ezecuted as follows.
(Refer to Fig. 10)
( i )ecc:entric loading in the bridge
axial direction HI
(ii)eccentric loading
perpendicular direction
bridge axis H3

Measurement was concentrated on
one rectangular section (1/4 of the
whole area) out of the four
rectangular sections .ade by aaes
of the bridge axial direction and
that of perpendicular direction to
the bridge eais.

in Fig. 9 • three types of
8Ulti-coluan foundations

Each had 28 piles
.. lines and 7 rows.
1lU1 ti-col\UlJ1 foundation

Most of the loading test of multi
colWlll foundations have been
conducted on models with vertical
piles only. In this study. loading
tests were perfo~ on one model
with vertical piles and on two other
other -adels with inclined piles in
addi';ion to vertical piles for
ee-parison.

As shown
80dels of
were used.
consisting of

Model 1. a

slightly with an increase in load.
We believe it increases because
torsional effects gradually reach
the lower parts of the piles and
increase, shear resistance on the
pile surface due to horizontal
resistance in the ground.

The test results above can be
s~rized as follows:
i ) Displaee-ent lIIOVelllEmt caused by
loads up to 60tf, which is close
to the allowable horizontal bearing
capacity, is within the range of
elasticity as seen in Model Pz .
ii) The ratio of the torsional
resistance of a pile alone to the
torsional ..-ant of the whole lIIOdel
is about 60'. The torsional resistance
of a pile is effective in decreasing
the a.-ount of displacelllent. Al though
the sharing ratio increases with
an increase in load, the aIIIOunt is
8Ja8l1.
iii) Rotation of a slab has a nearly
ca.pletely linear relationship with
displa<:elMmt of the ground surface.
Since its torsional spring constant
does not respond sensitively to an
increase in displace-ent, it is
possible to set a fixed nwaber as a
representative constant for a
certain range of displacement.
iv) Frc. these test r.esults, it was
shown that a mul ti-col\UlJ1 foundation
is a tenacious structural system
with a desirable response to an
eccentric load. It also can be
inferred that the larger the diameter
of a pile. the larger its resistance
will be and that the shorter the free
length of a pile. the smaller its
displa<:elMmt in rotation will be.
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(3) Review

5. S~ry

The characteristics of torsional
resistance of a aulti-col~

foundation against ecoencric load in
the horizontal direction whtch is
said to be a weak point of this

resul ts as azial horizontal loadj.ng
(Table 4). Displac.-ent is half as
much because the load is half as
lauch. Torsional ma-ent in the Y
direction is half of that in the X
direction. However, inclined piles
in model 2 resist torsional ..-ent
well, both in the X direction and
the Y direction judging fr~ torsional
angles. This is due to the effect
of the ann length in the direction
from a torsional center to the
piles. Though inclined piles in
model 3 are effective for countering
the effect of eccentric loading in
the Y direction, they are not as
effective for loading in the X
direction. The resul ts above
indicate that the eccentric load in
the horizontal direction can be
analyzed as an axial loading in the
horizontal direction anda torsional
IIIOIIIent. Table 3 shows the torsional
effect fra- a horizontal eccentric
load on a pile section. Though
there are differences between the
test values and analytical values,
there is the Sa8e tendency. Torsional
.-ent in the X direction is twice
as ..uch as that in the Y direction.
Bending ma-ent decreases by 20-30t
when there are inclined piles in
theX direction ( in plane) . Wi th
inclined piles in the perpendicular
direction to the load (out plane).
a decrease in the -.eDt by about
lOt was obtained in our the analysis
The decrease in the bending -.eDt
in the Y direction is not as
reaarkable as that in the X direction.
However. a decrease of 10-20' was
observed in Model 3. Bending .-ot
in the direction perpendicular to a
load works in the both X and Y
direction,which ~s a resisting
force against torsional .-ent on a
slab. sa.. test values of _ial
force are abnoraal. However, the
difference between test values and
analytical values is relatively
SllBll. This indicates that axial
force in the inclined piles tJeoc.e.
re.arkably large.

horizontal
center by
the _

that
slab
has

figures. Other test results, at the
standard loading level, are shown in
tables.

In order to ca.pare test results
and calculations, the following
calculation -ethods were adopted.

. The c~posite structure model
(SHELL)- a structure analysis -adel
wiht a slab as a shell and a pile
as II solid beaa element

'The solid fra.e model(3FRAME)
a solid fra.e structure analysis
(three di-ension) lIIOdel with a slab
as a plane fra.ework and pile as a bar
~r connected to a node of fralM!

Fig. 11 and Fig. 12 show the
horizontal displaee-ent and the
torsional angle caused by a horizontal
load with an eccentricity of 220
in the bridge azial direction (X
direction) of a slab. Fig. 11 shows
displaee.ent on the central azis
(the X axis) of a slab of three
different lIOdels. Of the two methods
tested, SHELL was used as a standard
Illethod. Fig. 12 shows the torsional
angles of slabs of three lIIOdels in
radians. Horizontal displaee-ent and
the resulting torsional angle are
shown in Table.2when horizontal
eccentric loading as lauch as 200kgf
acted in the X direction and the Y

direction. If there were two different
values found at Hz 200kgf, the
average was taken. Section force of
a pile caused by a horizontal
eccentric load of Hz 200kgf is shown
in Table. 3. Table 4 shows the
estiaated section force caused by
the torsional .-ent. This force is
estiaated by subtracting the section
force obtained in the separately
conducted horizontal azis load test
f~ the section force obtained in
the horizontal eccentric load test.

Fig. 11 and 12 show that the
horizontal displaC8llent of a slab in
the X direction and the torsional
deforaation respectively have a
linear relationship with an increase
in load. Scattering of the test
values and analysiS values, other
than those of the torsional angle in
the Y direction, was relatively
...11; within 20t.

Table 2 sholls
displeee-ent of a
eccentric loading
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foundat ion was c 1eU i f ied through
theoretical reviews and load tests
in the field and the laboratory.
The resul ts of the reviews and the
tests are as follows.

(1) The resisting moment to a
torsional moment caused by an
eccentric horizontal load can be
treated as the swn of the total
amount of torsional resistances
of unit piles and the total amount
of the moment obtained from
multiplying the horizontal
resistance of a pile by the
distance from the slab center.

(2) When the angle of torsion is very
small, the resisting moment and
the angle of torsion have an
almost linear relationship and
the angle of torsion of a slab
and the angle of torsion of pile
groups of a multi-column
foundation on the ground surface
have a directly proportional
relationship.

(3) The theoretical equations for
the two resisting moments were
obtained, which made it possible
to calculate a sharing ratio of
the two different moments. These
equations can be applied to a
foundation which has inclined
piles in combination with
vertical piles.

(4) From these equations it was ~hown

that though a multi-column
foundation is less resistant to
a torsional IlIOIDent as the free
length becomes longer, the
foundation can be strengthened
by installing inclined piles.

(5) As a result of the field test
(pure torsional loading test).
it was found that multi-column
foundations have stn.r.tIJra.'
characteristics of ductile
resistance to a torsion.

(6) The share of torsional resistance
in a pile unit in the torsional
resistance of the whole
foundation is equal to the moment
resul ting from ..ul tiplying the
horizontal resistance by the arJII
length and is nearly directly
proportional. This shows that
the larger the pile di_ter is
and the shorter the free length
is, the larger the torsional
resistance will be.

( 7) I f the torsional spring constant
is de fined as the ratio of the
angle of torsion to the torsional
moment, a fixed number can
represent the constants. because
it is not sensitive to
displacement.

( 8) Also in the acrylic .-odel tests
(eccentric horizontal load test).
both horizontal displace.ent
(central axis displace-ent) and
torsional displaee.ent
(hori.mntal rotational angle)
have a linear relationship with
load. These displace.-ent agree
with the analysis velues.

(9) Eccentric horizontal load can be
treated by being analyzed as a
horizontal force and a torsional
IIIOIIIent. In this cas~. horizontal
displacement agrees with the
values obtained in the horizontal
axial loadingtest.

(lO)Inclined piles effectively resist
to rsional 1IIOIIIeI1t. Inclined
piles become more effective as
the arm length from the central
axis becomes longer.

(11 )With vertical piles and inclined
piles, bending ma.ent caused by
an eccentric horizontal load
occurs in two directions; the
loading direction and the
direction perpendicular to it.
which acts as torsional
resistance.

FrOlll these results, the -echani_
of resistance of multi-col~

foundation to an eccentric
horizontal load was made clear and
calculations can be made for various
designs.

Finally, we would like to e.press
our profound gratitude to those who
supported and helped us in the
process of this study.
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Fig.2 Behavior of multi column foundatior ~ith inclined piles
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Table 3. Section Force by Horizontal E~centric LOad H=200kgf
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NODdestnlctive Evaluation of Civil Structures and Materials
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ABSTRACT

Due to environmental, man-made
and natural hazards,
infrastructure of public works
in the world is deteriorating.
Nondestructive evaluation (NDE)
is essenL.al for condition
assessment for repair,
retrofit, rehabilitation, and
replacement (if needed) to
insure the public safety. In
this paper an overview of
nondestructive evaluation
projects, including a new
initiative and four new awards
on Quantitative NDE for Large
Structural Systems, is
presented.

KEYWORDS: Non-destructive
evaluation~ structures,
condition assessment

INTRODUCTION

The world invests about US
$1,430 billion annually in the

Note: Part of thIs paper is
taken from "Overview of
Nondestructive Evaluation
Project. and Initiative at "NSF
by K. P. Chong, J. B. Scalzi
and o. W. Dillon in Intelligent
Structure., Elsevier, London,
1990.

*to pre.ent paper.
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construction of structures,
inclUding: buildings
(residential, commercial,
industrial, etc.), civil works,
and utilities, such as
highways, water and sewer
structures, railroads, and
transmission lines.
Construction is the largest
industry in the world amounting
to 10% of the world's gross
domestic product.

Structures are generally the
most expensive
investments/assets in any
country. In addition
structures have long service
life compared with any other
kinds of commercial prOduct,
and are rarely replaceable once
they are erected. Yet the
feedback and controls
on the "state of health" of
structures are practically non
existent (compared with say the
much less costly automobiles).
Nondestructive evaluation is an
essential part of this fnedback
and monitoring system for
infrastructures.

During the past several years,
many reports have been
published concerning the sad
state of deterioration of the
nation's pUblic works, such as
bridges, roadways, water and
sewer systems, ports,
harbors, airports, and
buildings of all types.
According t~ the 1988 National



Research Council Report on
"Building for Tomorrow"
estimates of pUblic
infrastructure amounted to $409
trillion in
1984, and growing rapidly. The
u.s. Interstate System, built
in the 1950'S needs repair, so
do most of the state and county
secondary roads. Some 42% of
all u.S. highway bridges are
inadequate and half of school
buildings are 50 years or
older. In the U. S. alone,
recent bridge collapses
include:

o Mianus River Bridge
Connecticut, 1986, 3 deaths

o Schoharie Creek - New York,
1987, 10 deaths

o Hatchie River - Tennessee,
1989, 8 deaths

o Miamis Town River - Ohio,
1989, 2 deaths

According to David Aschauer
(Chief Economist of u.S.
Federal Reserve Bank
Chicago), a 1% increase in
public capital causes 1/3% rise
in productivity. From 1971 to
1985 U.S. productivity growth
fell 1.2', out of which 1\ was
attributed to neglect of the
infrastructure. If the present
infrastructure deterioration
continues, the Department of
Transportation estimates that
the u.S. economy will miss out
on:

0 3.2\ qrowth in GNP

0 5.9% disposable income

0 2.2\ employment

0 2.7\ productivity

The infrastructure aqes and

deteriorates with time. The
deterioration is mostly a
result of aging of the
materials, excessive use,
overloading, climatic
conditions, lack of sufficient
maintenance, and difficulties
encountered in proper
inspection methods. All of
these factors contribute to the
obsolescence of the structural
system as a whole. As a
result, repair, retrofit,
rehab11 itat ion, and repI acement
become necessary to insure the
safety of the public.

THE PROBLEM

In order to evaluate the safety
of a structure, it is essential
to determine the remaining
strength of the total system by
a performance analysis based
upon the strenqth and
inspection data of the
materials and the structural
system.

A visual inspection process
will provide data with respect
to the external physical
condition of the material such
as the degree of corrosion and
general deterioration. By past
experience and jUdgement an
engineer will evaluate the
remaining life of the material
and the contribution to the
safety of the structure.

Strength determinations may be
made by sampling the material
and testing it in a laboratory.
However, this method destroys
some of the structure which
subsequently must then be
repaired. The repair is
usually noticeable and
disruptive, as a result, many
engineers would prefer a
nondestructive technique.



THE SOLUTION

Although there are many
techniques for nondestructive
evaluation (NDE) currently
available for metals which are
used in defense and
manufactured products, there
are only a few which are
available for the construction
materials such as wood,
concrete, masonry, and steel.
These current methods for
construction materials are not
very reliable and in some
instances they can only be used
on a comparative qualitative
basis. Instruments
specifically designed for
construction materials and with
greater accuracy than those
currently available are
required in order to
quantitatively evaluate the
safety of the structure and to
estimate its remaining life
adequately.

NSF ACTIVITY IN NDE

The NSF Division of Mechanical
and Structural Systems is
encouraging basic research to
investigate the requirements to
develop suitable instruments
for nondestructive evaluation
of strength properties and
other physical conditions for
construction materials. The
Program oirectors in the
Divil!li<'n are encouraqing multi-
disciplinary activitieF
invnlving electrical,
mechanical, chemical, computer,
electronic and structural
engineers, as suitable for the
project to perforJI group or
team eftons in the research
pr.ojects. Unfortunately, this
"encouragelAent" should not be
interpreted as larqe sums of
new money for this approach.
Rather this is our personal
assessment with which all of us

agree.

NSF is also encouraging close
cooperation and active
participation by the industries
involved in the manufacture of
nondestructive equipment and/or
instrumentation. By joint
efforts viable products can
result Which will be of great
help to engineers responsible
for the safety and longevity
evaluation of structural
systems.

As a source of information on
the type of questions which the
engineering t;ommunity would
1 ike to have answered by the
use of nondestructive
evaluation techniques, NSF
supported two workshops to
outline specific needs of the
profession. One was held in
February, 1988, at the
University of Southern
california, Los Angeles, and
the Proceedings are titled,
"Nondestruco:ive Evaluation for
Performance of civil
Structures. " The contact
person is Dr. Sami F. Masri.
The other workshop was held in
June, 1989, at the National
Institute of Standards and
Technology, at Gaithersburg,
Maryland, titled International
Workshop on Sensors and
Measurement Techniques for
Assessing Structural
Performance," organized by Dr.
Richard D. Marshall and his
o.ssociates.

CENTERS AND OTHER NDE ACTIVITIES

In addition to NDE research
done at MIT, Illinois, Cornell,
West Virginia, Virginia Tech,
lfew Jersey Institute of
Technology, Georgia Tech, etc.,
the folloWing centers
concentrate on various aspects
of NDE.



Dr. Ken P. Chong - Structures
and Building Systems

Dr. Thomas Zimmie
Geotechnical, Geomechanics

Dr. John B. Scalzi - Structures
and Large Systems

Academic and research
institutions in the United
States with engineering,
research and educational
programs were invited to submit
proposals. The contents of the
proposal must clearly relate to
the research topics descrihed
in the Programs of the Division
of Mechanical and Structural
Systems of the National Science
Foundation.

SolidDr. Oscar Dillon
Mechanics

Projects were encouraged to be
mUltidisciplinary in nature
involving investigators from
one or more departments at a
single institution or from
several institutions \'!herever
the required expertise may be
locatee. It was envisicned
that projects ~ay include
researchers frum the follo~ing

engineering and science
.•isciplines: structural,

should play a leading role in
addition to be acting as a
catalyst in the "Quantitative
Nondestructive ~valuat!on for
Large Structural Systems" in
civil engineering, a NSF
initiative was issued in April
1990. The deadline for receipt
of
proposals was set at June I,
1990. The initiative was
sponsored by the following four
programs, totalling SIM, over
a two year period. Program
directors involved are listed
below.

III. National Institute of
Standards and Technol~9Y

o Space structur&s
o Aging aircrafts
o Imbedded sensors
o Rml'lrt: Rt-.rt.totures

IV. NASA - Lanqley NOE Center
(J. Heyman)

II. Iowa State Center for NOE
(D. Thompson)

JSelievinq that "an ounce of
prevention is better than a
pound of cure," and that NSF

NSF INITIATIVE

o NSF Industry/University eRC
o Modeling efforts emphasized
o Advanced ultrasonic NOE
o Advanced electromagnetic NOE
eX-Ray & thermal NOE imaging
o NOE for materials properties
o NDE for advanced composites
o Ultrasonic stress
measurement

o Transducer standards
o Pulse-echo testing of
concrete
o Automated manufacturing
o Metals, plastics, ceramics,
paints, etc.

The closest proj ect to large
structural system is the
infrared television for wall
thinning of buried pipelines.

o Heavy on experiment
o Advanced sensors
o Artificial intelligence
o Life cycle management
include fracture, fatigue
o Measurement science for
microelectronics
o Process control

I. Johns Hopkins Center for
NOE CR. Green)

I ,i



SUGGESTED RESEARCH TOPICS OF INTEREST

mechanical, material science,
electrical, geotechnical,
computer science, chemical or
chemistry, electronic and
others as appropriated. A team
or group effort was strongly
encouraged to achieve the
desired result and final
product of research.
contributions of all the
participants must be combined
into a single integrated
proposal which conformed to the
usual requirements and
limitations of a proposal
length. Each researcher must
have a scope of work which
contributes to the entire
project.

Industry collaboration is
highly desirable and may be in
the form of participating
personnel, loan of equipment,
gifts, supplies of various
kinds, and/or financial
contributions. The academic
institution must be the pr ime
research reanagement
organiza+- :.on.

A panel of experts have been
convened to evaluate the
proposals on a compet!tive
basis. The investigators and
the synergistic benefits
derived, as well as how these
interactions are to be
organized and performed, are
examined.

SPECIFIC TOPICS OF THE NSF INITIATIVE

Research efforts are to be
directed toward increasing
fundamental knowledge of
quantitative nondestructive
evaluation of construction
materialS and their application
to large structural systems of
wood, concrete, masonry and
steel. T:le data developed for

equipment may be for the
material properties alone or
for the fabricated forms as
total systems. Some data may
be used to determine how each
system or material
deteriorates with time and
excessive loads. The data and
prototype resulting from the
research shOUld be of such a
nature that the reSUlting
equipment may be usefUl for
practitioners, and can be
produced as a viable por~able

and economical commercial
product.

The following topics of
int~rest were published in the
NSF Initiative.

o Determination of wood
properties - above and below

ground

o Determination of concrete
properties - above and below
ground

o Determination of masonry
properties

o Determination of steel
safety remaining as a result
of corrosion

o Determination of initial
cracking in steel and

concrete, including welds
and rebars due to fatigue,

fabrication, or
design faUlts

oRate ",f deterioration i.:
steel or concrete

o Early warning of impending
failure

o General inspection of the
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of reinforced and prestressed
concrete structural beams,
rolled structural steel
sections, and beam to column
connections.

2. Nondestructive Methods of
Assessing Damage in Reinforced
Concrete structures; Drs.
Kenneth H. stokoe, Jose M.
Roesset and James O. Jirsa -
University of Texas-Austin

3. Micromagnetic Surface
Studies of Materials for
Nondestructi~~Evaluation, Dr.
David Jile3 Iowa state
University,
Dr. W. A. Theiner - University
of Saarland, Federal RepUblic
of Germany

The objective of this research
is to study nondest1'uctive
methods based on the
propagation and attenuation of
stress waves for evaluating (1)
the degree of damage to
structural and foundation
elements, (2) the location and
extent of that damage, and (3)
the extent and quality of
repair. One of the key thrusts
of this research will be the
integrated stUdy of both body
and surface stress waves. The
techniques to be used will be
selected in terms of the type
of structural elements and
their accessibility for use of
nondestructive test equipment.
The rapidly-developing
technique based on surface wave
measurements will be used where
there is access to an exp'~sed

surface of the struct~ral

element which has dimensions
similar in magnitUde to the
depth of the element being
investigated. The Spectral
Analysis of-Surface-Waves
(SASW) method will be used.

jointaisprojectThis

1. Fiber Optic Sensors for
strength Evaluation and Early
Harning of Impending Failure in
Structural Components; Dr.
Edward G. Nawy, Mohamad H.
Maher - Rutgers University, The
State University of New Jersey

The objective of this research
i::: to develop and verify by
experimentation the optical
fiber strain and stress sensor
systems for on-line, accurate
and real time monitorinq ot
critical components of
structural systems under
service load conditions. The
application of these sensor
systems will permit easier
inspection of structures for
impending failures.

A series of experiments are to
be undertaken on scale models

The recently awarded projects
are briefly described below.
The projects are in four basic
areas of intf'rest to the
structures, Solid Mechanics,
Geomechanics, and Building
Systems programs of the
National Science Foundation.

o Methodology for predicting
the remaining safe life of
large structural systems

o Determination of the
effective length of piles of
wood, stee_, or concrete, and
the amount of erosion or scour
in foundations

degree of deterioration in
steel, concrete, masonry,

soil retaining systems and
wood

PROJECTS SUPPORTED BY THE INITIATIVE



research effort into the use of
magnetic surface studies for
nondestructive evaluation
between the Center for NDE at
Iowa state University and the
Fraunhofer Institute for
Zerstorungfreie Prufverfahren
(NOT) at the University of
Saarland in West Germany. The
objective of the research is to
identify alternating current
magnetic measurements which can
be made on the surfaces of
constructional steel components
to evaluate their mechanical
condition. Such methods, in
which the penetration of the
magnetic field is restricted to
the surface, will be useful for
determining the mechanical
state of the surface as a
result of shot peening,
grinding, surface hardening and
residual surface stress. It is
also known that in fatigue
failure, the fatigue crack
initiates at the surface and
then propagates into the bulk
of the material. Monitoring of
the surface condition is
therefore critical in
identifying the onset of
failure in the material as a
whole.

4. Fundamentals Qf Embedded
Optical Fibers In structural
CQncrete; Drs. R. s. Kim, T. F.
Morse - Brown University

The thrust Qf this project will
be to combine the knowledge and
expertise of f .culty members
frQm solid mechanics, materials
ecience, civil engineering, and
optical sensing to obtain a
more quantitative description
of the response Qf structural
concrete to external loads. By
embedding optical fibers in a
concrete structure during the
fabrication process, it is

547

possible to sense, thrQugh a
variety of techniques, the
local internal state of the
structure. This research will
aid in the predictiQn of the
behavior of such materials,
will pQint toward directions
for the imprQvement of
structural concrete, and can be
applied to the retrofitting of
existing structures with novel
sensors.

NSF SUPPORTED WORKSHOP ON NOE

o "NDE fQr performance Qf civil
structures," Sam Masri
(USC), 2/88.

o "International Workshop on
Sensors and Measurement

Techniques for Assessing
structural Performance"
Richard Marshall (N1ST), 6/89.

o "Colloquium on Facility
Monitoring and fQr
Infrastructure Management"
(Building Research BQard/NRC).

o "NDE of CQnstructiQn
Materials and Large
structural Systems," (CoIQradQ
Boulder), 10/90.

o "NSF-ATLSS Workshop on Sensor
and Signal Processing for
structural Control" (NSF),
2/91.

SUMMARY AND CONCLUSION

An overview of nQn-destructive
evaluation projects at NSF and
a discussion on the new l{SF
initiative and projects on the
"Quantitative Nondestructive
Evaluation for Large Structural
systems" are presented. The
authors hope that this paper
will act as a catalyst,
sparking interest and further



research in quantitative
nondestructive evaluation of
civil engineering structures.
This paper reflects the
personal views of the authors,
not necessarily those of the
National Science Foundation.
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ABSTRACf

The U.S. National Science Foundation spends
over U.S. $40 million annually for hasic rc.'\C3rch
in cJvil engineering, coverfng areas in structures,
earthquake engineering, building systems, solid
mechanics, gcomechanics and' environmental
engineering. Significant amounts of has':
knowledge and technology have been advanced
through these research efforts. Concrete
engineering, including structures and material
aspects, is an imp<Jrtant c(lmponenl of civil
engineering research. In this paper current and
recent research projects and findings are
di::cussed.

Keywords: Concrete structures; high
performance concrete; seismic concrete
structures; fracture of concrete; micro
mechanics.

1. INTRODUCfION

Structural failures empilasizc the need for
material research. The short· term solution is to
have innovative NDE (nondestructive
evaluation) sensors to evaluate and diagnose the
integrity and predict the remaining useful life of
various structures. The long term goal should
involve creating and designing high-strength,
high tech (HSHT) materials with desirable
structural properties and reliable performance
specifications.

Advanced ceramics and high performance
concrete are HSHT mat.:rials that have a lot of
potential. Among the desirable properties,
ceramics is highly resistant to corrosion and
heat. However, one of the major drawbacks of
such materials is its brittleness, failing suddenly
without any warning. Researchers at Michigan
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and others have tried mixing fiber in ceramics,
improving its ductihility, with some degree of
success. Others have concentrated on the
micro-mechanics, metallurgy, surface chemistry
and charactcril.ation. High strength concrete is
a form of ceramics having compressive strength
as high as 40 ksi (ahout 10 times normal
concrete) which would enable future high rise
buildings to be built with concrete. One of the
major problems with high strength concrete is
that the fracture toughness (K/c), which is a
measure of the energy related to fracture; does
not increase proportionally, and needs to be
Improved for structural performance.

The National Science Foundation, through its
engineering programs in Structures,
Geomechanics and Building Systems, and the
Earthquake Hazard Mitigation programs, in
addition to the Engineering Research Centers
(e.g. at Lehigh University) and the Science and
Technology Centers (NSF Center for Advanced
Cement-Based Materials), supponed research in
concrete materials and structures.

Some of the NSF supported projects are
listed below:

• Mathematical Modeling of Concrete Creep
and Shrinkage

• Research Needs for Concrete Masonry
• Rehabilitation, Renovation and

Reconstruction of Buildings
• High Strength Concrete
• Fiber Reinforced Concrete
• Fracture Toughness
• Micro-mechanics of Concrete
• Shear in Reinforced Concrete



• Physics and Chemistry of C.cment-bascd
Materials

• Behavior of Concrete in Cold Oimate
• NDT cf Ccm:rcte
• Fiber Optia in Concrete
• Continuous Lightly Reinforced Concrete Joist

Systems
• Highway Bridges
• Constructio'o Methods
• Automation/Robotia
• Non-Distinctive Evaluation
• Seismic Precast Slructures
• Structural Controls
• International C<Klperative Initiatives
• Full-Scale Seismic Pseudo Dynamic Testing

of Reinforced Concrete Structures

HIGH PERFORMANCE CONCRETE

More than half of the NSF supported
researcb projects arc related to higb
performance concrete (HPC), which is defined
as ·Concrete having desired properties and
uniformity which cannot be obtained
routinely using only conventional constiluent~

and normal mixing, placing, and curing
practices" (Carino and Clifton, 1990). These
properties include: high strength, high
toughness, durability, enhanced workability,
freeze-thaw durability, etc. National programs
on HPC exist in Japan, Canada, Norway, and
France. Generally chemical admixtures or
fibers can be added in concrete to achieve
certain mechanical properties. Concrete
admixtures (Rosenbaum, 1991) include: high
range water reducers (superplasticizers),
retarders, accelerators and air-entrainin~ agents.
In the United States, W.R. Grace and Master
Builders are the two largest suppliers of Ute
concrete admixtures, accounting for about two·
thirds of the U.S. admixture market. A new
development (2) is on extended-set retarders
and aetivaton, which indefinitely keeps fresll
conaete from setting (until it is mixed with an
activator).

Besides the basic concrete research sponsored
by tbe NSF, other federal programs, such as the
Strategic Highway Research Program (SHRP),
supports HPC and concrete research (3,4).

NSF PROJECT'S IN PROGRESS

The following is a lisl of examples of on·
going NSF r<:-«earch projects in concrete.
Highlights of some of these projects will be
presented at the Symposium.

• Bazant (Northwestern) "Nonlinear and
Probabilistic Theory for Concrete Creep.·
The linear modeling of concrete creep with
aging has matured, and it is now appropriate
to develop a nonlinear theory. This research
will establish such a tbeory, based on
micromechanics analysis of the solidification
process of portland cement and nonlineari\ies
due to strain-haroening and development of
backstress. The model will first be developed
for basic creep at constant humidity and
temperature, and is then generali7.ed to
include the effects of variable humidity and
temperature. This model is based on the
hypothesis that the rate of bond ruptures
(which is the source of creep) depends on the
microdiffusion flux of water molecules in
cement gel. The model will be extended to
include probabilistic aspects of material
parameter uncerta:nty, including correlation of
random parameters, and fiu\.,1uation of
environmental conditions. Random effects of
environment are handled by a new sampling
scheme based on spectral approximations
solutions from diffusion theory. A numerical
algorithm for step-by-step integration in time,
in finite element programs will also be
developed. Creep experiments are to be
rondueted with a novel large triaxial-torsional
testing machine with temperature control.
Hollow test cylinders will be subjected to
triaxial loading at various temperatures with
ronfining pressure which prevent cracking or
simultaneous strain-softening due to drying or
temperature cbange. The results will improve
creep predictions for radioactive waste
storage, large span bridges, nuclear reactor
accidenlS, concrete shells and tanks, buildings
and other concrete structures.

• Brock (Kentucky) "Transient Studies of
Dislocation-based Micromechanical Effects in
Fracture."

• Buyukozturk (MIT) ·A Study of Fracture
Behavior in High Strength Concrete.-



• DarwinJMcCabe (Kansas) "Improving
Development Characteristic of Reinforcing
Ban" (Co-sponsored by Civil Engineering
Research Foundation).

The purpose of the research is to investigate
the sbear strength of lightly reinforced
concrete nexural members and develop
recommendations for modifications in current
design provisions. Thc research includes
tests of 21 continuol1S two·span T-beam and
joist systems to identify the effects of flexural
and shear reinforcement on shear capacity.
Flexural reinforcement ratios of 0.75 and 1.0
percent and levels of shear reinforcement
ranging fn"'n 0 to 75 psi are included. The
T-beams ~tcnd earlier work at the University
of Kansas, and arc aimed at directly
addressing the level of safety provided by
current shear design provisions for lightly
reinforced members. The joists represent
typical configurations used in practice.

Efforts during the first year have
concentrated on evaluating the shear capacity
of continuous lightly reinforced T-beams.
Recently a literature survey has been
completed. forms have been constructed, and
six specimen cross-sections without shear
reinforcement have been tested. Of the six
sections, only one provided a capacity in
excess that predicted by the ACI Building
Code. Strengths between 80 and 90 percent
of the predicted strength were obtained in
tbe otber five cases. If borne out by tbe next
series of tests. thc..'iC observations will bave a
major impact on design practice, for they
firmly establish for the first time tbat a wide
range of reinforced concrete beams have been
designed with a reduced margin of safety for
shear. Analytical evaluation will include a
comparison of the cracking shears with
existing empirical and analytical expressions.
1be contribution of oonerete, shear
reinforcement, dowel action. and aggregate
interlock to shear strength will be estimated.
Fracture mechanics concepts are to be
applied to the failure of beams without shear
reinforcement and evaluate the applicability
of truss models to lightly reinforced members
witb sbear reinforcement.

• Gopalaratnam (Missouri), Shah
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(Northwestern). Batson (Clarkson). Criswell
(Colorado St.), Ramakrishnam (SDSM&n
and Wecharatana (NJI1) "Fracture Toughness
of Fiber Reinforced Concrete (FRC)"

study s~imen si7.e, loading
oonfiguration/rate.

- evaluate currently used toughness and
specifications.

- provide basis for the usc of
strength/toughness data.

- recommend guidelines in specifications.

• Hawkins Kobayashi (Washington) "Mixed
Mode Fracture of Concrete."

The objective of the proposed research is to
continue prior University of Washington
studies on mixed-mode concretc fracture
aspects of diagonal tension failure in
reinforced ooncrcte members. Specifically,
the shear transfer mechanism, which is
thought to resist stable crack growth. will be
studied using crack-line wedge-loaded, double
cantilever beam specimens with short starter
cracks and various loading histories which arc
crack·length dependent. Moire
interferometry will be used to measure
simultaneously two orthogonal displacement
fields from which the crack opening
displacement and the slip of stably growing
diagonal tension cracks will be determined.
Moire data together with tbe loading data
will be used interactively with a finite
element code to deduce the crack closure and
shear forces in the fracturt' process zone
under mixed mode loading. Mixed mode
stable crack growth criterion will be deduced
from this hybrid experimental-numerical
analysis. The re-:ults will be correlated v.ith
fractography and profilometer analyses of the
fractured surfaces in order to assess the
relative micromechanic rontributions of the
various constituents (hardened cement paste,
ooarse aggregate and fine aggregate, etc.) to
mixed mode concrete fracture.

• HinzelHolt (Washington) "Expansive
Cements"

• mix with water in bore holes, etc.
• use in liu of explosives
- measure expansive stresses
• geomechanics



• Hover (Cornell) - To construct durable
concrete.

- 60 ksi automatic mercury porosimctcrs
were buill. have heen used in a
microsilica-bascd concrete parking garage.

• Hsu (Houston) "Shear in Reinforced
Concrete."

Shear action is an important factor in the
failure of reinforced concrete structures. A
softened truss model theory has been
developed that is capable of predicting the
behavior of various types of structures when
shear is predominant. The first objective is
to generalize the softened truss model theory
so that it can be applied to situations where
shear (torsion) is combined with axial loads.
The second objective is to perform tests on
40 full-size reinforced concrete panels in
order to determine the material laws
required in the general theory. including the
softening law. the constructive law of cracks,
and the law governing the contribution (]f
concrete. The research are being carried out
in a $440.000 panel-testing facility recently
completed at the University of Houston.
This facility consists of a giant stecl frame
embedded with 40 jacks of l00-ton capacity
each, which can test reinforced concrete
panels 55 inches square and up to 16 inches
thick. Establishment of a general truss
model theory in conjunction with the finite
element method will permit one to predict
the behavior of a whole range of structures
subjected to membrane stresses (walls and
shells). A few full-size panels made of high
performance concrete are being tested.

• Kangari (Georgia Tech) "Advanced
Technologies and Materials in Concrete Slip
Corming."

• Lee and Chung (SUNY-Buffalo) "Effect of
Freezing Cycles on the Mechanical Behavior
of Concrete:

• 9 to 12 ksi concrete is planned for year 2.
• low cycle

• Li (Michigan) WFracture Testing Technology
for Advanced Ceramic and Cementitious
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Matrix Based Composit~~..

This project investigates the bridging
pr~'Sses of quasi-brittle materials by means
of a unique fracture testing technology
developed by the Principal Investigator. with
specific focus on high strength concrete.
advanced ceramics and their composites (e.g.
metglas and polymer fiber reinforced high
strength concret<;; and silicon carbide
reinforced silicon nitride to be manufactured
and provided free of cost by Norton
Ceramics). The objectives of the proposed
work are (1) to refine and extend a testing
technique based on sound theoretical
principles for testing of non-linear fracture
parameters. including the post-cracking force
displacement curve; and (2) to develop a data
base of accurate fracture parameters for high
strength concrete and ceramics which exhibits
the development of process wnes large
cnough to invalidate classical linear elastic
fracture mechanics treatment.

The test technique requires stable
measurement of load versus load point
displacement and crack tip opening
displacement beyond the peak load.
Successful load tracking at this stage requires
system stiffness from both the loading frame.
loading train and specimen.

• Monteiro (Berkeley) - Micromechanics in
Concrete.

• Naaman (Michigan) "High Performance Fiber
Reinforced Cement Composites:
International Workshop.· 6/23-26/91,
Stuttgart. Germany (with Reinhardt and
German DFG).

• Nanni (Penn State). "Aramid Fiber
Reinforced Concrete."

• NawylMaher (Rutgers) "Fiber Optic sensors
for Strength Evaluation and Early Warning
of Impending Structural Failure."

The main objective of this proposed research
is to de\c:lop and test optical fiber strain and
stress sensor systems Cor on-line. accurate•
and real-time monitoring oC critical
romponents of struCIural systems under
service load conditions.



In tbis proposed researcb the combined
resources of Rutgers' Civil Engineering
Depanment and those of its center for Fiber
Optic Material Research Program (FOMRP)
will be devoted for development and
implementation of both discrete and
a>ntinuous optical fiber strain/Stress sensors
for detection and warning of imminent
structural failures for both concrete, and
steel structures. In the case of concrete
structural components, the sensor system will
be evaluated under both embedded (internal)
and exposed (external) condition; where tbe
latter Is attached to existing structures and
the former is embedded in the structure
during its construction.

• Ross (New Mexico) "Dynamic Fracture in
Quasi·Brittle Materials: An Experimental
Study.·

• sansalone!Pratl (Cornell) ·Neural Network in
Non-Destructive Testing."

• impact-echo develop by Carino and
sansalone.

• automating and simplying impact-echo
signal analysis/reduction.

- applicable to HPC

• Englekirk (Englekirk & Han) "Concept
Dew:lopments for Precast Concrete
Structural Systems.·

This is a part of the coordin,,:c=d research
program in seismic precast concrete
structures. This project will develop
structural concepts for using precast concrete
in seismic zones of the United States. Due
primarily to current building codes and lack
of relevant analytical and experimental data,
precast concrete is not currently used in U.S.
seismic zones.

Initially, several regional research workshops
will be held around the country. These will
be limited in size to facilitate interaction
among the panicipants who will be invited to
represent various contributors to the
desiJftiUJnstruetion industry (induding
arc1litec:ts, developers, researchers, etc.)

Next. the economic viability as weD as
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structural feasibility of the design concept
will be investigated. Design documents will
be prepared using the concepts resulting from
the workshops. Feedback about economical
ways to improve the details proposed from
general contractors will be obtained.
Potential use of automated processes will
also be considered.

The analytical model development and design
criterion development projectS will require a
feedback from design engineers and other
industry representatives. The required
information to academic researchers and
other means will be provided throughout the
duration of this project.

• Stanton (Washington) ·Connection
ctassification and Modelling for Precast
Seismic Structural Systems.·

• Swanz (Kansas State) ·Innuence of
Concrete Constituents on Mode 1 Fracture
Characteristics·

Since the processes of initiation and growth
of cracks which lead to fracture in concrete
must surety be influenced by the various
components in the mixture (as well as state
of s. ress, curing conditiOns, moisture content,
etc.), it wou':J be desirable to verify that the
proposed testing standards are suitable for a
wide range of key mix parameters.
Concomitantly, the influence of different mix
parameters on fracture pmpenies including
the shape of the crack front and process zone
also may be determined.

The successful completion of this work will
provide funher evidence that fracture
mechanics is a viable and useful tool for the
characterization of the behavior of
cementitious materials sUbjecte4 to stress and
for the development of design formulas for
shear strengtb, bond strength, deflection
response and craclt width of reinfOrced
concrete structures in whicb size and
brittleness effec:ts can be considered explicitly.

• Keiser (lllinois) -An Experimental Setup to
Investigate Dynamic: Torsional-Translational
Response of Reinforced Concrete.·

• ADzinamilli (Nebraska) "Design aDd



Detailing of ~. 'ansverse Reinforcements for
Hip Strengtn Rdnfurccd Concrete Columns
Subjected to Seismic Loading.·

The development and investigation of high
strength reinforced con~Tete applications
oomprises a major advance in building
planning and design because of its increased
capacities. The present state of high
strength reinforces concrete design needs in
depth study to accurately predict the
anticipated performance of its many
oomponent parts under dynamic lateral
loading such as earthquake loads. High
strength reinforced concrete is also a
sophisticated and complex building material
due to the large number of design and
construction constraints which influence its
quality, long term behavior, and final stress
values. In order to more accurately model
its structural response, it is necessary to
develop a fundamental data-base of
performance standards.

The proposed project is concerned with the
development of design and detailing criteria
for transverse reinforcement in high
ree.angular columns with compressive
strengths exceeding 15,000 psi. Its objectives
are to determine methods to provide
sufficient ductility for earthquake-resistant
structures. The research plan includes both
experimental and analytical studies. At least
twelve large-scale column specimens will be
tested and be subjected to axial and repeated
lateral loads at increasing displacements.
From these tests, data will be collected for
the analytical documentation of the effects of
ooncrete compressive strength, axial load, and
types of transverse reinforcement on the
ductility of high strength ooncrete columns.

• Wood (Illinois) -Experimental Investigation
of the Strength Stiffness and Deformation
Capacity of Slender Reinforced Conuete
WaIIs.-

During the past 20 years, the satisfactory
behavior of many reinforced concrete
buildinp during damaging .:arthquakes has
been attributed to tite presence of structural
walls. Structural walls provide stiffness !

the building systems, and control the drift
and damage in the buildings. A critical
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concern for thc dcsign of structural walls in
seismic regions has been the specification of
reinforcement details to insure ductile
response. The performance of tluildings in
Vina del Mar during the March 1985 Chilean
earthquake appears to contradict professional
opinion, l>ccause the buildings performed well
and the reinforcement details were essentially
nonexistent.

This research project develops methods for
determining the strength, effective stiffness,
and deformation capacity of reinforced
concrete walls. Walls arc used as the
primary lateral·load resisting system in many
reinforced concrete structures, yet many
fundamental concepts have nOl been verified
experimentally.

The experimental phase of the project
involves lateral load tests of reinforced
concrete walls. Major variables include the
geometry of the cross section, amount of web
reinforcement, type of loading, and amount
of confinement reinforcement. Walls are
SUbjected to static load reversals and dynamic
loading.

The analytical phase of the project uses the
observed response and the measured response
of the experiments to develop a hysteresis
model suitable for reproducing nonlinear
response in shear and flexure. Methods are
developed 10 determine the strength, likely
mode of failure, and effective stiffness of
structural walls during the design process.

• Wight (Illinois) "Earthquake Type Loading
OJ'! RiC Beam-Column Connections: Special
Ca!'es of Wide Beams and Eccentric Beams.·

• Moehle (Berkeley) ·Seismic Resistance and
Retrofit of Post-Tensioned flat-Plate Ao.>rs.-

The nat-plate floor system is generally
recognized as an unsuitable structural system
for resisting high-intensity lateral loads.
Nevertheless, in regions of high seismicity in
the U.S. this structural system is still one of
the most widely used systems in multistory
buildings braced by stiffer ductile frames of
structural walls. Reamt research has shown
that even in these braced structures tbe
conventionally-reinforced nat plate is



susceptible 10 failures if gravity shear stresses
on the Door and lateral drifts are nOI
controJled to acu:plable values. Performance
of the unbonded post-tcnsiont'Al flat-plate
Ooor in a similar situation is not well known.
This resean:h studies the behavior or lhis
structural system.

The resean:h involves design, umstrul:tion,
experimental testing, retrofitting, and analysis
of unbonded post-tensioned nal-plale
construction subjected to gravity and reversed
cyclic lateral loads simulating earthquake
effects. Both isolated connections and a
three by three bay model floor arc studied.
Effects or graVity load intensity, lateral load
intensity, and retrofitting techniques arc the
primary variables in the study. The
experiments determine the suitability of this
structural system to support gravity noor
loads when SUbjected to cyclic lateral drifts
typical of those (lQ;urring in buildings during
intense ground shaking. One of the primary
objectives is to establish gUidelines for design
of this structural system.

• EberhardlSozcn (Illinois) "Experiments and
Analysis to Study the Seismic Response of
Reinforced Concrete Frame-Wall Structures
with Yielding Columns."

• Hsu (Houston) "Reinforced Concrete Framed
Shearwalls in Earthquake."

NSF CENTER FOR ADVANCED
CEMENT-BASED MATERIALS
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Development of Watu Level and Wave Height Design Data

by

Martin C. Miller 1, William E. Roper2,
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ABSTRACT

The historical record of tropical storms at
specific sites in the Gulf of Mexico is too short
to provide adequate statistics for estimates of
extreme waves and water levels for
engineering design and project economic
evaluation. This paper describes a method that
has been applied by the Coastal Engineering
Research Center (CERe), u.s. Army Engineer
Waterways Experiment Station to expand the
available suite of storms and sample the
historical storm data set to obtain reliable.
statistical parameters of storm effects.
Parameters from historical storms were used,
along with additional. hypothetical storms, to
obtain relationships between the parameters
associated with storm characteristics and ~torm

effects of wave height. water level. and
shoreline recession. Water level estimates were
obtained usmg a finite element storm surge.
tide and current model which was recently
developed and tested for the Gulf. This model
offers considerable advantages over the finite
difference models that were previously used
for this purpose. The extreme conditions at
the s~te were obtained using a "bootstrap"
stztistical technique to reduce the number of
storms modeled. The methods described were
used to evaluate beach fill design alternatives
at Panama City Beach. Florida in the northern
Gulf of Mexico.

KEYWORDS: Panama City Beach, Florida;
modeling; water levels; storm surge; wave
heights; "bootstrap,"

I. INTRODUCTION

Panama City Beach. Florida is a recreational
beach located in the northern Gulf of Mexico
along the panhandle of west Florida (Figure I).
The beach is heavily developed over much of
its eighteen mile length. with single family
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homes and condominiums built along the
waters' edge. Inlets at each end of the beach
provide access to small boat harbors and quiet
coastal lagoons. The beach is susceptible to
flooding from hurricane related storm surge.
which could result in great loss of life and
property. Beach and flood protection is
considered necessary but the recreational and
aesthetic value of the area must also be
preserved. An artificial berm is being
considered along beach front to protect the
region from flooding. In order to determine
the economic justification for the project and
to effectively design the berm. it is necessary
to evaluate the degree of protection it will
provide during storms of various magnitude
that may impact the site. From the designers
standpoint. it is desirable to know the return
period of the storm that would be protected
against for a selected design. From the
economic standpoint, project justification
requires that the benefit of the project exceed
the cost. This requires an economic model that
allows assessment of the damage for an
expected flooding level.
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Vicksburg, MS 39180-6199

2 Assistant Director, Directorate of Research
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Washington. DC 20314-1000

S L. E. Borgman. Inc.• 2526 Park Avenue.
Laramie. WY 82070

• Assistant Professor. Civil Engineering,
University of Notre Dame. Notre Dame. IN
46556-0767



In the northern Gulf of Mexico, the design
storm is the hurricane. These non-frontal
storms enter the Gulf of Mexico from the
Atlantic (and sometimes the Pacific) during the
months of June through November. The
months of most frequent occurrence are
August through October. During the period
from 1871 to 1973, a total of 281 tropical
cyclones entered the Gulf coast of the United
States, an average of 2.75 storms per year.
These were, by no means, evenly distributed in
time or space, however. A detailed analysis of
these storms and their characteristics can be
found in Ho, et a\. (1987) and later
publications of the National Oceanic and
Atmospheric Administration (NOAA),
National Weather Service.

Though records exist of many storms that have
occurred throughout the Gulf, the historical
occurrence at any specific site is usually
insuffident to provide a statistically reliable
basis by which to calculate extreme values of
.vaves, water levels, and the resulting shoreline
recession for long return periods. Designs of
coastal structures and beach fills are often
based on the fifty or one-hundred year storm
condition. There are virtually no areas where
measurements of the desired parame~ers have
been made for that length of time.

Designers must, therefore, rely on numerical
models to obtain the necessary statistical
data. The spectral wave model, SHALWV,
has been developed at CERC and has been
used to determine wave conditions in a number
of coastal applications including hurricanes
(Jensen, et aI., 1987; Hughes and Jensen, 1986;
Abel, et aI., 1989). It will reliably provide a
time series of the wave height and period on a
grid overlying the area of interest provided the
wind distribution for the region is known.
The winds are obtained from direct
measurement, in the case of more recent
storms or they can be calculated using the, well
established, Standard Project Hurricane (SPH)
model and the relevant parameters of storm
path and landfall location, speed of movement,
central pressure deficit, maximum wind speed,
and radius to maximum winds.

Historical data on the tropical storms and
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hurricanes that impact the northern Gulf of
M 'xico have been collected and published
sin.:e the late 1800's. An archive of storm
parameters is maintained by the National
Hurricane Center in Miami, Florida. These
data can be used to obtain the landfall
location, path, central pressure, maximum
winds, and (sometimes) radius to maximum
winds for storms that impact the site of
interest. The time histories of wave conditions
and water levels, required for engineering
design or project evaluation. are not included
in the data and. except on rare occasions
during the most recent storms, measurements
of these parameters do not exist. Reliable
measurements of recession rate are virtually
nonexistent.

2. WATER LEVEL MODEL

Until quite recently, finite difference models
have been used to calculate the water level due
to tides and storm surges in coastal areas.
These models require that the area of interest
be discretized with regular spatial resolution,
typically one degree by one degree, or with
nested grids of smaller re'lolution in areas of
particular interest. A fully non-linear finite
element approach has now been formulated
that allows greater flexibility in the
representation of complex boundary geometry.
This model, developed by Westerink, et al.
(1991) and by Luettich, et a\. (1991) has been
applied to calculate the ~ide in the entire Gulf
of Mexico and has been calibrated to match
measured tidal response at twenty tidal stations
around the Gulf. A finite element grid was
cr{:ated to cover the entire area (Figure 2) with
the particular area of interest for water level
calculations along the northern Gulf of Mexico
from Mobile Bay to the Florida Bight (Figure
3).

The Mobile Bay area is the site of intensive
investigations in the Army Corps of Engineers,
Dredging Research Program. One of the
elements of this $3Sm dollar, five year
I"r"gram is to determine the potential for
resll::pension of dredged material disposed of
in the nearshore zone, within the potential
reach of waves and currents. This has required
tue determination of the water level during all



tidal stages and during periods of hurricanes
that affect the Gulf, in order to describe the
detailed structure of the bottom boundary
layer under the combined influence of waves
and currents. The second area of interest is
the beach berm construction at Panama City
Beach, Florida. Though no additional projects
are presently planned, the northern Gulf of
Mexico is heavily used for business and
recreation and it is expected that detlliled
knowledge of the water level along the
coastline will eventually be required.

A grid of triangular elements was constructed
over the entire Gulf of Mexico. The density
of triangulation was determined in relation
with the depth over the different areas
investigated and the need for accurate results
at selected sites. The grid coverage for
Panama City Beach and the adjacent offshore
area are shown in Figure 3. Typical grid
spacing in the open ocean is about 27 nautical
miles (50 km), while nearshore the spacing was
reduced to 6600 yards (2000 meters) for a
coastal segment. The smallest grid element was
300 yards (330 meters). The ocean tide was
induced at the boundary of the Gulf, i.e. at the
Straits of Yucatan and the Straits of Florida, as
well as by tidal potential forcing within the
interior domain. The input variables include
earth rotation and a constant bottom friction
term. No additional tuning of the model was
performed for the calculation of the tides.
Comparison of model and measurements for
several tide stations along the Gulf are shown
in Figure 4. The tides are shown to be
accurately calculated at these stations from
Mobile in the west to the Florida Bight in the
eastern side of the Gulf.

Once the grid was set up and confirmed for
the tides, the model was applied to determine
the water level due to hurricane storm surge at
Panama City Beach. The finite element
approach allows the calculation of storm surge
over the entire Gulf using the, well
established, tidal boundary conditions at the
measurement stations. This has the
considerable advantage that the boundary
conditions do not have to be tuned for
individual storms and, therefore, provides a
much greater predictive capacity for the
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model. The great flexibility of the triangular
finite element grids allowed the establishment
of the proper resolution of coastal features. If
these had not been prope:ly resolved, the
storm surge would have been seriously under
predicted.

Water level data have been collected at tidal
stations located near the beach, and
observations of high water were available for
post-storm surveys made by Corps of Engineer
personnel and others. The water levels from
hurricane Kate (November 19-22, 1985) were
simulated and are compared to measurements
at locations east and west of the landfall
location (Figure 5). Storm track, central
pressure deficit and radius to maximum winds
were used in the (SPH) model to calculate the
wind field over the Gulf of Mexico. These
show that the model accurately predicts the
surge elevation, particularly on the eastern, or
"dangerous" semi-circle, of the storm. The
results were only slightly less successful on the
western side. This was judged to be a result of
the SPH model's inability to accurately
represent the changes in wind speed in the
transition zone from land to water.

3. STORM SELECTION

There are several ways in which reliable
statistics for determining storm effects may be
obtained. The reconstruction of historical
storm activity provide a direct, concrete
summary of what is likely to have occurred in
the past storms. When studies are concentrated
on a particular local site, however, it is
unlikely that a sufficient number of storms
have occurred over the period of record to
provide reliable statistical measures. The
population of storms for the last 75 years may
show apparently random variation in number
of storms and storm intensity that are difficult
to ascribe to local climatology. Rather, it
seems more likely that future storm activity
will possess sufficient sampling variability to
fill in the present gaps in the historical data.
There are at least two statistical procedures
that can be employed to utilize the general
statistics of the historical storm data and
analyses, but which allow the future to have
realistic variation from the past. ( I ) The



storm climatology can be used to establish
joint probability laws for the geometric and
intensity parameters of the storms, and these
can be used with substantial subjective
engineering judgement to select typical storms
with estimated prob:..bilities of OCCllrrence as
input to the engineering studies. (~) The
vectors of geometric and intensity parameters
can be used in an extension of statistical
procedures. known as "bootstrap" techniques to
simulate a large population of storm activity
(Efron, 1982; Borgman. 1990).

The pure bootstrap method uses random
selections from the historical population to
compute some statistic of interest which
depends on the data set. For example, suppose
that xl' x2, XS......xn are independent
observations in the sample taken from some
population. It is a simple matter to calculate
the 95th percentile of the data. The single
sample of data can be used to compute one
value of this percentile. If many such samples
were available, it would be possible to
calculate the 95th percentile for each and to
determine the standard deviation. Since only
one sample is available, however. it is not
possible to calculate the standard deviation.

A surprisingly accurate estimate of the
standard deviation can be obtained by
repeatedly drawing n observations from the
sample population with replacement. This can
be done rapidly in a computer until a large
number (say. 10.000) of synthetic samples of n
observations are assembled. It has been shown
that the standard deviation for the statistic.
which was prepared from the synthetic
bootstrap samples. is not much different from
what would have been obtained if one had
taken a large number of independent samples
from the original population, calculated the
statistic from each of these real samples, and
computed the standard deviation (Efron,
1990).

The basic bootstrap procedure does not allow
for the occurrence of values outside of the
historical data set. This is probably
satisfactory for relatively large historical data
sets when dealing with statistics primarily
related to the mean or middle behavior of the
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data. Most designs are based on the extreme
values that exist at the upper tail of the
distribution. There may also be "holes· in the
data which could be fill ...d by likely future
occurrences. It may be necessary to apply
some sort of smoothing or interpolation
procedure to extend the storm data set to
include additional storms. Of course this step
must be made with conSiderable engineering
judgement and evaluation of the results as they
are generated.

The result of the extended bootstrap procedure
is a large population of possible future storm
activity. This method provides a population of
several thousand storms to which coastal
engineering models can be applied to
determine the probabilities. bias and standard
variation of coastal flood stage, wave
conditions, beach recession, or whatever other
statistic is of importance to the engineering
study. Because of time and money constraints,
it is usually only possible to carry out complete
model calculations for 30 to 40 storms. Even
if computer time is free. the data file
manipulation required in the cascade of
numerical models applied to achieve the final
result makes the simulation of all storms
impractical.

4. APPLICATION TO PANAMA CITY
BEACH, FLORIDA

Tropical storms and hurricane data from the
National Hurricane Center indicated that
forty-two storms made landfall within
seventy-five miles of Panama City Beach sin..e
1886. Of these, fourteen were of hurricane
strength at the time they were within that
radius. The historical record does not supply
enough hurricanes to obtain statistically
significant extrapolations to extreme
conditions. Though the record shows the
storms that actually occurred and provides
information on the frequency of occurrence, it
does not provide a record of the storms that
might have occurred with small random
variations in conditions. The relationship
between the storm parameters and storm
results can be investigated by "inventing"
storms to fill in the parameter space.



The number of hurricanes that were used to
determine extreme conditions along Panama
City Beach was expanded, first, by path
translation in which the track of the storm was
shifted parallel to itself in such a way as to
make landfall at the same stage of storm
development. The path of each historical
storm was translated SO miles to the right and
left of the recorded tral;;k. The procedure
increased the number of storms but did not
triple the result since some storms were
translated out of the area of influence on the
site and others provided near duplicate
conditions. Some judgement must be applied
at this stage to eliminate duplicate storms and
to develop synthetic storms to fill in the
parameter space.

The storm selection procedure resulted in
approximately fifty storms for which the
parameters of maximum wind speed, radius to
maximum winds, central pressure deficit,
forward speed, and landfall location were
known. These parameters were used in the
SPH model to obtain the wind field
surrounding the storm. The wind field was
then used to calculate the time series of wave
conditions using the spectral wave model
SHALWV. ·The water level was calculated
usin8 the finite element model described
above, and the recession of the shoreline
determined from the SBEACH model (Larson
and Kraus, 1989; Larson, et aI., 1990).

Multiple regression equations were developed
to determine the relationships between wave
height, water level, and shoreline recession as
dependent variables and the stOrm parameters
as :ndependent variables. The nearest
neighbor, extended bootstrap procedure was
then used to select the parameters the storms
had and the regression relationship was used to
determine the result of the parameters. A very
large number of storm sets was bootstrapped in
this way to provide guidance for the conditions
for return periods of interest.

S. CONCLUSIONS

The Corps of Engineers has the responsibility
to provide design criteria for coastal protection
projects in hurricane prone areas. An
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innovative statistical approach has been
developed to provide the data required for
extrapolating historical hurricane storm effects
to long return periods. The water levels
generated by these hurricanes has been
modeled using a finite element model,
AOCIRC. This model allows the computation
of water level due to hurricane surge over the
entire Gulf of Mexico without tuning the
boulldary conditions to provide a match of the
surge elevation at specific locations. These
new techniques have been evaluated by the
Corps, and have recently been applied to the
design of a protective beach fill at Panama
City Beach, Florida.
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Figure 1. Northern Gulf of Mexico from Louisiana to the Florida Bight.





Figure 3. Detail of the finite element grid in the study area near Panama City
Beach Florida.
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west of the study area.





U.S. Coordinated Program for Masonry Building Research:
Sixth Year Status

by

James L. Nolandl

The U.S. program, which consists of
twenty-eight specific research tasks, is
coordinated with a parallel program in
Japan. Both are conducted under the
auspices of the UJNR Panel on Wind and
Seismic Effects. The primary purpose of
the O. S. proqram is to support the de
velopment of a limit state design proce
dure for masonry as well as provide ex
perimental ieta, analytical methods.
etc. Several technical accomplishments
have been realized in both modeling and
experimental areas. The technology
transfer plan includes dissemination of
research reports, topical rE.ports and a
summary report on the specific research
areas as well as by presentations and
papers. Desiqn and criteria recoll'lllenda
tions will be an extremely important
mode of technology transfer and are ex
pected to support limit state design
standard development. Current status of
the proqram is presented. Completion is
expected by sprinq 1993.

KEYWORDS: masonry, proqress,
structures, technology transfer, UJNR

1. III'1'RODOC'fICli

The U.S. Coordinated Program for Masonry
Building research is an integrated set
of 28 specific research tasks being con
ducted by the U.S. Technical Coordinat
ing COlllllitte. for Masonry El.search
(TCCMAR/US). The U.S. program is coor
dinated with a parallel program in Japan
to exchang. information and concepts for
the mutual benefit of both countries.
Both programs are conducted under the
au.piee. of the United States-Japan
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Natural Resources Panel on Wind and
Seismic Effects.

Primary program objectives are:

1) Development of design and eri
teria recommendations for limit
state design of reinforced mason
ry buildings and components.

2) Development of a consistent
experimental database on the be
havior of masonry materials, com
ponents and systems.

3) Developmer.t of analytical non
linear model~ for research and
design office use for detailed
analysis, system analysis, and
dynamic loads determination.

4) Improved material and sub
assemblage experimental pro
cedures for obtaining masonry
properties.

5) Improved masonry fabrieation
procedures and standards.

6) Developing an increased awareness
among enqineers, architects, code
bodies and the public of the
capabilities of reinforced mason
ry in all seismic zones.

'7) Interfacing with standards de-
velopment qroupll to support
development of a con.ensus limit
state standard for masonry.

1 Atkinson-Noland' A••ociate., Inc.
2619 Spruce Street
Boulder, CO 80302



3. Un.cacB

With NSF support, the Technical Coordin
ating Committee for Masonry Re
search/U.S. (TCCMAR/U.S.) was formed in
February 1984. TCCMAR/U.S. was and is
comprised of researchers from academic
and industrial organizations who have
strong backgrounds in research into the
properties and characteristics of rein
forced masonry materials, structural
components and systems, analytical tech
niques, structural dynamics, building
codes, and earthquake engineering.
TCCMAR researchers are listed in Table
1. TCCMAR participants defined the re
search program conducted, the research
and will analyze and interpret the re
sults.

The U.S. research plan is a phased step
by-step program of separate. but
coordinated research tasks. Emphasis is
being placed upon intra-task information
eXChange and consultations so the exper
imental and analytical efforts are mutu
ally supportive. The research tasks
comprisinq the coordinated program are
listed in Table 2.

The program includes both experimental

and analytical research tasks. The ex
perimental and analytical efforts are
conducted in parallel with each becoming
more complex and sophisticated as knowl
edqe and experience accumulate. The
U.S. plan is thus a "building block" ap
proach. The pr0C!ram began in October
1985 and will be ~ompleted in the spring
of 1993.
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4. CURIlDI'1' STATUS

As of March 1991. the program is approx
imately 75 percent complete. Remaining
work consists of refining analytical
models and programs, further. experimen
tal studies on reinforcing bar bond and
splices in grouted masonry. development
of ~sonry material tests compatible
with the needs of nonlinear analysis and
limit state design, experimental and an
alytical studies of the behavior of the
five story research bUilding, develop
ment of limit state design and criteria
recommendations and final technology
documentation. Research task reports
which have been published are listed in
Table 3.

Partial fund~ng for planning and con
ducting experiments on a five-story
full-scale reinforced masonry research
building has been arranged. Researchers
at the University of CAlifornia-San
Diego will commence detailed planning in
mid-April. Specimen construction will
begin in August 1991 and testing is ex
pected to begin in the early fall of
1991.

Funding for development of design recom
mendations and technology documentation

is expected by May 1991. Work in that
area will begin shortly thereafter.

5.~·'l'S

Primary funding for the program was and
is being provided by the National Sci
ence Foundation (U.S.). The U.S. Army
Corps of Engineers has provided support
fo::: extended stUdies on reinforcing bar
bond and splicing and material tests.
The U.S. maaonry industry has prOVided

masonry materials and fomds for specimen
construction.
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'fABI.& 2

Subjec~

Grou~ed Hollow-Uni~ Clay • Concre~e

Masonry in Compress~on

Grouted Hollow-Uni~ Concrete Masonry
Under Combined Compress~on , Flexure

Grouted Hollow-Unit Clay Masonry Under
Combined Compression , Flexure

*Masonry Test Methods for Limit State
Design

*Nonlinear Force-Displac~mentModels of
Reinforced Masonry Componeilts , Systems

*Nonlinear Finite Element Models for
Analysis of Reinforced Masonry

*Nonlinear Lumped Parameter Models for
Dynamic Response Analysis of Reinforced
Masonry Systems

Nonlinear Models of Floor Diaphragms

Nonlinear Models of Reinforced Masonry

Walls Acting Out-of-Plane

Experimental Study of One-Story
Reinforced Masonry Shear Walls

Experimental Study of Two-Story
Reinforced Masonry Shear Walls

Experimental Study of Three-Story
Reinforced Masonry Shear Walls and
Development of Automated Feed-Back Test
Method for Stiff Structures

Experimental Study, Static' Dynamic,
of Out-of-Pl~ne Behavior of Reinforced
Concrete Masonry Walls

Experimental StUdy, Static , Dynamic,
of Out-of-Plane Behavior of Reinforced

Clay Maaonry Walla

*Re••arch Taak. to be completed
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Sununary of Task Committee Workshop Reports

Report of Task Committee on

(AI STRONG-MOTION INSTRUMENT ARRAYS AND DATA

Date: May IS, 1991

Place: Public Works Research Institute (Tsukuba Science City)

Attendees: Japan Side - S. Noda (Chair~an)

K. Ohtani
K. Tamura

(PHRI)
(NIED)
( PWRI)

U.S. Side - A.G. Brady (Chairman) (USGS)

MISSION STATEMENT

1. Objective:

The objective of the Task Commi ttee is to coordinate the provision of
strong-motion earthquake data to researchers and to the practicing
engineering community. The Task Committee focuses on instrumentation;
recording, processing, and analyzing strong-motion data; research to
ensure high-quaE ty data dissemination; and analysis of ground motion
and structural motion in dynamic response to earthquak~s.

2. Scope of Work

The TiC coordinates strong-motion research, processing strong-motion
data, and disseminating information on the recorded behavior of
structures. In addition to regular exchange of data and publications,
the riC's technical approach includes:

* Planning and conducting TiC workshops and meetings, held
generally in conjunction with UJNR Joint Meetings.

* Conducti ng related technical sessions at professional society
meetings.

* Creating procedures for the dissemination of significant
strong-motion digital data with regard for the rights and
expectations of (a) the owner, (b) the users of data, and (c)
the earthquake engineering community.

computer
tJsr.rs of
practical

information exchange on
related researcll so all

of valid ranges and

Creating an up-to-date
processing procedures and
processed data are aware
limitations.

+

+ Developing a research program for appropriate instrumentation
and dynamic analysis of structures with base isolation or other
response-reducing systems, under earthquake excitation.

+ Developing a research program using both permanent and
temporary arrays and data derived to study site response.
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3. Accomplishments

..

..

..

..

..

..

Catalogs of strong-motion earthquake records observed both in
the United States and Japan are being exchanged. U.S. data are
published in the "Seismic Engineering Program Report", and the
Japanese data are published in "Strong-Motion Earthquake
Records in Japan". Digital data is exchanged on tape,
floppies, and CDROMs. Many other publications were also
exchanged.

Data tapes on the Lorna Prieta earthquake of October 17, 1989,
processed by USGS and CDMG, were delivered to Japanese side.

Disks containing data on the Chiba-Toho-Oki earthquake of
December 17, 1987, processed by the National Research Center
for Disaster Prevention, were delivered to U.S. side.

The Japanese Technical Study Team for the Lorna Prieta
Earthquake visited northern California, USA, between Nov. 16 &
29, 1989 to study the effec ts • The team and the U. S. hos ts
included many panel members.

Dr. Sasaki visited the U.S. during March 20-29, 1990, visiting
U.C. Berkeley, USGS, Stanford, CALTRANS, CDMG; Loma Prieta
Earthquake effects in San francisco, Oakland, and epicentral
area; and Washington (AID, NIST, NSF). Panel members hosted
throughout; T!C A contacts included A. G. Brady and R. D.
Borcherdt, uf USGS, and A. G. franklin of USAEWES.
(Other Panel members included J. Gates, R. Hanson, H.S. Lew and
N. Raufaste).

Mr. Keiichi Tamura of PWRI was a Visiting Scholor at Stanford
Uni versi ty for one year ending October 1990 working on stl"Ong
motion instrument arrays and data.

.. Mr. Susumu lai of PHRI visited California for one month in
March 1991 for joint research with California Division of Mines
and Geology on recording and processing of strong earthquake
motion.

4. Future Plans

..

..

..

The TiC Chairmen will seek funding sources and finalize the
planning for a 3rd Workshop on Processing Strong Motion Records
in spring of 1992.

Coordinate the analysis of records from arrays: downhole 3-D
arrays (geophysics and earthquake engineering) and structural
arrays (structural engineering).

The Tic recognizes the efforts of the International Working
Group on the Effects of Surface Geology and encourages wider
participation by Panel members.
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5. Information Exchange

+ Will be performed within the domestic community through
technical meetings, conferences, seminars, and workshops.

Tic
and

side through
lectures;

in post-earthquake
in areas where

exchange is rapid description of
(and subsequently, digital

or disk) from significant

The ~ost crucial information
recovered strong motion
strong-motion data on tape
earthquakes.

Will be performed with the counterpart
workshops; visitor exchanges, seminars,
participation in annual Joint Panel meetings.

Will be performed through participation
field investigations with concentration
strong-motion stations have recorded data.

+

..

..

6. Impact

.. Most managers who process strong-motion recordings use
techniques based, or closely associated with, the work of this
TiC and its members. Foreign networks fitting this category
include:

AUSTRALIA - Australian Seismological Center, Bureau of Mineral
Resources, PO Box 378, Canberra ACT 2601.

CANADA - Pacific Geoscience Center, PO Box 6000, Sidney, BC.
V8L 4B2.

ITALY The Italian National Commission for Research and
Development on Alternative Energy Sources (ENEA), Rome.

MEXICO Japan-Mexico Earthquake and Disaster Prevention
Center, Mexico City.

PERU - Japan-Peru Earthquake and Disaster Prevention Center,
Lima.

TAIWAN - SMART Array

TURKEY - University of Bogazici, 80815 Sebek, Istanbul.

YUGOSLAVIA Institute of Earthquake
Engineering Seismology, Skopje.

Engineering and

• Use of seismological and strong-motion data, in convenient
form, is facilitated in countries other than where recorded.

• Dissemination of digital data from significant earthquakes •
taking into account the conditions of the 3rd paragraph in the
Scope of Work, increases the research data base; application of
this data in design practice aids in reduction of earthquake
hazards.
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7. Barriers

•

•

Lack of adequate funding for T!C joint endeavors •

Establishing joint research efforts and maintaining close
interaction between participants are difficult unless visiting
research appointments are established. (Funding and staff
availability are often barriers).



Report of Task Committee on

(8) LARGE-SC~LE TESTING PROGRAM

Date: May 15, 1991

Place: Public Works Research Institute
Tsukuba, Japan

Attendees: Japan Side - K. Ohtani (Chairman)
H. Yamanouchi
S. Nakata
Y. Koga

U.S. Side - H. S. Lew (Chairman)

MISSION STATEMENT

1. Objective

(NIEDl
(BRI)
(BRI)
(PWRI)

(NIST)

The objective of the Task COlTUllittee :s to develop performance data of
full-scale dynamic properties of structures to better resist wind and seismic
loads through both laboratory testing of prototype structures and field
testing of structures in situ. Improved full-scale test data will validate
the results of small-scale model tests and substantiate the results of
computer analyses of structural behaviour.

2. Scope of Work

The Task Committee develops its research agenda in l':oordination with
other appropriate TICs, such as TIC's "c" and "0", for full-scale evaluation
of buildings, and other structures except bridges.

*

*

Plans and conducts workshops and joint meetings to identify research
topics and develops joint research programs.

Coordinates research projects carried out by various laboratories i~ the
U.S. and Japan. Facilitates publication of research results and
implementation of findings in codes and standards.

* Facilitates exchange of research personnel,
available testing facilities.

technical information and

3. Accomplishments

*

*

The National Science Foundation (NSF) has funded the third phase IS-story
structural testl of the U.S.-side research of the U.S.-Japan Coordinated
Program for Masonry Building Research. The testing of five-story
full-scale masonry structure will be carried out at the University of
California, San Diego during 1991-1993.

The U.S. Technical Coordinating Committee on Masonry Research ~dS held in
August 1990.



•

•

•

The 6th Joint Technical Coordinating Committee on Masonry Research
(JTCCMAR) was held in August 1990 at Seattle, Washington. Progress on
individual research projects were presented by principal investigators
and future coordination of the Joint Program was discussed.

The first phase of the U.S.-Japan Joint Technical Coordinating Committee
on Precast Seismic Structural Systems Program (PRESSS) was held in
Novembe~ 1990 At San Diego, California.

The Japd~ PRESSS Research program is continuing at several institutions
including BRI, University of Tokyo and Yokohama National University. The
Japan Tee Meetings were held during the past fiscal year.

4. Future Plans

•

•

The second Joint Technical Coordinating Committee (JTCC) on PRESSS will
be held in Japan in October 1991. The U.S. TCr. on PRESSS will meet prior
to the second JTCC on PRESSS in June 1991.

In support of International Decade for Natural Disaster Reduction (IDNDR)
program, techniques will be explored to disseminate findings of Joint
P....earch Projects carried out under the auspices of TIC "B" to countries
with high seismic risks.

• A workshop on Composite, Mixed an Hybrid Structural
planned to be held in summer of 1992 in the U.S.

Systems is being

• Informatior. ex~hange of following topics between appropriate U.S.
Japan Organizati"'ls will be continued;

and

a. Appl~cation of high strength construction materials, such as concrete
and steel, to structures in high seismic zones,

b. Testings of large-scale structures other than buildings and bridges.

5. Information Exchange

* Technical reports and research documentation
participating organizations in both countries.

were exchanged with

6. Impact

• The results of the past joint research projects on reinforced concrete
and steel structures have been published in both U.S. and Japanese
technical journals. A number of key findings have been incorporated into
U.S. and Japanese building codes and design guidelines.

* As a results of joint research projects, the
understanding in earthquake engineering has
countries. The results from the joint program
research in both countri~s.

state of practice and
been improved in both
above further stimulated

• Facilitate joint research projects utilizing available testing facilities
in both countries.
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7. Barriers

* There are no major technical barriers for the attainment of the
Committee mission. However, different building practices and
require careful planning for effective joint research projects.

Task
needs

* Securing funding to support exchange of research personnel is difficult
in both countries. Funding agencies of both countries should be informed
about the technical benefits resul ting from the joint panel activities
and encouraged to participate researcher exchange and joint research
programs.
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First Meeting of the Joint Technical Coordinating Committee
on Precast Seismic Structural Systems (PRESSS)

San Diego, USA

Nov. 29, 30, Dec.1, 1990

DRAFT RESOLUTIONS

1. The first meeting of JTCC-PRESSS was held at the University of CalifCirnia
San Diego at the Whispering Palms Country Club, San Diego on
Ncvember 29 and 30. and December 1, 1990. The meeting was attended
by 22 researchers and 5 observers from Japan, and 15 researchers and 7
observers from the USA.

2. At the meeting there was a successful exchange of information and ideas
between the researchers from both countries on the subjects of precast
structural system behavior, behavior of assemblies. testing. procedures.
analytical modeling methods and seismic design procedures.

3. The need for, and Importance of, continuing experimental and analytical
research on PRESSS was reaffirmed.

4. The common goal of Japan and USA research efforts is to develop design
guidelines for PRESSS.

5. Continued cooperation and interchange of design concepts will be carried
out based on the 'test building' concept.

6. The Hachinohe 1968 N-S record amplified to 0.33 g peak ground
acceleration will bo used as the base record for comparing dynamic
response.

7. The US side will develop at least one shear wall building concept and at
least one ductile joint concept and report results of design studies at the
next US/Japan meeting.

8. The US side will carry out dynamic inelastic time-history analyses of the
test-eleslgn bUildings and report results at the next US/Japan meeting.

9. The US side will carry out inelastic collapse mechanism analyses of its
design buildings and report at the next US/Japan meeting.

10. The Japan side will carry out dynamic inelastic time-history analyses of its
Case II and Case III buildings and report at the next US/Japan meeting.
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Page 2
Resolutions

11. The Japan side will carry out collapse analyses and dynamic inelastic
time-history analyses of the US frame test building to ensure correct
calibration of analysis methods between the two countries.

12. Both sides will investigate correlation between full structural simulations
and simplified structural condensation models for dynamic inelastic
analyses.

13. Both sides will continue to develop and classify new connection concepts.
The US and Japan connection groups will interact and agree on the format
for presenting connections for the data base report. Agreement on the
format will be reached by May 1, 1991.

14. The completed data base report will be finalized by 1992.

15. The Japan side has made considerable progress on its new design
guidelines. The US side will prepare and present a detailed .framework for
its recommendations for the 1991 meeting.

16. The two sides will exchange information on test load patterns to simulate
seismic response of connections and members and investigate the
practicality of adopting a common load pattern for experimental research.

17. The technical communication which has carried out between Japan and
US PRESSS teams has been valuable and should be continued. There
should be a continuation of the exchange of researchers so as to facilitate
dialogue on concepts and design.

18. The next meeting will be held in Japan on October 30, 31 st and November
1,1991.
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REPORT 0J0' TASK COMMITTEE ON
(C) REPAIR AND RETROFIT OF EXISTING STRUCTURES

Date : May 15, 1991

Place: Public Works Research Institute
Tsukuba,JAPAN

Attendees: Japan Side - M. Hirosawa (Chairman)
S, Nakata
S. Okamoto
H. Yamanouchi
T. Murata
S. Ohtsuka

(BRI)
(BRI)
(BRI)
(BRI)
(BRI)
(MRI)

U.S. Side -

MISSION STATEMENT

1. Objective

S.C. Liu (Acting
M. Shinozut<a
T. Lew
A. Smith
M. Celebi
D. Eagling

chairman) (NSF)
(NCEER)

(NCEL)
(S.U. )
(USGS)

(DOE)

The objectives of the Task Committee are to encourage research and
provide technology transfer activi ties in materials I components, and
whole buildings and structural systems related to the repair and
retrofit of existing bUildings and other structures. The scope will
encompass studies related to materials of construction, structural
components as well as prototype structural systems.

2. Scope-of-Work

The TiC work includes information exchanges, planning, and hosting
workshops and seminars. Workshops are generally held in conjunction
with the annual Panel's meeting. They provide Tic members with an
opportuni ty to review related research and to direct plans for future
research, share and implement results. The Tic conducts related
technical sessions at professional society's meetings. The Tic studies
new materials and methods to accomplish repair and retrofit operations
on bUildings e.g., fiberglass reinforced plastics, high performance
concrete, post-installed anchor bolts, carbon-fibre wire, structural
adhesives, and exploits use of automation and robotics for repair and
retrofit. Work focuses on coordinating research projects in U.S. and
Japan to minimize duplication and to maximize benefits.

3. Accomplishments

* Status reports were delivered on recent related NSF initiatives:
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o QUANTITATIVE NONDESTRUCTIVE EVALUATION FOR LARGE STRUCTURAL SYSTEMS

This initiative was issued in June, 1990. The responses from the
U.S. research communities were overwhelming. Plans are underway for
the second year announcement; interdisciplinary research teams are
encouraged. The following four projects were selected for support
in the first round:

1. Fiber optic sensors for strength evaluation and early warning of
impending failure in str~ctural components.

2. Nondestructive methods in assessing damage to reinforced concrete
structures.

3. Micromagnetic surface studies of materials for nondestructive
evaluation.

4. Fundamentals of embedded optical fibers in structural concrete.

Details of these four projects and a description of the initiative are
included in the proceedings of the 23rd UJNR Joint Meeting in Tsukuba,
Japan.

o REPAIR AND REHBILITATION RESEARCH FOR THE SEISMIC RESISTANCE OF
STRUCTURES

In early 1990, NSF announced a new 5-year research program that focuses
on a coordinated research effort in thl'! seismic repair and
rehabilitation of existing structures. The general goals of the program
are to : (a) inihate a concentrated effort to integrate the existing
body of knowledge on the repair and rehabilitation of buildings, (b)
carry out additional research as required to develop practical
engineering measures for immediate implementation, and (c) to promote
closer ties between research and practice by facil i tating transfer of
knowledge and techniques through the developr:1ent of design gUidelines
applicable tc U.S. practice.

During the first year of the research prugram, FY 1990, NSF funded a
total of nine projects.

- Strengthening and repair of nonductile reinforced concrete frames
using external steel jackets and plates.

- Seismic retrofit with energy dissipators.

- Evaluation of the strength, stiffness, and ductility of older steel
frame structures.

- Experimental evaluation of slab-column frame and the use of the
ductile steel.

- Behavior of clay brick and concrete masonry infill walls.

- Repair and rehabilitation research program coordination.



In addition, cooperation and coordination efforts were initiated wi th
other on-going seismic repai rand rehabi 1 i tat ion programs, conducted by
the National Center for Earthquake Engineering Research (NCEER), the
Earthquake Engineering Research Insti tute (EERI) through its Existing
Building Committee, the Federal Emergency Management Agency (FEMA), the
Building and Fire Research Laboratory (NIST), The California Seismic
Safety Commission (CSSC), and other organi~ations. The first
coordination meeting of FY 1991 was held in Salt Lake City on February
13, 1991.

* 3-1 day ASCE seminars on Rehabilitation, Planning and Structural
Repair of Concrete and Masonry were held in, Oakland, CA (3/90); Boston
(4/90); and Washington D.C. (5/90).

* A workshop on Nondestructive Evaluation of Civil Structures and
Materials was held in October, 1990, in Boulder, Colorado. 406 pages
hardcover proceedings are avai lab1e from the University of Colorado,
Department of Civil Engineering. Participants came from many
disciplines of engineering in academics and industries.

There were five working groups:
- concrete
- masonry
- steel
- timber
- advanced equipment and techniques.

* Proceeding of the Workshop on Evaluation, Repair, and Retrofit of
Structures, (NISTIR 4515), held at NIST in May 1990, was published by
NIST and distributed at the 23rd UJNR Joint Meeting in Tsukuba, Japan.
Copies of the proceedings were distributed also to authors, workshop
participants, and other researcher's and practicers in the U.S. 22
papers were presented at the NSF sponsored workshop, of which 17 papers
were on repair and retrofit of structures. 24 delegates attended, 12
were from the U.S. and 12 from Japan.

* In the U.S., FEMA published ATC 21, A Handbook for Seismic Evaluation
of Existing Buildings, and ATC 22 Techniques for Seismically
Rehabilitating Existing BUildings. The U.S. Department of Energy and
U.S. Postal Service are involved in extensive repair and retrofit
projects.

* The Architectural Institute of Japan (AIJ) have revised its Ultimate
Strength and Deformation Capacity of Buildings in Seismic Design in
December 1990 after 13 years since the first edition, This book contain
many recent research results mainly on evaluation method of bearing
capacity and ductility of structures and structural members such as
foundation structure, reinforced concrete structure, steel framed
reinforced concrete structure, steel structure, wooden structure, vessel
structure and structure with passive control.

* The Architectural Disaster Prevention Association has revised its
Guidelines for Evaluating and Strengthening EXisting Reinforced Concrete
Buildings in October, 1990 after ~3 years since the first edition and
the Guidelines for Evaluation of Earthquake Damage and Retrofitting
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Methods of BUildings in March. 1991 •
. In the Guideline for Evaluating, a simplif~ed rigorous evaluation

method for school buildings vulnerable to earthquake was added as one of
appendixes .

. In the Guideline for strengthening. structural calculation me~hod

to strengthen existing reinforced concrete bUildings by steel panels or
steel braces was newly regulated based on recent research results.

* In Japan several prefectures such as Kanagawa prefecture and
Shizuoka prefecture where a severe earthquake is anticipated to occur,
continue to discuss countermeasures after the earthquake, and in case of
Kanagawa prefecture, it will be decided to start to cultivate engineers
especially for urgent evaluation of damages applying the guidelines.

* The guidelines were presented to U.S. side at the 23rd UJNR Joint
Meeting; the English version of the guidelines was translated by Dr. M.
Ohkubo and will be printed in March, 1992 at UCSD.

4.

*

o

Future Plans

A second round of related NSF initiatives are planned for FY 92:

Quantitative Nondestructive Evaluation for Large Structural Systems

o Repair and Rehabilitation Research for the Seismic Resistance of
Structures

•

•

•

*

5.

•

Repair and retrofit of existing structures are being studied in
association with a possible federal ini tiati ve on adaptation due to
the global changes (MARS) program.

New initiatives are being developed by NSF to focus on central and
eastern U.S. existing structures/buildings.

In support of IDNDR activities, Tic "e" plans to participate in task
commi ttee activities related to repair and retrofit of damages due
to various disasters.

A possible workshop is being planned on the Design Approaches and
Construction Methods for Repair and Retrofit of Buildings and
Structures after 1992. The ~orkshop will focus on the use of newly
developed methods for repair, retrofit and evaluation of
buildings/structures.

Information Exchange

Publications of the Joint TiC "e" of "D" Workshops on Evaluation
Repair and Retrofit of Structures were distributed, to all delegates
and will be made available to design professionals through technical
presentations at national meetings of professional societies.

* A U.S. Panel (Japaneae Technology Evaluation Center Panel) visited
29 sites in Japan in July, 90, to study and exchange information on
construction technologies.
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•

•

6.

•

•

•

7.

•

Published workshop r~ports and individual research papers; they were
exchanged with the U.S. and JAPAN-side members.

Numerous papers presented at the 23rd UJNR Joint Panel Meeting are
of interest to TIC "C".

Impact

Contributed to development of U.S. and Japan design criteria for
repairing and strengthening reinforced concrete, steel, and other
buildings.

Tic recommendations were incorporated into building codes and
professional practices, as illustrated by rehabilitation programs
used by the City of Los Angeles to upgrade existing masonry
buildings to resist earthquake forces.

Influenced changes to U. S. and Japan design practices to upgrade
existing structures.

Barriers

Greater progress needs be made to implement available research
results. Additional funding sources need to be identified to
support technical activi ties to support committee missions and to
support participate attendance at Joint Panel Meeting workshops.
Creative technical information services. including translation of
Japanese files, abstracts or entire reports are needed to improve
the effectiveness of information exchange.
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Report of Task Committee on

(0) EVALUATION OF STRUCTURAL PERFORMANCE

Date: May 14, 1991

Place: Public Works Research Institute
Tsukuba , JAPAN

Attendees: Japan Side - S. Okamoto, Chairman
M. Hirosawa
S. Nakata
H. Yamanouchi
T. Murota
S. Ohtsuka

U.S. Side - S.C. Liu, Acting chairman
T. Lew
H.S. Le....
M. ShinoO?:uka
D. Eagling
M. Celebi
A. Smith

(BRI)
(BRI)
(BRI)
(BRI)
(BRI)
(MRI)

(NSF)
(NCEL)
(NIST)
(NCEER)
(DOE)
(USGS)
(Stanford)

L Objective
The objectives of this task committee are to develop disaster mitigation
policies and programs to improve the capacity of existing structures to
resist wind and seismic forces. To provide adequate performance
evaluation, each country will coordinate development of condition
assessment, screening, and structural analysis methodologies. Structures
will be analyzed and instrumented, and then evaluaterl after disasters.

2. Scope of Work

*

*

Develop an inventory of "Lenchmark" structures that have been
analyzed and instrumented to measure wind and seismic
responses.

Develop a uniform system for screening and analyzing wind and
seismic resistance capacity of structures in each country.

* Develop sensor technology, instruementation,
systems to provide condition assessment
structures.

and
of

"expert"
existing

* Evaluate masonry and precast concrete buildings, and seismic
base isolation systems; include results in each country's
catalog of "benchmark" structures for post-disaster
performance evaluation

• Conduct workshops at future UJNR Joint Panel Meetings,
cooperatively with TIC "B" and "C".
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3. Accomplishments

*

*

*

*

The Proceedings of a Workshop on Evaluation, Repair, and
Retrofit of Structures (Joint Task Committee "C" and "0"),
held at NIST in May 1990, was published and distributed to the
authors, workshop participants, and other researchers and
practicers in the U.S.

The U.S. Side (NIST) conducted the translation and published
the Japanese MOC documents on base isolation:

Report of the Expert Commi ttee on Advanced Technology for
Building Structures:

Part 1, Damping Structures and Trends of Future
Technological Developments, and

Part 2, Survey Report on Framing of the Guide~ines for
Technological Development of Base-Isolation
Systems

Status reports on recent LJ .S. legi slation were presented at
the 23rd Joint Panel Meeting:

1990 National Affordable Housing Act, Sec. 947 on Seismic
Safety Standards. Requires HUD to conduct risk assessments of
all HUD-assisted housing, and to develop or adopt aseismic
standards in accordance with Executive Order 12699. A first
report to Congress is due by May 21, 1992. " the
Secretary shall consult with the Director of the Federal
Emergency Management Agency (FEMA) and may utilize the
resources under the National Earthquake Hazards Reduction
Program .... "

National Earthquake Hazards Reduction Pro~ram Reauthorization
Act; Public Law 101-614, Nov.16, 1990. Sec. 8 on Seismic
Standards. "The President shall adopt, not later than
December 1, 1994, standards for assessing and enhancing the
seismic safety of existing bUildings constructed for or leased
by the Federal Government. ... " "The President shall ensure
the issuance, before February 1, 1993, by all Federal agencies
of final regulations required by .... Executive Order numbered
12699, issued January 5, 1990."

Information was exchanged on the activities of each country in
the International Decade on Natural Disaster Reduction
(lDNDR). Several U.S. Agencies are participating on the
Federal Subcommittee on Natural Disaster Reduction (SNDR),
under the Committee on Earth and Environmental Sciences
(CEES) •

A report entitled: Hazard-Proofing the Nation, Strategy to
Reduce Natural Disasters was drafted by SNDR, and will be
8ubmi tted to all Federal Agencies by June 1991. Included in
the research and implementation strategies are risk assessment
and mitigation programs. When completed, copies will be
mailed to the Japanese members.
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• Status reports of several fEMA - ATC projects were dib~ussed,

including those on ~~ismic risk assessment of existing
structures. The U.S. Dept. of Energy and U.S. Postal Service
are actively conducting risk assessment studies, and planning
or conducting extensive repair and retrofit projects.

4. Future Plans

•

•

•

•

Develop a reporting system and data collection form for
building inventory and performance standard, and compile a
computer data file for exchange between countries. Report at
each Joint Panel Meeting. A special subcommittee shall be
established to formulate a working plan for "benchmark"
structures.

Continue to encourage participation by private industry,
consulting engineering firms, universities, funding agencies
and State and local government agencies involved in
instrumentation, evaluation, and condition assessment of
existing buildings.

Moni tor development of sensor technology and instrumentation
of structures for condition assessment, and to measure
long-term aging effects on building components.

Participate in coordination of Joint Panel activities in the
intE.'rnati<Jnal Decade for Natural Disaster Reduction (IDNDR).
pertaining to structural performance evaluation.

A workshop on Structural Performance Evaluation Methodologies
will be discussed to be held in the U.S. after 1992. The
workshop will place emphasis on a synthesis of current
methodologies used in both sides and comparative studies of
these methodologies.

5. Information Exchange

•

*

Technical documents exchanged, and pertinent Japanese papers
delivered at 23rd Joint Panel Meeting.

Japense side will send to the U.S. TIc Chairman a copy of the
Final Revision of "Design Guidelines for Medium Rise
Reinforced Masonry Buildings" developed by TCCMAR-Japan. U.S.
Side will explore feasibil i ty of translating this manuscript
into English. Summary report of the design guidelines was
printed in the Pre-Proceedings of ·22nd Joint Meeting (3-3
Okamoto) .

6. Impact

• Enables the development of revised standards and building code
provisions to prevent destruction from high winds and
earthquakes.
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*

*

Provides engineers ..,i th the capabi 1i ty to conduct condi tion
assessment of existing structures for the purpose of
developing cost effective repail, retrofit, strengthening or
demolition programs.

Will increase the confidence level of the public. regulators,
policy makers and engineers, to be asured that the majority of
major structures will perform adequately to resist high wind
and earthquake forces.

7. Barriers

*

*

*

Difficulty in identifying priorities and inadequate resources
to document load carrying capacity of existing buildings
subjected to highly probable extreme winds and earthquakes.

Difficulty in developing probability risk maps for tornadoes,
typhoons, and hurricanes.

Limited resources fDr instrumenting buildings, for conducting
post-disaster evaluations, and for participating in foreign
travel for coordinaton of activities.
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Report of Task CO_lttee on

(E) GROUND MOTION AND SEISMIC DESIGN FORCE

May 14. 1991

Attendees:

Publlc Works Research InstItute
Tsukuba
Japan

Japan Slde- K. Kawashima (Chairman)
T. Dohl
Y. Kitagawa
K. Ohtanl
T. Uwabe
H. Suglta
K. TaJlura
G. A. MacRae

U.S. SIde- S. T. Algerllissen (Chairman)
A. G. Brady
J. R. Hill

(PWRI)
(GSI)
(ORI)
(NIED)
(PHRI)
(PWRI)
(PWRI)
(PWRI)

(USGS)
(USGS)
(DOE)

MISSION STATEMENT

1. Objectives
The objectives of this Task Coul ttee are to develop techniques and
exchange InforaatIon and experiences on: 1) engineering characterization of
rround IIOtion. 2) aappIng technIques for displaying ground motion data. S)
alcrozonatIon. 4) siting and design applications. and 5) earthquake hazard
and risk assess.ent.

2. Scope of Work
Plan and conduct cooperative research. TIC workshops and meetings. These
aeetlnp and workshops are generally held In conjunction with the annual
Panel Meeting on Wind and selsalc Effects. Activities Include:

- Conduct cooperative research prograas

- Exchanre research personnel

- Exchanre loforaatlon 00 a tlaely basis
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3. Accomplishments

All fInal preparations have been made for the workshop "Hazard/Rlsk
Assess.ent and DesIgn Earthquake Loading" to be held on May 28-29, 1991 at
the Public Works Research Institute, Tsukuba, Japan. Fourteen papers have
been accepted for presentation.

4. Future Plan

1) The workshop "Hazard/Rlsk Assessment and Design Earthquake Loading" wlll
be held on May 28 and 29, 1991. A study tour wIll precede the workshop.

11) Proceedlnp for the workshop wIll be published and distributed to the
panel members and Interested parties.

111) The Task COllllittee co-chairmen will develop a system for the exchange of
approprIate technIcal materIal.

5. InformatIon Exchanre

Technical reports and research documentation were exchanged wIth
partlclpatlnc orcanlzatlons In both countrIes.

6. Impact

Task coallittee efforts Influence the national seIsmic codes concernlnc Input
seIs.tc forces.

7. BarrIers

Lack of (undIne for travel to conduct workshops and related lIeetlnes has
been the principal barrIer In the past.
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Report of Task Committee on
(F) DISASTER PREVENTION METHODS FOR LIFELINE SYSTEMS

Date: May l~, 1991

Place: Public Works Research Institute, Tsukuba, Japan

Attendees: Japan SIde - Y. SasakI (ChaIrman)
T. Murota
T. Uwabe
K. Tokida
H. Suglta (Observer)

U.S. Side - J. Cooper (Acting Chairman)
M. Celebi
J. HIll
T. Lew
D. EaglIng

MISSION STATEMENT

1. Objective

(PWRI)

(BRn

(PHRl)

(PWRl)

(PWRI)

(FnWA)

(USGS)

(DOE)
(NCEL)
(LBL)

The obJec~lves of Task Committee "F" are to Improve 1) the behavIor of

lifeline systems dUring earthquakes and 2) engIneering and other seismic
countermeasures such as damage estimation technIques and Inspection procedures.
These technologies provide users wi th Improvements to existing standards of
practice for safety and servlceablllty of lifeline systems. Lifeline systems such
as gas, 011, water, and sewage pipelines; and power, communication, and
transportation systems are crucial to the survival and health of a city or
community. Earthquakes affecting such systems cause severe social and economic
disruptions to communities and cause human suffering to the resIdents.

2. Scope of Work

• Plan and conduct TIC workshops and meetings; they generally are held In
conjunction wIth the annual UJNR Joint Meeting. The purpose Is to
exchange the state-of-the-art knowledge and practice, and to Identify
cooperatively key opportunities for exchange and studies which effectively
Implement research resul ts.

• Conduct related technical sessions at professional society meetIngs.



• Create a research program on a selected l1fellne system (similar in
concept to the Large-Scale Testing Program). For example. through Joint
dellonstration, produce criteria for emergency design and loss evaluation
and on-line monitoring systellS for lifeline operation.

• Con.duct special activities such as translating. printing. and distributing
MOe PWRI's publication Manual for Repair Methods for Civil Enclneerlnc
Structures Damaged by Earthquake.

• Develop perfo"mance standards and a manual on repair. restoration. and
retrofl t of lIfellnes.

3. Accompllshments

• Researchers from both sides have contributed technical papers on lIfellne
systems at the 23rd Joint panel Ileeting.

• Researchers from both sides have participated in the post-event field
Investigations on the collapse and damage of lifeline structures In the
San Francisco 8ay area following the Loma Prieta earthquake in October
1989. A number of In-depth studies on earthquake behav:or, safety. repair
and strengthening of the lifeline structures have been undertaken.

• Encourage active pertlclpatlon In promoting the goals of IDNDR.

4. Future Plan

• Conduct tiJe 4th Joint Workshop on Earthquake DIsaster Prevention for
Lifeline Sy~tellS on August 19-21, 1991 at Los Angels.

• Encourq'e the Identification of existing specifications used for the
selslllc design and retrofit of lIfeline structures In both countries and
encourage the developllent of criteria for those lifeline structures
where Insufficient design guidance exists.

• Continue observation of Instrumented burled pipes in Parkfield,
California, and Chlba, Japan and erchange data.

5. Inforllatlon Exchanle

• DOllestlc co••unlty: through technical lleetIngs, conference sessions,
se.inars. and workshops.

• 8etweenU.S. and Japan: through TIC workshops and annual Joint Panel
Meetings.



• VIsits by researchers and participation In technical meetings sponsored
by organizations such as NCEER. EERI and ASCE.

• Short-term (3 to 12 months) researcher exchanges to particIpate in
on:-golng lIfeline research.

6. Impact

• Contributed to increased field engineers' technical knowledge on repair
methods. through seminars wIth lectures by TIC members using the MOC
Manual in nine major cities in Japan, including Tokyo and Osaka; more than
two thousand participants attended seminars.

• Contributed to the assessment of design. construction. and operating
standards for lifeline earthquake engineering (TCLEE/ASCE) vIa TIC
members participation in the committee work.

7. Barriers

• Insufficient funds to conduct annual Task Committee Workshops and to
publish proceedIngs and reports.

• Lack of participatIon by U.S. industrIal organIzations and utIlities In
research or In Implementation of fIndIngs due to a reluctance to adopt
new technologIes and practices.
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TASK COMMITTEE REPORT

(G) Passive, Active, and Hybrid Control Systems

May 15 1991

Place

Attendees

Public Works Research Institute, Tsukuba, Japan

Japan Side - Y. Kitagawa (Chairman)
K. Kawashima
K. Yokoyama
S. Nakata
H. Yamanouchi
M. Ozaki
G. MacRae

u.s. Side - S. C. Liu (Chairman)
H. S. Lew
M. Shinozuka
H. Allison Smith

MISSION STATEMENT

(1) Objective

(BRI)
(PWRI)
(PWRI)
(BRI)
(BRI)
(Chiba University)
(PWRI)

(NSF)
(NIST)
(NCEER, Buffalo)
(Stanford University)

The objectives of T/C "G" are to: (1) develop research plans in
passive, active, and hybrid control of structures and equipment, (2)
implement such control techniques as computerized motion reduction or
modification devices/systems in actual design and construction of
structural engineering facilities under seismic or wind environments,
(3) promote U.S.-Japan cooperation in structural control research,
(4) bring together governmental, academic, and industrial partici
pants in joint pursuit of such efforts, and (5) contribute to IONDR
by organizing joint research and other technical activities in struc
tural control on the basis of international cooperation.

(2) Scope of Work

The UJNR T/e "G" works closel}" with other organizations to provide
the leadership in control research efforts by facilitating the ex
change of technical data and information through the established UJNR
mechanisms. Work includes:

* Providing technical assistance, consultation and coordina
tion to UJNR affiliated research agencies in the initiation,
development, and execution of their programs in structural
control research.

* Promoting joint government-university-industry collaborative
efforts to facilitate technology transfer and practical
implementation.

* Sponsoring and conducting multidisciplinary workshops and
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meetings to identify key areas of research and opportunities
for cooperation, and to exchange new knowledge and experi
ence in practice.

* Developing promotional and demonstrative
stimulate public awarenass and interest in
field of research.

activities to
this emerging

*

*

Establishing performance standards, design specifications,
guidelines and code recommendations for application in new
construction as well as retrofit/rehabilitation of existing
structures with control systems.

Initiating research in new intelligent materials, high-tech
sensors, optimal control systems design, and laboratory and
field experiments of prototype and full-scale structures.

(3) Accomplishments

~ The U.S. Panel on Structural Control Research interacted
actively with its counterpart Japanese Panel in exchanging
technical information and developing joint research plans.

* An "International Workshop on Intelligent Structures" was
held in July 1990 at the Academia Sinica, Taipei, Taiwan.
The workshop was organized by S.c. Liu and K.P. Chong - both
UJNR panel members - and J.C. Li of the National Central
University in Taiwan, and was well attended by researchers
from the u.S., Japan, Korea, Italy, and other countries.

The major theme areas of the Workshop are: (a) Sensing and
Monitoring, (b) Structural Control, and (c) Intelligent
Systems. The workshop proceedings (460pp. hard bound) was
published by Elsevier Applied Sciences (London) including
technical contributions in the development, application, and
modification of active/hybrid control theories and technolo
gies for civil engineering structures.

* A "U.S. National Workshop on Structural Control Research"
was held at the University of Southern California, Los
Angeles, professors George W. Housner and Sani Masri. UJNR
panel members S. C. Liu and K. P. Chong actively participat
ed in the workshop's technical activities. The workshop
identified four specificareas related to earthquake safety
in it's technical program.

They are: (a) Analytical research, (b)
search, (c) Bui~ding applications, and
applications. Proceedings of the Workshop
will be available by the Summer of 1991.

Experimental re
(d) Non-building
is in press and

* Workshop on Sensors on Signal Processing for Structural
Control was held at NSF, February 25 and 26 1991. Proceed
ings which include research needs are being distributed by
Lehigh University.



*

*

(4) Fu~ure Plans

A "U.S.-Japan Workshop on Passive and Active Control of
Bridges Against Earthquakes" sponsored by TiC "G" is sched
uled for September 4 and 5, 1991 at NCEER, Buffalo, New
York. A study tour to inspect base-isolated bridges across
the u.s. will be conducted by participants prior to and
following the workshop (workshop co-chairmen: Ian
Buckle/NCEER and K. Kawashima/PWRI).

A major multi-year research initiative on "Structural Con
trol Research for Performance, Safety and Hazard
Mltlgation"is being developed by NSF. The program encour
ages team research projects and lays out a multidiscjplinary
research agenda to achieve the following objectives:

• encourage innovations in passive, active, and hybrid
controlKsystems including the adaptation of existing
technology.

· advance sensor and actuator technology and signalproc
essing techniques and their applications.

develop intelligent· robots, other devices, advanced
computer systems and control algorithms for structural
safety.

• develop innovative systems for energy
addeddamping, and variable stiffness.

absorption,

• study the robustness and system reliability of control
systems.

• develop guidelines, standards and practical
sand techniques for design, fabrication
installation.

approache
and field

*

investigate emerging technology subjects in innova
tivestructural systems, and smart materials, sensors,
anddevices for detection, sensing, monitoring, and
diagnosis.

Joint research projects on hybrid control of bridges are
beingdeveloped by PWRI, NIST, FHWA, NCEER, and University of
California, Irvine.

* Joint research projects on active and hybrid
buildings are being developed by SRI, NCEER and
of California, Irvine.

control of
University

* Develop specific work plans for coming year (1991-1992) and
forthe next five years.

* In cooperation with T/C "J", continue to support development
and implementation of base-isolation technology for bridge



structure.

(5) Information Exchanges

Technical materials on structural response and control systems were
exchanged.

(6) Impact

The TIC "G" has stimulated research communities from both sides to
initiate multidisciplinary studies and cooperative investigation in
structural control.

(7) Barriers

NO technical barriers are identified at the present time.
lack of sufficient financial backing fr~m both sides may
difficulties in achieving the objectives of TIC "G".

However
present



Report of Task Committee on

(H) SOIL BEHAVIOR AND STABILITY DURING EARTHQUAKES

Date: MAY 14. 1991

Place: Public Works Research Institute
Tsukuba. Japan

Attendees: Japan side - K. Tokida (ChaIrman)
Y. Koga
S. SasakI
S. Noda
T. Fujlsawa
Y. Yamazaki
Y. Yamaguchl(Observer)

(PWRI)

(PWRI)

(PWRI)
(PHRI)
(PWRI)

(BRI)
(PWRI)

U.S. side - A. G. Franklin (Chairman) (WES)

MISSION STATEMENT

L Objective

Government agencIes with responsIbIlIty for publIc works have the need
to assure their seismIc safety and to provide economIcal protection agaInst
earthquake hazards. The objective of thIs Task COlDIDlttee Is to assist in
meeting those needs by enhancing the available technology for predIcting
the dynamIc behavior of soils. analyzing dynamic soil-structure Interaction,
and modifying the earthquake behavior of foundations and earth structures
In order to assure their safe performance during earthquakes.

2. Scope of Work

• Present technical papers at annual Joint panel meetings on technological
developments and the state-of-the-art and practice related to solI
behavior and stabilIty during earthquakes.

• Exchange Information and technical data relating to field performance,
research and methods of practice.

• Plan and conduct TIC workshops In coordination with proposed or ongoing
cooperative research programs.

• The Task Committee plans and conducts programs of cooperative research.
exchange of researchers between U.S. and Japanese research Institutions,
publIcation of research results and recolUlended practice. The benefits
realized fro. available research funds can be upllfled by bringing



greater resources to bear on problems of mutual Interest. and by
coordinating research tasks to make the best use of the respective
strengths of the two sides' research capabIlities.

• Exchange vIsiting researchers using lIIf'chanisms provided by formal and
Informal cooperative research programs. Such exchanges promote
technical Information exchanges. famIliarization with methods of practice
on the respective sides. and mutual understanding and cooperative
relationships between researchers on the two sides.

3. Accomplishments

• U.S. researchers presented 6 papers and Japanese researchers presented
11 papers, on soil behavior and stability during earthquakes, at the 22nd
and 23rd joint panel meetings. .. '" '" 5/90, 5/91

• Mr. Nario Yasuda of the PWRI completed a one-year guest researcher
assignment at the U.S. Bureau of Reclamation doing research In Seismic
Behavior of SolIs '" 1/99

• Dr. Yasushi Sasaki of the PWRI visited sites of damage around the San
Francisco Bay Area and the eplcentral area of the Loma Prieta
Earthquake. He was assisted by several U. S. Panel Members including the
T/C (H) U.S. ChaIrman. '" 3/90

• A set of 35mm slides showing the effects of the Loma Prieta Earthquake was
provIded to the Japanese side by the U.S. sIde. .. 3/90

• Dr. Ashok K. Chugh, of the U. S. Bureau of Reclamation. vIsIted the PWRI In
March and April 1999. to study the Dynamic BehavIor of Rock-Fill Dams.

..··.... ··....· .. · ..· ..· ..· ..· .. ·4/90

• Mr. KeUchi Tamura of the PWRI completed a one-year vIsIt as a guest
researcher at Stanford University working on SeIsmIc Response
CharacterIstIcs of Ground. .. 19/99

• Mr. Motokl Kaz8118 of the PHRI completed a one-year vIsit as a guest
researcher at the ScrIpps Institute of Oceanography workIng on Effects of
Offshore EnvIronments on SeIsmIc Response of Soil Deposits and Pile
Foundations. 19/99

• The InternatIonal Workshop on RemedIal Treatment of PotentIallY Lique
fiable SolIs was conducted at PWRI In Tsukuba froll 22 to 25 January, 1991.
The U. S. sIde was represented by Professor W. D. Llam FInn of the
UnIversity of BrItish ColumbIa. Nineteen papers were presented....... 1/91

• Mr. Ken-IcbI TokIda, the TIC (8) Japan Chalraan, vIsIted St. Louis and met
Mr. R. H. Ledbetter ot the U.S. Aray Engineer Waterways Experiment
Station and dIscussed the proceedIngs of the International Workshop held
In January and plans tor the next workshop. . 3/91
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• ProceedIngs of the International Workshop on Remedial Treatment of
PotentiallY LiquefIable SolIs was publlshed and dIstrIbuted to the
members of Task Couittee (U) and particIpants of the Workshop.

........................... 5/91

• The Engllsh language report on the expert team of Japan DIsaster Rellef
Team (JDR) on the earthquake In the Phllippines of July 16. 1998, was
provIded to the U.S. side. .. 5/91

4. Future Plans:

• Identification of research tasks on preventive measures against soil
liquefaction that are of common Interest, In accordance wIth the results
of the planning meeting held at Tsukuba In May 1989. .. 9/91

• T/C (H) proposes to hold the next U.S.-Japan Workshop on Remedial
Treatment of Potentially Liquefiable SolIs In conjunction with the 25th
annual UJNR meeting 5/93

• TIC (H) has relinquished Its responslbllity for consideration of marine
structures subject to earthquakes and the measurement of sea floor
earthquake motions to the new Task COlDlllttee (K) on Wind and Earthquake
EngineerIng for Offshore and Coastal Structures, recognized at the 23rd
Joint Panel Meeting. . 5/91

• TIC (H), at the 22nd Joint Panel Meeting, discussed tbe need for
technological Innovation and research to assist In saving lives following
natural disasters caused by earthquakes. Tbe principal areas of need
were Identified as Improved tecbnology for locating survivors and the
development of new equlpllent and systems for safe excavation of debris to
rellove survivors from collapsed structures. TIC (H) recognizes this
subject Is outside their area of responslblllty but feels It Is Important
and should be discussed by the full Joint Panel.

The Task COlUllttee suggests the following options for Implementation:
(1) Establish a new Task Coulttee wblch wlll address this topic area

and provide the focal point to share experience and researcb In
this area.

(2) Incorporate tbls topic Into anotber existing TIC.
T/C (H) wll1 continue to explore aethods wbereby this topic wll1 receive
appropriate visibility.

• TIC (H) will support the proposed visit of Mr. Yoshlkazu Yaaagucbl to the
U.S. ArllY Engineer Waterways Experiment Statlon as a visiting researcher
during 1991 and 1992.

• TIC (8) will support the proposed visit of Mr. Junlchl Kosekl to the
Massachusetts InstItute of Technology as a Visiting engineer during 1991
and 1992.



5. Information Exchange:

• TIC workshops. exchange of visitors. partlclpatlon In annual Joint panel
aeetlngs. and presenting technical papers.

• Exchange of researchers between U.S. and Japanese government labora
torIes.

• VisIts by researchers and partlclpatlon In technical activities such as
post-earthquake field Investigations.

• Professional community In the U.S. and Japan, publication of papers In
Journals. publication of research reports by the respective agencies.
particIpation In professIonal society meetIngs and conferences. and
workshops.

6. Impact

• Through the exchange of researchers and the diffusIon of earthquake
related technIcal datli. experience, and Information on methods of
practice, the state of technology In geotechnical earthquake engIneerIng
has been raised on both sIdes.

• Through the cooperative research program on In-sItu testing of soils
which was carried out after the 1983 Nihonkal-Chubu Earthquake. Improved
and more accurate methods of usIng In-sItu tests for evaluatIng the
liquefaction potential of soils were achieved; these have been In general
use In the United States since 1985. The Loma PrIeta Earthquake
stillulated renewed awareness of the need for further research In soil
liquefaction and amplification effects of soft soils.

• Throurh the workshops on remedial treatment of potentiallY liquefiable
soils held In 1988 and 1991. benefIcial Information on recent technology
were exchanged and contributed to progress future research of both U.S.
and Japan- sides.

7. Barriers

• Insufficient U.S. and Japan Government funds allocated to adequately
address earthquake enrlneerlng research.

• Administrative UmltatIons on foreign travel.



t<esolution of the International Workshop
on

the Remedial Treatment of Potentially liquefiable Soils

Public Works Research Institute
Ministry of Construction

1 Asah1. TsukUba-shJ.. Ibarakl-ken 305
Japan

J anuary 22-~5. 1991

The following resolutions are hereby adopted:

1. The U. S. Panel members of the UJNR Meeting were unable to participate in
this particular meeting because of effect of the Gulf War. Consequently, the
title of this particular meeting was changed to International Workshop from
the Second Workshop of the Task Committee "g" of the UJNR Meetinr which was
oriirlnally scheduled.

2. About 3S particIpants from Canada. Philippines and Japan Joined this
Workshop, discussed and exchanged information eagerly and effectively.

19 papers were presented and discussed according to the workshop prorram.
Technical visits were made to the sites In and around the Tokyo Bay where

the remedial treatment of 5011 llquefactloD and soft ground were conducted.
All the participants to this Workshop recornized that this partiCUlar

meeting gave a beneficial chaIlce to exchange the current find1ngs and
knOWledge. Which are inevitable to establish a more rellable technology and .
standards concerning the remedial treatment of the potentiallY liquefiable
SoUSe

3. Some important findings of the ~orksbop are as follows;
3-1 It is impOrtant to recognize wbat is the llquefied state. In order to find

the best solution. There was considerable discussion about the different
liquefied states; 1) Near surface liquefaction with upward seepage rradlents
and very low liquefied strenrtb. and 2) The deforllULtloD of 5011 structures
with liquefled zones at their residual strencth. This k1nd or recocnltion
shOUld be reflected in the alcorithllS or the analyses as well as 1n the back
calCUlation of the past cases.
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3-2 A sophisticated technical method was presented to estimate the
deformation of soU structures such as embankment dams caused by the soil
liquefaction. Ett'orts like this kind of development are expected to refine
the current techno lory in analysis.

3-3 There is a rreat need to document the performance of treated rround
durinr earthquakes and to compile the information into a data base.

3-4 Further investirations for estimating the effects of liquefaction on
bridres and underrround structures are required for establlshinr simplifIed
procedures and reasonable desip methods.

3-5 Althourh various types of remedial treatment methods have been
developed and applied in practice, the standards and specifications for
selectlnr reasonable countermeasures aralnst liquefaction and the induced
lateral rround displacement have not been established. For establlshinr the
effective countermeasures, the liquefaction phenomena. the derree of
liquefaction and its effect need to be investigated further.

3-8 The continuation of information exchanre by the Joint MeetlnlrS. UJNR and
its future Workshops is considered essential. althoug'h the U.S. members
were unable to participate on this particular occasion.
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Report of Task Committee on

(I) STORM SURGE AND TSUNAMI

Date: May 15, 1991

Place: Public Works Research Institute
Tsukuba, Japan

Attendees: Japan Side - T. Uda (Chairman)
K. Tanimoto
S. Ohtsuka
M. Okada
N. Ohyagi

(PWRI)
(PWRI)
(MRO
(MRO
(NIED)

U.S. Side - J.F. Lander (Acting Chairman)
(Univ. of Coiorado)

W.E. Roper (U.S. Corps)
MISSION STATEMENT

1. Obje~

The objective of this Tic is to mitigate damages from storm surges and
tsunamis through shared technologies, research, information sharing, and
cooperative work. Storm surge and tsunami are hazards capable of
inflecting damage of disastrous proportions. Storm surges are
associated with hurricanes and typhoons where high winds and the
mounding of water under the low barometric pressure of the storm's eye
can cause extensive flooding and severe wave action. Tsunamis are
predominately caused by underwater earthquakes and, to a lesser extent
volcanic activity. Depending on the distance from the source tsunamil'l
arrive within minutes to up to a day after generation.

2. Scope of Work

*

*

*

*

*

Exchange results of research on storm surge and tsunami
occurrence, generation, propagation, and coastal effects. This
includes observations on historical, current, and theoretical
tsunamis. Of particular interest is the effort by U.S. and
JAPAN to acquire deep ocean tsunami measurements.

Exchange results and status of anti-storm surge and tsunami
activi ties including analysis of the problem, planning,
warning, and engineering approaches.

Exchange information on planned anc! ongoing projects relating
to stor'ITl surge and tsunamis.

Exchange information on development of technologies such as
computer programs to predict travel times, land-fall locations,
run-up heights, and wave characteristics and analysis; improved
instrumentation, and use of satellite communications for
detection and warning.

Facil1tate dissemination through exchange of 11 terature,
technical reports at joint meetings, special workshops, joint
projects, and direct interaction among participants.

'12



3. Accomplishments

•

•

•

•

•

Exchanged digital bathymetric data with the Japanese side; U.S.
side received a computer program to calculate tsunami travel
time charts.

Expanded the number of active U.S. participants with
representation from COE, University of Colorado, NOAA, and NSF.

The U.S. side has compiled detailed information on all tsunamis
affecting the U.S. and its possessions. The publication,
"Uni ted States Tsunamis 1690-1989" has been printed and given
to the Japanese side.

A Second Tsunami Workshop was held on November 5-7, 1990 in
Hawaii. Nine members participated from the Japanese side and
about 20 from the U.S. side. Site visits were made to Hilo as
part of the workshop. Proceedings were published and they were
sent all related members.

NOAA has adopted the travel time program developed by Mr. Okada
(MRI/JMA) using NOAA gridded bathymetric data to run on their
computers. The first ever computed travel time charts have
been prepared for the Caribbean Sea using this program
developed by Mr. Okada. A copy of the published paper was sent
to the Japanese side.

4. Future Plans

• Develop exchanges of data and information on activities related
to tsunami measurements including deep ocean measurements.

• Explore and promote
testing, scientist
tsunami warning, and
JAPAN.

joint undertakings such as tsunami gauge
exchange, satellite communications for
assistance in contacts within the U.S. and

•

•

The U.S. and Japanese sides agree that there is a need to hold
workshops at about 3 year intervals to exchange the latest
research and technology relating to various aspects of storm
surae and tsunami hazards. A third workshop including both
storm surae and tsunamis is being planned for August, 1993 in
Japan near the time of the International Union of Geodesy and
Geophysics (IUGG) Tsunami Commission Symposium.

Develop activities and information exchanges to support the
International Decade of Natural Disaster Reduction.

5. Information Exchanae

.. Continue exchanae of publications, bibliographic
technical reports, and personal contacts.
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6. Impact

..

..

..

Increased cooperation among scientists and engineers working in
these fields.

Hasten implementation of new model ing and design techniques
developed by the U.S. and Japan.

Facili tated wider dissemination of information and technology
to scientists and engineers in both countries.

7. Barriers

The tsunami problem is less severe in the US than in JAPAN
which leads to a smaller community of researchers. There are
few U.S. researchers focusing on tsunamis at any specific
location; thus high~ighting the importance of TIC periodic
meetings and workshops.

There are different approaches and degree of significance in
dealing with problems in the U.S. and JAPAN. For example, in
the U.S. much of the hazard is from remote SOurces which leads
the government to emphasize developments of warning and
evacuation schemes. In JAPAN the engineering approach is needed
because there are more locally generated tsunamis which often
do not provide sufficient times for adequate warning and
evacuation. This barrier is partially being addressed by
inviting U.S. engineers and non-government specialists to
participate during the annual meetings.

..

..

..

Insufficient funding from
organizations to participate
annual joint meetings.

government and private sector
in TIC workshops and the Panel's
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TASK COMMITTEE I

Report of the 2nd UJNR Tsunami Workshop
November 5 - 7, 1990

Honolulu and Hilo, Hawaii

Activities

1. The workshop was held over two days at the East-West Center,
University of Hawaii, followed by a one day field trip to Hilo,
Hawaii.

2. Three topics were addressed

A. Predictions and Observations of Tsunami Behavior in Coastal
Waters and on land.

B. Applications of Numerical Modeling to Improved Travel Time
Predictions, Source Region Definition, Inundation, and
Run-up Prediction.

C. Protective Measures in Japan and the U.S. With Regard to the
Use of Numerical Models and Design Tsunami Concept.

3. Discussions followed each paper and a longer round table
discussion followed each topic.

4. Twenty-five papers were presented and about 30 people were in
attendance including nine from Japan.

5. On the field trips, briefings were made by Dr. Gordon Burton,
Director of the Pacific Tsunami Warning Center at Ewa Beach, Oahu,
by the staff of Hawaiian Volcano Observatory and by Mr. Harry Kim,
Director of Hawaiian Civil Defense on Hawaii. The participants
toured the Kilauea Crater, the Tsunami Memorial and Hilo Bay area,
and the site of the destruction of the village of Kalapana by
recent volcanic activity.

6. The proceeding have been published and distributed to the
participants, task committee member and other involved with the
workshop. Additional copies will be available to tsunami
researchers world wide on a cost basis.



Comments

1. There was much good interaction among the participants. Among the
topics stressed for future work were:

a) the importance of having a true wave profile, perhaps from deep
ocean sensors both to determine the tsunami source structure and
to project for run-up models.

b) The need for observational data from the shore line and on
shore areas where the waves have become non-linear.

c) The importance of continuous development of models simulating
harbor effects for specific harbors as a training and planning
tool. This includes accurate inundation models, life line
protection, tsunami forces on structures and effect of defense
measure such as dikes and breakwaters.

d) Quick evaluation of the tsunami potential perhaps using seismic
moment is needed for warning purposed as well as a more deliberate
evaluation which may involve historical data for planning
purposes.

2. Workshops and symposia are useful ways to involve Japanese and
U.S. government and academic researchers in the solution of the
Task Committee l's mission area in storm surge and tsunami and
should be convened at reasonable intervals.

3. Acknowledgment is made to the U.S. National Science Foundation
which supported most of the U.S. participants under grant
8C5-8908688 and NOAA's National Geophysical Data Center which
provided important clerical and other support including the
publication of the proceedings.

Takaaki Uda
Public Works Research Institute
Tsukuba, Japan

May 1991
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Place:

Report of Task Comml t tee on
(J) 1fDID AND EARTHQUAKE ENGINEERING FOR TRANSPORTATION SYSTEMS

May 14. 1991

Public Works Research Instltute. MInIstry of Construction
I-banchl Asahi. Tsukuba-shl, IbarakI-ken 305. JAPAN

Attendees: Japan Side - M. Fujiwara. (Chairman) (PWRI)
M. Okahara (PWRI)
T. FuJltani (MRI)
K. NIshikawa (PWRI)
i. Ninomiya (PWRI)
K. Hasegawa (PWRJ)

U.S. SIde - J.D. Cooper {Chairman) (FHWA)
W.E. Roper (Corps of Eng.)

MISSION STATEMENT

1. Pb feethes

The obJ~ctives of this Task Committee are to plan. pro.ote, and foster
research 0',1 the behavIor of hIghway bridges when subjected to wind and seIsmIc
forces and to dIssemInate research results and provIde specifications and
guidelines based on the task cODIIDIttee' & finding. Surface transportatlon systems
for lIovement of goods and people playa vItal part of commerce and Intercourse
between people. HIghway brIdges are especIally Influenced by the forces of wind
and earthquakes because of theIr open exposure to those forces.

2. Scope-ot-Work

The scope of the work Is applicable mostly to highway bridges without any
liliitation on their size and function: such as existing bridge and new bridge
desIgns: Whole systell of brIdges: andlor to sIngle components of a bridge.

The III5sIon Is perforlled through:

Conducting workshops. exchanging researchers. developIng .ethods tor desllIl
evaluatIons and test procedures. developIng InspectIon techniques.
rehabIlItation and lIalnter.ance specIfIcations and pollcIes, and perfor.lng
cooperatIve research prograas and other relevant cooperative administrative
actiVities.

3. Accolpllsh.ents (past 2 years)

Japanese side hosted an ad hoc T/C(J) Retrofit Subco••Ittee .eetInl' In
Dece.ber 17 to 22. 1990 to dIscuss and review practical sels.lc retrofIt
applications In both countrIes. Nineteen technIcal presentatloDs were _de by
5 U.S. researchers and 30 Japanese researchers. TechnIcal topics Included the
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history of developing retrofit techniques for bridges; dH!I1sge assessment from
thp. Lama Prieta earthquake; dIscussion on conditIon assessment and
prioritization of bridges for seismic retrofit: s('(smlc strengthenin~ methods;
and research in progress. Site visits were made to vIew retrofit technology
applied to bridges on Tokyo metropoll tan expressways.

United States and Japanese post earthquake InvestIgative teams collaborated to
Investigate the d"lIage to transportation systems wI th emphasis on hIghway
bridges caused by the Loma Prieta Earthquake of October 17. 1989. TechnIcal
Information was exchanged at the 22nd and 23rd Joint Panel MeetIngs.

Conducted coordinated research studIes on seismIc perf0rmance of brIdge piers
and columns. Details of this work Invol ved determinIng the performance of
reinforced concrete pIers and columns subjected to dynamic cycllc loading.
performing model tests on the failure of reInforced concrete piers. testing
full and large-scale concrete columns and for the behavior of concrete filled
steel tubes.

Held the seventh bridge workshop In Tsukuba. Japan In 1991, whleh was followed
by site visits of Higashi Kobe bridge. Kansal International airport. and Akashl
Kalkyo bridge. Held the &Ixth brIdge workshop In Lake Tahoe Nevada U.S. In
1990, dealing with the determination and evaluation of the performance and
strengthening of bridge structures. structural monitorIng. repairs. safety and
nondestructive evaluatIon. Special attention was given to the seismic and wind
loadings of modern cable-stayed bridges, vIbration suppression. base Isolation.
dynamic control techniques. construction techniques of long span bridges,
maintenance of existing bridges and limit state desIgn.

Both sides presented technical papers at the 22nd and 23rd UJNR Joint Meeting
and participated in technical study tours to buildings. bridges. factories
construction sites. and instrumented structures.

4. Future Plans

Conduct the 8th bridge workshop }wt prior to the 24th Joint Panel meeting In
the Chicago illinois area of the Ull. d States.

United States side plans to host a follow-up ad hoc T/C(J) Retrofit
Subcoaa1ttee .eetlng to study practical seismic retrofit measures.

Continue to investigate and exchange technical Information on Improved sels.lc
retrofit and strengthening procedures for highway bridges based on
experimental. analytical. and field studies. This exchange shOUld include
Infor.atlon on maintenance of existing bridges.

Continue experimental research study on the seismic performance of bridle
piers and columns. and support emphasis on base isolation of bridges In
cooperation with TiC (G).

Develop a coordinated research study on seismic. aeroelastlc. and aerodynulc
response of cable-supported bridges with emphasis on cable Inspection.
vibration control and corrosion protection.
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Conduct a coordinated research study to compare the seismic design criteria
for bridges In Japan and the U.S. and discuss the method and analysis for
bridge column design. Information on appLIcation of limit state design method
should be excbanged.

Continue a coordinated research study on seismic response control, systea
Identlflcatlon techniques. and nondestructive evaluation of bridge structures.

Encourage a coodlnated research study on use and performance of structural
materials IncludIng new materials.

5. Information Exchanie

Exchanged technical reports, research program documentation, constructlon
logs, design plans, and assorted photographs and videos. Including technical
data appropriate for Investigating the PhIlippine earthquake of 1990.

Mr. Kellchl Tamura who studied at Stanford University. Mr. Klnjl Hasegawa who
studied at Unlverslty of Callfornla and Mr. ShIgekI Unjoh who studied at
UnIversIty of Southern CallfornIa, returned to PWRI.

Mr. Mohsen Sultan, Callfornia Department of Transportation Is on a one year
exchange wltb PWRI In Tsukuba.

6. I.pact

The free exchange of llterature. InstrumentatIon technology, and ~artbquake

response data has led to the advancement In desIgn technology, and
development of prellmInary retrofit guidelines, and to the calIbration and
verifIcation of speCIfications.

Greater uniformity was achieved In wInd engineering test procedures and
modelln. resultIng In more efflclent solutions to the aerodynamic brldlre
problem.

The workshop and study tours In the two countries have facIlitated technolOgy
transfer. as an example, In the area of cable protection and vIbratIon
suppressIon of cable-stayed bridges.

A set of priorities for needed research from a more Internatlonal Viewpoint bas
reduced the conduct of duplicative research efforts.

T. Barriers

There are no major technical barriers to achieve the Task Coulttee .Isslon.
However, financial barriers, especially funding needed to particIpate In
workshops and panel meetings and for conductIng actual bridge tests and larle
scale .odel tests, continue to Hmlt the effectiveness of the work In tbls Task
Coaa1ttee'lS work.
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APPBIfDIZ-l

RESOLUTION OF THE FIRST U.S.-JAPAN WORKSHOP ON SEISMIC RETROFIT

BRIDGES

TSUKUBA, JAPAN
December 17 and 18, 1990

The following resolutions are proposed by the organizers of the
First U.S.-Japan Workshop on Seismic Retrofit of Bridges to the
Task committee J of UJNR:

1. Both Japanese and U.S. participants gained insight into the
need for bridge retrofit methods and technical solutions as a
result of the workshop. It is recommended a second workshop
on seismic retrofit of bridges be held in one or two years.

~. Considerable progress has been made in implementing retrofit
techniques to restrain bridge spans from failures. As a
consequence, future research and implementation should be
directed into more critical areas, such as substructure
stability.

3. Both countries are actively involved in developing retrofit
techniques for improving performance of bridge piers. The
research being carried out has been complementary rather than
duplicative which emphases the value of the current
information exchange. Japanese research is directed primarily
to problems associated with premature termination of
longitudinal reinforcement. u.s. research has been directed
toward improving flexural ductility and shear strength of
piers. Continuing cooperation and information exchange is
recommended in this area.

4. Both sides recognize the importance and difficulty of
effective retrofit of bridges on foundations of inadequate
strength or stability. Increased efforts to develop and
implement effective solutions is urged.



APPENDlX-2

RESOLUTION OF THE SEVENTH U.S.-JAPAN BRIDGE ENGINEERING WORKSHOP
ANALYSIS. DESIGN. PERFORMANCE AND STRENGTHENING

TSUKUBA, JAPAN
May 8 and 9. 1991

The tollowlnr resolutions are proposed by the orranlzers of the 7th U.S.
-Japan BrIdge Engineering Workshop to the Task Committee J of UJNR:

1. The seventh U.S.-Japan Bridge Engineering Workshop provided valuable exchange of
technical Intor.atlon which was beneficial to brIdge engIneering communities of
both countries. 81 participants representing government, academia. Industry a!lc
private practice presented 32 papers In 10 technical sessions. MaIn themes
included : l) Sels.lc Design; 2) Wind Resistant Design; 3) Bridge Construction: 4)
Deslrn Methods: and 5) Bridge Maintenance. In vIew of the Importance of
cooperative programs on the subject of wind and seismic effects on brIdges and on
performance. strengthening, structural monItoring, safety. non-destructive
evaluation and design InnovatIon of these transportation structures. the
continuation of technIcal cooperation and Interaction Is considered essential.

2. The Workshop recognizes the importance of continued exchange of personnel.
technical information, research data and bridge response data from sIgnlf!cant
earthquakes and strong wInds. and the use of available unique research facllltles
In both countrIes and encourages cooperative efforts In mutually agreeable areas
of brIdle research.

3. The primary purpose of the Workshop Is to exchange technical information on a
t1l1ely basIs that Is usable by bridge engineering profession. The specific
objectives of this Workshop are:

3.1 To ensure a first-hand exchange of information resultIng froll the unIque
problellS each country Is faced with; for example. the developllent and
I.ple.entatlon of 1I.lt state or load and resistant factor design .ethods.

3.2 To stl.ulate collaborative research work In the Important area of bridge
englneerlnc for better design. construction, perforllance. rehabilitations and
strencthenlng of brIdge structures in both countries.

3.3 To facllltate the exchange of technical Informatton and ideas and to pro.ote
the broadenlnr of viewpoints for those Involved.
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4. The Workshop Identlfles the following technical topics for continued cooperative
research pro.ra.s :

4.1 Dyna.lc control and sels.lc Isolation of bridge structures Including: active.
passive and hybrid control, damping augmentation. experimental studies and
application to long-span cable-supported bridges.

4.2 Syste. Identlflcatl(Jn techniques for wind and seismic engineering Including:
data Interpretation studies. development of mathematical lIodels. Identification
of non-Hnear systells. reduced-order models. co.putatlonal algorlth.s and
OpU.UII sensor locations.

4.3 Non-destructive evaluation techniques Including dU/lIe detection by sensor
.onltorln.. expert systel8s. Inspection techniques. structural .anltorln••
condition assessilent for safety. perforDlance evaluation and repair procedures.

4.4 Experillental and analytical studies on the effects of dynulc soil
characteristics, Including bridge-soil Interactions. on the behavior of brld.e
structures.

4.5 Retroflttln. and stren.thenlng lIethodologles for bridge structures.

4.8 Develop.ent of desli'n criteria based on limit-state concepts.

5. The Workshop Identifies the follOWing technical topic for future cooperative
technical pro.ra.s :

5.1 Use and perfor.ance of structural materials includln. new .aterlals.

8. It Is anticipated that the Interaction a.ong the delegates fro. the United States
and Japan during the round-table discussions and the technical study tour will
lead to an enhanced exchange of data and Innovative Ideas, and will also lead to
the establlshllent of cooperative research efforts. both theoretical and
experl.ental. on brldre enrlneerlnr. Because of the I.~ortance. benefits and
potential of these Workshops, It Is recollllended to conduct the 8th brldee
enrlneerlnr workshop In Chicago illinois. just prior to the 24th UJNR joint lIeetinC
In the United States. In May 1992. A study-tour will be planned to visit research
laboratories and bridge-construction sites.

6:Z:Z
~. us GOV£_IIIT I'fIlNTING OFFICE .." - 2 8 1 - 5 5 7 It 0 It 9 1



NISTTechnical Publications
Periodical

JOGmal or Restareh of the Nallonallnstltute of Standards and Technolog,)'- Reports NIST
research and development in those disciplines of the physical and engineering sciences in which
the Institute is active. These include physics. chemistry, engineering, mathematics, and computer
sciences.
Papers rover a broad range of subjects, with major emphasis on measurement methodology and
the basic technology underlying standardization. Also included from time to time are survey
article~ on topics closely related to the Institute's technical and scientific programs. Issued six
times a year.

Nonperiodicals

Monocnphs - Major contributions to the technical literature on various suhjects related to the
Institute's scientific and technical activities.
Handbooks - Recommended codes of engineerin~ and industrial practice (including safety codes)
developed in cooperation with interested industnes, professional organizatinns. and regulatory
bodies.
Special Publications-Include proceedings of conferences sponsored by NIST, NIST annual
reports, and other special publications appropriate to this grouping such as wall charts, pocket
cards, and bibliographies.
Applied Mathematics Strics - Mathematical tables, manuals, and studies of special interest to
physicists, engineers, chemists, biologists, mathematicians, computer programmers, and others
engaged in scientific and technical work.
National Standard Reference nata Series-Provides quantitative data on the physical and chemical
properties of materials, compiled from the world's literature and critically evaluated. Developed
under a worldwide program coordinated by NIST under the authority of the National Standard
Data Act (Public Law 90-396). NOTE: The Journal of Physical and Chemical ReFerence Data
(JPCRD) is published bi-monthly for NIST by the American Chemical Society (ACS) and the
American Institute of Physics (AlP). Subscriptions, reprints. and supplements are available from
ACS, 1155 Sixteenth St., NW., Washington, DC 20056.
Bulldl.. Science Series- Disseminates technical information developed at the institute on building
materials, components, systems, and whole structures. The series presents research results, test
methods. and performance criteria related to the structural and environmental functions and the
durability and safety characteristics of building elements and systems.
Ted••kal NClkI-Studies or reports which are complete in themselves but restrictive in their
treatment of a subject. Analogous to monographs but not so comprehensive in scope or definitive
in treatment of the subject area. Often serve as a vehicle for final reports of work performed at
NIST under the sponsorship of other government agencies.
Volu."" Product Standards-Developed under procedures published by the Department of
Commerce in Part 10. Title 15. of the Code of Federal Regulations. The standards establish
nationally recognized requirements for prodUcts, and provide all concerned interests with a basis
for common understanding of the characteristics of the products. NIST administers this program
as a supplement to the activities of the private sector standardizing organizations.
Coa.UIntl' Inronnatlon Series - Practical information. based on NIST research and experience,
covering areas of interest to the consumer. Easily understandable language and illustrations
provide useful background knowledje for shopping in today's technolo~ical marketplace.
Orrkr the abon NIST public"tiCN15 from: Superintendent of Documenls, (,Ol'emment Printing Offtu,
WlUllington, DC 20402.
Ortkr W followlnl NIST public"tions-FIPS and NlSTlRs-from the National Technicallnfomlation
Service, Springfield, VA 22161.
Federall.formatlon Processl", Standards Publk.tlon. (npS PUB) - Publications in this series
collectively constitute the Federal Information Processing Standnrds Reeister. The Rc,gister serves
as the oft-.ciat source of information in the Federal Gavel ilr'lent regarding standards Issued by
NIST pursuant to the Federal Property and Administrative Services Act of 1949 as amended,
Public Law 89-306 (79 Stat. 1127), and as impleMented by Executive Order 11717 (38 FR 12315,
dated May 11, 1973) and Part 6 of Title 1.~ CfR (Code of Federal Regulations).
MIST .......~ Reports (NiSTIR) - A spec!al series of interim or final reports on work
~rformed by N ST (or outside sponsors (bOth govemment and non-government). In general,
mitial distnbution is handled by the sponsor; pUblic distribution is by the National Technical
Information Service, Springfield, VA 22161, in paper copy or microfiche form.


