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PREFACE 

Background 

Responding to the need for improved engineering and scientific 
practices through e~change of technical data and information, 
research personnel, and research equipment, the United states 
and JAPAN in 1961 created the US-JAPAN Cooperative science 
Program. Three collateral programs comprise the Cooperative 
Science ProqraDI. The US-JAPAN Natural Resources Development 
Program (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. UJNR is composed of 17 Panels each responsible 
for 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 ten 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 1itelines, 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 numbered years in the 
U.S.). These one-week technical meetings provide the forum 
to discuss on-going research and research results; one-week 
technical study tours follow the meetings. 

The National Institute of Standards and Technology (NIST) 
provides the U.S.-side chairman and secretariat. The 
PUblic Works Research Institute (PWRI), JAPAN, provides the 
JAPAN-side chairman and secretariat. 

The Fane1 has organized formal joint research programs. In 
1981 cooperative research in Large-Scale Testing commenced 
under 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), 
JAPAN, 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 US-JAPAN coordinated program for 
Masonry Building Research was started in 1985. A coordinated 
program for testing lifeline structures resulted in NIST's 
testing of full-scale bridge piers in its 50 Mn universal 
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testing facility to evaluate post-1972 seismic design criteria. 

Task Co.-ittee meetings, exchanges of data and information 
through technical pre4entations at the annual Panel meetings, 
exchanges of quest rese 'hers, visl - to res~ctive research 
laboratories and informa~ interactions ~~tween Panel meetings, 
joint workshops and seminars, and joint cooperative research 
proqraas have contributed to the development and effective 
delivery of knowledge that has influenced desi~ and 
construction practices in both countries. 

Direct communication between counterpart country organizations 
i. 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 for example: 

1. created and exchanged digitized earthquake records 
for use 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. 
standard penetration tests to improve seismic 
design criteria for soil liquefaction; 

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

22nd Joint Panel Meeting 

The 22nd annual U.S.-JAPAN Joint Panel meeting was held at 
NIST during 15-18 May 1990. Thirty-seven u.s. members from 
17 Federal agencies, universities, and a trade association 
participated. JAPAN-side participation included twelve 
aeabers from their six member Government agencies and one 
from academia. Thirty-nine papers were authored; 21 by U.S. 
members and 18 by Japanese. Thirty-two oral presentations 
centered on: Wind Engineering: Earthquake Engineering; 
Storm Surge and Tsunamis: US-Japan Cooperative Masonry 



Research Program: Loma Prieta Earthquake of 17 october 1989: 
and reports from just completed Panel Task Committees Workshops 
on "Repair, Retrofit, and Performance of structures" and the 
6th Bridge Workshop on "Analysis, D~sign, Performance, and 
Strenqthening of Bridges". 

Some highlights of the meeting are listed below: 

o eight of the Panel's ten Task Committees scheduled 
workshops within the coming 12 months; 

o a tenth Task r.ommittee was created on Passive, Active, 
and Hybrid Control Systems: 

o a joint initiative was approved in support of the 
International Decade for National Disaster Reduction 
(lONDR): work starts with an international workshop 
in JAPAN, May 1991: joint U.S.-JAPAN research 
will be identified for targeted countries: 

o two Japanese reports on base isolation systems were 
translated into English for distribution to the U.S. 
engineering community. 

Refer to Resolutions of the 22nd Joint Meeting in this 
section for additional Panel information; refer to Task 
Committee Report9, found at the end of these Proceedings, 
for specific Panel accomplishments. 

During the following week, 19-26 May, Panel members visited 
construction projects, disaster areas, and laboratories 
including: 

Sunshine Skyway Cable Stayed Bridge, Taapa FL. A 1200 foot 
main span, 4.1 mile cast in place $250 million bridge replaced 
a twin truss bridge destroyed by a freighter in 1980. This 
is one of 12 completed cable-stayed bridges in the U.S. A 
set of three shock absorbers serve as effective damping 
devices for cable vibration. 

Historic Charleston Foundation and The Citadel, Charleston, 
SC. A two day workshop tocused on effects of Hurricane 
Hugo of 21 September 1989 and Etrengthening and rehabilitating 
contemporary and historic structures against multi-hazard 
environments. A tour of hurricane damages was made through 
historic Charleston and to two barrier islands -- Sullivan 
and Isle of Pine. Workshop concluded with a TV press 
conference. 

Harbor (1-110) Transitway and Bridge Retrofit, Los Angeles 
CA. CALTRANS hosted visits to construction of I-ll0's 2.6 
.ile elevated bus/carpool HOV freeway section of the 19.6 
.ile ($435 million) at-grade highway linking San Pedro to 
Santa Monica. At the interchange of Routes 10/210 discussions 
focused on CALTRANS retrofit of the elevated bridge ramp to 
better resist earthquake loads. 
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Offabore Platfona Conference, Lolag _ch, CA. Pour 
pre.entations were made followed by visit to an offshore 
platfol'll: 

Mineral Management Service, DOl is the regulatory agency 
for the offshore oil and gas industry. They lease sea plots 
(3 X 3 miles) between the 3 and 200 mile limit (some are 
between the 9 and 200 mile limit). 

Sandia National Laboratory described a new long-life 
•• afloor earthquake measurement system (SEM) to collect 
earthquake data near offshore oil production fields. The 
SEN is battery-powered (8 yr. expected life) digital data 
acquisition system that telemeters data by a sonar link. 
SEM earthquake data indicates the seafloor's vertical 
acceleration is nearly an order of magnitude weaker than 
corresponding on-shore vertical motions. The data show that 
dryland shakes in vertical and horizontal directions while 
seafloors shake predominately in horizontal directions. 
These results aid in designing earthquake resistant 
offshore structures. 

ScriRPs Oceanographic Institute has a joint project 
with the Port and Harbour Research Institute, JAPAN: one of 
the six Japanese Government members participating in the 
Panel. The joint work involves developing numerical models 
for creating computer codes for seismic response analysis 
of offshore structures' pile foundations and model tests. 

Shell Oil Company leases sea plots off the east, 
south, and west U.S. coasts. Platforms in the southern 
California area are designed for strength of a 200 year 
return period and ductility for a 1000 year return period. 
Service-life of structures is 20 years. 

The Panel members visited the offshore platform Eureka, 
located nine miles off-coast of Long Beach, CA. The 
structure is adjacent to the Palos Verde fault. Its 
discovery well was drilled in 1976; pumping commenced in 
1980. Three platforms are operational in this area: 2-
drilling (Eureka and Ellen) and 1-production (Elly). Ellen 
and Elly are in 265 feet of water (weight, 24K tons). 
Eureka is about one mile away and is in 700 feet of water. 
Its weight is 38R tons. Each drilling platform has 
capability to drill 80 wells; about 60 percent of well 
drilling capacity has been used. Production of Eureka is 
about 14K barrels per day. 

UCSD Structural Enqineel'ing Laboratory, San Diego, CA. 
DiscuBsions centerod on research on developing a systems 
approach to seismic retrofits of bridge columns. Laboratory 
work is heavily supported by CALTRANS. Observed testing a 
retrofitted concrete column to earthquake loads. The 
procedure involves wrapping a column with prestressed wire. 



Testing reveals this procedure to be effective against seismic 
loads. Also observed was a test specimen portion of a 
full-scale bridge deck which was retrofitted against 
earthquakes. 

The Panel's efforts are exemplary of effective joint research 
and of technoloqy delivery between researchers from JAPAN and 
the u.s. Since its conception 22-years ago, about 2000 papers 
have been presented, more than 40 joint workshops and 
conferences have been held, and over 100 guest researchers 
have been exchanged. Published proceedings document the 
Panel's work. The Panel provides important information 
about the u.s. and Japan's civil engineering thrusts which 
influence both countries' research and provide the basis 
for improvements in building codes and standards. 

Lastly, this work was made possible by financial support 
from the: Bureau of Reclamation: Corps of Engineers: 
Department of State; Federal Emergency Management Agency; 
Federal Highway Administration: Minerals Management 
Service; National Science Foundation; Naval Facilities 
Engineering Command; and Nuclear Regulatory Commission. 

Noel J. RAUFASTE, Secretary 
U.S.-Side Panel on Wind and seismic Effects 



ABSTRAcr 

The 22nd Joint Meeting of the u.s.-Japan Panel on Wind and 
Seismic Effects was held at the National Institute of 
Standards and Technoloqy during May 15-18, 1990. This 
publication, the proceedings of the Joint Meeting, includes 
the program, list of members, panel resolutions, task 
cODlDlittee reports, and 39 technical papers. 

The papers were presented under six themes: (I) - Wind 
Engineering, (II) - storm Surge and Tsunamis, (III) -
Joint Cooperative Research Program, (IV) - Earthquake 
Engineering, (V) - Loma Prieta Earthquake, and (VI) -
SUDlDlaries of Task Committee Workshop Reports. 

KEYWORDS: accelerograph; bridges; codes; concrete; design 
criteria; disaster; earthquakes; geotechnical engineering; 
ground failures; inelastic: lifelines; liquefaction; Loma 
Prieta; masonry; repair and retrofit; risk assessment; 
seismicity; soils; standards; storm surge: structural 
engineering; tsunami: and wind loads. 
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AGENDA FOR 22Dd JOINT UJNR MEETING 

TUaday 15 May 

0930 Meet in Lobby of Holiday Inn for NIST Shuttle Bus 
to Administration Building 

1000 OPENING CEREMONIES (Lecture Room B, Administration 
Building) 

Call to order by Noel RAUFASTE, Secretary-General 
US Side, UJNR Panel 
Opening remarks by John LYONS, Director, National 

Institute of Standards and Technology 
Remarks by Takashi KISAKA, Counsellor for Science 

and Technology, Embassy of JAPAN 
Remarks by Richard N. WRIGHT, Chairman US Side, 

UJNR Panel 
Remarks by Toshio IWASAKI, Chairman JAPAN Side, 

UJNR Panel 
Introduction of US Members by US Panel Chairman 
Introduction of JAPAN Members by JAPAN Panel 

Chairman 
Elect Joint Meeting Chairman 
Adopt Agenda 
Discuss Panel's contributions to IDNDR (Panel 

Chairmen to review intp.rnational statements 
and respective JAPAN/US National Committee 
activities) 

Adjourn 

1130 Group Photograph 

1200 Lunch: Hosted by John LYONS, Director NIST 



'l'HEIIE - WIND EHGINEElUNG 

1300-1500 Technical Session - Wind Engineering 
Chairman: Toshio IWASAKI 

1300-1320 Meteorological Data from Hurricane Hugo, Joseph H. 
GOLDEN*, NOAA 

1320-1340 Monitoring the Aerodynamic Performance of a 
Classic Suspension Bridge, Harold R. BOSCH·, FHWA 

1340-1400 Cooperative Research Program on Wind Tunnel 
Testing in TUrbulent Flow, Koichi YOKOYAMA·, 
Robert L. WARDLAW, Hiroshi SATO, Takaaki KUSAKABE, 
Michael G. SAVAGE 

1400-1420 Wind on Offshore Platforms, Charles SMITH·, MMS 
1420-1440 Discussions 
1440-1500 Break 

(* identifies oral presenters) 

TASK COMMITTEE MEETINGS 

1500-1700 TIC Meetings 
TIC "A", Employees Lounge 
TIC "C" & "0", Lecture Room B 
TIC "F", CBT Conference Room, Bldg 226, Rm B221 
TIC "I", Building Materials Conf. Room, Bldg 226, 

Rm. A368 

1700 Conclusion of Day 1 

1815 Meet at Lobby of Holiday Inn; travel by bus to 
BLACKIE'S HOUSE OF BEEF, 22nd and M street N.W., 
Washington, DC 

1930 US Members Hosted Dinner at BLACKIE'S HOUSE OF BEEF 
2200 Return to Holiday Inn 

xlv 



Wednesday 16 MAy 

0800 Meet in lobby of Holiday Inn for NIST Shuttle Bus 
to Administration Building 

THBJm - STORII SURGE AIID TSUlfAJIIS 

0830-1010 Technical Session - Stor. Surge And Tsunaais 
Chairman: Richard WRIGHT 

0830-0850 Deep Ocean Recordings of TsunaDis, Frank I. GONZALEZ·, 
NOAA/PMEL 

0850-0910 Measurement and Modeling of Coastal Storm Effects, 
William E. ROPER·, H. Lee EIJ'l'LER, Andrew GARCIA, CORPS 

0910-0930 Storm Surge Modeling in the united States, Chester 
P. JELESNIANSKI*, Jye aiEN, Wilson A. SHAFFER, NOAA,INWS 

0930-0950 Discussions 
0950-1010 Break 

THEIlE - JOINT COOPERATIVE RESEARCH 

1010-1150 Technical Session - Joint Coqperatiye Research 
Chairman: Richard WRIGHT 

1010-1030 Precast Concrete structure, Shin OKAMOTO: Shinsuke 
NAKATA*: Hisahiro HIRAISHI: Takashi KAMINOSONOi 
Hitoshi SHIOBARA: Mizuo INUKAI 

1030-1050 U.S. Coordinated Program for Masonry Building 
Research Fifth Year Status, James L. NOLAND (Presented 
by H.S. LEW) 

1050-1110 Design Guidelines of Medium Rise RM Buildings, 
Yutaka YAMAZAKI: Shin OKAMOTO*: Tsuneo OKADA: 
Akira MATSUMURA; Toshiyuki KUBOTA 

1110-1130 U.S.-JAPAN Cooperative Research on Hybrid Control 
of Seismic Response of Bridge Structures, Jiro 
TAGUCHI; Toshio IWASAKI, Yoshio ADACHI; Yasushi 
SASAKI: Kazuhiko KAWASHIMA* 

1130-1150 Discussions 

1200-1300 Luncb: Hosted by Denis KWIATKOWSKI, Assistant 
Associate Director, Office of Natural and Technological 
Hazards Programs, FEMA 



'l'HElIIE - EAR'l'IIQUAD ENGINEERING 

1300-1440 Technical Se.sion - Earthquake Engineering-Port I 
Chairman: Richard WRIGHT 

1300-1320 Lateral Resistance of a Pile, Michio OKAHARA; 
Shoji TAKAGI; Keiji TAGUCHI (Presented by Koich! 
YOKOYAMA) 

1320-1340 Major Seismic Building Upqrades at the Lawrence 
Livermore National Laboratory, Frank J. TOKARZ, 
LLNL; Gary E. FREELAHD*, LLHL; James R. HILL, DOE 

1340-1400 Attenuation Characteristics of Ground strains 
Induced Durinq Earthquakes, Ken-ichi TOKIDA: 
Keiichi TAMURA*; Koh AIZAWA 

1400-1420 Discussions 
1420-1440 Break 

TASK COMMITTEE MEETINGS 

1440-1700 Task Committee Meetings 
TIC "B" Employees Lounge 
TIC "E" Lecture Room B 
TIC "H" Conference Room Bl13 
TIC "J" Conference Room B111 

1700 Conclusion of day 2 
1800 Individual US members hosted dinners 



'l1wrsdAy 17 May 

THEIlE - EARTHQUAKE ENGINEERING 

0830 Meet in Lobby of Holiday Inn for NIST Shuttle Bus 
to Administration Building 

0900-1200 Technical Session - Earthquake Engineering-Part II 
Chairman: Toshio IWASAKI 

0900-0920 Dynamic Centrifugal Model Tests of Embankments on 
Liquefiable Grounds, Yasuyuki KOGA~ Junichi KOSEKI 
(Presented by Keiichi TAMURA) 

0920-0940 Seismic Resistance Requirements of Roller Compacted 
Dams, Alan T. RICHARDSON* and Louis H. RO~HM, 
BUREC 

0940-1000 Damage of Soil Liquefaction Caused by Earthquakes 
and Use of Geomorphological Maps, Takekazu AKAGIRI* 

1000-1020 Discussions 
1020-1040 Break 
1040-1100 Dynamic Deformation Characteristics of Compacted 

Rockfills by Cyclic Torsional Simple Shear Tests, 
Norihisa MATSUMOTO; Nario YASUDA; Masahiko OKUBO; 
Yasushi KINOSHITA (Presented by Kinji HASEGAWA) 

1100-1120 Allowable Residual Displacement of Gravity 
Quaywall Given by Optimum Seismic Coefficient from 
Economical Viewpoint, Tatsuo UWABE* 

1120-1140 The Relation Between the Building Damages and the 
Vibration properties of Ground (in the case of 
Spitak Earthquake), Keiichi OHTANI*~ Hiroyoshi 
KOBAYASI:I 

1140-1200 Discussions 

1200-1300 Lunch: Hosted by Robert D. HANSON, Director, 
Biological and critical Systems Division, NSF 

1300-1440 Technical Session - Earthquake Engineering Part III 
Chairman: Toshio IWASAKI 

1300-1320 

1320-1340 

1340-1400 

1400-1420 
1420-1440 

New Seismic Design Specifications of Highway 
Bridges in Japan, Toshio IWASAKI; Kazuhiko 
KAWASHIMA; Kinji HASEGAWA· 
Scatter of Mechanical Properties of Structural 
Steels Recently Supplied in Japan, Hirofumi AOKI* 
Hiroyuki YAMANOUCHI 
Development on Effecti~e US( of New Materials for 
Building Structures, Hiroyuki YAMANOUCHI; Tatsuo 
MUROTA (Presented by Hirofumi AOKI) 
Discussions 
Break 



TBEIIB - TIc WORKSHOP REPORTS 

1440-1540 Technical Session - SuparY TIC Workshop Reports 
Chairman: Toshio IWASAKI 

1440-1500 TIC "C'D" Workshop on Repair and Retrofit and 
Performance of Structures (Presented by Shin OKAMOI'O) 

1500-1520 TIC "J" Workshop on Bridges (Presented by James 
COOPER) 

1520-1540 Discussions 

1540 End of Technical Sessions 

1540-1630 TIC Chairmen Meeting with Panel Secretaries to 
review TIC meetings, TIC reports, and IDNDR. 

1630 Conclusion of Day 3 

1730 Depart Holiday Inn for potomac River cruise on the 
Spirit of Washington, 6th and Water Streets S.w., 
Washington, DC 

1830 Cruise on The Spirit of Washington 



Friday 18 May 

0800 Meet in Lobby of Holiday Inn for MIST Shuttle Bus 
to Administration Building 

TIIEIIB - LOIIA PRIETA EAR'l'IIQUAKE 

0830-1200 Technical Session - ~R%ieta Earthquake 
Chairman: Richard N. WRIGHT 

0830-0845 Initial Overviev of the San Francisco Bay and 
Santa Cruz Mountains Ground Motion, Gerald BRADY·, 
USGS 

0845-0900 site Response and Liquefactiun, Ellis KRINITZSKY 
and Gus FRANKLIN"", WES/CORPS 

0900-0915 Dam Performance During the Loma Prieta Earthquake 
of October 17, 1989, Robert B. MacDONALD*, BUREC 

0915-0930 Performance of Wood-Framed structures in the Loma 
Prieta Earthquake, John TISSELL*, American Plywood 
Association 

0930-0950 Discussions 
0950-1010 Break 
1010-1025 Seismic Performance of Nonstructural Elements 

During the Loma Prieta Earthquake, T.T. SOONG*, 
NCEER and SUNY 

1025-1040 Socioeconomic Impact of Lifeline Performance 
Related to the Loma Prieta Earthquake, Ronald 
EGUCHI* and M. PHIPPS, Dames and Moore 

1040-1055 Lifelines Performance During the October 17, 1989 
Loma Prieta Earthquake, M. KRATER and C. SCAWTHORN, 
EQE Engineering, Jerry ISENBERG, weidlinger 
Associates, L. LUND, Consulting Engineer, T. 
LARSEN, EQE Engineering, and Masanobu SHINOZUKA*, 
~rinceton University 

1055-1115 Discussions 
11!5-1145 Summary Report on the Lema Prieta Earthquake of 

October 17, 1989, Toshio IWASAKI·, Kazuhiko KAWASHIMA 
1145-1200 Discussions 

1200-1300 Lunch: Hosted by Walter W. nAYS, Deputy Chief 
Research Applications, Office of Earthquakes, 
Volcanoes, and Engineering, USGS 



TASK COIOII'l'"rEB REPORTS AHD RESOLUTIONS 

1300-1430 Task ea.aittee Report. 
Chairman: Richard N. WRIGHT 

TIC A 
TIC B 
TIC C 
TIC 0 
TIC E 

TIC F 
TIC H 
TIC I 
TIC J 

Strong Motion Instrumentation Arrays an~ Data 
Large-scale Testing Program 
Repair and Retrofit of Existing Structures 
Evaluation of Performance of Structures 
Natural Hazard Assessment and Mitigation through 
Land-use Programs 
Disaster Prevention Methods tor ~feline systems 
Soil Behavior and Stability During Earthquakes 
Storm surge and Tsunamis 
Wind and Earthquake Engineering for Transportation 
Systems 

1430-1445 Break 

1445-1545 A~option of Final Resolutions (including Panel 
actions on IDNDR) 

1545-1555 Break 

... 555 

CLOSING CEREMONIES 

Call to Order by N.J. RAUFASTE, Secretary­
US Panel 

General 

Closing Remarks by Toshio IWASAKI, Chairman JAPAN 
Panel 

Closing Remarks by R.N. WRIGHT, Chairman US Panel 

1615 Conclusion of Technical sessions 

1800 JAPAN-si~e hoste~ dinner at the Japan Inn, 1715 
Wisconsin Avenue, N.W. Washington, D.C. 

D 
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RESOLUTIONS 

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

National Institute of Standards and Technoloqy 
Gaithersburg, MD 20899 

M~y 15-18, 1990 

The following resolutions are hereby adopted: 

1. The Twenty-Second Joint Panel Meeting provided an opportunity 
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 b£!en conducted since the 
Twenty-First Joint Meeting: 

a. Guest resear~hers from both countries performed joint 
research that advanced the state of wind and earthquake 
engineering. 

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

c. The Japanese MOC documents, on base isolation systems 
for buildings were translated into English. They will 
be reviewed by both sides for corrections and approval, 
published, and disseminated to appropriate us and 
Japanese engineering community members. The National 
Technical Information Service of DoC will hold a press 
briefing to promote the availability of these reports. 

d. Workshops and a special Panel Theme were held: 

a) Joint Workshop on Repair, Retrofit and Evaluation 
of Structures, Task committees (C) and (D), at 
Gaithersburg, MO, May 12-14, 1990. 

b) sixth Bridge workshop, Task Committee (J), at Lake 
Tahoe, Nevada, May 7-12, 1990. 

c) Held a special Panel Theme on "Loma Prieta 
Earthquake of October 17, 1989" to summarizE. the 
investigations performed by both sides. 

3. Experiences from the post-Hurricane Hugo U.S. fact findjng 
team visits to the affected u.s. East Coast and to the Virgin 
Islands on September 1989 were reported. Experiences from 
the UJNR Coordinated post-earthquake fact finding team's 
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visits to the sites of damaged structures from the october 
17, 1989, Loma Prieta Earthquake were reported. The Panel 
recoqnizes the importance of using these findings and 
experiences and encourages similar exchanges of information 
from future post-disaster investigations. Information 
transfer will include reports, 
seminars, and special Panel sessions as used at the Twenty­
Second Joint Meeting. 

4. The Panel will continue to seek methods to contribute to the 
International Decade of Natural Disaster Reduction (IDNOR) 
such as exchanging proceedings of Task committees and Panel 
Meetings with their respective Country's National Committees 
of IDNDR, compiling bibliographies of research findings on 
wind and seismic effects, and holding workshops and seminars. 
This work will be performed by the U.S. and Japan Sides' 
Secretaries. 

5. The Panel approves the redefinitions of the scope of TIC "E" 
which redirects its emphasis to ground motion, microzonation, 
and seismic design forces. The Panel also approves its name 
change to Task Committee (E) on "Ground Motion and Seismic 
Design Forces". 

6. The Panel recognizes the importance of research being carried 
out both in the U.S. and Japan on passive, active, and hybrid 
control systems. At the recommendation of Task Committees 
(B), (F) and (J), the Panel approves thlO! establishment of a 
new Task committee (TIC "Gil) on Passive, Active, and Hybrid 
Control Systems. 

7. The Panel recognizes the importance of the work by both sides 
in the US-Japan Joint Research Program on Precast Seismic 
Structural systems (PRESSS). Information about the program 
will continue to be exchanged during the coming year. 

S. The Panel accepts each Task Committee's report developed 
during the Twenty-Second Joint Meeting. Each report presents 
objectives, current and proposed scope of work, and past and 
expected accomplishments. 

9. The Panel endorses the following proposed Task Committee 
workshops: 

a. Task Committee (A) is planning its 3rd Workshop on 
processing Strong Motion Records, with concentration on 
array data. The workshop is targeted for Mayor June 
1991. 
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b. Task Committee (C) is planning a workshop on the Design 
Approaches and Construction Methods for Repair and 
Retrofit of Buildings and structures; May, 1991, in 
Japan. 

c. Task Committee (D) proposes holding a workshop on 
"structural Performance Evaluation Methodologies" prior 
to the 23rd Joint Panel Meeting in Tsukuba. 

d. Task Committee (E) proposes holding a workshop on Ground 
Motion and Seismic Design Forces in Japan in 1991. 

e. Task Committee (F) proposes holding a workshop on 
Disaster Prevention for Lifeline Systems, tentatively 
scheduled in the u.S. in 1991. 

f. Task Committee (H) proposes holding its second workshop 
on Remedial Treatment of Potentially Liquefiable Soils, 
in Japan, between october 1990 and March 1991. 

g. Task Committee (1) will hold its workshop on Tsunamis, 
in Honolulu in November 1990. 

h. Task Committee (J) will hold its Seventh Bridge 
Workshop, scheduled in Japan just prior to the 23rd UJNR 
Joint Meeting. 

Scheduling for these workshops shall be performed by the US 
and Japan chairmen of the respective Task Committees with 
concurrence of the Joint panel chairmen. Results of each 
activity shall be presented at the 23rd Joint Panel Meeting. 

10. The Panel recognizes the importance of continued exchange of 
personnel, technical information, res~arch results, and 
recorded data that lead to mitigating losses from earthquakes 
and strong winds. The Panel also recognizes the importance 
of using available large-scale testing facilities in both 
countries. Thus, these activities should continue to be 
strengthened and expanded and, as appropriate, share Task 
Committee activities at other meetings that have technical 
interests in the Task comroittee activities. To facilitate 
these exchanges, the Panel will provide official endorsement. 

11. The Twenty-Third Joint Meeting of the UJNR Panel on Wind and 
Seismic Effects will be held at PWRI, Tsukuba, Japan, May 
1991. Specific dates, program, and itinerary will be 
proposed by the Japan Panel with concurrence of the u.s. 
Panel. 
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Theme I 

Wind Engineering 



by 

Joseph H. Golden' 

~CT 

We shall describe and ex.mine ccitically 
the .. teorology of Hurricane HUGO as it 
passed through the Eastern Caribbean on 
.. ximWi surface winds and central pressure 
p13ce it as a Category 4 hurricane on the 
Saffir/siapson scale. While it was 
approaching the Leeward Islands, 
reconnaissance aircraft aeasured a record­
tying 165 kts. Selected data from surface 
sites, NOAA aircraft and satellites have 
been gathered and will be used to 
synthesize HUGO's evolving dynamic 
structure as it ravaged the u.s. Virgin 
Islands and Eastern Puerto Rico. Peak 
winds and rainfall allOunts were within the 
envelope of dxtreaa produced by three 
previous intense hurricanes which have 
iapacted the region this century. However, 
we shall deaonstrate that Hurricane HUGO 
underwent soae unusual aesoscale 
oscillations in its track through the 
Eastern Caribbean. Contrary to widespread 
ruaors in the news-aedia, we could find no 
eviaenee fros an extensive aerial damage 
survey of any tornadoes; however, 
eyewitness accounts and dallage assessments 
both point to the periodic production of 
destructive lIicrobursts beneath the major 
rainbands and eyewall of HUGO. Flooding 
and landslides were minimal except for 
serious urban flooding in San Juan, and 
rainfall aaounts up to 1J-15 inches were 
found in oroqraphically favorable areas of 
the islands. Finally, we shall summarize 
overall forecasting performance for HUGO 
in the Caribbean, and conclude that, 
overall, official track forecasts and 
warninCJ lead-tilles were better than lO-year 
averaCJe. for previous tropical cyclones 
aftectinCJ this area. We conclude by 
pointinc) out the degraded state of the 
surface and upper-air observing network in 
the reCJion and suggest follow-up research 
and needed improvellents in the network for 
both forecasters and researchers. 

KEYWORDS: Meteorology; Corecasting; 
warning: hurricane; wind; pressure; 
reconnaissance. 

IOffice of the Chief Scientist, ~OAA 
Washington, D.C. 20235 

3 

1 . INTRODUCTION 

Hurricane HUGO had its or~g~ns in a strong 
tropical disturbance which moved off the 
African coast on September 9, 1989. The 
disturbance ~as acco.panied by an area of 
intense thune/erstorlls which was visible on 
satellite imagery. The official National 
Hurricane Ce.,ter (NHC) track for HUGO 
begins on tt\e loth, when a tropical 
depression for~ed to the southeast of the 
Cape Verde Islanns (see Fig.l). HUGO moved 
westward at a fast clip, 18 knots, across 
the Eastern Atlantic, intensifying to 
tropical storm stage on the 11th and full 
hurricane on the lJth (Fig. 2 satellite 
photo, when HUGO was about 1100 n mi east 
of the Leeward Islands). 

Hurricane HUGO·therefore belongs to a class 
of major hurricanes which has been termed 
"Cape Verde" sturlls. These storms usually 
originate from strong African wave 
disturbances which intensify as they IIOve 
off the West African Coast and produce a 
tropical depression (in rare cases, 
tropical storm) as they pass close to the 
Cape Verde Islands. This early 
intensification and vortex development 
climatologically favors further 
intensification, as the storm traverses a 
long stretch of very warm tropical Atlantic 
waters at low latitudes (thus reducing 
chances of weakening or early recurvature, 
due to interactions with mid latitude 
westerly flow aloft). Other notable Cape 
Verde hurricanes of this century which have 
affected Puerto Rico and the Virgin Islands 
include the faI3\J1J"i west Indian hurricane 
of September 10-20, 1928; the "San Ciprian 
storm" of 1932; the "Santa Clara storm" of 
1956; Frederic and David, 1979; and Donna, 
1960. The 1928 "San Felipe" hurricane 
traversed the island of pu~rto Rico froll 
the eastsoutheast and producq JO-year 
record rainfalls (up to 25-JO inches), a 
lowest barometer reading of 27.50" at 
Guayama, and recorded windspeeds gusting 
to 160 mph (probable peak gust). Addi­
tional details on the San Felipe Hurricane 
are 9iv.!n by Fassig (1928). That same 
hurricane reintensified after moving off 
the northwp.st coast of Puerto Rico and 
struck the southeast Florida Coast as a 
category 4 storm on the Saffir-Si.pson 
scale (Hebert et aI, 1984). According to 
Hebert and Taylor (1988), the September, 
1928 hurricane was also the second 
deadliest hurricane to affect the U.s. 
during this century, killing 1836 people 
in the Lake Okeechobee, Florida area (Table 
1) • Goodman ( 1989) did a statistical 
analysis of these and other tropical stanis 
that affected Puerto Rico during 1886-1988. 
He concluded (well before HUGO) that there 
was at least a 50\ probability of a 
tropical cyclone "hit" or "near aiss" in 
Puerto Rico during the 1989 season. Other 
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interesting aeteoroloqical aspects of 
Hurricane HUGO, in the context of the 1989 
Atlantic hurricane .eason as a whole, are 
diacuaaed by Case (1990). 

During the night of Septe~r 14, 1989, 
Hurrican6 HUGO began to slow its forward 
speed and turn IIOre towards the westnorth­
west. This was in response to a weakening 
of the high pressure ridge to the north of 
the stora. As soasti .. s noted by hurricane 
forecasters when a hurricane slows its 
forward IIOtion in a favorable tropical 
air/ocean envirolUlent, HUGO appeared to 
atreDgtben appreciably on the 14th and 
15th. A visible NOAA-GOES satellite photo 
of HUGO on the 14th is shown in Fig. 3 (note 
the well-developed eye). 

2. AIRCRAFT RECONNAISSANCE 

When the first NOAA reconnaissance aircraft 
was able to reach HUGO at sid-day on the 
15th, the central pressure in the eye was 
918 ab, and one-sinute sustained windspeeds 
of 165 kta were measured at 1500 ft 
altitude. These data indicat~d that HUGO 
had intensified to a rare category 5 status 
on the Saff ir-Sispson scale (Hebert et al, 
1984). Fig. 4 shows an enlarged visible 
GOES satellite isage of HUGO near th~ time 
of the NOAA aircraft penetration. It 
should be noted that the sinimum pressure 
found at this tiae ties the Atlantic record 
(with Hurricane GLORIA, 198~, when it was 
north of Puerto Rico). Fig.5a, 5b shows 
the radar PPI reflectivity pattern measured 
by the NOAA WPJD aircraft with its 5 em 
fuselage radar, and a NW-SE radar cross­
section through the hurr icane' s eye 
obtained with the 3 cm tail radar, 
respectively (see Dodge et. aI, 1990). 
These reaarkable photographs show that the 
eyewall sloped outward slightly with 
height, and had hi~her reflectivities 
reaching greater heights (14 km) in the 
northwestern sector than in the 
southeastern portion of the wall-cloud. 
Moat unusual was the location of the 
highest reflectivities (in excess of 50 
dBZ ) in the southwest quadrant of the 
eyewall. Close to the tiae of Fig. 5a,b, 
one of the NOAA WP3D aircraft penetrated 
the eyewall at 1500 ft (unfortunately, near 
the reflectivity aaxiauJlI in the 
southwestern quadrant of the wall-cloud in 
Fig. 5a). The aircraft-measured radial 
plota of one-sinute average tangential 
winds and surface pressure are shown in 
Fig. 6. Note that the pressure drops most 
rapidly inward through the inner rainbands 
and especially the wall-cloud of HUGO, to 
a sinisua of 918 ab in the eye itself. 
Correspondingly, the extreme pressure 
gradients in the sa .. core region are 
associated with windspeed aaxiaa, at flight 
altitude, of about 73 and 80 m/s (through 
ths SM and NE portions of the wallcloud, 
respectively). During this flight 

4 

penetration, the NOAA aircraft experienced 
extre .. turbulence and/or windshear, lost 
one of its four engines (which c'!iught 
fire), and dropped from 1500 down to 800 
ft before recovering flight control and 
circling inside HUGO's eye. Fortunately, 
the aircraft waH able to return safely to 
land at the nearest airport on Barbados. 
Subsequent inspectir)n revealed no 
structura 1 da_ge, and F. Harks and others 
at NOAA/HRD/AOML in Miasi are researcbing 
the data taken during this and other 
flight.s into HUGO: these data include 
Doppler wind measureaents aade in the 
rainbands of HUGO with the aforementioned 
NOAA P-J tail radar (see also Marks and 
Houze, 1984, for Doppler analyses made on 
Hurricane Debby). 

3. MESOSCALE VARIATIONS IN STORM 
AND STRUCTURE 

The well-developed eye of HUGO approached 
the Lesser Antilles during the afternoon 
of the 16th. A remark..lble striated 
structure in the cirrus outflow clouds 
emanating from the hurricane's northern 
portion is illustrated in the visible 
satellite photo of Fig.? A time-series 
plot of aircraft-measured surface central 
pressures and eye diameters estiaated from 
aircraft radars is shown in Fig.8. Note 
that the time-history of surface pressure 
in the eye begins near the time of the 
record-equall ing measurements on the 
afternoon of the 15th--core pressures rose 
appreciably during the following 24 hour 
period. An unusual feature is that thE 
peak aircraft winds during the saae period 
reaained nearly constant at about 140 mph. 
Some of the problems in relating aircraft 
reconnaissance winds, usually measured at 
10,000 ft, to surface winds measured by 
aneaollleters in hurricane hava been 
addressed by Powell (1980), Black et al 
(1988) and Powell and Black (1990). Eye 
diameters fluctuated during this same 
period until mid-~ay on the 16th, when Air 
Force reconnaissance aircraft reported a 
double, concentric eyewall structure (the 
significance of the double eyewall 
structure for intense hurricanes was noted 
by Willoughby et al, 1984 for a class of 
hurricanes and Golden in the NAS/NRC Report 
on Hurricane ALICIA, 1983 - see savage et 
Al, 1984). The outer eyewall diaseter of 
HUGO was about )0 km, and the inner one was 
about 18 kill across. An unusual feature of 
the hurricane, as it passed through the 
Lesser Antilles and Virgin Island.:; from 
mid-day on the 16th through the morning of 
the 19th (when it was northwest of Puerto 
RiCO) ~as the large fluctuations of the 
eye's diameter (from 15 to 35 km across, 
see Fig.8). 



4. 1II2At'TS ON THE ISLAltDS 

During the late night hours of Saturday, 
Septeaber 16, the eye of Hurricane HUGO 
pa.aed over the island of Guadeloupe 
Ca- Fiq.l, near 16 .• -", 61.S"W). The 
capital city, Pointe-A-Pitre, reported a 
tinal "'eather observation of heavy showers 
and thunderstorJlS with NNW winds of 29 Jtts, 
gusting to 84 Jtts. At the saae time the 
island of St. Maarten reported NE windo; 13-
15 kts, and st. Kitts, north winds 21 kts 
gusting to 33 kts. Reports after HUGO's 
passage over Guadeloupe revealed that about 
half the capital was destroyed, including 
tbe airport and there were 11 fatalities 
(Table 2). HUGO c..ontinued moving 
westnorthwestward into the Caribbean Sea 
as a category 4 hurricane with peak 
sustained winds of 140 mph (~F, measured by 
reconnaissance aircraft). Besides 
Guadeloupe, the saaller island of 
Montserrat to the nortbwest suffered severe 
daaages and 10 people were killed. 

The storm slo:IIed its forward motion to 8 
kts during the day of the 17th and deepened 
about 15 ab (flight-level maximum winds 
fro. reconnaissance aircraft fluctuated 
fro. 95-145 kts during the same period). 
By the evening of the l .. th, both satellite 
and aircraft eye fixes indicated that HUGO 
was turninq lIore towards the northwest, 
thus incraasi'lg tha threat to the U. S. and 
British virgin Islands, especially st. 
Croix and St. Thomas, as well as tt,e 
northeast coast of Puerto Rico. A basemap 
of key islands and city locations cited in 
the text is given in Fig.9. A GOES 
satellite view of HUGO on the afternoon of 
Sept. 17 is givan in Fig.10. 

St. Croix clearly experienced an ~.l.UlliY 
prolonged battering of hurricane force (and 
auch greater) winds froll late evening on 
tbe 17th into the next eorning. It was 
noted in the 9:00 p.m. AST advisory from 
the National Hurricane Center that st. 
Croix reported sustained winds of 85 mph 
and gusts to 97 mph, with St. Thomas 
reporting gusts to 90 mph during the 
preceding hour. Both islands further 
reported wind gusts of 100 mph during the 
f0110winq hour. Fiq.l1 shows a mesoscale 
analysis of HUGO's track through the U.S. 
Virgin Islands and Eastern Puerto Rico, 
darived from San Juan's NWS radar filII and 
NHC'a official fiXes. Note that by early 
afternoon on the 17th, in response to 
subtle, poorly-observed large scale changes 
in HUGO's environment (noted above), the 
stora took a turn toward a more 
northwestarly course at 12 mph. The 
i.pacts of the hurricane's environment on 
its presant and future aotion and the 
density ot obServations on that scale were 
considered by Chan at al (1980) and Peak 
at al (19,.6). The eye slowed and executed 
a tr~hoidal loop near Frederikstad, st. 
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Croix at around 0200 AST Sunday, Septellber 
IS (Fig.l1), before slowly curving 
westnorthwestward (also noted by Lawrence 
and Mayfield, 1977 for another hurricane). 
The eye also ul}derwent so.. interesting 
structural changes as it approached St. 
Croix. These are documented in Fi9.t2, a 
sequ~nce of photos froll the NWS 10 ca radar 
at San Juan. Note the contractions and 
expansions of the eye and the position of 
the northern eyewa11 over st. croix for 
several hours late on the 17th into the 
lSth. storm, damaging winds resumed over 
st. Croix after eye passage around 0400 AST 
on SepteJlber 18. A COllPOS i te analysis 
derived from airborne 5 em radar data and 
flight-level (700 ab) winds on the NOAA P-
3 aircraft, as HUGO was approaching St. 
Croix on the afternoon of the 17th, is 
shown in Fig.13.a. Note the well-defined 
circular wall cloud with strongest 
reflectivities in the NW and SE quadrants, 
and a swath of 135 kt maximum windspeeds 
around the NE and E quadrants in Fig.1]. 
All surface observations froll st. croix and 
st. Thomas airports ceased before mid­
afternoon on Sunday due to extensive wind 
damage and communication outages. Our 
overall assessment of structural damages 
and probable surface windspeeds is given 
by Marshall (1990) in a companion paper. 
We can now understand the extensive nature 
and severity of the damage on st. Croix 
from examination of Figs.ll and 12. 

After pumlleling the U.S. Virgin Islands for 
several hours, Hurricane HUGO slowly looped 
into Vieques Sound during the predawn hours 
of September 18, between the islands of 
Culebra and Vieques (Figs. 9,11) . Note 
especially the 2 well-defined trochoidal 
loops in HUGO's track on Fig.ll. Similar 
hurricane track motions were documented for 
hurricane ALICIA, 1983, prior to its 
destructive landfall on Galveston Island, 
Texas (Savage et. al. 1984) and for 
Hurricane Carla, 1961. The most severe 
surface damage found by our study team froll 
HUGO was on the islands of Culebra and St. 
Croix, both of which were just to the right 
of the cusp-points in Hugo's track (see 
Fig.ll). 

The damage on Vieques, to ".ne left of the 
track, was not quite as extensive in scale 
but was almost as severe. After brushing 
the eastern portion of Vieques at around 
07]0 AST on the 18th, HUGO's eye looped 
slowly westward over the northeastern 
portion of Puerto Ri.co between 0800 and 
0900 AST. Satellite data and San Juan 
radar (Fig.12) indicate that the eyewall 
on the west side of tne eye moved over land 
near the towns of Ceiba (Roosevelt Roads 
NAS), Fajardo and Luquillo (see Figs.9,11), 
while the east side of the eye re.ained 
over water. It was dUl"ing the last faw 
hours of HUGO's approach to Puerto Rico 
that Cu1ebra probably experienced the 



worat wind effects, with the southeasterly 
flow ( ••• ociated with the .ost dangerous 
north.ast quadrant of HUGO'S eyewall, 
Pig.12) channeled through the hills on both 
aid •• of the En.enada Honda Harbor (Fig. 9) • 
HUGO's ill-defined eye appeared to bounce 
NNW off the northeast coast oC Puerto Rico 
(Fig.11) and by noon on Monday, septeaber 
18, the eye was over water north of San 
Juan with aaxiaua sustained winds of 125 
aph and .iniaua sea-level pressure of 957 
abo The stora's radar structure, as 
docWMnted by the 5 CII belly raciar froa the 
NOAA WP3D aircraft is shown in Fig.13.b. 
Note that the southeastern half of the 
stora is nearly devoid of rainbandsl 

An ~nalysis of the storm-total 
precipitation from HUGO over Puerto ~ico 
is shown in Fig .14. Note that maxJ.aua 
rainfall amounts of 10-14 inches are found 
in the mountainous terrain (3,000 ft 
.. xiaua heights), near the center of the 
island. These aaxima occurred in 
orographically-favorablelocations (compare 
with Figs.ll and 12) which experienced 
primarily strong upslope flow during HUGO's 
passage. These rainfall amounts agree will 
with those forecasted in the official NHC 
advisories and bulletins on Hurricane HUGO 
as it was approaching. 

5. SOME UNIQUE DATA 

A storm chaser, Jim ~eonard, was able to 
position hieself J.n a Multi-story 
condominium in Luquillo, and produced a 
r ... rkable videotape of the approach and 
passage of HUGO's eye directly over hi •• 
The videotape documents damaging wind and 
rain effects on nearby structures during 
ajor rainband and eyewall passages in 
HUGO, as well as chaotic state of the 
adjacent sea surface. He used a diqital 
barometer to measure a lowest pressure. San 
Juan, which remained outside the eye, 
recorded a minimum pressure of 970.3 mb. 
The radar sequence in Fig.ll supports the 
pressure data indications that HUGO was 
filling as it crossed the northeast coast 
of Puerto Rico. However, we must emphasize 
that the western eyewall passad just to the 
east of the metropolitan san JUolln, probably 
affecting Loisa and Pinones (see Figs.9 
and 11); eoreover, this geometry is 
entirely consistent with the large 
gradations of da.age and surge effects 
(especially overwash) documented by the 
tea. froa Catano eastward. Our assessment 
of the da_ge to ho.es and commercial 
buildings and probable associated windspaed 
axi .. is given in Marshall (1990). 

A very unique aspect of Hurricane HUGO 
occurred on the afternoon of the 18th, when 
the atora was north of San Juan (Fig. 13). 
During our interview with the 
aeteorologist-in-charf,ie of the San Juan 
WSPO, Israel Matos, he eade the point of 

recalling that he and so.e of his staff had 
felt an earthquake on Puerto Rico on Monday 
afternoon. We have since confir.ed that 
a agnitude 4.8 (Richter scale) earthquake 
occurred at 1447 AST and it was centered 
in the U.S. virqin Islands. This was 
certainly a significant earthquake event 
in a seismically-active area, and perhaps 
further research is warranted on the 
po~sible linkages to HUGO, if any. 
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6. OBSERVATIONAL GAPS 

The team found an appalling lack of 
recorded meteorological surface data, 
especially winds, over Puerto Rico and the 
U.s. Virgin Islands in HUGO's path. A~ 
noted in other recent NAS/NRC hurricane 
study-team reports (e.g. Savaqe~, 1984 
on Hurricane ALICIA), many anemometers were 
in place, but most were either damaged or 
destroyed by HUGO's winds, or lacked 
recording equipment and/or back-up power. 
Only two wind records have been obtained 
so far: one from the National weather 
service (NWS) Forecast office at San Juan 
Munoz Airport and the other at Roosevelt 
Roads NAS both sites on Puerto Rico 
(Figs.9,14). A time history of peak wind 
gusts for these sites is shown in ~ig.15 
a,b, resp. Recall that San Juan Airport 
probably experienced the fringes of HUGO's 
",estern eyewall between (1300-1400 GMT, 
while Roosevelt Roads NAS experienced the 
eye itself about 1 1/2-2 hours earlier). 

l'h£ NWS Forecast Office at San Juan 
recorded peak qusts of 92 mph between 1350 
and 1415 GMT, and the maximum sustained 
wind speed was 77 mph. Adjustment for the 
6.1 meter height of the F420 C anemometer 
would increase the plotted windspeed in 
Fig.15a by about 7 percent. The fastest 
mile speeds for standard conditions were 
derived from the measured la-minute mean 
speeds using the procedure described by 
Marshall (1984), and the maximum value of 
88 .ph occurred at 13~O GMT. Similarly, 
the anemometer site at Roosevelt Roads is 
well-exposed, and height of the 
propeller/vane anemometer is 7 meters. The 
time history of recorded peak gusts, 
unadjusted for anemometer height in Fig. 
15b shows peak gusts of 120 mph occurred 
between 1150 and 1220 GMT. This site 
experienced a brief passage of, t~e 
hurricane's eye at 1250 GMT (dJ.p In 
windspeeds). Maximum sustained windspeeds 
were about 98 IItph. Fastest-mile speeds 
were derived usinq the procedure used for 
the San Juan Airport (~WS) data, and for 
Roosevelt Roads the maximum value of 110 
mph occurred at 1320 GMT. 

We have had to reconstruct probable one­
minute sustained windspeeds and peak gusts 
for the other nearby islands, using our 
aerial damage survey and reduction of 
reconnaissance aircraft-measured winds at 



10,000 ft. down to the surface, using new 
research results of Powell and Black 
(1989). These surface windspeed esti.ates 
for Hurricane HUGO are su .. arized in 
tabular form by Marshall (1990). There was 
an unofficial esti.ate of winds gusting to 
150 kts in the harbor at Culebra (by a 
_riner, Mr. Herbert, who rode out the 
stora in his sailboat and videotaped his 
anemometer). Therefore, overall, we 
believe that the highest winds occurred on 
Cul.bra and St. Croix (estimated peak gusts 
to 67 and 70 mIs, respectively. Another 
unique data set has recently calle to light: 
a .ini-network of six anemometers installed 
by the FAA at San Juan Airport survived 
HUGO's passage. This system, called the 
Low-level Wind Shear Alert (LLWAS) system, 
has been installed at a number of airports 
across the U.S. and its territories to warn 
pilots of dangerous wind shear and 
downburst events in the airport terminal 
area. An LLWAS anemometer system was in 
place at Houston's Hobby Airport durj.ng the 
pa~sage of Hurricane ALICIA, 1983 but the 
NAS/NRC team report noted the failure of 
the system to provide any wind data during 
ALICIA due to a lack of recording equipment 
and back-up power by FAA program lIanagers. 
Fortunately, the team's recommendations 
were heeded, and WP. understand that wind 
data were recorded during most of HUGO, 
from 4 of 6 LLWAS sensors on San Juan 
Airport. One of the sensors measured a 
peak gust of 43 kts. These data, combined 
with a lIore complete record from NWS San 
Juan airport, should provide a unique 
microscale (few km domain) analysis of 
surface wind distribution near the western 
eye-wall passage of hurricane HUGO during 
its temporary filling stage. 

FORECAST PERFORMANCE 

The team found that, overall, the accuracy 
and timeliness of most of t.he official 
bulletins and advisories issu~d by NHC and 
Hurricane Local Statements by NWS San Juan 
during Hurricaile HUGO'S approach and 
passage through the Eastern Caribbean were 
state-of-the-art. This is especially so 
considering the paucity of hourly surface 
and twice-daily upper air reporting 
stations in the area (there are fewer 
regularly-reporting upper sites on the 
Eastern Caribbean islands today than 20 
years ago). The warning lead times for 
the various islands are shown in Fig.16, 
and clearly indicate that most places had 
at least 1-2 days warning of HUGO's 
approach. These lead times were 
significantly better than is often possible 
for hurricanes approaching landfall along 
the U.S. mainland coast. 

The hurricane forecasters at NOAA's 
National Hurricane Center in Mialli produce 
an official forecast track, updated at six­
hourly invervals, throuqhout the 
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hurricane's life-cycle. Fig.17 shows the 
final smoothed verifying track for 
Hurricane Hugo (derived from all NOAA and 
U.S. Air Force reconnaissance aircraft 
fixes and satellite eye positions-bold 
line) and tne official forecasted tracks. 
The official forel. 'Ist track is produced by 
the hurricane forecaster after he 
subjectively assesses the outputs froll a 
dozen or so numerical models and guidance 
products. ward (1990) has assessed the 
performance of the models run on HUGO by 
the NWS' National Meteorological center. 
Our Table 3 shows the mean errors for 6 of 
the models routinely used by NHC--with only 
a few exceptions the recently-revised 
statistical/dynamical model (NHC83) 
developed by Neumann and his colleagues at 
NHC consistently outperfcrmed all the other 
models, even the more sophisticated 
dynamical ones such as SANBAR (barocropic), 
BAM (beta-advection model), and the QLM 
(quasi-Lagrangian model). The interested 
reader is referred to Ward's (1990) article 
for more details on the models. This 
outcome may, we believe, have more to do 
with the state of the observational 
database in the Caribbean and techniques 
used to initialize the models than with any 
inherent scientific deficiencies in the 
models themselves. 

Note that as HUGO approached the Leeward 
Islands and ent09red the Eastern Car ibbean, 
there was a persistent left bias in the 
official NHC forecasts for the hurricane's 
future track in that region. This led to 
initial forecasts for HUGO's landfall on 
the south coast of Puerto Rico which were 
not corrected until Sunday night, September 
17. Nevertheless, both Mr. Hatos, the MIC 
at the San Juan NWS forecast Office and the 
forecasters at NHC were aware of this bias, 
so that the people Ii v ing in the U. s. 
Virgin Islands had plenty of time to make 
all necessary preparations; most 
importantly, there was also an early 
decision, based on updated NHC advisories 
with rising hurricane strike probabilities, 
to evacuate people in San Juan to shelters. 
We must emphasize that current hurricane 
track forecasting models and techniques 
available to NHC cannot forecast mesoscale 
changes or oscillations in hurricane tracks 
as depicted for HUGO in Fig.11 earlier. 
Moreover, there are currently no forecast 
models for predicting the intensity changes 
for HUGO implied by the eye-pressure 
changes shown in Fig.6. 

We have found several locations in our 
aerial damage survey over the U.S. Virgin 
Islands where the debris patterns strongly 
suggest the production of destructive 
"microbursts" (Fujita, 1985). Fig.18a,b 
show good examples of mircoburst damage, 
as seen from our low-flying aircraft, over 
st. Croix and Vieques. The most 
distinctive features of microburst events 



are tha narrow conf ines and divergent 
natura of tha dabris trails from destroyed 
structuras. Fujita (1978) found that much 
of tha .avare daaag. to structure. be found 
in Corpus Christi, Texa. fro. Hurricane 
CELIA, 1971 vas due to the foraation or 
intan •• microburst. (surprisingly), in the 
wa.tarn ayewall and a fev aajor rainbands, 
as the stora aade landfall. We have found 
no avidenca of any tornadoes from either 
the .ar i.l or the qround d.aaqe surveys ve 
perforaed on Puerto Rico and the U. s. 
Virgin Islands. In any case, it is likely 
that the qeneral vind damage caused by the 
hurricane it.elf, and those more concentra­
ted daaage areas froll microbursts, both 
would tend to aask any separate tornado 
daaage tracks fro. subseq",ent identifi­
cation. 

7. CONCLUSIONS AND RECOMMENDATIONS 

One of the major issues in HUGO'S 
aftermath in the Caribbean has been the 
appalling lack of recorded surface 
windspeeds and other lIeteorological data 
(especially pressure and rainfall). 
Without these critical lIIeasurements in the 
future, there can be nu resolution to the 
question of correlation of the observed 
daaage of structures with the actual wind 
loads generated by hurricanes. In 
addition, there is a continuinq need for 
operational and research aircraft 
reconnaissance into hurricanes, but there 
is also an urgent need for acre rugged, 
reliable surface instrumentati(.'ft to 
properly calibrate and reduce the aircraft 
data gathered on hurricane. appro.sching 
landfall to appropriate surface v.l1ues. 
Moreover, surface recording statio'ls are 
too sparse in the Caribbean to measl,;re the 
actual surface wind maxilla at the point 
of hurricane landfall. This situation is 
compounded by the fact that some of the 
most important surface observing sites 
have been closed by the Caribbean nations 
involved because of hiqh manpower and 
.. intenance costs. 

RECOMMENDATION 1. Develop and deploy high 
quality, automated surface observing 
instruments which are rugged enough to 
withstand hurricane wind speeds, and of 
affordable cost. The Australians have 
developed a relatively inexpensive device 
for aeasurinq maximum windspeeds (and wind 
directions), called the "Maxolleter", which 
they have deployed along sections of their 
hurricane-prone coastlines. We further 
reco_end that responsibility to deploy 
and aaintain instruments during local 
hurricanes be given to selected 
universities in the coastal States and on 
islands in the Caribbean with engineering 
or aeteorology prograas. 

We have alBo found that, even though the 
official forecasts and warninqs for HUGO 
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in the Caribbean were entirely adequate 
and state-of-art, there is a need for 
improveaents in our hurricane forecasting 
capability. However, such efforts will 
have limited potential for breakthroughs 
becaLlse there is a lack of upper-level 
wind observations of the hurricane's 
environment. Complete vertical wind 
profiles are available only twice per day 
froll a shrinking number of upper air 
rawindsonde sites in the Eastern 
Car ibbean. These ~re suP?leaented by cloud 
lIotion derived estimates of layer-nean 
winds aloft frail satellite cloud tracking 
(only from cloudy to partly cloudy 
regions) . 

RECOMMENDATION 2. We need to install lIore 
conventional rawinsonde stations, perhaps 
in a cost-sharing arrangement with the 
Caribbean countries involved. A better 
lonq-term solution, and one with minillal 
lIanpower requirements, will be to install 
wind PROFILERS on selpcted islands. These 
instruments are rugged, operate in all 
weather continuously, and have been 
installed on a few South Pac if ic island 
sites as part of the TOGA climate program. 
Finally, there needs to be research to 
better define and exploit the NEXRAD 
Doppler radar capabilities for estimating 
surface windspeeds in hurricanes (we note 
that a NEXRAD installation is planned for 
San Juan, PR). 

RECOMMENDATION 3 • There needs to be a 
systematic approach and sustained, long­
terll effort at developinq improved 
hurricane prediction models which give 
consistent results for future track and/or 
intensity changes in diUerent regions. 
The current situation is one where the 
hurricane forecaster must subjectively 
pick the hurricane model of the day, based 
on recent performance for the particular 
hurricane in a particular area (there are 
now at least 10-12 different hurricane 
prediction models and techniques in 
operation or quasi-operational (test) use 
by NBC and the National Meteorological 
Center) • 

Finally, we have found that lifelines were 
particularly susceptible to total loss or 
prolonged disruption from HUGO's course 
through Pucr-to Rico and the virgin 
Islands. Power and telephone lines were 
downed everYWhere, mainly froll toppled 
trees and flying debris. Future 
mitigation efforts should stress the 
imp~rtance of putting utilities 
underground whenever possible (already 
done on the island of Tortola). There 
als~ needs to be a careCul reexamination, 
after HUGO, of the probability of 
windspeeds in excess of current codes in 
the Caribbean to detEormine if code 
revisions are needed. 



There continues to be 9reat pressure for 
shoreline developD8nt (co ... rcia~ a. well 
a. residential) on hurricane and .;,ther 
stora prove shorelines in Puerto Rico and 
the Virgin Islands. There will be a 
continuous threat of beach erosion and 
overwash, and other storm surge and wave 
i.pac,~s on these exposed coastal 
properties. Indeed, our team found that 
HUGO's Burge and wave impacts on the 
developed coastal areas of northeastern 
Puerto Rico have made that region even 
JIOre susceptible to future damage from 
winter storms in the Atlantic. 

RECOMMENDATION 4. Fund impact studies on 
offshore m1.n1.ng of sand for beach 
replacement and determine the cost-to­
benefit ratios. In addition, fund 
programs to evaluate and improve, when 
necessary, codes and enforcement for 
beach-use .... nagement. Finally, support 
and fund programs for unified, long-range 
planning for public/private/govermlent use 
of existing beach resources. 
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Table 1. The lIO.t inten •• tJoited State. hurricane. of this century (at 
tiM of landfall). f'ft~r Hebert and Taylor (] 988) • 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
IS. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 

* 
I 
@ 

HOST INTENSE HUUICANES. UNITED STATES 1900-1982 
(At time of landfall) 

HURlllCANE YEAR CATEGORY MILLIBARS INCHES 

Flodda (Key.) 1935 5 892 26.35 
CAMILL! (La./Hiss.) 1969 5 909 26~4 
Florida (Keys)/South Tex. 1919 4 927 27. 7 
Florida (Lake Okeechobee) 1928 4 929 27.43 
DONNA (Fla./Eastern U.S.) 1960 4 930 27.46 
Texas (Galve.ton) 1900 4 931 27.49 
Louisiana (Crand Isle) 1909 4 931 27.49 
Louisiana (New Orleans) 1915 4 931 27.49 
CAlU.A (Texas) 1961 4 931 27.49 
Florida (Hiaai) 1926 4 935 27.61 
HAZEL (S.C./N.C.) 1954 4* 938 27.70 
Southeast Fla./La.-Mis •• 1947 4 940 27.76 
Nonh Texa. 1932 4 941 27.79 
AUDREY (La./Tex.) 1957 41 945 27.91 
Texas (Galveston) 1915 4' 945 27.91 
CELlA (5. Tex .. ) 1970 - 945 27.91 
ALLEN (5. Texas) 1980 3@ 945 27.91 
New England 1938 3* 946 27.94 
FREDERIC (Ala./Hiss.) 1':f19 3 946 27.94 
Northeast U.S. 1944 3* 947 . 27.97 
S. Carolina/N. Carolina 1906 3 947 27.97 
BETSY (Fla./La.) 1965 3 948 27.99 
Southeaat and Northwest Fla. 1929 3 948 27.99 
Southeaat Florida 1933 3 948 27.99 
South Texas 1916 3 948 27.99 
His •• /Ala. 1916 3 948 27.39 
South Texas 1933 3 949 28.02 
BEULAH (5. Texas) 1967 3 950 28.05 
HILDA (Louisiana) 1964 3 950 28.05 
GRACIE (5. Carolina) 1959 3 950 28.05 
Texa. (Central) 1942 3 950 28.05 
Southeast Florida 1945 3 951 28.08 
Florida (Tampa Bay) 1921 3 952 28.11 
CARHEK (Louisiana) 1974 3 952 28.11 
EDNA (New England) 1954 3· 954 28.17 
Southeast Florida 1949 3 954 28.17 
ELOISE (Northwest Fla.> 1975 3 955 28.20 
KINC (Southeast Fla.) 1950 3 955 28.20 

Hoving more than 30 miles per hour. 
Cla.sified category 4 because of extreme tides. 
Reached Cat. S intensity three times along its path through the Caribbean 
and Gulf of Mexico. The lowest pressure reported'wa. 899 ab (26.55 in.) 
at 1742Z 8-7-80 off the northeastern tip of Yucatan Peninsula. 

----------------------------------------------------------
Table 2. Estimated nulllber of deaths associated with Hugo. 

----------------------------------------------------------
South Carolina 13 
North Carolina 1 
Virginia 6 
Mew York 1 
Puerto Rico 2 
U.S. Virgin Islands 3 

Antigua and Barbuda 
Guadeloupe 
Montserrat 
St. Kitts and Neyis 
TOTAL 

I 
11 
10 
...l 
49 

----------------------------------------------------------
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-------------------------------.--------------------------------
Table 3. 

HURRICANE HUGO 
TRACK ERRORS 

(Errors in n ••• ) 
-----------------------------------------------------------------

12 dRS 24 HRS 36 HRS 48 HRS 72 HRS 

Official (NHC) 33 65 98 122 154 
(No. of CBses) (43) (41) (39) (37) (JJ) 

CLZPER 37 73 119 161 216 
(43) ( 41) (39) (37) (33 ) 

SAllBAR 28 55 92 141 302 
(15) (15) (14) (13 ) (11 ) 

QUI 81 90 119 172 2&8 
(19) (18) (17) (16) (14 ) 

NHCS3 38 61 88 106 178 
(42) (40) (38) (36) (32) 

BAM 50 84 123 154 2G8 
(17) (16) (15) (14) (lJ ) 

NHcal Revised 50 61 91 119 149 
(39) (37) (35) (33 ) (29) 

>( 
\" . 

. . . . . ')r' . 
. . . 

. . . 
~ . . 

. ,0;' 

o . 

. 0 . 

Figure 1. wSest-fit" smoothed track of successive eye positions for Hurricane HUGO 
at l2-hourly intervals, based on aircraft and satellite fixes (begins when HUGO 
had already attained full hurricane status on 9/13/89). 



Figure 2. NOAA visible GOES satellite 
view of HUGO shortly after it became 
full hurricane at 16 GMT, 9/13/89. 
South America coast in lower left, 
north i. toward the top. 

Figure J. Saae as Fig. 2 except HUGO had 
intensified further, photo at 1630 GMT, 
9/13/89. 

Figure 4. same as Fig. 3 except near time of NOAA aircraft's first 
penetration into HUGO at tille of lIaxblU11l strength, 1600 GMT on 
9/15/89. 
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Figure Sa. Composite radar reflectivity PPI analysis from NOAA P-J 
aircraft flight into Hurricane HUGO centered on 1727 GMT, 9/15/89. 
Highest reflectivities (proport10nal to rainfall rates) are in 
southwestern eyewall and a few-major rainbands. Total spatial 
domain - 240 x 240 km. Courtesy Frank Marks, HRD/AOML/NOAA. 
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Figure 5b. Radar-cross section of reflectivities through eye of Hurricane HUGO 
(NW-SE section in'Fig. Sa) at 1728 GMT, 9/15/89 derived from NOAA P-3 aircraft's 
3 em tail radar. Courtesy FranklMarks, HRD/AOML/NOAA. Height scale in increments 
of 2 km. 
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Figure 6. Radial plots of one minute sustained winds at 1500 ft flight-level and 
derived surface pressure (thin line) through Hurricane HUGO, from NOAA P-3 aircraft 
flight on 9/15/89. Courtesy Frank Marks, HRD/AOML/NOAA. 
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Figure 7. Same as Fig. 4 except visible satellite photo at 1330 GMT, 9/16/89 as 
Hurricane HUGO was approaching Leeward Islands. 
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Fiqure 8. composite time-series plots of measured minimum sea­
level pressures (bold-line) in Hurricane HUGO VS. eye radii (dotted 
curve) determined from USAF and NOAA reconnaissance aircraft and 
Burface radar data, from 9/15-23/89. Courtesy Huqh Willoughby, 
HRD/AOML/NOAA. Four major cyclical eye stages are identified, and 
occasionally when eye curve appears to jump upward, there was a 
double-concentric eyewall structure for a short time. 
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Figure 9. Upper map shows Puerto Rico and adjacent-owned islands of Culebra and 
vieque., as well as U.S. Virgin IBlands principally impacted by HUGO. Lower map 
i. enlarged for details of rivers and towns in Puerto Rico mentioned in text. 
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Figure 10. Same as Fig. 7, except 
satellite view at 1930 GMT, 9/17/89. 
Mote Tropical stora "Iris" to SE of 
Hurricane HUGO. 

1 

\ 

-) 

Figure 11. Mesoscale analysis oC Hurricane 
HUGO's eye positions, derived from tracking 
of San Juan NWS radar as storm approached 
within range (250 Itm) during late afternoon 
on 9/17/89. 

Figures 12a,b. Sequence of photos at times indicated on 9/18/89 
fro. 10 c. NWS radar at San Juan airport, showing Hurricane HUGO's 
rainbanda and eye, as it approached along track shown in Fig. 11. 
Range-circle. are shown every 50 k. and st. croix is located at 
122- azi.uth/lSO u range fro. San Juan. 
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Figures 12c,d. Sequence of photos at times indicated on 9/18/89 
froa 10 ca NWS radar at San Juan airport, showing Hurricane HUGO's 
rainbands and eye, as it approached along track shown in Fig. 11. 
Range-circles are shown every 50 km and st. Croix is located at 
1228 aziautb/1S0 kll range from San Juan. 
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Figure 13a. Composite analysis of radar reflectivities flight track and one-minute 
sustained winds at 10,000 ft flight altitude of NOAA P-3 aircraft, centered lround 
time 2251 GMT, 9/17/89 as HUGO was nearing st. Croix (upper left). Wind symbol 
convention is tria1ig1 ... S0ktFf and· .. ea. full barb",lOkts. courtesy Mark. a"t! Powell,RRO. 
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Figure l3b., Similar to 134, except composite radar analysis (without aircraft 
winds) when HUGO had weakened somewhat north of Puerto Rico, centered on time 
2050 GMT, 9/18/89. 
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Figure 14. Analysis of storm total rainfall over Puerto Rico fran Hurricane /lUGO, 
isohyets in inches. _.Compare with rivers shown in Fig. 9. 
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Figure 15a. Time-plot of measured peak gust windspeeds during Rurrieane RUGO~8 
strongest period at NWS San'JUan, 'P.R. See text for details. Courtesy of R.D. 
Marshall. 
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Courtesy of M.B. Lawrence and R. Case, NHC/NWS. 
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CJuIk SuIJ." BrIdp 

by 

Harold R. Boach 1 

ABSTRACT 

More tban 50 ,e.rs &10, a olasaio ,irder­
stifCened suspension bridle vas construc\ed near 
the ... 11 town of SedCWlok on tbe Atl.ntl0 coa.t 
oC '''In.. Spanninc ......... In Reaob near 
P.nobscot Bay, the Deer Iele-SedCWlck SU.penslon 
Brid,. ia .iail.r in deai,n .nd .ppe.r.nce to 
the ill-C.ted orl,lnel Taooaa Narrow. Bridee. 
The inherent Clexibillty oC the de.l,n and the 
• eleotion of a rel.tivel, poor .erodynaaio oross 
section h.ve re.ult.d In a bridle whioh h.s 
beh.ved quit. dynaalcally throuchout its .. ny 
ye.rs of service. Despit. periodic struotural 
.editlcation •• i .. d .t inore.sinc the 
struoture'. stiffness .nd oontrollinc the wind­
induced .etions, the bridle continues to .xhiblt 
eo.e sensitivity to the forces of wind. In 1981, 
the Fed.ral Kilhw.y Adaini.tratlon .nd ... In. 
Depart .. nt ot Transport.tion jOintly Inst.lled 
an instru .. nt.tion sy.t .. on the De.r Iale 
Brld,e to .enltor .nd evalu.te It •• erodyne.l0 
perfor .. noe. This paper will provide dotaill> on 
the inatruaentatlon, de.orlbe the proce •• of 
d.ta reduotion, preaent .ose preli.inary 
flndine., .nd dl.ou •• future pl.na for this 
onsolng r •••• rch .tudy. 

KEYWORDS: Aerodyna.ics; bridle; dyna.ics; 
lona-apan; ..... Jre.enta; auap.n.ion; wind. 

1. INTRODUCTION 

Full aoa1e .... ur ... nt. at bridl. sites .re an 
i.portent part of the Feder.l Hilhv., 
Adalnlstration'. (rKVA's) wind r •••• roh prosr'.' 
Th. wind data obt.lned provides det.iled 
Intor .. tion re .. rdinc prevailinc oondltion. 
(speeds, dlreotlon, .nsle-or-attaok) .nd 
turbulence propertlea (inten.ity, speotru., 
seale) which i. often not avail.bl. fro. other 
.u~~~~a. The structural re.ponse data provid •• 
intoraation on the struoture's drnaa10 
properties (frequencie., .ede sh.pe., d.apina) 
which can be coapared with ooaputed v.luea. Vlnd 
and struotural .... ~r ... nt. are often used in 
the design of wind tunnel .xperi .. nta and to 
evaluate the eftectiv.ness ot aerodynaalc 
retrotits. Th.y can .lso provide ... ana tor 
deteraining the adequ.or of exp.ri .. nt.l .nd 
analytio.l t.chniques. 

In 1970, the FHWA in.talled Ita first field wind 
inetruaentatlon ayste. on the Newport, Rhode 
I.land Suspenelon Brldct In oooper.tion wlth the 
Rhode Ialand Turnpike .nd Toll Brid" Authority. 
Since that U .. , wind and reapon.e .... ure .. nt. 
have been taken on the Sltk. Harbor Ceble-St.r.d 
Brid,. (AI.aka), Perrine Meaorl.1 Bridle 
(Idaho), and Paaco-Iennewlok Interclty Brld,e 

(Vashlngton). Nev and improved instrumentation 
arate .. are currently in place on the Lulin& 
C.ble-St.yed Bridge (Louisiana) and Deer 
Isle-Sedgwick Bridge (Halne). Through a 
cooperative arrangeaent with the Haine 
Depart .. nt of Tranaportatlon (HEDDT), FHWA is 
aonitorln, the aerodyne.ic performance of the 
Deer Iale Bridie in order to provide 
recoaaendationa regarding bridge rehabilitation. 
This study is w.ll underway and will be 
de.crlbed in .ore detail in what follows • 

2. DEER ISLE-SEDGVICK BRIDGE 

The Deer Iale-Sedgwick Bridge, illustrated in 
Figure 1, ia a conventional suspension structure 
located near Penobscot Bay on the coast of 
Maine. Built in 1938, lhe bridge spans 
E&geaoggen Reach and consists of a 
girder-atiffened deck aimilar in cross section 
to the orilinel Taco .. Narrows Bridge. The main 
apan la 1080 ft (329.) in length with side spans 
oC .8. rt (148a) and approach spans of 100 ft 
(_0.) for a tolal bridge length of 2308 ft 
(704.). The structure 1s aymmetrical with two 
towera and the roadway has a 6.5J grade to 
provide vertical navigational clearance of 85 ft 
(26a) .t midspan. The 2-lane deck conSists of a 
•• 5 in (llcm) conorete alab having a width of 20 
rt (6.). Stiffening girders are 6.5 ft (2m) deep 
and spaced 23.5 ft (7m) apart. 

3. BRIDGE SITE 

The bridge site Is situated in ~ancock County 
approxi.-tely 55 miles (88km) east nf Augusta 
and 35 .11es (56km) south of Bangor. The bridge 
carries State Route 15 over Eggemoggen Reach and 
connect. Sedgwick on the mainland with Depr Isle 
and Stonington on the Islands. The longitudinal 
axis of the structure lles on a NE-SW 
orientation with the mainland being at the north 
end of the bridge and Little Deer Isle at the 
south end. The countryside to the north consists 
of heavlly forested, rolling hills var'ying in 
elevation to a floW hundred feet. To the south 
and east are _ny forested, low-lying islands. 
Deer Isle being the largest, with the AtlantiC 
Ocean beyond. To the west there is penobscot Bay 
with. small mountain range beyond. 

lResearch Structural Engineer 
Federal Highway Adainistration 
HcLean, Virginia 22101-2296 U.S.A. 
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1 la~ array of Ina~ru .. nta has been Installed 
on tbe »eer Iale Brid.e to .onltor the wind 
environ.ent and atructural reaponae to wind 
loadlaca. Tb. positions of aenaor. on the brid&e 
.... indicated in Pieur. 2. Hean wind apeed and 
direotion are .... urad by two akyvane aensora 
.ounted on the top and botto. of the north 
bridee tower. The upper akyv.ne 1a 18 rt (5.S.) 
aboYe tbe tower ~op while the lover one ia 
loeated approxi .. tely 33 rt (10.) aboVe the 
water. Air te.perature ia .. a.ured by three 
the,..i.tor probes installed at the top and 
botto. ot the .... tower and at the inatru .. nt 
hou.e north of the bridle. Six tri-axia 
ane.o .. ters are uaed to .anI tor wind turbulence 
quantltiea (apeea. direction, intensity. scale) 
at the elevation or the bridge ap.n. These 
aneaD8eter •• ra .ounted on 12 ft (3.) outriggers 
cantilevered tro. the eaat side of the 
superatructure and spaced in a logarlth.lc 
array. Eaoh ane.o .. ter aet is aligned with the 
bridge 80 that the ·u· co.ponent is noraal to 
the long1tudinal bridge axis (facing southeast). ·V· co.ponent ia par.llel to the bridge axia 
(racine northeast), and ·V· co.ponent polnts 
upward. The trl-ax1a ane.oaeters e.ployed are 
dynaaio inatruaents whlcb are capable of 
trackine veloclty fluctu.tions in the frequency 
r.nee of Intereat. 

Bridge deck response Is .cnltored by six pairs 
of aingle-axis. servo aceelero.eters installed 
along the north aide apan and 88in span. 
Acceleroaeter atations on the slde span are 
located .t aldspan and t.he quarter pOint neareat 
tbe north tower. For the .. In span, atationa are 
loeated at aldspan, both quarter points. and the 
eighth po1nt nearest the north tower. At each 
station. an aceeleroaeter ~unted inside a 
weathert11ht enclosure is olaaped to the bettoa 
rlange or each atitrening girder. The axis of 
eaeh ace.leroaeter ls oriented to point upward 
to .. aaure vert1cal ~tlon. The pair of 
acoeleroaetera at each station define the 
vertical displaceaent and rotation of the span 
at th.t point. The whole array of stationa are 
used to deteraine aode shape and frequency for 
the atructure. 

To define tower action. three acceleroaeters are 
used at the top cross girder of the north tower. 
Two or these .re aounted at the top of each 
tower Ie. with their axes oriented to point 
northeast. Thi. defines bending and twist1ng of 
the tower top. The thiro is pointed southeast to 
indicate tower sway. 

11.2 ~.!!: 

Dat. recording equipaent .a well as lab teat 
equlpaent. parts, and supplles are housed in a 
... 11 inatru .. nt house located Juat ort the 
north end of the bridge. This building is 
outtitteJ with heat. air condltioning, 

lS 

telephone, ae~rity ayate •• and aotor-generator 
(for condltionins 1ncoa1ng power). Analog 
slgnals fro. all aensora located on the bridge 
are routed to this lnatruaent house via 
aulti-conductor. ahielded cable 1nstalled on the 
weat alde of the bridge. Approxi.ately 20.000 ft 
(6096a) of cable was required to Instruaent the 
Deer Iale Bridge. To insulate the 
inatruaentation from lIghtning strikes, 
protection devices were Installed in each 
acceleroaeter encloaure and at the input panel 
in the Inatrunent house. 

The analog signals fro. the bridge sensors are 
passed through aignal conditioning and amplified 
to provlde .aximu. resolution in ~he recording 
system. AnellO.eter galns were adJ'.lIsted to 
accoamodate wind veloc1tiea up to 100 mph 
(161k./h) and accelerometer gains adjusted to 
handle .25g. A.plifled s1gnals from the deck 
aneaoaeters and all accelerometers are low-pass 
fIltered at 10 Hz to avoid aliasing of the data. 
All Signals are then routed to the recorder. 

The recorder 1a an automated data acquisition 
system (DAS) equipped with three II-track 
cartridge tape drives providing enough capacity 
for 2_ houra of recording. Figure 3 illustrates 
the data path and control logic employed by the 
data acquisition system. The DAS continuously 
scans up to 64 Channels of analog input at a 
rate of 20 Hz. Data recordIng does not begin 
until eIther wInd velccities or bridge 
accelerationa exceed preset levels for a 
selected period of time. once 1nitlated, 
recording continues untIl signals drop b~low 
theae threshold values. Thia mode enables 
unattended operatIon and optimizes use of 
available data storage capaCity. While 
recording, the system contlnuously scans all 
channels, converts the analog signals to digital 
data, and stores this data on magnetic tape for 
later procesaing. When one tape fillS, the 
recorder autoaatically switohes to enothcr drive 
and continues without loss of data. Wind speed 
and direction measured by the two tower 
anemometers are also recorded on strip-chart 
recorders. This recording is continuous and 
documents the day-to-day wind conditions at the 
Site regardless of Whether or not the DAS is 
active. 

5. DATA REDUCTION 

After wind and bridge response data has been 
recorded on digital tape, the tapes are 
forwarded to Turner-Fairbank Highway Research 
Cenler (TFHRC) for preprocessing and evaluation. 
This data reduction is accompl1shed by FlIWA 
ataff using various microcomputers. Pata tapes 
are first scanned for errors. Raw dala is 
converted to engineering units using sensor 
calibrations obtained in the field and channel 
st.tlstica auch as mini.u •• maximum, mean, and 
standard deviation are compiled for 10120-minute 
blocks or data. This information is used to 
evaluate syste. perforaance and to identify 
events which warrant detailed study. Mean wind 



apeed ~1Id direotion obtained fro. t.be aky.ane 
aenaora on tbe t.ower are displayed in polar for. 
and e.aluat.ed t.o deteot. any trenda in t.h. 
reoorded dat... Fiaure AI is a ~:< .. , ... ~ ot or wind 
aot.nit.y at tbe top of the north bridJe tower. 
This vapb 18 updated each ti_ ne" info .... Uon 
1. Obtained. Hourly ... na are obt.ained fro. the 
oontinuous chart reo')l'dlnp and plotted in 
ti .. -hlatort rash ion :~r eaoh .onth. As 
de80natrated in Fiaur. 5, this tec~nique is a 
useful .. ana of coapressina large "olUlles of 
data and .nables identification of significa.~t 
atora events. 

Aa event. of inter.at. are identH~.ed durill6 the 
preproceaaina, copies of t.he data .lre INde for 
.ore d.taU.d analysis using .. ::in":'a.es. Th. 
~~~a proc •• aina .equence 1s l~lustrated in 
Fieure 6. This analysis ia acc.,.plished in three 
st ..... In t.he initial at.age, r'a" data ia 
conv.rt.ed t.o .ngineerins units and su ... rized 
using proera. TAPSUM .uch the saae as was done 
durina preproo.s.ing. 1'I'.e interaediate staae 
prepares ane_eter dal .• troll selected events 
tor d.taU.d analysis I,y applyins respon.e 
correotlona and rotat.l~ the data Into the 
desired coordinate .y.tem. This i. accomplished 
u.inc prosra. MASTER. The final stage of data 
proce •• ing involves speotral analys1s of the 
ti.e s.ries data. In ANAL2, tiae series data is 
first prepared for analysis by point averaglng, 
detrendina, and taperins. Next, fast Fourier 
transtor. techniques are employed to process 
data fra. 1, 2, or 3 ohannels simultaneously. 
This analySis providea atatistios on all the 
data •• well a~ ,ower speotral densities and 
auto oorrelations tor the individual series. In 
addition, co-apectral and quadrature spectral 
d.nsitiea, coherence, squared coherence, phase 
ditference, and la88ed cross-correlations are 
available for each pair ot series. 

To determine bridge displaoe.enta. the 
·conditioned· acoeleration time histories are 
proces •• d through prograa COMBIN. Here, the 
signals rro. the aocelerometer pair at eaoh 
bridle atation are averaged to extract the 
bendlns co.ponent of motion. N~xt, the Signals 
are differenced to extraot the twist coaponent. 
The acceleration time histories for each penaor 
.s well a. those tor bending and twist at each 
station are then process.d through HDIASM, a 
sopbiat.icat.d double i •• tegrat.ion routine. to 
obtain the a.sociated displace.ents. Finally, 
these results are input to BRPLOT. containing 
various Z-D and 3-D plottins routines, tor 
evaluation of .ade shapes and a~lmation ot 
bridle .aUon. 

6. RESULTS ---
Wind .pectra have been obtained for selected 
wind events and compared with three e.~lri~al 
funotions--one proposed by Panofaky and ~~tton, 
another by Si.iu and Scanlan, and a third by 
" .. adell. Typical spectra are presented 1n 
Figur. 7 tor the u-co.ponents ot four deck level 
anemo .. ters. The wind was trom the aouth.ast. 
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with a mean wind speed of __ mph (ZO.5m/s) and a 
turbulence intenaity of about 10J. The .easured 
speotra co.pare quite well with the Ra .. dell and 
"P/D" .adels. 

To study the intluence ot the structure's bluff 
oross section on the turbulence charaoteristics 
as the wind passes .round the bridge, .nemometer 
3a was .eved to the west side of the deck 
OPPOSite anemometer • and redesignated 3b. 
Figure 8 illustrates typical results obtained 
fro. undisturbed and disturbed air flows 
measured by sensora ~ and 3b respectively. For 
this event, wind was troB the southeast with a 
aean speed of 40 .ph (19m/s). The spectra from 
anemometer 3b. located in the wake of the 
structure, demonstrate a marked increase in 
energy at the higher frequencies. 

The along-span coherency of the wind was 
coaputed using the logarithmic spacing of the 6 
deck ane~eters. These span1ngs range from 1l~ 

to 1050 ft (32 to 32011). Coherenoy results for a 
43 aph (20m/s) quartering wind fro. the south 
are presented in Figure 9. These plots exhibit 
the charaoteristic decay with increasing 
separation distance between sensors. Approximate 
exponential functions are included for 
compRrison. Similar results are presented in 
Figure 10 for a 44 mph (20.5m/s) perpendicular 
wind from the southeast. The coherence appears 
to decay more rapidly for this 0ase. 

A sULumry of wind measurements at dp.ck level 
based upon data from 7 tapes is presented in 
Figure 11. The polar plot. illustrates the 
distribution at mean wind speeds and directions 
relative to the bridge span. The maximum wind 
speed included in this data is 40 mph (19m/s). 
Above the wind distribution plot is a graphical 
representation of the associated peak 
acoelerations measured at all deck stations. 
Although not all possible directions and speeds 
are represented, this figure clearly 
demonstrates the pronounced bridge sensitivity 
to perpendioular winds. The maximum acceleration 
observed in this dataset was 0.1g. 

The affect cf wind speed on bridge motion is 
illustrated in Figure 12. These results are 
based upon meaaurements at accelerometer 5 and 
ane80meter 5. On the first graph, peak 
accelerations are plotted versus the U component 
of wind. For the second and third, RHS 
accelerations are plotted versus toe Wand V 
coaponents, respectively. A strong relationship 
between bridge aocelerations and wind speed is 
clearly evident. The significance of wind angle 
on bridge response in presented in the last 
graph. Here, it 1s apparent that the average 
level of bridge motion increases 83 the wind 
becomea more perpendicular to the structure. 
Figure 13 is an example or a measured 
Boceleration reoord and the co_puted 
displacement time history for accelerometer 9. 
The maximum displacement cOllputed from the 
dataset was about 4 in (100m). 



.,. COIICLUSI OIlS 

All data coll.cted to date ha. be.n preproc •••• d 
aDd au.aarlaed; however, only a ... 11 portion 
b .. received detailed analylll and evaluaLlon. 
Theretore, the reMllta pre •• nLed above aast be 
ooaalc1ered preliainarJ. Wind and brldp respon.e 
"'Mlre.enta at the alte ar. atll1 unde~.y and 
·productlon· procc •• lng of the extenalve 
databa.e hal ju.t. be&un. With thl. in .jnd', the 
rollowing observations .. y be .. de: 
o .pectral tunctions COlIPuted froa IIIlnd 

data look reasonable, 
o coaputed .pectrsl tunotion. coapare well 

IIIlth the Raaadell .ad.l, 
o tb. structure's .ha,. gen.rates strong 

-local- t.urbul.nce lIIit.h incr.ased energy 
at. hi&h.r frequenoies, 

o bridge act.~on is acr. likely to occur 
wh.n lIIind. are perpendicular t.o the 
lpan, and 

o bridl. activity tends to increa.e 
steadily •• wind .peed increase •• 

DElli !ILl - IEOIWICIC IIIIDII 

unlIDlIII .... ' 

Figure 1. Bridge Plan And Elevation Views. 

-'r .............. 110 

So 

110 

Fisure 2. rHWA In.truaentation Layout. 
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P1gure 3. Data Acquisition System Schematic. 
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Figure~. Polar Plot Of Recorded Wind Events. 

Fisure 6. Data Processing Sequence. 
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ABSTRACT 

N.tion.1 R .... rch Councl I C.n.da 
and Public Work. R .... rch In.tituh, Jap.n 
.r. c.rrylng out. coolI.rativ. r •••• rch on 
the wind tunnel teatlng •• thod in turbul.nt 
rlow. Thla proj.ot Includ ..... rinll .ount.d 
rillid Mod.1 t .. t, hut .trill aod.1 , •• t. and 2 
ph .... 'ull aod.1 wind tunn.i t.ate uainl 
h •• vy and light .od.I •. 

In thi. rtPort, the outlinl of thi, 
r .... rch il Ixpl.in.d .t fi,.t. And aUlllmanl of 
wind tunnll t .. t. Ir. Introducad. 

KEYWORDS 

Wind tunnal, rurbul.nl Flow, C.bl. It.v.d 
briG''', full Mod.1 t .. t. Cooper.tive r ... arch 

I. INTBODUCTION 

Th, duign 01 lonll IPln brld" .. 
raqulr •• the con.ld.,.tlon of the .tt.cl. of 
etron, wind. Ther.for •• wind tunnel t .. t it 
u.u.lly p.r'or"ed to d.t.r.i n. the 
wind-induced r •• pon,. of the brido. at d.ai,n 
.t., •. 

Mllny long .p.n br i du.. .r. 
plann.d .nd conltruct,d .nd the Wind .'f.ct, 
on .tructur ... re 1.lIerly .tudild in North 
Am.rlc •• Europ •• J.pln and oth.r countri ••. 
lIo •• v.r, the wind tunnel te.tlnll •• thod h •• 
b.en developed in •• ch country and the 
.tandard te.tlng M.thod .nd ...... III.nt 01 the 
r .. ulta h.v. not b •• n ut.bli.h.d. 

The Gover nIIenti of Clnada lind 
J.p.n h.ve the technlc.1 cooperation program 
on wind .nd .eiuic .".ct. on .tr uctur IS. 

N.tion.1 R .... rch Council Can.d. (NBCC) .nd 
PubliC Work. R .... rch Institut. IPWBI) art Ih. 
count.r p.rt or ,.ni z.t ion •. 

B.cently, both laborltorie. ha __ 
etlrted a ooop.rltiv. r •••• rch predec:t Ind 
hlv. Jointly und.r tak.n • ..r i.. of WI nd. 
tunn.1 , .. tI on wind-Induc.d olei IIltionl of 
c.bl.-.tllled bridu in uooth Ilow .nd in 
turbul.nt flow. Included in th. proj.ct are a 
.tud" on cOMP.ri.on 0' re.ult. 0' wind tunnel 
te.h p.do, •• d In dill.rent WInd tunnel 
f.ci I I tI ••• nd pr oPol.1 on the stand.r d wi nd 
tunn.1 tutlng M.thod of c.ble-atay.d 
brlda ... 

In thl. r."ort. d .. crlb.d Ire the 
outlin •• of the oooP"ltiv" r •••• rch work 
betw •• n Clnld. and JIPln Ind r .. ult. of wind 
tunn.1 t •• U coniliting of .prlna mount.d 
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rigid Mod.1 t .. t, hut Itrb .. od.1 h.t, Ind 
full Mod.1 t .. t. 

2. QUTlINE Qf THE PROJECT 

2. I Pyreo" Af the proJIC\ 

lh. purpo .. of thl. Pfol.ct I, to 
•• tab I i.h pr oc.dur .. and gul d.1I n •• lor wi nd 
tunn.1 h.t. 01 full bridn .0d.l. in .. ooth 
flow .nd bound.rll 1."lr turbullnt flow. Thl. 
wi II be p.rfor.ed bl! .akina the Influ.nc. 
d.,iv.d fro. diff.rence 0' aethod "I .. " 
through cOMP.rlnll wind tunn.1 t •• t. b.twe.n 
C,nedl .nd J'Pln. 

Th .... thod. 01 wind tunn.1 t •• t. 
h.v. b •• n dev.loped in each country. Th.r. 
h,v. b.ln e.cheng.. of inforaltion on 
t.chnique. of wind tunnel t •• ting, how.v.r 
ther. ar. M.nv differ .ne •• Monll oountrl.,. 
So It ..... lignifie.nt to .. Ik. the Influ.nc. 
derived IrOll1 diff.r.nc .. 01 M.thod clur , 
through cOMPlring wind tunn.1 t •• t. betw •• n 
C,n.d •• nd J.pan. 

2.2 PrODr. of lb. er~J.cl 

Thi. project b ••• n in 11187 .nd 
will b. ov.r In 1990. Thi.r .... r.lh eonalehof 
sprinll Mounhd rigid Modi I h.t. t.ut .trip 
.,odel tut .nd 2 ph .... lull Mod. I till. as 
ahown In Fieur. I. 
(II Sprina .. ount.d rillid Model t .. t 

Th •• prlne aounted rigid Mod.1 
tul In ... ooth flow i. carried out to .tudv 
fund ... nt.1 ch.r.ehri.tiel 0' the bridll. 
d.ek. R •• ult. 01 Ihi. t •• 1 .r. COMplred wilh 
relult. of full Mod.1 t .. t. Thi. t .. t i. 
perform.d only In PWRI. 
12lTaut ,trip Mod.1 t •• t 

Th. tlut .tri" Mod.1 t .. t In 
smooth flow Ind in turbul.nt flow il c.rrl.d 
out to .tud" fund ... ntal 3-dl •• n.lonll 
.ff.cts Ind .".ct. 01 lur bul.nce on brldn 

*1 Head Structur. DiY. Public Worka B .... rch 
In5tltuh, Minie"r 0' Conltruction. I, A .. hi, 
Tukubl-Shi, Iber.kl-K.n, 305, JIPan 
*2 H •• d, Low Sp •• d A,rodvn .. lc. l.bor.torr, 
N.tion.1 R .... rch Counei I Cln.d., Montrlll 
Ro.d, Ott.WI, Onhrlo, Clnad., KIA.. Me 
*3 Dr. Ent., H •• d. pl.nninl DIY.,PIftI 
*4 B .... rch En,in.", Structur. Diy .. PIRI 
*~ R .... rch Qfficer. low Sp .. d A.rodyn_lc. 
Lab .• NACC 



dock. R.lultl of th" ta.t .r •• 1.0 cOIIparad 
• i th r •• ul tl of 'ull lIod.1 t •• t. Thi. te.t i. 
p.rfor •• d onlv In PWRI. 
(l)Eull lIod.1 t .. h. 

Th .. , t .. tI .,. tho CO" 0' th .. 
coo,er,tiv. r .... 'eh. Si.ilar 'ull .odal t,.ts 
•• ,. ,er'o, •• d in both NRCC .nd PWRI, and 
th," .r. oOll, .. ,d. Th, 'In.1 , .. ult 0' thil 
cooP.,.tI". ' •••• 'eh .. drawn out f,om th,.e 
tnt. Th." .r. two ph .... of full lIod.1 
t •• t •. N ... lv, h •• vv lIod,l. ar. u •• d in the 
ht ph .... nd I j ght .0d,l • ." used in the 2nd 
ph •••. J.,I.na •• r •••• 'ch analn •• r. Joined 
both ph .... 0' 'uil ",od.1 t .. t. c.,rled out In 
Can.d. .nd C.nedlln r ... ., ch offl cer JOloed 
on tha l.t ph ... t .. t 10 J.pan 

At pr ••• nt, .11 WI nd t unn. I t •• t s 
•• ntion.d .bov. have b.an completed. 
Th,ough dl.cu •• Ing on th ••• r.lult., It wll I 
b.eo.. po .. lbl. to .. tabll.h ",anull or 
guideline on .Ind tunn.1 tutlng.lthod. 

3. DESIGN OF EXPERIMENT 

3.1 BridAl .od.1 for wind tunn,1 tI.l1 

3. 1. 1 O.ck S.ct I on 
Tha .hapa w .. not Intandad to 

' .... bl. anI' lIa,ticular brldg. but rather It 
wa. con.ld.,ed ra,r •• antatlva 0' IIIodern pl.ta 
.nd .i,d .. con.lruetlon, Fillur. 2 shows .he 
,ha", u .. d In tha 'ull lIod,1 tnt., In NAeC, 
th.r. II full .odel of tha Quincy 8f1dll8. Tha 
Quincv Brid" .0d,1 w .. built with a length 
• e.la 0' I: 75 10 th.t tha over.1I lenglh of 
7220 1111 .oul d " t between tha coner eta f Illeta 
0' 9 "' .. ida NRCC low ... a.d wind tunnel. It 
...... th.t uling thi. lIIodel I. efficlenl and 
econollioal. So in the let ph ... of full ",odal 
tut, th. QulnclI O,idg, II ref.r.nced to 
d.~d. ch.racltri.tic. 0' dack. T.ble I 
IUI •• ,lze, th. deck aectlon.1 
cha,.cterl.tlc,. 

The full 1II0dei of PWRI h •• h.If 
.eo •• t'lcal ,cal •. Thil Icale wal dlcided in 
conlid".tion 0' the boundary lave, Wind 
tunn.1 In PWRI which il 6 .... id. and 3 II hl,h, 
All characteri.ticI of the full IIIodel In PWRI 
art deriv.d 'ro", the 'ull 1II0dei 0' NRCC, 

3.1.2 Cabl •• nd Tower Assemblv 

The deck w .. dlvld.d into th,ee 
.... n., in NRCC, a center span 0' 3658 .... and 
t.o .Ida ,pans "f 1781 ..... and was suPPorted 
bv 56 cabla, .ttached to two tower. Figure 3 
I •• I",.tion via •• C'f the inlt,lIations I"d 
.how. tha atructural .u,porla 'or the mod .. la. 
In NRCC the tow.r. and and points of tha 
brld •• wer. ,ullortad on an I.olat.d corner 
'oundation to Mlnl.'ze the int.rf."nce 
or.at.d bv the vibration. 0' tha .. ind tunnel 
.h.ll, but in PWRI tha .odal ••• onlv .at on 
tha floor of tha wind tunn.1. 
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Tha cabl .. for the Mod,I •• , • 
.ad, fro •• all di •• ter .tainl ... " .. I el.no 
wira .lCo.pl the li.hI lIod.1 It PWRI In the 2nd 
ph .... In PWRI, 'h. l.o.etrlo.1 .oal. I. h.1t 
of NRCC'. aodal, and dl.eter of cabl ••• are 
r .duc.d in tha 2nd .. ha .. of full lIod.1 tilt. 
So It baco, ... illlPolilbl. to ,et • ,lana wlr. 
Ihal " ... 11 .noulh. Coil ."Inl •• ar. u,.d 
to adjust the .Ionllalion .tiffn ... of c.bl •• 
In lh' 2nd ,ha .. at PWAI, Th. atlffn ... of the 
d,ff.rant cab I., .. er. not con.t.nt and w.r. 
b ... d on tha r."u" ... nt. of the Quinc~ 

Orld" 1II0d.1. Th. proP"ti .. 0' tha o.ble. 
are detall.d in Filur. 4, The o,bla, .en 
anchorad di,.ctlv to the .tiffenln. '1lnaa of 
the d.ek to .Ini .. h. the .achlnlc.1 dlllpine 0' 
the bridea _odal. 

3.1.3 Mod.l. for Spring 1II0unhd rilid _odel 
tut and t.ut .tri, Mod,l t .. t. 

Spring luvnt.d ,1.ld ",od.I h.t 
and hut .trip .. od.1 tut ar' I.rforlll.d 
b.fore 'ull fIIodal t .. " to ,.radlet the 
fundllllental chlr.chrlltic. 0' r",.onll, 
which .r. d.t,r.in.d bv ,h.pe of c,o,. 
.. ction, in wind. Tabla-2 .how. tha oondltlon 
of hsts 

Tha .h.pa u •• d In th ••• t •• t. did 
not h .... the ltiff.nine IPln .. r.llulrld for 
lh' full mOd,1 Inta, Sinc. the .pln .... ., •• et 
in the corn.,., it wa •• lCP.ct.d th.t t ... lr 
p,lsence liOU I d not 
flow 'Ield .round 

.i eni fio.nt I y .It., the 
th" daele. Th. III.Jor 

ddforence b.t .... n the d.ek •• ctlon. of tha •• 
t •• t. and full brldg. mod.1 t .. t •••• the 
higher reduced I ..... and in.rtia of the 'ull 
brt du . 

3,2 Flow p,purtjll 

In ~lIIard. to th. full 1II0d.1 tilt, 
the brldg«, w •• t .. t.d in th, .. diff.,.n' flow 
conditionl, ... ooth flow, .nd with lIIod"at. 
.nd ha,vlI turbulence. Th •• UI.erv of the flow 
proll.rtl .. i. eiv.n in T.bI. 3. Th. Mod".te 
turbulenea .... er.atld With t,llnlul.r .,.Ir .. 
equally .,ac.d aerOIl the Inl.t to the h.t 
section, Th, ha,vv turbul.no. w •• or,.t,d by 
mounting. flow trlD .cro •• the ta.t •• otion 
floor down.t, .... of the ."Ir ••. Th. _ootlt 
flo .. condition h •• , IIdual tu,bulence laval. 
Figura 5 show. the .rran .... nt of th ... 
turbul.nt uner.tora.1 PIRI 'or .11_,.1 •. 

Th, I.ngth .oala. fo, the 
verlieal and .tra_w .. a turbul.ne. Wlr, b'.ad 
on VISual b.,t ',ta with th. Von KIf.an 
,pe"t. I, 

Th. pro""tle. for 'ull Mod.1 
test wer. not d.cld.d wh.n the taut ,trl, 
mod,1 te~ WI' p'rfor",e~ '0 th.t th. flow 
ProD.rlia. on taut 'trl" .odal t •• t were 
dlff.rent froll full .0d.1 t .. t. Thr.a kind. of 
turbulant flow •• ,. Vied fa, the t.ut .trlp 
lIIodel tut, 



3.3Inatr"".nt.tlon 0' w,nd rlle0rut 

Th •• otion of the brodg ..... 
• onltor.d b~ the dl,,,lIc ... nt tr.n.duelrl. 
OJ,,'.c ... nt tr.n.duc.,. .r. d,ff.r.nt 
btt .... n NAeC .nd PWRI. In NACe, t"Daduc.ra 
Ir •• uch hi" •• thlt Ir. ".pli.d to .n .ddll 
curr.nt. In PWRI th.~ .r •• uch tIlP" ch.t .r. ."II.d to th. photo.l.ctric .fI'et. So in 
NRCe, t,rl.t •• r •• Iu.lnu. pl.t ••• tt.ch.d to 
the bolla 0' gird.r of .0d.1 .nd plckuPi G' 
tr.n.duc.r •• r. put clo,. to the t.r,.t •. On 
the oth.. hInd In PWRI, tIC o.ta IC, small 
II,,,. bulb. Ind ,lickuP' of tr.n.duc .... rt 

put out d' wind tunn.l. V.rtic.1 .nd torllon.1 
di.pl.cN.ntl Ir ••••• ur.d .t c.nter and 
qulrter 0' •• 'n 'P.n. and e.nhr of lid. ,p.n. 

Th. wind v.locitll .nd turbul.nc. 
• er •• onltor.d bl/ two W'II'. Th. turbul.nc. of 
th. wind .i.ul.t,on w •• Monitor.d w,th • t .. o 
ch.nn.' hot f' I. Dr wI" pr ob.. Th. .. •• n 
v.loclty w ...... urtd with. pitot tub •. 

4. RESULTS Of TEST 

An.I".i. 0' r •• ult. of wind tunn.1 
t •• t I •• I.o.t co.pl.tld on .prinll .. ount.d 
t •• t, t.ut .trip Mod.1 t .. t, .nd the I.t ph .. . 
full aod.1 tilt. u.ln, h .. v~ IIIod.l. Th .. . 
r •• ult •• r. Introduc.d h,r •. 

4.1 Sprina.oun •• d rjlljdlodlLluL 

Th. , .. ulta of the tut can b. 
•• pr .... d el .. arl" In Flour. 6 th.t ahow. 
r.l.tlon b.tw.en wInd 1I,locit" .nd a'llPlitud. 
of lIibr.tion of ... od.l. Th ... art two wind 
v.loc't, .. which the ,,"plitud. of lIertical 
vort.x-induc.d lIib,.tlon beco",. the pe.k 
value. Th. lo.er r.duced wind veloc,ty ;& 

ebout I end the hi aher i •• bout 2. Her e. wi nd 
velocitl' I. r.dueed or non-d'lI,n.,onal wind 
v.loCitll that i. Mount of wInd 11810cltV 
diVided bv the f[lqu.ncv of .. od.1 and width 
of d.ck. In r ••• ,d. to toraion.1 vihrillon, 
lIort'I(-1 nduc.d vi br atl on i a cau.ad at about 
1.2 .nd flutter ia cau.ad at abova 2.5 of 
.. duead wi nd v.1 acity. 

4.2 hut .trip .0d.1 tut 

Rllationl b,t.tln wind Yeloe,tv 
.nd , •• ponll 0' lIodel in ... ooth flow Ind in 
turbul.nt flow art .hown in Figure 1 .nd 
filu'l 8 rl.p,ctlvelv. IIhu. the intensity of 
atr .... w ... turbul.nc. lu I. 5.3". Result, ." 
• UIII.ar I z.d a. wr i tt.n b.1 ow. 
(I) Buff.tin. 

A. cOIParino Figur. B with F/lur. 
1, buff.tln. I. c.u .. d by turbul.nce. 
(2) Vo,tl/C-induced Yibr.tion 

In lIIIIooth flow, there ar. two 
" .. kia' wind valocih on vlrtical bending 
vi br atl on and ther I ie onl PI.k on the 
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vibration. On lIertlcal IIlbratlon, 
p.ak (ob •• r~ed .t the low wind 

velocity) ... the ht b.ndlnl lIod., and the 
2nd •• ak (ob •• rv.d at the hl,har .In~ 

1I.loelly) waa • hioh fr.qulncl' b.ndlnl lIod •. 
Th. reduced v,loclh w .. about 1.0 on thl lit 
,.lIk. On toraional Yib,.tlon. that wa. 1.2. 
Th.r. I. ,Dod .lIr .... nt b.tw •• n IPrlno 
/IIounted ,ia,d lIod.1 t .. t .nd hut Itrl, Mod.1 
t.,t .XCIPt on the 2nd 'I.k of blndlnl 
vi br at, on. 

In turbul .. nl flow, •• ch of 
yo,t.)(-indue.d vibr.t,onl venl'hed or w .. 
reduced without chlnllnll of wind valoelty. 
(3)F I uttar 

Thl .a.iIUII torelon.1 ... ,lItude 
b.co .... ona da.r •• at r .ducad vllocltv 2.5. 
Thi. wa. not chang.d in turbul.nt 'low '0 
.uch a •• hown in figure 8 . 

4.3 Full lIod.1 '"h jn thl lit ph ... 

4.3.1 Th, full aodal tut in NAee C19B8) 

(I) Buff.tino RIIPon .. 
Th. di.pllc ... nt rlcord.d b~ thl 

lhr.. transdue.r. .t •• ch It.tlon wIre 
r .. olv.d Into vuticII, later.l, and torllonll 
lIIotlon. Th. • •• n. o •• k, Ind .t.nd"d 
devl.tion of tha r .. pon ... for •• ch of th ... 
degr .. 1 of fr •• doll .. er. c.loul.ted for the 
thr •• v.lld It.tlonl for dIck lIotlonl 'or .11 
thr .. flow condition •. Th. 'Ilk valull a,. 
the .... nitud. of th •• a)lI.UIII dlvl.tlon In 
eithlr pOlltlv. or nlllativa dlr.ctlon froe the 
I'an pOlition of tn. brido •. fillur. 9 Ihow. 
the shnd.rd davi.tlon Ind p •• k v.lu ..... 
'unction of the rlduced wind valoolh for th. 
torsionll .nd v.rtical .otlon •. Fer tha .. 
figu, •• the y,'ocit~ .... r,duc.d b~ the 
appropriate d.ck .. et,on width .nd the 
corrupondlnll nlltur.1 fr.qu.ncy In thl flret 
torllonal or vertlc.1 bendin •• od,. 

A fr.qulncv .naIYII. of the 
eanhr .o.n lotion for the vlrtle.1 Ind 
tor.ion.' Motion 'u. clrri.d out In both tha 
.. od.r.tt .nd hlllhl" turbllient flow. The 
dOM,nlnt IIIcde. war. the low.st .od •• on .,eh 
vlrtlc.1 and torsional ylbrltion. 
(2) Vortt/C~induc.d yibr.tion 

ob.try.d. 
(31F I ut hr 

Vort.K-'nducld Vibration w.a not 

Thl tilt In _oath flow .hows 
10[lion,1 inlt,blllt~ at .. duced wind 1I.loalh! 
of 3.2. Th. RMS MPlitud. bleOI .. 0.5 dur .. 
.t "dueld 1I.locit" of 3.6 . 

4.3.2 Th. full lIIodtl t .. t in PIRI (]9881 

(f) Buff.ti nil RII,onll 
Th". i. no i.portant dlffer,nc. 

on inalrUIII.nt.tlon .nd .nll~li' .t PIAl frOM 
th.t of NAeC. fiau" 10 IhoWI the .t.nd"d 
dlvlltlon .. a functIon of tht r.duc.d .. Ind 



vllocitY 'or thl toralon.1 Ind Ylrticil 
.ollon •. 

According to frequ.ncy Inll"., •• 
th~ doalnlnt .od •••• r. the low •• t .od.a on 
•• ch y.rtlc.1 .nd torllon.1 yibr.tlon. 
(2) Vor tex-I nduc.d vi br.t i on 

oba.r v.d. 
C3)t'luthr 

Vort •• -!nduc.d vibr.tion .... not 

Th. RMS .plitud. b.eo ... 0.5 
d •• ,.,.t reduced Yllocitv of 5.7. 

5.0ISCUS3ION 

Flutter end buffeting we,. 
obaerv,d In 'VlrY type 0' t,.t. In r.g.,d. to 
vort,x-Induc,d ylbr.Uon. it w •• ob •• rved In 
the ,prine .ount,d rhid .odel t •• t Ind the 
tlut .trip .0d,1 teet. how.ver it .... not 
obl.,v,d , , the I.t ph .. , full .od,' tilt. Th, 
r"'on I, I h .. vlI •••• of the full Icdel. Th. 
reduced •••• of the full .0d,1 i, 3.6 and 4.4 
til" h •• vl., th.n that 0' the ,pr I nil .ounhd 
ri.id .0d,1 .nd the hut atrip .odel 
reapectlYely. T.klnll .ccount 0' th .. , r .. ulh. 
.... • nd .... 101.nt of 'nertl. w.,e reduc.d 
to coa,.,e Yor t IlC-1 ndllc,d yl b, .Uon In the 
2n·d ,h ... 'ull 10d.1 te.t. Al,o full 10d,l. of 
thl I.t ph ...... r. too h""11 to cOIP'r. 
bu".tinl .nd fluthr b,tw •• n 'ull 10d,1 t .. t 
.nd ,pring .ount,d rleld 10d,I taat or Uut 
atrlll Mod,l t .. t. ou, to .uch r ... ona, 
dl.ou.llon i. III/t.d to cOIParl,on of the I.t 
ph .. , full Mod,1 t .. tI ,.rfo'lIIad In NRCC .nd 
PWIU. Fur ther dlaeu .. lon wi II b, p.d or •• d 
.ft.r e_pl.tion 0' the enllvai. on the 2nd 
ph .. , 0' the 'ull 10d.1 t .. tI. 

5.1 SII!I'rlh of tilt condition 

It Ie "ery dlf'icult to •• k, 
'''I"tl" .i.iI.r flo .. e .nd 10d,I •. A •••• thr 
of '.et, .ny Wind tunn,' h.te h.v •• rror .nd 
,ntrfctlon of hcllitl ... Ind the influ.ne, 
th'Y c.u .. IUlt b, .. thuted. Du. to thil 
r".on. II.i I.,itll or the ttlt Ie cOIIIP,,,d 
below. 

Flow prop.rtl,. ar •• u .... arlz.d In 
Tlbl. 3. On high lu,bul.nt flow, inhn.,tv 
•••• ur.d in PIllA I ..... littl ..... lIer th.n In 
NRCC. On I.ngth le.I •• th", Ire conlid,r.bl. 
.nd unexp.cted diff.r.nce. b.tw •• n NACC .nd 
PIRI. Aa inten.itll of turbulenc, ,"ect. the 
MPlltud. of buff.tinll, •• kln. I corr.ction 
will b. nlld,d. On lenllth .c.I" it i. not 
cl •• r how I~ Influ.nc ••. But the un.xp.ct.d 
di".rlnc, Ih'lf IU.t b. further di,cu ... d. 

In r ••• rdl to ch".ct,ri,lici of 
.od,I •• T.bl. 4 ..... .,Iz •• diff.,.nc ... Onlv 
.tructur.1 dMPing b.co.,. probl'l and 
other. IU" .. ,II .dJu.t,d. The dlffer.nc. of 
dMpln. .ff.otl b.h.vlor 0' flutt.r 
dlY.loplnl .nd on .. t wind v.loclty of flutt.,. 
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5.2 f..i.!I.11H. 

TOrllon.' r,."on ••• In Mooth 
flow.,. cOI, ... d In Flau,. II. In NACC, 
flutter ... c.u .. d ,t 10 • ., w'nd nfocltll then 
in PIllAI. Wh.n .plltud. I ••• 11. on' r ... on I • 
• u""o"d di".,.nc. of dMPlnll. Flllu" 12 
ehowe the influ.nc. 01 .tructur.1 d."lnl .nd 
Inarll .. obtaln.d fro •• "Inl .ounted rleld 
10d.1 tllte in PIRI. A •• hown In Figurl 12. 
on.et ",'oeill! of flutt.r InOrll ••• with 
dlllPlnll .nd In"tl. incr ••• ln •. The produch 
of .t r uct ur.1 dMPI nil Ind dl •• n.lonl ••• 
inerti. b.co •• 0.10 end 0.64 In NACC .nd PIRI 
rup.ctiv"II. Th ... d.t, ,ulI .. et th.t It I. 
not •• tr.nll' d,ff .. ,nc. on •• 11 M"lItud. 
"Ib,.tion. On the other h.nd, th ... Ie I .,11 
diff ... nce of .truetur.' d.,,'nl wh ... 
",plltud. i. "'". But there I •• 1.0 not. 
.. a" diff."nt;. on far.. .,IHud, 0' 
flutt.r. Ther. I, no Id" of the r •• eon th.t 
up/ain. thi. d''',renc, lilt. 

5.3 Buff,t! nl 

","plitud. 0' b .. ".tlnl I • 
co.p.r.d In Flllu,. 13. Th,.. d.tl ... 
.... ured .t • ,tation of c.nt" of the 1.lr 
ap.n in the flow with hlllh turbul,nc •. It" 
cl,., th.t .. "lltud. obllr".d In HACC I • 
• I.o.t 2 til" I."" th.n In PWRI .t ,v"v 
wind v.loclt". Th, ... "Iitud, of buff.tlnl I. 
ch,nl/cd by InUnl/tll 0' turbul,nc •. HO ... YIr 
it .It.e th,,, i, not .nO"lh dlff.renci of 
Int.n'it" that c.ue .. luch • dlff".no. of 
MPlltud. ".twII" by NACe .nd by PIAl. 

6. Cjlncludlng A.u,k. 

In thl. ",ort, outllnl of the 
proJlct I. IXpl.'n,d .nd rltultl of t .. tI 
p.,for •• d In the firet 2 " .... Ir. Introduc.d. 
Furth.r dl.eullion i. n •• d.d to •• t fln.1 
, •• ultl. Ther. I. no cOMP.,Ieon on 
vort.x-induc.d Yib"tlon. On thl' "obi .. , 
thc 2nd ph ... fu/l .odel tllte u,ln, IIlIhur 
_od.l. h.v, b .. n .,,..dy co.,I.t.d In NACC 
and PWRI, .nd .,,,, ysi s II b,/ nil p., forl.d. 

Ther • .,. no .,11 dlfferenc .. 
btt.lln the ,lIuBI of NRCC .nd PWRI. Of 
cour .... 0.' difftrene ... hould b. In'Vltlbl •. 
But bll .n.IYling cQIIIPon.nh end the ,. .. on of 
differ,nc .. , •• nll "robl... .111 becoa. 
el •• r.t on th. pr eci .. "n of the wi nd tun".1 
t •• t. ..thod. of r.ault. corr.ctlon, .nd 
, ... onlbl. p,oc.dura for wind tunn.' tilt. To 
lilt th ... fruitc. not onl\l Idv,nc.d dilculiion 
but "10 Iddltlon.1 tilt will b, nlld,d. 
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FWMluenta' Tests (987) 

Sprlnc Mounted Rl,ld 
lIodel Test 

t 
Taut Strip Model Test 

Full Model Tests 
The 1st Phase, : The 2nd Phase, 

!leawMOde s: Lichtl:xJe s 

Fi,ure-l PROGRAM OF COOPERATIVE liND TUNNEL TEST' 

ur 
ct. 
I , 

I 

~ 177.5 

(ONRce 

~~ 
~ 

~ 'r mg),. -~ P1d :STIFFENING SPINES 

If I lLLco 
I 88.8 I ~-~-~ 

(2)PIRI 

FI,ure-Z CROSS-SECTION OF BRIDGE DECK 

Table-I Deck Sectlona' Properties 

Iidth (I) 
Depth (I) 
Mass/Unlt Len,th(I,I.) 
Reduced lass(.1 p 82 ) 

Mass bent of Inertia(Ka·.) 
Reduced InertiaOI pB 4

) 
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0.177 
0.0177 
3.31 

87 
0.0174 

14.6 



l 

I 
_N 

1111 U51 

(l)NRCC 

890.5 1829 

(Z)PWRI 

Filure-S ELEVATION VIEW OF MODEL 

CABLE NO. EA( 10'N) CABLf TlIISION(N) 
<D II.S l.93 
~ 12.9 9.73 
~ 10.8 7.77 
® 10.8 R.91 3" 

4Z> 6.2 6.80 ~t-
<I> &.:! '.76 
(7) 6.2 US 

(UNit. ",,,,I 

• J I..---____ ~~ 

1 TI'ANSDUC[R SfATION 

17111 

ISOI..AT[O fOUNOAnOH 

·1· 890.6 

CABLE 110. U(JO'") CAlLE TENSIOII(N) 

3.11 l 
U3 

~ l;.z 
~ 6.2 • 6.2 
@ 8.8 

• u 
@ 8.' 
GIl 10.8 

6.&2 I 
8.18 
~_22 

I.U 
9.12 

.. 
o ,., 

.. I 

• • 

l:\".'; ~,~/;~:~; ~:~:: 

~ ________ ~'~A~T~ZS~'~'~15~3~. __________ ~.+-________ ~1~A~~~2~"~'~IT~O~e _____________ .~1 
Fllure-( CABLE ARRANGEMENT (NRCC) 
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'MlrZ a.lJlTl(II OF nS1 
(StillS .auNTID TEST AHU tAUT sri" MODEL TEST) 

Conditio" Spr (n, Iounted raut Str'p Model 
.. ,Id Model Test feat 

'hlth B (t) 0.40 (\.10 
Depth 0 (I) 0.04 0.01 
t ... tk ., Iodel C.) 0.91 1.20 
.... /Unlt Lencth l(k,I.) 4.10 O.Z33 
'educed .... {I} PI'} Z4.0 19.8 
.... Iollflftt of Inertia (kc.') O. Jl7 1.61XIO- 4 

teduced Inertia (.t PI") 3.81 I.st 
... turtl frequeacr (N1) 

'.rtlctl leadln. Iodt 1.97 7.61 
torsional lode 8.86 13.9 

Stracture. o..,fnc 
(1M Oecrelt!n t) 

'.rtlcal Bendlnr lode 0.020 0.025 
lortlOMI lode 0.011 0.041 

t •• le-3 Characteristics of Turbulent Flow 

i~ 
lfttensltr Scale 

n ... of Flo, t ~ I w L:/8 L~IB 

NRC(988) 
Flow A 0.099 0.061 1.9 1.2 

Flolt B 0.201 0.148 3.0 0.9 

Flow I tl.092 0.062 6.0 0.1 

~llAJ -
Flow n 0.183 0.104 4.0 1.1 

211ft! r ... ------teit Sect '6il------rT:~I-=:\lQ:-tcl 

!!Il I T' Sp'r~'A! .tll;' M. 

'o.IIIOR of .odel Position or RoOel 
(5100\1\ FloII) 

t 
(turblllea' flor) 

t 

no", 
HIGi 

I , , , 
I 

r: 
• • 

Ff,ure-S ARIAIGB.f.T OF TURBULENCE GEMEaATEa (P'RI) 
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Fi.ure-8 RESULTS OF SPRING MOUNTED TEST 

...... .. 
~ ... ., ...... 

0 •• 1 ••• " .. 
X •• s c 

0 

011.10 •• 
Go CO2 III 
OJ 

0 '" .. 
N C 

0 0 

0 0 III 
0 ... 

0 ... 
0 " 

lI!!o 
0 

2 6 8 10 0 

U/ ( f ,B ) 
Ficure-7 RESULTS OF TAUT STR I P 

on 
,.... .. 
II 

"" ., 
0 • .,1 ... 

....., 
II .. 

X .. s c 
0 o I •• h .. Go 

'" M .. ... 
~ .. 

c: N 

~ ~ .. .. 
0 0 .... 

0 

2 .. 6 8 10 0 

U/ ( f .B ) 

01.,1 ... 
XDS 
011.1 ... 

1 2 

MODEL TEST 

o .""n 
X •• s 
o 11,'"n 

0 

2 

0 

0 0 

)( 

0 
0 

0 0 

" 0 

3 4 5 
U/(f.B) 

(SMOOTH 

tr 

o 
o 

" " .. 
>C> 

8"0 
o .., 

" 
0" 

3 

U/ 

FLO.) 

.. 5 

( f • B ) 

Filure-8 RESULTS Of TAUT STRIP MODEL TEST (LOI TURBULENCE) 

40 



... .. 
"'" 
~ 

-; 0.07 ... 
:: 0.06 ..... 
: 0.05 .. 
: 0.04 .. 
.: 0.03 
~ 0.02 
';: 0.01 .. 
~ 0.00 

-0.01
0 

~ 0.07 -
~ 0.06 
o 

~ 0.05 .. 
~ 0.04 
~ 

: 0.03 
"'" -; 0.02 
u 
;: 0.01 
E 0.00 

'" 3.0 
0 IAXIIUI .. .. 0 IAXIIUt • RIS ~ 2.5 • RIIS .. .. 

c 

: 2.0 .. .. -1.5 
-; 
c 

1.0 ~ .. 
ii~ 

.. 
:? 0.5 

2 4 6 8 10 12 
0.0

0 2 4 6 
U/(f.B) U/ ( f , B ) 

(1) In S.ooth Flow 

..... 
3.0 0 MAXI/IIUM 

.. .. 
0 ..., 0 lAXIIUM • R/IIS ~ 

.J 2.5 • RIIS II 
c 
0 
0. 

2.0 .. .. -- 1.5 • .. 
~ 

1.0 
ii:(.· • ....-----

.. .. 
0 

.... 0.5 

~ -----. 
2 4 6 8 10 12 0.0 "., I I 

2 4 6 
U/(f.B) 

U/ ( f • B ) 

(Z)ln Heavr Turbulent Flo. 

Fllure-9 RESULTS OF FULL MODEL TEST (NRCC) 

41 



.c .05 .c:: .05 ... .. 
~ .", .. .. 

- .0. .. .04 .. .", 
"V 0 
:Ii ----... 03 :: .03 .. c I: 0 0 ... ... VI 
:I .02 .: .02 ... 
... .. 

~ 
... 

. ~ .01 -;; .01 .. 
) 

.. II II > >- . 
0 2 4 6 8 10 12 14 2 4 6 8 10 12 14 

U/ ( f • B ) U/ ( f • B ) 
ar 1.6 

1.4 1.4 

""' ,... 
1.2 .. 1.~ .. .. .. ..., 

.", 

'" -.J 

'" II VI VI 
1.0 c 1.0 I: 0 0 II>. D- 1/1 01 

'" .. 
"" ... 

.8 .8 .. .. c c 0 
.2 ., 
'" .6 ... .6 ... 0 0 .... t-

.4 .4 . . 

.2 • 2 

0 2 3 4 5 6 7 0 5 6 7 

U/ ( ( • B ) U/ ( f • B ) 

(I) In Siooth Fiol (2) In Heavy Turbulent Flow 

Fi.ure-lO RESULTS OF FULL MODEL TEST (P'RI) 

42 



Table-4 COMPARISON OF MODELS BETWEEN NRCC AND PIRI 

Condition NRCC PlRI 

Iidth B (I) 0.1775 0.0888 
Depth D (I) 0.0178 0.0089 
Lenlth of Model L (I) 7.22 3.61 
Reduced Mass (II pB 2 ) 89.3 86.3 
Reduced I ner tI a (1/ P B 4) 14.9 11.7 
Natural Frequenc~ (Hz) 

Vertical Bending Mode 4.54 6.96 
Torsional Mode 8.59 14.4 

Stractural Da.plnl 
(Log Decre.ent) 
Vertical Bending Mode 
Measured at a.plitude of 8/200 0.018 0.024 

Torsional Mode 
Measured at alPlitude of 0.5· 0.055 0.041 
Measured at IIPI i tude of O. r 0.007 0.055 

2-
,.... .. .. o :PfRI .... 
~ 6. :NRCC .. 0 .. 
c 
0 ... .. 0 .. 

DO 1 - f':o,. .. 
c 

f':o,. 0 .-
III 
s-
o 
t-

O 
0 5 1 0 U / ( f • B ) 

Figure-II COMPARISON OF FLUTTER 
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Wind OD Offshore Platforms 

by 

Charles E. S.ith* 

ABSTRACT 

Increasing political and econoaic deaands for .are 
energy have focused a need to develop technologies 
to explore and produce oil and gas resources 
offshore. These technologies include .. thods to 
analyze and describe data on natural events like 
wind, waves, currents, ice, and earthquakes, and 
to cQlPute the loads such events produce on 
offshore facilities. This paper reviews the 
currently accepted procedure for determining wind 
forces on offshore platfonas on the U.S. Outer 
Continental Shelf (OCS). It also includes a brief 
overview of the relationship between wind and other 
enviromaenta1 events that exert loads on offshore 
structures. 

KEYWORDS: Offshore platforms; oil and gas 
operations; wind criteria; wind loads. 

.1. INTRODUCTION 

The fundaMntal and practical aspec.ts of modern 
wind engineering practice as it relates tv design 
of offshort! hcn ities have evol ved from methods 
developed for land-based structures. This 
evolution is the result of a DOre directed 
aw~reness of wind-related problems, the trend for 
higher and .are fleXible buildings, and the 
increasing use of cladding systems for which wind 
loading is the prlaary design consideration.' 

Wind loads are not unique for offshore structures, 
however. over water-wind~ tend to ~e more severe 
because of t~le lad of sheltering effects of 
tprrain, and the fact that stona sysle.s gain ~re 
energy over water. What is unique for offshore 
structures is that lIaxillUlI or near-Maxi_ wind 
load lilY occur sillUltaneously loth IUxi .... 1I wave and 
currant loads and higher than nor.al water levels. 
The .ajor .ass and resulting wind force area of an 
offshore f~cll1ty is louted at the uppef'lllOst 
elevation of the structure so that the wind loads 
are applied at levels that produce .axt..- over­
turning .,.nts. 

2. EffECTS OF WIND 

What is wind? This Illy be a trivial question to 
so.a, but a brief description Illy provide a better 
perspective of tts relatton to offshore structures. 

In essence, wind is the horizontal .avtlltnt of air 
in response to differences in atllOspheric 
pressures. The earth is traversed by .ajor surface 
wind systa.s known as trade winds which interatt 
wi th the water of the oceans to produce lIIajor 
current syst@lls. Within the IIIjor wind systems, 
short-terM disturbances occur, and are responsible 
for the extrelle winds of interest to the structural 
engineer when he designs offshore facilities. 

The disturbances that are of pri.ary iMPortance to 
the design of offshore structures in the United 
States are those associated with tropical 
hurricanes. Understanding the basic .. chanics of 
these stOTIIS, and the way they relate to the 
develOpMent of other loads on the structure is very 
important. The effect of wind Illy IIIllifest itself 
in several ways; wind loads that act directly on 
structures, wind generator waves, wind generator 
currents, and wind generator surge conditions 
(fig. 1). 

For offshore facilities, wind forces act upon the 
portion of structures exposed above the water 
level. This includes any equip.ant, deck houses, 
and derric~ which are located on the platform as 
shown in figure 2. The .ajor paralleters used for 
de~ign purposes are as follows:~ 

1. the frequency of occurrence of sustained 
wind speed from various directions, 

2. the spatial variations of the basic wind 
speed, in particular, t!le variation with 
altitude, and 

3. the te.poral variations in the basic wind 
"e10city IIIntfested IS gusts. 

For design, the wind speed May be classified as 
gusts, which are wind velocities that are averaged 
over less than 1 Minute, and sustained winds which 
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art v.locities that are av.raged over 1 .inute or 
longer. Most engtneers rtCOIIInci thlt wind data 
be lCIjusted to a standard el.vation, sIKh IS 33 
'Itt (10 .. ters) lbove .. an water '.v." using a 
spectftlCllVlraglng tl111 such IS 1 hour. Wind data 
can be adjusted to lRY specified averaging tl_ or 
elevation using standard profiles and gust factors 
as Is shown In a later section of this paper.' 

Building codes have traditionally specified the 
wind pressures to be used In the design of 
buildings and other land-based structures. 
However, since offshore structures are .are 
susceptible to extra.. winds than land-based 
structures, It is .uch .are l.portant that deSign 
criteria accurately assess .. xi.u. loadinq events 
than those specified by building codes. Reference 
2 provides guidelines for ext,.... wind speeds for 
several areas in U.S. waters. To supple.ent this 
1nforution. hindcasting is considered the .ast 
appropriate technique for developing the necessary 
envlronlental exposures (fig. 3).' 

The Minerals Manag ... nt Service (1ItS) requires thit 
offshore structures be designed to withstand 
loading events, both wind and wave, with return 
periods of 100 years unless the owners can 
detlOnstrate, through appropriate analyses, t"It; 
less severe design events are appropriate.' For 
operations elsewhere. particularly In .are harsh 
envlronllnts Where new platfo", concepts are 
proposed, different design crtteria MY be 
required. For exa.ple, In the deep-water regions 
of the Gulf of Mexico. sa.e ca.panies use a 200-
year return period. 

3. OTHER MINP EFFECTS 

As opposed to land-based structures. winds offshore 
are prl .. ry contributors to other envlrol1llental 
eve"ts which exert loads on offshore structures. 
Wind-driven waves. produced by the friction that 
.xists bet ... n the wind and the ocean surface have 
the single grlltest effect on offshore operations. 
Wind-driven wav.s develop and grow when a certain 
wind prevails frol the s ... direction for a period 
of ti... The length of the unrestricted path of 
wave develo,.ent Is called the fetch as shown in 
figure 4. The fetch can al so be defi ned .lS the 
dhtance over which the .,ind blows to generate 
observed waves at a given position (fig. 5). Four 
factors. wtnd speed, duration, fetch, and water 
depth deteNine wave height (fig. 6). For eXlllple. 
if a 30-knot wind blew over an average of ~ater of 
unll.ited "~tch for 5 hours. 7 1/2-foot waves would 
develop. If the S&le 3D-knot wind blew over the 
s ... area of water for 30 hours. tne waves would 
reach 16 feel.· 

In addition to wind-driven waves. tides. and wlnd­
driven currents are also I~rtant conSiderations 
in platfoN design. In deteNtning the .. xl ... 
.ater level for platfonl deSign, the st.onl-ttde 
elevation is the datu. upon which StON .,aves are 
superl.posed. Wind-generated currents are cOllblned 
in a vector , .. with tidal curre"ts (associated 
with astron.ical tides) and circulat10nal currents 
(assochted with oceanic-scale Circulation 
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patterns). Wind-driven currents can add 
substantlll'y to the loads on offshore structures 
because the loading function (Morrison equatton) 
is based on the square of the water part Icle 
velocity. 

4. Generll Qtslqn Criterta 

General requi ..... nts for deteNining wind ~oads on 
offshore oil and gas facilities on the U.S. OCS are 
contained In the AMerican Petrole .. 
InsUtute Reca.ended Practice 2A (API-RP2A). This 
docu.ent reca.ends that sustained wind velocities 
be used In the cOllpuhtion of overall platfo,.. wind 
lcads and that gust velocities be used for the 
design of Individual structural el ... nts (fig. 7). 

The variation of wind veloc1tywith respect to ti_ 
is shown in figure 8 and the variation with height 
is given by the relationship as shown In figure ~. 
The referenced wind velOCity height is taken at 33 
feet (10 _ters) above the referenced water depth. 
The exponent used in the velocity relationship Is 
usually ass~ to be between 1/7 and 1/13 
depending upon the sea state. relative dtstance 
fro. land, and the durat ion of the des Ign wi nd 
velQclty. For .ast designs in the open ocean, the 
exponent Is approxi .. tely equal to 1/13 for gust~ 
and 1/8 for sustained winds. Typical velocity 
coefficients for various wind durations and heights 
are given in figure 10. The API-RP2A docUMnt 
states that the wind force on a structural ..-ber 
should be calculated by using the follOWing wind 
velocity/force relationship: 

F • 0.00256 (V)' CA 

Where: 

r • Wind force (lbs) 
V • Wind velocity (~h) 
C • Sh.pe coefficient 
A • Projected area (ftl) 

As in .ast onshore designs, local wind effects such 
as pressure concentrations and Internal pressures 
.ust be considered. For these situations, it is 
reca..ended that the sa.. analytical guidelines be 
used as set forth in Section 6 of the ANSI ASS.I-
82 Standard. "Building Code RequireMents for 
Mini.ua De!ign loads in Buildings and Other 
Structures." r~ general, for all wind approach 
angles to tl ~tructure, forces on vertical 
surfaces are .ad to act no,..' to the surface 
and in the dlr, . .:ion of the .,ind. For surfaces not 
1n a vertical attitude '11th respect to wind 
directton, appropriate relationships should be used 
to take into ar.count the direction of the wind in 
relatton to the attitude of IndiVidual IItIIbers 
(fig. 11). 

In the absence of .are refined data, API-RP2A 
reca.ends the follOWing shape coefficients (C) for 
objects perpendicular to wind flow: 

Be.s ..................... 1.5 
Sides of Bu11dings ••••.•.• I.S 
Cylindrical Sectlons .••••• 0.5 



Overa 11 Projected Are. of 
the Structure ••••...•.••.• l.O 

The question of shielding is left to the ju~nt 
of the designer. No specific guidelines are set 
forth; ,"",-ver, if the second object Is considered 
tll be located close enough behind the first to 
warrant the use of a shieldtng coefficient to 1 i.it 
the lad On Utlt object, then it tin be used. 
Typicil shielding vilues for structural .etlbers are 
gi yen in reference 7. 

Certatn requi ..... nts art stated for so-called wind­
sens 1 t tv. structural cOllpOnents. These cOllpOftents 
Ire defined IS equi".nt or objec:ts located on the 
plltfor. that are exposed to wind Ind whose height 
exceeds five ti .. s their horizontal dt~nsion, or 
whose dyn .. tc properties uke th .. very responsive 
to the action of the wtnd. For these objects, 
detailed analyses are required where the ti .. -
vlrying aspects of the wind loads ICttng on the 
object .st be tonsidered. It is rec ... nded that 
the analyt1cal procedure, as set forth in Appendix 
A6 of the ANSI A58.1-82 Standard. be used as a 
guide in dater.intng gust loadings on wind­
sensttive appendlges on a plltfor.. 

5. Other Mind/FOrce Criteria 

In Iddition to the API rec:OMended .. thod. the 
Alerican Burelu of Shipping (ABS) and Det norske 
Veritas (OnV) have Ilso established fo,...1Is to 
calculate wind forces on offshore structures. Of 
the three. the Onv for.uh provides the .ast 
tonseruthe Vilues. whereas the ASS forwah yields 
values slightly less thin those obtained us1ng the 
API .. thod. Reffrence 8 contains a useful 
cOIIPlrison between the _thods with I detailed 
exphnatlon of the coefficients and their 
variability with height above water level and .Ind 
speed. 

6. COIpllant Stryctures 

COIIPliant structures are ~re susceptible to the 
dyn .. ic .ff.cts of wind than are conventional fixed 
leg platfor.s. The presence of waves. Wind, and 
currents causes these platfor.s. Because of their 
co.pl hlnce to hue _an and f1 uctuattng offsets in 
the di rec:t ion of the applied 1 Dads. COIIP 11 ant 
structures cln haye natural periods that are IUch 
long.r than thost of tonvenlional platfor'llS. 

It is .. 11 known that signiftcant fluctuation of 
wind velocity occurs at periods up to hundreds of 
seconds. Figun 12 shOllls typical wind and wive 
spectra with typical phtfol'll periods noted for 
cOllParison purposes. FrOll this figure, it is 
easily SMn that the wind cln p':"ovide large energ,Y 
i~puts for certain degrees-of·'reedOll of a tension 
leg platfor.. 

Mlny .els of wind spectra have been proposed in 
de.lgn codes and the scientific literature. 
l.'nfortunate1y. they disagree tn the low frequency 
rang. which is of .ast interest for the design of 
cOllPHant structures. Much of the dati upon which 
these ~el spectra are based wen obtained over 

land, and Masur .. "ts In strong winds. 
particularly hurricanes, are starce.' 

Mind-tunn.l hsts h.ve proved useful for esti .. ting 
the fluctuating wind loads acttng on platfonas. 
The extent to whith these fluctuating 10lds cln 
cause resonlnt-type condit ions In COllPlt ant 
structuns is v.ry difficult to ascertain. 
Relilble Infor.ation on full-scale hydrodynHlic 
dUiping, which controls the .agnitucle of the 
resonant Ulplifications, is not available. 
Reference 10 presents Ylrious ASpects of wind­
tunnel testing of cOIIPlhnt structures. The 
reference discusses various _thodologies for 
obtaining and USin9 Wind-tunnel data Ind techniques 
for .enuring wind and wave effects sillUlttneously_ 

7. Conclusions 

This paper was written to provide the reader with 
an understanding of the key considerations in 
deter.ining the response and performance of 
offshore facilities to wind-induced loads. As 
cOilpared to onshore structures, wi nd loads on 
offshore structures act In ta.bination with other 
IOlds produced by waves and currents. Wind loads 
are not unique for offshore structures, but 
because of their significant effects in cOlibination 
with the other enviromlental loads, they .ust be 
clrefully considered In the design process. This 
is absolutely vi!al in the design of cOIIIpHant 
phtfoms. The references Cited should be 
consulted to acquire a .ore rigorous overview and 
~pprecht ion of the aspects of winds act ing on 
offshore facilities. 
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IMPORTANCE OF WINDS 

Figur. 1 
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WAVE GENERATION 
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CURRENT GENERATION 

Ex..., 1 es of illPortint wi nd contrl but I on 
to loads on offshore structures. 
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Figure Z Model offshore platform illustrating 
typical load sources. 
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MEASUREMENTS 

Figure 3 Typical ... ns for deterMining wind 
ipeeds offshore. 



Figure 4 
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growth p~th towards ~ structure 
at a fixed location. 
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Figure 5 View of a wave generlting area, showing 
developllent of slUller, generally 
steeper ~nd short-crested wives In the 
early stages. 
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figure 6 Collation of wave height, wind duration, 
and fetch. 
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API - RnA 

1.3.2 Winds 

2.3.1 c Dvnamic Wave Analysis 

4. Winds 

2.3.2 Wind 

2.3.2a General 

2.3.2b Wind Velocitv Profiles and Gust Factors 

2.3.2c Wind Velocitv and Force Relationship 

2.3.2d local Wind Force Considerations 

2.3.2e Shape Coefficients 

2.3.2f Shielding Coefficients 

2.3.2g Wind Sensitive Structures 

2.3.2h Wind Tunnel Data 

Table 2.3.4-2 Guideline Extreme Wind Speeds for 
Twentv Areas in the United States Waters 

Figure 7 Section of API-RP2A which applies to 
wind aspects of platform design. 
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Figure 8 ¥ariation of wind speed at a ftxed 
elevation showing typical averaging lillie 
intervals. 
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figure 9 General wind profile recoa.ended by API­
RP2A in designing offshore platfonas. 
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Fig~re 10 Wind velocity factors for differing 
Iverlge t1. tntervals. . 

figure 11 Wind-exposed areas on I lIIOdel of a 
flolting offshore drilling rig. 
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Stonn Surge and Tsunamis 



by 

Frank I. Gonzalez 1 

ABSTRACT 

Excellent deep ocean tsunami 
measurements were recently ac~ired in 
the Gulf of Alaska, using bottom 
pressure recorders developed over the 
last decade at NOAA's Pacific Marine 
Environmental Laboratory. The 
observations were made as part of the 
Pacific Tsunami Observation Program, 
which has maintained a deep ocean 
network since 1986. Successful 
ac~isition of these data demonstrates 
the feasibility of long-term tS"Jnami 
monitoring in t.he deep sea ",ith self­
contained inlltrumeutation on the ocean 
bottom. 

KEYWORDS: 'l'lIunami; pressure; 
measurements; P~cTOP. 

1 • INTROPUCTION 

Along the U.S. and Hawaiian coast, six 
major tsunamis have inflicted about 350 
casualties and half a billiun dollars 
in property damage over the last 44 
years (Bernard and Goulet, 1981). 
Along the entire Pacific rim, an 
average of one destructive tsunami a 
year has occurred over the last 100 
years, and more than five tsunamis are 
generated each year of sufficient 
amplitude to be observed (Lockridqe, 
1987). High ~ality measurements of 
even these smaller tsunamis would be 
extremely valuable to tsunami research. 
Indeed, such data are now essential to 
further improvements in our 
understanding of tsunami generation and 
propagation, since theoretical 
developments and huge increases in 
computational power over the last two 
decades have far outstripped the 
usefulness of our existing 
observational data base. 

This is because most tsunami 
measurements in the data base have been 
made by coastal tide gauges, which are 

1 NOAA/Pacific Marine Environmental 
Laboratory, 7600 Sand Point Way NE, 
Seattle, WA 98115 

inade~ate for a number of reasons. 
Small tsunami amplitudes and periods 
are typically an order of m.qnitude 
smaller than the tidal signals for 
which a tide qauqe is designed: as a 
result, time and height scalee of a 
tide gauge are generally inadequate. 
The gauqes are frequently characterized 
by a nonlinear response and are 
invariably located in protected inlets 
and harbors which may themselves have 
complex responses to an incident 
tsunami. Local atmospheric forcinq can 
increase the background noise level in 
the tsunami frequency band and severely 
decrease the signal-to-noise ratio 
(SNR), so that tsunami arrival is 
unambiguous only when it is 
serendipitously preceded by a sea level 
record which is quiet compared to the 
incident tsunami energy. But the 
arrival of the tsunami it~elf can then 
excite local resonant modes of 
oscillation. 

Any of these factors can seriously 
distort the signal of interest and 
render the records useless for research 
into the fundamental physics of tsunami 
evolution: generation, deep o~ean 
propagation, shoaling, and coastal 
inundation. These irlvestigation., 
re~ire accurate tsunami measurements 
in the deep ocean and at coastal sites 
fully exposed to the open ocean. 

2. PacTOP 

To acquire the neces~ary data, the 
National Oceanic and Atmospheric 
Administration (NOAA) and the U.S. Army 
Corps of Engineers (USACE) have entered 
into a collaborative effort known as 
the Pacific Tsunami Observational 
Program (PacTOP), which has developed 
and maintains a long-term tsunami 
monitoring network. NOAA is 
responsible for the continued 
occupation and maintenance of five deep 
ocean stations, utilizinq b~ttom 
pressure recorders snd moorings such as 
those shown in Figure 1; the USACE 
provides coastal tsunami measurement 



capabilities at six primary pressure 
gauge sites in shallow water exposed to 
the open ocean, and three secondary 
sites situated in coastal inlets 
(Gonzalez, et al., 1987). 

The deep ocean BPR network is designed 
to monitor critical portions of the 
seismically active Aleutian-Alaskan 
Seismic Zone. This region generated 
three of the six most recent tsunamis 
that attacked the U.S. and Hawaiian 
coa~t; furthermore, these three 
tsunamis accounted for mor~ than 82\ of 
the casualties and 85\ of the property 
damage (Bernard and GoU16t, 1981). 
Future tsunami threats to Alaska, the 
U.S. west coast and the Hawaiian 
Islands are concentrated in sub·'regions 
of the Aleutian-Alaskan Seismic Zone 
known as the Fox, Unimak and Shumagin 
Seismic Gaps; these have been 
identified with significant potential 
for large tsunamigenic earthquakes 
(Nishenko and Jacob, 1990). 

One sourCe station is located in the 
Shumagin Gap itself, on the landward 
slope of the AI~utian Trench, three 
directional array stations form a 
triangle centered about 250 km 
southeast of the source, and one far­
field station is located 2200 km 
distant from the source, near the 
great-circle route from the Shumagin 
Gap to Crescent City, California. Four 
of these five station locations ? e 
shown in Figure 2; the fifth station is 
located at the southern apex of the 
equilateral triangle formed with 
stations AK7 and AKS, aLd is not shown 
because the BPR was not recovered at 
this site during the 1987-88 field 
season. 

3. INSTRUMENTATION 

Two types of BPR units and their 
associated moorings are presently in 
use (Figure 1). Each ePR utilizes a 
Paroscientific Digiquartz Model 4I0K 
(0-10,000 psia) transducer and records 
a 56.25-second average pressure every 
56.25 seconds (64 samples per hour), 
with ~ resolution better than 1 mm 
equivalent sea water head for Signals 
of period of a few minutes or longer. 
(A new generation of BPRs currently 
under development will be capable of 
acquiring 15 s samples with the same 
resolution.) The units are entirely 
self-contained and store data 

internally, with a capacity 
corresponding to about 14 months of 
operation; this allows for early summer 
deployment and late summer recovery, if 
necessary. Eb1e et al (1989) discuss 
instrument characteristics and BPR data 
processing procedures in some detail. 

Schematics of the two mooring designs 
are presented in Figure 1. Important 
ancillary components shown include an 
acoustic release that disengages an 
anchor, sufficient buoyancy in the form 
of glass spheres or or syntactic foam 
to raise the anchor-less unit to the 
surface, and a marker buoy with a 
number of recovery aids (VHF 
transmitter, strobe light, radar 
r~flector, marker flag). 

Two or more oceanographic cruises are 
condl .. ~ted each year to recover and re­
deploy BPRs at each of the deep ocean 
Pac TOP stations; as a practical matter, 
Gulf of Alaska weather patterns 
restrict these cruises to the summer 
months. Out of seventeen 
deployment/recovery cycles to date, one 
instrument has been lost, another has 
flooded, and some data loss has 
occurred in the records obtained; 
equipment and data recovery rates for 
~he project are currently 88\ and 82\, 
respectively. 

4. TSUNAMI RECORDINGS 

Three large intraplate eart~quakes 
recently occurred in the A'.askan Bighc., 
with magnitudes 6.9 Hs on 17 November 
1987, 7.6 Hs on 30 November 1987, and 
7.6 Ms on 6 March 1988 (Lahr et al., 
1988). The epicenters were somewhat 
south of the subduction zone associated 
with the Yakataga Seismic Gap, a region 
similar to the Shumagin Seismic Gap in 
that it is also associated with a high 
probability of experiencing an eventual 
great tsunamigenic earthquake (Savage 
and Lisowski, 1986; Nishenko and Jacob, 
1990) . 

The transformation of seismic energy to 
tsunami energy during all three 
earthquakes was relatively inefficient, 
since the apparent faulting mechanism 
in all three cases was primarily 
strike-slip, and most of the crustal 
motion was therefore horizontal. 
Nonetheless, each earthquake did 
generate a small tsunami which was 



detected both on the coast and in the 
deep ocean. Gonzalez et al.(1990a) 
provide a discussion of all of the 
PacTOP and coastal tide gauge 
observations of these events, and 
Gonzalez et al. (1990b) have compared 
the deep ocean BPR obser7ations with 
numerical simulations using a nonlinear 
shallow water tsunami model. 

Figure 2 is a sWllllary map for the 
earthquake and tsunami of 6 March 1988. 
Contours of a quadrupole feature are 
displayed southwest of Yakutat which 
represent estimates computed using 
Okada'S (1985) expressions for the 
ratio of vertical seafloor displacement 
to total seismic slip; units are em/m, 
the contour interval is 1, outermost 
contou~s have the values i1, solid 
lines indicate uplift, and dashed lines 
indicate subsidence. Computed extrema 
and ~ values were ±12 cm/m and 3.B 
clI'lm, respectively. Lisowski and 
Savage (1989) estimated total right­
lateral slip due to bgth the 30 
November and 6 March earthquakes to be 
2.9 ± 1.2 m USing geodetic means, and 
4.5 m using the seismic moment. The 
average of these two estimates is 3.7 
m, and if half of this slip occurred on 
6 March, then the model computations 
suggest extrema and ~ vertical 
displacements of ±22 em and 7 em, 
respectively. 

Tsunami records obtained at the PacTGP 
deep ocean stations and Alaskan coastal 
tide gauge stations are also displayed 
in Figure 2. BPR data are 60-min high­
pass filtered, ~nd tide gauge data are 
3-60 minute band-pass filtered. 
Tsunami estimated time of arrival 
(ETA), as computed by NOAA's Pacific 
Tsunami Warning Center, is indicated by 
a vertical arrow on each record. The 
maximum recorded coastal wave height 
was 21 cm at Yakutat, while the maxima 
rec~rded at BPR stations were 2.8 cm at 
WC9, 2.4 cm at AK7 and 1.6 em at AKB. 

At AK10 on the slope of the Aleutian 
Trench, at least one cycle of a 
coherent, relatively low frequency wave 
of amplitude 0.4 cm is seen to arrive 
at about the tsunami ETA. The observed 
period of 5.2 minutes is also long 
compared to that of th~ bacyground 
energy but consistent with tsunami 
periods measured at the other three 
stations. Tsunami detection at this 
station is therefore possible, but 
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nonetheless uncertain, since the 
observed amplitude of 0.4 em is of the 
same order as ~he background noise 
level. 

The records at AK7, AK8 and WC9 display 
tsunami wave systems which are 
classically dispersive and amplitude­
modulated to form distinct wave 
packets, as predicted by theory (see, 
e.g., Kajiura, 1963, or Mei, 1983). 
Tsunami first motion is negative at AX7 
and AK8, and this is consistent with 
subsidence in the southwest quadrant of 
the computed seafloor displacement 
pattern. The SNR at WC9 is too low to 
be certain of tsunAmi first motion, but 
it does appear to be negative; 
interpreting this observation in te~ 
of the model seafloor displacement is 
difficult in this case, since the 
source/station geometry is such that 
refraction effects may be important. 

Finally, it is also of considerable 
interest to note the apparent detection 
of seismic surface wave energy in the 
BPR records, a few minutes after the 
earthquake main shock (Figure 2,. Wave 
velocities estimated from the time of 
~rrival at stations AK7 and AKB were 3-
4 kID/s, in good agreement with speeds 
which might be expected for Rayleigh 
(R1) waves and/or vertical shear (SV1) 
waves in oceanic crust (Brune, 1979). 
The data are clearly aliased, but 
deployment of the new generation of 
BPRs characterized by a 15 s sampling 
interval promises to prov:de improved 
resolution of these low-frequency 
seismic phenomena. 

5. CONCLUSIONS 

Theoretical and numerical capabilities 
in tsunami research have outgrown the 
existing observational data base, which 
is composed primarily of coastal tide 
qauqe records that suffer from 
nonlinear distortions, inappropriate 
time dnd height scales, the frequent 
presence of energetic local resonance 
phenomena, and low SNR for small 
amplitude tsunamis. High quality 
tsunami measurements are now needed in 
the deep ocean and at exposed coastal 
locations if our understanding of 
tsunami generation, propagation and 
inundation are to be improved. Small 
tsunamis are statistically common in 
the pacific basin, and their accurate 
measurement would be extremely valuable 



to the tsunami research effort. PacTOP 
has successfully acquired excellent 
deep ocean tsunami records 
characterized by maximum amplitudes of 
only a few centimeters, clearly 
demonstrating the feasibility of long­
term deep ocean tsunami monitoring with 
self-contained bottom pressure recorder 
units. 
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ABSTRACT 

This paper describes techniques used 
by the Coastal Engineering Research 
Center (CERe), u.s. Army Engineer 
Waterways Experiment Station, for 
measurement and modeling of c~astal 
storm effects. Use of time­
dependent numerical models for 
simulating water level~ and flows in 
open coastal waters, estuaries, 
bays, or lakes has become a standard 
practice. This practice has been 
extended to modeling wave conditions 
generated by the storm and beach 
response to storm attack. 
Historical CERC research on model 
development and measurement advances 
is discussed by relating these 
advances to practical investigations 
performed for various Corps 
Districts and Divisions. In 
addition, the paper presents a 
synopsis of the recent storm, 
Hurricane Hugo, which devastated che 
coastline and infrastructure of 
South Carolina. Research teams 
«ere dispatched to ti.e SCP!H! to 
obtain high quality measurements of 
high watermarks, beach profiles, and 
structural damage. 

KEYWORDS: Storm Surge; Waves; 
Hurricane; Numerical Modeling; Beach 
Response; Erosion; Measurement 
Tech~liques; Hugo. 

1.0 INTRODUCTION 

The U.S. Army Corps of En~ineers, as 
the U. S. Government agenc~· responsi­
ble for protection of the coasts of 
the nation, must be able to accu­
rately predict coastal flooding from 
storms in order to make sound 
engineering decisions regarding the 
design, operation, and maintenance 
of various coastal projects. This 
mission requires the acquisition of 
high quality field data for the 
validation of predictive numerical 
models of surge, waves, and beach 
erosion. 

5' 

Efficiency in design of coastal 
protection i~ becoming more and more 
important. Development of coastal 
regions, costs of damages from 
storm- induced water levels, i.:ld 
costs of protection from these 
waters are all increasing. Adequate 
protection for coastal regions is 
desired; however, due to monetary 
constraints, the amount of wat~r 
level protection that can be con-
s idered adequate becomes a qt',es tion 
for which there is no easy a'.lswer. 
Therefore, inherent in any ';oastal 
protection project (new or rehabili­
tation effort), there is E oped to 
develop the best possible estimate 
of stage- and erosion-fr~quency 
rela~ionships for the project area, 
as well as an estimate of the error 
in these relationships. Research 
and development in the area of water 
level and beach erosion prediction 
is directly linked to the needs of 
the Corps District user who has the 
responsibilit'l of providing econom­
ical and practical designs for each 
coastal project. 

This paper briefly presents the type 
of models and approach used by the 
Corps in simulating storm events and 
their effects as well as on the 
advances being made in instrumenta­
tion development and field data 
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collection methods which permit 
acquisition of quality data sets for 
use in model validacion. In 
addition, a discussion of the recent 
storm, Hurricane Hugo, ~hich devas­
tated the coastline of S'luth 
Carolina at the end of the summer of 
1989, and its impacts 1s presented. 
Also presented are descriptions of 
field data collection and modeling 
efforts associated with the event. 

2.0 FIELD KEASUREMENTS 

Recognizing that development and 
improvement of storm surge and 
nearshore wave hindcast numerical 
models are crucially dependent upon 
appropriat~ atmospheric and hydro­
dynamiC data, efforts within CERC 
are focused on acquiring the needed 
data. Secause these required data 
are typically perishable, that is, 
of limited or little value if not 
acquired during or shortLY after a 
storm, instrumentation ~nd the 
logistics necessary to conduct post· 
storm surveys have to be in place 
prior to the time of storm landfall. 

During the last decade, CERC has 
maintained a nucleus of personnel 
experienced in conducting post-storm 
surveys. Secause the local infra­
structure is typically disrupted 
after passage of a storm, experience 
in conducting post-storm surveys 
includes the ability to communicate, 
travel, and sustain operations 
unassisted in the area for at least 
several days. Moreover, the team 
must make efficient use of the 
limited time available to complete 
as many meaningful measurements as 
possible. This involves rapidly 
identifying and selecting accessible 
areas that have experienced signifi­
cant storm effects. 

In addition to post-storm high water 
mark and beach profile surveys, 
valuable data acquired during an 
event include wind, t:de, and wave 
data. Acquisition of wind data is 
officially the responsibility of the 
National Weather Service (NWS). 
However, anemometers used primarily 
for prOviding environmental data for 
other purposes, such as tracking 

exhausc plumes from industrial and 
public utility plants, often provide 
valuable supplementary information. 

For the purpose of verification of 
storu. :;1.1rge models, tide gage data 
acquired along open coasts have 
broader application as the data are 
less affected by site specific 
characteristics. To acquire these 
data, the Corps is cooperating with 
the National Ocean Service to 
establish a coastal tide gage 
network designed to withstand 
hurricane effects. There ar~ 
presently t.en sites within tllis 
network with ne~ sites being 
established at the rate of one or 
two annually. 

Acquisition of wave data during 
storm events relies primarily upon 
having instruments in place prior to 
passage of a storm. The Corps 
presently acquires wave data at 
approximately 50 nearshore sites 
along the oceanic coasts of the 
continental United States and within 
the Great Lakes. nata acquire1 by 
NOAA buoys located farther offthore 
supplement those acquired by the 
Corps. The remote sensing of 
surface waves. such as performed by 
satellites, may at some future time 
complement the existing wave data 
acquisition network. There also is 
the possibility of developing a wave 
buoy which may be deployed in the 
path of an approaching storm from an 
aircraft. 

3.0 NUKERICAl. MODELING 

In coastal regions, storm surge 
analysis is essential to proper 
planning and design of engineering 
works and in assessing the extent 
and levels of flooding. The theo­
retical approach to estimating the 
frequency and levels of flooding 1n 
coastal waters has been to apply 
numerical models for simulating the 
storm-indlced water motions. 
Earlier studies involved investi­
gating project impacts for a 
Standard Project Hurricane (SPH). 
Such a storm is usually defined as a 
hurricane having a severe combin­
ation of values of meteorological 



paraaeters (such as the storm 
radiua, forward speed, pressure 
deficit, and track) which give high 
suatained wind speeds considered 
reasonable for a given location. 
Later studies have shifted to using 
the joint probability method (JPM) 
to establish the frequency of flood 
level occurrence. 

The typical storm surge model solves 
the vertically integrated, time­
dependent, shallow water wave 
equations of fluid motion. Such 
models as the WES Implicit Flooding 
Model (WIFM) developed by Butler (1) 
have been employed in several Corps 
studies in the past two decades. 
These studies included investi­
gations in support of a hurricane 
barrier protection plan for Lake 
Pontchartrain, a northern boundary 
for the city of New Orleans, 
Louisiana (2). 

In the early 1980's, a study was 
conducted to investigate the 
frequency of storm plus tide flood 
levels along the coast and within 
the bays of southern Long Island, 
New York (3). The study involved 
the development of two WIFM models, 
collection of field data for tidal 
calibration, computation of coastal 
and back-bay stage frequencies, and 
analysis of alte~native barrier 
(dune. and inlet gqte configura­
tions. The JPM approach was used to 
determine stage fre~uencies for 
hurricanes, extra-tropical storms 
(northeasters), and tide events 
along the south shore of Long 
Island. New statistical procedures 
were used to minimize the computa­
tional p.ffort while providing 
accurate error estimates (4,5). 

Follow!~g the Long Island study, a 
request to apply similar technology 
to an area just north of Boston, 
Massachusetts, was made by the New 
England Division of the Corps. The 
purpose of the study (5,6) was to 
determine flood levels in the back­
bay reaches of the Saugus-Pines 
River system as well as develop the 
frequency of water volumes caused by 
storm waves overtopping seawalls 
protecting a residential area called 

Roughans Point. Flooding caused by 
wave overtopping is an annual 
occurrence. In order to determine 
the economic viability of possible 
protective measures, it was neces­
sary to establish the frequency of 
the flood levels caused by wave 
overtopping for both the existing 
conditions and the proposed pro­
tective measures. 

Wave overtopping is a complex 
phenomenon which is governed hy a 
number of sometimes interdependent 
variables such as tide, storm surge, 
wave heisht and period, and struc­
ture height and slope. To study 
this problem five models were used 
in conjunction. The WIFM model was 
used to calculate the still-water 
level, and a spectral wave model 
eRtimated the characteristics of 
waves which would attack the struc­
turts at the water levels predicted 
by the surge model. A physical 
modei produced an analytical rela­
tionship for determir..ing o"lertopping 
rates given water level, wave height 
and period, and ~tructure character­
istics. A flood routing model 
calculated the maximum stage in the 
interior of Roughans Point caused by 
each simulated event. A probability 
model chose events to simulate, 
assigned probabilities to those 
events and constructed the stage­
frequency curves. These investi­
gations resulted in defining the 
most economical seawall, berm/ 
revetment plan which would provide 
sufficient protection for events 
with a ~iven frequency of 
occurrence. 

Recent model studies have included 
investigations for portions of the 
coastlines of New Jec~ey (7) and 
Galifornia (8) to assist the 
evaluation and implementation of 
comprehensive shore protection plans 
for these coastlines. These studies 
included four broad areas: (1) 
deepwater wave climate analysis and 
nearshore wave refraction, (L) 
numerical modeling of long-term 
shoreline change, (3) numerical 
modeling of storm- induced beach 
erosion, and (4) development of 
stage-frequency relations for the 



back-bay and open coast and related 
frequency of erosion. These studies 
represent an integrated attempt to 
quantitatively evalUAte long-and 
short-term coastal processes on a 
regional scale for use in 
engineering design. 

The numerical modeling system 
currently used by the Corps for 
simulating storm processes and 
related effects is the Coastal 
Modeling System or CMS (9). The eMS 
was developed by CERC and comprises 
a number of numerical models used in 
coastal studies. The system pro­
vides a means to organize existing 
and new CERC modeling software into 
consistent, standardized versions, 
using established implemen!.cltion 
procedures and data formats. This 
in turn permits easier Corps-wide 
access to the technology. Resident 
in system (or planned) are codes for 
modeling long wave hydrodynamics 
(such as tides, storm surge, 
seiches, and tsunamis), tropical 
(hurricane) and extra-tropical 
windfields, spectral wave models, 
wave transformation models, and 
sediment transport models (longshore 
transport, dune erosion, beach mor­
phology, and basic sediment 
transport). 

Current research and development is 
aimed at improving wind estimation 
models and treating the combined 
effect of wind generated waves and 
surge in a more rigorous manner. 
Research in several programs as well 
as knowledge gained hi specific 
mission support studies are contri­
buting to the advancement of storm 
surge modeling and related effects. 
This research includes a major 
thrust using both a morphological 
approach and the use of a system of 
deterministic models for tide, 
waves, wave-induced currents, and 
sediment transport. Recent advan~e­
aents in three-dimensional model 
development will provide a means of 
simulating the vertical structure of 
the storm flow field and conse­
quently a better estimate of 
associated sediment transport. 

4.0 HURRICANE HUGO 

4.1 Synops is 

Hurricane Hugo is the costliest 
hurricane in U.S. history. The 
American Insurance Association 
reports $3.0 billion dollars as a 
preliminary estimate of insured 
property damage for the U.S. 
mainland and $1.9 billion dollars 
for Puerto Rico and the U.S. Virgin 
Islands. Both figures dre subject 
to upward revision. Hurricane 
damage estimates for past storms 
often have been two to three time~ 
the insured property damage, thus 
the damage total due to Hugo may 
exceed $10 billion dollars (10). 

The first aircraft reconn~issance of 
Hugo was made on 15 Septc~llber 1989 
when the storm was locatf1 several 
hundred kilometers east - f the 
Leeward Islands. 'rile ahcraft 
reported a maximum wind speed of 165 
knots, the highest winds 'observed 
during the duration of the storm. 
Hugo moved on a westerly course that 
took the eye across the Islands of 
Guadeloupe, St. Croix, and Vieques, 
Puerto Rico. After leaving Puerto 
Rico, the storm took a more 
northerly track toward the U.S. 
mainland. At the same time the 
forward speed of the storm increased 
significantly. Because the track ~t 
this time was nearly parallel to i.,le 
South Atlantic coastline of the 
United States, small changes in the 
storm's direction resulted in large 
changes in the predicted landfall 
site. 

Thirty-six hours before landfall in 
South Carolina, NWS predictions had 
the storm coming ashore near the 
northern border of the State of 
Florida. Just 12 hours prior to 
landfall, the eye of Hugo was 
expected to cross the coastline near 
the city of Savannah, Georgia, and 
evacuation was undertaken. Late on 
the evening of 21 September, Hugo 
came ashore at Charleston, South 
Carolina, tracked across the state 
and turned northward and moved 
through the western edge of 
Virginia. 

Hugo came across the barrier islands 



fronting the .. inland, causing 
devastation froa just .outh of 
Charleston (Folly Island) to the 
North Carolina border, a distance of 
about 200 ka. In addition to the 
coastal daaage. Hugo caused sub­
stantial tree blowdown across large 
areas in both South and North 
Carolina. The storm generated 
nuaeroua ... 11 tornadoes which 
touched down and cut off trees at a 
3 • height across the two states. 
Infrastructure damage behind the 
beach was severe. Ho ••• locat&d on 
the barrier islands were .oved from 
their foundations and boats were 
transported across inland bays and 
lagoons to the aainland. 

Federal and State agencies were 
mobilized for victim assistance and 
damage assessment. In addition, 
there was concern for new flooding 
from high lunar tides (exceeding I m 
above normal) expected In mid­
October. The dune line had been 
destroyed over 95 km of coastline. 
A combination of the Federal 
Emergency Management Agency 
decision, resource and tasking, and 
a request for state a.sistance, led 
to building emergency berms along 
the seafront for a total distance of 
65 km to protect the infrastructure 
from more significant damage caused 
by the high lunar tide. The mission 
proved a great success, saving 
millions of dollars of additional 
damage at a cost of about $2.8 
millIon. 

4.2 Field Measurements 

For the purpo$e of delineating 
structural and beach damage as well 
as documenting the impacts of Hugo 
to assist future research efforts, 
CERC sent three teams of engineers, 
scientists, and technicians to 
survey high watermarks, beach 
profiles, and structural damage. 
These data will eventually be very 
helpful for validation of Corps 
storm surfe aodel methodology and 
beach response models. It is 
necessary for surge height calcu­
lation. to b. very accurate becaule 
an extra 30 cm of height for a 
seawall can be a very large cost. 

Mindful of the need to acquire 
accurate data on the stor.'Y impact, 
a team was positioned in a North 
Carolina mainland town to move in at 
first light and begin making high 
water mark measurements. Due to the 
severe infrastructure damag., logis­
tics were near impossible but a 
great number of measurements were 
completed. 

A second team was dispatched to 
Myrtle Seach, South Carolina, to 
undertake measurement of beach 
profiles. The State had collected 
over 75 profile measurements within 
3 months prior to the stor •. 
Profiles change little during the 
summer in I:his area, so a field 
effort dir"ctly after the storm 
would resuit in a high quality data 
set depicting the effect Hugo had on 
the beach and its dune system. 
Again. hurricane impacts on beaches 
and dune systems are important to 
the Corps because project justifi­
cation is based on flood and/or 
storm damage protection. There is a 
need to know how high a dune needs 
to be, or how wide a beach, In order 
to survive a given storm surge and 
waves. In recent years, CERe has 
developed numerical models to inves­
tigate dune erosion, but there are 
very little data to verify the 
models. Some survey monuments were 
lost in the storm but profile 
measurements were completed for 
~hose which survived. Additional 
data were obtained from both 
infrared and visual aerial photog­
raphy along the beach and as far as 
10 km inland. 

A third team surveyed structural 
projects and beach damage along the 
entire affected area. Included were 
inspections of ~eawalls and asso­
ciated beach elevation, revetments, 
barrier island overwash and 
breaching, jetties and bulkheads, 
dune systems and breaching, and 
other structure integrity. Findings 
can be summarized as foll~ws. Where 
the large dunes held, there was less 
upland damage and conversely, sub­
atantial upland structural damage 
occurred where dunes were destroyed. 
The beaches eroded along the entire 



study area, and in some cases the 
old marsh surface was exposed. Some 
sand went offahore, and most of it 
back onto the island. Coastal 
structures had varying degrees of 
damage. Moat large ones survived, 
providing some degree of protection. 
Most of the smaller protective shore 
front structures were completely 
destroyed with heavy damage to 
houses behind them. Th~re was 
little or no apparent damage to the 
landward portion of navigation 
structures, such as the jetties at 
Murrells Inlet, South Carolina. 

4.3 Model Analysis 

Hugo weakened as it crossed Puerto 
Rico and appearances seemed it might 
not be much of a storm when it made 
landfall on the east coast of the 
United States. Then it began moving 
erratically and strengthening. Hugo 
changed direction several times, and 
appeared to be heading for landfall 
about 45 km south of Charleston, 
until another direction change at 
the last moment brought the eye 
ashore at Charleston. 

Because of the counterclockwise wind 
motion in a hurricane, the maximum 
winds and largest surge and waves 
are on the right side of the eye as 
it moves forward toward the shore­
line. The maximum winds for Hugo 
(shortly before landfa~l) were about 
45 km north of the eye of the storm. 
If the eye of the storm had made 
landfall 45 km south of Charleston, 
instead of passing directly over the 
city, the surge at Charleston would 
have been much higher. 

CERC performed compute~ simulations 
of Hugo using both a wind model and 
surge model (NOAA's SLOSH model 
(11». These simulations produced 
results which can be gr&phlcally 
visualized to show the hurricane 
leaving Puerto Rico and weakening, 
the path meandering. then 
strengthening, and finally 
collapsing after making landfall. 
The models were used to investigate 
what would have happened if the eye 
of the storm made landfall 45 km 
south of Charleston instead of 

directly over the city. Hugo 
actually produced maximum surge 
levels north of Charleston in a 
relatively unpopulated area. High 
water mark measurements gave a 
maximum surge of over 6 m above mean 
sea level. Simulating the same 
event, but with a landfall 45 km 
south of Charleston, the entire city 
would have been under water. The 
actual measured surge at Charleston 
was 3.2 m above mean sea level. The 
simulated surge for a hurricane 
landfall south of Charleston gives a 
surge height greater than 6 m. 
There would have been hurricane 
force winds and waves on top of that 
surge. 

Charleston is a relatively small, 
low-lying city, with a population of 
about 70,000. A 6-7 m surge would 
have been more disastrous for a 
larger city like Jacksonville, 
Florida, which has a population of 
about 500,000. The last 20 years 
have been a relatively quiet period 
for hurricanes, and people tend to 
forget past hurricanes. There is 
real potential for major disaster 
from these storms. This potential 
inspires continued research efforts 
to improve model and measurement 
technology for assisting project 
design to achieve successful results 
"·~len the project is constructed. 

Additional studies will be performed 
using the data acquired for Hugo. 
This event has provided a unique 
opportunity to investigate the 
accuracy and dependability of models 
for simulating wind. surge, wave, 
and beach erosion phenomena. 
Continuing studies will include 
modeling the hurricane windfield for 
input to a detailed surge model. 
The surge model will simulate 
combined tide and storm effects by 
using tidal constituent daca by 
Schwiderski (12) plus an elevation 
due to the inverted barometer effect 
for open ocean boundary conditions. 
A spectral wave model will be used 
to simulate wave conditions 
generated hy Hugo. Combining these 
computations with the surge plus 
tide simulation, an estimate of the 
total water level produced by the 



storm can be made. These data will 
be archived in a database for later 
forcing a storm erosion model which 
will be applied at the sites where 
profile data were taken. All of the 
model simulations will be made as a 
"blind" test of model accuracy and 
dependability. 
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flow throUCh cute bet~n barrier., channel 
flow, end width variations .1_1 rl.era. 
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'!'he .. are: poaition (latitud. and longitude) 
of tbe hurricane, central preaaure, ar~ ator. 
ai •• (diatance fra. ator. center to the .. xi.u. 
wind) • 

'!'heae input a are .ntered at 6-hour intervals, 
be. ina Ina 41 houra before landfall and ending 
24 boura after landfall. In the event the 
atora does DOt aalte land faU, the ti_ of the 
ator. neareat to a baain', defined origin ia 
used inatead of landfall ti... Note that wind 
la not an input par_ter. The SLOSH ator. 
.,d.l produc.I a ~ wind field throughout 
the beain by balancing forcea according to the 
aet.orologlcal input para .. terl. Fig. 4. de­
picta a ca.puted aurge envelope of hi,heat 
watera ,enerated by hurricane Betay, 1965, for 
the Lake Pointcbartrain baa in. The aurge con­
toura .. re drawn froa output surge data by a 
line print.r on the i .... or coaputational 
plan., 'il. 2b. Thia ia a typical reault when 
coaputina with hiatorical atoraa for any of the 
basina of 'ig. 1. 

3. MODEL ACCUIlACY 

w. atteapt to siaulate Inland flooding with 
hiatorical Itoras in order to verify the SLOSH 
aodel. Surge data consista of tide g~ge obeer­
vationa, ataff ,age recorda and high water 
.. rka. High water .. rka inside buildinga or 
atructures are the least accurate due to con­
taaination by wave action and inadequate daap­
lng or overdaaping of the water levels by the 
Itructure. Often high water &arka vary by 20% 
for two nearby locations. 

lefore a SLOSH siaulstion, the hurricane's 
track is deter.ined aa precisely aa the data 
allow. 1n addition to the track, we eatiaate, 
the stora's radius of aaxiaua wind snd Its 
central preasure. 

In 'ig. 5, we show the coabined reaults of 
aiaulationa for aeveral basina. The error is 
lenerally within + 20% for the aignificant 
sur,.a, With a fe; obaervations falling outside 
tbat range. A total of 572 aurge obaervationa 
were uaed to develop this figure. Theae obser­
vationa were taken throughout the area affected 
by the aurge--around the aaxiaue surge, on 
Inland terrain, at the atora'. periphery, and 
alonl inland water bodie.. Note that the tide 
.age data are liaited to the lower obaerved 
heilhta; tide gage8 frequently fail during 
aajor aur,e .vents. 

The SLOSH aodel 18 not "tuned" for a particular 
,eo,raphic location. but uae. "univeraal" apec­
iflcationa for conatanta such aa the audel's 
draa coefficient, bottoa atreas, etc. Thia 
allow us to adapt SLOSH to any leographical 
location, whether or not it haa ever experi­
enced a a~ora, and have confidence In the aud­
el'a coaputationa. 

4. IVACUATIOM PLANNING WITH SLOSH 
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Although SLOSH originated aa a forecaat audel, 
it ia alao uaed al a tool to delineate areaa of 
potential ator. flooding. With this i"for .. -
tion, an evacuation planner can identify areaa 
for evacuation, deteraine which highwaya cen be 
uled for evacuation routea, and site ahelters 
in aafe areaa. 

To find a region's potential for ator. aurge 
flooding, a large nueber of hypothetical ator .. 
are .l.ulated to iapact the area, with the 
flooding due to each one archived. The •• 
stor.a are varied in intenalty, atze, and land­
fall point along cliaatologically likely 
tracks. Typically, aeveral hundred stor.a are 
sleulated in a basin. This nuaber is suffici­
ent to hl.hlight critical store paths that .. y 
poae excesaive flooding in an area. 

A spinoff of the aiaulations ia an "atlas" of 
flooding within a baain. ThiB atlaa coaprile, 
dtapla,. of floodIng for each atora run for the 
coaat, a forecaater can turn to the atlaa, 
.. tch hia forecaat ator. (path, Size, and In­
tenalty) to one already in the atl.B, and get 
an approxiastion of the tlooding due to that 
stor •• 

The atlas also containa coapoaltes of floodln,. 
For exaaple, area. flooded by a stora cueing 
froe a ,iven direction, regardless of ita land­
f.ll point, anu having a gtven inten.lty, "Y 
be coabined. Thi' coapollte aida the forecast­
er by pointing out critical regions where flo­
oding . ay be extre ... 

The i .. ense dRta baae for store evacuetion 
planni\ll are stored in Micro PC's for Instant 
recall 1n colo~ized, graphical out~Jt. This 1s 
a continuing developaent in the National Weath­
er Service of the United Stales. 
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by 

Shin OKAMOTO· 

Shinsuke NAKATA· 
Hisahiro HIRAISHI* 

Takashi KAMINOSONO· 

Hitoshi SHIOHARA· 

• : PRESSS Project Tearr. 

Building Research Institute 

Ministry of Construction 

ABSTRACT 

This report is the research project plan from Japanese side on Precast Concrete 

Seismic Structural System (PRESSS) for U.S. - Japan Cooperative Research Program 

which started since 1981 . This PRESSS program is the fourth phase item under the auspice 

of the UJNRwhich will continue for four years from this fiscal year .Our Japanese side 

program include not only the academic research development but also the establishment of 

design guideline and the design manual for precast concrete joints. Through this project. a 

feasibility study on "hinge-device !"'Stem" is also discussed. 

77 



I. BacklfouDd a. Objective. 

Precasa COKrele buildings have been widely constRicted since 1960'. in Japan. In 1965, 

Arehitectural Institute of Japan published a design recommendation for wall-panel precast 

coacrete buildlna. Since then, the number of precast wall pancl concrete buildina increased 

responding to the increuing demand of urban housina supply. In 1974, the Japan Building 

Cenler established "Guideline for High-rise Precast Wall Panel Reinforced Concrete 

Structurcs", the scope of which is extended up to 8 storied buUdinl and it i. based on 

ultimate strength concept. Most recently, aiming at the saving. of shore and reduce 

construction period, half-precast construction systems, which use prefabricated beam and 

slab and made monolithic by topping concrete at the constRiction sitc, has been developed 

and widely used now. 

In addition to that, the problem of shortage in numbers of construction labors is urgent in 

Japan. Construction companies try to rationalize and reduce the need of number of labor at 

construction sile. Prefabrication is one of the solution of the problem. Some construction 

companies have already developed precast frame building system. However the systems are 

different each olher. Thus, construction plan using the precast building systems require 

special screening by the Japan Building Center at present. It cause a delay of construction 

schedule and prevent construction of precast building from extensive usage. Further more, 

lack of detailed design recommendation is an another problem. 

Taking into consideration of these Japanese conditions, the development of commonly 

used design method of precast concrete frame building is indispensable. U.S.-Japan 

Coordinated Research Program on Precast Concrete Building win cover new suidelines for 

design and construction. The coordination between United States and 181>P.n will make it 

possible to develop new guideline for precast concrete buildings more earlier and more 

effectively. 

2. Scope of Research 

The scope of this research project is as follows: 

(1) Type or Structural System 

Moment resistant frame system and Moment resistant frame with shear wan system 

'",'i11 be investigated 

(2) Umitation ofBuiJding Height 

Building with less than IS stories ( less than 45 meters ) 



(3) Material Strength 

Concrete Design Strength fc< Soo ksfi'an2 

Longitudinal Reinforcement Yield Strength ft 3000· 5000 kgfi'cm2 

Lateral Reinforcement ft 3000 - 13000 kgfi'cm2 

(4) Derails ofConnmion ofPrccast Member 

In Jap 'n so many types of connection are used in pradice varied that it is impossible 

to ~c;st all of existing connection systems within the project. Therefore, all of 

connection systems are not necessary included in the scope of this pro jed. The 

seledion of connection systems will be done according to mechanical characteristics of 

each connection systems. 

(5) Nonstructural walls 

Nonstructural walls or cladding of buildings are dealt with only from the viewpoint 

that they should not have an unfavorable influence 10 the strul.. 'ural members. 

3. Target of Research l)cveJopmenl 

The objective of this project is to develop a methodology of earthquake resisting design 

and a methodology for quality control of precast concrete building during production and 

construction. 

The target for development is moment resisting frame building made of precast concrete 

which have high flexibility for planning design, as much as monolithically constructed 

reinforced concrete buildings. 

The Philosophy of seismic design will be based on design philosophy of ductile moment 

resisting frame. Design philosophy r.lay be followed from recently revised draft code named 

"Design Guideline for Earthquake resisting Reinforced Concrete Building Based on Ultimate 

Strength Concept," published from Architccturallnstitute of Japan in 1 Q88. 

For precast cc.lcrete buildings, se,'era) different design philosophy exists which :alc1ude : 

(I) CAST-IN· PLACE EQUIV ALENT DESIGN 

(2) SLIP ALLOWING DESIGN 

(3) HINGE IlEVICE DESIGN 

"CAST -IN·PL\CE F.~ :JIVALENT DESIGN" is design concept which make possible to 

design building replaceable by prec-:-st construction without significant change of design. 

"SLIP ALi.OWING DESIGN" is design concept which allows occurring slip behavior in 

hysteretic loop due to connection characteristics by compensation of increased strength. 

Intensive study of non· linear dynamic response analysis considering slip type hysteresis will 
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needed. "HINGE DEVICE DESIGN" is design concept which expect and utilize hysteretic 

energy Usorption at specially designed connector. 

In this project. design concept of "CAST ·IN ·PLACE EQUIVALENT DESIGN" will be 

focused on and practical guideline based on this philosophy is planed to be developed. 

Deslan (2) and (3) are planed to be studied in future In accordance with ml.tural coordination 

between U.S. and Japan PRESS. 

4. Research Products 

As a result of research in this project. several design recommendation and manuals are 

planed to developed. especially concerning with "CAST -IN·PLACE EQUIVALENT 

DESIGN". Thes:; design recommendation and manuals should cover not only existing joint 

construction systems. but also new types of devices flexibly. which will be developed in the 

future. Research products are as follows; 

(I) Development of design recommendation for precast concrete building 

This design recommendation covers moment resisting frame with or without shear wall to 

fifteen storied buildings. The guideline is utilized in practice by structural designers and 

buildings superintendent in specific governmental offices where check and evaluate design 

procedure before construction of buildings. This recommendation should describes required 

seismic performance and the rules for calculation procedure. The contents will be as 

following; 

I) Scope 

2) Structura1 p1anning 

3) Stiffness evaluation 

4) Design loads for members with joint region 

S) Required strength and ductility for members and joint regions 

(2) Development of Design Manual for Precast Member Connections 

Design manual for Precast Member Connection is planed to be developed in order to 

",!tow design procedure. by which designer wi11 able to design connection with satisfactory 

performance with respect to strength and ductility. 

This design manual should be practically used among structural designer. makers of 

precast. constructors, constructing managers, and inspectors In governmental office. 
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ThIIIDlllUlIhouId deIcribe required performance of joints, design procedure of detail , 

and die tedmkaI-tarouod data ueful for joint design as an appendix. 

The COIlIeaIi of will be .. following: 

I) Scope 

2) Desian loads and design required ductility for joints 

3) Fundamental rules of design for memben with joints 

4) Insunmce of joint strength 

S) Insurance of joint ductilit)· 

6) Design ensurins durability 

7) Production and transportation 

8) Site construction 

Appendix A: design example of members and joints 

Appendix B: Joint data 

Appendix C: Evaluation Standard of joint performance 

(3) Establishment of guideline for site coMtruction and erection 

The auideline for production and erection contains the items which make us of precast 

concrete members and site constructon should follow so that constructed precast concrete 

buildings can keep required quality in the process of their production and erection. 

This guideline does not contain the items of a qualification check for makers and 

cOMtructon on quality insurance. 

S. Research Plan 

S.I Development of De.ian RecommendatioB for precut COBcrete buildinl 

(1) Making Frame Work of Design Recommendation 

For the first stage, it is necessary to develop the frame work. Frame work means a logical 

structure of design J'el:ommendation. By the examination of the frame work, the scope of 

research work will be clearly defined and understood. A compilation of existing design 

philosophy which is used by precast engineer will be also necessary in this preliminary 

.... e. 
n... the item which is needed to investigate at first stage will include: 

- How to modify current three earthquake resisting design procedure; so called route 

I, route 2 and route 3, i.e. 
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mule 1; one of alternate desip method of route 3, roule 1 does not require the 

check oflateraJ Itrenath capacity, which laa kind of atreqtb oriented design. The 

leope of route I II limited 10 low-rite bulldina which have enoup amount of 

.. eraI raiatilll member, and minimum ducdUay iJ required. 

mule 2: .nother altemate design method which does not require the c:heck of 

latetalltKngtb tapadty. which rely OD ductility to aome ex1ent. 

route 3: aU-mighty proceduK but which require the check of lateral strength 

capacity. 

- How to hand!~ buildinas which have both monolithic memben and precast 

memben. This problem will arise becauac the scope of route I, route 2 and route 

3 .re defined separately correapondinl to different structural system, i.e. 

reinforced concrete, steel and 10 on. 

- Examination of existing design philosophy of precast wan panel construction 

design, which is currently used byJapancse design engineen 

(2) Making Draft of Design Recommendation 

Then the details of design recommendation should be ma-le based on analytical and 

experimental rtSearch. The problem which should be solved will inch.de: 

• The scope and limitation of structural system 

• The scope and limitation of number oratory, eccentricity, distribution of story 

stiffness in height direction 

- Lateral strength demand for precast strocturalsystcm 

- Strength and ductility demand to joint which connects between precasl memben 

including two types of connection as follows; 

i) connections used in building designed by capacity design concept 

Ii) connections used in buildina desisncd by traditional design concept 

- The design philosophy of Imperfectly integrated precast floor diaphragm 

transferring In-plane force induced by earthquake action 

- The design philosopby of serviceability 

(3) Experimental Studies on Effectiveness ofDesisn Recommendation 

Teata offullscale tbree-stol)' three-frame specimens representing the bollom three stories 

of fifteen-.tory precast frame structure arc planned to be designed. The objects of this 

experimental research program is summarized as follows; 

- Correlation study between analytical model and experimental result 



• Check of coaatlUcdon manual for quality control, which is planed to be 

developed _ the fruit of cooperative research program between DRI and 

manber from precul induIuy. 

- The cbeck of tile dcaian manual for precast melTtber connc:ction which is also 

pIIDed to be developed in thJa project. 

- Total VaiftCldoa ofPm:ast ItrudUraJ system. 

5.2 Develop.ea. of Deala. Ma.ual for Precut Member Connections 

In Japa, DO daip manual. for precast member connection exists, which describes the 

pbilOlOPhy II well II appropriate example of many kind of connection details. So we need 

IUCb ........ which can be belpM for precast concrete engineer. 

The manual will describe a deaip methodology of connection which transfer stresses 

.... ely and have enough ductUlty to cyclic loadiOSS under the combination of design load. 

Experimental and analytical rescarc:b will be done for the purpose of obtainil.~ basic data 

for documentary of dealp IDIIII8l for precast member connection. The experimental research 

will be divided Into three categories as follows; 

(I) Tests ofSub-e1ement Consisting Precast Connection 

Joint material.1Uld lnterfaca are defined here as IUb-element of precast connection. The 

IlRII condition of lUb-element are rather simple than that of whole connections. Thus the 

... about the 1Ub-clanent can be basic in design of connectiolL'5. 

The lUb-element Ihould be identified and classified. Then thc sub-elcmcnt will be tcstcd 

under monotonically inc:reaslngload. Temporally idea for tcsts of the sub-clement will 

wried .. follow; 

Sub-elemena in Beam and column connections: 

- concrete interface test con.'Iidering the stress at the connection of beam to column 

or beam to beam subjected to shear as well as bending moment axial load, 

(variables: rouaJmeu of concrete interface, amount of dowel bars, inclination of 

compressive strut which crou the discontinuous interface, thickness of leveling 

mortar, uialload level, ItrCDIth ofleve1ing modar, etc.) 

- bond test of lonattudinal reinforcement in beam which lay along the interface 

between precut concrete md topping concrete.(variables: the shape of cap tie, 

diameter oflonaicudlnal bars, amount of cap tie, etc.} 

- mechanical inlqrity ofT -shape section beam consisted of precast beam and in-situ 

topping concrete (variables; amount of reintorcement across concrete interface) 

Sub-elcmcut in Shear Wall: 
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- IDterfiIce between _I poel and boundary element (variables: inclination of 

compraalve Itrut to interface, Mlount of shear reinforcement, IOUIMess of 

concrete Interface, shape ofahear cotter, etc.) 

(2) Test oCPrecat Member Subauemblqes 

BIlled OIl the test data of coonectioo materials and interface, analytical model will be 

developed which predict ItmIIth of connections. In order to assure the correlation between 

prediction of model and teat, test of subusembledges of precut member is needed. For 

these IUbaaeb1edae testa, cyclically loading which simulate earthquake will be used in order 

to evaluate ductility of connection. 

Through these teItI, the concept of connection design will be proposed and verified. 

Sub&lsc:mbledp testa will include: 

- column: 
the effect of uialload, shape of cotter, dowels to ductility will be examined 

- beam: 

concrete interface at beam end 

the method of consideration of dowel effect 

concrete interface between precast concrete and topping concrete 

shape of cap tie, amoont of cap tie 

- shear wall 

vertical joint 

horizontal joint 

joilll wall panel and beam 

- beam-column-joint subassembledge: 

anchoraae method ofbeam longitudinal reinforcement 

- floor system 

coonectioo of slab panel 

• connection ofbeam to gimer 

beam end reinforcement in stress discontinuous zone 

(3) Test of Superaaamblqe 

One-lay one.story frame speclmena will be tested, The object of this test is as follows: 

• Experimental verification of design of collapse mechanism 

• Evaluation of story stiffneu 

• Correlation study between Model and experiment 



S.3 Dcyclop.ca, of eoa.tnetla. Mu.al ror Quality CODtrol 

This mauaI will be developed .. the fruit of Cooperative raearch program between BRI 

and member from Prec:at iDduItry. 

S.4 Coaceptul Flow of Rca.rela 
Flaure I aho .. the TIme lCbedule and conceptual flow chart of rcacaKh c:oncemlnl 

development of J) deai ... recommendation and 2) dcsiln manual of precut member 

connectlon. 

6. Ileacareh Rudlct and Executive Structure 

Bulldina Research Institute, Ministry of Construction of Japanese Government will spend 
about 120 MilUon Yen _ a nadonal project in total from 1989 to 1993( in f1sca1 year). 

Parallel 10 tbla project, JTCC.PRESSS have been nelotiatinl with Japanese 

c:onstruc:toll and precast concrete Industry to carry a cooperative research. If it Is possible, 

they will expense necessary for additional research and which will be able to support this 

project separately. 

Fiaure 2 shows tentative research executive structure of Japanese side. It baa two main 

committee, the functions of which is as follows; 

(1) Advisory Panel Promotina Cooperative Research 

L approval of cooperative research excc:utive structure 

b. approvaJ of cooperative research plan 

c. approval"f policy of compilation of research result 

d. approval of policy concerning publishing of research result and 

treatment of patent. 

e. promodng and utilization of the accomplished results of Project 

(2) Joint Technical Consu1tina Committee (JTCC·PRESSS) 

L coordination of research and development targets with U.S.·PRESS 

commitlee 

b. coordination of research plan of Japan side 

c. coordination of utilization policy of research result with U.S-PRESS 

mmmitlee 

d. advice researches on carrying out of research works 

c. critical review of research result 
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7. RClearcll Sclledule 

The Project of BRI flnanciaIly supported by Ministry of Constnaction will last for four 

)'an. Tbua It will continue lince April 1989 until March in 1993. Although Project U.S. 

ilmppoud to become a lix-year project atartins in 1990. So JTCC.PRESSS should be 

uteoclecl for IDOJe two yeara. As a counter part of U.S.·PRESSS CommiHee. 



Arrangemen cI Data far Ccmeetions I Frame Work d DesiSJ'l Guideline] snss Transrar Mechanism 
SesJnridion 

1990 

I Cassification of Connection System 

Testification Definition of Mathematical 
Modelling • ~ Modelling -Subassemblages-
~Iament Pilot Test 
Stress transfer Mechanism Subelernem 

1 Subassemblage 

~ PCa Assemblages criteria 
1991 Strength And Ductility Test-beam case study 

colunm 
shear wall ,r 

Testification d StruchnI Performance .. 
Evaluation of Dynamic -$U) assemblage, &.,.... assembIaWl' Response Analysis 

Modelling 

1992 
, 

General 
"I 

Testification 
Evaluation Method of Design Strength by 

of Comedions Full-scale Test 

~ ~ 

Design Manual d Connec.tions -- Desigl Guideline of - - PCa Frame Building 

Fig. 1 Conceptual Flow of Research 
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u.s. eoonu.ted Proanm lor M-.., BalM'. Resarda 
Fiftla Year Status 

IIJ 

oJ .... L. 101ud l 

Tbe u.s. pcogr .. , wbicb consists of 
twenty-ei.bt specific ceaearch 
taats, is coordinated with a 
parallel progr .. in Japan. Both are 
cond~cted UDder the auspices of tbe 
UJll Panel on Vind aDd Sei.aic 
Iff.ct.. The pri.ary purpo.e of tbe 
U.S. progr .. is to Iqpport the 
developaeot of a liait atate deligD 
procedure for aalonry a. well as 
provide eaperi .. ntal data, 
aDalytical aethodl, etc. Several 
tecbaical acco.plilbaeotl bave been 
• ad. in botb .adelinG and 
experi.,nt.l .r.... Tbe t.ChDOI09Y 
traDsf.r plan includes disseainatioD 
of researeb reporta, topical reports 
and a luaaary report on the .pecific 
relearcb areal al well as by 
presentationl and papers. De.ign 
and criteria recoaaendatioDI will be 
an eatre.ely i.portant aode of 
technolOGY transfer and are expected 
to .upport design standard 
d.velopa.nt. 

lEYVOlDS: lalonry; structures; 
atandarda; experiaent; reports. 

Th. U.S. Coordinated Progr .. for 
luonry Building research il an 
integrated set of ~8 specific 
r •••• rch tasts being conducted by 
the U.S. Technical Coordinating 
coaaittee for la.onry les.arch 
(TCCIlI/US). Tbe U.S. progra. is 
coordinated with a parallel prograa 
io Japan to excbange infor.ation and 
cODcept. for the autual benefit of 
both countries. Both progra •• are 
coDducted u ,der the au~picel of the 
UJ.. 'anel on Viad ~nd Seisaic 
,ff.ct.. The U.S. progra. i. funded 
by tb. lational Science Foundation. 

2. 'IOGUII OIJlCTlYU 

Priaary prograa objectives are: 

a. Develop.ent of de.ign and 
criteria reco .. endations for 
li.it state elelign at 
reinforced •• sonry buildings 
and co.poDeats. 

~. Develop.ent of a CODlistent 
eaperi.ental database on tbe 

~ehavior of aasonry aaterlals, 
coaponents and systeas. 

c. Developaent of analytical nOD' 
linear aodels for res~arch and 
design office ule for detailed 
analy.is. systea analysis. and 
dynaaie loads detenination. 

d. Iaproyed a.terial anel 
.uba •• eablage experiaental 
procedures for obtaining 
.asonry properties • 

e. Iaproved aasonry fabrlcation 
procedure. and standards. 

f. Developing an increaled 
awareness .aong engineers, 
architects, code bodies and the 
public of the capabilities of 
reinforced aasonry in all 
seisaic zones. 

g. Interfacing with standards 
developaent groupi to support 
developaent of a consensus 
li.it state standard for 
.a.onry. 

3. AP •• GAel 

With NSF support, tbe Technical 
Coordinatinq Co .. ittee for "asonry 
Research/U.S. (TCCKAR/U.S.) was 
for.eel in February 1984. 
TCCIAI/U.S. vas and is coaprised of 
researchers froa acadealc and 
inclu.trial organizations who have 
stroDg bactgrounds in research into 
the properties and characteristics 
of reinforced .asonry aaterials, 
structural coaponents and systeas, 
analytical techniques, structural 
dynaaics, buildiog codes, and 
eartbquake engineering. TCCIAI vas 
not intended to be a closed qroup; 
researchers aay be and bave beeh 
addeel as needs develop. Current 
TCCIAR researcbers are lilted in 
Table 1. 

The initial TCCKAI purposes wer~ 1) 
to specifically define the research 
topics. both experiaental and 
analytical. necessary to develop a 

1. Atkinson-Ioland' Associates, 
Boulder, Colorado 



consisteat .aloary Itructural 
techDology for the U.S. IDd 2) to 
establisb co .. uaication with its 
JaplD... counterpart to eDable 
Japane.e and U.S. progra •• to be 
coordi.ated for tbe benefit of botb. 

Progr .. evaluation Ind research 
Deedl allels~ent are cODtiDuiD; 
Ictivitiel of TCCRA.. The original 
plan is not a Itatic entity but 
rather one wbich cln and hal been 
a041fied as work bal progrelled IDd 
Deed. either revised or added. 

Tbe U.S. re.earch plan lS a phas.d 
.tep-by-step prograa of separat., 
but coordinated relearch tlstS. 
Eapblsis is beino placed upon lntra­
talk inforaation exchanoe Ind 
consultationl 50 the experiaental 
and analytical effortl are autually 
lupportive. 

The progr .. lncludes both 
experi.ental and analytical researcb 
talkl. Tbe experiaental and 
analytical efforts are conducted in 
parallel with each beco.iDg aore 
co.plex aDd sopbi~ticlted al 
kDo~ledge and experience accu.ulate. 
The U.S. plan is thul a "bullding 
block" approach. 

The U.S. progr .. in being conducted 
on a project basls to provide the 
task aDd Ichedule coordination 
required for efficient and orderly 
conduct of tbe provraa. 

". SCIIIDUW; 

The schedule herein (rigure II 
contains I list of the specific 
research tasks whicb cOllprise the 
U.S. prograa and their starting and 
ending dates. Priaarily because of 
funding difficulties the schedule 
hal been revised. The progr .. has 
been extended until January 1994. 
i.e •• one year after the coapletlon 
of the full-scale test project. 

S. TECDICAL ACCPIU'L{SIUIIIITS 

The U.S. prograa is proceedlng 
generally according to expectations. 
lt this point in ti.e. which is 
about the 60 percent point. 
te:hnical acco.plilbaents have 
becoae apparent. It aust be 
re~ognized. however. that the aajor 
technical results are yet to coae. 

Because the priaary objective of the 
U.S. prograa is to provid~ a basis 
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for li.it Itlte de.ign and an 
a.sociated generic aodeling 
caplbility, the followlng seea 
significant aaoD; the results 
achieved to date: 

a. A finite eleaent aodel (rEM) has 
been foraulated and iapleaented 
capable of reproducing so.e 
alpectl of post-peak strength 
respoDse of reinforced shear 
waili. The aaterlal aodels 
have the capabilily to 
reprelent the reduction in peak 
coapressive strength due to 
tensile cractinq aDd allow 
reorientatLoD of inlti.l cracks 
to a final cr4ck state. Tbe 
lIodel is capable of reproducing 
fully cyclic load-deforaation 
histories and is operable on 
286 and J86-based PC5. 

b. Structural component lIodels (SCM) 
bave beeD developed and 
calibrated using the results of 
the one-story wall tests. Tbe 
aodels will soon be extended to 
aore cosplex stress states, and 
will be coabined for use in 
anllyzin; pierced walls. Tbe 
aodels will ue extended to be 
able to handle cases lnvolving 
unloading and reloading. 

c. A non-linear lumped parameter 
.odel (LPKI has been develop~d 
to do tille-history analyses of 
a.sonry structUl-es. Mew nOIl-
11Dear "sprlno" elements bave 
been lntroduced to represent 
~.sonr~ sbear walls in bUlldino 
sYlteli aoiels. The LPft will 
iDclude rotational degree of 
freedom. and will be tested 
a!lainst expclilDental results. 

d. Approximately)O reinforced 
shear "ails have been tested. 
A database has been developed 
for the cyclic behavior of 
single-story reinforced .asonry 
shear walls With different in­
plane compressive loads alld 
reintorcement rates. Liait 
states have been ldentified for 
application in the desiQn 
reeoa.endations to be made. 

e. Three different two-story 
coupled reinforced aasonry 
shear wall speCl;.."ns have been 
tested resultidv in a database 
for the fully-reversed cyclic 
behlvlor of such speciaens WIth 
different degrees of couplinQ. 



Stable by.teretic beha,\or .al 
ob.eryed at o,.rall Itory 
drift. of at lea.t one percent. 
~tait .tatel ha.e been 
ide.tifie4 for a"litation ia 
de.iga rec~.dation.. Si.ple 
.odell predicted collap.e load. 
within tea percent and co.plex 
.Odel •• ati.factorily predicted 
collap.e aad detlectioal. 

t. rorce-deflection characteriitici 
of preltrelled precaat concrete 
plank floor 4iaphrag •• have 
beea eltablilhed experlaentilly 
b~th ,Irll1el and perpendicullr 
to plank direction. Li.it 
Itate. blve been identified Ind 
corroborated by obler.ati~ns of 
,lank bebavior in tbe two-story 
coupled Ihear .all teltl. 

g. Data de.cribing the beha,ior of 
other diaphrag. IYlte •• , e.G., 
tiaber, Iteel deck and Iteel 
deck-concrete, bal been 
collected. A co.prebenli,e 
final report preleatl the data 
to defiae bYlteretic lOGell for 
the diaphrag.. and other delign 
concli t ionl. 

h. Reinforced coner.ete and clay 
aalonry walls rei ponded 
elastically when subjected to 
out-of-plane dynlaic .otionl 
typical of de.ign Ground .otion 
in soil type 1 in the highest 
u.s. aei •• ic zonel. Li.it 
states for application in 
desigD reco .. endltions kave 
beeD identified. 

i. T.stl of grouted hollow clay lnd 
concrete unit pris.s ia 
concentric coapr.ssion 
indicated tbat aalonry is a 
,eneric .aterial, i.e., tbat no 
unulual behavioral traits are 
pre.eDt to .eparlte grouted 
hollow-unit clay and concrete 
aasonry. The co.presli,e te.ts 
establi.hed Itr.ss-strain 
curves including the post-peak 
de.cending branch and li.it 
state values. Tests of pris.s 
10lded in eccentric co.pressioD 
established It raiD gradient 
effects and nece.lary to define 
equivalent rectangular strels 
,alues for u.e in flexural 
design. 

j. Testl have been conducted on 
reinforceaent bond-.lip and liP 
splice bebavior using grouted, 

91 

reinforced bollow cia, and 
cODcrete speci.enl. loth pUlb­
pull aDd pull-pull load. wer. 
applied. l.lults have beeo 
used to for.ulate .00ell and 
ideotify Ii.it .tate. for 
application in design 
reco .. eodltion •• 

k. I design criteria was de'eloped 
for shear walls that was 
adopted in tbe 1988 Uoifor. 
Building Code, Section l41l. 

1. A propoled design criteria was 
developed for ftasonry Yraaes 
for the 1991 UBC. The criteria 
is oow under review. 

•. 1 new propos.d design equation 
W.5 developed for .asonry shear 
w.ll. ~'his equation w ... 
sub.itted for ioclusion in the 
1991 U8C and is nov under 
review. 

,. TICDOLOGY. TUJlsrEl 

The technology developed, data, and 
other findings .bich relult fro. the 
researcb .ust be .ade available to 
the public for study and use in an 
acti,e .anner in order to have th~ 
greatest utilization pOlsible. For 
a protraa such as this which exlends 
over a lubstaotial period of tiac, 
it is appropriate that the 
techoology developed, etc., be 
doeu.ented and released as an on­
Going activity as well as the 
cloeuaentation 110' disseainiltioll 
whicb will occur at the co.pletion 
of the work. 

The Technology Transfer co.ponent 
whicb bas been defined for the 
progr". COliS ish of tile following: 

I. Task Reportl - One or aore 
reports have been and will be 
prepared for each reSearch task 
coaprising the coordinated 
progra.. Task reports are 
coaplete technical res.arch 
reports. Each task report is a 
Hstanel-alone" docu.ent and 
fully delcribes tbe subject of 
tbe report. In the case of 
reports on experi.ental 
research, all pertinent data is 
included in a clear and 
understandable for.. Copies of 
task reports are distributed 
initilily to about 7~ concerned 
individuals. Arrange.ellts have 
been aade to furnish lbe 



lartbquale Ia,ineeria, lesearcb 
Li)rary at UC-8.rt.ley witb 
copies of .11 T.st I.ports 
which bave beea and will be 
r.l •••• d. Coaplet.d t •• t 
r.ports .re li.t.d ia T.ble 2. 

b. ~aper, - Papers published ia 
tecbaical joarn. Is and 
coafereaee proceediags art aa 
i.port.at p.rt of tecbnic.l 
tla.sf.r because they focus on 
iadividual i.sues and are aore 
widely read tbaa larger 
docuaeats. TCCKlI re •• archers 
bave aad will cODtinue to 
prepare sucb paperl. 

Arran,eaents have been •• de to 
provided co.plete copies of tbe 
procee4iags of all the •• etings 
of th. Joint U.S.-Japaa 
TecbDical CoordiDating 
Coaaitt.e on fta.oDry lelearcb 
to the Eartbquake Engineering 
le.earcb Library at uc­
aerteley. 

c. Preseatatioal - PreleatatioDs on 
varioul aspects of the 
Coordinated progra. to 
profeslional. code. industry. 
.nd other concerned groups are 
encouraged and .any have and 
viII continue to be •• ade. 
Typically. no papels are 
associated with presentations, 
but lo.e .aterial .ay be 
distributed. 

d. Se.inus_.' Worksbops -
Participation in s •• inars and 
vorkshopl il another for. of 
T.cbnology Transfer vbicb is 
encouraged because of tbe .ore 
in-depth co .. uaication wbich 
caD occur. Soae participation 
has occurred and .ore is 
anticipated. 

•• Topical Reports - Reports will 
be prepared on each basic topic 
addressed in the Progra. and 
viII be • treatise on the 
lubje:t. Anticipated topicil 
reports are listed in Table J. 

f. Te.chnical ._Suaaary kloport - The 
technical susaary report is to 
be prepared l.te in the progra. 
viII prese.t basic technical 
findings and conclusions and 
sufficieat supporting dlta and 
iafor •• tion to subst.ntiate 
thea. Topical leports will be 
the pci.ary relerences. but 

t.lt reports .il1 be lilted if 
additional detail i. required. 

g. Qe.igQ __ ln4 ~[it.ri • 
• eco .. e~.tioD. -
leco .. end.tl0ns for reinforced 
.asonry buildinG desi,n and 
criteria viII be for.ulated 
Jocu.ented in I a.nner suitable 
for review Ind Idoption by code 
bodies. leC0aa8nd.tio.s .il1 
also be •• d. for Itand.rd tests 
whicb provide .alonry .ateria1 
proper ties. 

7. $TAOAlDS/CODU 

A crltical issue in the U.S. lS. and 
b •• been t~e tr.nsfer of tecbnol .1 
developed by researcb into practlce. 
In the U.S. an i.portant f.ctor in 
ianle.enting rese.rch into praetice 
is the incorporation or provisioa 
for new tecbnology by tb. de.ign 
Il.ndards. 

1n tbe U.S •• design st.nd.rds are 
developed by non-goveraaental 
profeslional groups using various 
toras of conlensus procesles. 
Hence. tbe .SF-supported U.S. 
Coordinated Progra. for "Isonry 
auilding Research clnnot dpv~lop 
stlDdards. but will develop 
reco .. endationl (Task 10). 

Discussions and negotiations over 
the last year blve served to 
establish .echanisas and processes 
for trlnsfer of technology (i.e. 
research dtta .nd reco .. endations) 
to I consensus dusivn standards 
develo~-I!e'_t co .. iUee sponlored by 
The "asonry Society. the laericaa 
COBcrete Inltitute and the laerican 
Society of Civil Ingineerl. A one­
year pre-stand.rdizltioa effort to 
collect .nd docuaent background 
inforaation pertinent to li.it Itate 
structural design and to develop a 
draft li.it Itate design standard 
for .asonry was organized Ind funded 
by industry. The pre­
st.ndardiz.tion vork .long vith the 
technology developed by tbe 
coordinated .asonry research progra~ 
viII be utilized by tbe national 
.a.ODry Itlndards co .. ittee to 
produce a li.it Itate delivn 
stand.rd for •• sonry. Tbe blsics of 
the procels are illustrated by tbe 
figure 2. 

The firlt .eeting of tbe Joint 
Co .. ittee .as on Dece.ber 11 , 12. 
1989 in Denyer. A task ,roup was 



otGaaized to for.ulate a .iDgle .et 
of opecatiD, procedure.. ID 
a44itioD to 4 •• elopiDG a li.it .tate 
de.i,D .taDdard, tbe Joint Co .. ittee 
will aaiatala tbe reeeatly eaapleted 
.orkia, .tte ••• taDdard, aad address 
otber 1 •• Qe. pettiaeat to .a.oDry 
.trlletlll.e. desi,n .nd eODstruc::tioa. 

r~. ..eoDd a.etiDG of tbe JOiDt 
Coaaitt ••••• bela in Toronto in 
Kareh 1990. J .... Col.ille of tbe 
Depart.eDt of Civil IntiDeering, 
UDi.er.ity of Baryland was inducted 
as the chairaaD of tbe Joint 
Co .. itte •. 
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by 

Yutaka YAMAZAII·l. Shin 0[AMOTO*2 

Tsuneo OKADA·3• Akira KATSUHURA*4 and Toshiyuki ruBOTA*S 

SUMMARY 

Design guidelines of medium rise RM buildings 
were made by TECCMAR/Japan and were released March 
1989. The design guidelines consist of eleven 
chapters. They are: 1. General. 2. Quality of 
Material. 3. Material Strength and Allowable 
Stress. 4. Constants of Materials. 5. Structural 
Planning. 6. Structural Cal:ulation. 7. Allowable 
Stress Design. B. Total flexural Resisting Moment. 
9. Lateral Load Carrying Capacity. 10. Foundation. 
and 11. Joint and Ar.chorage of Reinforcement. 
Covering Concrete Thickness and Arrangement of 
Reinforcement. 

In this paper. outline of these design 
gUidelines is presented. 

lEY WORDS 

RM Building. Design Guidelines of RM 
Buildings. Seismic Design of Masonry Buildings 

INTROIlUCTION 

The final goal of the U.S.-Japan coordinated 
research on masonry buildings in Japan is to 
realize a medium rise reinfor~ed masonry (RH) 
building with less wall width ratio than the one 
required for present masonry structures. DeSign 
guidelines for a medium rise RM building were made 
by TECCMAR/Japan based upon the synthetic 
experimental and analytical research which had 
been carried out since 1984. 

In the existing design codes for masonry 
buildings in Japan. the number of stories is 
limited up to three and a large amount of walls 
(hiSh wall width ratio) is required. In order to 
realize the earthquake resistant masonry buildings 
which have larger story number but less wall width 
ratio than the one required by the existing design 
codes. a ductility design concept as well as a 
strength design concept was employed in the design 
guidelines. 

The contents of the RM design guidelines are 
presented in APPENDIX II. 

RM STRUCTURES AND THEIR REQUIRED SEISMIC 
PERFORMANCE 

RM Structures (Sections 1.1 and 1.4) 

The RM structures which are dealt with in the 
design guide:ines are reinforced masonry 
structures which are consist of reinforced masonry 
(RM) bearing walls and wall girders. and 
reinforced concrete (RC) slabs. fo~ndations and 
foundation beams. 

The RM bearing walls and w~'t girders are to 
be fully grouted reinforced masonry systems which 
are made by stacking open-end type concrete or 

clay RM units. as shown in Figs. la and lb. with 
using joint mortar in parallel with arranging 
reinforcements into unit cells vertically and 
horlzontally, as shown in Flg. 2. 

~~--l~' ~ 
" n lIS ~ 

~ ', .. 

'" 

Fig. la Concrete RM Unit 

Fig. Ib Clay RM Unit 

A RM building is basically to be an apartment 
house type structure in which sufficient amount of 
walls is expected to be provided in the transverse 
direction. 
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Fig. 2 Typical Bonding and Reinforcing Patterns 
in the 5 story Full Scale RM Test Building 

The R~ structures shall be designed by either 
''Design Method A" or "Design Method B" and should 
satisfy the specifications listled in Table 1 for 
each design method. In Table!, the rigidity and 
eccentricity factors are related to both vertical 
and horizontal stiffness distribution limitations 
in a structure and are defined in the BUilding 
Standard Law [See Ref. 11. The stury drift angle 
in Table 1 is defined as the one produced in each 
story of a stlucture when subjected to design 
lateral seisinic shear force;; which also are 
specified in the Building Standard Law. The value 
of the limitation, 1/2,000, for the story drift 
angle was determined not to produce large story 
drift angle, such as 1/200, against severe 
earthquakes, say 3OO-4oog8ls ground motion level 
[Ref. 2]. Specifications 0 ... "shear stress of 
wall" and "wall width ratio" are mentioned in the 
following. 

Table 1 Specifications for Design Methods A and B 

for Dell,. Mt.h04 A for Deot,. ltethod 8 

SIw.r Str ••• of ".11 
t S JF;.n 'S,· b.!lrKJ (k,lo.' ) 

(3.1) ( ~.~) 

II,UI., Foc ••• (6.4) aO.l aO.6 

Ie •• acrldt, rH'Or (6.4) s 0.1 sO.u 

5tor, DrUt Anal. \~~~) S 112.000 

S ...... rd Wdl S .tor 1 •• I St.I.' '-Ith Iatl0 
(for I •• S~;:;) ] stor l., Uta I.' 
111.01_ W.II 

S nor us IOca/.2 12c.I.2 LM,<h IaUo 
(fot 1st s(;~~ ) .tOties ".1.2 "'.lm2 

Sur, .il"r: ( 1.1) " 4.0. 0; l.s.. 

"Ildln, Mellh. (1.1) " 160 .. 1601 

,: Ihe.t .cr ... of .ach ... 11 (kl/c.2) 
f: ftOIinal .ar Itte.1 or waUs 1ft •• ch Itgr, (ka/c."Z) 
r.; .",lhe4 'OItpr ••• he nr.nlcta or .., ..... br ••• 
ILli.llt, .nd EccefttriCitr r.ctOUi delln •• i.n J.p.,. ..... Ui.na 

Standarli La", 
Storf Dr1ft Anale: _tor, drift anale when .ubJ~ted to deli,,, 

Mi .. ic fotce 
Vall Wi.dth bUo: clf!hned tn e.c.h lOiUflnl ,UrlKtion 
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Required Sets-ic Perforaance tSection 1.3) 

1. 3 Required Seisnlic Performance 
(1) A RM building shall be a structure which 

does not cause any troublp. on 
serviceability against moderate 
earthquakes and does not collapse in the 
event of severe earthquakes. 

(2) A failure mechanism of a RH building 
basically shall be governed by flexural 
yielding at the base of walls at the 
first story and wall girder ends. 

(3) A R~ building shall be a structure which 
possesses the ultimate lateral strength 
and deformability corresponding to a 
structural performance coefficient 
(symbolized as Os hereafter) of 0.5 or 
more. 

Application: 
(1) Though 8 failure mechanism of a RM 

building basically shall be governed by 
fleKural yielding at the base of walls 
at the first story and wall girders, 
fleKural yielding at the top of walls 
located at top story and a foundation 
beam to which a wide wall is connected 
may be permitted. 

(2) Narrow walls may lead fll"xural yielding 
or shear failure prior to flexural 
yielding of wall girders to which the 
nallow walls are connected. In this 
case, it is needed to confirm that the 
yielding or the failure of those walls 
does not affect seriously on seismic 
performance of the overall structure and 
also that local collapse in the 
structure does not occur. Similarly, if 
there is possibility of shear failure in 
some wall girders, it is needed also to 
confirm that the failure of those wall 
girders does not lead local collapse in 
the structure. 

The items (1) and (2) in main body in Section 
1.3 will concretely Signify that: 
(i) shear cracking does not occur in most 

structural components against design lateral 
seismic shear forces corresponding to the 
moderate earthquakes, and 

(ii) a failure mechanism of a RM structure shall 
be governed by flexural yielding which 
certifies that almost no strength degradation 
occurs up to a story drift angle of 
1/200 and that no major strength 
deterioration does up to that of 1/100, as 
well as possessing sufficient lateral 
strength against design lateral seismic 
shear forces corresponding to the severe 
earthquakes. 

DESIGN CRITERIOR 

1.4 Design Criterior 
A RM building shall be designed both by 

a working stress design method specified in 
Chapters 6 and 7, and by an ultimate 



lateral strength design method specified in 
Chapter 9 85 well as satisfying structural 
specifications described in the following 
Chapters except Chapter 8 (Design Method A). 
However, a RM building which satisfies the 
special structural specifications described 
in the following chapters shall be designed 
without carrying out the ultimate lateral 
strength design (Design Method B). 

The RM structures can be designed either by 
Design Method ~ or by DeSign Method B. In case of 
Design Method A, seismic performance corresponding 
to the value of 0.5 in the structural performance 
coefficient 0 or larger ; s to be certified 

s . f through ultimate lateral strength des1gn 0 an 
entire structure and ductility design of 
structural components, whereas, in case of Design 
Method S, seismic performance corresponding to the 
value of 0.55 in the converted base shear 
coefficient CB * or larger is to be certified 
through calculating total flexural resisting 
moment of an entire structure. 

Limitation on the values representing 
characteristics of a structure when applying 
Design Method S is stricter than the one for 
Design Method A as listed in Table I, because in 
Design Method B necessary amount of wall width and 
reinforcement is determined based upon calculation 
of flexural resisting moment without appropriately 
assuming yielding mode of the structure, instead 
of carrying out the ultimate lateral strengt~ 
:I':'3ign. 

The outline of DeSign Methods A and B is 
re(Jresented in Table 2. 
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5.5 Wall Width Ratio 
(1) In each direction at each story, the 

wall width ratio L in cm/m 2 which is 
defined as the tot:l width of bearing 
walls in em in each direction divided by 
the floor area of the story considered 
shall satisfy Equation 5.5.1. 

L", '= a B Z L,.,o and tv ~ Z Lwn 

(5.5.1) 

where, 
Lwo: standard wall width ratio in c.m/m2 

indicated in Table 5.5.1 when the 
thickness of walls t in cm lS the 
smallest thickness to which is 
defined in Sec tion 5.3(2) 

a: reduction factor calculated by 
Equaticn 5.5.2 when the thickness of 
walls t is greater than the smallest 
thickness t which is defined in 
Section 5.3(f) 

[ (Co" lel·.gth of each wall) 

a - E (t x length of each wall) 

a. '= 1 - 3/Lwo (5.5.2) 

6: reduction factor calculated by 
Equation 5.5.3 related to the 
specified c.ompressive strength of RM 
assemblage used 

(5.5.3 ) 

F . f· d si,c e strength of R~1 m: speCl le compresl 
assemblage in kg/cm 

Z : seismic hazard zoning coefficient 
defined in the Building Standard Law

2 L : minimum wall width ratlo 1n cm/m 
wm indicated' in Table 5.5.1 

Table 5.5.1 L,mitation of Wall Width Ratio 

StDC'Y fro. 
t'" Top 
\Irouftd .tl)ry) 

I·] 12 7 9 

__ 4 __ •• _d~~ ____ 1-__ ~15~ __ -1 ____ ~lO~ ____ J-_____ 12 ______ _ 

(2) The nominal shear stress when applying 
Design Method B shall satisfy Equation 
5.5.4. 

T :5 4.0 jFm/180 

where 

" Cs = Qu/ (Z • R t • F es 0 W) 
where 

(5.5.4) 

Qu: ultimate lateral strength of a.' ructur~ 
Z: seismic ha7.ard zonlng coefficlent ( 

0.7 - 1.0) 
Rt : design spectral coefficient 
Fes: shape factor ~ reo Fs (Fe = 1.0 - 1.5, 

F z 1.0 - 1.) 
W : struct~re weight 



t: nominal shear stress in ks/cm2 
produced in the walls in each 
direction at each story "hen 
subjected to the short term design 
load corresponding to Co ~ 0.2 

Q: seismic shear force in kg at each 
story 

~W: sum of wall area in cm 2 in each 
direction at each story 

Fm: specified compress~ve strength of RM 
assemblage in kg/cm 

(3) The calculation of the wall width ratio 
shall be based on t~." following items 
(i) through (iii). 

(i) The bearing walls with the width more 
than 59cm can be taven into accoun~. 

(ii) The bearing walls 'Lpportf:d only by 
wall girders can ~oc be taken into 
account. 

(iii) Full width of the bearing walls with 
the small openings specified in 
Section 5.4 can be taken into 
account. 

The shear stress produced in a 5 story RM 
bUIlding again5~ the short term design load is 
estimated as an example. 
~ssume: 

wall width ratio: 15cm/m 2 

shear stress due to the long term d~sign load: 0 
wall thickness: 19cm 
story weight: 1,200kg/m2 

seismic hazard zoning coefticient: 1.0 

Then, nominal shear stress is calculated as 

0.2 x 1200 x 5 2 
15 x 19 - 4.21 kg/cm 

Taking shear stress concentration coefficient 
n into acc.ou .. t, shear stress produced in a 
critical (wide) wall in the story become~; 

, - n • T ~ 6.32 kg/cm2 
6.74 kg/cm2 

(n a 1.5) 

C" • 1.6) 

The allowable shear stress fs 
term deSign load in case of Fm = 
obtained based on the equation, 
specified in Section 3.1 ns; 

for the short 
l80kg/cm 2 is 
fs = JF;;/2, 

This example shows that shear stress produced 
in most walls is smaller th~n the allowable shear 
stress level and that no s~ear cracking is 
expected to be produced in most walls in RM 
buildings having standard weight against the short 
term design load corresponding to Co a 0.2. 

QUALITY OF HATERIALS 

RH Units (Section 2.1) 

Masonry units for RM buildings shall conform 

to the "Standard of Quality of Masonry Units for 
Medium Ris~ RM Buildings~ In the Standard, units 
are classified into two kinds according to their 
materials made from, namely, concrete and burned 
clay (or ceramics). Concerning dimensions of 
units, these are also assorted into two types, 
such as "12" type and "23" type. The "12" type has 
its sizes with the ratio of thickness to length as 
1 : 2. The "23" ty~e has the ratio of 2 3. 
Combinations of d1mensions have variation in some 
range, as listed in Table 3. 

Table 3 Dimcnsions* of RM Units 
-

Type Thickness (nun) Length(mm) Height(mm) 

200 400 
12 225 450 100, 150, 200 

250 500 225, 250, 300 
300 600 

200 300 100. 150 
23 266.7 400 200, 225, 300 

300 4S0 

* Dimensions are expressed in nominal sizes, i.e., 
distances from center to center of the thickness 
of morter jOints. 

The Standard also classifies the quality of 
units into three grades accord·ng to their 
cumpressi ve strengt~. and water abse rptl.on. Table 
4 der.,nes its classification. Difference in 
strength values between units of concrete and clay 
in the same grade comes mainly from their 
conformity of water absorpticn values in each 
grade. 

T~ble 4 Strength and Water AbsorptIon 

Compressive Water Absorption 
Material Grade Str~n~th, min. RatiO, max. % vol. 

kg/cm 
Net Area 

1 400 10 
Concrete 2 300 IS 

3 200 20 

1 600 10 
Clay 2 SOO 15 

3 400 20 

Specified Compressive Strength (Sections 2.2, 2.3 
and 2.S) 

Specified compressive strength of gr'2ut 
concrete and mortar shall be more than 180kg/cm . 
Compressive strength of joint mortar shall be high 
enough to obtain the specified strength of RM 
assemblage. Specified compressive strength of 
concrete ~hich is use~ 1n RIC pDrt~on shall be 
ranged between l80kg/cm and 270kg/cm • 

SpeCified compr"~.sive strength o~ RM 
assembla~e shall b~ ranged between 180kg/cm and 
270kg/cm • 
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Kate~i.ls of RM Asse.blage (Section 2.4) 

Specified conpc'i!ssive strength of RM 
assemblage shall be verified by prism testing as a 
rule. 
Instead of applying prism t •. ,'<ting, specified 
compressive strength cf RH assemblage may be 
verified by '15in8 EquatiJn ~ 2.4.1. 

Fm : es I O-S')Fu + R'Fg } 
where 

(A 2.4.1) 

Fm • specified ~ompr~s5ive strength ~l RH 
Assemblage (kg/em ) 
specified unit strength (kg/cm2l 
specified grout strength (kg/cm ) 
cavity ra~lO of unit 
masonry ;eduction factor. which walue "5 
0.75 as a rule. However when strength of 
joint m'Jrtar . s less than Fu' it shall be 
ratlo of the former to the latter, and 
r.ot larger than 0.75. 

SFerificd compressive strength of grout shall 
be more than that of RM assemblage as a rule. 

Allowable Stresses of RM Assemblage (Section 3.1) 

Allowable stress of RM assemblage shall be in 
accordance with the values in Table 5. 

Table 5 Allowable Stress of RM Assemblage 

Allowable Stresses (kg/cm2) 

Description For Stresses due For Stresses due 
to Long Term te. Short Term 
Design Load Design Load 

Compression Fmlo F",/3 

Shedr FmI3 flro/2 

Modulus of Elasti.city of RH Asse.blagc (Section 
4.1) 

Young's modulus of elasticity shall be 
obtained by compression prism test as a rule. 
'_t may also be estimated by Equations A4.1.2a and 
~4.1.2b, rather c-0nservatively (Fig. 3a). 

Young's modulus of elastlc:ty: 
for concrete mas?nr~_; __ _ 

Em = 1.68 X 10J vFm/180 (kg/cm 2) 
for clay masonrys ~ 

Em = 1. 31 X to v!' m/180 (kg/cm2) 

(A4. 1. 2a) 

(A4.1.2b) 

If moduli of elastiCity of cc.nstituent ~CJtel i"is 
are known, Young's modulus of el"s-iclty of 
masonry may be estimated by using Equa'lon A4.1.3 
(Fig. 3b). 

. ) 
(kg/cm~) (A.4.1.3) 

Where Em Young's modulus of elasticlt) of masonry 
Eu Young's mod u 1 us of RI1 unit 
Eg z Young's modulus of grout 
;3': cavity ratIO of unit 
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Fig_ 3b Eq. A4.1.3 and T~st Results 

Shear modulus of elasticity is able to be 
estim~ted by Equatton A4.1.1 using a value of 
Poisson's r3tio mpasured in compre3sion prism test • 

G = m 

where 

Ern 
(A4.L.l) 

2(I+Vm) 

em shear modulus of elasticity of ma~0nry 
Vm = Poisson's ratio of masonry: 



STRUCTURAL SPECIFIC~TIONS FOR 1M 
C(Jtp(JftJrrS 

lleariD& Walls 

5.3 Bearin;! Walls 
(1) The bearing walls shall be greater 

than 59cm in width. 
(2) The minimum thickness of bearing walls 

shall be greater than 19cm and 1/20 of 
the vertical distance between main 
lateral supports. 

(3) The bearing walls ot the upper story 
shall be located above those of the 
adjacent lower story as a rule. 

(4) The bearing walls shall have no 
openings as a rule. However, the s~all 
openings regulated in Chapter 5.4 may 
be prOVided. 

(1) The vertical and horizontal shear 
reinforcements conforming to Section 
7.2, Chapters 9 and II (Section 1.2, 
Chapters 8 and 11 for Design Method B) 
shall oe provided in the bearing walls. 

7.2.4 Arrangement of Reinforcements in the 
Bearing Walls 

(1) Venieal and shear reinforcements shall 
be arranged with those more than the 
requir-ed amount of reinforcements 
determined from the allowable stress 
design and specified amount of 
reinforcementsin Table 7.2.1. 

Table 7.2.1 Reinforcements in Bearing Walls 

S,or~ tn_ ~,. I"It.,,,ol.', 'I.(u~l s. .. , 
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tr.,..l S2-Dl) ~.(.Oc. lath ,. 10.ln (0.)%1 
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(2) Surroundings of the small openings 
specified in Section 5.4 shall be 
properly reinforced by arranging I-DlD 
reinforcement or larger ones. 

(3) Number of reinlurcements which could be 
arranged in a unit hole shall be less 
than 2. However, the number of 
reinforcements shall be less than 4, 
if the thickness of RM units is thick 
enough to arrange the reinforcements in 
"wo lines. 

'Wall Girders 

5.6 W~ll Girders 
(1) Wall girders shall be provirl~i to 

effectively connect bearing walls each 
other a t ever y Slol"Y. 
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(2) The end of wall girders shall be 
supported by a bearing wall (including 
an intersecting bearing wall). 

(3) Wall girders shall have sufficient 
capacity against both vertical and 
horizontal design load, and shall 
satisfy the following items (i) through 
(v). 

(1) Width of wall girders shall be more 
than the thickness of a bearing 
wall connected to them. 

(ii) Depth of wall girders shall be more 
than 4Scm. 

(iii) The ratio of clear span 10 in cm to 
depth D in em of wall girders,lolD, 
shall be more than 1.5. 

(iv) The lateral and shear- reinforcements 
conforming to Section 7.3, Chapters 9 
and 11 (Section 7.3. Chapters 8 and 11 
for Design Method B) shall be provided 
in the wall girders. 

7.3.4 Arrangement of Reinforcements in Wall 
Girders 

(1 ) Lateral and shear reinforcements shall 
be arranged with those more than the 
required amount of reinforcements 
determined from the allowable stress 
design and specified amount of 
reinforcements in Table 7.3.1. 

Table 7.3.1 Reinforcements in Wall GHders 
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(2) In case of short beams. the end flexural 
reinforcements shall be more than I-DI6 
reinforcement and the shear 
reinforcement rat io shall be more than 
0.3%. 

(3) Number of reinforcements which could be 
arranged in " unit hole shall be less 
than 2. 

--

Floor Slabs 

5.8 Floor Slabs 
(1) floor slabs as a main structural 

ccmponent shall be constructed by 
reinforced concrete and have suffiCient 
capacity against vertical load. They 
shall also have sufficient strength and 
rigidity to transfer the stress caus€'d 
by lateral force to bearing walls and 
wall girders (or to foundation beams at 
the lowest story). 

(2) Th.ckness of the floor slabs shall be 
more than 13em. 



FowadaUons and Foundation Beaas 

5.10 Foundations and Foundation Beams 
(1) Foundation beams shall be effectively 

and continuously provided beneath the 
bear ina walls at lowest story. 

(2) Foundations and foundation beams shall 
have suffiCient strength and rigidity 
against vertical and lateral load, and 
satisfy the folloIJing items (i) though 
(v). 

(i) Foundations and founda~ion beams shall 
be cast-in-place reinforced concrete. 

(ii) Width of fo~ndation beams shall be 
more than the thickness of bearing 
walls connected to. 

(iii) foundation beams shall bE' r-einforced 
at four corners in their section 
against flexural moment. The flexural 
reinforcements shall be re~trained by 
shear reinforcements. 

(iv) Foundations shall be properly arr~nged 
beneath the beari~g walls as a rule. 

(v) Foundatlons and foundation beams shall 
have sufficient resistance against 
torsional stress produced due to 
eccentric arrangement of foundations 
and/ or piles. 

7.7 foundation Beams 
(1) Design stress for foundation beams shall 

be calculated based on Section 7.1. 
(2) Design of foundation beams shall be 

carried out in accordance with AIJ R/C 
Standards. 

(3) Foundation beams shall satisfy the 
following items (1) through (iii>. 

(i) The amount Df both upper and lower 
fl~Aurvl reinforcements shall be more 
than 2-016 as a rule. 

(ti) The spacing of shear and 
intermediate lateral reinforcements 
shall be less than a half of the depth 
of foundation beams and shall be less 
than 3Ocm. 

(iii) Shear reinforcement ratio shall be 
more than 0.2%. 

Bearing Wall-Wall Girder Joints 

5.11 Bearing Wall-Wall Girder Joints 
(1) The thickness of bearing wall-wall 

girder joints shall be more than the 
one of adjacent bearing walls and wall 
girders. 

(2) Small openings shall be permitted to be 
provided far the joints to which a 
bearing wall having the width I more 
than 159cm is connected. 

(3) Small openings in the joints shall 
satisfy the following items (i) through 
(iv). 

".ri.1 Wall·Wall 
Cirder Joint 

(i) 

(ii) 

(M' 

t;t159ca 

R •• R. :sZOca 

t. ;C30caa'dt, ~:J.lZ 

(jd I, ~30", •• dt. ~D.IZ 

(y J t, ~ (R, + R ,J 

(oi) 0, .. D.! 2 •• d D. 

Fig. 5.11.1 Small Openings in Bearing 
Wall-Wall Girder Joint 

.. D.I Z 

(i) Clear length R (to be the diameter fDr 
round shape and the longer Side for 
rectangular shape) shall be less than 
20cm. 

(ii) The distance 11 and 12 between the 
side of bearing walls and the edge of 
small openings shall be more than 
30cm and a half of the depth D) and D2 
of wall girders connected to. 

(iii) The plural small openings in the jOlnt 
shall be arranged side by side, and 
the distance between the edges of two 
small openings 13 shall not be less 
than the sum of clear length Rl and R2 
of those small openings as a rule. 

(iv) The small openings shall not be 
located at a lower half portion of the 
joints 

7.8 Bearing Wall-Wall Girder Joints 
(1) The long and short term allowable strt;SS 

design of the bearing wall-wall girder 
joints shall be abbreviated to be 
carried out. However the examination 
specified in Sec cion 9.5.4 shall be 
needed for the joints which satisfy the 
follOWing items in the whole, whether 
DeSign Methods A or B is applied. 

(1) The width of bearing walls to which 
the JOlnt 1S connected is smaller 
than 98cm. 

(ii) The joints to which the wall girders 
are connected in the both side 

(iii) The amount of tension side flexural 
reinforcements in the wall girders 
stated in the above item (ii) is more 
than 13cm 2• 

(2) The surroundings of small openings in 
the joints which are specified in 
Section 5.11 shall be reinforced in 
accordance with the speCifications in 
Section 11.4.3. 

Seismic Slit Joints and Shear Keys 
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5.12 Others 
(1) Seismic slit joints shall be provided 

tletween bearing .. aIls/wall girders and 
seco~dary walls in order not to have 
bad influence on strength :lnd 
deformation capacity of those bearing 
walls/wall girders. 



(2) Shear keys shall be provided as a rule, 
in order to fully transfer the shear 
forces, on upper surface of foundation 
beams and floor slabs on which the 
bearing walls are arranged. 

STRESS ANALYSIS 

6.2 Stress Analysis 
(1) Stress and deformation of RM buildings 

shall be evalu2 !ed uSing elastic 
stiffness of structural components as a 
rule, in which; 

(i) Stress under the vertical design load 
can be obtained applying abbreviated 
methods which are practically applied 
under actual circumstances. 

(ii) The 10n8 term axial stress acting on 
the bearing walls can be evaluated 
against the vertical design load 
subjected to the floor area surrounded 
by bisectional lines which devide 
corner angles at bearing wall 
intersections, clear distance between 
two parallel bearing walls, and clear 
length of wall girders. 

(2) The effective width of orthogonal walls 
and floor slabS shall be c:ppropriately 
taken into account to evaluate stlffness 
of :-shape structural components. 

(3) The effect of torsion shall be taken 
into account if the center of gravity 
and the center of rigidity at each story 
do not COincide with each other. 

Application: 

(1) Stress and deformatIon of RM buildLngs 
can be evaluated using a frame analysis 
method in which flexural and shear 
deformation and rigid zone at bearing 
wall-wall girder joints are taken into 
account. Axial deformation also shall 
be taken into account for those bearing 
walls in whi.::h large axial deformation 
is expected. The rigid zone area taken 
into a.:count is determined based 011 the 
AIJ RIC Standards. 

(2) The stiffness of foundation b~ams shall 
be taken into account. Deformation of 
the ground and piles can be 
appropriately evaluated as well. 

(3) Young's modulus and elastic shear 
modulus of RM structural components 
shall be those for the RM assemblage 
speCIfied in Section 4.1. The effect of 
existence of reinforcements may be taken 
into account as well. 

(4) The plural bearing walls which surround 
openings having the value of an 
equivalent opening ratio of 0.4 or less 
can be considered as an equivalent non­
opening single bearing wall. The shear 
stiffnesses in this case shall be 
evaluated in accordance with the shear 
stiffness reduction factor 
specified in the AIJ RIC standards 
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(Eq. A 6.2,1). 

Shear stiffness reduction 

~olo Y'"' I - 1.25 -­
hI 

and 

factor Y 

(A 6.2.1) 

h: vertical distance between main 
lateral supports of bearing "a11s 

1: width of bearing walls 
ho' 10: clear hE'ight and width of the 

opening. respectively 

(5) The reduction of shear stiffness may be 
neglected for the small openlngs 
spec i fled in Sec cion 5.4. 

(6) The flexural stiffness of wall girders 
in which clear length is comparatively 
snort (designated as "short beams") may 
be reduced up to 50% of tneir elastic 
stiffnesses. 

TOTAL FLEXURAL RESISTING HOMCNT 
IN DESIGN METHOD B 

8.1 Check of t~e Total'Flexural ReSist:l,ng 
Moment 

The following Equation 8.1.1 shall 
be satisf~ed in the case that design 
method B is used. 

n:MbL. + L,Mwu) i:: 0.55 • Z • Rt 
n 

• 1: (Ai Wi • hi) (8.1.1 ) 

where. 
EMbu: total summation of moment 

capacity of wall girders at 
nodal points (kg em) 

l:,Mwu: total summation of moment 
capacity of walls at the bottom 
of 1st story (kg em) 

Z seismic hazard zoning 
coefficient 

Rt design spectral coefficient 
Ai lateral shear distribution 

factor at i-th story 
Wi weignt of the building above the 

i -th stor y (kg) 
hi height of the i-tn story (em) 
n number of story 

For the buildings to which design method B is 
adopted. the structural regulations such as wall 
width rati:>. profile of plan and elevation, etc. 
are required strict1 y. However. the scatf' at 
ultimate stage of the structure is not clear 
because only allowable stress design method is 
used. 

In this section the simplified check of the 
laternl loat1 C:Hrying capacity is obligated. The 
mechanism as shown in Fig. 4 is assumed whithout 
checkinig tlle yielding mechanism in the 
calculation. 



Fig. 4 Yielding Mechaniqm assumed 
in the Design Method 8 

LATERAL LOAD CARRYING CAPACITY 

Fund •• ental Concept (section 9.1) 

9.1 Fundamental Concept 
(1) The lateral load carrying capacity of 

RM buildings shall be greater than the 
required lateral load carrying capacity 
expressed by Eq. 9.1.1. 

Qun - Os· Fes· QUd (9.1.1 ) 

.. here, 
Qun 

Os 

required lateral load carrying 
capacity at each story 
structural performance 
coefficient specified in Section 
9.2 

Fes shape factor which is determined 
based on the eccentricity and 
variation of lateral stiffness 
along the building height 

Qud : lateral seismic shear force at 
each story 

(2) Failure mode of members shall be 
flexural yielding mode as a rule. 

(3) Failure mode of a building shall be 
total failure mode in which flexural 
yielding occurs at the bottom nf the 1st 
_tory walls and at the ends of wall 
girders as a rule. 

(4) Walls, wall girders, foundation beams 
and surroundings of small openings shall 
be reinforced according to the 
requirements specified in Section 9.5. 

The procedure of the check is as follows; 
(i) to calculate ultimate strength of each 

componene, 
(ii) to calculate lateral load carrying 

capacity in every direction and to decide 
the stress and yield type for each 
component under yielding mechanism of a 
building, 

(iii) to decide the structural performance 
coefficient "Os" at the direction 
considered using the "component type" for 
wall girders and bearing walls stipulated 
in Section 9.2, 

(iv) to calculate the required lateral load 
carrying capacity at each story and 
compare With the lateral load carrying 
capacity obtained from item (ii), 
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(v) to do the ductility design for bearing 
walls, wall girders, foundation beams and 
surroundings of small openings according 
to the requirements spe~ified in Section 
9.5. 

Structural Perfor_ance Coefficient (Section 9.2) 

9.2 Structural Performanr.e Coefficient Os 
(1) The structur~l performance coefficient 

,D1' shall be the maximum ~alue which is 
de ined i,l Table 9.2.1 for Io/alls 
according to the component types. 

Table 9.2.1 Structural PerforMance Coefficient 

in the clse that ir. tht ca •• that ia. the ca.. that 
Ort 1 y F 1 co.portent F I and F2 Co.po- Fl' F2 and FJ coa-
il considerld for nen ts are c.on- po.ponent. are 
the calculation sid.red for tho conliderld for thl 
of laterol load calcula. ion of calculation of 
carryina capac tty lateral load laterll load 

carryina c:apaCity carryi"l c,,.city 

Os 0.5 0.55 0.6 

(2) The judgment whether Fl, F2 or F3 is 
~·lected may be performed according to 
tl.e conditions in Table 9.2.2 a) and b) 
in which the conditi lns are stipulated 
for walls, wall girders and foundation 
beams. 

Table 9.2.2 a) Component Types of Bearing Walls 

~. fl I FZ fJ 
Con41tlons 

Failure Mode Fle.c:ural failure· 

1 
other 

Upper Li_it of 'tu/F .. 0.07 0.10 conditions 

Upper Lillit of a",,/Fm 0.2 I 0.25 

Table 9.2.2 b) Component Types of Wall Girders 
and Foundation Beams 

eo_PQnents ~ Fl I F2 FJ 
Conditions 

Wall Failure "ode Flexural Fallure-
Cird.rs 

I 
other 

Upper Liait 0.01 - coftditiona 
of "f ulF. 

f'oltndation Failurl "'ode flexural railure-
Bea., r-. 

I 
other 

Upper Lillit 0.15 O.lO 
condition. 

of TufF. 

• The fle.ural r.U"re i_pHil! that. the ratio 
of the Ihear cApac.ity to the shear at 
.echani •• t. lreatef than 1.1 for' ",.lls and 
1.0 tor ".U &irdefs .nd foundation be •••• 
respec.ti.el, . 
further.ore, ch .. ratio 01 tho ahtar 
copaclty to tne sPlear at -.chanis_ 
should satisfy the requirem .. nt3 of Section 
9.5. 

Tu : a ve rage shear stress at 
mechanism (kglcm 2) 

fu = Qmu / Ae (9.2.1) 

Io/here, 
Qmu : shear at mechanism (kg) 



where. 
Nm 
Nw : 

Ae 

Fm 

TU 

where, 
Qmu 

b 
j 

aectional area of wall or wall 
Birder in which the sectional area 
of slab and transverse wall within 
the effective range specified in 
Section 9.4 atay be included. (cm2) 
averaae axial stress of 
bearing wall at mechanism (kg/cm2) 

(Joe • ( Nm + N w ) I Ae (9.2.2) 

axial force at mechanism (kg) 
axial force from transverse wall 
which affects the strength of the 
bearing wall and is same as the 
value of Section 9.4.1 

in 
of 

the 

sectional area of bearing wall 
which the sectional area 
transverse wall within 
effective range may be included 
specified compressive strength of 
RM assemblage 
shear stress o~ foundation beam at 
mechanism (kg/cm ) 

T U • Qm u / ( b • j) (9.2.3) 

shear of foundation beam at 
mechanism (kg) 
width of the foundation (em) 
distance between the centroids of 
compressive and tensile force at 
the section (em) 

(3) In the case that yield hinges occur at 
wall girders which are connected to 
a bearing wall at top and bottom, the 
lowest level of component type among the 
component types of wall girders shall be 
selected for the bearing wall. 

(1) Structural Performance CoeffiCient 
From the response analysis of the building 

designed by these gUidelines, the response of 
story drift angle was less than 1/200 under the 50 
kine input of Hachinohe I 968NS , Taft 1952EW and El 
Centro 1940NS. Furthermore, the component test 
indicates that the bearing wall With medium amount 
of shear reinforcement anu low level axial index ( 
~o/Fcm) has deformability of mor~ the, '/130 story 
drift angle (Fig. 5). In case of wall girder it 
was more than 1/100 (Fig. 6). "jhr~efore, the 
coefficient of structural performance is decided 
to be 0.5 for the structure with ductile members, 
0.6 for th. structure including brittle members 
and 0.5:! for the middle. The reason that the 
simple sUllmation is allowed for the structure with 
various component types is such that the yielding 
deformation at maximum load was almost 1/400 for 
most of the tested members. 

(2) Component Type 
The component type may be classifled by the 

factors: the deformability such as failure mode, 
axial force index ( (JoeiFm ), shear-span-ratio ( 
M/QD ), level of shear stress, amount of shea~ 
reinforcement, etc., which affect the 
deformability. For the classification of component 

type, the factor of failire mode is stressed 
first, because the earthquake response of this 
kind of structure is rather saall and the 
structure has the deformability of 1/200 to 1/100 
in story drift angle if the failure 1I0de is 
flexural. However. it seems to be difficult to 
give enough deformability to the structure under 
high axial and/or shear stress. Hence the 
limitation for them vas provided. 

lor the bearing walls the relation between 
the limit of deformation angle. which is defined 
when the load is decreased 20% after maximum load, 
and shear stress index ( 'fu/Fm ) is shown ~~ Fig. 
7. The deformation angle more than 7.5x10 rad. 
is expected when thp. Tu/Fm is less than 0.07. For 
the wall girdirs the relation is shown _if Fig .. 8. 
The deformation angle more than lOxlO rad. ~s 
expected when 'fulFil i5 also les5 than 0.07. 

.., 
~ 0.02S 

e , 
~ .. 0.02 
; 

.... 
o 
.. 0.015 
~ .. .. 
., 0.0 I 

I-- --

0 
u 

c 

C 

o • ( 
0 

.~ 
"'''''1 -,0- --- r--

... .. 
c ., 
~ 0.00 5 • 

~. , .. 
~ .. 
o o 

-,. • 
0.5 1.0 1.5 2.0 

Qsu I Qmu 
Fig. 5 Deformabiliy of Bearing Wall 

51_boh; 0 Huural bUlle •• concrete unit 

... 
~ 0 .. 03 ... 

~ 0.02 

.. .. .. 
~ 0.01 
c .. 
co 
~ ... 
IY .. 
~ 
.!! 

o 

® Ih •• r t.Uure after fllJl:ural ,1eld. 
concrete IInit 

•• h4ar hilur~. concru. uni.t o flexural failun. chr unit 
Slh.al' r.Uur, aftlr n •• vral 

Canute. cia, unlt 
• sh • .-r bUure. clay unit 
d llexural failure, wich crenu'.coW' 

ca-ponent 
A shear l.1.&.urt aft.r flelunl fallure. 

with trans'",f". c;o.ponent 
A. st..le faihre .... it" Ulnl.,.ue 

co-pan.ftc 

A 

• 
A 

0 

• 

... . Ie • I 0 

':1 
• 1iI-(lIort Beam 

I 
0.5 1.0 1.5 2.0 

/)SU I I)ou 

2.5 

Fig. 6 Deformability of Wall Girder 



20 

~ 
... 15 II .., 
II '" .... 0 
00 .... 
c 
'" E 10 ;:I 
.. E o .r< ...... 
... II! 
;! e 

5 ........ 
o 0 ... 
~ 

o 

t:J 

lou 
~ 
! 

1 GP , 
'" ~ ~ , P \." :-.0 .", -. . ,- <;) .-

0.05 0.07 0.10 
Tu / Fern 

i · 
0./5 0.20 

Fig. 7 Shear Stress and Deformability 
of Bearing Wall 

0.05 0.10 

tu Fern 

Fig. 8 Shear Stress and Deformability 
of Wall Girder 

Calculation Method for Lateral Load Carrying 
C.apacity (Section 9.3) 

9.3 Calculation Method for Lateral Load 
Carrying Capacity 

(1) Accurate calculation method such as 
incremental load applying analysis or 
simplified method based on virtual work 
principal shall be used for the 
calculation of lateral load carrying 
capacity. 

Though ~he incremental load applying analY3is 
vr the lImit analysis is desi red for the 
calculation of the lateral load carrying capacity. 
the simplified method based on virtual work 
princip;:.i assulling the yielding :It the ends of 
wall gird~rs ~dy be used because adequate accuracy 
may be obtained for the structures in which the 
strengths of walls are bigger than those of wall 
girders. The moment distribution method is not 
suitable for this ki"d of structures. 

The moment and shear force for each component 
calculated by the above mentioned method may be 
used as the moment and shear at mechanism. 
However. for wide walls the forces calculated by 

the simplified method are sometimes different from 
those by the accurate method. The increase of 
design shear forces for the wide walls is 
reccommended if the simplified method is used for 
the calculation . 

Ulti.ate Strength of Components (Section 9.4) 
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9.4.1 BeariAL 4 •• 

(1) The Eq. 9.4.1 shall be used for the 
flexural st:ength of bearing walls . 

Mu 2 ~(at. cry ) 1101 • 0.5 [Caw • C1lo1y) 1101 .0." . Nm • 1101 + Nlol • e (kg -em) (9.4.1) 

where. Mu - 0 when it is negative. 
at: sectional area of flexural 

reinforcement in which the 
vertical reinforcement sectional 
area of transverse wall wit.hin the 
effectlve range may be included 
(cm 2) 

cry material strength of flf>xural 
reinforcem~nt spetif1ed in Section 
3.3 (kg/em) 

1101 u.9 times the total length of the 
bearing wall (em) 

aw sectional area of vertical 
reinforcements at the center part 
of the bearing wall in which the 
reinforceme~t sectional area of 
transverse wall within the 
QUictive range may be included 
(em ) 

Owy: material strength of the above 
mentioned reinforcemert specified 
in Sec t ion 3.3 (kg/cm ) 

Nm axial force of the bearing wall at 
mechanism (kg) 

Nw axial force from the transverse 
wall which affects the streagth of 
bearing wall 
In the case of the wall as shown in 
Fig. 9.4.1 the ealcul ation shall be 
as follows. 

i) Nw .O.?S NI for the bel!lring wall 
WI 

ii) Nw .. O.2S(N I + N 2) for the 
bearing wall WZ 

iii) Nlol -0.25 N2 for the bearing wall 
W3 

Nl and NZ are the long term load 
(kg) of the transverse walls. 

Bearing w"ll 1012 

Fig. 9.4.1 Axial Force ,,. Transverse Wall 



e: the distance (CII) b'!!tween the 
call pression extre me fiber of 
the bearing wall and the center 
line of the transverse wall 
(FiS. 9.4.2) 

Tension Compr~ssion 
side •• side 

~ 
~ ! Co~presSion fiber 

Fig. 9.4.2 Distance Between Compression 
Extreme Fiber and Centroid of 
Transverse WaU 

(2) The Eq. 9.4.2 shall 'be used for the 
shear strength of bearing walls. 

Qsu 
\ 0.053pteO. 23 (Fm +180) 

= 1 M I( Q 0 1 )+0.12 
+2.7 j pwe ocr wy 

+0.1 aoe}te 0 j 0 r (kg) (9.lo.2) 

where. 
te 

pte 

at 

Fm 

1 w : 

pwe: 

Owy: 

j 
r 

equivalent thickness whpn total 
sectional area Aw including the 
the sectional area of transverse 
wall within effective range is 
replaced by the rectangular 
section with thp total length 
(cm) 
This shall be less 
times the thinkness 
bearing wall. 

than 
of 

1.5 
the 

equivalent flexural reinforcement 
ratio (=1001: at / (te 0 lw » (%) 
sectional area of flexural 
reinforcement in which the 
sectional area of transverse 
walls within the effective range 
may be included (cm 2) 
specified compress~ve strength of 
RM assemblage (kg/cm ) 
total length of the bearing wall 
(cm) 
0.9 times the total length of the 

reinforcement 
bearing wall (em) 
equivalent shear 
ratio (a 8 w/(te. s;) 
The "a w" is sectional area of one 
pair of shear reinforcement and the 
"s" is the space of it. When this 
value is more than 0.012tlte it 
shall be 0.012t/te. 
material strength of 
reinforcemen~ of bearing 
( ~ 3000 kg/cm ) 
(8/7) lw (cm) 

shear 
wall 

reduction factor of shear capacity 
due to small openings. which value 
shall be the smaller vc'ue of 
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fholo 
1-10/1 and 1- j -::-;--­

h 1 

h vertical distance between the main 
lateral supports in the bearing 
wall (em) 

hu height of small opening (em) 
10 width of small opening (em) 

ooe EN/ rAw 
EN= Nm +Nw 

Nm same value to that in Eq. 9.4.1 
Nw : same value to that. i.n Eq. Y.4.1 
Aw total sectional area of oearing 

walls including transverse walls 
within the effective range (em ) 

M/(Q 0 t): shear span ratio at mechanism 
which shall be 1 and 3 when it 
is less than 1 and more than 3, 
respectively 
M and Q are the bending moment 
and shear force of the sect jon 
at mechanism. 

(1) Formulae for flexural strength 
Figure 9 shows the relationship between the 

experimentally obtained shear stress at maximum 
load, tT max =Qmax/t 0 I, and shear stress 
calculated by Eq. 9.4.1. fmu = LcMu/t-l, whose 
data were obtained from 11 specimens. which were 
failed in flexure, among 57 specimens in total. 
The test data are almost same as the calculated 
value by the equation. In ~his case the results of 
material test were used for the yield strength of 
reinforcement. In these guidelines the equation by 
which the average strength can be calculated is 
adopted, because the deSign of each component 
against shear failure becomes critical if the 
equation which gives lowest value is used. 

(2) Effect of transverse wall on flexural strength 
The test results of bearing walls with 

transeverse walls show that all v~rtical 
reinforcement in transverse walls yielded when the 
deformation angle was 1/200 to 1/100. The full­
scale five story test showed that total sectoonal 
area was effective at final stage. Since the 
target of the deformation angle in these 
guidelines. however. is a little smaller, 1/400 to 
1/300. than 1/200 to 1/loo, the effective range is 
limit ted in the requirement. 

(3) Shear strength 
Figure 10 shows the relationship between the 

experimentally obtained shear stress at maximum 
load. tTmax.Qmax/t oland shear stress 
(.alculated by Eq. 9.4.2. ci'su=cQu/tol. whose data 
were obtained from 45 specimens. whiL~ were failed 
in shear or failed in shear after flexural yield. 
among 57 specimens in total. All data are plotted 
above the diagonal line. The equation se~ms to 
give the lowest limit. The material test results 
are used for the calculation obove. 

(4) Effect of transverse wall on shear strength 
There are 3 specimens with transverse walls. 

The wall with transverse walls at the center 
failed in shear after flexural yield and the wall 



with transverse walls at the ends Called in shear. 
The ratio of the strength of the wall with 
transverse walls to that without transverse walls 
is 1.43 in average and the rat io of the strength 
with transverse walls to that without transverse 
walls calculated by Eq. 9.4.2, in which te is 
assumed to be 1.5, is 1.36 in aver;lge. 
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9.4.2 Wall Girders and Foundation Beams 
(I) The Eq. 9.4.1 shall be used for the 

flexural capacity of wall girders. 

where, 
at 

ay 

d) (kg. em) (9.4.3) 

section~1 ared of flexural 
reinforcement in ... hich the 
sectional area of the slabs within 
the effective range shilll be 
included (cm2 ) 

material strength of the flexural 
reinforcement ~~2=ified in Section 
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3.3 (kg/c".2) 
d effective depth of the ... all girder 

(refer to Section 7.3.2) (em) 

(2) The Eq. 9.4.~ shall be used for the 
shear strength of the wall girders. 

·0.053 pteO. 23 (Fm +180) 
Qsu =0.9 1-----------

( M/(Q·d)+0.t2 

where, 
be 

(kg) 
(S.4.4) 

equivalent width of the wall 
girder when total sectional 
area of the wall gi rder 
including the sectina1 area of 
the slab within the effective 
range LAg is replaced to the 
rectangular section WIth depth D (em) 
Thi:. value shall be less than 1.5 
times the width b of the wall gider. 

be = LA 8 / 0, be ~ 1. 5 b 

pte equivalent flexural reinforcement 
ratio 
(=IOO!:at/(be·d» (%) 

at sectional area of flexural 
rei:lforcemel't in which the 
sectional area of slab reinforcement 
within the effective range may be 
included (cm 2) 

Fm specified compressive strength of 
RM assemblage (kg/cm 2) 

o deprh of the wall girder (cm) 
p ... e equivalent shear reinforcement ratio 

(= 8W/(be. s}) . 
The a w" is the sectional area of a 
pair of shear reinforcement and 
the "s" is the space of it. When 
this value is more than 0.012 blbe, 
it sha 11 be 0.012 bl be. 

owy : yield point of shear reinforcem~nt 
of the w.:Ill girder (~3,OOO kg/em ) 

M/(Q.d}:shear span ratio at mecha·,j' , .. which 
shall be I a~d 3 when the value is 
less than I and more than 3, 
respectively 
M and Q are bending moment and 
shear force of the section at 
merhanism. 

j : (7/8)d may be used. 

(3) The flexural strength of the foundation 
beam may be calculated by Eq. 9.4.3. 
The shear strength of the foundation beam 
may be calculated by Eq. 9.4.4 in which 
the reduction factor 0.9 in the equation 
may be ch'lnged to 1.0. 

----------------
(1) Flcxura I scrength and shear strength of wall 

girder 
Eouat ions 9.4.3 and 9.4.4 were examined using 

the t(st results of 33 specimens in total. 
The co~pari.;vn of the test results and the 

calculated values by Eq. 9.4.3 is shown in Fig. 
It. Th~ specimens, plotted under the dia~on~l 



line ~hich shows the ratio of test results to 
calculated value is 1.0, were failed in shear. 
For the specimens failed in flexurure, the ratio 
is 1.2 to 1.5. 

The co~parison of the test results and the 
calculated v31ues by Eq. 9.4.4 is shown in FIg. 
12. The specimens, plotted under the diagonal line 
were failed in flexurure. For the specimens 
failed in shear, the ratio is 1.1 to 1.5. Equation 
9.4.4 seems to be coservative. The failure modes 
are clearly divided by the diagonal line as shown 
in Fig. 13. 

-N 
II 
~ 30 r----.-----r----~---,----_r--~~ 
00 

"" 
)( 25 
cu e ... 

.. .. .. ... 
u 

'" ... ., .. 
.t:. 

'" 

15 

10 

5 

5 10 15 20 30 

shear stress at flexural strength 
(calc Tmu, kg/cm2) 

Fig. 11 Max.mum Strengt~ versus Flexural 
Strength of Wall Girder 

N 
e 
u ..... .. 
~ 

,; 
cu e ... 
u .. 
'" u 

'" '" " ... 
u 

'" ... 
cu .. 

.t:. 
OJ 

e 
" .~ 
)( .. 
E 

30 

25 

20 

15 

10 

5 

0 
0 

::::I::::::r:J~'::]::~ 
: : I'd. Qr.i . 
: : ~@~ : 

::·=:~··::::::!··:·~·i·::::·I~~l··::·· 
5 10 15 20 25 30 

shear stress at shear strength 
(calc TSU, kg/cm2) 

Fig. 12 Maximum Strength versus Shear 
Strength of Wall Girder 

113 

'" ""5 30 
.::: .... 
u OIl 

: ; :~:.; . . J..~' . 

:.·····r·····:t·· ••• [:~:\:·:·-.:i::-.-. 
~ ~ 25 
41 • 

... " " s rJ) 10-
.... u 20 ., .... 

: ; . : ; ... ., 
:::J <J 

·:.:·1:.:.:.:.I: .. i:t:·::1::·-' 
'" ~ 15 .... 
... 
'" til 
til 
OJ ... ... 
CIl 

... 
'" 01 
.r:: 
til 

10 

5 

: : (Bll!!lhw.~j : 

....... l .. ·· .... I· ...... ·t .. ······I······+ ...... 
: : : : 

5 10 15 20 25 30 

shear stress at shear strength (calc TSu, kg/cm2) 

Fig. 13 Flexural Strength versus Shear 
Strength of Wall Girder 

Ductility Design of Components (Section 9.5) 

9.5.1 Walls 
(1) For the component type Fl and F2 of 

hectring loIalls, the ratio of the shear 
strength and the shear force at mechanism 
shall be larger than the value in 
Table 9.5.1. 

Table 9.5.1 LOlolest Limit of Qsu/Qmu 
for Bearing Walls 

oDe / Fm Fl F2 

~ 0.10 1. 20 1.10 

o. 10<, ~ 0.15 1.25 1.10 

0.15<, SO.20 1.30 1.15 

0.20<, :iO.25 -- 1.20 

(2) Adequate confining reinforcement IoIhich 
reSists the crash of concrete shall 
be provided at both ends of the bearing 
wall where yield hinge is expected at 
mechanism. However. the bearing wall 
of which ooe/Fm is less than 0.1 and 
I/all width is less than 2.5m, or the 
bearing wall with transverse walls is 
exepted . 

(I) The ratio Qsu/Qmu required for bearing walls 
In order to assure the flexural yield 

Eailure, the shear strength Qsu is neccesarily 
greater than the shear force at mechanism. The 
flexural strength does not decrease so much under 
repeating load, but this shear strength decreases 
under repeating load in pl3stic range especially 
under high axial force. If the value a o~/Fm is 
greater than 0.25 1n Table 9.5.1. this bearing 
wall may be the component of FJ in which the 
ductility is not expected. For the bearing wall 
with transverse w~lls, the ductility may be 



expected and the value. in Table 9.5.1 .ay be 
decrea~~d by 0.1. because the strenath of the vall 
~1th transverse valls is a little areater than the 
calculated one and the decrease of shear strenath 
is •• all under repeatina load vhen the transverse 
wall. e~ist at both ends of the bearing vall. 

(2) Reinforcing at the ends of the bearina vall 
saainst cra.h in coapression 

Hiah ductility is required at the bottom of 
the first story bearing wall. Since the ductility 
of flexure largely depends on the limit of 
coapressive strain of concrete. confineaent ls 
needed in order to protect crash after maximu. 
stress. 

9.5.2 Wall Girders ar.d Foundation Beams 
(1) The shear strength of the wall girders 

and foundation beaas of which component 
type is Fl shall satisfy Eq.9.5.1. 

Qsu ~ QL + n. Qm u (9.5.1) 

where. 
Qsu: shear strength of the wall 

girder and foundation beam 
speCified in Section 9.4.2 (kg). 

QL shear force under long term load 
(kg). 

Qmu shear force at mechanism (kg) 
n coefficient multiplied to shear 

force to ensure the ductility. vhich 
shall be larger than 1.1. 

9.5.3 Reinforcement of Small Openings of 
Bearing Walls 

(1) In case that a small opening regulated 
in the term (2) of Section 5.2 exists in 
the bearing wall. additional diagonal 
reinforcement and ridge reinforcement 
required by Eq. 9.5.2 shall be provided 
around the small openina. 

(i) sectional area of additional diagonal 
reinforcem~nt at corners of the sllall 
opening (em ) 

ho + 10 Qmu 
(9.5.2 a) 

2120 1 oy 

(ii) sectional area of additional vertical 
ridge reinforcement at corners of the 
openina (cm2) 

ho Qmu 
(9.5.2 b) 

2(1-10) oy 

(tii)sectional area of the additinal 
horizontal ridge reinfor~ement at the 
corners of the opening (em ) 

10 h Qmu 
o - 0 (9.5.2 c) 

2(h-ho) 1 oy 

vhere. 
1 

h 

10 : 
ho : 
Qmu: 

oy 

~idth of the bearing vall vith 
a.all opening (CII) 
vertical diatance betveen .ain 
lateral supports of the bearing vall 
with •• all openina (ell) 
clear vidth of the sllal1 openina (CII) 
clear height of the sllall opening (ell) 
,hear force of the bear ina vall 
at meehanisll to vhieh the value 
specified in Table 9.5.1 shall be 
multiplied for the component type 
Fl and F2 aeabers (ka) 
material strenath of the additional 
diagon~l and ridae reinforcement 
(kg/clI ) 

The Equation 9.5.2 is same as used in the 
AIJ RIC Code. 

Around the very 5111811 openings. about IOcm 
dialleter. no special reinforcement is needed l.n 
principle. 
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9.5.4 Bearing Wall-Wall Girder Joints 
(1) The bearing wall-vall girder joints 

vhieh come under terms (1)-{i) through 
(iii) of Section 7.8 shall de designed 
against the shear force applied to the 
joints at mechanism. 

Application 
(1) The shear force Qp in the bearing vall­

vall airder joints at mechanism can be 
smaller one calculated by equations 
below; 

Qvl+Ow2 
Qp • Tbl+Tb2 -

Qp -(Tv 1+Tw2 -

2 

Qbl+Ob2 

2 

(A 9.5.1) 

Ip 
)0- (A 9.5.2) 

Dp 

: yield force of tensile reinforcement 
at i-end of the vall airder( !: atoOy) 

: yield force of tensile reinforcement 
at i-end of the bearing wall 
( !:at 0 Oy) 

:shear force at i-end of th~ wall 
airder 

Fig. A 9.5.1 Stress at Bearing Wall-Wall 
Girder Joint 



Oy 

: shear force at i-end of the 
bearina vall 
lenlth of the bearins vall-wall 
airder joint 
height of the bearing wall-wall 
airder joint 
.aterial strength of flexural 
reinforcetllent 

(2) The shear force used for the equations 
above .ay be obtained from the following 
way; 

(i) the shear force at mechanism stipulated 
in Section 9.3, 

(ii) the shear force of wall girders or 
be~rins walls obtained in Chapter 6. 

(iii) 

Qwl+Qw2 12 
- • Mb2) / (hI +h2) 

2 
102 (A 9.5.3) 

h2 
+ - • Mw2) / (11+12) 

h02 (A 9.5.4) 

flexural strength at i-end of the 
wall Sirder at i-end 

flexural strength at i-end of the 
bearirs wall, which may be 
[(aw. cry) .tw 
span length at the left and right 
clear span length at the left 
and right 

: height of the bearing wall 
clear height of the bearing wall 

Fig. A 9.5.2 Notation for Desian of Bearing 
Wall-Wall Girder Joint 

(3) The strength of bearing wall-wall girder 
joints may be calculated by the follOwing 
equation. 

uQp • 0.15' Fm • lp • t (A 9.5.5) 

where, 
Fill specified strength of the RM 

assemblage 
lp length of the bearing wall-wall 

girder joint 
t thickness of the bearing wall-wall 

girder joint 

From the test result the average shear stress 
divided by prism strength uTp • uQp/(l • t) of 
bearing wall-wall girder joint at maximum load was 
0.18 Fcm and 0.15 Fcm kg/clII. 
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CONCLUDING REHAR[S 

These design guidelines for mediulII rise RM 
buildings were completed March 1989 by 
TECCMAR/Japan based upon the composite 
experimental and analytical research which had 
been carried out since 1984. 

These design guidelines are ready to be 
slightly revised this year. The major points to 
be revised are the specification on the wall width 
ratio and the minimum amount of reinforcement 
required in design method B. In a revised 
edition, the wall width ratio is expected not to 
be specified in lIIain body of the design 
guidelines. 
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APPENDIX II - COITENTS OF DESIGN GUIDELINES OF 
MEDIUM RISE RH BUILDIIGS 

1. Cenerd 
1.1 ~cope 
1. 2 Definition of Teras 
l.l Required Seis.ic P .. rfor_nce 
1.4 De .. iln Criterior 
1.5 Parallel Usinl of Other Type .. of Structural 

S, .. t ... 

2. Quality of Hatedal 
2.1 RH..{Jnit 
2.2Concrece .nd Mortlr to be used for 1M 

Au_bla ... 
2.l Stren.th of 11M Ass ... blale 
2.4 Haterials of 1M Ass .. bl •• e 
2.S Concrete to be uled for RC C_ponent 
2.6 Reinforc_nt and Wire 

l. Materid Strenlth .nd Allow.ble Stress 
l.1 RH As_bl •• " 
l.2 Concrete for Ie C ... pone.t 
l.l Reinfore_nt and Wire 

4. Constant .. of Materials 
4.1 RH A ...... bl •• e 
4.2 Concrete. Morter, ReinforcelHnt and Wire 

5. Structural Plannina 
5.1 Size of Bulldi., 
5.2 Shape .. in Pun and Elevation 
S.3 a.arin. Walls 
5.4 Sooau Openin,s of Bearin8 Walls 
5.5 II.U lIidth Ratio 
5.6 11.11 Cirders 
5.7 Sub Beau 
5.8 Floor Slabs 



'.9 tutUe.er ........ fa 
'.10 FOUlldU10f1. alld Fo""ut1011 ..... 
5.11 JeUi", Ve11-lle11 larder Joines 
'.12 Othe .. 

6. Str""tural Calculation 
6.1 o..lln Lod. and Thair Cooobination 
6.2 Str ... Analy.ts 
6.3 Stor, Drift Anile 
6.4 Stiffn ••• Distributlon 
6.S Uplift of Foundation 

7. AU ..... bl. Str ... De.lln 
7.1 Hoooent an4 Sh.ar F"rell for Desl,n 
7.2 leerinl Wills 

7.2. I o..iln "'thad 
7. 2. 2 Allo ... bl. nuural Strenlth 
7.2.3 Allovable Sh.ar Strenlth 
7.2.4 A .. anl_pt of leinforc_nt 

7.3 Wall Cirders 
7.3.1 Desiln "'thod 
7.3.2 AlIo ... ble fluural Strenath 
7.3.3 AlIo ... bl11 Sh.ar Stnnlth 
7.3.4 Arranlceent of Reinforce_nt 

7.4 S .. b ..... 
7.5 noor Slab 
7.6 Cantileyer.d .... ber. 
7.7 Foundation .... . 
7.8 ... rinl Wall-W.lI Cirder Joints 
7.9 Projection frooo Roof Slab 

8. Total Fluural .esistinl """,,,nt 

9. Lateral lDad Carr,ina Capacity 
9.1 Funt!._ntal Conupt 
·J.2 St~uctural PerforMnce Coefficient Ds 
9.3 Calculation of Lateral lDad CarryinB Capacity 
9.4 Ulli.ate Stunlth of Co.ponents 
9.4.1 Bearina Walls 
9.4.2 W.ll Cirders and Foundation Ilea •• 

9.5 Ductility Desian of Coooponents 
9.5.1 Bearinl Walls 
9.5.2 Wall Cird.rs and Foundation Be ••• 
9.5.1 R .. inforce .. ent of 5 .. 11 Openinls of Bearin, 

Walls 
9.5.4 Bearinl W.ll-W,ll Cirder Joint. 

10. Foundation 

11. Joint and Anchora.e of Reinforce."nt. Coverinl 
Concrete Thickness and Ananae.ent of 
Reinforc ... nt 

11.1 Joint of Re1nforceaent 
11.2 Anchor.,e of Ilelnfor~_nt 
ILl Coverina Concrete Thickness 
11 .• Arrana_nt .. f I.inforceat 
1l.4.1 Benin, Wells 
11.4.2 Wall Cirders 
11.4.3 Bearina Well-Wall Cirder Joints 
11.4.4 Joint ReinEorc_nt. 
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v.&..r..- Coependft RETIua ,... __ Hybrid ec.troI 
of Liss'e ...... of Bddp Stnctans 

:by 

Jlro TAGUCHI". Toablo IIASAKI-. Yoshlo ADACIIl'"'. YuulM SASAKI'" and Kazuhlko KAWASHIMA'" 

this p.per present. current reaearch 
acthltlea on pull". and .cttve control tor 
appllc.tlon to brld,. structuru conducted at 
the Public lora Rue.rcll Inltltute. Japanese 
-slda r .. earch pro,r.. tor U.S.-Japan 
COoperath. Researcb on Hybrid Control. wblcb 
la denrwd as a coablned approach ot paulYe 
and actl.e control ot aelAlc re.ponse. of 
brld •• structurea Is alao pru.nted. 

L DmIOIJOC'I'IOi 

Baae lsolatloa la no" bela. Incrustn,ly 
.. eel In brld,es In Japan for reducln. tbe 
atructural responae. Bue laolated brld.e. 
whlcb la aupported by I.olatora and en.rrY 
dlulpators. cau.es 1... allOunt of structural 
response durin, .n .artbquake. and .Ith use of 
beee IlOlatlon It Is eJlpected to Incr .... selAlc 
.. tety ot the brld,. even durin, a slmlflc.nt 
e.rthqu.ke. 

On tha other hand. active control which can 
control the structural response IIOr. 
eflectlvely than the passive control Is now 
beln. conaldered lor application to S.IAlc 
desl.n 01 anueturea. It Is expected to brln. a 
Il,nltlcant I.proveaent ot lelulc perforlllUlce 
of .tructures lncludlnr blrb.IY brld,es. The 
.... n ob.tacl. of the actIve control Is tb. larre 
8IIOunt of .1I.r,y required to aupply to tbe 
structure. Becauae of auch obstacle. the active 
control I. now beln, tried to apply for 
coatrollin. the atructural reaponle a,alnst 
.Ind. 

CoablnaUon ot .ctlve and pu .... control. 
"hlch I. d.nlled bert as hybrid control. • __ 
aUraetlye tor lobin, this ob.taele. 
Appreciable _unt 01 d.cr_ ot structural 
r .. pon .. by ... nl or paulv. control .111 .. ke 
tbe eaer.y .upply Il,nUtcantly 1 .. 11 In tbe 
actly. control to Icble... tb. control of 
.tructural response .Ithln a latl.taclory level 
durlnr a Ilplt'lcant earthquak •. Incr .... of 
lat.ral dllplac_nt of the deek Induced by 
Introducln, the pUlIYe control aay b. 
l.proved by the actIn control. 

Thl. paper pres.at. the currenl: research 
actlvltl.. conducted at tb. Public Works 
R .... rcb In.Utute. Mlnl.try of Con.tructlon. on 
deyelop_nt of et .. lrn _tbod for baae-Isolated 
hl,hway brld ... and a tund_nt.l study on tbe 
application ot acthw control for reducln, tb. 
.. Ia.le response or a hl.bway brldr."·· ... 
Japuese-.lde proer.. at the cooperatlv. 
research prorr_ on hybrId contrOl. whlcb I. 
no. belne Initiated .Ince April 1.. at the 
Public Works R .... reb Instltut.. Nlnlstry of 
Coutruetlon. II allO prea.nted. 
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2. ClIRIIEIn' II!SEAllCD DIiYELOf'IIIDn' FOR BASE 
ISOLAftD DIGOA! _DGU 

2.1 Culdellae t~r Deal,.. 01 a-laolated 
Dip".,. Irld,.. (Dratt) 

For teudylllr an .ppllcatlon or. b ... 
Iiolation to ael ... c deslrn of hlrhway brld.es. 
a CO_I ~t.. chaired by Protauor Tluneo 
KATAYAMA. UnlYerllty of Tokyo. was tanulated 
throu,b 191. to lillie at tb. TechnolorY R .... rch 
Center tor Natlonal Land Dev.lopIIIllt. Three 
pro,rlM were atudled In tbe co_lttee. I. •.• 1) 
lurvey for lsol.tors and .nerlY dlaslpators 
.hlch can b. ulad tor hlrh.ay brldre. 2) .tudy 
on key points In deslrn ot base-Isolated 
hl,h.ay brldres. and S) deslrn ot bue-I.olated 
bhrh"ay brld,es. AI a tlnal outcOlH ot tbe 
study at the co_Itt ... -Guldelln. for Dellm or 
Base-I.olated HI,h.a,. Brld... (draft) • "as 
pubUlhed In March ItI.·. 

The drart ruldeUne Includes the tollowlnr 
contenta: 

Chapter I General 
1.1 Rel.ted Re,ulatlons 
1.2 DefInItIon ot Ter .. 

Cbapter 2 Fund_ntal Strate.y of Base 
Isolation Deal.n 

Chapter:l Dellm of Iiolator and En.r,y 
Dlssipator 

3.1 General 
3.2 Deal,n DI.placeaent ot Base llOlal:lolI 

Devlc. 
S.S Equlvalenl: Natur.l Frequency and 

Dupin, Ratio ot Baa. (1Olator 
3.4 D)'Dutc Charact.rl.tlca ot 3aae 

Iiolation Deylce 
3.5 Static Cbaracterlnlcs Of lase Iiolation 

Devlca 
Chapter 4 De.lp ot B ..... lsol.ted Blrhway 

Brld,. 
4.1 General 
4. Z Sel .. le Coefflcl.nt Jlletbod 

4.2.1 General 
4.2.2 Horizontal Dealrn Sel •• le 

Coefflcl.nt 
4.2.1 Enluatlon of N.tur.l PerIod ot 

B .... r.ol.ted Brld,. 

I) For.er Director General 
2) Director Genaral 
3) Dlrector.Plannlnr and Rese.rch Ad.lnlstratlon 

D.part_nt 
4) Director. Earthquake Diluter Preyentlon 

Depart_Dt 
5) ReacS. Earthquake EDrlneerlar Dlvlalon. 

Earthquak. PilUt.r Pra.antlon Depart_nt. 
Public lora Reae.rcb rnltltute. Ministry of 
Con.tructlon 



4.2.4 E.alutlon of Sectional Force and 
DI.plac_at due to Inertia Force 

4.3 Cbeck of Bearille CApaclt,. for Lateral 
Force 

4.3.1 General 
4.3.2 Sel .. lc Coefficient Ulled for Check 

of Bearlne CapacIty for Lateral 
Force 

4.:.S l!'yaluar.loD of Natural Period 
4.3.4 ivalullUo .. of Duplne Ratio 
4.3.5 Evaluation of Sectional Force aDd 

DlsplacMeot due to Inertia Force 
4.'.1 Equivalent Sel .. le Coefficient Ulled 

tor Cbeck or Bearln, Capacity tor 
Lateral Force 

4.'.7 Bearlne CapacIty for lateral Force 
ChaPter 5 Dyna.lc Raponse Analysis 

5.1 Metbod of Dyna.lc Response AnalysIs 
5.2 Modeillne or Base-Isolated Brldee for 

Dynulc Respons. Analysis 
S.S Input Motion for Dyna.le Response 

Analysll 
5.'.1 hlput Motion (or Check of Deslen by 

Meana ot Sels.lc Coefficient Method 
5.'.2 Input Motion tor Check of Bearlne 

CApacity tor Lateral Force 
5.4 Inyestleatlon of Satety 

Chapter I Genltral Provision for Deslen at 
Structural Details 

1.1 General 
1.2 DIstance between Structures 
I.S Deslen Gap of ExpanSion Joint 
8.4 Devices tor PreventJlle Faillne-ort of 

Superstructure fro. Substructure 
1.5 General Proylslon tor Deslen Det.lls at 

Base Isolatton Device 
\ppendlx 

I Deslen at Base-Isolated Hlehway Brld,es 
D Deslln Method ot Base lsolatton Device 
• Exa.ple at Desl,n Calculation of 

Base-Isolated Rlebw.y Brldee 
(In the Case at Ground Condition at 
Group I) 

IV Exaaple of Deslln Calculation of 
Baae-lsolated Rlebw.y Brldee 
(In the Case ot Ground Condition of 
Group B) 

V Exuple of Structural Details 
VI Exa.ple of Various Base-Isolation Device 

2.2 JOIDt R_rela betweeD PWRI aDd PrlYate 
FI .... OD DeYelop.eDt ot Base Isolation Syste. 
tor RIctnra7 Brldce 

Baaed on tbe Itudy llade for proposlnr -
Guideline for Dalcn ot Base-Isolated Rlrhway 
Brld,es-, for al.lne to develop a further 
practical de. len _thod or base-Isolated 
bl,hw.y brldees superior fro. both sels.lc 
~af .. ty and construction cost point of ylew, a 
Joint reseerch prorra. between PWRI and 29 
prln~e fir .. on -Develop.ent ot Base-Isolation 
Sys ..... for IIlrhw.y Brldees- was Initiated since 
1980. Tbe relearch Is scheduled to continue for 
three years until 18112. 

Scopes or the Joint raearch contain the 
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tollowlne researcb/deyeloPlMUlt prorr ... : 

1) DeYelopeent of Iiolator and enere:!' 
dlllipator lui table for blehway brldl'e with 
utlll2.lnr new .. terlals and technoloclel 

2) !Jeyelop.ent ot expan.lon JOint and 
talUn,-oft prevention device suitable for 
base-Isolated brldce 

3) Develop.ent of deall'D .ethod tor 
base-Isolated brldee 

4) Application of base-Isolation for hlrhway 
brldee 

In tbe project I), It I. al.eeI to develop 
lese expenslYe Isolator and enerey dllSlpator 
wblch are superior for 10Ile-ter. ule /OS well as 
function. In the project 4), application of base 
IsolatIon tor luper-lone .ul tip Ie-continuous 
bl,hway brldee with total leneth over I k. and 
tor sels.lc retroflttlDC of vulnerable exlstlne 
blehway bridles Is belne Inyestleated. 

11Ie 29 private tlr.. JOined In the Joint 
research pro,rllll consist ot .. terlal .. kers 
such as rubber and autoaoblle tire .akers. 
bearlne support. fabrIcators. consultlnr 
enalneerlnr fir .. , steel superstructure 
fabrlc.tln, co.panles. and eeneral 
constru~tors. 

Table-l shows the researcb lubJecta and 
contribUtions. 

2.' Construction of Base-Isolated DICbway 
Brldees 

Seven base-Isolated hlehway brldee. as 
shown In Table-2 are currently heine 
constructed by the support ot the Ministry or 
Construction tor the purpoll of IDcorporatine 
the base ISOlation deslen Into the practical 
use. After co.pletlon of the construction. a 
series of tests Includlne a push-pull test, 
forced elicitatIon test with use of an 
eccentrlc-.ass shaker and strone IIOllon 
observatIon Is scheduled to be aade for 
studylne the dyna.lc characteristics or the 
brld,es. 

AlIOne the seYen brIde" presented In the 
Table-2, the desl,D has been already ca.pleted 
for Ha,akl-eawa Brldee. Marukl Brldre. 
Karasuya.a No.1 Bl'ldre and Mlyakawa Brldre. 
and construction ot the substructures Is now 
under way. 

S. A FUl'fDNlENTAL RESEARCH ON "PPUCATION OF 
ACI'lVE CONTROL TO mGUWAY BRIDGE 

3.1 SeIAic Respoa .. CoDtrol b,. JIIeaDI ot ActlYe 
..... S:Jllt_ 

To study an application at active control 
for reducln, 1I11.lc r •• ponse of brldre. a 
sl.ple analySis Ideallzlne tbe brldce by a one 
dearee of freedo. Iyste. Ineorporatlne an 
actlve .as. on the deck was .. de". FIC.l shows 
an analytlcsl lIOdel wJth an active ... s. 

Equations ot .otlon of the brld,e wIth the 
active .a.s syste. can be written a. 



+ {II •• II" 
-t. 

(I) 

where. 
... c.. k. : ..... ct.aplar coettlclent and 

atlffn .. a of tile brldre 
x •• i •• i. : relatl". d.lplac_nt. yelocl ty 

and acceleration or the brldre 
f. : external torce applied to the brldre 

••• k. : .... and .tltlD ... of the active 
.... ay.t .. 

:I •• i .. i. : dl.placeHllt. yeloclty and 
acceleration of active .... 
relatl ... to the brld,e 

f. : external torce applied to the active .... 
u : control force at active aass .y.tea 

The contr~1 force Is assu.ed to be 
tieter.lned by a linear coablnatlon ot 
dl.placeaent and velocity ot the brld,e and the 
actlye .... as 

u - (G~ G:l {: :} + (G: G."l {~:} 
(2) 

In willch. G.o and G"o represent control ,aln 
vector ot velocity and dlsplacetlent or the 
brld,e. respectively. and G.· and G." represent 
control ,aln vector ot those of the active aass. 
re.pactiveIY. Sub.tltutln, Eq.(2) Into Eq.I1'. 
one can obtain the equations ot IOtioa or the 
total .)'Itu as 

i-ll.+jlu+.Q. 
where 

.1.­
A-

jl-

IX.Xex.x.I T 

r~~I~_1 -K~'~J 
I-m. m. 0 01 T 

-I -I 

.R.- I-m.'. m.t" 0 

M- [~. !.J 
~- [~. :) 
.l. - [II. + II. - k ,,] 

- II" II • 
I : unit _trlx 

(3) 

01 T 

Introducln, .tate variable. X. the control 
force by Eq. (2) can be rewritten as 

u-ll 
In wIIleh 

• • Ie "' 

~- IG •• G •• G •• G,,' 

(4) 
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It II an laportant role to detenlne 
appropriate control rain yector G In order to 
edequatel,. control .cructural r .. ponH ullnr 
actlv. .... ,,.It... Varloul .. thod. to 
deteralne control ,alna h.. been Itudled and 
proposed In the literature. In thl. Itudy. tbe 
toll_lar two control .ethocla are consIdered. 

11 OpU.al Feedback Control Method 
In the opU .. l feedback control Mthod. 

control ,alai bave to be deteralned 10 that tbe 
obJectlye tunctlon J be alnlalzed bue .on an 
opU .. 1 control theory. 

J._I- !(X ... ll.+RU·) d t (5) 
2 8 

In whIch aatrlx Q and R denote wel,htln, 
tactors on Itate varlabl .. and control torce, 
respectively. 

Control ,aln vector G can be obtaIned by 
aatrlx P wblcb laUlitles Aleebralc Rlccatl 
Equation as 

2) Modal Control Method 

(B) 
(7) 

Modal control aetbod ,Ives a control torce 
as a linear coablnatlon of aodal respeRS ... 
whIch are reneraUy called as ,enerallzed 
coordInate. The control force can be obtained 
as 

u - J:.!U .1.. (81 
I-I 

In whlcb K, and r, represent control constants 
and J-th renerallzed coordinate, respectively. 

Control cORltants are deteralned usln, a 
aethod developed by Porter et. al as 

m 
lI(PI-J.,) 

k , - ->1.;;;-.:..1 _____ _ 
m 

,,110,1-1,) 
: .. , 

In whlcb 

(9) 

1 , : coaplex el,enYalue of J-th lOde of 
uncontrolled IYlte. 

p, : coaplex el,en •• lue to be as.l,ned ot 
J-th aocte of controlled .yatea 

.. , : J-tb el_nt of a .ector obtained 
froa coaplex aodal .ector. and 
aatrlc .. A and B 

3.2 Brldr. AIIalned aad ADaI;,tlcal COadltlona 
Pic. 2 Ibon a brldee analyzed whIch Is of 

three apan continuoul ,Irder brldee with deck 
len,th of III .. Relponse In lon,ltudlnal 
direction II considered tor the analYIII. 
Fundaeental natural trequency •• eyaluated as 
I." Hz. Daaplnr ratio Inherent of tbe brld,e II 
.. Iueed as I for alalnr to IlOlate tbe effect of 



tile actl .. e ..... )IS te •. 
Since tbe selection of tbe proper .... I. 

one of the I.portent desl,n parueter. In the 
acU .. e .... ayate •• 3 c .... wltla a .... ratio, 
whlcb I. defined .. a ratio of the active .... to 
tbe .... of the superstructure ( 1.135 tf ). ot 
1/1., lIlt. and 1/188& are consIdered In tile 
analy.ll. Sprlnr coefnclent k. of tbe acttye 
.... lyate. I. ..aulled so tbat the natural 
frequency of tile active usa sYlte. beeOM. 11" 
of tbe tundaaental natural rrequency or the 
brldee ( •. 9tHz ), 

Control ,aln .. ector I, deter.lned In tbe 
rollowlnr waYI: 

It Optlaal Feedback Control Metbod 
.elrhtln, .. trlx Q Is .. sulled to be .. 

.Q,.-

[

Q." 0 0 OJ 
o Q."O.D 

o 0 Q. 0 

" o 0 0 Q" 

(11) 

In whlcb. Q." and Q •• denote weichtln, factors 
for relative dlsplaceaent and velocity of the 
brldee. respectJvely, and Q." and Q." represent 
those of active ... s. Because bendlnr aoaent 
developed at tbe pier which Is the aost 
IlIPortant par_eter tor sels.lc deslrn of 
substructure Is renerally Pl"opol"tlonal to 
relative dlsplace.ent of the brldee, tbe 
control force Is A8su.ed to be deter.lned only 
by Qsd (I.e., Q."·Q.".Q.".I) In tbls study. The 
weichtlnc factor at control lorce R Is Ilxed as 
1.8, and three c .... with Q." ot \8°.18- and 11'0 
are considered. Table-3(a) shows tbe control 
,aln vectors thus deteralned. 

2) Modal Control Metbod 
Control caIn vector Is deter.lned so that 

da.plnr ratio ot the total syste. beco .. s 8.1. 
8.2 and 8.3 wltbout chanClnc natural frequency 
of the brld,e. Natural frequency ot the brld,e 
was not chanred so tlla' elfect 01 the Input 
cround action on sels.lc response be the aa_ 
with tbe analyals asau.ln, tbe optl .. l leedback 
control. Table-3(b) ahows the control ,aln 
vectors thus deteralned. 

TIro ,round action acceleration records 
obtained at cround surface near the Kalhoku 
Brldee durlne the Mlyael-ke1l-0kl Earthqu.ke CPt 
7.4) In 19711 (referred as lalhoku Record) and on 
the "atlro-Gata durin, the Hlhonkal-chubu 
Earthquake CM 1.1) In 1913 (reterred .. 
lIachlro-,at. Record) are used tor the Input 
actIon. Peak accelerollon of tbe two recordl 
was ... u.ed 8S the a .. WIth the onea actually 
.... ured. 

:1.3 Erfect of AetlYe ..... 5)'8t .. .\aUIDC 
Optl .. l Feedback Coatrol I'Iotbod 

FIlL " and .. show the response dl.place.ent 
and acceleration of the brld,. ...uala, the 
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optl .. l feedback control _tbod when lubJected 
to tbe Kalboku Record. The .... ratio •• 1 .. vI 
1/IH, .nd .. lcbUnr lactor Q." of 1'" and 18'0 
are "luMd. Acc,,:dlnr to the.e result •• when 
Q." I. ...used .. 1'-, .Inu.oldal responae I. 
leen In both dlsplace_nt and acceleration. 
which l.pU .. that an apparent daaplnc ratio of 
the ')'Itea II quite .aaH. Predo.lnant 
Irequency ('.91Hz) or tbe response corresponds 
to the n.tur.1 frequency ot the syste. 
con.lsted of tbe brldee and the active uss. 
Peak re.ponse dlsplace_nt ot the deck I. S.lIca. 

On the other hand. when Q.' Is taken as 
1.'0 both dlsplaceaent and acceleration 
responses beeo.e quite s .. ll .. co.pared with 
the c ...... ua/nr Q.. as 18". Acceleration 
respon.e b .. a II.Uar shape with the Input 
,round acceleration. Thl. I.plles that apparent 
daaplnr ratIo .... s very lar,e. 

Effect of ac:tJve control syste. Is studied 
In ter .. or peak r .. ponse. FI,.S shows how peak 
responae dlsplaceaent and acceleration of the 
brld,e vary In .ccordance with tbe welrhtln, 
factor Q.. and tbe .... r.tlo a./a.. Peak 
response dlsplaceaent decre .. es aonotonously 
In accordance with Incre .. e of Q.. for both 
Kalhoku and llachlro-,ata Records. 1I0wever, 
peak response acceleration does not decrease 
aonotonously, and baa Its peak at Q.' • IB& tor 
tbe Kalhoku Record. It should be noted that In 
.o.e casea the response acceleration does not 
decrease aonotonously even If control ,aln 
vector Incre_. ThIs Is attributed to the 
.troke 01 the actl"e ... s ... will be discussed 
later. 

Fie. I .bow. stroke 01 the active .ass. For 
the Kalhoku Record with tbe control of Q ••• 
18'Q, peak control force becoaes 199 tf whIch 
corresponds to 18_ of the dead weicht of the 
superltructure 11.135tt). The stroke or the 
active _ to C.t the peak control force of 199 
tt .I,nlflcantly depends on the aass ratio 
a./a.. When r. • 1/18H the peak stroke ot the 
active aass beeo.es extre.ely laree, I.e .. 31.4 
•. It Is laposalble to ensure such Jar,.e stroke 
of ± 31.4 a In the brld,e with the span len,th ot 
31 •• On tbe otber hand, when r •• 1/18 the peak 
stroke of the active .... beco ... 8.42., which 
.ay be In tbe rance 01 a practical use. However. 
althoueh the stroke of tbe active ... s Is within 
a tolerable ranre, the .... wltb I" of the dead 
weicht ot the supentructure Is excessive lor a 
practical use. Therefore. It I. quIte laportant 
to de.l,n the syste. .0 that the aass and the 
stroke are In the tolerable ranee. 

3.4 Effect of Active ..... Asllualn, Modal 
Coatrol Metbod 

FIe.' .hOWll peak response dlsplaeeaent and 
acceleration coaputed ... ulnr the aodal 
control .. thOd. Pe.k respons .. or the bridle 
deere... IIOnotonously In accordance with 
Increase of the d •• pln, ratio 01 the sy.tea h •. 
This Is quite natural becaule da.plnr ratio at 
the ayatea Is .. auaed to Increase by .eans of 



the Ktl.,. _ lS'St ... 'IC.' .ho .. tile control 
lore. .. d the Itroke ot tbe actlye ... S. AI was 
the cue ot tbe optl .. l leedback control. the 
control lore. I. not a"ected by the .... ratio. 
becallH It II cOIIpeuated by tbe Itroke ot the 
aetl.,e ..... 

4. u.s.-JAPAII COOPIIATI\'E RESIWlCII PROGRAM ON 
IIIIIIm CCMmIOL OF ...-cTVRAL RESPONSE 

Altbollih tile actl .. control II an attractive 
.pproacb. enercy required to .upply tor 
controlllnc the MI .. lc re.pon.e at brld,e 
.tructur.. wlthll, a d.lrable level Is 
ex_I" .. Thll obltacle Me .. quite dlrncult 
to SOil'. with u .. 01 the the currently exlltln, 
tecllnolor)'. In particular In Japan wllere 
occurrence 01 an earthquake with .. cnltude 
over a b .. to be taken Into account In selselc 
dalen. Hence. It II considered dlftlcult to 
apply actlye control .y.t_ tor control line 
selselc response ot brld,e. In near tuture. 

TIIeretore. at this stare a co.blned 
approacb 01 pUllve and active control. which 
Is detlned here as hybrid control. seeas eare 
superior lor control lin, lelglc response ot 
bride •. 

The .dYantaies ot the hybrid control can be 
expeeted al 

II By Introduclne active control to • 
base-Isolated brldee. deek response 
dllpl.enellt. whlcb soeetaee. becoee. excelslTe 
tor .voldlnl to ule expansion Joint with laree 
rap. can be reduced. Thus. the hybrid control 
extendl tbe applications of base Isol.tlon. 

2) Control enerlY can be sl,nltlcantly 
reduced .1 coepared wIth tbe enerey required 
In actlye control. 

:I) Dependence on actiye control can be 
deereued. whlcb. In turn. deereuel 
Inconyenlence cauled by aln-worklne or 
aallunctlon at the control .ySte •• 

.... e on such conllderatlons. the hybrid 
control _ eare luperlor than the active 
control lor alalnc to reduce structural 
r8lq)OnH 01 brld,es durin, a slpilicant 
earthquake. Theretore. a 5-year research 
procr.. on hybrid control ot MI.elc response 
wu Initiated In tbe Public Works Research 
Institute 'roe April 1881. The obJective. of this 
researcb procr .. are to Itudy an application of 
tbe hybrid control lor brldce structures (reter 
to 'IC." as 

1) COntrol or luper lon,-Ipan continuous 
brld.es 

2) Control ot brld.. on rel.Uyely lolt 
.round 

:I) lapro.,_nt of MII.lc pertor •• nce of 
bridles on the laportant urt,.n route 

For .ueb tarretl. the roUowln, research 
It_ are conlldered for Itudy : 

n o."eloptl8llt 01 pullve control eleeent 
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lulteble for hybrid control Iyatee 
• Developeent ot variable duper 
• Developaent 01 d.aper wltb tall-safe 

function 
2) De"elopaent of active control syste. 

suitable lor hybrid control 
:I) Deyelopeent of optl .. 1 hybrid control 

Iyste. by cOllolnln. 1) and Z) 

Thll relearch prorra. Is to be executed as 
a U.S.-Japan cooperative research procrae 
throuch the actlyltl .. ot the Panel on lind and 
Selsalc Eflect. of UJNR. 
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Table 2 ConstrucUon ProJcct oC Dose-Isolated Ulgluray BrIdge 

Owner Bridge Name Type d Super- Length (m) 
SIruClwe 

Hokbido Developing Bureau Onnetoh Bridge Steel Oirder 456 

Tohoku-Reliona1 Bureau, Moe Nagan-gawa Bridge " 97 

KanlOh-Rqional Bureau, Moe Noc Yet Selected Noc Yet Decided NO( yet Dctennined 

Chubu-Rcaiooal BumlU, Moe " " " 
Iwate-ken Maruki Bridge Prestressed Concrete I 92 

Tochigi-ken Karasuyama Bridge " 250 

Shizuolca-ken Miyagawa Bridge Steel Oirder 110 

Table 3 Control Gain 

(a) OpUaal Feedback Control 

Case Gain 

m./m. rt. G; (N·s/ml 0: (N·s/mJ G: [N/ml G: [Nlml 

10 • [60 -3.34 22 -26 
[ -

10 10' 1.560 -.52.2 2,100 -2,560 
10 •• 9,630 -322 79,800 -97,300 

1 10 • 160 -0.54 22 4 

iOO 10' 1,570 -.5.24 2,1£0 378 

10 10 9,640 -36.2 79,900 [4,300 

10' 161 -0.05 22 -I 
1 

10 • 1.570 -0 . .53 2,120 -66 lin) 
10 I. 9,640 -3.22 80,000 -2,480 

(b) Modal Control 

Case Gain 

m./m. hi 0: [N·slml G:IN·s/ml G: [N/m) 0: [N/ml 

.J.. 
0.1 1.210 40.S 402 763 

10 0.2 2.420 -48 • .5 804 750 

0.3 3,640 -56.6 1,210 6.53 

0.1 1.210 4.05 402 139 
...L 0.2 2,420 4.8.5 804 133 100 

0.3 3.630 -.5.66 1,210 127 

--L. 
0.1 1,210 -0.40 402 13_9 

1000 0_2 2.420 -0.49 804 13.2 

0_3 3.620 -O.S7 1.210 12_.5 

1%3 
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(e) Input Acceleration 

Flg.3 Coapuled Response by OptIanl Feedback Control 
wIth Q. d = 10° (ad/a .. = 1/100) 

~ 500
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(c) Input Acceleration 

FII'.4 Co.puled Response by Optlaal Feedback Control 
wIth Q.. = 1010 
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BY 
Michio Okahara l , Shoji TaJcagi a and ~iji Taguch1a 

In ~r to investigate static 
horizontal resistance of pile., 
rum.rous horizonta1 loading te.ts 
were perfor..cl and the r.sul ts 
analyzed using statistical 
technJ.quea. Through analysis of 
theae horizontal loading tests, 
we exaa1~ factors inf1uencing 
.-aunts of yield displace.ent and 
evaluated both 811DW\ts of allowable 
displace.ent and coefficients of 
ground reaction in a horizontal 
direction, assu.ing that yield 
displa~t is defined as the 
..aunt of displ-=-nt at the point 
where re.idual di.pla~t 
rapidly increa... wi th respect to 
horizontal displ~t. 

KEY WORDS: Pile, horizontal loading 
test ~ata, yie1d diap1ace.ent. 
allowable displ~t. horizontal 
ground reaction coefficient 

1. INTRODUCTION 

It he. for many years been 
necessary to .stablish a _thod 
of predicting pile behavior 
under condi tiona where horizontal 
force and ~t ect on a pile. 
In the ca.. of static behavior 
alone, this subject i8 co.plicated 
by the dependency of pile behavior 
on various factors each such as 
non-unifonaity end non-linear 
characteristics of the ground, 
the type of pile, and the _thod of 
pile construction. 

Approaches to predicting 
horizontal behavior of a pile can 
be generally cl ••• ified _inly 
into the following three categories 
regarding the concept of horizontal 
ground reaction: 

1) The ulti_te ground reaction 
_thad 

1 ) The ( linear or non-l1.Daar 
elastic ground reaction _thad 

3) The ela8tic-plastic ground 
reaction _thad 

In Sec1fications of Substructure. 
in ·S~ification for Highway 
Bridge." Part IV ( hereafter referrecS 
to as Guide) , the linear elastic 
ground reaction _thad is adopted, 
which as.1III88 that the ground 
reaction is proportional to pile 
d1spl~t and which ut. 
coefficients of ground reaction in 
a horizontal direction and 
allowable .-aunts of horizontal 
displ~t for pil.. of relatively 
-.11 di ... ters. HOMeYar, since both 
the size of pile foundationa 
and varieties have been ~ncreas~ng 
with bridge acale, a .are 
rational approach aust be 
establiahed when d_ign1ng 
bridgea. In this report, _ have 
investigated horizontal reai.tance 
propert1_ of p11_ by analyzing 
data obtained frOil loading te8ts 
by ~s of atatiatica1 .. thD4a. 

2. SUM4ARY OF HORIZONTAL PILE 
LOAJ)ING TEST DATA 

Horizontal loading taat data were 
collected for the 415 ca... to be 
analyzed. The pr1Jlary data 
e Table 1 ) available for the 
following statistical analyi. were 
selected frOll aIIODg these data, 
which were UIportant to our· 
inveatigation. Figures 1 and 2 show 
the frequency distributions of pile 
di ... ter and length, reapaetively. 

In the follOWing lBeCtions: "3. 
Studies of elastic lilli tat ion on 
the hor1z:ontal behavior" and ..... 
Studies of the coefficient of 
horizontal ground reaction", 
statistical .. thads were applied to 
the secondary data groupe selected 
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.0 that validity was retained tor 
reapective purposes and _thods 
('reble 2 and 3). 
3. INYESTIGATJOH 00 LIMIT OF 

idlzooAL ELASTIC IiEHAVHj~ 
3.1 Yield dilpl.c~nt and itl definition 

"ben the hOrizontal force and 
..ant act on the pile 
foUNlation, 1. ta behavior in a 
horiaontal cUr.ction i. u."ally 
non-linear. '1'h1.. aeans that acil. 
an not perfectly ela.tic and a 
region where pla.tic defor.ation 
occurs gradually grows larger with 
increaaing load.. In the Guide. 
the nan-linear behavior of pile 
foundation is treated a. the 
~apparent· li~ t.havior. 
utilizing the coa~ficent of 
horizontal .ubgr~. reaction ( Ka ) 
obtained in a linear concli tion. 
This 1a beceuae elaatic 
design within a region of 
allowable horizontal di.plece.ent 
should' enable acil re..Latance 
to an i~ and repetitive load, 
auch .. Hi8aic force. .... neve 
here, fx-c. a a1.llilar point of vi_, 
in ... tig.~ed with re~ to 
the d1Spl~t nec»8.azy to 
attain not only.ec:hlmical 
atabiU ty of a pile. but also 
to wi thatand an 1.ncrea_ of 
haraful residual displace-ent. 

Figure 3 Bhowa the relationship 
between reaidual diaplece.ent of a 
pile heed after re.aving the load 
and 1. ta atra1rl (which i. def1.ned 
a. the ratio of the UlDun~ of pile 
head diapl~t to the p:i.le 
head d1_tar before r...aving the 
load) • h'ae the figure, which i. a 
typical exa.ple, one can ... that 
residual diapl~t rapidly 
incr ..... beyond a certain ..aunt 
of pile Mad strain. It 1.a thua 
suggested that large plaatic 
daforaation of .oils could not 
only be prevented but alac its 
stability .. a foundation could 
be preHrved if tne pile head 
displacenent were de.igned to be 
below the point of inflection 
whare the ..aunt of residual 
displace.ant beg:i.ns to incree_ 
repidly. The follOWing 
imre.tigaticns were carried out 
by deUning the lIIIOunt of pile 
head (Uapla~t correaponding 
to that of the inflection point for 
resid"al displ.~t, to be the 
yield 4iapl~t. 
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3.2 Results Of Yield 
Diaplac ... nt Analysis 

The aaount of yield displaca.ent 
of • pile derived fram data is 
affected by v"rious fsctors such aa 
pile aize, type, method of 
construction, and hardness or 
softne.. of the aoil. Yield 
displaca.ent waa evaluated for 
reapective data. and correlations 
ex_ined be'tWeBn the following 
indices: yield 4iaplace.ent ( 5y ) , 
ratio of the yield diaplace.ent to 
the pile dia.eter (5y/D). type of 
pile and lIOdulus of tne ground 
dIIfor.ation (E, D ) • 

Figure. 4 and 5 present 
relati~p. be~ 5y va. E, 0 

and By/I) vs. En. Here. the lIOc1ulus 
of the ground defar.ation E10 was 
N up to depth '1/ B • 
( t3 • ...,./ (KH DJ/(UI) 

Since the reaul ta sheN great 
variation, then doe. not .... 
to be any iode. governing variation 
of yield displeci Ent as ..an in 
the figures. Therefore, relative 
frequency of Sy/D, and the 
average values and coefficient of 
variation were obtained based on 
statistics. By _suaing' that the 
frequency distribution of 6y/0 
is • noraal logarithaic 
distribution, probability of 
non-excess for three cases (10'. 15,9' 
and 30t) were checked. 

Rusults of such statistical 
tr .. ~ts pra.entad in Figura 6 
and Table' are ..... r:l.zed lUI follows: 

( 1) The coeffiCients of variation for 
respecti va -rypea of pi1e. obtained 
froa Figura " fall in the raglan 
of 76\-105'. showing a wide 
distribution. Thia obaervation 
_y be due to unknown 
characteristics of 80i1. 
and artificial cause. at the 
t~ of pile construction and 
loading teats. 

( 2 ) Statistical values obtained for 
cast in-situ pile. .... to be 
different fro. tho.. for other 
type. of pile.. This ia because 
the quality of cut in-situ piles 
varies greatly with the quality of 
con.truction, and because Boils 
arouM a pile are likely to 
act~ eacavation works, while 
c1;i.,stortion and cracking of a pile 



reaulting f~ loading test. 
change it. section rigidity 
and a peaudo-yield point is 
therefore likely to be for..4. 

(3) Ttw .""-ve value of Sy ID i. 
evaluated .. 3. at for the 
total distribution of all 
pH .. , and tno.. for three 
probabiliti.. of non-.. cas. are 
in the range of 0.9 to 1.7'. 
Corwidaring the probebili ty of 
non-asca.s of 10 to 15.9', a 
figure .ppro~t.ly l' of the 
pile di_tar i. a reasonable 
inde&, inc1udill9 the 880unt 
of yield displaceaant. 

3.3 Displaceaant Allowable In 
Desiqni.Dq Pile Foundation 

Since a foundation i. an 
undarground structure , it il!l 
necessary to set an appropriate 
lIOdel of calculation, critical 
tara8 and a110wable values wi th 
respect to its design. In pile 
design for highway bridge. in 
Japan, ground with non-linear 
physical character1.stica is treated 
aa having 1inaftr characteristics 
while, horizontal behavior of a 
pile Nt. been checked by using 
the linear _thod of ela.tic 
ground reaction, and horizontal 
stability of a pile foundation 
has bean axaained by _ .. suring 
..aunt. of horizontal 
diaplaceaant at the de.ic;rn crround 
level. The concept of yield 
diapla~t described in the 
previous section is derivad fn. 
the concapt that the 880unt of 
diapl~t co:rreaponds to 
the lia1 t of horizontal elastic 
behavior of pil.. and soil.. All 
long a. the ..aunt of diapl~t is 
below that of yield diaplace.ent, 
the .. ..-ption that 8011s are 
elastic i. reasonable and no 
.i~ficant error. should occur 
when designing. 
'l'barafore, the yield displa~t 

dafined above can be used as the 
allowable displ~t, which 
p~t. for.ation of haraful 
raaidual displa~t and 
raatraina horizonta1 behavior 
of a pile, keeping it within 
it. elaatic reg~. The_ result. 
auggeat that the horizontal 
diapl~t allowable in clasigning 
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should be rationally esti.ated by 
a certain ratio, approxt.ately 
1'. of the pile diameter. 

4. INVESTIGATION OF COEFFICIENTS OF 
HORIZONTAL GROUND REACTION 

4.1 Subjects 

The ground reaction coefficient has 
ca.plicated characteristics: strain 
dependability, dependability on 
load Width, dependabili ty on load 
ti_. Since calculated values of the 
ground reaction coefficient vary 
wi th strain level, strain level 
.ust be evaluated when designing. 
The fact that since the piles 
foundation is elastiC, the depth of 
foundation able to resist loads is 
well known to change with pile 
di_tar and rigidity, and wi th 
l!Ioftness or hardness of the 
ground ~t al80 be considered. 
Moraovar, since types of foundation 
vary according to purpo_, the 
interation between the pile and 
the BOil .ust be investigated. We 
have investigated these points 
using data obtained by 
horizontal loading testa of piles 
as follows. 

4.2 Methodl!l and Results 

The stra~n level due to loads 
acting on the pile head was 
a.s~ to be 1t· of the pi 1. 
di_tar in order to investigate an 
equation for estiaating ground 
reaction coefficients in a horizontal 
direction. Th1.s is the standard 
UIOWlt of displace.mt 80 that the 
horizontal reaction coefficient is 
calculated wi thin the region of 
elasticity in the behavior of pile 
and 8Oi1. In ordar to eaaa1ne 
posaible tuabling of the pile and 
characteristics of the ground, the 
loading area of pileI At. ) is given 
by Eq. 4. Eq. 1 is the equation 
used to esti_te the ground 
reaction coefficient: 

ItH • ItHO (BHI 30 ) -1/4 (1) 
Hera, KH:the coefficient of 

horizontal ground reaction 
(Kg f/~l) 

ItHO : the coefficent of gruond 
reaction in a horizontal 
direction (Kg/cs l ) 

equivalent to ~.he value 



cieterllirwd fr~ a flat plate 
10acUng t_t conducted by 
..an. of a rigid disk of 
3ac. di ... tar and obtained 
by the equation: 

KHO • Eo/3D (2) 
the equivalent loading width 

of a pile (CIII) perpendicular to 
the direction of loading and 
obtained by the equation: 

8 N • .fA. (3) 
AM : the loading area of a 

(cal) perpendicular to 
pile 
the 
and direction of loading 

obtairwd by the equation: 

0: 
1/ (3 

t3 : 

£1: 

At. • OX 1/ t3 (4) 
the di_tar of pile ( em ) 

the depth of foundation 
related to horizontal 
resistance (CIa) 

the prtlperty value of a pile 
4 KN 0/(4E1) (em- I) 

the bending rigidi ty of a 
pile (Kg 0111 ) 

Using the secondary data group 
shown in Table 3, reverse­
calculated values of KH were 
obtained for the It level of pile 
baad strain fr~ individual 
loading t •• t.. These values ..ere 
then ~red with those 
astiaated using Eq.1 from results 
of 1:he basiC survey carried 
out at the s... positions. Here, 
the reverse-calculated values of 
KII _re obtained frCllll .-aunts of 
displa~t at the ground 
surface of pile using the 
Hayashi-Chang Equation. 

Fig.7 compares the reverse-
calculated' values of KH wi th 
tho_ of x., calculated by Eq.l. 
The broke) lines denote turning 
lines related 1:0 the least-square 
_thad, and the solid lines show 
the regions of 1:1, 2:1, and 1:2, 
respectively. Fig.8 shows 
the nor.alized probability 
distribution for. ratios of the 
reverse-calculated K. to the KH 
calculated by Eq.l, aaauaing a 
nor.al logarithaic distribution. 

The follOWing observations were 
obtained frca these results: 

( 1 ) A good correlation does not 
appear to exist between the 
reverse-calculated KH and the 
esttaated RH , revealing 
considerably scattered data. 

( 2 ) Esti_ted It. tends to be 
slightly larger than the reverse­
calculated KII • 

( 3 ) The Mthod, in which l-t of the 
pile cU_ter is adopted as the 
standard displace.ent for 
calculation of the horizontal 
ground reacion coefficient, shows 
applicability to various types 
of piles, while the use of Eq.l 
was found to be generally 
sui table for estj._ting tne 
ground reaction coefficient 
in a horizontal direction. 

5. CONCLUSION 

In this study we have exuinad 
resistance characteristics of piles 
in 8 horizontal direction by using 
the elastic ground reaction .. thad 
in the pile design. Results au;;e.t 
that yield di5placeaents in loading 
tests of piles are approx:iaately 1t 
of the pile diaJl8ter, and that the 
yield displac..ant a.... to correspond 
wi th the di_ter of the pile. 
Moreover, free these results, we have 
proposed an equation able to 
esti_te both allowable 
displacement and coefficients of 
ground reaction in a horizontal 
direction on the design ground 
level: error widths of data 
obtained were relatively large 
o.cauae loading tests vere carried 
out for soils whose .achanical 
properties are not well known. 

Although this paper has 
dealt with statiC loading 
tests, it is also iaportant 
to study resistance characteristics 
of dynamic loads due to actual 
sei_ic force. I t will be necessary 
to carry out further investigations 
regarding such subjects, 
including characteristics of 
dyneaic pile resistance in a 
horizontal direction. 
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,.able 1. !be ..-.r of data col.l.cted fn. ~ng USta and the nUIIber i.n 

U. FWU7 ata V%'OUII 

Co~ date h~ Fi.r.t _lecti.on ~ 

data 

.~ pL1M 237 137 ~~ ...... n.adU'd pefte'Ullti.an 

-r:a.t data ... ilwuff1.cJ.ent 

CUt ~-.i~ lOO 30 1Zl~ CQD8i..uJIG of ~ 

pil.- pH_ cowpor.-st. 

PC pil.- '" .0 ~~ - -s-:i.al typI8 af 
pi.l.e aDd ~on _thad. 

Q)".,.. ~ ~ of Weibul.1 

PIIC pil._ 30 2. CS1.str1lluti.on i.. l.argar tMID 

tM .... abtai.nd u-a. la.ding 

~: Py> .... 

~'rboee .mo.. data of l.oed-

'l'D1:al. .15 231 CS1.epl._t do nat fo1.1uw the 

Weibull tietr:1Jluti.on ~. 

Yield lae4 .. tt.ated 

Pr~ ~ s-xs 8al.ect ... on ~ 

date dau 

.~ p1lM 137 117 \l)'l'hoee ..... heilJht af 1oeCS1.n; 

loed fn. the grounc1 eurface 1e 

caat 1.n-.1~ 30 16 louver than the pile Iii_tar 

pll_ IbD 

121""" .mo.. s.aa obta1.ned 

fn. loeCS1.ng ~ 00ee not 

PC pu.. 60 31 r..m l' of the pile ti_ter 
.... <0.011) 

13l~ .mo.e c:i.rc1e nuUer af 
JIIIC pll_ 2. 2. ~t for 1a.d- 4i.ep1.-,t 

UIIdez' the loedi.ng ~ La 1._. 

tbD 2 
(I)~ La whLCh Bot of 1:M Pu 
8IIOIm .. • _:UNl.l tistr1Wt.1an 

ourwe .1. larger tMn the ~ 

'l'D1:al. 231 1 .. abtaUIed f~ laedi.llg te.u 
O.IOP&&> .... 

.... : ... ~ bDrisODtal 4ispl~t Pu Ult~t. l.oad .. t~te4 

... I .... '_ loedi.Dg lo.d 



'fabla 3. '!'he ..:ondary rutta end i U .election tez.s (It",) 

PrUlary Secandary s.ccnd ..ctJ.an tazaa 

rutta data 

It.al pU_ 137 117 (l)'IbD- wbo8e _~ted 

yield lad i. lergu- than 
c.a..t in-situ 30 16 the PIau obta1.ned froll 

1 t pil_ 1.0IIIUng ~t. and whoM 

&IIu i. 1_ than It of 
PC pU_ I 40 31 the pile cu._tar. 

!Zlpue groups. tboae 
PHC pil_ 24 24 whoee pU. head is fu..! 

end --- ~lJbta ar. not 

~ 231 188 known. 

s-s Masiam borlzcmt:al di.plac..ent: ~ Malt~ loading load 

Table 4. R •• ults obtained fra. .tatiatical tr.a~ts of Sy/D 

St_l pipe east ! 
pil_ in-situ PC pu •• PHe pil_ total 

pil.s 

Range(' , 0.3 - 22.4 0.3 -4.0 0.7-11.3 1.1-14.9 0.3-22." 

A_rega(', 4.2 1.3 3.6 3.8 3.8 

Standard ... , 1.1 2.8 2.9 3.9 

5y/O 
deviation(I, 

Variational 105 85 78 76 103 

coefficient(' ) 

to • 10.0' 1.0 0.4 1.1 1.3 0.9 • , j;' 15.91 1.2 0.5 1.4 1.5 1.2 

.t § 301 1.9 0.7 2.0 2.1 1.7 
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M.uor Seismic BuiIdiDg U ....... at the 
LaWftllCe livermore National Laboratory 

by 

F.J. Tokarz l , G.E. Freeland2 , and J.R. Hil13 

ABSTRACT 

The Lawrence Livermore National 
Laboratory is a U.S. Department of 
Energy research complex located near 
San Francisco and Oakland, 
California. The Laboratory, 
established in 1952, is located in a 
highly seismic region which is 
surrounued by both major (San 
Andreas) and local fault systems. 
In fact, in 1980 the Livermore 
Earthquake (M-5.S) caused 
considerable dam~ge at the 
Laboratory. As a result, the 
Laboratory has spent some $25 
million (1990 U.S. dollars) in a 
seismic upgrade program to enhance 
life safety of each employee, and to 
minimize potential damage against 
future earthquakes. This paper 
focuses on the maj~r seismic 
upgrades (reLrofits) of three 
buildings: (1) a two-story physics 
office building, (2) a five-story 
computer office building and (3) a 
seven-story administration building. 
Also, included herein are brief 
descriptions of the Laboratory, 
seismic setting, impact of the 1980 
Livermore Earthquake on Laboratory 
facilities, and a discussion of the 
seismic design criteria employed 
over the vears, with particular 
emphasis on criteria used since the 
1980 Livermore Earthquake. 
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1. INTROPUCTION 

1.1 pescrjpt jon of I.ahoratorl' 

Lawrence Livermore National 
Laboratory (LLNL) was established in 
1952. The Laboratory is operated by 
the university of California for the 
U.S. Department of Energy (DOE). 

The Laboratory site is approximately 
one square mile (640 acres) [2.59 
km2 ] in size and contains Municipal 
services similar to those normally 
found in any small city. police and 
fire department, a medical 
departlllent, and 
waterlsewer/electrical/natural gas 
distribution systems. Presently, 
personnel at the site number around 
11,000. There are approximately 200 
permanent buildings that enclose 
about 3.9 million sq. ft. [3.62xl05 
m2] (gross) of floor space, and over 
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1,000 trailers on site (single, 
stand alone units or joined together 
to form one or two story complexes). 
The Laboratory's annual budget is 
approximately $1 billion (U.S. 
dollars); it's facilities (excluding 
utilities and the contents of 
buildings) are estimated as being 
worth $810 million (U.S. dollars). 

1.2 Seismic Setting of Labgratgrf 

LLNL is located in the Livermore 
valley about 40 miles (64.4 km] east 
of San Francisco and Oakland, 
California. This site is in the 
coastal region of Central 
California, one of the most 
seismically active regions in the 
United States. Figure 1 indi.~ate 
the major fault systems which pose a 
seismic ha~ard to Laboratory 
facilities. To the west (60 
kilometers) lies the major San 
Andreas'fault zone which extends the 
entire state of California. Closer 
in, but still to the west, are 
branches of the San Andreas; the 
Hayward and Calaveras faul~ zones. 
These latter faults are 
approximately 25 and 17 kilometers 
from the Laboratory, respectively. 
And finally, several local active 
faults surround the L~boratory 
within the Livermore Valley. 

The Laboratory has spent some $SM 
[U.S. dollars] to characterize the 
seismic hazard it faces. l ,2 This 
study, started in 1979 and completed 
in 1984, included literature 
reviews, geological mapping, 
drilling bore holes, excavation, 
interpretation of aerial 
photography, soil dating, 
seismological studies and 
geophysical surveys. The 
Laboratory's work was reviewed by a 
consulting firm and a three-member 
panel of academic experts. 

Major conclusive findings indicate: 
(1) no evidence of active 
earthquake faul~s underneath the 
Laboratory; (2) land slide and soil 
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liquefaction at the Laboratory are 
improbable; and (3) the major threat 
to the Laboratory is that of strong 
ground motion. Further, the 
greatest seismic threal to the 
Laboratory is from a moderate-size 
(H:5.5 to 6.5) earthquake on local 
faults in the Livermore Valley. 
Major earthquakes on the San 
Andreas, Hayward and Calaveras 
faults are less of a threat than 
local faults due to their di~tance 
from the Laboratory. 

Figures 2a and 2b characterizes the 
seismic hazard to the Laboratory as 
the result of the $5 million [U.S. 
dollars) study. Figure 2a shows the 
expected peak free field ground 
acceleration verses the mean number 
of events per year. Figure 2b gives 
a response spectra normalized to 19. 
These Figures represent the most 
current information available, and 
are used for the design of new 
Laboratory facilities. 

1.3 Impact of 1980 Livermore 
Earthquake3 ,4 

On January 24, 1980, LLNL 
experienced an earthquake with a 
Richter magnitude of 5.8, followed 
within three minutes by three 
relatively large after sho~ks with 
magnitudes of 5.1, 4.0, and 4.2. On 
Jan'lary 26th, another earthquake 
with a Richter magnitude of 5.4 
occurred. The epicenter of the 
January 24th event was about 13 
miles [20.9 km) northwest of the 
Laboratory; the epicenter of the 
January 26th event was about 4 miles 
(6.4 km) northwest of the Lab. The 
peak ground accelerations at LLNL 
were est imated to be i.n the range 
from 0.2g to 0.3g. 

Although no one was seriously 
injured, the 5.8 earthquake caused 
considerable damage and disruption 
at the Laboratory3. This is the 
only earthquake thot caused 



significant damage to DOE facilities 
during the past 46 years5 . Building 
walls of c~ncrete and masonry were 
cracked and broken. Extensive 
cracking occurred in concrete 
structures thre1ughout the 
Laboratory. Most of this crackiny 
was not a threat to the structural 
integrity of the buildings or 
structures. Hc'''ever, Building 311, 
a two-story physics concrete-frame 
office building suffered 
considerable column damage at the 
juncture of the second floor and 
roof lines, equipment shifted from 
mounting pads, and staircases 
cracked. Building 113, the 
Laboratory's five-story computer 
office building, suffered extensive 
cracking to its central lateral­
force resisting concrete core. 
Building 111, a seven story 
administrative building, suffered 
damage to an exterior seven story, 
free-standing stair tower. 
Exten3ive cracking was observed in 
the central core concrete walls, a 
second floor sof~-story, and at 
column to beam connections. 

In other Laboratory buildings, some 
connections between tilt-up concrete 
walls and their supporting 
structural-steel frames had failed. 
A few structural steel welds failed, 
several loose or stretched bolts 
were noted, and damage to the 
connections of structural members 
was found throughout the site. A 
few structural steel framing members 
buckled in some of the buildings. 
Many el~vators could not be used 
because counterweights had been 
knocked loose from th~ir mounting 
brackets, bending the guide rails. 
Surprisingly, the Laboratory had 
very littl. indow 9lass breakage. 
However, concrete anchors used to 
fasten down various types of 
equipment and tanks were twisted or 
torn and, in some cases, were 
completely pulled out of the 
concrete. 
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Trailer support stands moved and 
toppled. Many trailers shifted, 
causing their outside doors to jam 
or be blocked, so that they could 
not be immediately opened. 

The Laboratory spent approximately 
SID million (in 1982 U.S. dollars) 
in earthquake restoration, repair, 
and upgrades from 1981-1985. 
Approximately $7 million [U.S. 
dollars) of this was directed toward 
seismic tie-down of: office 
equipment and library shelving; 
mechanical and electrical equipment; 
trailers; ceiling and light 
fixtures; acoustical tile and lay-in 
panel ceilings; mechanical 
restraints to cranes;and the 
replacement of rigid with flexible 
connections to propane tanks. 

Approximately S3 million of the $10 
million [U.S. dollars) was spent on 
major building upgrades of Building 
311 and Building 113. Another $6.5 
million (in 1990 U.S. dollare) is 
currently being spent to upgrade 
Building Ill. All three of these 
major upgrades are discussed in 
detail later. 

2. MAJOR BUILDING UPGRADES 

2.1 Seismic Criteria for New 
Buildings 

In general, the seismic design 
criteria used for Laboratory 
facilities has the following major 
safety goals: (1) no loss of life; 
(2) no building collapses, and (3) 
no compromise of containment in 
hazardous facilities. 

The seismic criteria used at the 
Laboratory reflect four eras: (1) 
pre-1971; (2) 1971-1980; (3) 1980-
1989, and (4) present (U.S. DOE 
6430.1a6 /UCRL-15910. 7 ) . 



Pre-1971 Before 1971 al] facilities 
were constructed to meet the latest 
edition of the Uniform Building Code 
(UBC) in effect at the time of 
construction. 

1971 to 1980 The 1971 San Fernando 
earthquake, (magnitud~ 6.3), caused 
far more damage than expected by 
earthquake engineers. As a result, 
the Laboratory expended a 
considerable effort to review its 
earthquake design criteria and its 
facilities. The result was an 
upgrade to our hazardous facilities 
criteria such that the upgraded 
criteria exceeded UBC criteria. No 
changes were implemented for 
conventional facilities. 

198Q to May 1989 All Laboratory 
buildings, structures, systems, and 
components were categorized into one 
of four safety classifications: 
High Hazard, Moderate Hazard, Low 
Hazard, and No Hazard (Conventional 
Building). Ea~h safety 
classification had its own design 
basis earthquake criteria. Table 1 
summarizes Laboratory seismic 
criteria used post-1980 Livermore 
through May 1989 for new facilities. 

High Haz~rd structures, systems, and 
components (Seismic Category I 
items) went through a two-step 
design process. Seismic Category I 
structures, systems, and components 
are those items whose continued 
integrity and/or operability are 
essential to assure the capability 
to shut down and maintain a safe 
shutdown condition, and to prevent 
or mitigate the consequences of 
accidents which could result in 
. otential off-site exposures. The 
lirst process consisted of 
evaluation and desi9n in t~e elastic 
range of response. It w~s done 
using a dynamic response spectrum 
analysis (Figure 3) with a 
corresponding horizontal Design 
Basis Earthquake (DBE) peak ground 
acceleration (PGA) of 0.50g appli£.:d 
simultaneously with a vertical PGA 
of ± 0.33g. Engineering evaluations 
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and design were done by using UBC 
Strength Allowables. Connection 
evaluation and design included an 
additional load factor of 1.5. Th.­
is, the connection design/evaluation 
used forces which were 1.5 times 
t~ose seismically calculated,. The 
second part of the design process 
allowed for inelastic response 
Seismic Category I items were 
checked against forces due to a DBE 
with a horizontal PGA of 0.80g 
applied simultaneously with a 
vertical PGA of ±O.53g. For this 
chec~, the item was to remain 
functional during and after the 
earthquake. 

Moderate Hazard structures, systems, 
and components (Seismic Category 1 
items) also went through a two-step 
design process. The first process 
consisted of evaluation and design 
in the elastic range of response. 
It was done using a dynamic response 
spectrum analysis (Figure 3) with a 
corresponding horizontal peak ground 
acceleration (PGA) of 0.25g DBE 
applied simultaneously with a 
vertical PGA of ± 0.179. 
EngineeriIlg evaluations and design 
were dorie using UBC analysis methods 
along with UBC Strength Allowables. 
Connection evaluation and design 
again accounted for an additional 
load factor of 1.5. The second part 
of the design process allowed 
inelastic response and checked the 
integrity of the Moderate Hazard 
Seismic ~ategory I items against 
forces due to a DBE with a 
horizontal PGA of O.SOg applied 
simultaneously with a vertical PGA 
of ± 0.33. For this check, ~he item 
was to remain functional during and 
after the earthquake. 

Non-Seismic Category I items were 
designed using LLNL's No Hazard, 
Standard Facility Criteria. An itpm 
in a lower Safety Clas~ification 
must not cause failure of an item ill 
a higher Safety Classification. 



Low and No-HazArd conventional 
structures, systems, and components 
were designed to the following 
guidelines: 

1. Ooe ond Two-Stgq' Blli ) d i Qgs And 
Stp,cturea Used current USC 
requirements with a more 
conservative seismic base shear 
coeffi~ient of 0.25 (static). 
Connection evaluation and design, 
due to seismic forces, accounted for 
an additional load factor of 1.5. 
To assure that the building's 
structural elements could reach 
their maximum potential for 
ductility. 

Analysis procedures, design 
procedures, and material strength 
allowables met the requirements of 
the latest edition of the UBC an,t 
DOE Facilities General Design 
Criteria. 

2. ByildinW3 and Structures 
GreAter Than Two Stories As a 
minimum, buildings And structures 
over two stories in height were 
designed to meet the seismic design 
requirements for 1) above. 

Buildings and structures over two 
stories in height were also 
evaluated and designed using A 
response spectra (Figure 3) with a 
corresponding horizontal peak ground 
acceleration (PGA) of 0.5g applied 
simultaneously with a vertical PGA 
of :I::0.33g. 

Engineering evaluations and design 
was accomplished by the use of 
inelastic analysis methods combined 
with inelastic stress all~wables. 
Primary concern was to enS"J 
prevention of building coLt ., 
thereby allowing the build. 
occupants to egress safely ~ollowing 
an earthquake haviog major intensity 
at the site. Major damage to the 
structure (perhaps even non­
repairable) following this level of 
design motion was permissible. 
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3. All BuUdings and Strl!ctl!r~ 
with SignificApt Cross Axes Coupling 
ood/or Torsional Response The 
design of buildings and structures 
placed within this category met the 
requirements of 2) above. 

2.2 Seismic Criteria for 
Building Upgrades 

The engineering design approach used 
for the seismic upgrade of existing 
LLNL facilities was somewhat 
different than the previously 
defined criteria required for "new" 
LLNL facilities. For the seismic 
upgrade on No-Hazard (Conventional) 
and Low-Hazard structures/ the basic 
premise of the LLNL seismic upgrade 
criteria was to ensure "life safety" 
in the event of a major earthquake. 
That is, the building could endure 
major structural and non-structural 
damage, but no collapse. The 
occupants should be able to exit the 
building without incurring loss of 
life. In the case of Moderate/High 
Hazard structures, systems, and 
components the basic premise of the 
LLNL seismic upgrade criteria was to 
ensure both life safety and 
functionality of the Seismic 
Category I items. Seismic Category 
I items must be able to perform 
their required mission. Applicable 
codes and standards were consulted 
at the time of the upgrade. 

The speCific seismic upgrade 
criteria used ~n the three major 
building upgrades are discussed in 
the followinq sections. 

2.3 MajQr Ilpgrade of Building 311 

Building 311 was oriqinally designed 
under the requirements of the 1961 
Uniform Buildin9 Code (UBC) and 
constructed during 1964 as a two­
story, cast-in-place reinforced 
concrete structure with 37,000 ft.2 
[3,437 m21 of gross floor $pace (see 
Figure 4). It is 95ft. (29m) by 190 



ft. (57.9m) in plan and consists of 
two levels plus a penthouse for 
~chanical equipment located on the 
roof. The typical bay size is 23 
ft. 9 in. 17.239m) by 23 ft. 9 in. 
[7.235m). 

Building 311's primary lateral force 
resisting system was a -non-ductile 
moment resisting frame- founded on 
drilled piers. The first floor is a 
slab-on-grade, and the second floor 
and roof are framed with concrete 
beams, girders, and infilled with 
concrete pan joists. Building 
columns are of reinforced concrete. 
There are no column ties within the 
Building columns other than in the 
immediate vicinity of the ground, 
second floor, and roof slabs. The 
non-ductile frames were designed 
using a uniform lateral force 
distribution (1961 UBC) and a base 
shear coefficient of 0.067. This 
type of framing system has a history 
of parUal or total collapse in 
moderate to strong earthquake 
shocks. A significant difference 
exists between today's current 
seismic building codes for new 
construction and the 1961 ~niform 
Building Code. The 1979 and 1982 
editions of the UBC would require 
Building 311 to resist a non­
uniformly applied static earthquake 
force wit:. a base shear coefficient 
of 0.094. The 1988 UBC and DOE 
Order 6430.1a would require a base 
shear coefficient of 0.22 and 0.235, 
respectively. 

Building 311 suffered considerable 
structural damage during the 1980 
Livermore earthquake. This included 
vertical column splitting, concrete 
cracking, and cracking at the 
beam/column joints. Within hours 
following the earthquake, LLNL 
structural investigation teams were 
assembled and in the field. 
Engineering consulting firms were 
hired to review Building 311, (as 
well as Building 113, and Building 
Ill). A sign was posted at all 
entrances and exits of Building 311 
informing both visitors and building 
occupants as to the inherent 

structural deficiencies (weaknesses) 
with respect to the ability of lhe 
building to safely resist earthquake 
forces. With the installation of 
temporary wood column shoring, 
Building 311 was considered safe for 
habitation while the Laboratory 
proceeded with haste to complete 
building repairs. Laboratory 
personnel were allowed to re-occupy 
the building during the remedial 
crack repairs. Concrete cracks were 
repaired by injecting high-strength 
epoxy grout into the cracks, a 
procedure that can effectively 
restore earthquake damaged concrete 
structures to nearly their full 
design strength. 

After the earthquake, the Laboratory 
decided to upgrade the seismic 
performance of Building 311 with 
respect to both damage control and 
life safety conce;~ns. The seismic 
upgrade criteria required; (1) the 
use of 1979 UBC design allowables, 
(2) a UBC base shear coefficient of 
.2S, (3) a connection static force 
design multiplier (all connections) 
of 1.5, and (4) no building collapse 
at 0.50g peak ground acceleration 
with design response spectra shown 
in Figure 3. 

The structural upgrade solution was 
to construct and attach to the 
existing building a series of 
external two-story-high concrete 
shear walls (buttresses) on three of 
the four sides of Building 311, two 
on the west end, two on th~ east 
end, four on the south side, and 
none on the north side, (see Figure 
5). The concrete buttresses are 
anchored to the ground using 3-ft. 
[.914m) diameter by 40-ft. [12.192mJ 
long drilled concrete piers, four 
piers per buttress. The buttresses 
are attarhed to the second-floor 
level of the building by rebar 
welded to steEl-channel drag struts. 
These struts are, in turn, attached 
to the underside of the second-floor 
concrete beams by specially designed 
steel bolts (see Figure 6). The 
second-floor connectors use a 
straight pattern of ten (10) custom-



made bolts spaced approximately 9 
inches (22.86 em) apart on center at 
each buttress. These bolts have a 
length of 16 inches [40.64 cm] with 
an overall di ... ter of 3-3/4 inches 
(9.53 c.) for that portion of the 
bolt passing through the concrete 
bea.. The bolt. are necked down at 
each end to a 1-1/4 inch (3.18 em) 
dia .. ter threaded portion for 
bolting to the steel drag struts. 
Buttr •• ses are also att6c~.ed to the 
concrete root slab by the ~se of 
rebar embedded in the buttress and 
welded to a steel plate drag strut, 
which is, in turn, attached to the 
top of the respective concrete roof 
be .. by 13 specially-made shear 
connectors spaced approximately 
seven inches on center (see Figure 
7) • 

A modification to the above design 
provided high load capacity drag 
strut connections commensurate with 
the non-uniform load distribution 
across the second floor drag strut 
bolts and the roof sheal' connectors. 
This was done since the first drag 
strut connecting anchor, adjacent to 
a buttress, must resist seismic 
forces several times larger than the 
last anchor furthe8t from a 
buttress. Load distributions to the 
anchors were determined by a series 
of computer mOdels of typical 
buttress/drag strut configurations. 
Design variables considered during 
this process inCluded: connector 
strength at elastic and inelastic 
levels, connector stiffness, 
concrete bearing. tensile, snear r 

and compressive stress levels, and 
overall total connector system 
stiffness (tension stiffness vs. 
compression stiffness). 

The structural upgrac.e costs of 
Building 311 were apploximately $1.5 
million (in 1982 U.S. dollars). 
Replacing the building would have 
cost approximately $4.6 million (in 
1982 U.S. dollars). The 
construction time for the structural 
upgrade took about 10 months. 

2.4 Ma ;jor IlQgrade of Building 113 

Building 113 is a five-story 
reinforced concrete structure, 
approximately 90 ft. [27.43 mJ 
square in plan dimensions (3 bays by 
3 bays), containing about 42,000 
ft.2 [3,902 m2) of office space (see 
Figure 8). The building has a 
partial basement and a 14-ft. (4.27 
m] high steel-frame penthouse for 
mechanical equipment located on the 
roof. Each of the five stories is 
13-ft. (3.96 m) high, and the 
basement floor is 17-ft. [5.18 m) 
below the first floor level. The 
oasement forms a passageway to the 
adjoining computer center building. 

The five-story structure is founded 
on 24-in. (61 em) diameter cast-in­
place reinforced concrete piles. 
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The building has reinforced concrete 
waffle slabs supported on reinforced 
concrete columns, spaced on 30-ft. 
[9.14 mJ centers each way, and a 
core of reinforced concrete shear 
walls located in the west half of 
the structure. The shear walls 
enclose two stair wells and elevator 
l'Ihafts, and are arranged so t'lat 1;ne 
center of their rigidity f&lls close 
to the geometric center of the 
building. The center core of shear 
walls were originally designed to 
carry about 80\ of the lateral 
forces acting on the building, with 
the remaining 20\ being resisted by 
the perimeter reinforced concrete 
"non-ductile moment resisting 
frames." 

Building 113 was designed in 1964 to 
meet the requirements of the 1961 
Uniform Building Code (UBC). The 
original building design provided 
for a lateral force base shear 
coefficient of 0.057. The 1982 
edition of the UBC would have 
required Building 113 to resist a 
statically applied lateral 
earthquake force with a base shear 
coefficient of 0.14. The 1988 UBC 
and DOE Order 6430.1a would require 
a base shear coefficient of 0.183 
and 0.196 respectively 



The January 1980 earthquake caused 
no damage to the building's columns 
and moment frames, structural damage 
vas confined to the central-core 
concrete shear walls. The walls 
developed extensive diagonal tension 
crackin9 and sliding shear cracking 
alon9 horizontal construction 
joints, which also shoved signs ot 
grinding or spalling. Cracking 
occurred throughout the building, 
but more extensively in the lower 
stories. 

I.mediately following the 1980 
earthquake, Building 113 vas vacated 
for approximately 3 days vhile a 
structural evaluation of the 
building vas performed. It was 
found to be safe to house it's 
occupants. As the ground 
acceleration of the January 1980 
earthquake WAS estimated to be about 
0.25g at the Laboratory site, 
therefore, Buildings 113, Ill, and 
311 were subjected to earthquake 
torces at least four times greater 
than that provided for in the 
ori9inal design. High-strength 
epoxy grout vas injected into the 
central-core shear wall cracks, 
repairing them in the same manner as 
was done for Building 311. 

By February of 1981, the Laboratory 
had begun the engineering effort to 
structurally upgrade Building 113 
and to increase it's earthquake 
reaiatance vith respect to life 
safety. The Building 113 seismic 
upgrade performance requirements 
were as followa: 

1. The building shall be capable 
of resisting, vith no collapse, a 
0.59 horizontal peak ground 
acceleration with LLNL's design 
response spectra (Figure 3); 

2. Extensive damage at this 
earthquake level \0.5g) is 
acceptable provided that people can 
safely exit the building: and 

3. The nev structural elements 
required for preventing the collapse 
of the buildin9 at 0.59 shall meet 
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the design requirements of the 
cu~rent UBC. In addition, major 
connections shall include an 
additional safety factor of 1.5. 

Many different schemes for upgrading 
the building'. structure were 
investigated. In the end, by 
considering such factor a as cost, 
aesthetics, and disruption as being 
equal, it was decided that the best 
approach was to keep the majority of 
the new construction on the outside 
of the building. This would allow 
tbe building to remain occupied 
during reconstruction. The existing 
foundation pile system was 
considered to adequately meet the 
life safety seismic criteria for the 
upgrade. Therefore, the upgrade 
scheme that was finally decided upon 
used steel "K- braced frames 
attached, both to the outside face 
of the building peri~~~~c, and to 
the existing foundation system (see 
Figure 9). 

The "K" brace frame design was based 
on the premise that the reinforced 
concrete, center core shear walls 
will absorb a lot of energy while 
degrading during the specified 0.59 
no collapse earthquake. A damping 
value of 10' was used in the dynamiC 
evaLJation for the building's 
integrated, composite -K" brace 
frame computer model. A 
~onservative amount of building 
period shift was allowed in the 
dynamic solution to account for 
softening of the structure with a 
corresponding decrease in intensity 
of seismic inertia forces. 
Consideration was given for 
secondary effects such as P-Oelta 
contributions. An upper bound of 4 
was used for the global ductility of 
the steel frame with special 
considerations for each structural 
element using Newmark-Hall type 
procedures. The American Institute 
of Steel Construction CArSC) design 
procedures for plastic design of 
steel members, alonq with 
considerations for member 
instability, were used in the design 
process. The USC static design 



procedures, required for all new 
structural ele.ents, included a 
braced fr ... load factor of 1.25 
with no 1/3 increase allowed in 
.. terial allowables. The 0.59 life 
safety design criteria controlled 
over the UBC static design criteria 
tor the design of the structural 
eleMnts. 

The ·X· brace frames are made of 
bigb-strength steel (Fy-50,OOO psi 
[3.515xl09kg/cm2]) rectangular 
tubular welded sections, with 3/4-
inch [1.91 em] diameter Nelson stud 
anchors welded to their backs (sep 

Figure 10). The outside edges of 
the building's concrete floor and 
roof slabs were Chipped back to 
expose the reinforcing bars, and the 
WK" frames were installed along the 
outaide perimeter of the building by 
attaching the Nelson studs to the 
building-slab edges with high­
strength concrete grout. The "K" 
frames were attached to each other 
with welded steel plates, and to the 
existing foundation system by 
constructing new concrete grade 
beams. "K" frames were placed in 
all of the first and second story 
outside building bays, but only in 
the outside middle bays of the 
third, fourth, and fifth stories, 
thus forming an inverted "T" 
configuration at each building face. 

The new building frames were 
designed to safely resist all of the 
seismic forces acting on Building 
113 as a result of a major 
earthquake. Cost of the structural 
upgrade was approximately $1.1 
million (in 1982 U.S. dollars). It 
is estimated that replacing the 
building would have cost about $5.9 
million (in 1982 U.S. dollars). The 
construction time needed for doing 
the structural portion of tale 
upgrade was about nine months. 
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2.5 Kaior Upgrade gf "uilding 111 

Building III was designed in 1966, 
constructed in the late 1960(s), in 
accordance with the provisions of 
the 1964 Uniform Building Code 
(UBC). Building III is primarily 
used as an office building. The 
structure was constructed entirely 
of reinforced concrete (RC) and 
built in a cross-shape plan with 
three seven-story wings, one five­
story wing, and a central core area 
containing elevators, stairs, air 
conditioning duct shafts, and 
utility conduits (see Figure 11). 
There are two staircases in addition 
to the ones located at the building 
core. The first of these is an 
integral part of the south end of 
the north-south wing. The other was 
originally designed to behave as an 
independent, free-standing, 
reinforced concrete (cantilever 
beam) seven-story high stair tower, 
immediately to the south of the 
east-west wing. The story heights 
(floor to floor) are 18 ft. 0 in. 
15.49 mJ for the first story and 13 
ft. 6 in. [4.11 ml for the upper 
stories. The north-south wing is 
212 ft. 6 in. [64.77 m] long and 82 
ft. 6 in. [25.15 m] wide at the 
first floor level. The east-west 
wing is 120 ft. [36.58 mJ long and 
42 ft. [12.80 mJ wide. The junction 
of the two wings is approximately 
1/3 the distance from the north end 
of the north-south wing. The width 
of the north-south wing reduces to 
42 ft. [12.80 mJ at the second floor 
and remains so at the upper floor 
levels. The north end of the 
building, beyond the east-west wing, 
has only five floors. The building 
is founded on cast-in-place 
reinforced concrete piles 20 inches 
[50.8 cml in diameter embedded 44 
ft. [13.41 m) into the ground, and 
contains 102,000 ft.2 (9,476 m2] of 
gross floor space with a current 
population of 323 occupants. 

The "vertical load carrying system" 
of the building is comprised of 4-
1/2 inch [11.43 cmJ thick RC roof 
and floor slabs supported using 14 



in. (35.56 cm] by 24 in. (60.96 cm) 
deep RC beams spanning 40 ft. (12.19 
mJ between 14 in. (35.56 cm] by 24 
In. (60.96 cm]. RC columns spaced 
at 10 ft. (3.05 mJ on center along 
the outside perimeter of the 
building wings. The exterior edges 
of the floor and roof slabs are 
supported by 3 ft. 1 in. [.940 m) 
deep by 10 In. (25.4 cmJ thick pre­
cast concrete spandrel beams topped 
by 14 in. [35.56 cm) deep by 17 in. 
{43.18 cm] wide RC beams cast in 
place with the floor slabs. These 
RC beams are connected to the pre­
cast spandrels by vertical steel 
dowels. The portions of the floor 
and roof slabs in the building's 
c~nter cvre area, adjacent to the 
interior stairs and elevator shaft, 
are supported by the RC walls 
enclosinq tre shafts. 

The "lateral force resisting suatem" 
as originally designed is comr _se~ 
of (1) vertical RC shear wall~ dL 

the exterior ends of the sout~, 
east, and west wings; (2) RC wall~ 
enclosing the elevator, stair, and 
duct shafts; (3) RC wa:ls enclosing 
portions of the five-st0ry wing; and 
(4) the transverse beam/columq 
frames spaced at 10ft. [3. 05 II.~ on 
center along each wing (see 
~vertical load carrying system"). 

The original building design (1964 
UBC) provided for a lat~ral force, 
base shear coefficient of 0.051. 
The 1982 edition of the usc would 
have required Building 111 to resist 
a statically appli~d lateral 
earthquake force with a base shear 
coefficient of 0.14. The 1988 UBC 
and DOE Order 6430.1a would require 
a base shear coefficient of 0.183 
and 0.196, respectively. 

AS a result of the January 1980 
earthquake, Building 111 suffered 
diagonal tension cracking to the 
c~ntral-cores' eRe) shear walls. 
Cracking occurred to the RC floor 
and roof slabs (diaphragms) in the 
vicinity of the buildings' center­
core and end-wing, shear walls. The 
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transverse beam/column frames 
suffered damage at the beam/column 
joints, and the free-standing seven­
story high stair tower was found to 
have swayed approximately 3 inches 
[7.62 em] in the north-south 
direction, striking the building. 
and causing minor damage. The 
ccndition of Building III was 
investigated with respect to 
continued habitation, found safe to 
house its occupants, and crack 
repairs commenced using epoxy grout 
injection techniques. The outside 
seven-story stair tower was c1osed­
off until a structural upgrade could 
be implemented. 

By the Spring of 1981, engineering 
studies identified the seismic 
deficiencieR found within Building 
111. The list of major structural 
~eficiencies, based on the original 
design of Building 111, include the 
following: 

1. The foundation of the east wing 
was not connected to the south wing. 

2. The ends of the west wings have 
solid multi-story concrete walls 
terminating at a lower level on a 
concrete frame and thus creating 
nsoft stories". 

3. The seven-story cantilevered 
stair tower is unsafe and should be 
structurally upgraded. 

4. The concrete shear w~ll at the 
end of the east wing has an offset 
in it's vertical plane at the second 
floor. 

5. The steel reinforcement at the 
beam/column joints is not laterally 
confined and the anchorage and laps 
of bars are inadequate. These 
frames will only provide nominal 
seismic resistance. 

6. The buildin9 lacks adequate 
shear wall strength capacity. 

7. The roof and floor slab 
diaphragm cord members lack adequate 
reinforcement. 



8. The connection of the diaphragm 
collectors, cords, and tie elements 
(acuth, east, and west wings) to the 
bu~ldin9's center core is 
in5dequate. 

9. The reinforcement anchorages 
for the present spandrel beams is 
not adequate. 

The first three structural seismic 
deficiencies of the above list have 
been corrected. The stair tower is 
now laterally supported at each 
floor level and at the roof by 
structural-steel tube connections to 
Building 111. High-strength steel 
bolts were used to connect the tubes 
to the stair tower. Cinch anchors 
and grouted steel bolts connect the 
tubes to Building lll's peripheral 
beams a.,d columns (see Fig-ure 12). 
The second story window openings in 
the concrete walls at the west end 
of the west wing and the northeast 
and northwest corners of the five­
story wing were filled with 
reinforced concrete to provide 
additional seismic resistance and 
the elimination of the "soft 
stories". Concrete grade beams have 
been added at the first floor 
breezeway (now enclosed) at the end 
of the east wing adjacent to the 
building core. 

LLNL is presently in the process of 
retrofitting the remaining Building 
111 structural seismic deficiencies 
at an approximate cost of $6.5 
million ( in 1990 U.S. dollars). It 
is estimated that replacing the 
building would have cost about $32 
million (U.S. dollars). The 
construction time required for the 
building upgrade is 12 months. 
Construction is cutrently scheduled 
to be complete by January, 1991. 

The Building 111 seismic upgrade 
performance requirements, are as 
follows: 

1. The building shall be capable 
of resisting, with no collapse, a 
0.5g horizontal peak ground 
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acceleration with the acceleration 
response spectrum shown in Figure 
13. (Note, this response spectrum 
was based on the 1988 UBC spectrum 
shape. ) 

2. Extensive damage at the 
earthquake ground motion level 
defined in (1) is acceptable 
provided that people can safely exit 
the buil ding. 

3. All new structural elements 
required for preventing the collapse 
shall meet the design requirements 
of the current UBC. In addition, 
brittle-type connections shall 
include an additional safety factor 
of 1. 5. 

4. Minimize disruption to the 
building occupants during the 
construction phase of the 
strengthening process. 

5. Maximize aesthetics for the 
resulting construction while 
minimizing total project cost. 

A minimum of six solutions were 
developed and considered in detail 
with respect to the seismic upgrade 
of Building 111. Considerations for 
minimum disruption and project 
costs, with the safety of building 
occupants being equal for all 
proposed solutivns, again drove the 
upgrade scheme to the outside of the 
building, thus, allowing the 
building to remain occupied during 
the implementation of the upgraae 
solution. 

Figure 14 in an artist rendering, 
illustrating the Building 111 
current upgrade. Two large 
reinforced concrete (Re) towers will 
be located at the exterior of the 
building. One tower is located 
adjacent to the east wir:g on the 
south side, and the other tower is 
located adjacent to the south wing 
of the east side. The two towe~s 
rise from a 6 ft. 8 in. [2.03 mJ 
thick reinforced concrete mat 
supported on thirty nine 36 inch 
[91.44 em) diameter drilled RC piers 



extend1ng 50 ft. (15.24 -J to 66 ft. 
[20.12 a] (depending on location) 
below the new fO\Uldat10n Nt. 

Each RC towe~ is connected to the 
adjacent buildin9 vin9 with channel 
sha~d ateel collector .. Mbe~. 
inatalled on each 81de of three 
floo~ beau atartlnCJ on the third 
floo~ to the roof. Each collector 
.. ~r extend. full w1dth of the 
offLce wings, is securely anChored 
into tbe conerete tower, and is 
~lted and bonded with epoxy 9rout 
to the concrete floor or roof be ... 
Conatruction of the collector 
membera will be .cc~lished by 
removing the precast concrete panels 
at tour bays in each wing to permit 
acces.. Plywood aheets will be laid 
on top of the ex1.ting ceilings for 
construction contractor personnel to 
drill hol •• in t~e existing concrete 
and inatall the collector member •. 
This .. an. of construction vill 
permit uncle. red construction 
personnel to perform the work 
without penetrating secured building 
arae.. Epoxy grout is injected 
betw.en the steel collector member 
and the exiating concrete beam along 
with having a steel plate anchor at 
the exterior end. The horizontal 
collector tie beama are constructed 
to trans.it the collector member 
force. into tbe concrete towers. A 
few add{tional RC valls will be 
constructed internal to the bu11d1n9 
to help in distributing shear 
torce •. 

3. CONCLUSIONS 

Tbe Lawrence Livermore National 
Laboratory experieneed considerable 
damage a. the result of tbe 1980 
Livermore &arthquake. Subsequently, 
• major study was unde&taken and 
completed in 1985 to quantify tbe 
seismic hazard the Laboratory faces. 
The d.si9n eriteria used for new 
faeilitie. and upgrades (retrofits) 
of ex1sting facilities are 
eonai,tent with the results of this 
$tudy. Baaed on poat-1980 
1nspection of Laboratory facilities, 

by both independent consultants and 
Laboratory ataff, all buildings 
requiring upgrade to assure "life 
,.fety· have been identified. Three 
.. jar structural building upgrades 
were 1nvolved: Building 311, 
Building 113, and Building 111. 
Upon ccepletion of the Building 111 
upgrade, currently under 
construction, no further upgrades 
are required or planned . 
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L.LN.L. SEISMIC DESIGN CRITERIA 
NEW FACILmES, 1980 TO MAY 1989 

FACILITY USE SAFETY CLASSIFICAnON 

... f· .\/ /\fW Arm rJO 

• : ••• : .• ; " l ( I' •• f r. T I () r • A I • 

(1) 1 .2 STORIES 
V=O.25W 
UBC ALLOWABLES 
1.5 CONNECTION 
FACTOR 

(2) 2 STORIES OR 
IRREGULAR 

a) SAME AS (1) 
b) 0.5g RESPONSE 

SPECTRA 
NO COLLAPSE 
EVALUATION 

f,101H:HAH HAZAHtJ 

(1) CATEGORY I 

a) 0.25g RESPONSE 
SPECTRA 
UBC ALLOWABLES 
1.5 CONNECTION 
FACTOR 

b) 0.8g RESPONSE 
SPECTRA 
REMAIN 
FUNCTIONAL 

(2) NON-CATEGORY I 

CASE·BY -CASE 
(GO TO NO HAZARD 
CRITERIA) 
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(1) CATEGORY I 

a) 0.5g RESPONSE 
UBC ALLOWABLES 
1.5 CONNECTION 
FACTOR 

b) O.8g RESPONSE 
SPECTRA 
REMAIN 
FUNCTIONAL 

(2) NON-CATEGORY I 

CASE-BY ·CASE 
(GO TO NO HAZARD 
CRITERIA) 
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MAJOR FAULT ZONES -SAN FRANCISCO BAY AREA 

Figure 1 Major earthquake fault zones which pose a seismic 
hazard to LLNL. 
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o 0.1 02 0.3 0.4 0.5 

PEAK GROUND ACCELERATION (g) 

Figure 2a Seismic Hazard Curves for all LLNL site: Peak 
Ground Acceleration (g). 

1!6 

0.6 



- at - Z
 

0 ~ a: w
 

.J
 

W
 

C
o)

 
C

o)
 

c
( .J
 

c
( a:
 

... 
~
 

~
 

C
o)

 
w

 
~
 

C
I)

 4
.n

- ~
 

I 
I 

--
J 

3.
0 

-z
" 
Dam

pin
gr:

=1~
t=t

==±
=f=

f=l
=+=

tj=
J 

I 
~
 

t 
~
,
 

5
%

 
\.

 
r-

.,
.,

,,
 

"-
2.

0 
..

 ,
"
,
 

. 
In

4
 
,
~
 

"
-

..
.,

.,
.,

~ 
" 

,....
.... 

'" 
"' -

-....
, 

.... 
--...

 
.0

 
L.

...
. 

'
-
~
~
 

...
.. 
~
 

.....
. -

-...
....

....
.. --!

!!.
....

....
.. 

....
....

 
~ 

___
 ~::

;;
.~
 ~~
::
~ __

 ~~
~=
+=
=t
=:
:j

 
n 

';"
 

i 
-
=
=
:
e
~
 

v 
1 

~I
::
jt
~-
-t
-~
~~
~~
~~

 
I 

I 
I 

1 ., 
o 

.2
 

.4
 

.6
 

.8
 

1
.0

.2
 

.4
 

.6
 

.8
 

2.
0 

.2
 

.4
 

.6
 

.8
 

3.
0 

P
E

R
IO

D
, T

 
(S

ec
on

ds
) 

F
ig

u
re

 
2b

 
LL

N
L 

S
ei

sm
ic

 D
es

ig
n

 A
c
c
e
le

ra
ti

o
n

 R
es

p
o

n
se

 
S

p
e
c
tr

a
 

n
o

rm
a
li

z
e
d

 t
o

 
1

9
, 

c
u

rr
e
n

tl
y

 u
se

d
 
fo

r 
ne

w
 

fa
c
il

it
ie

s
. 



i 

~
.
o
 

.. -
-
-
-
I 

1 

~
 

1 
1 

I 
1 

I 
1 

.1 
I 

- at4.
0

 
- Z 0 t=

 
: 

3.
0 

Ia
J 

.J
 

Ia
J u ~
2
.
0
 

~
 

C
( a:
 

t-
1.

0 
~
 

-
r-

--
l 

--
--

J
 

I 

--
--

l 

I 
I 

J-
---

-1
 

r 
" 

-1
 

-

~
 

, 

I 
-=

L
J 

-
, 

I 

, 
I 

~
 

r-

" 
I 

" 
..

..
.i

 

I'
 

---
r--

-J
 

, 
, 

I 

' 
, 

1 
~
]
-
-
-
\
 

--
-J

 

~
 

, 
" 

1 
I 

, 
-
-
-
'
 

~
 

" 
, 

I 

,. 
, 

I 

-
--

--
-J

 

" 
" 

'" 
I 

L.
..

..
.-

I 

:u
 

, 
"-

s.
D~

-l
 

---

r-

.
~
 

'""
"'-

~
 

J 
L 

--
J
 

.. -
~
 

,~
;;
t 

_..
..,.

 

--
-J

 

"" 
.... 

I 
-'

-

~
 

"" 
~
 

....
....

... 
J
.
n
~
-

I 
--

-J
 

1 
"" 

L
-
.;

 
~
-
"
.
a
~
 

~
 

-I
-i

:J
:J

~ 
~
 

.... 
.5

. l"
X

. 
- -

0-
-

en
 
-

I 
I 

I-
-
J
 

1 
~
 

1 
1 

I 
1 

I 
~
 

T
 

I 
I 

0
_

 
-
_

 -
--

_ 
_ 

__ 
__

 
_ 

o 
.2

 
.4

 
.6

 
.8

 
1.

0 
.2

 
~
 

.6
 

.8
 

2
.0

.2
 

.4
 

.6
 

.8
 

3.
0 

PE
R

IO
D

 I
T

 
(S

ec
on

ds
) 

F
ig

u
re

 
3 

LL
N

L 
D

es
ig

n
 A

c
c
e
le

ra
ti

o
n

 R
es

p
o

n
se

 S
p

e
c
tr

a
 

n
o

rm
a
li

z
e
d

 t
o

 
1

9
, 

u
se

d
 

1
9

7
1

 
to

 M
ay

 
1

9
8

9
. 
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Figure 4 Building 311, as originally designed and 
constructed. 

Figure 5 Building 311, after major seismic upgrade showing 
external buttresses. 
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Figure 6 

Figure 7 

BuilGing 311, Second floor drag-struct anchor 
bolts. 

.. : 

I 
.. . .-.-
• • '. 

. .. 

Building 311, Roof level drag-struct shear anchors. 
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Figure 8 Building 113, as originally designed and 
constructp.n. 

Figure 9 Building 113, after major seis~ic upgrade showing 
"K" brace frames. 
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Figure 10 Building 113, "K" brace frames being lifted into 
place. 

r i 9ure 11 Building 111, as originally designed and 
constructed. 
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Figure 12 Building 111, stair tower upgrade, lateral supports 
are attached to ear.h building floor level. 
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Figure 14 Building 111, artist rendering of the completed 
seismic upgrade (currently under construction) 
showing the new external towers (buttresses). 



A.Iam .... CIunctertatkI 01 Gnaad SInIas 
IBduced DarbII ........ 

The appropriate eatl.atlon of rround 
atralna Induced durin, earthquake Is 
Indispensable tor tile selnlc desll1\ or 
burled ltrellne tacllities luch All pipeline 
IYBtIlllB. 

The rround .trains Induced durlnr 
earthquake are estl.ated with ule or the dense 
Inlltruent array data obtaJned at the Public 
Workl Relearch IlIltltute durlnc palt 78 
earthquakes. and the eaplrlcal roraulae or 
attenuation or lall.ul ,round strains In terlS 
or ~arthquake .al1\ltude and eplcentral 
distance are proposed. 

lEI lORDS : Array Observation Systel. Ground 
Strain. Attenuation Charecterlatlc8 

I. IIlTllODUCTIOl 

It Is well recornlzed thet dynulc 
behavior or lIrellne racllitics luch as 
tubular plpln, aYltels elbedded In (round 
eSBentlally depends on the dynellc response or 
lubsurrac~ ,rounds. The lIelsllc deroraatlon 
.. thod. whlc~ conllderl ,round strains Induced 
durin, earthquakes as selslle effects Instead 
or InertIa torces. was developed and Is now In 
practical uae ror leisale delll", or eltended 
structures eabedded In ,round II \. Althouch 
Investlcatlons on actual ,round strains 
Induced durin, earthquake are clIsentlal to 
a81ell8 appropriate selallc efrecta to be 
considered In the selslle derorlatlon lethod. 
rew studies have been conducted. lostly due to 
the lack or leasured data /2\. 

This p8per present. analysis on the 
,round IItralnl with use or the denlle 
tnstrulent array datil obtained at the Public 
lorks Rellearch Institute (PlRI) during past 78 
earthquakes. The e.plrleal forlu1ae or 
attenuation or .all.ul (round strains In terlS 
or eart~quake lacnltude and eplcentral 
dhhnce are proposed by lultlple re,reulon 
analysh. 

z. AIIAI IISTIl!mTATIOI AT ... 1 SITE 131 

Theare are tow local laboratory array I 
called fleld-A 6ftd Field-8 In PrRI ca.pUI, 81 

:'y 

ahown In Fl~.l. Subsurface geological 
condition around tl'e "RI Is allost utllfor •. 
I.e. dlluvlal lland" and silty deposlts w'th 
approxl.ate thlckneu or 50 I rest on grllvel 
rorlatlona. Shear wave velocity of th~ upper 
and lower dlluvla1 deposits Is Bpproxlal}tcly 
250 1/1 and 400 ./s. respectively. 

Flc.2 IIhows the Inlltrulentatlon at 
Fleld-A and Fldd-B. 13 three-co_potlents 
acceleroleterll are Installed at Fleld-A, that 
Is 3 on the ,round .urrace. 5 at the depth of 
2 I and 5 at the depth or about 50 a, along a 
crOS8 shaped conrlruratlon with each length of 
100 I. 6 three-cOllponents acce I ero.eters Ilre 
Installed at Field-B. that Is. 1 at the depth 
or 2 II. 4 at the depth or 50 I and 1 at the 
depth"l!J6 I. alon, a L shaped configuratIon 
with the leneth or 100 I and 50 •. The 
dlrecdon or the crolB conrlruratlon as !!ell 
all the dlrectlon or the sensors Is orIented 
alonl north-s~uth and east-west directions. 

Sirnala rl"o. 19 acceleroleters lit hoth 
Fleld-A and Flelrt-B are sl.ultllneously 
translltted by caMe to the central processIng 
rool. where the slcna18 are digitIzed with 1\ 

tl.e Interval or 1/100 second by 12 bl ts All 
converters. The observatIon was ~\Hr'rd In 
July. 1979. 

3. CALCUlATIOJ JIBTIIOD OF GROUND STK"U~ 

A tetrahedron consisting or 4 obsp.vntlon 
polnts(l. J. I and p) as shown In Flg.3 Is 
considered to calculate ground straIns. 
Accordln, to a atandard three dllenRlonal 
rlnlte ele.ent analysis procedure /4\. the 
(round dlsplacelent u(t). vlt) and wIt) In 
l(Eallt-Iest). Y(Horth-South) and z(Up-Ouwn) 
dlrectIonll, reBpectively. In the tetrahedron 
are assuled to be linear as 

u(t)-a 1+021+a", y.a .. z 
v(t)- a e. 0 IS 1+ a 7 y. a e Z 

w(t)- a o. a 101' If • ,y+ a .",z 
(I) 

-I lIead. Ground Vibration DivisIon. Earthquake 
Disaster Prevent Ion Departaent. Public lorks 
Research Institute, "Inlstr" of Construction. 
-2 Senior Reeearch En(lneer. ditto. 
-3 Research Enclneer. ditto. 
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In which a ,(1-1 - 12) reprellent constants. 
Deter.lnlne a I by prellcrlblnc coordinates of 
the tour observation points I. j. • and p, 
Eq.(I) can be .rltten In the for. 

lUltl} 1 lU"t) uJlt) u".[t) Up(tll 
vltl"Sv v,(t) v,(tl v ... (tl vp(t) ." 
.(tl • .(t) .,etl _",Itl "p(tl 

(2) 

where 
'k. Yk. Zk Ik·l. j ••. pI: coordInates of 

k-th observation point 
uk(tl. v.(t) ••• (LI (k·l. J. a. pI: 

,round dlsplace.ent at k-Lh observation poInt 

IX' y, 1.'1 r y, 7.,\ 
a,' kon y", Zm b , • - 1 yo. 1. .. 

Xp yp Zp I yp z" 

(3) r' I Z'I r' y, II c,·-x",1 7.", d,* - x'" Y". 1 
Xp 1 Zp lip yp I 

Other constants Ilk. h~. Cw. and d" (k·j. 
•• p) can be obtained bychanglnr the subscript 
In the order of J •• and p. 

X, y, 7., 

6V· 
x, Y, z, 
lim Ym z .. 
lip Yo> z~ 

Repre8entlng ground Rtralns as, 

( f ) = 

t " 
f y 

t .. 

a u/ a I 
il vi i! y 
a.1 a z 
a u/ a y. a vi a I 
a vI a z+ a.1 a Y 
a wi a I + a ul a Z 

substitution of Eq.12) Into Eq.(5) rives 

141 

(5) 

(61 

where 

167 

b. 0 0 
0 c. 0 

[B.)-
0 o dk 

(k'l, J ••• pI 171 
c. b. 0 
o d. c. 
d. 0 b. 

I .5 ) = Ii ~l (81 

/6kl" I::} (k'l, J, a. p) (9) 

It should be noled here that the ground 
strains {f } !'stlaated by Eq.(51 n'prescnt 
the aVerap;e rround strains In a tetrahedron. 

4. CALCUI.ATIOIII OF GROUND S1RAUS DURING 
F.ARTI!Ql!AJ(F. 

The array data have been obtained at PWRl 
site durIng past 100 earthquakes between 1979 
and 1989 as shown In Table 1. Aaong those 
datil. the data obtained during 78 earthquakes 
with the Japan lIIeteorologlral Ageney (JIIIAI 
aarnltude of 4.0 or greater arc used for thls 
analysIs. 

Flr.4 shows a('celeration tlae historIes 
r('corded at A2CO(GI.-2.) and A46CO(GL'-46al 
durlnr the ellrthquake of February 27. 198:1 
(EQ-281. with II JIIIA aarnltude of 6.0 and an 
eplcentral 11stance to the slle of 22k •. The 
aapll flcatlon rat 10 of aadau. accc\erat Ion 
A2CO/A46CO Is 2.0 and 2.6 for N-S coaponent 
and E-' co.ponent. respectively. 

Fir. 5 sho.s dlsplaceaent tiae histories 
of the ground for EQ-28. which are cnlc~lated 
by the double Interration of accl'leratlon 
records. Accelerlltlon records are Inlecrated 
frequen!'y do.aln .lth the lower /tnd tlll'her 
cut -off frpquency of 0.2 Hz and 20 liz. The 
aapllflcatlon mUo of aa~laua dlsplaceaent 
A2CO/,\46CO Is 1.4 and 2.0 for N-S lind F.-I! 
coaponp-nt. respectively. 

8 tetrahedrons are foraulnted to 
ciliculate ground strains at fleld-A a6 sho.n 
In Fir. 6(a) and 6(b), that Is 4 upper-side 
tetrahedrons for calculatln, upper level 
rround strains and 4 lower-side ones (or lower 
level .round straIns. 2 tetrahedrons are 



considered to calculate lower leYel Iround 
Itraln& at Field-I .. lhowa In Fl,. I(c). 

fl,. 71a) and (b) Ihow tl .. blltorlel of 
the upper and lower level cround Itralnl at 
Fleld-A calculated lor EQ-28. re.peellvel,. A. 
aeen frOll FI,. 7. the .alli ... value 01 upper 
level nor.al cround .tralnl (a... , v) II 
(100- 200) x 10- and 11 lareer lhan that 01 
the lower level nor.al rround .traln.. ahlch 
11 about 50)( 10 .... The .. lIiau value of upper 
level .hear rround atraln (7..",) 11 about 100 
x 10- and la laeer t.han that of lower level 
ahear rround .traln. which .. about 50 x 10-. 

S. ADI!!!U6UOI qlAlACTpImcs Of CiIlOUQ 
mm! 

It II very i.portant to eatl.ate ael •• lc 
elfect properly In the practical desilll 01 
atructurel. Up to the pre.ent. not I few 
attenuation equation. of peak ,round Htlonl 
lacceleratlon. velocity and dlaplac.nnt) have 
been proposed and they are applied to the 
leisalc dellen of Itructurel. 

In the past ana lYle a on attenuation 
characterlatlcl of aa.l.ua cround 8Otlona and 
ablolute acceleration reaponae apeetra. blled 
on accelerocraph recordl. the lollowln, 
e.plrlcll for.ula II otten used as a practical 
fOrllula (5). 

where 

(10) 

X Nall.u. acceleration. velocity and 
dllplaceaent I ablolute 
acceleration relponse lpectral 
aaplltude 

M : Macnltude 01 earthquake 
.j : Eplcentral dlltance (u) 
AD: Constant to adJult X for a .. ll 

eplcental distance 
a. b. c : Coelflclentl 

The attenuation characterlatici of cround 
stralnl on the horizontal plane I... I v and 
7 ..... which are laportant to be conlldered In 
the lell.lc dellcn of under,round Itracture •• 
are dllcussed In thll analYII •• Since the peak 
values of the ,round Itralnl are dUferent 
IlIOn, the tetrahedronl, the averaee or the 
peak cround Itralns over the 4 (Field-A) or 2 
(Field-B) tetrahedrons I. dellned aa the 
aalli.u. "ouncl atraln.. Further.ore. larpr 
value of I .. and I v 11 defined a. the uai_ 
nOl .. l .traln I. 

The .Iae eltpre •• lon wUh Eq. (l0) I. 
a., ... d to repre.ent the attenuation 

characterl.tlea 01 .. II... cround Itralnl. 
& 0 In !q. UO I 1. • .. Ulled to be 30 k.. The 
eaplrlcal lor.ulae of .a.l ... rround atraln. 
are written aa 

Ill) 

ahere 
I Mallau. nor.o} .traln 
1 "all.u. ,hear .traln 

Table 2 .how. the coefflcler" a. band c 
obtained by .ultlple recre.,lon ~naly.ls. Froa 
Table 2, the attenuation for.ulae of the 
.all ... cround Itralnl are obtained a. 

18 

Upper Level ,round Itralnl at Field-A: 

I -1.237 x 10a. .. - x (.lI+30I-o. u , x 10-
7 -0.894 x lOa. a. ... )( (A +30)-0. 77<0)( 10-<> 

Lower Level cround .tralnl at Field-A: 
1-1.285)( loo· ...... x (A +30)-0. 3"70 X 10-<> 
7 -1.549 x 100' -- x (A .30,.-0.8'8 X 10-

Lower Level ,round .tralna at Fle1d-B: 

I -1.506 x 100
• - x (A +30)-0. De8 X 10-<> 

7 -4.860)( 100. 3 ' .... )( ( '" -30) -0. soe)( 10-0 
U21 

Fl,.8 show. the attenuation of .axl.u. 
,round atralns • and , calculated by Eq. (51 
for each event. coaparln, with predicted value 
b1 Eq. (12). The rollowlnp are pointed out 
froa FI,.8. 
1) The .allau. nor.al upper level cround 

.trainl and lower level ,round Itralns at 
Fleld-A are dlatrlbuted In the ran,e rroa 
5 )( 10- to 200 x 10-0 and rrOll 4 x 10-0 to 
60 x 10-0

• reapeethely. The .ad.u. shear 
Itraln. are dlatrlbuted In the ranee Iro. 
5 )( 10-<> to 350 x 10-0 and fro. 4)( 10-" to 
100 )( 10-0 for the upper level ,round 
stralnl and lower level cround straIns. 
re'pectlvely. The a •• I.u. nor.al and Ihear 
lowe~ level cround strains at Fleld-8 are 
dlatrlbuted In the ranee fra 3)( 10-0 to 
70 )( 10-0 and fra 6)( 10-0 to 100)( 10-0. 
respectively. 
The .alll.u. .hear rround .traln 11 larcer 
th.n the •• II.u. no,.al cround strain 
calculated Ira the array data and the 
upper level cround Itraln 11 larrer than 
the lower level cround .tr.ln. 

2) Accordln, to the e.plrlcal attenuatton 
equatlonl or rroun4 Itraln at Field-A, the 
coelflclent b. which reprelent. the effect 



or earthquake .arnltude on the aall.ua 
rround stralna. of the upper level ,round 
strains II larrer than that of the lower 
level (found Itralns. The coeffiCient c. 
which represent. the effect of eplcentral 
dhtance on the .all.a rround .tralns. of 
the upper level rround strains II •• aUer 
than that or the lo.er level rround Italnl. 
Those racts indicate that the upper level 
p-ound strains are IIOre sensitive to 
earthquake aarnltude and atter.uation rate 
of the upper level ,round Itralns with 
eplcentral distance II larger. as coapared 
with the lower level rround stralnl. 

3) Coaparln, the eaplrlca) foraulae of 
attenuat Ion of the lower leyel Il"ol'nd 
strains for Fleld-A .Ith that for Field-B. 
the eoerrtclent b Is ala08t 8aae, and the 
coefficient c ror Fleld-A la a little lacer 
than that for Field-B. 

4) Coapared with the coerflclent c of the 
attenuatIon equations of aall.ua ,round 
accelerations based on S"AC accelero,raas. 
which Is -1.2 to -1.3 (5). the coefficient 
c for aaxlaua eround atralns la larrer. 
This aeans that attenuation of aalt.ua 
eround straIns with eptcentral distance Is 
saaller than that of .. xlaua ,round 
accelerations. 

6_ COIICLUSIOI 

The ,round strains Induced durin, 
earthquakes were evaluated by a finite eleaent 
aethod, wIth use of the dense Instru.ent array 
data obtained at the Public 'orks Rese.rch 
Institute. The eaplrleal rontulae of 
attenuation equation of aazlaua «round strains 
(Eq. (12» were presented by aultlple 
re,resslon analYsiS based on the arr.y d.t. of 
78 earthquakes. 

The result of this ItUdy aleht be 
re,arded as b.slc Inforaatlon for anesslnc 
I he ,round strains durin, earthqu.kes, 
however. It should be noted th.t those results 
were derived rraa the data recorded by 
relatively saall ,round aotlons. The 
aceuaul.tlon of strone 8Otlon records and 
further Investlratlons should be encoura,ed. 

this rese.rcb was aotlv.ted based on the 
array d.ta which has been ~ollected for years 
under the direction by Dr. T. Iwasaki. Dr. Y. 
S.nk\, T. Arakawa and Dr. II. lIawuhlall. The 
autor. would like to expreas theIr sIncere 
rr.tltude to thea. 

(I)Publle 'orks Rele.rch Institute. "A 
Proposal tor Earthquake Rellstant Deslen 
Method", Technical Neaorandua of PlRI, 
Mo.1185, March, 1917(ln Jap.nese) 

(2)Arakswa T., 1I •••• hl.. II. and T~ta II .. 
"Finite Ground Strains Indllced durin, 
Earthqu.ke ror Appllcatlon tv Setsalc 
Deslen of lJnderp-ound Structures", Fifth 
Intern.tlon.l Conference on Haerlcal 
Methods In Geoaechanlcs, AprIl. 1985 

(3)Ohkubo T .• IW.lakl T. and Kawashlaa K., 
"Dense Instruaent Array Pro,raa of the 
Public 'orks Reee.rch In.tltute and 
Prellalnary Analysle or the Records". Proc. 
ot 13th Joint lleetlne U.S.-Japan on lind 
and Selsalc Effects, U.J.M.R .• May. 1981 

(4)Zlenklewlcz, O. C. "The Finite Eleaent 
lIIethod In Enelneerlnr Science". 
IIIcGraw-Hlll. 1971 

(5)Kaw.sh1aa II .• Ah.wa II •• nd Takahllshl K .• 
"Attenu.tlon of Peak Ground lIIotlon and 
Absolute Acceleration Response Spectra". 
Proc. or Elrhth 'orld Conference Oil 

E.rthquake Enrlneerlne. July, 1984 
(6)Tokld. K., T .. ura II. and Alzua K .• 

"Analys" on Strone Ground 1II0tions durlnr 
Earthquakes Observed by Dense Arr.y at PlRI 

Attenu.tlon Characteristics of Ground 
Strains Induced Durln« Earthquake 
TechnIcal Meaorandua of PlRI. "0.2798, 
Aurost,1989(ln Japanese) 

(7)Saaakl Y., Taaur. K. and AlzlIWII K .. 
"Analys.s on the Finite Ground Strains 
Induced Durin, Earthquakes", Proc. of Third 
U. S. -Jap.n 'orkshop on EarthCluake Disaster 
Prevention for Lifeline SYstea, U.J.".R .• 
1IIay. 1989 
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Tule 

I : unuAed In thll anftlYAIA 

Table 2 eor.fflclent. of Attenuation Equation 

Field Strain eoerr Iclent Correlation Standard "uabcr 
a b c Coerrlcient Error of Data ----.-Upp"'r I.~yel e 1.237 0.493 -0.741 0.829 0.206 65 

" 
Ground StraIn T 0.894 0.548 -0.774 0.856 0.210 65 
Lower I.evel e 1.285 0.309 -0.370 0.108 0.213 14 
Ground Stratn I 1.549 0.293 -0.319 0.699 0.212 76 

B 
Lower Level e 1.506 0.358 -0.569 0.136 0.197 66 
Ground Strain r 4.860 0.312 -0.596 0.690 0.190 53 

Attenuation EquatIon 

flpre 1 lAICal I .. buratorf Arr~ at Plltl 

17. 



c.) 'Ield-A 

lb) 'Ield-I 

'1..... 2 Arr., Coallc-ratlaa at PIlI 

• 

ok: 
x 

'1 ..... a T8tr ......... lor caJ.alatl .. 01 en.4 Itr.' .. 

In 
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.". 'c ~ Model TtIIa 011'. rrrts 
_lJqaefhbIe GnaIds 

8' 

, .. ayukl lac.' .nd Jan-Ichl Kalekl-

lIN. I , .. ,. a.1I • , .. technlc.1 d)'llUlc 
ce.,rlf.,. were .. r........ to .t.." a lel •• lc 
Iteha .. lor .t ....... t ••• 1l ... Ualtl. cr.uM •. 
IUtct. of •• cale f.ctor .... a .,I •• lc hll tory 
wert I •••• ll'.t... r .. ,. •• a .ha.. 01 the 
......... 1 or a thlckaeo. of tho ,rolnd were .1.0 
COM.cted. 

QX VOl.: .... _.t. Geot.chnlc.1 CentrlfUfe. 
LI"ef.ctlon 

1 • ,."...," ISII 

LI, •• '.ctlon .f a .... , ,round ca.... a 
.ettl .... t ., an ..... klent found" on the 
If 0"'. A lot of .... 1 'e.'. haYe been ex.cuted 
to r ..... 1 the .,I •• le lteha .. lor of the .... nkeent. 
bat few 01 th.. h.... be... doft<! uncler a hlell 
canllnl., atr •••• 

A c •• trl,.,.1 ... el t •• t I. a te.t .. thad Which 
c.n .Iaulote the ..... tr ••• condition !n • 
acaled .... 1 ,rou ... I" u actuol .nund. It 
hll be •• a"II" to a .,n .. lc probl .... I., an 
'art",aak' .Iaulator II., ... 

Thll .... r ••• 1. with d,nulc centrl' .. al aodel 
te.ta a' a horltolta' .Ind 'a,er and an 
e .... kMeftt on the I.y.r. 

2 • lIST PI!Q!jIQIJU 

FIC.l .1I0va aero ••• ee\lon of tut aodell. 
The, .r. cl ... lflad Into horllont.1 layer aodel. 
and .ab.nDl.t aod.ll. A. effect of a .cale 
faclor w •• 1 •••• tlC.te4 .. Inc 30. aodel •• nd 5J, 
aodel •• Th ..... 1 41 .. n.lon. ver. deter.lned for 
both nod.l •• 0 th.t a prototype allt In • 1, 
fl.ld no, al ... , coincide with each other. A 
.h ... of the e ... klent and • thlcknll. of t"e 
•• nd I.,.r wer. cha.,t111 In lI04e1. I-I a ... 1-2. 

#. 1.1Id I.,er ... ,r.,.rad IIy poul., Toyour. 
oand thr ..... air 'II • rl,ld loll cOlllalller. The 
.urface of tho la,ar wu nund" In .ccord.nce 
with a rotatl,"a. r .. luo. In the .... nk .. nt 
""111 a color ... and ... h ..... drawn to all.~rve 

th, dtfOfllltiOIl .f the .allll le,.r throach a 
tr.nlp.r.nt fr.ftl ,IU. Df the container. 

Aft,r .ettlal tha cont.ln.r In • yael .. box the 
IInci Ja,er "U .. turated with .lIlcan, 01 I which 
II 30 "... .. .i.coll. .. w.t.r for the 30, 
aodtll .nd 10 Ii... for the So, aodel.. An 
eaban .... t w ...... • , a .Ixture of To,oura •• nd 
.nd • cl.,-.and ""ICII hu a ratio of 4: I In 
weiCht Ind • wlter cont.nt of lax. FI •• 2 Ihow •• 
locatloll of trlll •• uc.r •• 

A IIIIUIOI4.1 .hallln, Val eonduet" .fter 
app1yln, • centriflllal acceleration. It ..... 
repeated .eYer.1 tl ... Incre •• ill, .n anplltUde. A 
lu ... r, of the te.1 c ..... nd the le.t conditlonl 
are .hown In Tlble 1. A protolype w.ve frequenCY 
1ft lhe 1, field v .. 2HI for bOth the 30, lOde Is 
and the 50, ao4el.. An effect of I leil.ic 
hl.tory ..... inye.ll,ated by co.,arln, the re.ults 
obtained In Ihe fint Ih.klnc Itep' with tho II 
obt.lned .fter the. 

3 . EPFECT Of SCAl.! fACTOR 

3.1 COIDarl.pn of Tile HI.tprles 
FI,.3 IhOWI .... ured data 0' the hor I zon t.1 

I.,er aodel., .nd '1,.4 .hoWi tho.e of the 
e.b.nkllent lICHiel •. TI .. axel In the flrures are 
conlrolled to h.ye the .... prototype lenrlh in 
the 1, field for lhe 30, lOdel .nd the SO, nodel. 
III rl •. 5 and FIC.6 the II .. axe. are Ihorteneil to 
Ihow ch.nre •• fter the Ih.klll,. 

There ... ere qualit.tlve ,.ree .. nt. bt'tween the 
r.nl t of the 30, aodel. and that of the 50, 
.. del. a. follow.: 
(1) An Increa.e of an exce •• pore prel.ure 
proceeded f •• ler In • Ihlilow part at the 
horlzontll •• nd layer th.n in a deep part. and a 
rapid ch.n,e of a re.ponce .cceler.tlon occured 
earlier I~ the .hallow part. There v ••• I ... t no 
.cceleratlon re.ponce after the Ilquefactio". The 
exce .. pore prellure dll.lpated filter in the 
deep p.rt. 
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(2) A ch.n,e of .n exee .. pore prellure beneath 
the e.bank .. nt (PC in the ... "kllent .. 4el) was 
... 11 durlnc the .hak,n •• but It lncreaoed .fter 
the ah.kln,. An exce .. pore pre .. llre dillip.ted 
fa.ter below the e.bankntnt (P6) th.n In the side 
layer (PJ) of the .... depth. 
(3) The rapid chance of • r .. ponce acceleralion 
did no t occur I n or be I ow the e.b.nkten t (A.e and 
A6) while It oecared In the .Ide I.rer (A2). 
(.e) A cre.t lettletenl of the e.b.nk .. nt .tarted 
•• the tlIcell par. prel.llre I ncrea.ed. I t 
proceeded .t a nearly conatant rate durin, the 
.hlkln •• but It .topped Ifter the .h.klne. 

The dl .. IPltlon of th. exc ... pore pressure 
'Inilhed In .bout 5 •• cQ.d In the 30, nodell, .nd 
it did In about 3 •• colld In the SO, .. dell. The 
d':ratlon for both aodell WI. equivalent to 
150.scud In the I, fjeld. It Increlled as the 
exce •• pore pre •• ure cenerated I •• t. 

'Held. SOil Dyn •• le. Dlvilion. 
Equlp.ent .nd Method Departntnt. 
Re.e.reh Inatltllte. Mlnlltr, of 
Japan. -fte.e.rcher. ditto. 
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PubliC Works 
Conltruction, 



la 'hll test the vllcollt, of lhe .lllco .. oil 
.ed II • por. 1181d of I .... va 4Iot'l'IIl_ 
••• 1 .. thlt it I. I. I.ftrl. ,ro .. rtlo. to .. 
.... re.t penteallillt, of 'ho .... altheqh 
l.at_1 .t II." .Mwed .... rl .. '.111 that it la 
IIOt I.. Wlthl. the ltaU •• f till. t .. t It M, 
well " ...... t. to u. tile .i .. l .... .,tI •• , 
Mca.o tile daraUo. of the dl .. lpaUolI v .. 
alao.t .. uivII •• t. 

3.2 pe.l.tlltee MlIII' LlIMfKti" 
Ple.1 .hoWi til. r.lltl •• lhl, lie, .... the In,ut 

aeeel.raUol ad the ".-.r of CJCI .... ttl the 
rapl4 ehaace of the rUPI.I KeeilraUOI CA .. to 
AI) d.e to the li, .. factl'. I. the flr.t Ihall., 
Ite .. of the 1I0rllolt.1 la,.r .... , •• '1 •• ' IhOWl 
01. ~'weeft the Inpat accol.ratlo. a .. the ..... r 
of c,cle. until the .xc ••• ,.r. 'r .... r. re.ch •• 
a Illltl .. nlue which I. _1.'.1_ dlltla, the 
Ilquetaction. Th. In,at Iceel.ratlo. I. co ... rted 
Into a protot". v.lu. In lh. 1, fl.ld to co.,are 
the re •• lt 01 the 30t .... 1. vlth that 01 the So, 
lOdel •• 

It I •• een frol the fl .. r •• th.1 the rl.l.tance 
of the .a~ la,er acall.t a 11".flctlo. v .. 
lower In the SO. lOdeli tha. I. the 30, .... 1 •• 
AlthoQlh the re .. on I. not known ,.t, It I. 
,. •• llIle that a chaftCe of I frlcll.lal realltalC' 
at a CODtect point 01 the .1Id partlcl .... , ha •• 
reduced the re.htaace of the •• 114 In a. 
Indr.lned conditio" a. the YIICOllt, of the 
• llleone oil Incre .. ed. 

3.3 Crclt setll,,,,t 
FI,.' IhOVI the relatla'lhl, between the I.put 

accelerltloft and the Induced cr.,t •• ttl .... t 01 
the ..... kaeat In the flrat ahaklnc .t.,. of lhe 
.... akleftt lO4e1a. Both •• 1, .. ar. cOD •• rted Into 
prototype onel In the 1, fI.I4I. Th. prototype 
lettl_nt VII lar • ., In the 101 _.Ia than In 
the 30, _ell I' the protol". Inp,t 
• cc.ler.t1on vu the ..... It i ••• U .. ted that 
the ell flereae. i. caaled b, the cha..,. of the 
reallt.nee .,al.at the 11".factlon, .0 the 
effect II Inyeltl •• Ied II folloVl: 
CI) '1,.10 ./loWl the relatlonlhlp IIot_" the 
protot". Input accelerltlon ad the ...... r of 
cyclll until Ihe rea pone. ICcelerUlon la the 
Iide I.,er (AZ) ch..... rapldl, .,. to the 
I illuefactlon. The 101 .. ell IlK a lover 
reailtance acalnlt the Il,,,'a.tlon than the 30, 
lIOIIell .. la Iten 18 the FI,.1. 
(Z) FI,.11 IhOWl tile reIIUo •• hl, Ilet_1I the 
prototype ertlt .ottt_lIt ... the n ..... r 0' 
crcle. ued In the ",.10. Ther. va. alaoal no 
dlUerettee belweell the 301 .... 1. alld the 10, 
lOde I. • Thl. lI .... r 01 c}'el" CI. lie .. I.... to 
rtprelelt the realltanc. af till Whole layer 
"llIlit the JI,U.fICtt .. , thon It I ••• tlMted 
that the prototype cr.lt •• ttt .... t In Ih. lOt 
lIOdell ., M al .. ,t lh •• _ .. In the 30t 
lIOdetl If the, haYe the ... rlliitiac. acalill 

the II,aefactlan. 
(3) A pro tot),. erelt lettl ... nt In leyerll 
lhotlll .tepa v'th a 111 •• lc hlltor, II ca"lr" 
between the 30, .... Ia allCl the So, lOdell III 
PI,.12, IIId the ..... r of cycle, del I ned .1 In 
the PII.10 Ie cO"lred In FI,.13. Bolh the 
Induced .ettl ... nt and the acca.ul.ted •• ttl .... ' 
were Ilr,er In the JiO, -.cIell Ihln In the 30, 
....11, and the 10e "'el. had a lower r.el.talca 
...In,t the lI,ueflction. The reilltl .,r.e with 
thOle obtlined In the Ilr.t Ihall., .t .... 

•• IPPJICT OF SIIMIC HfUOII 

The effect of • ,.I.lle ht,tory w .. 
InYeat I,Ued on the reaul t obtained I n the ,Ix 
ea •• 1 01 ... el 53-1. The thUI., qplltade v .. 
cha.,ed In the flrat Itep of elCh elle. an4 It 
V •• Inerel,ed eradlilly In the follovlnc .tepl. 

•• 1 Creat Settll.nt 
PIL.I •• hovi the relltion.hlp between an Input 

acc.leratlon Ind an Indllced or acc_Ilted ere.t 
lettle.llt. Th. llICllleed aettl"'n! In Ihe flrlt 
Ite, of each e .. e without the I.IIIIC hl,tory wa. 
I.rlel· th." the one In the followlll' Itepi of 
c •• el 63-1-1 and 63-1-3 vlth the lel,.Ic hi.tory, 
allll It wal , .. lIer than the acc_llted 
I.ttl ... nt of the pre-Ihaken c ..... 

The difference la the acc_l.ted .. Uel_nt 
w ..... 11 b.tween thele clle., therefore the CII. 
63-1-2 I, IIled a. • repreaent.IIYe clle vi th Ih • 
.el •• lc hl,lor, In the follovlnc coaplrl.on •• 

•• 2 £lcel' ppre Pr, •• yre 
Pt,.15 IhOWl the r,lallonlhlp lIetwe.n the Inpllt 

.cceleratlon and • IIIXI_ exc ... pore prel.ure 
ratlD It a depth of IOca (PZ .l1li PS). An Initial 
.ffectlwe vertical Urea. II Cllcllated 
one-dl .. n.lonall, u.ln, .... ured unit wellllt of 
the 11114 I.,er .114 the e .... ltaent • 

Wtth or wltho,t the .el .. le hlltory the ratio 
In the lid. la,er <PU v .. "elrly 1.0 when th, 
Input Ice,lerltion v .. abollt 4" bllt the ratiO 
WII hillier with the lel.alc hiltorr wh.n the 
111,111 Ice,leraUo" vu .. re thin 7,. Belov the 
e ... nUent (1'5) the ratio v.. hilll.r wi III the 
1I1.11e: hlltol'}' thin vi thollt I lover a "",ole 
rlnce of the Input acceleration. 

It II eonlldered thlt vlth the .el.alc hl.tor, 
a dellllflcition of the .and I.,er d~e to a 
reco"lolldatlon Ifler the Ilqllefactloa ~edlcel 

the ,ener.Uon of lhe elfe ... pore prealure, Ind 
the r.te 01 the den.lflca!I •• ae ... to lie Ilr,er 
belov the e"lnklent th.n In the aide layer. 

".3 Be'PROIe Acceler.tlon 
Pi,.15 ,hoWl a relilioll.hlp "tween the Input 

Icc.leratlon Ind I rallo of a ... I!IUII relpon .. 
ICCII.rltlon to the Inpllt one. With or without 
the .elalc hlltol'}' the rallo VII .I ... t the .... 
In the Iide I.,er (A2). Belov the e.bl"klent (A6) 
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It ... hl .... r .1 th the •• I •• lc hl.,o.., .,. the 
I ... ' accelultloll ... .or. thu 1,. III the 
.... • .... t (A4) the ratio I.cr ....... the I.p.t 
acctl.rltlo. lacr ..... with the .el •• lc hl.ter,. 
... It .ecr ..... wlthOlt the .el •• lc hl.tory. 

These re.llt ... re. with the co .. lder.tlo. that 
th •• ffect of the •••• Iflc.tlo. d •• to the lel.le 
hl.tory I. tIl .... r below the ....... t thl. In 
the .Ide 187lr. The dlUerellC' I. the ladlced 
creal •• ttl ... , lIetwee. 'he vlr,11I c ..... 1Id lhe 
pre-.h.... cue. ..,. be c •• ed b,. botll the 
dl.lllc.tlo. I" the re.lda.1 defor.a"on of the 
pre·.h .... eue •• 

5.1 Cra' SeWmnt 
A cre.t .ettl"nt Induced In the flret .tepi 

Is c .... r .. betweell lIOdell 63-1, 1-1 .nd 1-2 In 
FI,.17. Th.re ... not I dl.tlnct difference, but 
the IIttlmllt w .. I.reer In _el. 1-1 .nd 1-2 
the. III _el '3-1 whell the IlIpet .cceler.tlon 
WII .boat 5,. 

a.aerall, It II e.tl .. t .. that the thinner .all4 
I.,er In lIOdel 1-1 .. y relult In the ... ller 
.'ttl .... t thin In _del 63-1. and th.t the 
I.r,er e .. ~enklenl In _el 1-2 II' relult In Ihe 
lar,e!' .. ttleM.t Ih.n In lIOdel 63-1. Altoao'" 
til" rellolt for the dlsasre_nt of the te.t 
rualll wltb the elll .. tloD II not known ret. it 
II poilible th.t • I .. " chan.re In the _del 
prep.r.tloll .. , have cauled .arl.tlonl In the 
char.cterl.tlc. of the _el. IUch al the denllt, 
Ind the 1.lar.tloll dllree of the I.nd Il,er which 
Iffected the lelt re.altl. FUrther Inveltl,.tlolll 
.re ne .. ed to ev.la.te the effect of thele 
varl.tlonl. .nd • c.refa' prep.r.tlon of the 
lIOdel with. hlCh repeitability II neeell.ry. 

5.2 .!!rlpr .. tlon of Sand LaYJr 
FI,.1I Iho ... 11 obler.ed defor.atioll cf lIOdell 

63-1. 1-1 aad 1-2. A lettl ... nt of the ..... nk~nt 
.ee .... nled with • I.ter.l defor.atloll of the 
alllcl I.,er .ad • Ie It I Hell t 0 f the I.,er be I ow 
the ...... kIIe.t. The lateral defarlltlon W'I 
lar,er I. I Ih.llow p.rt of tbe I.,er •• ad It w .. 
restraill. by a botto. plate of the cont.lner. 
The .ettle_nt of the I.i'er .. y have been cau.ed 
b,. Itotb the l.tera' deroratlon .nd the 
reco.lolid.tlon after 'be Ilquef.etion. There 
co.ld lIot be leell • dlltllct difference aeon, the 
three "'el •• 

6 OONCLUSIONS 

The re .. 1t of dyn.le centrll.al telts 
perforaed 011111 hOrlzont.1 layer "'ell and 
..... lIk1e.t lOdell with a cen.rlfQl.1 .cceler.tlon 
of 30, or 50, II luurlzed ~I folio,,: 
(1) A co ... rholl of the ....... ed d.ta of the 30, 
... ela .nd the SO, .odell .howed tb*t there were 

lever.1 ,uaillative .,reeaentl belween th~ on • 
dya .. le reepoale characteriitici. A lower 
re.l.tance ... 1 nat • Ilquef.etioll III the 50, 
"'ela rel.lted In • I.r,er ,rototrpe ere.t 
letll_.t. and It .. y hue beell e.uled by tbe 
ch ... e of a .llco.lt,. of • Ii I I cOile 011 Uled .a • 
pore fluid. It II tllI .. ted th.t the prototype 
crelt lettl ... nt in lhe 50, ... ell .. , be .I ... t 
lhe .... II In the 30, lIDdell If the, have the 
.... real.t.nce ... Inlt the Ilquef.ctiol. 
(2) To Inve.ll,.te the effect of a lell.lc 
hlltory • eo.,.rl.oa wla ~e between the relultl 
obt.lned In the flrlt .~.kln, ItePt of the 
e .... nklellt "'el. and thOle obilined In th~ 

followllll Itep •. The effect oa the exee .. pore 
pre.aare .nd the relpon.e eceeler.tion WI. lar,er 
In or below the e .... nkMnt than la the Iide 
le,er. It I. eonlldered ~h.t the rite of • 
denlUic.tlon of the •• 114 1.,er due to • 
reconlolldation after the Ilquef • .:~lon il I.r,er 
below the ellb.nk_al th.n In the .Ide la,er. A 
... ller Induced ere.t lettle~nt with the lell.le 
hi.tor, w •• obt.lned •• nd It .. y hav~ beea eluled 
br both the den.lflc.tlon .nd the realdu.1 
defor .. llon. 
(3) The telt re.ult did not elarlf, lhe effeel of 
a Ihape of an ellb.nklent .nd a thickne .. of a 
lind I.,er "n the crelt settie.nt. The 
lettle~nt of the ellbenk .. nt .eeo ... nl .. wi th • 
later.l defor .. tlon of lhe land I.,er and a 
lettle"nt of the I.rer below the ellbaakeent 
Irrelpeetlve of lhe Ih.pe or the thiekne.l. 
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Tabl. 1 Telt CUea .... eo ... I tin. 

..... 1 CUI Cellrl' ... 1 11"1 SI.u- 1.1.' Ace. (,) Dr of .... 
Acc. (.) aold.1 IIa .. lat 2nd 3rd 4th 5th 6th Lanr (X) 

13-1-1 1.1 • 
13-1-2 1.1i 4.1 &.1 1.3 '.7 12.7 • 

13-1 13-1-3 30 IOHz,IOcrele 3.1 1.6 1.1 '.3 12.1 • 
13-1-4 1.1i • 
13-1-1 1.3 • 
13-1-' t.O • 

1-1 1-1-1 30 10Hz , 2Oc,e Ie 3.4 4.t 1.3 '.0 11 
1-1-2 4.' •• 3 '.0 12 

1-2 1-2-1 30 IOHz,lOcJcle 3.3 &.3 7.0 I.' 64 
1-2-2 5.0 1.7 '.& 70 
1-3-1 2.3 3.3 4.& &.6 64 

1-3 1-3-2 30 IOHZ,50cJcle 3.4 4.3 1.2 61 
1-3-3 4.5 5.1i 69 
1-4-) 4.0 5.3 7.0 '.4 64 

1-4 1-4-2 50 lOOIIz ,5Oc,cl e 4.' '.4 7.' 61 
1-4-3 2.6 3.' 14 
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SeillDlc Ralst.ace RequimueJlt.'I' of Roller Compacted Dams 

by 

Alan T. Richardson' and Louis H. RoehmZ 

YSTMCT 

Sais.lc Inllysis of the U.S. Bureau of 
Recla.atlon's (Recla.&tton) Upper Stillwater 
0 .. is explained as an exa.ple of a design 
.. thad used for evaluation of an RCC da.'s 
seis.ic rlsistance. Material strength 
properties were evaluated by laboratory and 
field testing. Testing evaluated the weakest 
link in an Rtt structure. the Joint bet~een 
lifts. COIputer code EADHI was used to 
analyze finHe eleMent cross-sectional lllOdels 
of the d .. for static and dynaMic loads. The 
uxl .. credible earthquake (HeE) was !caled 
by spectrWl tntensity to determine the site 
response spectru.. Synthetic accelero~rams 
were generated for hurlzontal and vertical 
ground .ations from the site response 
spectNl. 

Maxi.u. tensile ,nd cumpresslve stresses were 
detenalned from the dynamic analysis. 
COMpressive stresses were well below 
aceephllle ll.ib for the ReC. Tem.ile 
stresses on the upstrelll face excee,1ed the 
allowable strength of the RCe for 0.10 
seconds, Indicating tracking of the concrete 
could occur. 

1. INTRODUCTIDH 

Roller cOMpacted concrete (RCC) or a roller 
cOMpacted dill (ReO), are tenas which refer to 
a construction .. thod for placing MaS$ 
concrete with large equipment nOnlally used 
for hauling rock or SOil, Ind compacting the 
uterial in place with llr~e vibrating 
rollers. Ti .. Ind cost savings achieved by 
this procedure .ake tt a preferred 
construction .. thod for concrete dams. 
seis.ic resistance of I da. for a given 
seis.ie acceleration depends prl.,rily on the 
d.-'s shape ... terial strength Ind the stress 
state existing in the da.. The da.'s shape 
is typically detenained by an econo.ie 
analysis of structurally stable cross 
sections based on static loads. with shape 
conSiderations given for da.s located in 
lreas of higher seis.tcity. Specific 
.. terial properties for a da. are deterMined 
by standard laboratory testing and adjusted 
for dyn .. ic loads by applying .. pirically 
deteMitned factors based on rapid strlin rate 
testing. For Rec dams, material properties 

186 

testing also requires careful evaluation of 
the bond strength to be developed between 
11ft lines, since bond strength generally 
controls the dam's ability to resist vertical 
tensile stresses. The stress state existing 
In the dam prior to the dynaMiC analysis is 
deter ... Ined by analysis of static loads on the 
daM. Oyna.ie analysis 15 then used to 
detenline the dam's response to seis.ic 
loads. 

Upper Stillwater Dam was designed in 1982 by 
Reclamation. Its design is used here to 
demonstrate the analysis and evaluation 
process needed to determine an RCC dam's 
seismic resistance. Upper Stillwater Dam 
(figure I), located in the state of Utah at 
an elevation of 8,000 feet. was constructed 
between 1983 and 1987. It has a crest length 
of 2,700 feet. a maximum structural height of 
Z8S feet and contains a total of 1,600,000 
cubic yards of concrete, 90 percent of this 
total is RCC. Construction was by placing 
and compacting I-foot (30 cm) thick lifts 
between the abutments until the total height 
of the dam was placed. Both faces of the dam 
were formed by continuous horizontal 
51 1 pfonling of very low slump conventional 
concrete. Contraction jOints were formed 
naturally as the dam cooled. The selected 
dam's cross section minimiled the concrete 
volume while providing the required stability 
safety factors for static loads. It was then 
analyzed to determine its ability to resist 
seismic loads. The dynamic analysis of Upper 
Stillwater Dam was conducted using the finite 
element program EADHI [AJ. In this program, 
the co.plete system is considered as composed 
of two substructures, the dam represented as 
a finite element system, and the water in the 
reservoir treated as a continuum of infinite 
length in the upstream direction governed by 
the wave equation. Compressibility of the 
witer is included in the analysis. EAOHI is 
a two-dimensional program including both 
horizontal and vertical component.s of ground 
IIIOtion. The program uses an isoparametric 
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Z Technical Specialist, 
U.S. Bureau of Reclamation, 
Denver Colorado 80225 



quadrUateral ., .... t. The .. t.rial behl'lior 
tl alsUlid te be linearl, .llstlc. 

2. MURIAL PIOP£RTlES 

AKl_tton's concrete laboratory conducted 
en .xtenslYe t.sting p~r_ to det .... ine the 
aat,rlal properties of Ret [B]. Thh progrUl 
Included standard structuraf properties 
testing of llborator, cylinders Ind core fra. 
a t.st plac ... nt constructed In 1981 at the 
d .. sit.. Structural t.sting .-phasized the 
t.nsn. ClPaclty of the jOint crelted between 
lay,rs of the ACe. Direct tenstle tests were 
conducted on jointed Cl1 tnders and d the 
jOint bttween ltfts In cores. 

Dyn_ic properties were not obtained in the 
llborato~. so static values were Increased 
proportionally according to percentages 
reported by others [C]. The s tali c 
cOIOresslv. strengths of the concrete were 
increased 20 percent to Iccount for rapid 
loading eff.cts. This assuaption resulted In 
ultt .. t. dynulc co.presslve strength of 
3.600 lb(in' for Ree. The static tensile 
strength was tncreased 60 percent to account 
for raptd 10ldlng effects. In addition, the 
tensn. strengths were increased 20 percent 
to account for nonlinear behavior of the 
coneret.. The anllytical .adels used assUia 
the concrete to be elastic when actually it 
behaves nonlinearly at failure. Since the 
stress.s cOIOuted are therefore artificially 
high. the assu.ed tensile strength should be 
inereased accordingly. The u1tlute dynutc 
tlnstl, strength for RCC resulting fro. these 
assUIPttons was 350 lb/inl . The dynuic 
.adulus of .'astl-clty for all concrete was 
ass..ed to be 2.5 (I()6) lb/ln2, which is 67 
perc.nt greater than the stattc value. This 
increase is doc ... nted by laboratory tests 
perforlld by others [C). The dynuic MOdulus 
of dtfonlitlon of the foundation rock was 
assu.ed to be 1.25 (10') lb/inz. This value 
WIS based on analytical studies of .adulus of 
1.0 (10') lb/tn' to be si.lllr to results 
fro. studtes with severll .. terials in the 
foundation. Increasing the lOdulus for 
dyn.ic loading res,,1 ted in a Vii 1 ue of 
1.25 (10') 1 b/ln2. 

In Iddttfon to miterfal properties, the 
dyn .. 1c Inalyses required a visc~us d • .,ing 
constant. Several expert .. ntal s~aking tests 
on .. Is and prototypes of concl"ete dus 
hlv, indicated vllues ringing frOil 2 to 
10 percent [OJ. The suller duping values 
WIre assoctated with very low levels of 
eXCitation. For .arthquake-type vibrltions, 
I value of 10 percent is .ore representa­
ttv.. For the dyn.fc analyses of Upper 
Stillwater Ou, d...,ing WIS ISSu.ci to be 
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10 percent of critical. 

3. INPUT G8OUND1!Qll<m 

In the Recl ... tion process, two steps are 
necessary in selecting the sel .. le loldlngs 
to which a ct .... y be subjected. The first 
step Is to define the .. gnitudes and 
10cat10ns of the hypotheticil earthqulkes 
which could affect the site. The second step 
is to dete ... ine the response spectra and 
select accelerogr .. s representative of the 
resulttog rock .ations. 

The earthquake magnitudes and locations 
estt .. ted for the Upper Stillwater site are 
listed in the following table. 

Richter .agnttude Eplcentral Focal 
MeE lOG-VI" Z5-vr distante depth 

6.0 5.2 4.3 ZkIII 7b1 

The d •• w.s analyzed only for the .. xf.u. 
credible earthquake (HeE) since it would 
cover the 100- and Z5-year events. 

Ground -ations for use in dyn .. ic analyses 
were dete ... tned as follows: First, 
historical records with .agnftudes and 
locations siMilar to t~e MeE were scaled 
ustng spectrua intensity. Spectrua intenSity 
is deftned as the Irea under a velocity 
response spectrum between 0.1 and Z.5 
seconds. Then the average spectral 
accelerattons were calculated for each period 
of the scaled records. The resulting site 
response spectrUM (SRS) is shown 1n figure 2. 

Once the SRS was dete ... ined, synthetic 
accelerogra.s were generated. Independent 
accelerogra.s were generated for the 
horizontal and vertical cDlPOnents of the 
ground -ation. The vertical record was 
c~uted by scaling one accelerogr .. by the 
ratio (0.48) of vertical to horizontal 
spectrUM I~tensities of the historical 
records. Tbe horizontal and vertical 
accelerogra.s are shown in figures 3 .nd 4, 
respectively. Since the Upper Stillwater 
analysiS, Recl ... tion has refined the 
spectrw. Intensity concept (reference E). 
COMputations and field tests have 
demonstrated that the natural periods of 
concrete daMS are generally less than 
0.5 second. Therefore, acceleratfon spectrUM 
intenSity has been introduced and defined as 
the area under the accelera-tion response 
spectrUM between periods of 0.1 to 



0.5 seconds and is an appropriate indi~ator 
of the pot.ntial response of concrete dams to 
a ,iv.n earthquake record. 

4. oyIeMIC ANAlYSIS 

D1ft_tc studi.s of Upper St 111water 0111 used 
the tw-di_nsional progr .. EAD.H. Tw 
IDdIls Wlrt used In the analyses - one to 
represent tbe IUXt_ section and I IIOre 
typical height section. Hydrostatic loads 
ana'yzed Wire: the no,..' water surface, 
.l.vatton 8172.0, and the .inl.um water 
surfac ••• levation SOZ8.4. 

Mod.l Vrids used In the dyn .. ic studies are 
shown tn figure~ 5 and 6. S.aller ele.ants 
Wlrt used ,t .levltlon 8100, the reentrant 
comer on the downstre .. face, to provide 
better strtss defInition. 

All dyn .. ic studies used only one material 
Jr~.l In the du. The foundation elements 
U!!d another .. ssless .. terlal for rock. 
Studtes .. de with a ha.ogeneous foundation 
showed tensile str.sses exceeding the 
capacity of the rock in the foundation 
el ... nt Just upstre .. of the du. In order 
to provld. a IIOre realistic lOdel, this 
,1 ... nt was softened by lowering the 
~efonaatlon lOdulus of the eleDent to 
100,000 lb/tn'. 

Thre. different stress output options were 
used in the EACHJ anllyses. The first was 
used to obtain I table of maxi.u. and minimum 
stresses, and their respective ti .. s of 
occurrence for each element. Secondly, 
stress hIstories were generated for 
particular el ... nts. The third option was 
used to obtain the stress distributions In 
the .ntir. d .. at specific tileS 
corresponding to aaxi.u. tenstons en both 
faces. EADHI autOllttcal'y Idded static 
stresses to the dynaMiC stresses in all 
ani lyses. 

S.veral studies were Made to detenllne how 
.uch Influence individual lIOdes had upon the 
r.spons. of the da.. Up to five modes were 
included In each study. 

5. RESULTS 

Each EADHI analysis produced a large a.aunt 
of output. Only the .ast significant results 
are presented. Modal superposition analyses 
were conducted which included contributions 
of up to five lOdes. The followins results 
refer to studies for the first four modes; 
the fifth .ode was judged to hlye a 
negligible Influence upcn the response of the 
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du. Natural periods for the IIlxl_ and 
typical sections are listed In the follOWing 
table: 

Natural periods - seconds 
----_._. 

Maxi.u. Typical 
Mode section secUon 

1 0.462 0.344 
2 0.182 0.139 
3 0.176 0.125 
4 0.094 0.063 

The lIIa)(illUlll principal stresses orrllrring at 
each face are shown on figures 7 .nd 8. 

The maxi.ua tensile stre~ses of 43( Ib/in2 on 
the upstreaM face and about 300 lb/in2 on the 
downstre .. face occur when lhe water surface 
is It elevation 8172 (figure 7). for the low 
water conditions, MaximoM tensions are about 
200 lb/inz on each face. At the lIaxl.u. 
section, the IIlxi.uM co.pressive stress (not 
shown) Is 1,042 Ib/in2. Mlxi.u. tensions at 
the upstrelM face of the typical section 
with the no~al water surface are about 
300 lb/inl • VertiCil stress distributions In 
the .axi_ sectton at partlcJlar ti .. s 
related to the .laxillUll tens Ions on both faces 
are shown on ftvure 9. Maxl_ tensions of 
about 300 lb/ln': occur on the upstreaM hce 
at elevation 8040 with nor.al and MiniMUII 
water surface eleyations at tiMeS 5.19 and 
2.23 seconds, respectiVely, In the response 
history analyses. Maximom tensions of about 
200 lb/in2 occur Qn the downstreaM face at 
elevation 8095 at ti .. s 4.32 and 3.05 seconds 
for nor.al and Mlni_ wlter surface 
elevations, respectively. As cln be seen In 
figure 9, the stress distribution Is alMOst 
linear frOM face to face. 

In order to get an lndlc.tlon of the duration 
and frequency of occurrence of the .. xi.u. 
tensile stresses, ~everal studies were 
conducted to generate stress histories at 
selected elements in the MaxiMUI sect ton. 
These elements are 132, which is situated at 
elevation 8040 on the upstreaM face, and 167, 
located at elevation 8095 on the downstreaM 
face. Stress histories for element 132 for 
the analyses Including normal and MinimuM 
water surface elevations, respectively, are 
shown on figures 10 Ind 11. Corresponding 
stress histories for element 167 are included 
In figures 12 .nd 13. Tensile stresses 
exceed 250 lb/in2 only in the element 132 for 
the normal water surface condition; all four 



such .xcursions are of durations less than 
0.10 second .ach. 

All 4YaIItc .. alYSls results Indicate stress 
l.vels 1ft the d .. for the .tnl.u. water 
condition a,. slgnlftcantly lower than for 
the ...... 1 water surfacI loading. In 
addition, stresses fro. the analYSIS of the 
typical section are substantially reduced 
COIIpIt'td to stresses fro. the .. xl_ sect Ion 
analysis. 

6. EYAlUATION 

According to Recl ... tlon criteria [Fl, a 
safety factor greater than 1.0 Is required 
for the Ixt,... loading cOllb'nation. The 
allowable c~resslve stress for the RCC Is 
3,600 lb/In2. The allowable tensile stress 
for Ree is 350 lb/In2. 

Response history analyses of the nOnall water 
condition Indicate .. xlaua cQlPresstve 
stressls In the ReC less than 1,100 lb/ln2 

which are well below the allowable 11.It of 
3,600 lbtln2. Tensill stresses in the RCC 
exceed the allowable li.it ~f 350 lb/inz for 
llss than 0.10 second at the upstre .. face. 
Except for four excursions of short duration, 
tlnsl1. stressls are generally less than 
250 lb/ln2 throughout the d... When large 
tenSile stresses are present at the upstrea. 
face, the downstreUl hal f of the d .. is In 
co.presslon. Also, the above-.. ntioned 
stresses refer to the .axl_ section 
analyses; stresses at the typical section are 
substantially lower. 

Preslnt Reel ... tlon criteria state that 
-Horizontal cracking should be assu.ad to 
occur In a gravity d .. wherever the vertical 
nonall stress for dyn .. lc response to an 
earthquake does not .. et .ini.u. safety 
factor requ'r ... nts. The depth of crack is 
assu.td to e ~ Ilong a horizontal section 
to the poin~ .ere ca.pressive stress 
co.puted wtthout uplift and the Internal 
hydrostatic pressure are equal.- These 
criteria, published in 1974, are based on a 
ps.udo static analysis for earthquake 
loadings. This .. thod does not account for 
the rapid cyclic loading of sels.lc 
excitation. The analysis .. thod used for 
this deSlyn (EADHI) produces a stress history 
based on Intar elastic theory while 
accounting for resonance effects In the d .. 
and hydrodyn .. lc Interaction. In addition, 
earthquake-type ground .utions are input to 
the analysis rather than applying peak 
acceleration values to the concrete and water 
.. ss. Consequently, the evaluation of 
results frOll the EADHI progr .. requires a 
different approach than outlined in E.M. 19. 

189 

It Is i.,ortant to note that the dyn .. lc 
tenSile strength was •• ceeded for a short 
duration on the upstre.- fact. An excursion 
beyond the ellstic li.it is not as 
slgni'icant as the generll level of 
repeatable stress at a point. An e ... ination 
of the stress histories for this analysis 
shows that the d .. responds at repeatlble 
stress levels safely below the dyn .. ic 
tensile strength. On thts basis, It Is 
reasonable to conclude that cracking would 
not develop through the section. FrIIII these 
observatlon$, the d~.'S response 15 
preda.inantly linelr1y ellstic with instants 
where localized portions of the d .. beco.a 
nonlinear. Therefore, the loading fra. the 
MCE could possibly cause cracking of the 
concrete In a ll.ited area. However, the daM 
possesses sufficient stlbility to operate 
slfely during and Jftr.r the earthquake. 

One lethod of substantiating judy ... nts 
concerning structural behavior Is to observe 
the Ictual behavior of sl.ilar prototype 
structures for si.llar loading conditions. 
In 1967, KoynIO .. , a 338-foot-hlgh graylty 
d .. located in India, was shaken by a 
~ • 6.5 earthquake located at an epicentral 
distance of 5 .iles and a fault break 
distlnce of 1.8 .iles. The structurll d .. age 
to the d .. was horizontal cracks on either or 
both faces of a nu.ber of .unollths [G, HJ. 
leakage of water was observed on the 
downstre .. face of one .unolith, and traces 
of seepage were observed on five other 
.unoliths. Although the da. cracked, no 
sudden release of the reservoir took place. 
The Koyna Da. experlenc~ shows that a 
concrete gravity d .. llie Upper Stillwater 
can crack and still retain the reservoir. 

Stresses frOll the low .ater analyses were 
substantially reduced cu.pared to stresse, of 
the nOnlal water condition analyses. 

In su..ary, the evaluation of the dyna.lc 
analysis of Upper Stillwater Oa. Indicates 
that the aaxl.u. credible earthquake could 
cause cracking, but no sudden release of the 
reservoir will occur. This condition Is 
penllsslble within the present Reel ... tlon 
polley. 

In August 1984, the Earthquake Engineering 
Research Center released the progr .. EAGD-84 
[I]. This progr .. supersedes EADHI and 
includes the effects of d .. -wlter-foundation 
rock Interaction and of .Iterlals, such as 
al1uYiu. and sedi.-nts, at the botta. of 
reservoirs. EAGO-84 was run using the Upper 
Stillwater data. The results indicJted that 
stress values at the heel of the da. were 



we" st.n.r and ... i_ values were 100 to 
150 llt/ • .., ,." tn the upper part of the da. 
TIlls progr_ has bKo.e the standard for two­
dt ... ,tOlll gravity d .. Inll,s1s at 
RIel_lion. 

t. Itf.rtOCtS 

(AJ ChatraMrtt. P •• and A. l. Chopra. 
-EMltI - A eo.ut.r Proar. for 
Elrthquake Analysts of Cr,vity Daas 
Including ~rodyn_lc Interactlon,­
Report No. EERe 73-7, College of 
Engineering. University of Cal'fornla. 
Berkeley, 1"3. 

[8J NelDrandu.s fro. Chief, Concrete lad 
Structur.l Branch, to Chief, O .. s 
Branch. -Upper Stillwater D_ - Roller 
CQlPlcted Concrete.- April 7, 1982, June 
24. 1182. August 30. 1982 •• nd January 
13, 1983. 

[e) Rapha.'. J. M •• -Tensile Strength of 
Concrete,- Journal of the Alerican 
Concrete Institute. March-April, 1984. 

(D) -Design and Analysis of Auburn Du.· 
vol. 4. U.S. Depart .. nt of the 
Intlrtor, Bureau of Recla..tlon, 1978. 

eE) -Earthqulke Ground Motions for Design 
and Anllysis of D_s,· Von Thun. J. L. 
et al., Earthquake Engtn.erlng and Soil 
Oynalcs II - Recent Advances in Ground 
Motion Evaluation, Geotechntcal SpeCial 
Publicltlon 
No. 20. Alerlc.n Society of Civil 
Engine.,s. June 1988. 

(F) -Design Criteria for Concrete Arch and 
Gravity Ous.· U.S. Depart .. nt of 
the Int.rior, Bureau of Recta.atlon, 
Englnee,lng Monograph 19, Denver. 
Colorado, February 1974. 

[S) Chopra. A. K., and P. Chlkrabarti, "The 
lCoynl Earthqulke and the O ... ,e 
to Koyna 0.. •• Bulletin of the 
SetSlOloglcll SOCiety of Alertcan. 
vol. 63, 
No.2. April 1913. 

(H] Choprl, A. l., -Earthquake Reststant 
Design of Concrete Gravity D .. s,­
Journal of the Structural Division, 
Alerican Society of Civil Engineers, 
.Jun. 1978. 

[I] Chopra, A. K., and G. Fenves, ·EAGO-84 • 
A COIpUter Progr.. for 
E~rthqulke Analysts of Concrete Gravity 
OilS,· Report No. EERe 84-11, College of 
Engineering, University or C.lfforn1., 
Berkeley, 1984. 



"L II. "10.00 

.11 •• f •• 

~ .. ) 
.... 

(I. '''''.00 

f1I. I MAXIMUM 114M 5ICI1OH 

1.0 

• , ... 
• o .. 
4 • ~ ... 
~ 

~ 
C 

O~~~~~~~~~~-L~~~~~~~~~~L-~~ 
0.1 1.0 I.' 1.0 

""100 - IICOtIOI 

FI .. 2 RESPONSE SPECl'RUM 
M ... AT J KM • J .. DAMPING 

191 



;. 

Zn 
~ri 
I· 
C 15 .. 1. ... ... ' 
~d ."i .. 
c· 

. 

.,;. 
I 

SYNTH[TIC ACCElEROCRAM 
WI.a AT 2 kM - HORllONTAL MOTION 

. . ~. 

... i .. j .. :. 

! ~ 
f~~+-~~~~~~--~~~~~~~ 

;. 

~ 

1 

.... La. I." '.J. .... '.J't ,... I.PI ._" 

... ~ ... 

. - u. 

.. , , 

... j 

, .. , 
; 

TlK - SECONDS 

fit. J SYNTHETIC ACCELEROGItAM 
1IOII!;:oHI'AL MOnON 

SYNTH(TIC ACCEl(ROCRAM 
"6.0 AT 2 ICY - V[RlICAl MOTION 

j ... ·1· "'!' 
; 

'j" !, I ···t·· "j 

I', •. j .. i. ... :····.1 

: .. 

'!' .. : t ... 
: 

~ ., .. j ...... , .j ..... 
: 
I i 

I." '.7' .... ..It 
TIME: - S[COHDS 

..... SYI'mIETlC 4CCELEROGRAM 
YEIlTICAL M0110N 

, ... .., . -



IJIPER SlIl.lMATER USlhS DOoII- SlRTlC • USSR 6.0 • 2 IC" 
MLCC11D "-III WID! ,.. ILOIDIr I 1'0 a.av. :112 

na. 5 MODEL GRID 
MAXIMUM DAM 5ECI1ON 

lPI'Ot stlLUllflElt USlhS DOtI- STArIC • USIIR 6.0 • a QI 
..... ~ WID!"'Q.DeIf I III ~ IV 

Fla.' MODEL GRID 
'I\'PICAL acnoN 

193 



-
.... 

t-, 
• ~ 

= .. .. .... 

_ WSE -"" ... ws til« _-_ ",-." . ...,.,Ift 
.......... ",.-~",," 
... - ... _._ ..... FI" 

110.)0 100 

... 

~-I ,. .. 
~ . .. 
~-

... 7 nJIIICIP ... STU'.5."D • MAXIMUM RCI'IOM 
.AIA • _IAMII + Ma 

)) 
J I} 
\\ 

- WSE 11".0,111' "'" --.. ".".0 IIS'ME 
~-.. 1rSl .. ,. WI 'At£ 

... - .. IrSElIOMf III'M( 

..... MlNa, ... ITIIISIII • n'I'ICU. KCI1OI'I 
WAIA._ ....... MCa 

1M 



400 

!OO 

200 

100 .. 
z , 0 III 
~ 

-100 

-200 

-300 

-400 

400 

300 

200 

.. 100 

~ , 
0 CD 

~ 

-100 

-200 

:-300 

-400 

III 
U 

~ 
Ji 
C .., 
a: ... 
f 
;:) 

20 

.., 
u 
~ 
=-C 
11.1 
II: .... 
If 
;:) 

ELEVATION 8095 

WSE 8172, Time - -f.l2 

t. WSE 8028.if, Time =3.05 

ELEVATION 8040 

o--~ WSE 8172, Time -5./9 
A .0. WSE 8028.4, Time ~ 2.ZJ 

~ .., 
II: 
Ii; 
~~ 
0011{ 
ola. 

~ ______ ~~~~~~:~ ______ ~I~ _____ L~ 

60 80 

n .. , VERTICAL STRESSES AT MAXIMUM SECflON 
WATER + DEAD LOAD + Mel 

1'5 



i 

; .. 
'j . 

'" 11." ., 
OIl 
VI 

rli 
VI • 
..JI 

tS o ;::1 IS, 
> , 
i , 

lIPPEI STJlLIIATEI !WI - MXIIUI SECT 1011 

Stress NlIto"1 of (l_t 132 cn.".tlO11 ICMO) 

for lISE 117Z.0 • USIl ".0 n ·Z l1li. 10 ~t ...,' ..... l1li 4 .ode, 

I--

-

-

II 

n II [f " 
fJ\I1 r\~ nj n Vll \/\ If ~II / \J , I' V f \I 

I-

J.le ... .... 

TINE - SECONDS 

".. I. VERTICAL STIIESS HISTORY. MAXIMUM SECfION 
UPSTaEAM ,.ACE· ILEVATlON _ • HIGH WAn. 

UPPE_ STILLWATER OM - MAX II'IlM SECTION 

Str.n History of £1_nt 132 ([I ... tlon 8040) 

~ . 
vi \J\ 
f-- -

FDr IIS£ 8028 ••• usaR 146,D It 2 l1li. 10 percent d_'ng •• nd 4 IIOCIIS 

:-=:;; 

-

, 
ftl IA J", ~ A III " II A. 

M' [V [~ ¥~ 1'1 1 V \ \1 ~v ~ ~\. V 
, , .....-

J.7I ... .. .. 

"N[ - 5[cOtOS 

.... II VERTICAL STRESS HISTORY· MAXIMUM SECIlON 
lJI'II'REAM .. ACE· ILIVATION ... LOW WAn. 

196 

a .. 

~\ 
f--

.. -



i 
I 

f: 
I 

CIt 
CIt 

~; 
CIt~ 
oJ 
'~ 

t=i 
~I 

~ , 

UPPEII STILLWATEII \WI - IWIIUI SECTION 

Stress Hhtory of El_ .. n~ 161 (Elevation 8095) 

For lISE 1112.0 + USIR 116.11 .t Z ... It) percent dlllPln9. Ind , .odes 

1-. 

io--- -

·--f!' 

.... 

.. 

.I A , I .A 
.j~ ", 15, Inll IV :(\1 &/\ lM 

U' u' Uv ~ 
~I , v 

LZI 1.10 ~.Jt 1.00 '-,D 7.tO 

TINE - SECONDS 

Fla- I) VERTICAL STRESS HISTORY. MAXIMUM SECfION 
DOWIII>"TII£AM 'ACE· EL£'ATlOfI ,,". HIGII WATER 

uPPER STlLLIlATER DAM - MAllO SECTION 

Stress History 0' El_t 167 (£le .. tlon 8095) 

~ ~I 
v . 
-1-

10." 

For lISE 8028.4 +usaR M6.G It 2 kII. 10 percent dpplng. Ind 4 IIOdes 

- I-

A ~, ,J A ~ '1 A /' ~" _J-. IA" 
'('-IV f~j IV IN' ~I , :~ ~~v \ \I V VV ·V\ V '" v"'" , 

LZI ~.,. '-10 "10 7.to 
fiNE - SECONDS 

..... IJ VEniCAL STIlUS HISTORY - MAXIMUM SECrION 
IJUWJIISTII&AM FACE • azyATION.." • LOW WAn. 

197 

.. ,. 

,-4' 

.. .., 



0 ...... of SOU LkpfaetloD Caused by Earthquakes aDd 
Use of Geomorpbolockal Maps 

bv 

Takekazu AKAGIRI. 
(""rlCt) 

DMIae of eoi I liquefaction causet! by III, 
eartllquakes have been Incrusllll recent years. 
The fund.-en&al relationships between 8011 
liquefaction and ,_rpholo,lcal units have 
been clarified. The author re.earched soil 
liquefaction caused by Nllilta. Nihonbl'chubu 
and 0I111aken toI!o-oIcl earthqualces to review the 
relallonlhlPl baaed on literatures and field 
su~_ 

And he cone I udell tha 1 (l)soll Ii que, acU on 
PhetlHena llere the _t rl!llrkably caused In 
fOnler river couraes filled about several ten 
wears a.o and banked areas. (2)the qualitative 
ItIICl!PtlIIlI1 ty to liquefaction for each ,e.Gr­
pholoclcal unit hal been Interpreted uslnl 
ae-rphoICIIlcaI laPS by Geocraphlcal Survey In­
.tltute (CSI) and (S"lcro-lec.orpholollcai "PS 
are a",IIaltie for prediction of liquefaction. 

(ke)Ivords) 1011 liquefaction. ,eOllOrphololJlcal 
.... alero-aonalion. sub-surface a'" Iafl:lfors 

1.1 nlradu!:\1 01\ 

81, earthquakes have caused &lnd~ soli 
liquefaction, collapses of slopes. and other 
t~Pl!S of ,round failures_ Hany cases of soil 
liquefaction have been fou'" In the ~st. Traces 
of liquefaction caused In 12c_ to 19c .. was 
found In old sourds In the ruins of 5 century In 
the subsurface la~, which sand boll hid not 
reach the ,round surface (San,ava:I987). And 
kanto earthquake (1923. ":7.9) caused soil 
llauefactlon extensively In the lover dralna,e 
basin of \he .......... river (CelolOilcal SUrvey 
1925, Vakaaatsu 1983). _Iso resarkable soil 
liquefsction was clllled by MII,.t.a earthquake 
(1984:,..7.5). I'Ilwaalken-oki earthquake (1978: 
1'1=7.'), Nlhonkal-chubu earthquake <":7.7), 
Chlbaken-toho-okl earthquake (1987 1'1=7.5) 
(fll.l: IndeK .p) and others. 

PIoat 0' pilina In J ... n have been follled by 
fluvial process. fllterlal ... been t.ranspOrted 
'ros IOUn&alnous 'lopes to the lover dralnqe 
luln and depotl ted. landfor. and subsurface 
,round haYe been forsed br the .a.e process. 
TIlls. I t II poalble to ~now subsurface ,round 
condition nina alcre-Iandfo,... 

In thll .-,er, the author repor~ that It. II 
easy t.o Interpret and predict qualitative sus' 
ceptlblllW to the liquefaction usln, ,e08Or­
plio I CIIles I 8&PI baaed on \he re I at I _h j ps be­
tween landfOl'88 and 1011 liquefaction. 

2. Soli Ligfac\lan re.r! bv f.arthguakes 
l-l. Hiipit au.''''' (111M. !1a1.S) 

"'Is eart.hquake Induced yarlous kinds of 

~_~~_~I_I~~.~-'_"!.~~~~~-:.~~I. 
tGeqrsplllcal SUrvey I nail tute 

colllPlll!S and tiltllll of housett a'" bulldi/llfl, 
IIIIIIIIa\ion. fire. sudden subsidence and rlsln, 
of ,round IIIrf.ce, crack and IIIIId boll III th IIId 
cra~r and etc.. ~ U-, soli llquefact.ion 
was caused In the e.tenslve area In the lover 
dralnqe basin of the river SIIlnano. 

GSI researched the da.a,e uslnc aerial 
pholo,raphs and In the field and COIIPi led .. ps 
shollln, aspects 0' da.a,e clused by NII.ata 
arthquake snd applletl s-rpholOllcal 8IP8 at 
1 scale of I: 10.000 (1964: fI,.2,3). 

Accord In, to the aaps. liquefaction vas 
caused r_rkably In I1UIbers In the forwer river 
courses filled after 1926 aloAl the Shlnano 
river. forser river courses In the coastal 
lowland betlll!l!n the Alano afI:I Shlnano. (The Irell 
had been a river course durin. the past 400 
years: Vak_tsu 1983). Nlillta "rport located 
at .rtlflclilly chansed dunes, !nterlevee 
lOllllnd~. ed,es of natural levees III th hl'h 
,round water levf'l Ind banked rOlds I n the 
lowlands (tab. I. fI,.3)_ 

SUbsurface ,round alons the Shlnsno wal 
displaced I.terally tOltlrd the river about 811 
(one slde)in the both lides of \he river by 101 I 
Ilquef.ction alld the lIidth of the river becue 
narrover(H ... d. et al. 1986). This Is clearly 
found uslRl a set of aerial IIhotosraphs b)' CSI. 
taken bf!fore and after the earthotuake. 

In the subaurface of the d ... ,ed arels, 
Fol lo"lnl characte~istics were COMOn to the 
.reas In the SUbsurface of daaa,ed .reas: 
(I).'" deposited thick, which averaBe dl_ter 
of the Iraln size Is 0.1~0.s... (2)relative 
densi ty Is lOll and (3),round \/Iter level Is 
hl,h_ But. there lias no dallsed area by soil 
Ilquefaclion In veil developed dunes and 
natural levees. where ,rCIUIIII \/Iter level Is low 
and sol I Is c\llllllCted Oa .. n association of ar­
chitecture 11164. Aokl. Olawa. V'II 1974. CSI: 
11164). 

2-2. Nlhonlal-chubu earthquake (Middle J.n Sea 
eq.IF7.7) 

Th j 8 ear lhquake caused I ntens I ve duall! by 
tunas I froa AoIIorl to Akita: .axlsu. IS. hi'h 
at \he coast. several ten ks ffCII north to south 
alonl the coast. Inundaled la'" area I ... deep 
Inland. various types of IfOUnd failures of 
around. destruction of houses and bulldlnls. 
destructioo of I ifellnes a'" otller •• 

Liquefaction phenMena ~"erc c .... sed In _y 
places In the lovlands. Lonl Nbanbents aub­
sided in the surnjll~di"i .. f the lake 
Machi rou,ata. In sany places. IlquefacUon VIS 

observed In sl.ilar l.ndlors unl ts to NIIII" In 
'or.er r j ver courses 0 f tile river 0II0n0. banhed 



.rea, ed,e. 0' •• nd, 'and'or. units (natural 
levees, .. lid dune). \.aural dlspllcetlent 0' 
PIIIcb fie I ds IllS observed( f I,. '., 1984) • 

And at ~ I!IIaes 0' andy landfor", sand 
illS lod at the base of houses too such .nd 
dIIIaes of hauIet ~ I.r,er. aut only on~ 
hove! II •• not d •••• ed .t .11. Accordin, to 
author's Interview III th the OIIIIer, tt.e house IllS 

built up on the buls of enoulh piles (deep Ind 
any) Into .rshy I.nd bec.u~e the owner had 
"'- ttat IUbsurface Iround condition had been 
the l/OI'St 'or housl Ill· 

2-3. Chll.ken-Toho-Okl Earthquake (1987 ,1'1=6. 7) 
This l"arLhquake hit the nel,hbor area of 

Tokyc, .nd caused Intensive d_aes in Chlbll and 

'''rsk' prefectures. I)uqes are destruction 0' 
~ lOre U.n about sev~ral ten thousands, 
destruction of I If" ; lnes, da.ases of roads. 
liquefaction In alluvial lowlands and fill alons 
Tokyc, Bay, forser river courses and banked area 
in the lowlands of Kujukurl plain, forser river 
courses In the lower drailllle basin of the Tone 
river. and the reclalaed area by drainins the 
lake In ltako Town. And s'ope collapSeS were in­
duced In the hili slopes of the KuJukurl coastal 
area. 

Llque'action phehOllena were caused In any 
places. FI,.5.S.7 are exa.ples in tI~ lower 
dralna,e basin of the Tone river. Co~arlns 

with liquefied sites and the seOllOrpholoSical 
sap dralln at a scalc of 1:25,000 by CSI, 
liquefaction was caused In the alluvial 
lowland{one area), a coablnation with forser 
river course and slip ofr slope (5 areas). I10st 
of sand boll were for.~d In the foraer river 
co.:~. No soil liquefaction phenolrena was not 
obserYCd :n undercut slope. 

The author researched histories of these 
liquefied sites uslns the whole editions of 
forser topoaraphic _Ps since 11/80. Accordins to 
the _ps, Ii quef led sites had been r i vcr coo rsea 
several ten years ISO. And after the construc 
Uon of short cut In 1915. these sites reained 
as O)(IKN lakes wher~ water chestnuts srew Lhick. 
And these were fi lied usl n, river sand of the 
new channel of Tone river IIlth sandpuaps fros 
1980 to 1967. \.ater, partly river sand liaS sold 
out and backfi lied usins hilly sand. 

lI.ler-chestnuts in the area had del105ited 
at the river floor before f I II and case out IIi th 
sand boll this tise. Crack type of sand boil 
continue Inter.lttentl)' aad side by sld~ allO'Jt 
seweral hundreds IClers Ions (fi,.5). The dis­
trlbullon coincided with the backfilled hilly 
sand area. 

Accordlns t, :ne borinl data. which was 
reseached after t!Je earthQuake, by the science 
and eOllneerlns research laboratory of Wased. 
unlv .• surface seololY consists of th~ 

fo II 0111 011: 0-811: .. 111 sand. river floor Sind, 
8-lo.:flne sand, Io.-:very fine sand. And sand 

00/1 (;.;~Ists of fI!lIe sand and very fI~ sand. 
Then, said boll calC out fro. deeper layers 
below hi I'), sand layer. 

~o.t of liquefaction were caused In the 
foraer river courses. Crain Si2CS are not well 
sorted- Sand boi I \lIS not ollso!rwd In the fo,....r 
river courses lIhich were filled up by natural 
processes or by ,radual fill IIi thout sandpt.-p. 

~,Subsur!ace (ondl tion and r.eo.orpholo,ical HapS 
3-I.r.eo.orphoIOlical IIPPIOI and subsurface con­
dition 
--Sol I liquefaction is caused by the cHblna­
tlon with (I)selsslc intensity and duration. 
(2)denslty of sand (void ratiO, rel.tlve den· 
sity. N value), (3)lIfain size distribution, 
(4)lrouoo water level. (5)depth of sand layer. 
And the phenoRna chanse depend on the c..tJ ina­
tion with these. Asons t'-. ~ltcept (I). others 
relates to subsurface condition and It shows 
thlt subsurf,"e Is Indispensable w predict soil 
liQUefaction si tes. 

PIelst of plains have been forllCd by fluvial 
process in Japan- Llndfo,.. cosple. I n the upper 
dralnall~ basin his not chan,ed In a period that 
.ierolandfor.s have been for.cd in the lower 
plain In usual. for the relson, In the lower 
plain. sue alerial. which is trlnsported fros 
thf! upper dralnase basin, has been deposited in 
specified sites repeat~dly and .icrolandfor.s 
hive been f orlled. 

This process decides saterial and t~ of 
subsurface Iround condition whether a 'an 
develops to a bll one or a little scale of 
boulder fan. and whdher the fan consists of 
sravl'ls or fine sand or slit. Si.ilar type of 
subsurface have si.llar -:haraclerlstlcs of sub­
surface condition. Wak.s.tsu et_ pi (1980) 
proposed thl t qua Ii ta t I v~ $Useept i b II i ty to so II 
I iquefaction was decided by ',i.e coablnation IIi th 
types of plain. characteristics and scale of 
landfo,.. units. 

As above sentioned. slcrolandforss sholl not 
only details of relief of plain. but also 
,eoIIOrpholoslcal senetle history and have Indis­
pensable relations to subsurface condl tlon which 
are surface ,eoiorY. 5011 condition, «round 
lllter aoo so on. Thus. I t Is naturally possible 
to .ake clear subsurface conditions uslns 
.icrolandfonrs. 

As an e"lliple shollins the relations. there 
is the distribution of cracks with sand boll in 
the lowland of Hakalawa river dralnase basin In 
Saitalll prefecture to the north of Tokyo, whirh 
illS eaused by 1923 Kanto earthquake (~.9) in 
(Gelollea' Survpy:J925l. The distribution coin­
cided with the distribution of natural levees 
alons forser river courses. And It Is clear thlt 
the I1IIIbers of liquefaction varied In each kind 
of lIeo.orpholoBlcal unit. And recent years. 
daaaaes of 5011 liquefaction were caused in ar­
tificially chansed laooforas and subsurface. 



On. Vllclabu et al.08l2) COII,II" a 
...-.1 III ea' .. 'or pndlct'. of floodl. 
.... 'I_KiIOlll III Sllan&1 ,'alII and .. clear 
_II tallve -.illlility 10 "_Ktlon at 
tICII ......... ' .. ,ea' .Ii IIaeed 011 the meardl 
... '~tlr "_Kilon IllS c:MIed at tid! 
,..".....' .. Ieal .1 t uJect to eel.1e ,"'JIll 
.-ilon of tile J.".A. I"tenally V (J.".A. V cor' 
,..,.... 10 IIodIf led lIercalli I "tensity. 
lIIIH'ul.te'r) ., .. the put earthquab. Three 
_till after ClllllPllaUon of the .p. Nlhonkal' 
diu.... arUll4uake catIIII!d I I.factlon near the 
..,.1 .. at .. _ wre the .. hid predletd. 

IIotoda et al. (11II1II) clarified peak .rtlUIId 
ve.oci tr of the put 18 earthquakes at liQUefied 
alld non· liquefied al tea 0" varlou. ,eaIOr' 
.... 1 .. leal IIftlu to -.lie clar the quantitative 
IU8CeItlblll ty 10 liquefaction. And the¥ lOt 
tile ..... i of fl,.-8.8 ""'eII lhowed critical 
valllN -=--1 .. liQUefaction. Thla does not con­
flict vlth the .... " _ ~ It al .. 

3·2.'redlc&lon of litea .ina IHIIOrpholo,lcal 

!!I!!. 
Mlove _nllaned ce-rpholOillcal .., _ 

ClllllPlled Iued on the .thad of Ora' a .eOllOr­
pholollca' ., for ,redlctlon of flood I 111 at a 
~a'e 0' 1:25.000. And &eQIIOrpholollcal .ap 
aeries (1:25.000 ..... COIIIfltion .., series) ~ 
~I IllS allO baled on hi. lIethad with IdIUtI_1 
conceptl_ and ''''' fir prediction of flood­
I .. at the lIea'ml ... au\ at tltl. -.ent It has 
been bel .. prepared for warl .. purposes Includ­
I ... round 'allures IIr earthquake. 

A aec-rpholollcal .p I. a .p ahovlna 
.'cro'alld'o,.. baled on serla' pholo I nterpreta­
tlon and fle'd died to cl ... lfy IIOrpholollc:al 
characlerl.Uea. ~rpho'lIClcally. the obJ«:­
tl ve ares I. c:1 ... , fled Inlo hoIIo.eneoo.ls unl ts 
IIr the CCIIbI,.tlon wltlt f~, .terlal, aenetie 
pr~ and period the IlIIffo,.. IllS fonP.ed. 

cr,,"'eation ~I.ta of Utree clanes: 
Larae unlta are lIIIIIIIul ..... ares. hill-and-talile 
•• nd. and lowland. "'ddle units are .... 1 ley 
floor. coutal and deltaIc ,lain In the cue of 
lowland. And detailed unitt are a forwer river 
caurwe and a nalural lewe in the caae of del­
taic 'owland. 

In technoloar •• 'cro·2lDllil1l .aIlS for pre­
diction of liquefaction decide 8U11CePUbllltr to 
Ii.factlon at each soc. .,m usl", borl", data 
(aeolosr and " value). TIle llethocl la a h,lc.' 
..... t I ta u ve .etllod v I th an enol"llOUS I'IIIIbers 0' 
IIorl", data and the re.etrcher _t '''')'Ie dab 
at tICh ..,. And the rell .. 11 itr ~ lower 
In an area with few IIorll1l data. The .thad is 
not a pre".',.ry .ethod. but a f~ul reo 
eearch. 

1'he .ethod IIued on ee-.-"holo,'eal _po 
ping I. qual,utlvelr. And (1)1t I. r-ib'e to 
cll"1Jlfr preUy extensive art!. bleed on serial 
phohlnterpretatlon In a ahort period .t 1011 

coal. And -nr IftIIOr_'ollca' .... alYerllll 
Il0l\ of ,'allll _ve IIeen ,,,-red .t .,lIdle 
tealea. (2)1" CIIIIIPIrllOll IIlth • ..,..,. It I • 
poetlble to draw IIOre .,Itu'e llaundarlea ""'eII 
corresponds vlUl actual ..... rlea of ..... rface 
CGIIIltl_ UlI .. lNIOIlIholoclea'..,.. (3)ewn 

If uaers do IIOt have ellOll," know'. 0' _II 
qlneerl .. and ae-orpllolll)', It I. ~ to In­
terpret __ rface conditt ... and ausceptlblllly 
10 liquefaction. (Ott I. IIOIllb'e to research 
aeneral condition at a teale ", 1:5'.000 first. 
and If necessary. lOre detailed vorl! CM be done 
at I sc:ale of 1:10.000 or 1:5,000. And ..... ilu· 
tive work can be done after It. It _118 that 
thl. llethod has characterl.tlcs II a pre.,.,,.ry 
relet rch. The lIa tiona I Land Aaency hal been 
preparl,. .'era-zonatlon ..,. for prediction of 

liquefaction vi \II teOIIOrpllo'OClcal """'" 

··Cone'usl ... 
(I) The 'author researched a few earthquakes 
.....,ch cauaed ::oil llquef.ctlon and revleved the 
relltl_hl .. between ee-rpholoalcal units and 
loll liquefaction. Baaed 0'. the research of 
Chllahen-Ioho-okl earthQuake, It III. clarified 
that 8011 liquefaction "a. c.uaed In deeper 
I.yer lIan .. and In the 'arller river courses 
and f III about sever. I ten rears 110. And theae 
sltl!s were shown II specified landfo,.. unlU In 
the &eOIIOrpholollcal ...,. published IIr (;5'. 
(2) The IlUSCePtlblli ly to liquefaction for tid! 
.-rpholOliCiI unit based on ae-rpholo.lc.' 
_pp I III does IIOt confl I d III th the reau It tha t 
l/akaatsu et •• 1 clarified qualitative SUacetl­
tlbility 10 llquef~tlon at ewry teOIIOrpho'OIi­
ell unit based on peak ,roul'" velocih. And It 
I. reasonablr possible to explain conceptions 
baaed on fI uv i II process. 

Exlstina 'eoIIOrpholollcal ..,. are avail­
able to .'crozon.t'on 'or prediction of 
Ilquefac\lon. And U~ .kn,,,illlauon based on 
.eoeorpholo,'ca' laPpl", il effective aa a 
pre I i.l .. r. research • 
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fi,.4- Landfor. chan&e (lateral displace.ent) at 
GOIyoukou near Lake Hachirou,ata in Akita pref. 
Caused by Nihonkai-Chubu Earthquake, 1963" 
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fl,.-5 Distribution of Sand Bolls tn the Lower 
Drain.,e Basin ot The Tone River 

~.12 .... 1Tr8J1t 
IUU!(/)"~[J. ;I;:""Z.7m x 21mfll 2 
? •• Ul!l±1:t1.5m 

sand bOi Is 

horizontal bar 
:1 _ 

horizontal bar 
: 1.5. 



fl1.8- Dlltribution of Sand Bolls in the Lower 
Drainale of the Tone River 

•• 13 UJIf:&M· ....... 
.. ft.~.*C!l"2.85m)(2.1m •• flI 
Ii~21m (:'''1 CI.: t.ltl!ll) 
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,---'(foe: Del. 11'_ a.r.:t.erfIIlcs of ee.p.cted RockfIlI, 
., c,cUt T ...... SIll ...... TesII 

by 

Norihi •• MATSUMOTO 1 N.rio YASUDA • "a .. hiko OHOKUBO 3 Vaaushi KINOSHITA • 

ABSTRACT 

Large-scale cyclic torsional .imple 
.h •• r t •• t. (CTSS) were par'orMad to 
inv .. tigata tha dYnallic da'orllatioll 
charactarirtlc. of compacted rockfi II. 
(graval.) at wida .h.ar .train range. 
The e"acts of confining pr ... ure, void 
ratio, principal stre.s ratio and cycla 
loading frequancy on tha sh .. r 
lIodulu. and dMPino ratio ara 
aval uated. It has been found that ah .. r 
lIodulu. ia expr •••• d a. the function of 
void ratiO and confinino pr.a.ur. for 
compacted rockfill a. propo.ad In the 
pa.t .tudi.. for sand., and dMlPi ng 
ratio can b. expres.ed a. a linear 
function of void ratio. Th. influenc. 
of principal stres8 ratiO to ahear 
lIodulua in tt'le cyclic toraional simpl. 
.hear t •• t(CTSS) waa proven to be 
diff.rent from that at CYCliC triaxial 
teat<CTX). Furtherllore, the str.in 
dapandent ourve. of normali z.d ahear 
IIcdulu8 and damping ratio by eTSS for 
oravela show aimilar inclination 
compsring to those from Cnt 

I. INTRODUCTION 

It is illPortant for the rational and 
economical design. and construction of 
rockfi II d .... to studY the dYnaMiC 
prop.rtie. of compacted rockfi Iia 
("ravels ), which OCCUpy a larga part 
of the dam body and contr i bute gr eat I I' 
tha atabi litv. Furthernore it ia 
dasirable that the.e properties be 
obtained under .tre.s-atra;n atate 
'illilar to that of the field. 
Th. cvclic trillCial ta.t u.ing solid 

.pacillen of about 30 em in di ameter and 
60 011 in height has b •• n frequently 
conducted due to .. sv handling. 
However, the triaxial test, in which the 
,rincipal .tr... axa. are fixed in 
vertical and horizontal direction., 
doe. not .imulate necas.ari Iv the 
.tr ••• -strain atate of the dam body 
duri ng .arthquake •. 

During .. rthquake., the .h •• rino 
vibration i. IPt to ba pr.dOlllnant In 
the dvnallic str.aa-.train stat. of 
rockfill dMl. with a continuous 
rotation of principal .tr... ax ••. 
SilllPla ahear t.st IPPiratu ••• of SGI. 
NGI and Cambridga typea can reproduce 

the stress-strain state of the field 
elements subject to shear 
d.formation,. However, the .ffacta of 
the .nd surfac. of sp.cimen, n1llll81\1, 
the ahortaoe c.f tranllllitted .hear 
.trass and th •• tre •• conc.ntration at 
the i nsi de of specimen .re conspi cuou. 
in this apparatua. On the othar hand, 
the •• effects are negligible in CTSS 
owing to its unlimit.d cvlindrical 
shIPe. 

A large number of hollow cvlindrical 
toraional sllIIPle shear testa have b •• n 
perfor.ed for static and dynamic 
.t r ength and daforllat i on 
characteristics of sand. to date, only 
a few tests have been carried out on 
rockfill •. In order to inv •• tigata the 
dynamic deformation characteri.tics of 
rockfilla (maximum particle size of 38.1 
mm) corresponding to grain.d 
stress-strain state in the field, the 
r •••• rch was condUt;ted for a wide 
sh.ar strain ranoe ~v using 
laroe-scale cyclic torsional aimple 
shear device with hollow cvlindrical 
IP.cilllen. 

2. LARGE-SCALE CYCLIC TORSIONAL 
SIMPLE SHEAR DEYICE 

All experiments were performed using 
18rge-aeale CYclic torSional simple 
.hear device. In this device a hollow 
cylindrical specimen of 80 cm in h.ight, 
can apply independently to the 
specinen axi al stress, confining 
pr ••• ur. and torsional she.r stre ... 
Furthermor., triaxial compr.ssion and 
extension t.sts can also be carried out 
by praparing the solid .pecimen of 40 
elll in diameter and 80 em long in this 
device. 

Fukushima. at II. (1980) i nvesti gated 
the r.tio of the outer diameter to 
height of hollow (;vlindric'al speCimens 
using four different heights of the 

l.Chi.',Filldatn Division,Public Work. 
R.search Institute,the Ministry of 
Conatruction,TSUKUBA City,Japan 
2.Re.earch Engine.r, ditto 
3.Engine.r, ditto 
4.Consulting Engin.ar, C.T.1. 
Enginae"l ng, Co.,Ltd. Former Iy visiting 
r .... rch.r of P.W.R.1. 



preparing the 80lid 8pecilllen of 40 em 
in dillleter and 80 em long in this 
devi ce. 

Fukushima, et al. (1980) Investigated 
the ratio of the outer diameter to 
height of hollow cylindrical specimens 
uling four different heights of th. 
epeci"ens, with the ume outer and 
inner diameters for dry sands. They 
reported that the nei ght of 8pecillen 
w .. desirabl. to b. larger than the 
outer diameter to elimi nate the 
disturbance of end constraints. Thus, 
the ratio of LOnas been applied to 
this large-scale torsional simp Ie shear 
device as the proportion of a height to 
• diameter. 

3. TeST CONDITIONS AND PROCEDURES 

Quartz andesi te was used for the 
8pecimen materials in this study. The 
lIaterials were transported from the 
quarry site of a rockfill dan now under 
construction to tne laboratory of 
P.W.R.1. The grai n si ze di str ibuti on of 
• specillen is determi ned so as to 
resemble that in field, and illustrated 
in Fig 1. The maximum grain particle 
size is 38.1 mm resulting from the 
requirement that malCimum particle 
diameter lIust not eKcead 1/5 of the 
thi ckness of the specimen di ameter. 

All experiments were performed under 
the air-dried and drained conditions. 
Table 1 snows test cases conducted this 
study. 

To accommodate tne 10 th hysteresis 
loop of stress-strain under steady 
state at ellery 0.01 second, an 
analog-digital conversion svstam and 
data storage system with mamorv 
ccntrolled bv a personal computer are 
used for data acqUisition. 

4. EXPER IMENTAL RESULTS AND ANAl YSlS 

4.1 Dvnamj c Test Besu Its 

Shear strai n depender:t curves of 
1I0duius G and damping ratio h with void 
r.tio eo=O.42 and stress ratio (1 ,I (13 

=1.0 are illustrated in Fig. 2. The 
smooth curves of shear modulus G were 
obtained at the strai n ranQe of 2X 10-· 
-5XlO--. Usually, dynamic deformation 
characteristics at the shear strain 
levels less than 1 X 10-- was obtained 
by resonant column test, and those at 
more than 1 X 10-- was from cvclic 
triaxial test (CTX)' Both test methods 
rarelv coincided With each other. In 
this study, d~namic properti9S at ~ide 
.hear strain range including ~train 

less than I X 10-& are 
gai ned by CTX due to the 
ultra-sensitive 
transducer (Gap sensor). 

continuously 
usage of the 
di sp I acement 

The effect of confining pressure (10 

on dampi ng rati 0 were found in the 
case of sands, however it has not been 
obvious in rockfills. Otherwise the 
effect of (10 on damping ratio was 
recognized at cyclic torsional simple 
shear test (CTSS) of this study as 
descr i bed I at er. 

Fig. 3 indicates the relation between 
shear modulus G and void ratio after a 
consolidation eo. G is divided by the 
functi on of confi ni ng pressure ((10)" 
in order to eliminate the effect of (10 

itself. It is distinct that the void 
ratio e .. increases, the shear modulus 
G decreases. The rei ati on of G to eo 
for rockfi lis is well expressed in Eq. I 
proposed bv Hardin and Richart (1963) 
for shear modulus of sands at minute 
shear strai n. 

} -----------.(1) 
a = 

1 +eo 

Where, K = constant dependi ng on 
shear strain, m = power related to 
confining pressure (depending on shear 
strain), (1 0 effective confining 
pressure. 

CTSS results of this studv are 
plotted around approximate straight 
lines from regression analvsis as shown 
in Fig. 3. Kokusho, et al. <1980> also 
proposed the same slope of approximate 
straight lines for crushed and round 
rocks by CTX, so it can be confirmed 
that the relation between shear 
modulus G and void ratio eo for 
rockfills is independent of testinQ 
methods, and can be explained as Eq. I. 

Fig. 4 indicates the relation of shear 
modulus G to confining pressure (10 

both in logarithmic scales with shear 
strains as parameters. G at ordinate is 
divided bv Eq. 1 to remove tne effect 
of void ratio. G decreases with the 
increase of shear strain and increasing 
with the rise of (10. The incline of 
linear regression line drawn in Fig. 4 
becomes gentler according to the 
smaller shear strain range as well as 
results from CTX. 

Fig. 5 shows the power, m, relating 
shear modulus G to confining pressure. 
The power m con~erning confining 
pressure (10 is a function of shear 
strain. CTX results of gravel as are 
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plotted together in thil figure with 
t •• t data of the sand from Kokusho, et 
al. (1980) and Iwasaki, et al. (1980>. It 
can be leen that power m of rockfi lis 
is distributed from 0.65 to 0.85 
irre.pective of testing lIethod, and is 
lar ger than that of sand. at wi der 
.hear strain range. Consequently, 
.h.ar modulus G of rockfi II. can be 
displayed by Eq. 1 at not only very 
.... II but also large shear. 

Fig. 6 shows the relation of damping 
ratio h to void ratio eo. Damping ratios 
are also normal i zed by the functi on of 
the confi ni ng pressure «(1 o)n to 
.Iimi nate the effect of the confi ni n~ 
pressure in the same way as the case of 
,he.r Modulus. The relationship has a 
precise inclination to increase 
.ccording to the rise of void ratio at 
'hear strain ran~e of 5X 100a - 5X 
10-4 . Thi s tendency is attr i buted to 
the increase of energy loss by small 
pl.stic deformations of the specimen in 
proportion to the higher void ratio 
uainst the same cyclic load. The 
relationship between damping ratio and 
void ratio can be 8lCpressed by the 
following equation. 

h • L< 1) ~ «(1 a)" 

~ .. 0.4 + 1.5 eo 
} ..•.•.• ····-..(2) 

Where, l ... constant depending on 
.hear strain, n = power related to 
confining pressure (depending on shear 
.tr ai n). 

Fig. 7 illustrate, jhe relation of 
dlll'lPinli ratio h / Il to confining 
pre.sure (1 a. Damping ratio is 
norll'lalized by the function of void 
ratio e .. to eliminate the influence of 
e. as the case of shear modu I us. The 
slopes of I i near regression lines 
become steeper accompanYing with the 
lIIIaller shear strain in opposition to 
the relation between G and rI •. The 
above-ment i oned inc Ii nati on of dam pi ng 
ratio il not often apparent in CTX 
testi ng. 

PrinCipal stress ratio ( (1 '/(13, in 
which C1, = major prinCipal stress, cr a 
• minor principal stress) of a rock 
zone at rockfill dam bodY ranges from 
1.0 to 2.0 accordi ng to monitori ng of 
ob.ervational instruments at the dam 
body, and becomes I ar ger i nsi de the 
body. In this study, CTSS is also 
performed under two different 
anisotropiC consolidations of (1,/(13 
a1.5 and 2.0 beSides isotropic 
con.olidation. The relation between 
principal .tress ratio (1,/(13 and Rs, 

which is the ratio of shear modulus G 
agai nst shear modu I us at (111 cr 3 of 1.0 
both under the same mean prinCipal 
stress conditions, is indicated In Fig. 
8. Figure is arranged for shear strain 
of 2 X 10-4 and four levels of mean 
principal stress (1 ..... 1.0,2.0,3.0 and 
4.0 kgf/cm2 . Rs is less than 1.0 about 
cyclic torsional simple shear te.t 
(CTSSL The results of cyclic triaxial 
test (CTX) by this apparatus are also 
shown in Fi g. 8, and As ranges fr om 1.2. 
to 1.4 illustrating the reverse 
inclination of principal stress ratiO in 
comparison with CTSS. Test result of 
CTX wi th so lid speCimen of ¢ 30 em in 
d i amet er and 60 cm hi gh is cond ucted by 
Matsumoto, et a I. (1986) usi ng the same 
quartz andesite and plotted in this 
fi gur e. 

The influence of crt/ria to damping 
ratio is not so clear as that to shear 
modulus. It is estimated that there is 
not a significant effect of Cl,/rla upon 
the dampi ng. 

It is generally known that the clav 
materials are not affected by cvclic 
frequencv of dYnamic load except for a 
large deformation as a creep. Hara and 
Kivota (1979) concluded that shear 
modulus of clean sands is constant 
val ue at the frequency range of 0.1 -
10.0 Hz. In this study the dependency 
of frequenc/ for rockfi lis is 
investillated about the lower range of 
0.01 - 0.2 Hz by reason of the limited 
capacity of testin~ deVice. Tests are 
accomplished for four levels of 
confining pressure and strain range of 
2X 10-8 - 5X 10-4 , and It is recollni zed 
that almost simi lar shear modulus are 
observed at each pressure level. (see 
Fi II. 9) 

Hardin and Drnevich (1912) proposed 
that the relation between shear 
modulus G and damping ratio h is 
independent of void ratio eo, confining 
pressure Cl c and shear strain, and 
simplv expressed as Eq. 3. 

111 

G 
h = hme .. ( 1 - -) (3) 

Go 

Where, Go = maximum shear modulus, 
h ...... '" dampi ng r ati 0 at G=O. Fi g. 10 
shows the relation of normalized shear 
modulus G/G o to damping ratio h for 
this testi n~. Results for specimens at 
three different void ratios are plotted 
with their linear regression lines, and 
the line from the averalle of who Ie 
data. A least squares regression fit is 
performed to obtain these linear 



regre.lion linel. Data of each void 
ratio Icatter. around the linear line 
independent of shear strai nand 
confining pressure (1 o. and high 
correlation between data and lines are 
evident. However, h...... which shows 
the slop. of I inear I in.. becomes 
larger according to the increa., of eo a. is corresponding to the relation 
b.tw.en thelll in Fig. 6. It has also been 
shown that h ...... of sandy soi Is are 
determined irrespective of eo as for 
av,ragl line of s,veral kinds of 
natural sands draw" In this figure 
(Tat&uokll, et al. (1978». Though, 
,rav.ls have a different inclination 
according to e .. and indicate lower 
valu •• comparing with the average line 
of ~ands. The effect ~f principal 
.tralls ratio were not evident in this 
stud~ . 

42 Straj n Dependent Cyrves of 
Rockfj lis 

The averaoe degradation curve of 
norlllalized shear modulus observed in 
this laboratory test is shown in Fig. II 
together with the results of rockfi lis 
from other researchers. Matsumoto, et 
al. (1985) conducted cllclic triuial 
test (CTX) uSing crushed angular 
gravels with the specimen of 30 cm in 
height and 60 cm in diameter. 
Reconstituted samples of Tokyo gravel 
of 90 mm malCimum particle si ze were 
tested wi th the same si ze of specimens 
in CTX by Hatanaka, et al. (1988). The 
normalized average degradation curve 
after Seed. et a I. (1984) consi sts of 
re.ults from angular and rounded 
rockfi lis of several earth and rockfi II 
dams. Hynu, et al. (1988) conducted 
te.ts using rounded rockfi II s from 
Folsom Dam. The curve. obtained by 
Japanese researchers are about 30 
percent higher than those from Seed, 
et al. (1984) and Hynes, et al. (1988) at 
str ai n of 1 X 10-~. 

The strain dependent curves of 
damping ratio indicate similar 
inclination in ,hellr strain fange of IX 
10-15 to 5X 10-~, though CTX results are 
upected to show slightly smaller 
values in larger shear strain e)(cept 
for the results from Seed. et al. 
( 1984). 

These divergences may come from the 
differences of materials, and test 
equipment and procedures used in both 
countries, so the further study seems 
to be necessary in future. 

5 CONCLUS I ON 

Air-dried rockfi lis were tested in a 
laroe-scale hollow cylindrical cyclic 
torsional simple shear apparatus in 
drained condition. The elCperiments 
were conducted under stress 
controlled condition and about dynamic 
character isti os at wi de shear strain 
range including less than IXIO-IS. the 
following conclUSion can be drawn for 
rockfi lis in this study: 

I. K· (2. 17-eo)2/( 1 + ee) • ( (10)m can 
elCpross shear modulus at wide shear 
strain including initial shear mod"lus. 
Power m is distributed from 0.65 to 0.85 
independent of shear test method and 
hi gher than that of sand. 

2. Though the shear modul us of cycl ic 
torsional simple shear test (CTSS) tend 
to become larger with the increase of 
principal stress ratio ranging from 1.0 
to 2.0, ones of cyclic trialCial 
compressi on test (CTX) have an 
inclination to be smaller under the 
same stress ratio and mean principal 
st r ess. 

3. The relation between damping ratio 
and void ratio is obvious at CTSS and 
e)(plained as the linear function. 

4. Shear modulus relates to damping 
ratio lineally as proposed by Hardin 
and Drnevich (1972) and linear 
regression line has a gentle slope 
comparing to sands. 

5. The strain dependent curves of 
shear modulus obtained in Japan IS 30" 
hi gher than those in the Unl ted States. 

References 

I. Fukushima, S., Nakajima, K. and 
Tatsuoka, F (198m. "Drained Shear 
Characteristics of Sand in TorSional 
Simple Shear Test", The proceeding of 
16th Annual Meeti ng, JSSMFE, PP. 
102-105 (in Japanese) 

2. Hara, A. and kiyota, Y., (1979). 
"Study on Dynanic Properties of Soi Is 
for Dynami c Anal )lsi s of Foundati on", 
The proceeding of 14th Anr.ual Meeting, 
JSSMFE ( in Japanese) 

3. Hardin, B. O. 3nd Drnevich, V. P., 
(1972). "Shear Modulus and Damping in 
Soi Is, Oesi gn Equation and Curves", 
Journal of Soil Mechanics and 
Foundation Engineering, ASCE, Vol, 98, 
No. SM7, pp.667-692. 

4. Hardin, B. O. and Richart, F. E. Jr., 
(1963), -Elastic Wave Velocities in 
Granular Soils", Journal of Soil 
Mechanics and Foundation Engineering, 
Proceedi ng of ASCE, Vol.89, No. SMI, 

211 



".33-36 

5. H.tI.,.k., M., (1975.1976), "Dyn.ic 
Beh.vior of S.nd Obt.in.d in Ring 
Tor.ion Sh.ar Test", Reports of 
COIIIMitt.. on Dvn .... ic Prop.rti.. of 
Soil., Building R .... rch In.titute, 
Mini.try of Construction (jn Ja,.n ••• ) 

6. Hatln.k., M., Suzuki, V., K.wa •• ki, 
T. and Endo, M., (1988), "Cycl ic 
Undrained .h.ar Prop.rti •• of High 
Qu.lity Undisturbed Gravel·, Soi I and 
Found.tion, Vol.28, No.4, JSSMFE, 
,,57-68 

7. Hynes, M. E., Wahl, R. E., Donagh., R 
T. and Tsuchi da, T., (1988), "S.i_ic 
Stlbi litv Evaluation of Folsoll D .... and 
Re •• rvoir Proj.ct, R.port 4, Morllon 
1.land Auxi liary Dam Phase I·, 
Technical r.port GL-87-14, Department 
of the Army, WES, Corps of engin •• rs 

8. Iwsaki, T., Tatsuoka, F .• nd Takagi, 
V .. (1916), "I)ynamic Prop.rties of Sand 
at Wide Shear Strain Range", Technical 
Memor.ndum No. 1080, Public Works 
R .... rch Institute, Mi nistry of 
Con.truction, Japan (in Japanese) 

9. Iwsaki, T" Tahuoka, F. and Takagi, 
V., (I 98()), "E)(P.rimental Study on 
Dynamic D.formation Prop.rties of the 
Ground (11)", Technical Report No.153, 
Public Works Research Institute, 
Ministry of Construction, Japan (in 
Japan.se) 

10. Kokusho, T. Sakurai, A. and Esashi, 
V.,(1979), "Cyclic Triaxial Test of 
DYnamic Soi I Properties for Wide Strain 
Rang.", Central R.search Institute of 
Electric Pow.r I..,dustry, Civi I 
Engiroeering Laborat I No. 379OQ2, (in 
Japanese) 

11. Kokushol T. Esashi, V. and Sakurai, 
A., (1980>. "Dynamic Properties of 
Deformation and Dampi ng of Coarse 
Soi Is for Wide Strain R.nge", C.ntral 
R •••• rch Institute of Electric Power 
Indu.try, Civil .ngine.ring 
L.boratorY, Report No. 3B0002, (in 
Japan ••• ) 

12. Mat.umoto, N. Yasuda, N. and 
Ohkubo, M. (1986), "M.asurem.nt of 
Dyn .... ic Poisson's Ratio of Toyoura 
Standard Sand", Proc.edings of the 
21.t Annual Me.ti ng, JSSMFE, 
".555 566. (in Japan .. e) 

13. Matsumoto, N. Yasuda, N. and Shi ga, 

M .. (1985), "B.haviours of a Rockfill 
Dam during Earthquak.s", Th. 17th 
Joi nt Meet i ng of U.S. -Japan P.n.1 on 
Wi nd and S.i SIIi c Effects, UJI\fl 

14. Matsumoto, N. V.suda. N. and 
Ohkubo, M., (1986), ·Dvn .... ic Sh.ar 
Modu I us, D.pi ng Rat i 0, and Poi •• on 's 
Ratio of Coar •• -Grain.d Granular 
Mat.rials", Civil Engineering Journal, 
Vol. 28. No.7, Public Work. R •••• rch 
Institute, Mini.trv of Construction, 
Japan, (in Japan ••• ) 

15. Matsumoto, N. Watanab., K. .nd 
Ohno, K. (1984), "Dyn .... ic Propertv 
Tests for S.nd •• nd Rockfi II M.t.rials 
bv using L.rg.-Scale Shearing 
Apparatus - Hollow Cylindrical Simpl. 
Shear and Cvclic I'riaxial .hear Te.t", 
T.chnical Memorandum No.2132, Public 
Works Research Institute, Mi nistrv of 
Construction, Japan (in Japan ... ) 

16. Ohoka, H. and Itoh, K., (1979), 
"Stre.s-Strain B.havior of Dry Sand 
and Normallv Consolidated CI.y by 
Inter-LaboratorY Coop.rative Cyclic 
Shear Tests", The i Ith Joi nt M.eti ng of 
U.S.-Japan Pan.1 on Wind and Seismic 
Eff.cts, UJNR, pp.424-453 

17. Seed, H. B., Wong, R. T. Idris., I. M. 
and Tokillatsu, K., (1984), "Modulus and 
Damping Factors for Dynamic Analysis 
of Cohe8ionles. Soi Is", R.port No. EERC 
84-14. EarthC4uake Engineering Research 
Center, Univ.rsitv of California, 
Berk.1 ey, Ca. 

18. Suzuki, V., Sugilloto, M., Babasaki, 
R. and Kakita, E. (1976), "M •• sur""ent 
of Poisson's Ratio by Means of Dynamic 
Triaxial Apparatus", Proce.dings of the 
11th Annual Meeting, JSSMFE, pp.415-418 
(i n Japanese) 

19. Tahuoka, F., Iwasaki, T. and 
Takagi, V. (1979), "Hysteretic Damping 
of Sands and Its R.lation to She.r 
Modulus, Soil and Foundationa, Vol. 18, 
No.2, June, 1978 

213 



...... .. ..... 
ell 
C 
~ ... ... 
• A. .. 
co 
II 

'" ~ ., 
A. 

4 

100 

Tabl. I. T •• t C .... Conducte4 (CTSS and eTI) 

1.0 2.0 

nix. Plrticle Size; 38.1 mm 
010 ; 2.38 mm 

3.0 

4.0 

. 
0.05 0.01 
0.2 

80 °60 , 17.1 RIll 

60 

40 

20 

10 

0 

Uc; 7.2 

.- .... .... ,.., 0 N 
0 - 0 0 0 

N .-
0 

.-
CIa 

0 
8 
N 

... ..... 
• 

Particle Size (Mm) 

-- ....... GO'" ~ 

~~ lIi fli~ ~ 

fl •• 1 Grain Siz. Distribution Curve of Speellen 

214 



5000 . I I I I 
~ 0'. (fl/a, 

4000 
..... ~ 

<> 1.00 1.00 
0 ..a 0 2.00 1.00 --- --e ..... 

~ ... 
3000 ~ 

.., 
.. .. 
'; 2000 ." 

~ .. .. 
.! 

1000 '" 

-< r----to 
A 3.00 1.00 

_A --- - r---o.. 0 4.00 1.00 
--a ~ '"' 

~ r-. ~ 
~ 1'0--~ f-- ... - --u ~-..(J... ...n ~ '"0.. -

0 
,.... I"-~ [~ 

v 

~ 
, 
~ - - -- ~ ...., -v- ~ ~ . --0---,." 10- f.[] -- c-- v 0-

1<>-..: N ~p 

0 i 
2 5 z 5 -10 ' 2 I 

Shelr Strl In r 

Fl •. 2(a) Strain Dependent Curves of Shear lodulu8 G (CTSS) 

<> 1.00 1.00 .. 0 2.00 1.00 

A 3.00 1.00 
.c 

0 4.00 1.00 
.2 5 ... 
~ 
." 
c: 

i 
~ 

o~ 

0 10-& Z 5 10-~ 2 5 10-' 2 !i 10-' 

Shelr Strain r 

Fl •. 2(b) Strain Dependent Curves of D •• pin, Ratio h (CTSS) 

1I5 



2000---------------------------

1000 

e 500 
~ 
"­c::> 

200 
o O'c=l.Okaf/cla 

1:1 O'c=Z.Okatlcla 
C O'c=3.0k.f!cl a 

<> O'c=LOk.f/cl a 

Approximate 
Lines 

( i«r) (2.17-el%) 
1+e 

100.~----~ ____ ~ __ ----~----~ 
0.35 0.40 0.1.5 0.50 0.55 

Void Ratio after Consolfdation ec 

Fig.S G/U." versus Void Ratio .. <CTSS) 

2000 0 ec-0.42 
6- ec-0.47 
0 ec-0.52 

Q.I 

~ 1000 
""-Q) 

I 
to-. ..., 
£:J 500 II 
1S 

"E 
~ r k(r) mlr) R 
~ - 200 10-5 646 Q.67 Q997 

~ I.!) 

10" 444 0.79 0998 
10-' 209 0.64 0990 

100 
0.5 1 2 5 10 

Confining Pressure 0- c (kgf/cm2) 

Fil.4 GIG ver.ul Confining Pr •• lure (1. (CTSS) 

%16 



1.0 

• 
o.s 

MltsUIGto. et 11. (1984) 

I
CTX "30 x H60 /l ~ 

o y--;,,-
c C....?" 
6. ,/ 
~ ... , 

~ ~-- ICokusho. et .1. (1980) _________ ::-=-_.:::_ Sind 

"'Iwasaki. et .1. 
o CTSS. ~-40 x H80 

(1980) 
S.nd 6. CTX ;40 x H80 

Shear Strain r 

Fi 11.5 Power NUMber m ve'sus Shelf Str ai n r (CTSS and CTX) 

12 
r= 
5.'0-4 

10 

2_10'"111 
8 

s:: 10-4 

u 6 \:) I 
"- I 
~ I 

I 0 5.'0-~ 
\(p I 4 I , .-"--

-- Approx11111te 
0 (] c = 1. Ok.flel l Lines 

2 t:. (] c=2.0k.f/Cl I ( LlrHO.4+15·ecl) 
0 (] c =3. Ok.f lela 
0 (] c=4.0k.f/e. t 

o 
0.35 0.40 0.45 0.50 0.55 

Void Rltio Ifter Consolfdation ec 

Fie.6 h/O'." veraua Void Ratio e .. (CTSS) 

217 



... 
a:: 

1.4 

1.0 

0.8 

1.0 

--

CTX "40 x HSO 

llatsumoto, et a1. 
eTX "30 x 1160 

',- --- -----0-

....... --9 ---_ 0 
- - -0-

1.5 2.0 

Princfpal Stress Ratfo (II/Oj 

2.5 

Fi,.8 R. versus Principal Stress Ratio CTdu3 

(CTSS and CTX) 

218 



,.... .. • C) 
...... .... .. 
.lIIC ....., 
t:I 

• ., 
~ ,., 
0 -1-. 

• G 
~ 
en 

4000 

7=lXIO-4 
r---------------------, 
~ 0 0 ~ ,----------------------

r=5XIO- 4 

2000 ~-----------O:----O----d 

(~=~~=======~====~ 7=lXlO-3 

0 
0.01 0.05 0.10 0.20 

C,cllc Frequency (Hz) 

Fli. 9 Shear .odulus G versllS C~clic Frequencr (CTSS) 

Average line of Sands 
(After Tatsuoka and Adachi. 1979) 

12~~~,~~~~~,-j~~----~~~--~--~~----~--~~ 
J,~" ~ '~ > ... '..?~ ... ~'"c ',C' 

'-?'-?'''- 0 0., 
10~~~r_~~mr----r_~_4 

;8 

..c 

o 
:; 6 

= ." 
C 

2 

o 
.3 

...!L4...2 

--f----+<,=..J.~_f'~>--_4~ f-'~+-17 . 92 0.47 
20.41 0.52 

o 
o 

18.11 o 

.6 .7 .8 
Nonmal1zed S~ear Modulus GIGo 

Fl,. 10 D •• pinl latio ~ersu. Nor.alized Shear lodulul 

( CTSS) 

21' 



C' _ 0 

10 -... .. '" VI 

... 
10 • 

~)., 
VI 

1.0 

-:: ~ 0.5 
on .,. 
:I :I --::J ::0 
'0 '0 

i. i. 

0.0 

Fl,. 11(,) 

10.0 

.. 

.I: 

0 
-;; 5.0 .. 
Of( 

CII c 
Q. 
E 
10 

C> 

0.0 

~~::-..::::::.:::::::-. MatslIIIOtO. et .1. (1985) 
--.:::::-. ~... eTX 1110 x H60 ..... J ~5ntII '·18x. size 

Hahn.ka, et al. (1988) /"-~.~ 
CTX 11130 x H60 ~ '~ 
90nIn Max. size ... " "~ 

eTC, .... 1180 / ~" 
CTSS. 11180-40 x H80 /"', 
38.1mn 118K. size / ",,~ 

Hynes. et a1. (1988) """" 
CTX ~3S. 1 x 1197. S - " .. 

5 

76.2nrn Max. size -...;-..;: 

Seed, et al. (1984) 
CTX ~30.5 x H73.7 
50.Bmn r~x. size 

5 

Shear Stra 1 n r 
5 

Relationship between Nor.alized Shear lodulus GIGo and Sbear Strain r 

10-6 

Seed. et a1. (1984) 
CTX 11130.5 x H73.7 
50.8mm r~x. particle size 

2 5 2 5 

Shear Strain ,-

I 

CTSS. IIIS0-40 x H80 
38.1mm Max. particle size 

Ui-4 2 5 

Fl •• ll(b) Relationship bet,een Da.pin. Ratio h and Shear Strain r 



AIIoWIIbIe ResidaaI Olsplacemmt of GravIty Qua""... Given by 
Opt ..... SeiImk CoeIIIdeat From EcoaomIcaI ViewpoIDt 

By 

Tatsuo UWABEI 

SUMMARY 

Cases of earthquake damage to gravity 
quaywalls were collected for past 
earthquakes, and the quantity of the 
earthquake damage which means the 
residual displacement after earth­
quakes and the cost of damage was 
then analyzed. An estimation method 
to give this quantity of the damage 
(residual displacement and cost) was 
presented, using the empirical equa­
tion which is the function of the 
ratio of the corresponding seismic 
coefficient of the ground accelera­
tion to the seismic coefficient which 
gives the safety factor of unity in 
the stability analysis of the design 
standard. An optimu1ll seismic coeffi­
cient from an economical viewpoint 
and an allowable residual displace­
ment which was defined as an expect­
ed seis.ic da.age displacement given 
by luch optimum seismic coefficient 
were then studied for the rational 
leismic design, on the basis of the 
quantitative estimation method of the 
cost of damage. 

Kerwords:earthquake resistant design, 
se1smic damage, residual displacement, 
seismic coefficient, gravity quaywall 

l.INTRODUCTION 

Currently in Japan, there is a high 
possibility of the occurrence of a 
large earthquake in Tokai Area, a 
central part of Japan, in the near 
future, and thus many kinds of inves­
tigations for earthquake prepared­
ness have been done. One of the 
investigations related to ports that 
may become key locations for the 
transportat ion of emergency goods 
immediately after an earthquake, is a 
survey on the earthquake resistance 
..:apability of port facilities to 
estimate the number of port facili­
tiel available after the earthquake. 
In this survey, the seismic stability 
of port facilities has been judged by 
the evaluatiop) method reported by 
Tsuchida et al . According to this 
method there are only the two kinds 
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of analyzed results of no damage, and 
collapse. However the actulII seismi-:: 
damage of port facilities shows a 
gradual change from no damage to 
collapse. 
It is now necessary to assess the 
potential seismic damage quantita­
tively by the following reasons. 
i) If the extent of damage to port 

facilities is small, they can still 
serve for the te2porary transporta­
tion of urgent goods. It is there­
fore important to know whether the 
port facilities are available 
after earthquakes, by prior estima­
tion of the extent of damage. 

ii) Because th~ number of port facil­
ities which are assessed to be dam­
aged is large and because they 
cannot be reinforced at the same 
time, it is necessary to decide the 
priority of reinforcement and an 
effective reinforcing method ac­
cording to the extent of potential 
damage. 

With the background described above, 
the present study is concerned with 
the development of a quantitative 
estimation method of seismic damage 
to port facilities. It is further 
aimed at establishing the rational 
earthquake resistant design by uti­
lizing the quantitative estimation 
method of seismic damage thus de­
veloped. In this earthquake resistant 
design, it is necessary to give an 
allowable value of seismic damage 
deformation. The seismic damage 
deformation means the swelling and 
settlement of face line of the wharf, 
the tilting of wall and so on. The 
allowable value is considered to be 
given from the viewpoints of the 
berthing function, the structural 
stability, the economy and so on. In 
the pre sen t study, the all owab Ie 
residual displacement from the eco­
nomical viewpoint is invpstigated. An 
optimum seismic coefficient from the 

lDr.Eng., Chief of Earthquake Disas­
ter Prevention Laboratory, Structural 
Engineering Division, P~rt and Har­
bour Research Institute, Ministry of 
Transport 



eeonoaieal vi •• point and an allowable 
.eh.ie da.a,e liven by lucb aei •• ie 
coefficient ia .ou,ht for, uain, the 
quantitatively estiaated potential 
sei •• ie d.a.&e. The Itructure. ana­
ly.ed in t~i. study are a Iravity 
typ't quaywell, which il a typical 
ber!:hin& facility in Japan, and a 
Iravity type ~evetaent. 
In tbi. repert, historical cases of 
•• haie da!Ba,e to gravity quaywalls 
are first d"scribed. On the basis of 
th •• e c •• ~=, a quantitative eati.a­
tion aethod of aeia.ic damage to 
Iravity quaywalla is then presented. 
La.tly, an optiaum aeiaaic coeffi­
cient and an allowable residual 
dil~laceaent are derived by applying 
th~ quantitative estiaation method to 
a,veral cases of Iravity Itructures 
with the coat analyses. 

2. CASES OF SEISMIC DAMAGE TO GRAVITY 
QOAywllLS 

2.1 Earthquake, Ports 
quaywans 

and Gravity 

A gravity quaywall is a typical 
berthing facility to moor ships in 
Japan. The structural types of gravi­
ty quaywalls are classified into the 
eais.on type, the concrete block 
type, the L-shaped concrete block 
type, the cellular block type and the 
wave ablorbing vertical wall type. 
Figure 1 illustrates the caisson type 
of gravity quaywalls. Table 1 shows 
the number of port facilities damaged 
by pa.t earthquakes from 1923 to 
1978. The detaila of these 679 d,ta 
were shown in the report of Uwabe ). 
In the study on the quantitative 
e.tiaation of seislllic dalllace to 
cravity quaywalls the episodes of 
cravity quaywalls clearly damaged by 
liquefaction were excluded from this 
report. 

2.2 ~uantifieation of 
ravity QUaywalls 

Damage 

(1) Seismic Damage Deformation 

to 

In a lurvey of seismic damace the 
swelling and .ettlement of face line 
of the wharf, the tilting of wall, 
the settlement of apron and other 
factors as shown in Fig. 2 was meas­
ured, and the length of damaged sec­
tion in one berth (damage length) 
wal also mealured. In this report, 

the.e aea.ured values and the damage 
deforaation ratio( the ratio of the 
aaxiaum swelling to the wall height 
which is the heicht between sea bed 
and wall head) were used a. the 
parameters to quantity the damage 
deformation. 
(2) Cost of Seismic Damage to Gravity 

Quaywalls 

The cost of seisaic damage to gravity 
quaywalls (Ieismic cost) means the 
outlay assessed officially as repair 
work by the government. In this 
report, the seismic cost was defined 
as the sum of the repair work cost 
divided by the damage lencth of 
gravity quaywall (unit:l,OOO yen/1l1). 
In this study, the ratio of the 
seismic cost to the initial construc­
tion cost was also discussed. This 
ratio is termed the cost rate of 
seismic dalllage (seismic cost rate). 
The costs shown in the earthquake 
damage reports are the sums of the 
day. It was ther.:ore required to 
convert these ~osts to same price 
level. Then, the fluctuation of the 
past years was investigated in the 
construction prices, in the wholesale 
prices of construction materials and 
in the wages respectively, and the 
fluctuation was quantified by a price 
index that is 100 for the prices at 
the year 1980. The repair cost and 
the initial construction cost were 
converted to ~r.e price level by 
this price index . 

3. QUAN1ITATIVE ESTIMATION OF SEISMIC 
DAMAGE TO GRAVITY QUAYWALL BY 
ANALYSIS OF PAST DAMAGE DATA 

3.1 Assesslllent of Damage Occurrence 

A working seismic coefficient means 
the seismic coefficient which works 
on structures during earthquakes, and 
the relation betw'!en the working 
seismic coefficient and the maximum 
ground Acceleration was presented as 
follows 3 ) . 

cr 
K'-g 

1 (II )'" K-- -
• 3 9 

(o<200Gal) I 
(cr~200G.l) 

(1) 

where K. :Working seismic coefficient 
cr :Haxilllum ground acceleration 

(Gal ) 
9 :Acceleration of gravity 

(980 Gal ) 



For gravity quaywalll, the Itability 
analYlil Ihould aia to derive the 
sliding and overturnin& behaviors as 
well a. the beadna Itrength of the 
foundation, and allo deteraine the 
leilaic coefficient cauling each of 
these failurel under the lafety 
factor of 1. Thil lei.aic coefficient 
il teraed the critical seisllic cotef­
fieient. Critical seismic coeffi­
cientl are given respectively in 
three Itability exallinations men­
tioned above. When the sllallelt of 
these critical seismic coefficients 
il Imaller than the working seismic 
coefficient, the Itructure starts to 
break during earthquakes. Thil sliall­
est critical seismic coefficient is 
defined al the breaking seismic 
coefficient. 
A decilion on whether or not damage 
would occur is based on the compari­
son between tbe working seismic 
coefficient and the breaking seismic 
coefficient. If the breaking seisllic 
coefficient il greater than the 
working leilllic coefficient, the 
structure is considered safe and 
earthquake-resistant. Otherwise, the 
structure is expected to sustain 
damage due to the earthquake. 

3.2 

As mentioned in the last paragraph 
the structure starts to breaking when 
the working seismic coefficient(Ke) 
is greater than the breaking seismic 
coefficient(Kc l, and the quantitative 
damage that occurs to a structure is 
considered proportional to the ratio 
between Ke and Kc. Therefore, a 
method to estimate the damage extent 
was presented in this study us ing 
this ratio between Ke and Kc. The 
ratio of Ke to Kc was defined as the 
risk ratio(Fc). The relationship 
between the seismic damage deforma­
tion and the risk rat io was then 
investigated on the basis of the 
regreslion analysis of the histori­
cal seismic damage data. In this 
analysis, the maximum swelling, the 
settlement of the face line, the 
damage deformat ion rat io and the 
seismic cost rate were discussed in 
this report. 
Fig u r e 3 show s the r e 1 a t ion s hip 
between seismic dallage deformation 
ratio (Rgl and the risk ratio (Fc). 
This figure shows the extent of 

daaage diltinguished by the syabols. 
Thil extent of' daaage wal clallified 
into five categoriel between2vo 
dallage and cOllplete collaple . 
Table 2 showl the equationl repre­
senting regrellions. The regrellion 
forllula of Rg and Fc in Fig.3 was 
then given al follows. 

Rg = -12.7 + 14.5Fc (2) 

As shown in Table 2, correlation 
coefficientl of the regression formu­
la obtained here are not thoroughly 
high. In order to obtain a high 
accuracy J it is neceslary to reexam­
ine the relationship between the 
working seismic coefficient and the 
ground acceleration with higher 
accuracy, to inveltigate the rela­
tionship between the leilmic damage 
deformation and the rilk ratio for 
each failure mode, considering other 
fac tors of the ground condi t ion and 
so on. However, no one knows whether 
a large number of dallage data for 
regressions with a higher accuracy 
will be obtained or not in the near 
fu ture. Therefore, it may be proper 
in the present situation to use the 
regreSSion formula obtained here for 
this study. 
The regression formula that repre­
sents the relationship between the 
seismic COlt rate (Cf) of the gravity 
quaywalls and the risk ratio (Fc) was 
not obtained with high accuracy 
because of insufficient number of 
data covering the cos t of seismic 
damage and result of stability analy­
sis to give the breaking seismic 
coefficient. Then, the relation be­
tween Cf and Fc was presented from 
the two regression formulae that are 
the equations of Cf and the damage 
defor1llation ratio (Rg) in Fig.4, and 
that of Rg and Fe in Fig.3. According 
to these two formulae, the relation­
ship between Cf and Fc can be given 
as follows. 

Cf=-62.2+66.2Fc (3 ) 

It was believed that this formula was 
obtained by means of the best method 
in the present situation in order to 
estimate the cost of gravity quay­
walls for an optimum leismic coeffi­
cient from the econollical viewpoint 
discussed in next chapter. 



4. OPTIMUM SEISMIC COEFFICIENT AND 
ALLOWABLE RESIDUAL DISPLACEMENT 
FROM ECONOMICAL VIEWPOINT 

4.1 

One of the seismic co~ffi<::ient given 
by the rational earthquake resistant 
design method is the optimum St ismic 
coefficient from the economical 
viewpoint. The factors to affect the 
definition of an optimum s .. !smic 
coefficient from an economical view­
point are the initial construction 
cos t, the cos t of seismic damage to 
the structures, the utility of 
repair works to local economics, the 
effect of port constructions on the 
environmental and so on. At the 
present time, it is very difficult to 
quantify these factors other than the 
initial construction cost and the 
cost of ~eismic damage to structures. 
Therefore the economical viewpoint in 
this report focused on these two 
factors for the first step to define 
the optimum seismic coefficient. 
When the seismic coefficient becomes 
larger, the expected cost of seismic 
damage to structures (expected seis­
mic cost:Cf(k» decreases, and the 
initial construction cost(Ic(k» in­
creases, as shown in Fig. S. There­
fore, it is believed that the sum of 
the initial construction cost and the 
expected seismic cost (expected total 
cost:Ct(k» shows a raised down 
curves wi th the extreme. In this 
report, the seismic coefficient which 
gives the extreme of this Ct(k) is 
defined as an optimum seismic coeffi­
cient from an economical viewpoint. 
And the seismic coefficient in this 
study is assumed to be the same as 
the breaking seismic coefficient 
because the seismic coefficient of 
the present design method for the 
gravity quaywall is nearly equal to 
the breaking seismic coefficient. 
An allowable resioual displacement 
for the earthquake resistant design 
from the economical viewpoint was 
investigated in this paper as de­
scribed in Chapter l. The allowable 
residual displacement was defined as 
the expected seismic damage displace­
ment given by the opt imum seismic 
coefficiE'nt mentioned in the last 
paragraph. 
The accu~acy of estimating the ex-

~ected seismic costs discussed he~e 
LS not necessarily very high, consid­
ering the scattering of the expected 
seismic costs and that of the accel­
eration for the attenuation curves 
with distance. However, the study on 
the quantitative estimation of the 
expected seismic cost is t~e first 
stage in earthquake engineering. It 
was still considered for this study 
to be currently usef~l. 

224 

4.2 Relation 
struction 
ficient 

between Initial Con­
Cost and Seismic Coef-

The initial construction cost of a 
given gravity revetment which was 
designed for the two kinds of founda­
tion ground of a sand layer and a 
clay layer, and for severlll seismic 
coeffic~.ents was estimatedZ). Figure 
6 shows this initial construction 
cost versus seismic coefficient. The 
vertical axis in Fig.6 is the ratio 
of the initial construction cost for 
each seismic coefficient to that for 
the ordinary condition. 
The relationship between the initial 
cunstruction cost and the seismic 
coefficient for po~t facilities had 
been reported in the study on the 
economical design of port lfcilities 
by Murata, Yagyu and Uchida . Figu~e 
7 shows the initial construction cost 
against the seismic coefficient fo~ 
the gravity quaywall where the 
structure is of the caisson type 
shown in Fig.8. It is necessary to 
pay attention to the price level of 
the year 1976 and the unit of verti­
cal axis that is lO,OOOyen/m. 

4.3 Expected Seismic Cost Rate 

(l)Cumulative Distribution Function 
and Probability Density Function 
of Maximum Ground Acceleration 
at Japanese Ports 

The probability of the occurrence of 
the maximum ground acceleration at a 
given site was studied here based on 
the report of Kitazawa, Uwabe and 
Higaki7). Figure 9 shows the base 
rock acceleration against the return 
period at Tokyo, Ni igata and Shimo­
noseki. These three ports were se­
lected from the viewpoint of proba­
bility of earthquake occurrence. 
According to Fig. 9, the maximum base 
rock accelerations for the return 



period of 50 years are about 240 Cal 
at Tokyo por t, abou t 120 Ga 1 at 
lIiigata port and about 60 Cal at 
Shiaonoseki port. 
the cuaulative distribution function 
and probability density function of t 
durabh years were obtained as fol-
10ws8 ,9). 

(4) 

m- t'NI( N) N z.-a j-<X.)--r:::--n;·- 1-". +-K 'exp(-",' ,-r-) ,m-III A·K t. 

.(t m"- II .,_-I~)}I-I 
.. , (n-I)! 

( 
X.-B .. -a) 'exp -m·--A--m·,--.r-

where, Xm 
ArB 

N 
K 

m-th acceleration 
Constant of Gumbel 
distribution 
Number of data 
Period of earthquake 
data 

t Durable years 
m Order of extreme 

(5 ) 

Figure 10 shows the distribution 
function and the probability density 
function for Tokyo port. The proba­
bility density function of the maxi­
mum anticipated acceleration at Tokyo 
port for the (I.urable years of )0 
years is fl (x) in Fig.10, and the 
acceleration of about 240 Cal where 
flex) shows a peak is the same as the 
expected accelerat ion for the return 
period of 50 years in Fig.9. 

(2) Expected Seismic Cost Rate 

When the distribution function of the 
m-th extreme is fm(x), the probabili­
ty of occurrence of the m-th extrelle 
is fm(x)dx. The expected seismic cost 
rate is derived from fm(x)dx and 
random D(x)which is the seismic cost 
rate as follows. 

(6) 

Moreover. D(x) is given by the equa­
t ion of (3). In ca.;e of the expected 
seismic damage deformation ratio, 
O(x) is given by the equation of (2). 
As the extreme of large order had 
little influence on the expected 
seismic cost rate, the extremes from 

1st to 5th were considered for the 
calculation of the expected seismic 
cost rate. Figure 11 shows the 
expected seismic cost rate of Tokyo 
port for durable years of 25, 50 and 
100. 

4.4 Optimum Seismic Coefficient and 
Allowable Residual Displacement 

O~t~m.um seismic coefficients to 
mlntmlZe the expected total cost 
were calculated for Tokyo 
port, Niigata port and Shimonoseki 
port. The number of durable years 
was 50, and the extremes from 1st to 
5th were considered. The relations 
between the initial construction cost 
and the seismic coefficient in Fig­
ures 6 and 7 were used. As the amount 
of the initial construction cost in 
Fig.6 was not shown, it was supposed 
that the initial construction cost of 
the ordinary condition was 1,000,000 
yen/m. As the year of the price level 
in Fig. 7 is the year 1976, the amount 
of the expected seismic cost was 
converted in the price level of the 
year 1980. 
Results of calculation are shown in 
Fig.12 for the gravity revetment and 
in Fig.I3 for the gravity quaywall 
<Caisson type}. The solid lines with 
symbols of X in Figures 12 and 13 
show the initial construction cost. 
The solid lines with closed circles, 
open circles and squares show the 
expected seismic cost. The dotted 
lines show the expected total cost. 
Table 3 shows the optimum seismic 
coefficient to minimize the expected 
total cost in Figures 12 and 13. 
The optimum seismic coefficients 
obtained here, were compared with the 
expected maximum ground acceleration 
with a return period of 50 years. 
Table 3 shows the seismic coeffi­
cients transformed from the expected 
maximum ground accelerations for a 
return period of 50 years in Fig.9, 
us ing Eq. (1). In the case of gravi ty 
revetments, the optimum seismic 
coefficients were larger than the 
seismic coefficients for a return 
period of 50 years. In the case of 
gravity quaYWi!lls, the optimum seis·­
mic coefficients were the same as the 
seismic coefficients at Tokyo port 
and were slightly larger than those 
at Niigata port and Shimonoseki port. 
Figures 12 and 13 show the expec t ed 
maximum swelling calculated from 



Eq.(2). The hei,ht of structure. i. 5 
• for the ,ravity revet~ent and is 
14. for the ,ravity quaywall. The 
expected .axi.u. swe111nls of the 
opti.u. seis.ic coefficient are as 
follows. In the case of the gravity 
revet.ent, the expected values of 
.axiaua svellina were 5 c. at Tokyo 
port, 10ca at Nii,ata port and 1 cm 
at Shiaonoseki port. The reason why 
the expected maximum swelling at 
Tokyo port is s.aller than that at 
Nillata port is that the increasing 
rate of the initial construction cost 
between 0.15 and 0.2 is larger than 
that between 0.2 and 0.25.In the case 
of the Iravity quaywall, the expected 
values of the maxi1llum swelling were 
67 cm at Tokyo port, 50 em at Niigata 
port and 10 cm at Shinomoseki port. 
This displacement is an allowable 
residual displacement, when defined 
from an economical viewpoint. In 
addition to the displacement dis­
cussed here, an allowable displace­
ment froa the viewpoint of the berth­
ing function, the structural stabili­
ty and so on should be exa1llined for 
the rational earthquake resistant 
design. 

5. CONCLUSION 

Data on cases of seismic da1llage to 
gravity quaywalls were collected. 
Then the quantification of the earth­
quake damage and the quanti tat i ve 
estimation method of seismic damage 
to ,ravity quaywalls were investigat­
ed. The relation between the damaged 
deforaation ratio and the risk ratlo 
which is the ratio of the working 
seilmic coefficient to the breaking 
seismic coefficient, and the relation 
between the seismic cost ratio and 
the risk ratio were obtained on the 
basis of the seismic damage data of 
gravity quaywalls in past earth­
quakes. 
Horeover, the procedure to give an 
optimum seismic coefficient from an 
economical viewpoint and the allowa­
blP residual displacement which was 
defined as the expected seismic 
damage displacement given by such 
optimum seismic coefficient was 
presented, using the method for 
eltia.tinl the cost of seismic 
da.age to gravity quaywalls. The 
optimu1D lei •• ic coefficients and the 
allowable re.idual displacement of 
the gravity revetments and quaywalls 

were obtained from the expected total 
cost with the durable period of 50 
years at Tokyo port, Niigata port and 
Shimonoseki port. The results of a 
comparison between these optimum 
seismic coefHc ients and the working 
seismic coefficient calculated from 
the expected maximum ground accelera­
tions for the return period of 50 
years were as follows. In the case of 
gravity revetments the optimum seis­
mic coefficient was larger than the 
working seismic coefficient with the 
return period of 50 years. In the 
case of gravity quaywalls the optimum 
seismic coefficients were same as the 
working seismic coefficient at Tokyo 
port and were slightly larger than 
those at Niigata port and Shimonoseki 
port. The working seismic coefficient 
in Table 3 are nearly equal to the 
seismic coefficient used in the 
present design method of gravity 
quaywalls for each port. As the 
seismic coefficient of the present 
design method had been established 
empirically on the base of the past 
earthquake damage, it seems that the 
result of this study on the optimum 
seismic coefficient shows the validi­
ty of the empirical engineering 
judgment from the economical view· 
point for the seismic coefficient. 
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Table 1 Data of seismic damage to port facilities 

i Number of INumber ofl Structural i Number of I 
I Earthquakes I ports I type Idamage datal 
I I I I I 
I I IOuaywall I I 
I I I Gravity type I 275(77) I 
I I I Steel sheet I 161< 56) I 
I I I pile type I I 
I 17 I 100 ICellular type I U( 1) I 
I I IPiled pier typel 31(17) I 
I I IBreakwater I 40(11) I 
I I IOther types I 161(39) I 
I I I I I 
I I I Total I 679(207) I 
, I I I I 

Figures within ~arentheses are no damage data 
and are included in total of each type. 

Table 2 Results of regression analysis 

i Criterion variables IRegression for~ulaiCorrelationlstandard I 
I I Icoefficientldeviationl 
~------------------~I----------------~Ir---------+I--------;I 
I Maxim~m swelling IDX--l13.8+l24.4Fc I 0.559 I 59.1 I 
I ( Ox , cm ) I I I I 
ISettlement of face line ISp· -50.9+ 57.lFc I 0.667 I 20.0 I 
I (Sp, cm) I I I I 
IDamage deformation ratiolRg- -12.7+ l4.SFc I 0.445 I 9.1 I ! (R~g~,~,_) __________ ~! ________________ ~! __________ ~! ______ ~! 

Predictor variable (Fc):Risk Ratio(Ke/KC) 

Table 3 Optimum seismic coefficient and allowable residual displacement 

r i i 
I Name of IOptimum seismic coef.ISeismic coef. IAllowable residual dis.(cm) 
I port I I I (Retyrn period 
I IRevetment I Quaywall I of 50 yeats) I Revetment I Quaywall 
I I I I 1----------+-----=----1 
I Tokyo I 0.23 I 0.21 I 0.21 I 5 I 67 
, Niigata I 0.15 I 0.13 I 0.12 I 10 I 50 
IShimonosekil 0.10 I 0.08 I 0.06 I 1 I 10 
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'DIe R.JefioD Betwem abe BuIIdIDa D ...... _ abe VJbration 
PropertIes of GroaIId (III abe Cue of Spltak Earthquake) 

By 

Keiichi OHTANI1, Hiroyoshi KOBAYASHI 2 

SUHKARY 

The tragic earthquake of Oecember 7, 
1988 (S~itak earthquake) occur red near 
Spitalt, Armenia, USSR. The earthqual<e 
resulted severe damages of buildings at 
the northern part of Armenia. And that 
earthquake also result.ed in a loss of 
life estimated at greater than 45,000. 
The buildings, especially the reinforced 
concrete apartment houses were suffered 
very severe damages. 

The causes of this disaster were mainly 
estimated that (1) the very strong 
ground motion was attacked to tne hazard 
area, and (2) the natural period of 
building was consisted with the 
predominant period of ground. 

This paper described that the estimation 
of the intensity of ground motions by 
.ssuming a fault-rupture model and by 
considering geological conditions, and 
the relation between the building 
damages and the dynamic properties of 
ground by the data of microt.emor. 

KEY WORD 

Spital< earthqual<e, Seismic intensity, 
Building damages, Dynamic behaviour of 
ground, Microtremor measurement. 

1. INTRODUCTION 

The tragic earthquake of December 7, 
1988 oc~urred near Spitak, Armenia, 
USSR. The earthqua~e resulted severe 
damages of structures, especially the 
apartment housing buildings, at 
Leninakan, Spitak, Kirovakan, Stepanavan 
in the north-western part of Armenia. 
And, this earthquake also resulted in a 
loss of life estimated at greater than 
45,000; the actual death toll may be 
siqni.fi.::antly higher. The damages of 
stru~ture were concentrately occurred to 
the buildings, especially the ap~rtment 
houses of reinforced concrete 
structurl!s. 

The lessons ll!arned from past damaging 
earthquakes have pointed out that there 
i. an evident relation bet""een 
earthquakl! damages and geological 
conditions, because the intensity and 
characteristics of ground motions depend 
on geological conditions. 

The objectives of this paper are to 
estimate the intensity of ground motions 
due to Spi tak Earthquake by assuming a 
fault-ruoture model and by considering 
geological conditions and to discuss the 
relations between their results and the 
causes of damages due to Spitak 
Earthquake by using the microtremor data 
on buildings and ground surfaces. 

2. ESTIMATION OF SEISMIC INTENSIT¥ 

2.1 Parametl!rs of earthquake and 
distribut~on of after shocks 

The parameters of Spitak earthquake as 
reported by the Soviet. Academy of 
Science are: 

Magnitude; M~6.8 - 7.0 
Origin time; December 7. 1988 

11hr41min,local time 
07hr41min (GMT) 

Latitude(deq); 40.9N 
Longitude(deg); 44.2£ 
Depth; 10km 

Based on the recorded data at Earthquake 
Research Institute, Armenia Academy of 
Science, the fault plane solution is 
shown in Fig. lIe). This sol.ution was 
the reverse fault with riqht lateral 
component, the strike and dip angle of 
the fault were estimated to N50 w, 60 , 
resl?ectively. 

The Figs. l(a) and lIb) which were 
measured by Armenia Earthquake Research 
Institute are shown the distributions of 
aftersnocks. The Fig. l(a) is shown the 
distribution of aftershocks which were 
measured within the duration between 
December 7, 1988 and January 15, 1989, 
and the Fiq. lIb) is ~hown the 
distribution of aftershocks within 
December 7, 1988, because the shape of 
fault corresponds to the distribution of 
aftershocks measured within 24 hours 
after a mainshock. The center and 
radius of circles in those figures are 
shown the location and magnitude of 
earthquakes, respectively. From t.hese 
figures of distribution of aftershocks, 
the shape of earthqual<e fault was 

*1 Head, Earthquake D~saster Prevention 
Laboratory, National Research Center for 
Oisaster Prevention, Science and 
Technology Aqency 
*2 Professor Emeritus, Tokyo Institute 
of T~:hnology 



•• tiaated as follows: 
Lenqth; L.)Sk~, Width; W-12km 
Dip angl.; 60, Strike; N60 W. 

Thes. values are coincided with the 
valu.s by Armenia Earthquake Research 
Institute. 

The fault slips were discovered in the 
hill area on the west of Spi tak. The 
maximum vertical and horizontal 
components of the fault slips which were 
discovered, are the val ue of 2.0 m and 
1.8 m, respectively. 

2.2 Estimation of seismic moment 

The seismic moment of 2\he earthquake is 
the value of 2. 5XIO dyne cm which 
is calculated by the parameters of 
L-lSltm, \i-12lcm and O-1.5m (mean value). 
By using this seismic moment, it can be 
introduced to the magnitude of M&6.8 
(Table I). The parameter of 0"1. Sm is 
chosen as the mean value based upon the 
discovered fault slips. 

Fig. 2 sho~s the location and parameters 
of the earthquake fault. The rectangle 
and double-lined part in this figure are 
illustrated to the location and scale 
and the shallow part of the fault, 
respectively. And, the black circle is 
illustrated to the epicenter. 

2.3 Maximum Accelerations and Seismic 
Intensloty 

The maximum accelerations at each place 
are calculated as the product' of those 
of the incident waves from the seismic 
bedrock and amplification factors by 
using the rrthod of Drs. Hidorikawa and 
Kobayashi. We assumed tne rupture 
velocity (V) is 2.5 km/sec by 
experience. 'he surface-soil conditions 
at each place are incorporated on the 
basis of Armenia geological map 
!1/6,000,OOO) as shown in Fig. 3. The 
amplification factors to the seismic 
bedrock at each place are shown in Table 
2. conSidering the surface geological 
conditions. The seismic intensity (HSKI 
are evaluated on the basis of the 
maximum accelerations which are reduced 
to about 80' levels of the calculated 
ones. The reduction factor depen,1s on 
the experimental relation between 
~aximum ~cceleratifrs and seismic 
lontensity 1n Japan. The results are 
shown in Table 3. 

The maximum acceleration level of Spitak 
2 in Table 3 is expressed as more than 
600gal, as the past results show good 
agreement in the range of maximum 
accelerations less than 600ga1 or so, in 
ca.e the calculation is carried 19ut in 
the elastic manner adopted here. The 
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maximum acceleration level of Cukasyan 
is expressed as more than 228gal, as the 
geological condition is assumed as hard 
rock because of the insufficient 
information. 

2.4 Appraisal of the seismiC intensity 

The relations between the calculated 
results of seismic intensity by the 
assumption of fault-rupture model and 
the reported seismic. intenai ty and the 
earthquake damages are summarized as 
follows: 

(a) The maximum acceleration levels of 
Gukasyan and Yerevan agree with those of 
available accelerograms recorded in 
Gukasyan and Yerevan which are about 
210gal and 619al, respectively. 

(bl The seismic intensity are 10 in 
Spitak, 9-10 in Leninakan, 8-9 in 
Kirovakan, 6 in Yerevan in terms of MSK 
scale and agree with the estimated ones 
in Armenia. 

Ie) The results are supposed to explain 
that the intensity of ground motions in 
Kirovakan more close to the epicenter is 
lower than that in Leninakan far from 
the epicenter, although the final 
judgement requires the exact seismic 
source mechanism and qeological 
condition. 

2.5 Comments on the Seismic Zoning Map 
for the selosm~c des~sn 

The seismic zoning map for the seismic 
design is used generally in Armenia. 
But, the method of seismic zoning map, 
which is adopted in Soviet, i5 similar 
to based upon the method of seismic 
macro zoninq map in Japan. Therefore. 
the method in Soviet does not considered 
the method of the micro zoninq, namely 
based upon the dynamiC properties o! 
ground. It is seemed that the method of 
macro zoning map i~ mainly based upon 
the statistical result of the occurrence 
of historical earthquakes, and is not 
considered the Seismotectonics, which is 
strongly insisted by the Soviet ~cademy 
of Science in former times. 

This Armenia reqion is located the very 
active seismic zone, where the Anatoria 
fault is closed to the west side of 
Armenia and the Zakros seismic belt is 
connected to the south-eastern direction 
of Armenia through the Azerbaizian. The 
present zoning map of Armenia is 
difficult to understand for the 
considering with the face of geological 
structures. 

We hope that the seismic zoning map will 



be corrected based u?on the results of 
the distribution of the seismic 
intensity of each city at this 
earthquake and the seilmotectonics of 
the Ie area. 

3. DYNAMIC PROPERTIES OF BUILDINGS 

3.1 "ierotremer measured on buildings 

The buildings which were suffered severe 
damagel were concentrated to the 
uniformly produced reinforced concre" 
apart.ment houses. Therefore, ti". 
microtremer measurement on buildings 
were conducted to the research for the 
change of dynamic behaviour between the 
undamaged and slightly damaged buildings 
and the relation of the occurrence of 
damages. For t.he measurement. of 
undamaged buildings, we conducted in 
Yerevan, the capital of Armenia. For 
t.he measurement of slightly damaged 
buildings, we conducted in Leninakan and 
Kirovakan. 

The Itructural types of measured 
.buildings were selected to the 9-story 
precast reinforced concrete frame 
buildings, 9-story large-size panel 
buildings, S-story stone-masonry 
buildings with reinforced frame and 4 
and l6-story site-casted reinforced 
concrete buildings. 

3.2 Natural periods and critical da~Ding 
coeftlclent~ of bUl1d1ng , 

The microtremor on the bui ldings were 
measured 19 sites in Yerevan, Leninakan 
and Kirovakan. The measurement in 
Yerevan were recognized for the dynamic 
propert.ies of undamaged buildings. The 
measurements in Leninakan and Kirovakan 
were recognized for the properties of 
slightly damaged buildings, The 
measurement resul ts are shown in Table 
4. 

The change of dynamic properties between 
damaged and undamaged buildings for 3 
structural types are appointed out as 
follows: 

1) S-story Stone-~asonry Building: The 
natural periods and critical damping 
coefficients of undamaged buildings are 
0,28 - 0 • 33 sec. and 2.2 - 7.2 " 
respectively. The natural ~eriods and 
critical damping coefficients of damaged 
buildings are 0.21 - 0.55 sec., 1.9 -
4.4 " respectively. The difference of 
the natural periods of damaged and 
undamaged buildings are so large, 
because it is guessed that this causes 
is based upon the deteriorative effects 
of w.lli. 

21 9-story Precast Reinforced Concrete 
Frame building : The natural periods of 
undamaged buildings in the longitUdinal 
direction and transverse direction are 
0.61 - 0.63 sec. and 0.46 - 0.53 sec., 
res~ectively. The natural periods of 
da~aged buildings in the longitudinal 
and transverse directions are 0.83 
1.07 sec., 0.81 1.00 sec .• 
respectively. The natural periods of 
damaged buildings are increased about 30 

40 , compared with the periods of 
undamaqed buildings. The critical 
damping coefficients of damaged 
building_ are 25 , larger than those of 
undamaged buildings. 

3) 9-story Large-Size Panel Building 
The natural periods and critical damping 
coefficients of undamaged buildings are 
0.38 0.39 sec. and 1.2 2.5 \, 
respectively. Ttle natural periods and 
critical damping coefficients of damaqed 
buildings are 0.40 - 0.46 sec. and 2.6 -
4.5 \, respectively. The natural 
periods are not so changed between 
undamaged and damaged buildings, but tr.e 
critical damping coefficients of damaged 
buildings are almost 2 times those of 
undamaged buildinqs. 

3.3 Relation between the bUildini 
damaa.s and the dynam1c 6ehavlour 0 
bUll~ 

every structural types of building were 
suffered heavy damages during this 
earthquake. The degree of building 
damages was decided by the relation 
between the dynamic properties of 
building and ones of ground, instead of 
the difference of structural systems. 
However, by the inspecti.>n of damaged 
feature, the most damaged buildings were 
constructed by the uniformly procedure, 
and had the almost same degree of 
aseismic capacities, Then, it is 
supposed that the building damages were 
concentratcly occurred by the passage 
the some level of strong earthquake 
motion. 

For the construction of uniformly 
housing complex, it is imDortant that 
the buildings have the- sufficient 
aseismic capacities and the wide 
resistant performance to earthquake by 
considering with the dynamic property of 
ground. We considered that this 
earthquake hazard is seemed to the one 
example of warning to the building which 
is constructed by the standard design. 

4. DYNAMIC BEHAVIOUR OF GROUND AND 
RELATION OF BUILDING DAMAGES 

4.1 Measurements of microtremor on 
ground surface 



The dynamic properties of surface ground 
are well known to effect ~he damage 
degree of bui.ldinC;5 during earthquake. 
And alao, the ahape, of Fourier spectrum 
of microtremor are well known ~o Similar 
to the ahap.s of Fourier spectrum of 
strone; motion earthquake. The am~litude 
of Fourier spectrum of strong motion 
earthquake is equivalent to the 
aMPlitude of Fourier spectrum of 
lllic:rotremor. 

The measurement of microtremor on the 
ground surface are done for the c;rasping 
of the dynamic properties of ground. 
The measurements were made to the 
fo110winc; two Objectives: 

1) The damaged buildings have the 
natural periods of around O. S sec:. of 
precast reinforced conc:rete frame 
buildings in Leninaltan and the naturel 
periods of around 0.3 sec. of 
stone-masonry buildings in Spitak and 
JUrovakan. Therefore, the microtremor 
were measured by the Short per iod 
seismometer (the natural period of 

. pendulum is 1 sec.l. 

2) The microtremor by the long period 
seismometer (the natural period of 
pendulum is 3 sec.) were measured for 
the estimation of ceeper ground 
structures in Leninakan. 

4.2 Microtremor measured in and around 
Leninakan 

The .. icrotremor of ground were measured 
at 12 points in anO around Leninakan. 
The measured pOints are shown in Fig. 4. 

The wave forms of microtremor are shown 
in Fig. S. Fig. 5(1.) shows the six 
points (11, 1, 3, 6. 9, 101 which are 
lined from north to south direction of 
Leninakan city. Figs. 5(bl, 5(cl and 
5(dl ',ow the 5 points; (11, 12. 4, 7, 
101 from north to south of different 
line of Fig. 5(al, 4 points (2, 1, 12, 
S) and 3 points (6. 7, BI from west to 
east direction, respectively. The 
Fourier s~ectrum of each point are shown 
in Fig. 6(a) and Fig. 6(b). 

The relation between mean period of 
microtremor ./lind degree of building 
damages in Leninakan was summar i zed as 
follows: 

11 In the northern area of Leninali:an 
(north part from Lenin liquarel: The 
mean period of microtremor of ground is 
around 0.5 sec., and this period is 
clo.. to the natural period of 9-stor/ 
precast reinforc:ed concrete frar,e 
buildings. So it is guessed that this 
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fact might be one of causes; of lllakin9 
damAges of this kind of buildings more 
seriously. 

21 In the centrAl area of the City: The 
mean period of microtremor of ground is 
0.2 - 0.3 sec., and this period i, close 
to the natural period of low-rise stone 
masonry buildings. This fact IDight be 
one of causes of making damages of this 
kind ot buildings more seriously. It i. 
necessary to implement the more detailed 
survey, because there are under ground 
flow. of river. 

3) In the southern area of Leninakan: 
The mean ~eriod is close to the period 
in the northern area, but it's amplitude 
is larger than of the northern area. 

4) General trend of dynamiC properties 
of ground in and around Leninakan: 
Leninakan city is located on the deep 
sedimentary layer, and the predominant 
periods of microtremor are effect.ed by 
the local sedimental condition of 
surface layer. And so, the amplitude of 
microtremor of some areas have 
remarkably large according to the 
material of surface ground at the very 
shallow part. These fact might be 
caused the degree of damages of 
buildings. 

4.) Microtremor measured in and around 
Spit&k 

The microtremor of ground were measured 
at 10 pOints in and around Spitak. The 
me.sureO points are shown in Fig. 7. 

The wave forms of microtremor of 
points are shown in Fig. B. and 
Fourier spectrum are shown in Figs. 
and 9(b). 

each 
the 

9(al 

The relations between mean period of 
microtremor and degree of building 
damages in Spit.ali: are summarized as 
follows: 

1) Seismic bedrock of Spitak: ~he 
predominant period is ,'ery short (less 
t.han 0.1 sec. I at the foot around the 
hi 11, where a monument was constructed 
at the top of this hill. The seislllic 
bedrock is located at the very shallow 
in '.hese area. Therefore, t"e dynamic 
properties does not appearea in t.he 
microtremor, and the am~1itude during 
the earthquake was comparatively small. 

2) The predominant periods in the heavy 
damaqed area of Spitak are the range 
between 0.2 sec. and 0.4 sec., and these 
periods are close to the natural period 
of destructed buildings. So it is 
guessed that this fact might be one of 



causes of making damages of this kind of 
buildings more seriously. And then, the 
other cause of making damages is very 
strong earthquake motion itself. 

l I New developing area of Spi tllk : The 
predominant period in new developing 
area of Spi tak il almost close to that 
in the damaged area of Spitak. 
Thecetore, it is necessary to construct 
the more reinforced and more stiffened 
builcHngs. 

4.4 Hicrotcemor mea~ ured in and around 
Kirovakan 

The microtremor of ground were measured 
at 5 points in and around Kirovllkan. The 
measured points are shown in Fig. 10. 

The WAve forms and the Fourier spectrum 
of microtremor of each point are shown 
in Fig. 11 and Fig. 12, respectively. 

The relations between mean p~riod of 
microtremor and degree of building 
damages in KiravAkan are summarized as 
follows: 

1) The amplitude of microtremor At the 
just front of the City-Office is about 
1/3 times of the amplitude in heavy 
damaqed area. The predominan: period in 
heavy damaged area, where 15 located 
very close to the City-Office, is 0.2 -
0.4 sec. This fact miqht be one of 
causes of making damages of buildings 
more seriously. 

2) New developing area of Kiravakan: 
The predominant period in new developing 
area of Kirovakan is a little longer 
than the period in the damaged area of 
l<irovakan. 

4.5 Relation between the ground 
propert1es at the narrow vaiiey and the 
earthquake dAmages 

l'.t the city area. which is located at 
the comparatively narrow valley in the 
mountain zone (for example. the area of 
Spitak or Kirovaltan) , the relations 
between the ground properties and the 
earthquake damages will be generally 
appointed as follows; 

1) At the area of outcrop part of 
seismic bedrock or on the very shallow 
sedimentary layer, the damages of 
buildings 'were not so sev~re. The 
amplitude of microtremor is small at the 
range of short periods. but is 
relatively large at the range of longer 
Deriods. (examole: the :,ill area of 
Spitak, 90int 7: the central area of 
Kirovakan, point 2) 
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2) The building damages were more severe 
by the more thickness of the sedimentary 
layer. But, it is very clear to find 
the relation between the damage and the 
selectivity of predominant period. The 
ampl i tude of microtremor 1 s remarkabl y 
lacge at the range of short period, but 
is not 10 remarkable at the range of 
longer period. (example: the housing 
complex area of northern part of Spitak, 
point 2. the housing complex ar... of 
north-western part of Leninakan. point 
1 ) 

4.6 Properties of longer 
microtremor 1n Len1nakan 

period 

The microtremor by long period 
seismometer <the natural period of 
pendul um is 3 second) in the ne!oJ 
developing area of northern Leninakan 
find the predominant period of l 4 
sec. The 3 measured points, as 
illustrated Al, A2 and Al, are shown in 
Fig. 4. The wave forms of longer period 
microtremor at each point are shown in 
Fig. 13. 

This long predominant period is caused 
by the very deep sedimentary layer on 
the seismic bedrock. This fact shows 
that the seismic bedrock of Leninakan 
area will be located at the several 
kilometres bellow the ground surface. 
The long predominant period in the new 
developing area of southern Leninakan is 
close to the period in the northerrl part 
area. Therefore, the seismic bedrock in 
and around Leninakan area is located at 
almost same depth. 

4.7 Relation between the earthquake 
damages and the se1smlC ~1crozoning 

The one of the causes of heavy damage of 
buildings is able to explain the 
coincidence between the predominant 
period of grcund and the natural pe~iod 
of building. The other cause is very 
strong earthquake motion itself. 
Therefore. it is necessary to more 
consideration of dynamic properties of 
ground for the Seismic Microzoninq. The 
measurements of microtremor on ground 
and buildi~9 are very effective 
procedure to estimate the predominant 
period of ground and the natural period 
of building, respectively. 
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Table 1 Paramet~rs of Fault-Rupture Model 

r--------------------------~ 
F~ult Dleension 

Dip Direction 

, Dip Antle 

Rupture Velocity 

1-=35 h 
11=12 k. 
D=1.5 • (.ean value) 

60' 

2.5 ka/sec 

Table 2 Geological Conditions and Amplification Factors 

Geolo,ieal conditions A.plification Factors 

Thick Sedhent 4.5 

Hard Sediment 3.5 

Tertiary Perio~ 2.5 

Paleo,ene Period 2.0 

Table 3 j"aximum Accelerat.ion and Seismic Intensity at Each Place 

Place Nage lIuiaul Seisalc Intensity Re.arks 
Acceleration (/lSK) 

SPITAK 2 lIore tha n 600 tal 10 Sedi.ent(Deposit) 

LEHINAKAN 1 530 tal 10 Northern Area 

SPITAK 1 520 tal 10 Hard rock 

LENIHAKAN 2 470 ,~l 9 Southern Area 

STEPAHAV 460 ,al 9 

APARAN 370 tal 9 

KIROVAKAN 2 360 tal 9 Sediment(Oeposit) 

KIROVAKAN 1 250 ,al 8 Central Area 

GUKASYAti Hore than 228 tal 8 Unidentified Geolo,y 

YEREVAN 65 ,al 6 



Table 4 Dynamic Properties of Damaged and Un-damaged Buildings 

n'"PE! of Damage Translation Torsional 
Structure :*1 

and Longitudinal Transverse Longi tudjnal Transverse 
No. of 
StOry T sec h % T sec h % T sec h % T sec h % 

Stone U 0.30 4.8 0.33 7.2 0.35 2.6 0.35 4.6 
Masonry U 0.28 2.2 0.28 4.6 0.23 1.8 0.23 1.1 

5 D 0.49 4.0 0.28 1.9 0.41 4. 7 0.41 3.6 
D 0.44 2.6 0.21 1.9 0.40 3.6 0.40 4.5 
D 0.52 4.0 0.52 7.4 0.55 3.2 0.56 4. 1 
D 0.55 3.4 0.55 4.4 0.56 5.9 0.59 4. 7 

Precast U. U 0.57 1.6 0.79 1.1 0.50 9.3 0.54 15. 0 
Frames U. U 0.43 11. 1 0.63 1.4 0.41 9.9 0.41 4. 7 

9 U 0.61 3.2 0.46 1.7 0.41 0.6 0.42 2.5 
U 0.63 0.5 0.53 2.3 0.55 3.4 0.55 3.4 

D 0.93 --- 0.93 --- 0.87 --- 0.85 ---
D 1. 07 -- 0.96 --- 0.95 -- 0.95 ---
D 1. 00 -- 0.81 -- O. 80 -- O. 71 ---
D O. 83 --- 1. 00 --- 0.71 -- 0.78 ---

Large U O. 38 2.2 0.38 l.2 0.30 2.3 0.30 0.5 
Pnel U 0.38 1.8 0.39 2. 5 0.29 1.4 0.29 0.5 

9 U 0.46 4.S 0.40 2. 6 0.46 3.4 0.4S 1.8 

110noJ j th i c U 0.51 2.6 0.32 2.2 O. 21 0.9 0.21 2.9 

II 

110no lit hie U 1.10 1.8 1. 00 6. 1 0.96 1.9 1. 18 1.3 

16 

--- unkno~~ *J U:Undamaged D:Damaged U U:Undamaged and Under Construction 
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New wmale DaIp Spedlicatlaul oIlDpwaJ Brtdpa .. J .... 
By 

Toshlo IWASAKI!), Kazuhlko KAWASIIlMA20 and KlnJI IIASEGAWA~ 

ABSTRACT 
Introduced are the new sels.lc Deslrn 

Specifications of Hl,hway Brldces In Japan Is­
sued on February 1900. Main Ite •• ot the revi­
sIon Includlnr the sels.lc lateral force, e­
valuation of Inertia force cODslderlne struc­
tural response, check of bearlne capacity tor 
lateral load tor reinforced con ... rete pier and 
dyna.lc response analysis are presented. 

KElIOROS 
sel .. lc Deslen, Deslen Method, IIIghway 

Brld,e 

I. INTRODUCTION 

First requlre.ent on lateral force for 
deslln of road brldee In Japan was Included In 
"Draft Details of Road Structure" Issued In 
1926 wIth consIderations of the duare caused 
by the Kanto Earthqullke In 1923. It was 
stipulated In the draft detaIls that the 
.axl.u. lateral force expected to develop at 
the site shall be considered In sels.lc design. 
Arter experlencln, sl,nlflcant da_les durIn, 
strone earthquakes selsalc re,ulatlons were 
reviewed and a.anded several t1.es as shown 
In Table 1. "Desl,n Specifications ot Steel 
Road Brldces (Draft)" were Issued In 1914. and 
"Deslen Specifications of Steel Road Brld,es" 
and their revIsed version were Issued In 
1934 and 1939, respectively. Althou,h a 
requlre.ent for lateral force was stipulated 
In these specifIcations. first coaprehenslve 
selsalc deslen stipulations were Issued In 1971 
In a separate volu.a exclusively tor selsalc 
dealen as "Sels.le Desl,n Specifications of 
Road Brid,es". It was described In the 
specifications that lateral force shall be 
deter.lned dependlnr on zone. I.portance and 
,round condition In sela.lc coefficient .athod 
and structural response shall be further 
considered In the .odlfled sels.lc coefficient 
aethod. E.aluatlon on soil llquefactlon was 
firstlY Incorporated In Yin of the daures 
caused by the Nllcata Earthquake In 1964. The 
U71 specifications were revised In a for. of 
"Part V Sels.lc Deslp" of "Deslen 
SpecIrlcations of Road Brldres" In 1988. A 
rational e .. luatlon .ethod for 8011 

liquefaction as well as practical 
counteneasures .. alnst the llquefactlon was 
Included In the speCifications. 

Since 1985 extensive efforts hnve been 
undertaken to establish lIore rational seIsmIc 
desl,n crIterIa for road brldgcs. with 
consideration of recent advantages of 
earthquake en,lneerlng and lessons gullied 
froa recent earthqaakes. Ncw specifications 
were were po.pleted In 1999. 

This r:'l?er outlines the new speclflc'Itlons 
(JRA. 1998) for selsalc desl,n of rORd bridges 
with e.phasls on the stipUlations ·-evl.-.~d. 

2. BASIC PRINCIPLES FOR DEVELO"I~"; NI!."W 
SPECIFICATIONS 

Roao brldre Is a vital cOllponent of road. 
and It has to be safe enough against an 
earthquake so that function of rond be 
lIalntalned. It can be used wi thout loosing any 
structural functions against slIlIll to 
aoderate earthquakes with high to l80derulc 
possibility to occur at the sIte. Crltlc/tl 
failure causing tolal collapse of the bridge 
has to be avoided even during a significant 
earthquake such as the Kanto Earthquake In 
1923. Seismic desIgn lIethod has been gradually 
laproved with consideration on damag~ 

experiences and advantage of eurLhqullk(' 
engineer Inc. Based on such Improvellen t o~ 

selsalc design method as well as varIous 
counteraeasures Alalnst an earthquake. ii. is 
considered that selsalc damages of rOlld 
brld,e have been decreasIng as a total In 
recent years as shown In Table 2. lIowcver It Is 
also I.portant to note that new dallages whIch 
have not been Identified In the past 
earthquakes have been seen In recent 
earthquakes. due to Illprovemcnt of seIsmic 
design .ethod. This obvIously shows that U ... 
counteraeasurea al.lnr only to alnlllize the 
da.ages developed In the past earthquake do 
not ,Ive a credit to avoid new type of 
daaage In the future earthquake. In 

I) Director General. Public Works Research 
Institute 

2) lIead. Earthquake Enelneerlnr DIVision of 
EarthqUake Disaster Prevention Departllent. 
Public works Research Institute 

3) Research Enrlneer.dltto 
revising the design speclflcntlons. It Is 
required to take account of such new type of 



d .... e patterns. 

III view of the understandlnll on the d .... e 
patterns of road bridges In recent 
earthquakes and advances of earthquake 
englneerlo.. the rollo"loll revisions were 
Included In the New Sels.lc Deslen 
Specifications. 

l) .odltlcatlon on classification of IIround 
condition 

2) unification of sels.lc coefficient 
.ethod and IIOdlfled sels.lc coefficient 
.ethod Includlne the revision of the 
sels.lc coeffIcIent 

S) evaluation IN!thod of Inertia force for 
continuous brldees 

4) I.prove.ent on strength of sandy 50115 

acalnst liquefaction 
5) evaluation of bearing capacity or rein­

forced concrete piers for lateral force 
(ductility check) 

8) deslcn IIround IIOtion for dynamic 
response analysis as well as an 
analytical IIOdd 

Table of content of the new specifications 
Is the fo11owln, : 

Chapter I General 
Chapter 2 Baste Principle of Seismic 

Design 
Chapter 3 Load and DesIgn Condition In 

Seismic Design 
~hapter 4 Seismic CoeffIcient 
Chapter 5 Bcarlnc Capacity for Lateral 

Force of Reinforced Concrete 
Piers 

Chapter 6 Dyn .. lc Response Analysis 
Chapter 7 Structural Details In SelsIDlc 

Desl,n 
Chapter I DevIce to Expect Reduction of 

Lateral Force 

(Appendix) 
I . References on Liquefaction 
D. Ex .. ples of ClassIfication of Ground 

Condition 
•. References on Deslen Ground Motion 
IV. Exa.ple of Calculation of Natural 

Period and InerUa Force 
V. Reference on Bearln. Capac I ty of 

ReInforced concrete PIeri for Lateral 
Foree 

VI. Practices of Structural Details 

Table a shows the revised part or newly 
Introduced parts In the n_ specifications. 

and FIC. 1 shows the flow-chart of selsilic de­
sign. 

3. CLASSIFICATION OF GROUND CONDITION 

Cla:.slflcatJoll of ground condItion was 
changed fro II four groups to three groups liS 
shown In Table .. by co.blnlnc the croup 2 lind 
group 3 Into salle group. The clasSification of 
the ground condition Is .ade base on the 
characteristics value at the site specified as 

TG • 4 I_I_fl_ 
I_I V. I 

(I) 

where 
TG : characteristic value (sec) 
III : thIckness of I-th subsoil layer (II) 

V •• : shear wave velocIty of J-th sublayer 
(II/sec) 

: sublayer's numbcr counted from 
cround surface 

The chance was lIade because lIost of the 
selsllic dallace of road bridge In the past 
earthquake was likely to be developed on the 
croup 4 wIth the dIfference between the 
ground group 2 and 3 being practically very 
small. and because difference of ground 
lIotlon characterIstics In terms of response 
acceleration spectra Is few betwp.cn the 
ground group 2 and 3. It was also taken Into 
account that the classification of thc ground 
condition based on the dlrrerence of 
characteristic value of only 0.2 second Is 
practically quIte hard In vIew of the fael lhat 
shear wave veloel ty Is generally estimated 
frail an empirical formulae based on N-value of 
standard penetration test. 

4. SEISMIC COEFFICIENT 

In the previous specifications. the seismic 
coefficIent lIethod was used for the brIdges 
with pier heleht Jess or equal to 15 • alld lhe 
modified sels.lc coefficient lIelhod wus used 
for the bridges with pIer height larger than 
15 II. The lIodlfled seismic coefficient lIelhod 
was orlclnally Intended to apply to bridges 
with the natural period longer than 9.5 
second. 1I0wever. as various roundatlons 
beco_s to be adopted on wide ranee of soil 
conditions. eyen bridges with pier height less 
than J5 m Is likely to have the natural period 
longer than 8.5 second. this always caused 
confusIon In selecting the selsIDlc desIgn 
.ethod. 

Therefore. the sels.lc coefficient IIcthod 



and tbe IIOdlfled sel,,'e coefnelent _thod 
... unlfted. and thl. I. referred to ... , •• Ic 
coefficient aethocl. 

In tbe .lalc coefficient _tbod. tbe 
d.-len HI .. le coetnelent shall be deteralned 
by Eq.(2). but no lea than '.1. 

k" - c •• Co • CI • CT' kl>D (2' 
where 

kh : dealen horIzontal sel .. le coerflclent. 
k".,: .tandard dealen horizontal sels.'c 

coefficient (-8.2'. 
e. : IIOdlflcaUon tactor for zone (refer 

to Fie. 2). 
e .. : aodlfleatlon factor for cround 

condition (reter to Tablo 5,. 
e, : aodlncatlon tactor tor laportance 

(reter to Table '),and 
CT : IIOdlflcatlon factor for structural 

response (reter to Tabla 7). For 
co.puttnc Inertia force associated 
with the weicht 01 soils and dyn_lc 

eartb pressure. CT bas to be 1.8. 

In Eq.(2) the aodlflcatJon factors c_ and c. 
are tbe saae with the value specIfied In tbe 
previous speclncations. Tbe aodlflcatlon 
factor Co was cbanced associated with the 
chan,e or rround condition classification. The 
aodltlcatlon lactor CT. which represents the 
dllference of lateral force due to structural 
response, corresponds to the aodlflcatlon 
factor /l In the prevIous spectrlcatlons. The 
NodUlcatlon factor fJ was roraulated based on 
an analysis ot 44 coapanents of stronc 8Otlon 
records obtained In Japan. The new 
aodlllcatJon factor CT was deteralned CrOll an 
analysis of earthquake response spectra base 
on 394 coapanents of strone aotlon records 
obtained In Japan. Considerations that the 
sels.le daaage was likely to occur In brldres 
with short natural period were also Included. 

Fie. 3 shows an cOllparlson or the sels.le 
coefficient between the previous and ne10 
speclrlcations 855u.lne that Cz - CT. 1.8. 

5. EVALUAnON IIIETIIOD OF INERTIA FORCE 

In the previous specltlcatlon. for 
coaputlne an Inertla force associated with 
dead weicht of superstructure. which Is to be 
used In selsale deslen or substructure, the 
brldee Is divided Into several structural 
sepents conslstlnc or a substructure and the 
part ot superstructure which Is vertically 
supported by the substructure considered. 
Then. the Inertia force (lateral force) used 
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ror the sels.le deslen or substructure or the 
I-tb Itructural .e~nt I. ...uaed to be 
deter.lned .. 

F., • khlR. 
where 

(3) 

F •• : Inertia torce associated with dead 
weicht ot superstructure for deslrn 
of I-ttl substructure 

k h • : selsalc coefficient considered for 
I-th Itructural seeaent 

RI : reaction force developed at I-tit 
substructure due to dead weIcht of 
the part or superstructure 
supported by the I-th substructure. 

Dowever as various type at bridle 
structures beco.e to be constructed, It 
beeaae apparent that the Inertia rorce 
deter.lned by Eq.(3) assu.ln, that the bridge 
can be divided Into several structural 
secaents Is Inadequate. because lhe Inertia 
force at each substructure sl,nlflcantly 
depends on flexlblIlty and hell'ht or the 
substructure and type or the superstructure. 
Therefore. aore rational aethod to evaluate 
the Inertia force Induced In the 
superstructure for the purpose ot seismic 
desll'n of substructure was required. The Slllle 
deaand also arises In the brldce where the 
superstructure and the substructure are not 
separated by aeans of bearlnlr supports. 

Therefore. In stead or the structural 
secaent, a definition of selsille design 
struclural unit, defined as the structural 
unit "hlch can be considered to develop the 
saae response durlnr an earthquake, WIlS newly 
Introduced In the new specifications. Table a 
shows exa.ples how the selsale design 
structural unit be selected for typIcal 
co.blnatlons of structural type and dlrect.\oll 
for evaluatlnl' the Inertia force. 

Natural period and the Inertia force shall 
be dete ... lned as: 

I)Selsaic deslen structural unit consisting of 
a substructure and a part ot superstructure 
supported by the substructure 

In this case. there Is essentially no 
dlflerence with the previous specifications. 
Inertia roree shall be deter.lned by Eq.(4). 
and the natura) period shall be cOJIputed as 

(4) 
where 

T : natural period, In second, or the 
selsale des len structural unit 

6 : lateral dlsplaceaent. In .eter, ot 



the substructure subJected to a 
lateral rorce equivalent with 88 ~ 
of the dead weIght of a substructure 
above the ground surrace assu.ed In 
sels.lc desIgn and the dead weicht 
or a part of the superstructure 
supported by the substructure. 

r t shou Id be noted here that on Iy the 
subslruclur~ on the ground surface assulled In 
selsilic design shall be subjected to InertIa 
force because the selsllic force below lhe 
ground surface assu.ed In selsillc design Is 
disregarded In seismic design. The ground 
surface assumed In selslllc design Is generally 
taken as the bottolll plane level of the footing 
In cnse of plIc foundation. lIowever. when the 
soil layers whose soil constant Is assumed as 
zero due to possible soil failure such as 
liquefaction. the bottom of these layers Is 
regarded as the ground surface assulllcd In 
seismic deSign. 

2)Selsmlc design structural unIt consisting of 
substructures and a part of superstructure 
supported by thcse substructures. 

This Is the case newly Introduced In the 
new specifications. Natural period and the 
InertIa force shall be evaluated In accordance 
with Fig. 4, I.e., 

I)ldellllze a seismIc design structural unit by 
a I "car elastic frame m,)del 

J!)apply 11 latcral force equivalent with the 
:' 'Old weight. of superstructure and 
substructure above the ground surface 
assumed In seismic design, and compute the 
natural pcrlod as 

T a 2.lllr6 
f w(s)u(s)"'ds 6 = ~ ~~-----~---

J w(s)u(s)ds 
where 

(5) 

(6) 

w(s) : dead weight of the seismic design 
structural unit (superstructure and 
substructure atove the g.-ound 
surfacc assumed In seismic desIgn) 
at poInt s (tf/.) 

u(s) : lateral displacement developed In 
the seismic design structural unit 
at point s (m) when subjected to 
w(s) In a direction considered In 
deslen. 

IIl)deterllllne the selslllic coefficIent k ... 
depending on the natural period T. 
Iv)co.pute Inertia force as 

156 

F .. - khxF 
wh( re 

(7) 

F' 0 : shear fo rce (tf) I bending Illomcnt 
(trill) due to Inertia force 

k ... : seismic coefficient 
F : force developed In the seismic de­

sign st ruclural un! t whell subj(!et(,d 
to a lateral force equivalent with 
dead weight of seismic deshw struc­
tural unl t above the ground su rfaee 
assumed III seismic design (tf/tfl1l) 

For substructure supporting gl rder 
bridges, shearing force developed at the 
center of gravity of superstructure shall be 
regarded I1S the lateral force for seismic 
design. However. when the Inertla force 
computed by Eq.(7) Is smaller than the Inertia 
force computed by Eq. (3), the latter shall be 
adopted for design. This needs SOlne 

explanations. The Inertia force computed by 
Eq.(7) Is approximately proportional to the 
stiffness of each substl·ucture. This ImplIes 
that the Inertia force concentrates to the 
substructures with high stiffness. while 
reverse Is true for the substructure with low 
stiffness. Inertia force takes even negative 
value when the stiffness of the substructure 
Is extremely small as cc.mpured wllh other 
substrcturcs. lJowever. when failure of the 
structure such us bearing supporls occurs, 
the contribution of each substruclure for 
supporting the Inertia force of 
superstructure cou Id be changed from the 
distribution computed by Eq.(7). Base on such 
considerations. lower limit for the Inertia 
force evalUated hy Eq.(7) lVas Included. 

6. STRENCnI OF SANDY SOli. I.AYER I'OK UQUE~ 
FACTION 

For saturated allUvial sandy layers within 
29 m from the ground surflwe which I:avc the 
water table within 19 II frOID the ground 
surface. and have D~o-value on the grain size 
aceumulatlon curve between 9.92 nnd 2.9 mOl. 
the liquefaction potential durlllg 1111 

earthquake has to be checked. For those sol J 

layers requIred for the check of lI'jllcfueLloll. 
lIquefaction potential shall be evaluated In 
terms of liquefaction resistance faclot· FLo liS 

f\ ... R/L 
where 

(8) 

FL.. : lIquefaction reSistance factor 
I~ resistance of soil elements against 

dynamic load 
L dynamic load Induced In 5011 elc 



'aents durin, an earthquake 

In tbe prevIous specIfIcatIons the 
resistance R of soil eleaents .. atnst dyn .. lc 
load was evaluatl'd (ro. N-value of standard 
penetration test and Dao-value. Because flne 
sand content Is found an I.portant factor, It 
was Included for evaluatlne R. 

7. CIIECIt OF DEARING CAPACITY OF REINFORCED 
COffCUTE PIERS FOR LAn:RAL FORCE 

Even for a slcnlflcant earthquake. the 
brld,e has to avoid crItical failure. 
Reinforced concrete pier which Is the .ost 
laportant aeaber for prever!tlnc crItical 
failure of brldee has to have the required 
ductility as well as the strenctb. Tbe cbeck of 
bearlnc capacity for lateral load was 
Introduced to avoId brittle failure of 
reinforced concrete piers In Inelastic range, 
Check of bearlne capacity for lateral load Is 
advised for the reinforced concrete piers with 
s.all concrete section. 

FIC. 5 shows a flow-cbart of the check of 
bearlne capacIty of reinforced concrete piers 
for lateral force. Main steps of this check are 
the following: 

l) Judgeaent of bearlnll' capacity tor lateral 
force 

Bearlnc capacIty for lateral force shall 
be checked as 

P .. > k".W (8) 
.. here 

P. : bearlne capacity or reinforced con­
crete pier for lateral force (tt) 

kh.: equivalent horizontal sels.lc co­
efficient for check of bearing 

capacity for lateral load 
W : equivalent dead weicht (to. and 

shall be deter.lned as 
W • Wu • cpW.. (0) 

{
9.S P .. :;Op. ( 

cp· 1.8 P,,>P. 10 

'I" : dead weight of a part of super­
structure supported by the rein 

forced concrete pier (tt) 
W .. : dead w£·leht of the reinforced con­

crete pier (to 
P .. : bearlnr capacity of reinforced con­

crete pier for flexural failure (to 
P. : bearlne capClclty of reinforced con­

crete pier for shear failure (tf) 

When the check for the bearlnr capacity 
for lateral force by Eq.(9) cannot be 

satlsfled • .oolflcatlon of the desll.:n has to be 
•• de 10 that the 80dIrled section. which Is 
deslcned In accordance with the seismic 
coefficient llethod. satisfies Eq.(lI). It IS 

l'enerally advIsed to Increase the concrele 
sectlon with decreasing the amount of 
relnforceaent. 

2)Equlvalent horizontal seIsmic coefrlc:lcnt 
for check of bearlnr capacity for lateral 
force 

Equivalent horizontal selsilic cocff'lclellt 
for check of bearIng capacity for lllteral 
force shall be determined as 

kh •• .f ~",; -1 (J 2) 

k"o • cz . c, . Cll • khoo (13) 

where 
kh.: equivalent horizontal selsllilc co­

efficient for check of bearhl&, ca­
pacity for lateral force 

khc: sels.lc horizontal coefflclClI t for 
check of bearIng capacity f'tH' lat­
eral force 

Jl : allowable ductlll ty factor 
cz : aodlflcatlon factor for zone (refer 

to Fig. 2) 
c, : aodlflcatlon facwr for Imporlance 

(refer to Table 6) 

c .. : .odlflcatlon factor for structural 
response (refer to Table 9) 

Knoo standard horizontal seismic co­
effIcient for check of bearing capa­
city for lateral force 

The standard horlzonl.al seismic 
coefficient k"oo was determined so that I t can 
rel-resent a realistic ground motion developed 
durLlg a significant earthquake with 
.agnltude as large as 8. 

3)Bearlng capacity for lateral force and 
allowable ductility factor 

Dearlr.c capacity for lateral force P. and 
the allowable ductility factor /l shall be 
determined based on the fallure 1I0de as : 
a)Flexural failure 

P P p" - p" ... v· -a-- (14) 

(I 5) 

where 
P .. , " .. : bearIng capacity (tf) and ultl­

.ate displacement (II> for flex­
ural failure 

p", 4,,: yielding force (tf) an yielding 



dlsplaMnt (a) for flexural 
faUure 

.. : .afet)' factor (-US) 

b)Shear failure 

p •• P. (18) 
II • I (17) 

where 
P. : bearlne capacity (to tor shear fall­

lire 

I. DtlCAJlUC RESPOICSE AtlALYSIS 

Aa nuaber of bridles with coaplex dyna.lc 
respoose characterIstic Increases. unified 
stlpulatlons tor dynaale response anal)'sls 
beco_ requIred. Althourh only reneral 
consideration tor selectlnr the Input ground 
IIOtion was described In the previous 
specifications, a ,lapUtled but practical 
Input rround aotlon as well as an analytical 
aodel and evaluation of the results of the 
dynaalc response analys's was Introduced In 
the new spec;flcatlons. 

:n princIple, dynulc response analysIs 
shall be .ade by eans of response spectral 
analysis with use of an analytical .odel which 
slaulatp.s dynalllic characteristics of the 
bridle. Acceleration response spectrua tor 
the response spectrua analysis shall be 
deteraln~ as 

s - Cz • CI • Co • So 
where 

(18) 

S : response spectrua for response 
spactrua analysis (ral) 

cz : aodlflcaUon factor for zone (refer 
to '1 •• 2) 

c, : .odlflcatloo factor for laportance 
(refer to Table.) 

C-;o : aodlflcatlon factor tor d_plng, and 
shall be deteralned based on IIOda) 
daaplne ratio h, as 

1.5 
CD· 49h, + 1 • 8.5 (19) 

So : standard response spectrua for re­
sponse analysis IKIthod (ra1) (refer 

to Table 18) 

When the tlae history analysis Is required. 
stronl action r .... cords which have the slaJIar 
characterIstIcs wIth S by Eq.(la) shall be used 
with the consideration on sIte condItion and 
structural response ot the brld,e. Three 
,round accelflratlon r~cords Which were 
IIOdltJed so that theIr response 
characteristics .. tch with So In Eq.(U) are 

provIded In Appendix 111. Tbe,y can be used as 
the standard cround IIOtlons for the tllle 
history analysis. 

Because the results of the dyna.lc 
response analysis hiI'M), depend on the 
analytical aodel and the propertles assulllcd 
In the analysIs. (ndlscrlalnate evaluation of 
the results Is quite difficult. Therefore It Is 
required to use lIle overall result of the 
analysIs conSidering accuracy of the 
propertIes and the analytical .odel used In 
the analysis. It Is stipulated In thc new 
speCifications that the results ohtalned by 
the dyna.le response analysis shaH be used 
for the check of sels.lc sarety of the bridge 
based on the sllowable stress and 
dlsplace.ent which are rererred In the seismic 
coefficient llethod. 

8. CO"CLUDUIC DltARIS 

The proceeding paces presented the 
outline of the .aln poInts of the new Seismic 
Design Specifications for Highway Ilridges 
Issued In February 1999. In the new 
specifications. seismic coerflclent me'hod by 
cOMblnlnl' the prevIous selsilic coefficient 
Method and the modified seismic coefficIent 
lIethod Is adopted. and based on the a.llowable 
desl,n appr :>8ch thIs Method Is regarded as 
the bas.c selsalc desIgn Method. 8esldes the 
design by .eans of the selslllie coefficient 
lIetbod. for those bridges whIch requl re the 
check of ductility. the check of bearing 
capacity of reInforced concrete piers for 
lateral force Is aade. Dynamic response 
analysis can be aade for the bridles which 
requIre precise analYbls considering 
structural response. 
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Table.c ClassIfIcation or Ground 
Conditions 

1910 Spccilicaliolla 1990 SpecirlClliolu 

1 T. c G.2 (Rock) I T. c G.2 

2 G.2 =0 T. < 004 (DU •• i_) 
D 0.2 S T ... 0.6 

3 U ~T. <0. (Alluyl_1 

.. O. ST. (Sofl AlIIIYi,..) III 0.6 ST. 

Table 5 Ground CondItion Factor Co 

Omund Group I II III 

Co 0.1 1.0 1.2 

Tablc G I.portance Foctor c, 

GIOUp Co Ddi.ilion 

1st class 1.0 
Bridla on "PICSSWlY (Iimiled ICCcsa hi,hWl)'S). 
pcnI nallOlW nod ud ptirocipal ptefcctunl 
/VIII. Impcxwot bridla on ,encaI prelcclllnl 
road uocl onWli<:ipai IIlI4. 

2nd clan o.a 0Ihu thu doa abowo 

Tobie 7 Structual Response Factor Cr 

Ground. GnMIp Saucanl Itapollll CccIIlc_ Cr 
T < 0.1 0.1 ~ T~ 1.1 1.\ < T 

GIIlIIp I 
Cr - 1.69T'·~'.fl) Cr • 1.25 Cr- 1.33l'*' 

T < 0.2 0.2 :i T ~ 1.3 1.3 < T 
Group II ., - 2.1S"'·~I.oo 0T • 1.25 ., -1."'-

T < OJ" 0.34 :iT:5i 1.5 1-' < T 
Group III .. • I.IIOT'" ~I.fl) ... 1.25 Cr. 1.604'-

Table 8 Sels.le Design Struetual Unit 
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Statistical investisations are carried 
out on lecbanical properties of structural 
steels and the causes of the scatter are 
presUied. Hi,her yield ratios of steel 
give unfavourable influences on failure 
lodes at the ultilate Iilit states of steel 
structures, as well as the scatter of yield 
strengths. The present paper e.phasizes 
that upper iii its of not only yield 
strengths but also yield ratios should be 
specified in the appropriate industrial 
standards in order to reduce the deviations. 

Furtherlore.it is necessary that accurate 
leasure.ent and standardized expression on 
stress-strain curves of steels. Such 
statistical data are expected to be 
accUiulated internationally. 

(ley words] 

Structural steel,yield strensth,yield ratio, 
Scatter of lechanical properties, ultillte 
li.it states, stress-strain relations 

1. Introduction 

It is a wor Idwide prevalency that 
structural design criteria are transferring 
frOi allowable stress desi,n to lilit state 
design based on reliable engineering. 
Subsequently to Canada, Europe and the U.S. 
[1), • Standard for Lilit Slate Desi«n of 
Steel Structures (draft) • (2) was published 
in this February by Architectural Institute 
of Japan. In such a lilit state 
design. load and resistance are treated 

By 

as nondeteflinistic. Therefore, statistical 
data with respect to various factors are 
ilportant to estillte the safty of 
structures. 

As uncertainty of the resistance, three 
factors are generally conSidered. that is. 
IIterial. fabrication and prolesSlrmaIIJ). 
The present paper concentrates a focus on 
randOiness at the lIin stuctural IIterial 
of steel structures. First of all, 
statistical features on lechanical 
properties of ~tructural steels recently 
produced in Japan are surveyed. Secondly, 
it is recOifiried that plastic deforlation 
capacity of structural elelents Which 
deterlines the ultilate lilit state of 
steel structures is strongly dependent on 
yield ratios of steels. Finally. standing 
a view of point frOi structural engineers, 
sOle reversions for the industrial 
standards of IIterials are proposed. 

z. Stati.tics ~itb respect to lechanical 
properties of steels recentl)' SuPPlied 
in Japan 

The statistics on lechaolcal properties 
of steels in the United States have been 
Investisated by GaraiDos et aI(4). The 
statistical features on yield strength 
(This is a terl for yield point and off-set 
yield stress.) and yield ratio which is 
defined as yield strength by tensile 
strength were recently clarified in JapaJl 
by analyzing the data ~y collecting lill 

U Professor. Yokohlla National University 
*2 Head, Building Research Institutr 
.3 Professor, Toyo University 



sheets which are issued as inspection 
certificates fro. lill lakers with blust 
furnaces [5 ...... 7 J • 

rl,.-1 indicates the distributions of 
yield strength. tensile strength and yield 
ratio of plates SS41 with less than 40 .. in 
thickness (24 kgtl .. 2 is the linilul yield 
strength and 41~S2 kgfl .. 2 is the rang~ of 
the tensile strength) which are lost used 
as general structural steels. Referring to 
this figure, the lean value of the yield 
strength is around 31 kgf/ll'. which is 
about I.IS tiles of the specified linilUi 
value. The coefficient of variation is 
as luch as 3. S % • 

111.-2 also shows the distributions of 
S"50 (33 kgf/ .. 2 is the linilUI yield 
strength and SO~62 kp,f/ .. 2 is the range of 
the tensile strength) which is the lost 
popular high tensile strength steel adopt~ 
for steel building structures in Japan. 

11,.-3 delonstrates those of steel 
tubes with a circular or rectangular hollow 
section. The yield strength of such a tube 
rises higher caused by as cold-fofled. As 
the result. the yield ratio also becOies 
higher. 

Furtheflore. by analysis for these data 
in detail, it becOies clear that yield 
strengths are correlated with the thickness 
of plates. as shown in r1,.-4. And, 'lg.-5 
shows the difference of the distributions 
due to .akers. Therfore. the distributions 
shown in ri,s.-1~3 can be variable if the 
cOIPosion of the thickness of the plates or 
production ratio of the lakers varies. 

Above results can be sUilarized as follows. 
I) Yield strengths of the plates with 

thinner thickness is higher than that 
with thicker one. 

2) The distribution of tensile strengths is 
noraal. on the other hand. that of yield 
strengths is approxilalely logarithlic 
noraal. 

3) Scatter of yield strengths is large in 

contrast with that of tensile strengths. 
4) There eKists a weak but positive cor­

relation between yield strengths and 
tensile strengths. Yield ratios are 
strongly correlated with yield strengths, 
however. there is no relation with 
tensile strengths. 

The finishing telperature at the fir~l 
rolling for thinner plates is inclined 
to be lower. This lakes the yield 
strength dependent on the thickness of 
plates. Above 2) and 3) result frOi 
that the upper lilit of yield strengths 
are not specified in the industrial 
standard of lalerials. 

3. Yield ratios of steel and PlastiC 
Defonation Capaci ty of Steel Elelletmts 

It is indispensable to safty of 
structures that the absolute values of 
yield strength and tensil~ strength are 
secured as sufficient values. On the other 
hand, scatter of the full plastiC 100ents 
of Ielbers is caused by scatter of yield 
strengths. Therefore. it is pointed out 
that if the scatter of yield strengths is 
larger, the real collapse lechanisl of the 
frale becOies different fro. one which is 
predicted at the design anaIJsisl6j. 
However. the yield ratio of structural 
steels is a lore essential factor for 
ultilate lilit states of steel structures. 
That is, it strongly influences on the 
plastic defoflation capaci ty of structural 
eICients[7J. If the yield ratio is neally 
equal to 1.0, a prClature failure lay occur 
at the statically indeteMiinate structure. 
Because redistribution of the 100ents is 
ilPossible owing to eKtrClely slal1 
rotation capacity at the plastic hinges. 

F1,.-6 delonstrates the ultilate li.it 
states of cantilevers by cOIparing two 
different laterials which yield ratios are 
0.5 and 0.8, where buckling phenOiena are 



not considered. By Observin« this tilure. 
it can be easily found out that areas ot 
the plastic zones are different in spite of 
the fact that the .axilUi 100ents at the 
ends of the I .. bers are sue. As a result. 
the plastic rotation capacity of the If!IIber 
with hi,her yield ratio becOies SIllIer. A 
statically indetel'llinate structure cOIPOSed 
by such I .. bers with higher yield ratio lay 
fracture before the collapse lechanisl 
cOIpletes. as shown in '11-7. 

Observin« the statistical features of 
yield ratios at rlla.-l~3. the range of 
yield ratios for 5841 is O.55~0.85 and for 
SM50 is 0.60~0.90. That for steel tubes 
is especially large. because of effects of 
cold-fonin«. 

As clarified at the previous section, 
yield ratios are strongly correlated with 
yield stren«ths. Therefore. controlling 
the scatter of yield strengths sialler is 
lost efficient for laking the scatter of 
yield ratios Slaller. In other words, upper 
lilits of yield stren,ths and yield ratios 
should be specified in the industrial 
standards of laterials. Table-l lists re­
presentative specifications for lechanical 
properties of structural steels. Unfortu­
nately in this table we cannot find any 
standard which specifys an upper lilit 
of yield strengths or that of yield ratios. 

Under international negotiations, these 
specifications are exPected to be realized. 

4. Standardized strels-atrain relations 

A stress-strain relation of lild steel 
under unia~ial tension loading has a clear 
upper yield point as shown in Filo-8. The 
yield ratio can be definitely defined by 
the ratio of the yield point to the tensile 
strensth. However, yield ratio of over 60 
kgf/ .. 2 high tensile strength steel is 
aabisuous, because the srtress-strain 
curves of this kind steel is so-called 
round house type. That is, off-~~t strength 

is often used as the yield strength. It 
has been pointed out that plastic defona­
tion capacity cannot be predicted properly 
by such aabi,uous yield ratios based on off 
set strengths, otherwise that sufficient 
cOIplilentary energy is required for such 
steels(9]. By other expression, the shape 
of the stress-strain curve is also very 
ilPortant factor as well as yield strength 
and tensile strength. Therefore. it is 
insisted that stress-strain curves under 
uniaxial tension lOiading should be leasurBf 
accurately UP to the aaxilOi load. With 
these points as background. a tension 
testing, specified standard shapes of 
specilens and strain rates, has been 
proposed by RILEM TC/83-CUS[ll]. According 
to this lethod, stress-strain relations of 
SS41 and S"50 are tried to be standardized. 
Fi,.-9 and Filo-IO are the results and 
Table-2 lists the characteristic values 
which deterline the standard curves(12]. 

5oConclusive reaarks 

Statistical features on .echanical 
properties of steels are investigated, 
especially ~ith respect to not only yield 
strengths but also yield ratios which are 
lost ilportant factors for uIti.ate lilit 
states of steel structures. The results 
are sUliarized as follows. 

1. Concerning with yield strengths. 

a)The scatter of yield strengths is due to 
the differences of production instrUients. 
technical level and quality control at 
lill lakers. 

b)Yield strengths are dependent on the 
thickness of plates. 

c) Yield strengths of the larerial as cold­
fOrled indicate very high cOIpared with 
the values specified in the design codes. 

2. Concerning with yield ratiOS, 



a)The scatter of yield ratios are larger 
than that of yield strenrths. 

b)IIaweYer, it is uinlJ caused by the 
scatter of yield strencths. 

c)Cold-for.ed Ielbers have very high yield 
ratios. 

d)The shape of the stress-strain curves or 
COIplilenlary enerBY rather than yield 
ratio is an i.portant factor for steels 
without a clear upper yield point. 

Considering above conclusions, following 
points are proposed. 

I.The upper lilit of yield strengths should 
be specified in the industrial standards 
of structural steels. 

2.The upper lilit of yield ratios also 
should be specified. 

3.FuII stress-strain curves leasured accu­
rately up to the laxilua tension load 
should be aCCUIulated. 

[References ) 

[lJ AISC :Load and Resistance Factor Design 
Specification for Structural Steel 
Buildings, Sep.,1986 

(2) AIJ :Standard for Lilit State Design of 
Steel Structures (Draft), Feb.,1990 

(3) Ravindra,M.K.and Galubos,T.Y.:Load and 
Resistance Factor Design for Steel,ASeE, 
Vol. 104.No.ST9,Sep. , 1978 

[4] Galuboa, T . Y. and Ravindra,lL K. : Proper­
ties of Steel tor Use in LRFD,ASCE,Yol. 
l04,ST9,Sep.,1978 

(5) Aoki,H.and Murata,K. :S~tistical Study 
on Yield Point, Tensile Strength and 
Yield Ratio of Structural Steel, Trans. 
AIJ No.33S, 1984 

(8) Aoki,H.and Nasuda,M.:Statistical Inves­
tigation on Mechanical Properties of 
Structural Steel Based on Coupon Tests, 
Trans.AIJ No.358,1988 

(7) Yuanouchi,H., Kato,B. and Aoki,H.:Sta­
tistical Features of Mechanical Proper-

ties of CUrrent Japanese Steels, 
Material and Structures,24,1990 

(8) Kuwuura,H. and Sasaki, II. :Eftect of 
iandOiness in Kelbers' Yield Strengths 
on the Failure Kechanisl ot lIulti-Story 
RiSid Frues,J.of Structural Engr. Vol. 
348,1988 

19] Kato, B. and OkUlura, T. : Structural 
Behaviour Including Hybrid Construction, 
10th Congress of IABSE,TOkyo,Sep.,1976 

IIO]Kuwuura, H. and Kato, B. :Inelastic 
Behaviour of High Strength Steel lIeI­
bers with Low Yield Ratio, Pacific 
Structural Steel Conference, lIay,l989 

Ill]RlLEM TC/83-CUS :Tension Testing of 
Metallic Structural lIaterials tor 
Deteraining Stress-strain Relations 
under lIonotonic and Uniaxial Tensile 
Loading,Material and Structures,23,1990 

112]Kato, B., Aoki. H. and Yaaanouchi.H. 
:Standardized Matheaatical Expression 
for Stress-strain relations of Struc­
tural Steel under lonotonic and Uni­
axial Tension Loading, llaterials am 
Structures,23, 1990 



~ i"1 
~ , 

25 

rig.~l 

SS4f .. SM41 
, ,~'O 

X"6a.26 I saU7 

! 

".5606 

Histogram of Mechanical Properties for SS41 and 
SM41 (6 mm<t!i40 mm) 

SMSO 
ts.l.O 

YP:Yifld Strmglh 
TS:lt'nsn. Strfl'lglh 
YR:Yit'1cI Ratio 
l:Mt'an 

n.3773 

0~~2S~~30~~--~--~~~-+--~~--~J--r--~~~~--~--~ 
1.5 so 55 60 65 70 7S eo as 90 95 100 

5 

YP.TS(ltgllmml) YRC·',) .. 

F fg _~ -:2 Histogram of Mechanical Properties for SMso 

X-'8.09 
! S-100 

STK41. STKR41 
n.596 

,0 25 30 lS '0 '5 50 55· &0 65 70 75 eo as 90 55 100 ,p. TS(IIgflmrn') VR<"/.,. 

FlS. -3 Histogram of Mechanical Properties f,or.STKU _and STKR.u 



W
 CI 

" M """
 8 

=
7

 

i .....
 

• 

6 

!s
 -. • oM .....

. 
~
 .. t4
 

" • !3
 

.. ' --.a
o .....
. .. ... 12 

0 Il
 0 0 0 0 Il
 o 

SS
41

. 
SH

41
 

(N
)3

)1
 

I 
~ •

.•. 
YR

 
1

-
-
1

 
lIe

an
 

S.
D

. 

t,
 

-
.....

.... 
.....

.. 

TS
 

I~
 

,-0
 n ~

 g
 n

 
ll
~ 

~ 
U

 ~ 
n u

 
B

 

'YK
 

~
 ~
 rH

-

1
0

 
'.

2
0

 
3

0
 

t 
(I

I)
 

4
0

 
S

0
 

1
1

,.
-4

 
R

el
at

io
ns

 b
et

w
ee

n 
T

hi
ck

ne
ss

 
an

d 
Y

P.
TS

.Y
R

 

SS
41

 

nM

-

"Ill:
:' J

 ~ ~ i'I
 Sjn;'"1 

~:"
 

2
O
'
L
I
~
~
~
~
 _

_
 ~
 _

_
_

_
_

_
 ~
 _

_
_

_
 -
-

,. 
'A

 
"Ii.

 
B

 
B

"C
 

0 
O

' 
E

 
F

 
rs

 
(7

30
)(

11
4)

 (
!5

0)
(l

7J
1(

Z
II

X
Z

01
I (

lS
) 
(l

Q
(1

z
q

 11
11

1 t
 

(k
lt

/o
·)

 
T

en
si

le
 S

t r
el

19
th

(T
S)

 

:1 I
 , I

 , I
 ,-I

 ~ ! 
40

 
A

 
Ii. 

B
 

B
' 

C
O

O
' 

E
 

F
 

II
Ik

e
r.

 

("
I.

) 
Y

it
ld

 R
a

ti
o

 (Y
R

) 

T
 1

 T 

i 
s
o

I
l
"
 

A
 

A.
' 

B
 

S
' 

C
O

D
 

E
 

F
 I

Id
e

rt
 

F
i«

.-
S

 D
is

tr
ib

u
ti

o
n

s 
of

 E
ac

h 
P

ro
du

ce
r 



~ 

1
=

0
.5

 
t 

.. 
0

.8
 

cJ
 

(J
 

::P
1 ; 

E
 

l~
tI

 . 
: 

£ 

o 
0

.2
 

• 0
 

0
.2

 

M
.a

x 
N

_a
x 

'M
y 

~
 

.
*
 ••

••
 ':
:
~
 • .
:
:
:
 

Y
ie

ld
 

Z
o

n
e 

F
l,

.-
6

 
P

la
s
ti

c
 

D
e
to

rm
a
ti

o
n

 C
a
p

a
c
it

y
 

o
f 

C
a
n

ti
le

v
e
rs

 
w

it
h

 
H

-s
h

ap
e 

S
e
c
ti

o
n

 

"Y
IE

L
D

 
R

A
T

IO
" 

P
la

s
ti

c
 
D

e
to

ra
a
ti

C
-:

( 
J "

R
o

ta
ti

o
n

 
C

a
p

a
c
it

y
 

o
f 

--
C

a
p

a
c
it

y
 

P
la

s
ti

c
 

H
in

g
es

 

Q
ll

ax
\ 

IQ
ll

aX
j 

0'
 

D
u

c
ti

li
ty

 
o

t 
S

tr
u

c
tu

re
s
 

. 
P

-2
Q

.a
x

 
6 
..

 x 
rP

-2
Q

_a
x 

6 .
. x

 
! 

-~ 
1t

 
, 

.' 
tt

 
Q
.
a
x
_
r
·
~
2
 
Q
"
X
_
~
"
"
 

·_
···

···
···

_·
.2

 
, 

1 
"X

! 
It...

 
i e

..
. 

e .
. 

: 
2e

 ..
 " 

Q
 

' 
9
~
 

.. ·
 ..

...
...

...
. ·

 ..
..

 · ..
 · .

. ~
4
 

ac 

6 
.. a

x
 

c5
.a

x 

fi
(.

 -
7

 
C

o
ll

a
p

se
 

H
'e

ch
an

is
lI

 
o

f 
R

ig
id

 
F

ra
m

es
 



CJ" 

f ••• 
0.98 t ••• 

f .... 

f ,,1 

a 

Pm 

I 
I 
I 
I 
I 
I 
I 

I I 
I I 
I' ." -}-e /I u_ + , ••• ) 
I 
I 
I 
I 

L-____ ~~~ ______ ~~~~ ______ L_ _______ ~ 

E .a- E. E .... 

• • 
Coaplinntlry Strain EnerlY ,Co.pliaentary Strain Enern 

TS TS mmp:w~: ®3~=---1 

YS Orf-set Stren,th YS 

I) .. I) .. 
• 

CoapliaeDtarr Strain Ener.y 
1S 

I) .. 

Fl,.-8 Shapes of Stress-Strain Curves 

272 



8841 

LO 
----- ----.----- ---m+2. 

~-~-- ------ - -- m ..- .,. --r ~----
m-2.-, ...... , ".-, .. , 

_ J. , , 
./ 

'I 
I 

20 J 

I:llean I:Standard deviation 

o O. 1 0.2 0.3 e 

Fi(.-9 Standardized Stre.s-strain Relations for SS41 

I 
".).- _ - - - - - - - - ( - - - - - -. m + 211 

, .. , -------m I 

" I --------t------- m
-

28 , __ I 

~ .... -1 
, " I , : 

__ .I" I , , 40 

.:Nean I:Stlndlrd de,ial1on 
20 .~--------~-----------+------~~-r----.-----

o • I 

'1,.-10 Standardized Stress-strain Relations for 5"50 

273 



Table-l List of Standards 

Counery SuMar •• DIIl.- M11I.lhU ra"l. Strn.tll y. a._rio. 
"at ton Scn .. 

MII/.t MII/.t 

'rl.u 245 412 ~ 490 O.S" 
11l"tlUA'rtOMAL 150 

ra SZ lU 490'" 'D. O.JO 

'Cra .. ' AO 230 400 ... 410 O.S15 -oCWD . IS 4360 
Crd. 50 345 SOO ... 620 0." )Colva~lu. a"d/or Va"adiu. Crda n .430 550 ... 700 O.JI2 

'Crd. U4 '35 363 ... ioU 0.647 

Crad. no ,'14 461 ... sSt O.63J 
rwCE MrA lS-SOl Crada E31, In 501 ... 6O. 0.612 

Crada ASI) 214 490'" 511 0.60 Iapact t.le.loc a.q'd. - Crad. A6L 333 511 ... 706 O.S51 
Crada A70 363 '" ... III O.SlO Lt.le.d V.I •• billey 

JIS 'SS41.SH'~ 21S 1003 ... SlO 0.51) 
C - llDl 

... llD6 SM SCA.I 31S 490 ~ 607 0.642 - ' SM SOY l5J 490 ~ 607 0.72 . Colvablu. and/or Vanadlu. 
JAPAII 1M n l53 SZO ~ "'2 0.6" 

1M 51 452 570 ... 1I. 0."10 
WES IN 70 'I' JIS ~ nz 0.114 

lIV 10 715 164 ~10]0 0.'01 
lIV 9O .Il "1'101130 o.n 

'A 3. 24. 400 '10 552 0.12 
AZU: vaatlladll, 

A242. A4';l, l17 ioU 0.616 .ud 
MUl 

U.S.A. 1.1111 AS12 Cr 45 ]10 ioU 0.141 
50 ]45 4'" 0.17 Coluablu. a"d/Df Va"adiu. 
" l79 4Il O. )IS 
60 414 517 0.' 

A 511 l45 ioU 0.113 V.ath.rtll, St •• l 
A 514 690 7U ... ·UO 0.'7 

'It 31 .ZIl 240 370'10 450 0.647 
VOT 
GUIWI1 DIll 17100 .e 46.223 290 440 ... 540 D.UI 

It n.l 360 SZD '" UO 0.691 

• Y • 11.1. "t,o:aoe .p.elfl.d ln eh •••• talldar ••• 
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Table-2 Haterial Constants for Standardized Curves 

GRADE OF kctl .. 2 

STEEL E •• - e. 
fyh hI fux 

1+2S 34 32 45 

SS41 m 29 27 43 0.14 0.235 

1-2S 24 22 41 

1+25 43 41 56 

SltSOA m 37 35 53 0.11 0.19 

1-2S 31 29 50 

I: Hean value s: Standard deviation 

a=[·£, 
e .. ~ E ~ E... a =f,,1=tlfh-2 
e.c:Se~E.' a= (1). 

E.·:SE~E. a=f ... 

E 
a = e 

IS • 1;. 
{I +(-) } 

Eo 

E 0= 'Y ·f ••• 1E 
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e 8S+ R 

0.33 0.50 

0.27 0.57 

(1) 

(2) 

('Y ) 

(1. 28) 

(1.27) 

(1. 26) 

(1. 23) 

(1. 22) 

(1.21) 



DeYeIc!pDad of Eftecam u. of New Metallic Materials 
fOl' BuOcIiDc Sbuctures 

by 

Hiroyuki Y ... nouchi1, Hirofu.i Aoki 2 

.nd 1 
T.t.uo Hurot. 

AlSDACT 

The J.paDe.. Hini.try of Con.truction hal 
intti.t.d • fiy.-ya.r r •••• rch .nd 
d.v.lo,.ant prolr .. on "Effactiv. Utiliz.tion 
of Adv.nc.d Mat.rial. for Con.truction" fro. 
tb. fi.c.l y •• r of 1988. A8 part of tb. 
Detional prolr .. , nev .. t.llic .. tarial. for 
buildina .tructur ••• r. .1.0 adapted. Thi. 
p.per d •• crib.. tha outline of tb. ..tal 
pha •• of tb. prolr .. and i •• ue. to b. .olved 
in tb. futur. work. 

'!!WORDS: M.w .. tallic .. t.rial.i building 
structure.; c.chnololY of .ffective u ••. 

1. IMnODUCTION 

PAc.ntly in J.p.n, It i. wid.ly r.colnized 
that building. .nd f.cilitl.. havina high 
quality and aood p.rfor.-nc. .hould be 
con.truct.d to •• tabli.h .ar. durabl. .nd 
u.abl. aoci.l capit.l. A8. n.c •••• ry 
con •• qu.nc., thi. tr.nd requir.. building 
.. t.rl.la to b. .ar. durabl., 
fir.-prot.ctive, •• chanic.lly .xe.ll.nt .nd 
b •• utlful. Th ••• d.y.. thuB. n.w .. t.rial. 
having n.v function or perfor.-ne. have coae 
to b. partly or fully u.ad for building., 
.v.n If th... ..teri.l. have al.o higber 
co.t. 

Th. national proar.. int.nd. to .upport 
technically the above rec.nt tr.nd and th.n 
to l •• d to new t.chnololi.. that .nabl. nev 
.. tarial. to be effactivaly uaed for 
bullding •• 

A8 p.rt of the prolr... av.. n.v .. tallic 
.. t.rial. for building .trueture. .re 
t.ra.t.d for d.veloping n.w building 
techDololi... Tki. pap.r d •• crib.. tb. 
outlln. of th ... tal pha.e of tb. prolr ••• nd 
id.nti(I.. t.chnlcal l •• u~. to b •• olved in 
tb. eoura. of tha prolr .. 

2. PULlMlllARY STUDT 

lefor. dl.eu •• ing th. topic on .ach nav 
.. tallic .. t.rial. va .bould de.crib. briefly 
pr.lialoary .tudle. which ~.ra carriad out to 
cboo.. n.v .. t.rial. to b. t~ra.t.d In tb. 
"'ture work of thl proar... A8 b vall 
known, tbara .r. all kiDd. of n.w .. t.rial. 
which haYa ba.n dev.lopad In .. ny Indu.trial 
fi.ld.. Thu.. •• thl fir.t .t.p of the 
proar... it v ••• troully na.dad to find out 
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naw .. tallic .. terial. hllhly applicable to 
building .tructur.~; tha.e .. terial •• hould. 
alao b. under • ha.ible outloo.' ou 
d.veloping tachnololi.. for affective u.a 
within the liaited period of tbe proarar.. In 
tba fir.t ye.r of tbe progra., tha followina 
ten .. tari.l. war. th.n cbo •• n for the 
preli.inary .tudi •• ; 

1) Structural .t •• l vith high .tr.ngth and 
low yiald ratio (high qu.lity .tael) 

2) Stainl •••• t •• l 
3) Alu.inllll alloy 
4) Laainat.d high-d •• pins .t •• l platl 
5) Ultra .i1d .teel 
6) Cabl .. 
7) Clad .teal 
8) St •• l-concrete coapo.it ... teri.l 
9) St •• I-rubber la.inat.d b •• rina for ba •• 

iaolation 
10) Titanium alloy 

aegarding th... ..t.rial.. the pre.ent 
condition of d.v.lop •• nt or production, 
material prop.rtle. and applicability to 
building .tructure. vere atud1.d through 
hearina froa .p.ciali.t. of production area. 
and vith .xten.iye literatur ••• 

3. TAlI.GETED MATEIlIALS 

On the b •• i. of the pr.liainary .tudie., we 
fin.lly det.rained the .. terial. to be 
adopt.d 1n the progra.. In the .election, 
the follOWing criterie wer. adopted; • 
.. teri.l co.1ng under at laa.t o~. of the 
criteria .hould be eli.inated: 

1) D •• lgn .. nuals or .p.cification •• re v.ll 
.. tabU.h.d • 

2) Ad.ini.trative tr.at •• nt i. nov n.c •••• ry 
rath.r than r •••• rch .nd developa.nt. 

3) Th. co.t i. too hiah for application to 
building .tructur ••• 

4) The produett.on .y.te. 11 not fully 
c_plat.d. 

5) The .. t.rial ha. low u.ability for .. jor 
.tructural •• aber •• 

6} Production and u.er .ide. have Ie •• 
concern oyer the u.e of the .. t.rial • 

Soma of the .bov. ite.. .hould be explain.d 
in 80re d.tail. That i., .. t.rial. 

Building a •••• rch In.titute, Structura 
Departaent 

2 Yokoha .. Nation.l Unly.r.ity 



..,11_11 Co eM ,e_ I.... aoocl ••• ip 

....ala or .,.elfleaeio.. OD ebe ... ,. of _Ie raMlrcll. Tbua. eMr. 1. a1M.t DO 

.... of a fareMr .t~ la thl. ,roar .. ; tlli. 
c:aa he .. U .".. if t..... .._11 or 
.pec1fleattou .. r. ..t .. ll ..... 'y UDOffleial 
a~. Alao ta t... e... of it_ 2. 
aec .... ry t.cbaical "v.lo~ac hal ".a 
~e fta1..... n c"'t _ ada1a1acratl •• 
trutMae ia _ ....... for ,."1'11 u. ill 
~'I.laa leruceur.l. Mae.riala eoalai ""1' 
tM It.. , .houl. .. .1t.1aae.. fro. ear •• e 
.. e.rlal. ltac. ~i14laa Itrucear.. u.. a 
lara. _t of .. t.dal ill a.aual. !bus 
the... of .ach .. t.riall woul. extr ... l, 
~.t till tot.l COlt of the buil.la ••• 
.... ntaa the It_ 4 • .ora Italli. u4 ri •• r 
..,,1, ..... 14 b. COllI I .. 1'.. • For la.UIIe •• 
If oa1, OM .. br elll ,rDdue. cll. ..c.rtal. 
It 1. DOC approprlat. Co •• y.lop a 
.tllllaclOli e.ellDOlol1 for c... ..t.rial la 
tbe aaCl ... l ,1'0,1'''', 
I, a,pl,taa t... crlt.rla to t... t.a .. t.rl.l. 
.. aeio... la the pr.e •• taa "cCloa. the 
follovtaa flYe .. t.riall "1'. ..l.ct.d .. 
c.r •• c .. c.rial. la chi. ,1'0,1''': 

1) Structar.l .t •• l ritb htah Icr.acth u4 
low ,1.1. rltlo (htab qualit, .t •• l) 

Z) Seatal... .t •• l 
3) Aluata .. allo, 
4) t.a1aat •• Illah-...,Iac It •• l plac. 
S) le •• l-rub"r laa1aatad '.arla, for .... 

lnlaCloa 

Bar •• the rlllOa for .It.illltiac th. ra.t 
fbi .. tar1&l1 Ibald .. brlafl, DOCa .. , That 
II. tbe ·ultr. ail.. .t •• l" which .... t ... 
1 ... 1' ,i.l.. .cr.acth arOUDtl l0ta/ .. I aDd hlah 
"uctl1ity elll be .appll.. b, oal, 011. .c •• l 
.. br.; thl. ..t.rlal corr •• poadl to the 
It_ 4 of ehe criteria. IIonYIJ:. thlo 
.. e.dal wou14" u.bl •• 1 ... t.rtal for 
• .... taa • ."le..... It 18 tllu ... p... Lhet 
.ora .taal ..ur. prDdac. thl. cype of .t •• l 
for .tabl •• ~pl,. The "c.bla".... .11" •• , 
aood ••• 1&11 aaaual. la che fl.1. of brl .... 
la J.pao. 10 the fl.1. of ~114taa 
.eructare.. thu.. an ada1DI.tratIY. 
CODaI.aratloo 1. DOW III.... co .. b the 
.. e.rial a.urall, u .. bl., The "clad .t •• l" .....lao .. ll-a.t.blla.... Itaa4lr'l 1D e ... 
flaU of cbaaical plaat •• nd .. chwry. 10 
tba world of ~i14taa .tructur... .......er. 
eba .... for ehla .. earlal 11 DOt ... up .. 
,.t. Tbua It I. too '.1'1, to pick ap tht • 
.. e.rial.. • e.r •• t. Tha ".t •• l-coacr.e. 
ca.poalta .. t.rl.l" t. la • '~e 
.Iff.reae ele •• ory fro. ehe other ~t.~~.l. 
becaue thla .. t.rial .... .11' ••• , h_.a U.14 
vI •• ly 1D ~Il.taa .tructar... lion •••• 
r ... nllll.o.o typ.. of .tructar.l ..-b.r • 
.... of thl. ..t.rl.l. for iaatlllC. .t •• l 
tu~lar eol-. fnl.. vith coacreta. there 
exl.tl I .taalflcaat .llcr.paacy la 

•• aluaClac .... 1' .tr.lllth. ..t .... a the 
"silo r.c_adatlol11 of t... Arehit.etur.l 
1D1tltut. of J.pea aatl t... IDforc ... at 01' •• 1'. 
of J.paae.a lull.taa Scaadard Law. lIony.r. 
thl. .lffar.ot .1a. .... DOt aa" _1" 
r •••• rcb and •••• lo,..al:. but ,robabl, • 
car.ful adaloi.tratly. tr •• t .. at for a .... r.l 
u... Tba "tltaol.. allo1" lo too .uch 
• ..... t ••• about flfty tlul.. co.tly .. 
or.lnary .t •• l. wher... thl. ..carial baa .,.ry .u.lleat p.rforaaac. • Thall. tbe 
ullbnlty of thi. ..tarlal .. , be •• ry low 
for '."1'.1 bull .. 1.. .tructura.. Bovevar. 
tbll .. t.ri.l would ba a •• ful for loe.lll.d 
a.. tu .tructur.. UDd.r .pactal eavlroa.aat 
.ucb.. au off.bor. coaditioa. 10 f.ct • 
tltalli .. alloy bolt. ba •• ba.a •• Valop.d lor 
tba u •• uadar .uch •• var. condltioDi. 

4. lSSUIS TO II SOLVID 

10 thi. ..ctlO1l. va ".crib. th. pr ••• at 
proc .... lac of the pro,r_ alUi t •• u •• to be 
.01., •• for .ach tar.at .... t.rial • 

Thi •• t.el hi. COallderabl, h1ah .tr ... th 
(60q/.2 ia ux'-a t ... n. Itralllth). but C'" ytal. r.Uo. elafiDI... th. ratio of 
,l.lel .tr ... th to ux'-a t.alir. .tra .. th. 
1. 1 •• 1 chaa 0.1. lurthll'8Or.. thl yi.l. 
atr ... th 1. vall cOlltroll.d with the r.ac. or 
41t3 - Sta/_I. .J.p.aa •• .ajor aill ..ur. 
ba.. alr ••• y ba.u .bl. to produc. thi. t". 
of .t •• l b1 the Tb.r.o Kachaalcal CoDtrol 
'roca.. (tNCr) which 11 .ppll •• ta the latte~ 
.ca •• of rrllia~. 

., a trial-tl.1111l .tud, 10 the prolr_. It 11 
fouad tbat 10 to 20 p.rc.ot of tho aIOUat of 
It •• l caa b. .a... wh.a thia IIOW .t •• l 1 • 
u... la 11au of DOrael .t •• l vith thl ,1.1. 
atr ... tb of 24q/.2. lIovaYer. chi. lI.taa 
would DOt .lva,.. .lIIur. tha .pr.a. of thi • 
• t •• l bec.u.. the co.t of tho .t •• l ls 
.xpect.d to lucr .... by 10 parc.oc or .or •• 
rurcbar.or.. the co.t of buildl.. .tructur •• 
t ...... l" ••• aov ta I ... ral • ..ouac. co .rOUDd 
20 porcaut of t... total bulUtaa co.t. Oa 
thl othlr band. the 118. of tbe a.v .t •• l CIQ 

,iv. a cODli •• r.bl. • •• lIItal. to .tructur.l 
... iDllr. .tac. tb. .t •• l would provido 
bulUtaa leructura. hI.,l ... oocl porfonaac •• 
lIovaY.r. thb kiad of _dt caaaot be ... Uy 
uad.rltood by buil.l .. ova.r.. Thea. the kay 
poiat. for .ffactl •• u.a of tho IIOW .t.al 
would b. a. follova. 
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1) o. •• lo,..uc of alV .cructur.l .y.t ... b, 
u.illl the a.v .t •• l 

2) St.plificatioD of .tructural ••• 1111 &ad 
lbortilliac of eOaltructioo tar-. 

... ardiaz t ... fint it ... lt ia DlC •••• ry to 

.... lop n.v d •• illl r.quir ... ot. which r.fl.ct 



tbe pecl&liarlty of tbe DeW ate.l. The a.cond 
It .. ls relatad to the ... ller .catt.r band 
of tbe yield atrenath of the aev at.d than 
that of DOnal .teds. It 1. a key polnt 
whether or DOt the veIl-coat rolled "i.ld 
.treoath would aake d •• iln proc.dur.. .i.ple 
aad .l~ aake In.pection work ea.y. 

2) Stalnla.a ate.l 

AI 1. vall known. .tainl •• a .te.l haa not 
only hilhar corroaion r •• iatanc. but alao 
l.rl.r ductl1lty .nd lower he.t conductlvity. 
than nonal carbon .t.el.. On the oth.r 
hand.. w •• k polnt of thi. ..terl.1 for 
I.n.ral u •• i. lta hilher co.t;.t pre.ent. 
four to five tl... a. exp.a.lve •• normal 
• tructur.l .te.l.. Probably for thi. rea.on. 
.taiale.a .t •• l i. not pr.vaillnl ao far for 
.tructural ...ber •• 

Stainl •• a .teel hal • lot of kinda 
corra.pond1nl to the co.bination of ch • .tc.l 
co.ponenta. Th.n. the two thlrda of .11 
product in Japan ia the JIS Irade of SUSJ04 
(18Cr-8Nl) which ia .u.ten.tic .tainla •• 
.te.l and aay b. 8O.t .uitable for atructur.l 
.. aber.. In oth.r Irade.. the Irade of 
SUS304112. which ir.-:lude. n1\;;-0ll)n. and the 
Irada of SIIS329J2L. which 1. 
au.tenetic-f.rrltic duplex pha.e .tainle •• 
• t •• l. ar. al.o applicabl. to .tructur.l 
... bar. a. hllh .tr.nlth .tainl... .t~el •• 
wher ... th ... tva ,rad.", have .0.. pro~J.e.a 

i~ weldlnl and forains. 

Th. flr.t probl.. in .. kinl ua. of .tainl ••• 
• t •• l for .tructural .. ab.r. i. vh.th.r or 
not .talnl... .t •• l .. aber. c.n b. u.ed 
without flr. re.i.tlnl cov.rlnl; d •• iln.r. 
would d •• ire to .. ka the be.t u.e of the fine 
• urfac. of .talnl •••• t •• l. For thi •• flr.t. 
thermal char.ctert.tlc. of .tainl... at •• l 
Mabara abould b. car.fully lnv •• tllat.d. 
S.cond. tb. J'pan... ..thad for flre 
r •• l.tina d •• lan .hould b. revi •• d.o that 
the thickne.. of fire r •• lativ. cov.rin, c.n 
be det.rain.d corr •• ponding to the th.rmal 
.tr... and the .urf.ce t..,arature of 
Maber.. Yet •• 1nce thl. i. a dra.tlc chansa 
ln the fire prot~ctive and re.i.tant d •• lsn 
philo.oph,. of J.pan. lt will take a lonl 
period over the r ... lninl y.ar. of thl. 
prolr ... 

Th. .econd k.,. i. dir.ctly r.lat.d to the 
co.t of .tllnl •••• t •• l. The pr ••• nt co.t i. 
ev.n hilhar chan ordiDery .tructur.l .te.l a. 
.. ationad before. Accordinl to the 
pr.lia1aary .tud,.. th.re i. little pro.pect 
of beias able to cut the coet by alar,. 
.. rlin .v.a after ten y.ara. Thu •• it .. y 
DOt b. r ... onable to build a .tructure fully 
vith .talnl... at •• l. Otherwl.e. .tainl ••• 
• t •• l aay b. u •• d partl.lly in .tructural 
.. abar. co aaka u •• of le. hilh Guctiliey; 

for iDltanc.. in ordinary ace. 1 aaab.r •• 
poreion. at which hlnl. foraacion 1 •• xp.cted 
.. " b. replaced vith .taial... .te.l to .ain 
.ar. hinl. rot.tion. 

The third point at i •• ue i. ln the pre.ent 
fabricatins .ad coa.eructinl .y.t.. of 
.talnlee. .te.l .tructur.. in J.pan. AC 
pr ••• nt a fev {ebrieatora can d.al vith 
.talnl... .t •• l to .. ke up 
buildlng-.tructural .. ab.r.. Ev.n th ••• 
fabric.tor. hav. not .lway. load quality 
coatrol .y.t.. La their f.ctori ••• 
Furtheraor •• a qu.llfyinS aatch .y.tea of 
v.ldin, vorker. i. noC eat.bllah.d a. y.t. 
Nov. in order to diffu.e ~talnle ••• te.l a. 
.tructur.l .. ab.r., the eatabli.haant of a 
fabrication and con.truction .yet •• 
.ufflciently a •• ured i. urgent bu.in •• s of 
coacerned .r •••• 

3. Alwaiau •• lloy 

J.pan now iaport. about 90 percent of all 
aluainua elloy inlot vhich i. proce •• ed in 
Japan. rroa thirty year. alO. the Japan 
Lilht Metal AI.ociation ha. dealt with how to 
.. k. lood u.e of .luainua alloy for 
.tructural ... ber.. On the other hand. 
b.fore the above activitie.. the Japana •• 
Archit.ctural 1n.titute publi.hed "Da.iln 
Guid.Un •• for Ai_inua Alloy Structure." a • 
a draft v.r.ion. Unfortunat.ly. however. 
theae actlvitl •• did not .ff.ctlvely .pr •• d 
the .. t.rial in the fl.ld of buildias 
.tructur ••• In particular ia the u.. for 
.. jor .tructural .. abare; alwainua alloy i. 
aot ,.et approved a. a .at_rial for .. jar 
.tructural .. aber. in the Japane.e Buildlal 
Standard Lav. AI racent ex .. pl.. of aluainua 
.tructur •• in Japan. we can clte a coverinl 
fr ... ov.r a h.ated pool, top-light fr .... 
Ir •• nhou.e fraae and .unrooa fra .. ; 
nev.rth.le.. ..jor .tructural .. aber. are 
aad. of .t •• l in .a.t ca.e.. The k.y. for 
d.v.loplna utillz.tlon technololi.. on 
alUllinua alloy are I1.U ar to tho.e on 
.t.lnl ••• ate.l. Bar. th. probl •• of fir. 
protect Lon and re.i.tance for aluainua alloy 
i • .are seriou. than for .talnle.. .t •• l. 
.ince the aeltinl point of .lualnua .lloy 1. 
even lower than that of .t.inle.. .teel; 
that la. around 620·C. 

On the other h.nd. r.,ardlnl ch. fabrication 
and con.truction of .lualnua .tructur ••• 
aluainua .xtrudial co.pani.. have 
.ufficiently covered thi. are. '0 th.t th.r. 
.xi.t. al8O.t no probl ••• uch a. poor quality 
of work. AI a technlcal point. finally. an 
.dvantas. chet fr.. ,.cCional .hap •• caa b. 
obtalned by extrudinl .hould be effectively 
u.ed. for in.tance. • v.ll .tructure 
coapri.ed of • thia v.lled vall-like box 
.ection includinl in.ide .tiffener pl.t ••• 
aay be a .tructur.l .YBtea pertia.nt to 
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alu.1aua all01. 

4. ta.iaat.d d&.plul st •• l pl.te 

Thi. ~iUI plat. ls coapria.d of two thin 
.te.l plate. aad • thln layer of vi.coel •• tic 
pol,..r tbat 1. adhe.lvely aaadvich.d b.tvaaa 
tba plate.. Whea tb. da8pina plate vib~.taa, 
vibrational .n.ray ia t~an.foraed lnto 
tbar.al .aerlJ by a .haa~ dafor.ation in the 
pol,..r, re.ultial in the Vibration hiahly 
~d. In particular. the daapina plat. 
..... to be ~.t affactiv. in p~eventlnl a 
aolid-propa,atin, noi.e. Stainl •• a .taal ia 
alao u.ad for the thin .taal pl.ta •• 

In J.p.n ... Jar .111 asker. ara producina the 
daapina plata for the u.. of floor plat ••• 
rooflnl plate. and exterior ataira. As the 
pre.ant probl... in fabricatina tha daapina 
pleta, th.re ia.oae difficulty in veld ina 
owina to coabu.ion of polywer end in pra •• 
foraln, ovin, to aprinl-back which di.turb., 
in particular, riaht-an,l. foraln, at 
cornara. Tb.n, the kay. for eff.ctiv. .nd 
vide ua. are to d.teraina • co..an te.tina 
,-&tOOcl for avelu.tina da.pina 
charact~ri.tic., and to at.ndardiz. a .. thod 
for .v.luatina the perforaanea of each u •• d 
portion in buildina. 

5) Laainatad ateel-rubber beerina 

La.in~t.d rubber bearina ia .. de of thin 
• tea~ plat.a and rubbar .haat. by paatln, on. 
ov.r the other alternatively. In Japan, 
aajor rubbar-tira aak.r. have initiated to 
produc. this type of b.arina for the u.e of 
•• iaalcally ba •• -i.olated buildings. By 
u.ina tb. rubb.r b •• rin,., natur.l vibration 
,.riod of. buildln, can b ... d. .xtre .. ly 
lonaer .1nc. tha bearing has • low horlzont.l 
(.h •• r) .tiffn •• a; th. bearina' .upport the 
buildln, wai,ht vith hiah v.rtic.l .tiEfna •• 
ovin, to the at •• l , pl.te. in tbe i ~uina. 
Tha typ •• of the be.rina .re cla •• ifi~d •• 
follow.: 

1. Ordinary type _ntionad above 
2. L •• d-rubb.r b •• ring 
3. Bl,h daapina rubb •• learin, 

Th. fir.t type b.ariu,. hkv. low inber.nt 
.n.rIY .b.orption .0 that additional da.par • 
• r. uaually n •• ded to fora. b ••• -i.olated 
.tru~ture. The l •• d-rubb.r b.arina conteln • 
l •• d plu, in.arted in the c.nt.r hoI. of the 
be.rina •• .n incorporattd d .. p.r. Th. 
rubb.r it.alf of the third type b •• rin,. haa 
hlah inherent daapina cap.dty .nhancad by 
.bina filler. 

In J.p.n, .a.t r •••• rch .nd d.velopaant ar. 
b.ina .. d. to .uaaariz. d,.iln ,uidelin.s or 
to accoapli.h •• fety ........ nt .. thod. in 
the follovina or,entl.tion.: 

1" 

l.tri-partit. R 6 D aaoa, th. Hou.ina Bura.u 
of tb. Kini.try of constructioa. tha 
lulldina a..a.rch In.titut~ .nd tha 
Build1a, C.nt.r of J.p.n; to d.v.lop a 
eaf.ty ........ nt .. thod for t.chnic.l 
.pprov •• ent of be •• -i.olat.d build in,. 

2.Th. Archit.ctural lnstitut. of J.p.n; to 
.uaaariz. d •• i,n r.co.aand&tions for 
b ••• -1Molat.d bul1dinas 

1.Th. Public Worke la •• arcb In.titut.; to 
.. ka proar... in the t.chnolo,y of 
ba •• -f..ol.t.d hi,hvay bridasa • 

On th. ba.ia of the .bov. proar.... the 
.ilnificant kay. in our new proar .. in then 
to .t.ndardiz. the ta.tina .. thod for 
charact.rizina rubb.r b •• rina., to ar •• p 
the .c.tter of p.rforaanc. ch.ract.ri.tic. 
of product ••• nd to .v.luate .,1n, 
characteri.tic •• nd dalradation of rubb.r. 
In thea. acttviti •• , it 1. hoped to refl.ct 
r.quir._nta of .tructural .ngin •• r. •• the 
u •• r .1d •• 

s.~ 

Th. proara. .tatu. and future work .ra 
bri.fly introduced concernin, e.ch n.w 
.. t.llic .. teri.l for buildina .tructur ••• 
As initial conclu.ion. on the ba.i. of 
pr.lia1nary .tudi ••• the follov1na thr •• kay. 
.r. found to be .i,nific.nt ca.aonly for all 
ut.rfa1.: 

1. Dav.Lopaent of n.w .tructural ay.te .. 
u.ing nev .. tarial. 

2. Co.t i.plication. 
3. Control .nd assurance of quality of 

product., and f.brication .nd 
construction work 

Th. proar .. 1. now in the b.,innina of the 
thircl y.ar .0 chat .. ny 80rt. of exp.ri .. nt.l 
atudie. are in proa~ •• a to draw de.l,n 
recommendationa on atructural .. ab.ra with 
n.w conc.rned .. teri.ll. Aftar tbr.. y •• r., 
thea. .oa. of thoa. ..teri.l. will ba 
recosnlz.d a. ".xl.t~na" .. tarial. not only 
by atructural .ngine.rs but by the build in, 
.dainhcrat1on. 
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ABSTRACT 

The st"onc-IIOUon aocel.rocr_a trOll ~I\. ',.gee 
Prl.ta .arthquak. ar. analY&eG for tn.lr lonl­
parlod cont.nt ln orOar to obtain a cl •• rar 
piotur. of tl\. lonl-perlod wav. propo.atlon 
datalls. Shear wave. !\avln, period. In the 3.5 
to •• ac, and 5 to 7 ~c ranles trayel across 
tour aro~ps at statlons wlth .a~l.factory 
coher.ncy. Oisplac ... nt accuracie. are or the 
order or 0.5 c. tor .cst ot this Gata, vltl\ 
slenal .. p!lt~O •• an order of "Inlt~e nllher 
than the nolse. R.aonane .... soclated wltn 
shaar wavea ot 1.5 He period are r,aponalble 
for about 3/4 at the dirfer.nti.l dlaplac ... nt 
neelsaary to unaeat the 15 •• ection of the Bay 
Brid ... 

KErwoRDS, Bay Brid .. ; coherency, ~lsplac ... nts; 
.artnquake; sholar waves. 

1. INTRODUCTION 

StroRC IIOtion ace.l.rolrapns rra. at least 139 
atationa vera trlllarea by tne Ms7.t .. In shock 
ot the ~ Prieta, californla, earthquake 
OCCUCf'91 ai 000.:15.2- GMT, on 18 october 
1989 l , ,3.). me nypoc.ntral deptn waa 18.5 
., deepar than lIOat .vents on the San AnOroe .. 
ln tl\l. r.lion. Durl", the 7 to 10 seconds 
followln, lnltlatlon, the roupture spread 
bilaterally alone the fault, and upwards towardS 
~he around aurtac. on th. 70· downward-dlppln. 
fault. me total ruptur.d s.ctlon is .atl .. ttd 
rra. after.hOck studi •• to be lIO IcII in the 
northv.at-aoutheaat direction, equiapaeed about 
the hypocenter, and 13 ~ d.ep, ral1in, to reach 
tile around _race by about 5.5 1cII. In tile 
hypoc.ntral r.,ion the relltl,e .atlon alone the 
fault ia e.ti .. t.d to be 2 • horizontally and 
I.Z s vertlcall,; til •• outllve.tarn aide .aVId 
IIOf'thv.atvard and upward with roe.pact to tile 
other 11de. mol right-lat.ral diaplac ... nt is 
typical of san Andr.aa .av ... nt; the vertical 
dllplac ... nta ar. not, althOUCh the non-,.rtical 
dip and tbe .lllftt ~G 1n the San Andre .. 
allcn-ent In thi. re,ion vill brve contribUted 
to thl. etteet. The ,ertical dlsplac ... nta are 
certainly coordlftAtt4 wlth the buildinl or th. 
santa CroU& Mountaina, 1n which th. r~ptured 
,.pent ae •. 

Althoucn the 139 atatlona vlth tri",rtd 
acceleroarapha ar. scattered thrOU&l\Out the San 
rranoieco Bay area and are .. to tn. east and 
aoutll of tile epicenter, aa.e apecific aroupa or 
st.tiona efford tne opportunity to atudy til. 
tran .. Js.lon of long-pariOd WAves alonl th. 
ar~nd aurface, or upwardl fra. the rock 
below. Thla atuGy il baaed on the appearance or 
way.a Wltll dlsplace .. nt "plltude' ot several 

~ens or centl~eters and periods or several 
seconaa dur1nl the rout1ne processinl search ror 
a :onl-period (low-frequency. low-cut) rlltQr 
~I\.t leaves relatively untouched thoae rroeQuency 
componenta wnoae slIRa1 levels are well aDove 
noiS. levels. 

Psrt nf this search tor a long-perioo ~i:ter 
rell~~ on the ract ~hat over an array of 
stations or scall enoulh geograph:ca: jimens1on. 
waves or sutficient wavelength (period tlzea 
wave velocity) m~st appear conerent aa tney 
cross the array, tha~ ia, t~ey m~at retain 
closely their shape and amplitudes, altl\r Igh 
they .. y be orrset In arrival ti.es Dy s· • 
allOunts. 

Another of the eore Important crlteria used In 
Qe~~~~lninl the long-periOd rilter is a 
coaparlson b.tvaen the Fourier aapli~ude 
spectrum (FAS) or a ailnal including its noise 
and the spectru. of a representa~ive noise 
aa.pl.. At the lon& periOd where tn.se spectra 
.011',01, nolse is clearly proalnent and a lower 
period sust be chosen for a rina: processin. 
t~lter. 

Prac.SSinl ot the La.a Prleta strong-metlon da~a 
continues at both the California Dlv1s10n or 
Hines and CeolOIY', Stronc-Hoti?~ 
lnstru.entatlon PrOlr .. (CSMIP) ) at 
Sacramento. and the U.S. O8Olo,ioa1 Survey's 
Cooper~i~v. N.twork or Strone-Motlon :nstrwaents 
(USOS) at Menlo Park. This investigatlon 
st~diea the processed data tra. arrays ahown in 
Fleure 1. at: 

1.1 Andarson Daa. 27 km tra. the epicenter, on a 
line perpendicular to tne San Andreas throulh 
the epicenter, and coverinl se.eral kl10Neters; 

1.2 Gilroy Array. NuaberS I, 2, 3, u, 6. and 7, 
c.ntered approxlsately 31 k. east ot the 
eple.nt.r, but spannlne trom 15 to 28 km trom 
tne n.arest part of tne rupture, .. asured alonl 
a line approxiaately atrallht ano transverse to 
the San Andr.a •. 

1.3 Stanford. Palo Alto. and Manlo Park. A 
trianlular array 51 ~ In a northwasterly 
direction tram the aplcenter, ano centereO 7.3 
k. fra. tha closest point of the San Andreaa, 
althouCh the rupture did not reach this point. 
Th. trianlular array. with on. etation at Its 
center. has sld.s betw.en 6 and 7 km lonl. 

'u.s. Oeololical Survey, Menlo Park, Calitornia, 
9'O~ USA 



1.' San rranciaco to OIkland. Thi. arra, .pan. 
15 IcII t'ra. tn. 'ranal.oan rOCk in San f'ranci.co 
to tne R.cent llluvi~ In OIk:and, rouChly 
tollowine the lin. or tne Bay Brld.e. Thl. line 
I. approxi.-tel, 97 IcII rra. the epicenter. and 
1. I11IRed :ransvers. to tne radial direction. 
It. center 11 •• 20 k. (rom the neare.t ~Int or 
the San Andre ... 

All proce.aed data frca tn .... tatlona are 
a.al1able rro. CSMIP (COMO, 630 Barcut Dr., 
Saor..-nto. California) and the USGS (Menlo 
ParM. California). rabl, 1 contalna the d.tall. 
of the .tatlona and In.tru.ents In the arra,s, 
with tn.lr routln.l, proc .... d lone-period 
U.lt. 

l. lCCUIllCT Of' DlSl'l.lCEI'IENTS 

The accuracy or 01splaoeeents calculated b, 
Int',ratlon rroe dl11tl&lO acc'lero,r..a haa 
Deen tn. subJeot or DlnI Inye.tl,atlvI .rrort., 
e.er .Ince routine proce •• ln, or accelero,r ... 
waa ~i)or.ea at CIltech In tn. early 
1970. • A description of the accuracy or the 
lone-period .. plitud.s Is r.qulred ror a Itudy 
of tn. dlaplae ... nt nl.torl •• at .ore tnan on. 
.tation a. wa.e. trayer .. a speclrlc array. 
The .. displac ... nts are charact.rlzed by 1001-
period content. conaequentl, lon'-plNed errors 
are or Inter .. t. The dlscuaalon la oontlneCl to 
.rror. derlYed frem the broaClband whit. nol,. 
.rrors In acceleration durlnl the 0111tl&lnl 
proce.s. The eau .. s or the ••• rrors lnclud. 
accuraoy In the .. l.ctlon or the centerline of 
tn. trac. ano round-orr error as~t'ted vlth 
the Lea.t count In tne I-dlr.otJon • 

SOurcea of error In thl dJ,ltlzed acceleration 
trac. tnat are removed by subtr.otlon of a 
01,ltl&10 r.f~r.nce trace InclUde lnaccurat. or 
non-rectilinear tlla tranaport dUrlnl recordJne. 
dl.tortJon durl", fiL. process Ina , and 
Inaccurate but consJst.nt and stable dJlltl&ln, 
nardWar.. The •• hardware prObl... lnehel. 
transportation ot the dl11tlzJne .. chan 1 .. 
r.l.tly. to the 01,ltl&10 tlla, and optici 
probl ... lncludlna paralll.. The ref.reno. 
~race to be subtract.d Is assuaed to be placed 
cloae to thl data trace. Theae errarl are not 
dJaouaaed rurth.r. 

1he CSMIP data dlsouaM<! h.re IS produced on a 
rotatina dr~ raater seann.r VftO •• optJau. 
operational charact.ri.tl01 Incorporate a pixel 
IJII In the Y-dlreotlon or 50 .1oron. A rn. 
trace 8Ift81tlY1tl o~ \.9081. reau1ta In a 1e .. t 
count ot 2.6 081810. Desorlptions or teat. on 
thll .,at_ Indicate tnat the !INS errr 11 ot 
t.he order ot OM count. or 2.6 0lIl810. Th. 
USGS data r.ported on her. 1. produced on a 
trace-tollovl", la.er eoann.r, vhoee leaat oount 
ln both dlrectJ~ns lion •• 1oron, oarr .. pondl", 
to 0.052 caVaec. ~llltlzatlon at fery ... 11 
"plltude rlcordl(1 and at typicil ret.rence 
tr.o •• contJ,... that the RMS erl'or, dlpendln, to 
.... .. tent. on the quality ot t.1Ie rocuslO1 of 
tne traoe •• Yari" bet .... n 5 and 15 .loron. The 

lI'.at "Jorit, or trac •• nave very nilh quality, 
wltn an KMS .rror or 5 .Icron, corre.pondinl to 
0.26 0II/HC2• 

The •• RMS .rror. In acc.leretLon can be 
translated Into RHS .rrors In 4Isplac ... nt. The 
PAS or a d11ltlzed rererence trace, treat.d a. 
looel.ratlon, I. r.latlv'~l flat tnroulhOut the 
entire r".queney rani' or tnls .tudy, 25 HE to 
10 aeo, Ineludlnl partioullrly 0.1 to 0.25 HE, 
and the dlsplac ... nt .pectru. would con.equently 
tall orr approxl .. tely with tne Inv.rs. square 
ot the rr.qu.ncy. Thl. re.ult. In the RM5 
di.plao ... nt errors In rabl. 2 ror the tva 
dill tiEl", procedur.s, at periods betve.n _ and 
10 seconds. Th •••• rrors are not n.cessarLl, 
tnOle In 1lst.eI peak dlaplac ... nts; they 
lnOlcate tn •• rror In osoillatory jLsp"~ement 
"plltud •• durl", oscillations at tne 1lsteO 
perlo08. meal IXpected errors aust t)t 

r'COl"I&ed In the rollowln. sections. 

3. DISI'I.lCEI'IIIITS ACROSS SPECII"IC ARRAlS 

3.1 And.rson D .. 

Proc.s.lnl the And.rson Daa recoro, peralt.s a 
tull desorlptlon of the decisions .. de on the 
lonl-perlod cont.nt. me •• Ire representative 
or all thl proc.asln, In thiS Itudy. The 
proc .... d til. records are troa lnstruaents at 
ttl. creat, l.tt Ib~taent. and do .. nst~ ... at tn • 
• art.h and rocktlll structure, 6 •• hlah "ith a 
cr.st. lenlth at .22 I. Th. abut .. nt and 
dovnatre .. lnatrua.nt. are approx~ .. t.ly 300 • 
and 250 a, r.spectlyely, trca the cre.t 
Instn.ent. 

An accurat ... aaure or the lons-perlod nots. 
.ttect. oan be obtained In the spectral doaeln 
.. tollow.. When I rer.renc. trace Is 
.ubtracted troe a data trac. the result Is 
.ttectlvely tne su. of tn. nol,.-tr .. Sll1f1al anel 
a quantlty equal to tn. ~lrr.r.nCl bat.veen two 
randoa error hUtorl... At. lon, enouCh periods, 
the ftol .. 11111 be doeLnant, and the FAS ,,111 .0 
indlcate, vith InCl""ln, a~lltuoe.. A clo .. 
approxl .. tlon to t.he spectral cont.nt or tnl. 
ditrer.nee betveen two rlndoa .rror hl.tori •• 
can be obtaln.d by subtract1na the r.leyant 
ret.renc. trac. rroa a Slcond dl,ltlZed 
ret.rence trac.. pr.rerably clo .. ly placed on 
the orl,lnal reooro. At lon, .nouCh perieds. 
th1l .peCtrllll vlll tller.ror. have the ._ 
lnor.aalns upl1tude. a, the prevlou. one. Th. 
spectra ... t and coalesce at periodl where nol .. 
IS doalnant OY'r t.h. alanal. Flsur' 2 coepar •• 
the Fas ot the l.tt abutsent 2-3- coapon.nt 
(vlth no tllt.rlnc, but .. lth ret.r.nce trac. 
.ubtracLion and ... n yalue subtraction) vlth the 
FlS at another r.tereno. tra~. troe tn ..... 
f11., prepareel In the s_ vay. Th. ,pectra 
nay. bar.ly ... "d at _0 .. 0 (O.Ol5 HI), a 
perJod .qual t.o the record l'neth. At 10 .. c 
(0.\ Hz) there la at l.a.t an ord'r ot .. ,nltud. 
bet .... n tb •• e lpectra • 

FJlt.rln, at a ,.rles ot lona-period cut-orts, 



" ... ly. ~. 6. '0. and 'C ,ec. ,nowed that '0 .ec 
wave. cro •• lnl thl. 3-station array re.&lnea 
coherent. Thls 1. shown ln Flgure 3. wnere the 
dlaplac ... nt. at the tnree statLonl are orrset 
.ppropriatel, ln the T-directlon ror clarIty and 
in the X-dlrectlon tor alian.ent In ti .. -­
these Lnstru.ents are not wired (or si.ult.neous 
trillerinl or c~n tl.lnl urk •• Ca.p.arlSon 
o( the.e dlsplaee.ents with the value (or the 
USGS IIMS error of 10-second wave •• na .. ly 0.66 
c.. is lood. Anoth.r reature lliustrated v)' 

thl. (Ilur. IS the .nape or the corrected 
dl.plac ... nt wave. at the ti .. o( trllStrlng. 
The bi-dlrectional Butterworth rllter perrorms 
with no obVIOUS distortion. and no rlngln&; the 
dlsplac ... nts rra. the non-si.ultaneous 
trlilered records lin. up well. 

The shear wave. arrive at And.rson Oa. 3.5 sec 
Arter the rirst Instru.ents tri".red. AlthOulh 
.near va.e. or all perl04$ arrive at practically 
the ... e ti ... the 10-.ec riltered di.plac .. ent. 
eXSllerate the wave. or lonle.t period. The 
3ao· Qa.ponent. alon, the dam cre.t and 
approKI .. tely parallel to the San Andr ••••• hows 
a probable ,hear wave or peri04 5 to 7 .econd •• 
havln, initial .ation In a direction cloae to 
southe .. t. Radlal motIon. not cl.arly 
a"ociated wlth the.e .hear •• alao haa pro.lnent 
6 sec perlod •• 

3.2 Oilro, Arra, 

The long-period li.it cho.en ror the.e CS"lP 
records is 6 sec. usinc a rilter wnose response 
ralls to zero In the lnte~val between 6 and 12.5 
He. The north and ea.t c~polients or all six 
.tatlona Indicate a sharp shear wave arrival in 
tne nortneaat direction. 3 sec .rter trillerinl 
at 11. and 5 sec arter trillerlnl at 16. Thl. 
la probably a transverae snear wave. lnltlal 
motlon ln the HE di~ect10n. the wave r~ont 

acvinl down the rault 1n the S[ d1rectlon. The 
amplitude or tnt northeasterly swinl ln 
d1.plac ... nt ~eaOhe. 22 c. 1n the all~vlu. 
depoSits in tnat part of the array closest to 
the San Andrea •• and fa.ls to a rew centl.eters 
at the array's eastern end. 28 ka froe the 
rault. 

Thl •• hear pul.e provide. the proalnent lons­
per i OCI around IIOtion to the southeast or the 
earthquakl. The displaoement plata indicate 
that at eaCh station. arter the lnltial around 
.at10n to the northe .. t. a number of waves with 
apeclfio perlodi were prom1nent. With the help 
or the FAS plots. tneae perlods are found to be 
1 .... 3 and 5 sec. 

3.3 Standard, Palo Alto and Menlo Park 

Four at.tions torminl a tr1anlle with a central 
point provide rlcord. that lilustrate the around 
action in the vicinity ot Stantord Unlver.ity. 
Triaxial .. nsors at around le.e1 recorded the 
IIOtioo at a Stanford parklnl lara .. (SPC). the 
central point. 51.3 k. in an appro.l.ate 
norLhweaterly direction froa the epicenter. The 

st.tlona at Stanr,)rd SLAC. the Menlo Park VA 
Hospital. and the Palo llto VA Hoapital are eaCh 
approxisately ij ke froe SPC. Three ot the 
.tatlona indlcate that around IIOtlon duri"1 the 
pasa&.e of a 3.5 .ec w •• e was t~a~ver .. ly 
aliened w1th the epicenter; a HAll ve'-tical 
co.ponent to the IIOt10n IS alao present. Th. 
peak dllplace .. nts at the tour .t~tlons d.pend 
on local leo.olY arracts. ~8.onant 
ampliric.tlons and wavea at shorter pe~lod •• but 
the .. pll~ude o( this apecir1c lone-period wave 
1 i.e. 1 .. the ~anle or 12 c.a at SLAC. close.t to 
the Sin Andre ... to e 1/2 c.. 

Coher.nce Ls eare dirrluult to Ldentify Ln the 
accelerations. Several occurrences or 1 Hz 
content is identiriable acroas all rour ~tations 
In tnair sost e.st-west trendLna components. 
Peak accelerations. however. are a.soclated wjt~ 
hilher rrequenci •• than thIS. arrected also by 
local 1801081. reaonance •• simultaneous arriva~5 
ot pea~ amplitude. tram hllher rrequency waves. 
interaction wlth the structure houslnl tha 
lnstrwaentatlon and other nearby structures. ana 
other conslderatlon •• 

3.~ San Francisco to Oakland 

The loncitudal .ations of the eastern portion or 
the Bay Brld .. between Terba Buena Island (~8I) 
and OIkland are e,tl .. ted fr~ the alln .hock 
records fro. acceleroaraphs at lBI. the OIKland 
Outer Harbor Wharf [OHW) and the PacifiC Park 
Plaza at Emeryville (E~). lBI la on Mesozoic 
sedl~nts of t~e FrancISCan r?raatton and the 
recoraed lonl-perlod motion .. y be considered 
representative ot the western abut •• nt of the 
cantilevered .ectlon of the Bay Brld.e and also 
r.pre.entative of the lowest level. or the 
conc~ete pier. under the cantilevered section 
and the steel truss .ectLon In contact wlth thl, 
.... nard rOCK. OAK and EMV are on tilled land 
overlyinl Recent Alluvium; their motion is 
repreaentatlve of the eastern abut .. nt or the 
Bay Brid .. ln oakland and the ~owe.t levels or 
the piers .upportinl the bridle n.ar the 
ab~t.ent which are In contact wlth the .aae 
sedl.ents. 

The recorda were riltered at a lonl-period limit 
or 6 .econda. and rotated to an BO· alllnBent. 
Only OAK had radio tlme (triller time was 
0004:35.0 GMT on 18 O~tober 1989) so that 
alianment In the x direction was .. de in.tead on 
the arrival or the S wave, us!nl the 
accelerocraa trace. and concentratlnl on 3 to • 
Hz content. At the s ... lnatant. the 
dl.placement plots show tha arrlval or a 10RK­
period wave of 3.5 to _ sec periOd. 5.8 ca 
aaplitude. transversely allaned with the 
epicenter. that Is. lonlltudlnal to the 
brid... The hard rock .ites 1n San FranCiSCO 
(n ... l, Paciric Helcht. and Rincon Hill). TBI. 
0I4W and EMV all cont.ain this vound 1DO ..... nt 
with re .. rkable COherenc,. A hilher rrequency 
wave (period 1.5 .ec) i. also barely preaent. 
rtdlnl on the 3.5 t.o q .ec wave. on the rock 
altes. At EMV and OHW this has resonated to 
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.-plltude. ot 8.6 and Il.T 0., re.pectlYely, 
stUl 1'141.,., now In an over~rl", way, on t.he 
lonpr waft. If the uauaptlon U UCle tnet OtIW 
,. repreaentatlye or tne 10n,'tu4lna1 atut. .. nt 
_tton, .wbtract&on or 'till rrCII OHli yield. a 
dlrr.,.entlal dlsplac ... nt peakln, at II a. 
bet_n the two brl~ ,Dut_nu (rtlW"e 4). 
C&1trana .... ur.a.nt. 8 lndLeate that tne ends 
ot the t>fO t!'IIS_. vnere the 15 • bl'ldp deck 
dabe raLle4, ..... r.tee by 26 <lII snd retlrnea 13 
CII. TIle llaarlna s ... t. ... " on:y 15 a. vide. A.s 
repor~ hara, .... ur ... nt. trCII tne records 
indlcata tnet. 11 <lII or Hparat10n o<:currec at 
the roundation 1eYI1. Structural dyna.les 
4..-1"1 the eartnquake IIUlt account tor the 
r ... lnln. Caltran. separation. 

-. COIICI.USIOIIS 

Althoulh lI'ounc acceleratiOns recovered trOi 
.tron, lOtion aooe1lrOll'&&I proylde a .. ane tor 
calculatl", tn. torc •• surrered bY the 
• tructur.. atrected by the Lola Prlet. 
eart!lqllake, a better undentandln, or t.he 
oyerall 1I'0und .ations ... natln, rra. thl 
eplcentral area ha. be.n ootalned by cons IdeI' Ina 
tne 10R1 period content portrayed aoat clearly 
at tnte,ratad displace.ent.. Eatlalte. or the 
total rupture duratlon are 7 to 10 .. c, but the 
eoat proalnlnt CODpOnlnt. are sh.ar vaves or 5 
to T .. c travellin. northeast vlth 1I'0und 
aotlona parallel to t.he rault, ana an.ar waves 
or 3.5 to • lIe travel1in, to tne northwest and 
80Utlleut vi ttl lI'ouna IIOt lona tranlver .. to the 
rault. 

A8pllrlcatlona and resonances at 1.5 SIC ar. 
cl.arly re.pan'lble tor aQlle of the .are 
1l1li'"1'.1" d_ .. to the Bay Brid ... 
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&111. L. &rlDlt •• ",' 
A. G. 'ranklill' 

Dladll9 tile .... it ... ".1 ~ .d.t. aanhqlaab of 
CIot .. c 17, 1 ••• , ~ _ ... i .... praAd ln tile 
_ ntai .. and too .... _c tile .,Lc:ant.c, but tltllec­
.. 1 •• _. c:_ntr.tlld in pocllet •• cound the .acvin 
of ... 'cancLIICO .. ,. ~ pocket. occucrlld ..... r. 
_l_rablo .tnaetllro • ..ere founded on depoeit. of 
__ y .ud, whicll -.pllfilld tile ,round .cceler.tion. 
ln tile ... t_.t direc:tion by an ... r898 factor of 
2.', and in tile nortll-aoutll dlrec:tloa by •• 2. 
CIoc.arrance. of liquef.ction _tal ... tile .,i_tr.l 
area typlc.lly ..e_ ln aetUlc:ial fill _urlal. 
placad on bay _d. Tha c:08Iblaatlon of tblck bay 
_d depoai.ta and liqy.fi.abl •• andy flll .... parUe­
IIl.rly ...... UU'" ln tha llarlna DL.trlct of .. n 
'renclaco. 

1. 1!I'fII1RUCtlQl 

The La.a 'rl.t. earthqu." 01.. • .... J.t..... ".1 
eYeftt tut occurred at 1104 p ••• , california 
Day11",t .... ill9 TWa, on CIotober 11, 1 • .,. TIle .. rt... i. bellned to h... been .,._ratad by 
~t on a ....-at of tha Ian AIIdr.a. f.ult with 
·a~thetic· .cth·.tlon of branch f.ult.. __ .. -
.r, tlle_ 1. 110 _ldaftca of nl.tl __ nt on 
the !Moclace tc_ 01 the san ADdroaa fault. TIle 
.,lcontoc, prlnclpal .ctl_ la .. lt. 111 the reflon, 
ODd tile ana of .1c~lIqu.kH that ..en recorded 
by tile V.I. Geologlcal S .. ney wUllln t_ da,O 
loU_L", tile eYeftt, an .a-n on Pi9lln 1 I fro. 
'lafur and Oall_y, 1t1.). TIle .ic~rtbqu .... 
lIM11c.t. the ORent of f.lIlt rupt.1I&'O 1a tha ...... r­
face. TIle Lncl ... h" area t ... t 1& np_tod 1 • 
• ppcox~toly 110 .. by 10 .. and i.d ..... all of 
tile ~&'OpOl1t .. area frca S .. "'_ to .... 'rencl.-
co .... oakl..... .Ullin tll1 •• r .. than _. appn­
clabl0 but loc.U'" ..-.. to otnctUnA fro. 
.hak1Dt, ooU U.-faction, .... ,&'OIIItd di.place­
_ftt •• 

2. Irrpr gr P',"' "I,eTP JR LICIlIQCT'QI 

&an.a •• ffoct • ..en WL .... proM ln tile _nulne 
and t __ tile .,lcentor .nd ln _11 l001atod 
pocUt. taroutt-t tile ... rrancloco "y area. TIle 
wc .. toot pnpert, ...... occu&'nd 111 tile __ a of 
santa en ..... "t_.Ul ..... in tile IlULna 
dL.trlet 01 ... 'cOllCL.co. ItIen..en _&'OV. 
faUllU .. , ..-aced hl,twa,~, and dl.loc.­
U. 0' u.ffLc ,dnclpaU, ln "r.101 UMI eMIll..,. 
on latorotato-IO .... lator.tato-llO, al_ .. n of tile 
MIl 'r.ncl_ eMIll..,. .. y k1dlJe, .... tZ'llctLon of 
tn. _1 •• t Itn ... 10llfll OIl .1' ..... ' 1 at 
.. t ..... 11 1., and at ... l .. ....,. to 11 .... , 17 

DOrtb of santa ena.. Additionally. there _. 
"_ar ~ .t the A1 ...... aval Air IIt.tion and 
the oakland latornatlona1 Airport ..... .,. ill the 
t.nlnal _UdL", of tho .an 'I'.nci.co Int.rnation­
al Airpoet, ,1". "-.,. to proporty and coM. tr _ 
.arth _aU end 1.ndaU .... thrOll,hout the .anta 
ena MIIntaln.. 111,..1' laM.U .... occurred aloll9 
tho .acifLc coeot, ,..L", potential baaacd. whore 
IL9Iway 1 .... Ilrban ...... lopll8nta 11. LII clo .. 
pcoII1a1t, to tho coaot, a. at la1f Moon "y, 
'acUica, and foac"'ro. 

L1quafaot1Oft .ff~. _n ..... 1'YOd .1'0\:-.15 the 
aarvln. of San 'I'anclaco "r at .... r.l locatlon. 
011 bay ~, .. peciall)' at .it .. wboce .andy fill 
......... plaCOCl OftI' tile bay .. d. 'lIch occarrence. 
lncl ... tile Ian 'rancL.co IlUlna Dhtl'Lct, the 
00Jr.1 .... IntornaUonal Alrport, the A1~ ... al 
Ur It.tLon, .... tao Port of oakl.nd. OIlte1 ... the 
lay .na, 11 .... faction occurc.d Ln you", all ... ia1 
...... it. naar the .,ieont.r. notably 011 tha 'ai.I''' 
and Ian a.ol'eaao .1 .. r •• 

2.1. 1M "Msileg - Qtlsl,JMI Are. 

la tho San 'cancLaco - oakland aroa, then _r. 
di.npt.L ...... coati), ~go. to bddgo., fr_y., 
wtlOZ'fte, IIIIUdL",. aM tho .. ,01' airporu. Tho 
coat.r of thl. un L. about .0 .. fl'_ tile opicon­
t.r 01 the oartbquau, • di.tallCO at "",tell tile 
tnuacI .,.i_ .... to the oarthqua •• hould ba_ 
..... wnatl, att_.tad. ...I.rnco to rL9II1'O 1 
.1Iowa tll18 ana .. lIOdifLed "cc.lll (_, lnt.neity 
__ Yl ancI VU. .Ullln t..... aona. an _r.1 
LntoaeLt1oe VIII and IX t ... t an in tile fon of 
locali"', _lou. lnt.neiti... 'l'ha III Lnt.n.i­
u .. in till. c ....... , ... .,...ra11111d a.1 

91 '.eontiall, DO .tnactucal ~ 
·'tll ... U,U.1. otnctlleal ~ 
VIII ~"'ld of ~ to 900d conatnactlon 
IX UpULCaftt ~ to 900d coaatnaction 

ItIe _lou. int:eftOltloo 1a rL9II1'O 1 aro cl .. rly 
tho roeult of locally unf .... rabl. condLtion. ~cb 
a. lie, .......... artificial fill, aU of the _.­
U.. an i."l _ch ana.. '1911- 2 ..... 3 .ho...o 
ttl1eknoa_ .... dept. ... 0' r-n9Or bay ~I fi9ll­
•• 1Iowa tho dept.h to bedrock. III Upn ., the 
M&'1na DiRl'lct 1. IIbowII ............ ,..nt. TIle 
contOlin 011 11911n. 2 to 4 an frca Gol .... U".). 
ItIe M, ..... are eo.pGHd _tly of .. &'1110 clay. 
t ... t an Laurs1Jloll wLth 1 .... 1' qyuUtL .. of .Ut. 
alllll 11_....... Additionally, there La or.aale 

, V.,. any .",1 ... 1' "to",.,. Ix,.I'Went ltaUon, 
YlekAul'9 ... 1 •• 1 •• LppL ,.110 



.. tter including .cme peat. Upper layer. 01 the 
aud ara uncon.elldlted Ind Diy be ... i-fluid. !be 
MarLna Dl.tr1ct i. on. of the Ir.a. in which rubble 
fro. the 1906 San Franci.co earthquake wa. du.ped 
and later covered with •• nd. 

A .eetion of 1-880 in OAkland. known both •• the 
_'-ita Freeway and ae the Cypra.. Avenue lapre •• -
.. ay. .uUered a collap.e 1n .lee.t 2 .. 01 the 
upper deck duung r .... h hour traffiC. The e.rth­
quake ~t10ne cau.ed the r.inforced concrete 
colu.n~ to crick l.aving the h1nge joint •• upport­
i."9 the deck. un.tlbla. A. the col\dIA. buckled, 
tha deck •• lid and dropped. 

Daaage to the ft.eway i. almoat the only 4"'91 in 
th.t area. The building. ale mo.tly intact, a. are 
the other elevated •• ction. ot highw.y in the area. 
A f_ coll.p.ed en; mney. and brick f.ci"9. _re 
Ob.erved. Tha 1-880 collaf.e occurred entirely in 
a .e~nt that wle fou~ded on b.y .ud.. Horiaont.l 
.otlon. in thi •• re. fer rock •• lluv! .... and ~y aud 
during a .. gnitude 4.1 Ifterehock (Borchardt and 
Rough, 19891 .how that the b.y .ud had the effect 
01 .. plifying tha motione by a tactor 01 about 5 
ca.par.d to rock and &bout 2 compar.d to .lluvi~. 
Aaplilication ot motione in the b.y -...d .lao h •• a 
.pactr.l effect ob.ervad in longer pr~in.nt 
peri.od. of motion. 

E.rthquake .at ion. recorded in the tr~. field on 
bay .... d. nearby at Eftleryville during the "­
Prieta earthqu.ke had a peak hori&ontal accelera­
tion of 0.25 9. 

2.1.2. The Bay Brid9_ 

A eingle .pan ot the San Fr.ncieco - OAkland lay 
Bridg. collap.ed durin .. the e .. rthqu.k.. 'I'he bridge 
w.a otherwie •• ttucturally int.ct. Later.l.oYe­
.. nt on the ord.r of .ever.l feat appear. to bave 
occurred in the pier.. The ~v ... nt .ne.red bolt. 
in the upper .tructure holding the .upport beaae, 
thu. parllittln9 the uppe.: deck to cr •• h clown. 
,.,.,a1n the culprit appe.n to be in the gr •• t.r 
e.eit.tion that wa. 9.~.rated 1n th1. portion of 
the foundation .oil.. The bay .ud. ha~ •• tbick­
ne.. ot .pproximately 40 ft according to the 
interpretAtion 1n fi~"re 2. 

In aerial photo9raphe .. de the d.y after the 
.. rthquak. Cfi9Ure 5) •• and extru.10n. eharaeteri.­
tic of liquefaction can be ... n on the approeChe. 
to the toll plaza on the Oakl.nd .ida of the Bay 
Iridge. The.e depo.it. ot •• nd wera MeUer in 
lJrtant, but oth.rwi ••• iJIIilar to. tho ..... n on the 
runway. of the Alameda Naval Air atation ~ ~he 
OAkl.nd Int.rnaticnal Airport. 

2.1.2. The Marina D~et.lct 

The Marin. Di..tri.ct 1n San rrancilco .I.. an are. 
that .uU.r-.1 a concentration of coatly d ... ,. t.hat 
included a fir. ree.,ltin9 troe • bur.t V., _in. 
rifUr. 6 .nowl the Harina .re. on 11 October 1"', 
tile day fol1_1ng the .arthquake. Tha II\Irnt-out 

.re. ... ill the center 01 the pictur.. Oft an 
oppoait. coner i. I l1\111dinv that Wa' twiated off 
it. foundatione. In the re.t of t.he are. tile 
-..age 11 veneraUy le.. .pectaclll.r tbou9h on the 
9rOland one c.n ... _cb ~ in the fir.t .tori •• 
and in the ... ,,_nt. .ncI .tr .. t •• 

FifUra 7 ahowe the boundarl .. of the area in which 
.. jor dMa,. occlirred in the Marina Dl.tdct.. A. 
a .. n in fiqure 4. the ar.a ... unclerlain by deep 
depoaitl of bay _d. 01\ top of the bay .... 1 • 
.rtifieLal fLll 0_,. which •• nd he. been placecll. 
Adclitl.OIally tllera are areal of natur.lly occlirring 
.and. fro. beache. and dune.. aine. the ara. i. 
nearly at ... 1._1 .nd .... nti.lly Ilat, _ch of 
the near-.urf.c •• an4 v •• water .Itur.ted. 

The co.bination of found.tion conditio". _. ideal 
to a •• ura .. rioll' d ... ". in a .trCN\9 •• rt .......... 
• deep, 10ft aoU collllln to UlplUy the bedrock 
.otionl' duaped flll and liqu.f.ct.l.on-.ulcept1bla 
.and cwerlyift9 it, and a hi9h .. ater table to .llure 
e.tur.t.ion of the .and. 

riqure I, fro. Pl.f-'r and Gallow.y Cl.8'), ahowe 
the affect 01 IOU condition. in _plltyinv 9round 
.otion. dllrin9 • "Vftitude •. 6 attar.hock of the 
LOIIII Prieta .arthquake. t'he accelaroqr.ph loca­
tlon. ar. Ihewn in tLqura 7. The ".rtic.l .. loci­
tie. _&"e _a.ured on a.ndltone, dune .and, an4 
.rtificial fLU. The .. ater-.atunCed dllne land 
.howe ... k .otion • .are tun 5 t.~ ••• !Jren a. in 
the Idjacent .. nd.tone outcrop. 

ac....e .ffect. of aoU lJ.qu.f.ctioft ar. _ft 1ft 
tLfUre. • co 11. P 1911re • .hew. .and extnadon 
vit.h blow hole. ln the .. rina Gr .. n. "ifUre 10 
.tsow. .Ind anna.ion. ""lcb r.n out froe under a 
9arage door .nd over the l!cIew.lk. __ rOUl c .... 
01 eand extru.1ona 1nt.o __ ftt.. were reported. 
Lat.ar.l t&" __ l.t!.on of CM ... _nte rlding on 
11quefled .. nd cau.ad the buck'inq and breakup uf 
t.he ,Ldewalke and .tre.ta 1n fl9llr. 11 • 

2.1.', Tile Port of Oakland 

Tile port faeilLti.. in oakland aufferad con.idar­
able ~ troa ehakiftljl and fro. IOU Uquefac­
tion. D...,. to the ""arve. occurred fl"o. .haklft9 
of tha pUe f_ndationl ""'1".. liquef.ction •• 
the chi., call.. of ~ 1ft t.he adjacent aoU 
area.. Liquefaction.. ob....... at diltancee 01 
\&p to 31 • lnland. 'a_nte _re dropped 111 tbOee 
ar.a. I"el.ti .. t.o the cIocka by up to 4S CII. 

2.1.&. Ala.ede _a".l A1r atat.ion and oakl.nd 
Int.e&"national Airport ... _y. at the A1 ....... "al Air ataUon and .t. the 

Oakl.nd airport .utl_red lpact.eul.r effect. lro. 
l1quaf.ct10D. Pl.fUra 12 .~ •• nd elltrudon. on 
the ru_y. at t.he Al~a .. val A.l.r at..t.10A, _ 
01 which, 1n thl centar 01 the photo, 1a 120 • in 
lanqtb .nd '0. in ....... vidth. There i. • 
11near!tr 111 t. .... U~nt 01 Cile .. 11 .. f.ct&._ 
occurrancea. The IOU. _re placecll a. fUl _t..rl.­
ale. In t.he are.e _rlcld wlth croe ... conal_rabl. 
cr.cklnv t.ook placa in tINt ... _nu. ~,.. in 
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~ .... "l.nc.. tn tlMo Karlna Dl.tr1et of .an 
rl'anet.co, wiler. d_~ ro.ulted lr_ • eoooblnation 
of liquofaction In the foundatlon eol~. and weak­
ne .... of uft.llltably bul1t .tr"ct"r •• , _re ropeat­
ed ln stlMo" .".... TM bu.i ..... di..erlct of aant. 
C&'Ua ....... r.ly d-vod ••• 1' •• ,,15 of "nf •• or­
able con.5&'Uction, in this ca.. "nreinforced 
.. 8Oft&'y, ,rOUnd .otion a.plification In all"vi.l 
soU., and po .. ibly liquef.ction 1n U. found.­
tion •• 

~ depth of eoft aoU •• arie. f~ 1 to 165 • and 
cont.ln ... &')' yOUnt aUu.ial d.po.it.. Yho .r.a of 
_r.ot property d ... ".l0 .djac.nt to the pr ... nt 
cour .. of tho Ian Loronao Itt.".r. ~ d.po.it. of 
soU wIllcll .igllt II ••• been .lltruded by lJ.qu.f.ctioft 
won ob .. " .. , INt tbey collld ba.e I' •• "lted fr_ 
b"okan wat.r li..... ~ gro.. di.50,",,10n of P8"­
• nt., .\Icb •• that _n in tho Mari.na Di.tdct, 
wa. ob •• rved her •• 

f.ant. C""a .... clo.. to tho .picent.r of tho 
•• rthqu.ke and .xperi.nced pe.k .otlon. th.t "'1'. 
..... red .... rby .t 0.'0 9 •• rtic.l and 0.54 II 
!lor leOftt.l. 

1i9\lr. 13 .bov. fl •• ur ••• nd "ndul.ting di.pl.c.­
.nt. in tbe 1 ..... long tlMo S.n Lor.nao .her ... ar 
tho bu.i ..... dlotrict of Santa Crus. rigur. 14 
.howe t ... pett.rn and •• t.nt of the •• fl •• "r ••. 
Y'" 1..... wen ..... rely d ... ged throughollt their 
1_1' r.echo.. Gro"nd di.pl.c:_nt. vel'. _.tly ln 
tho fora of .longate fi •• ur •• th.t parall.led the 
l.nvt.h of t ... 1...... .yowitn •••• ccount. of the 
earthqu.ke desCribe largo ground ",ave. that _ad 
tMougb tlli.. are. of V.&')' thick. uncon.olid.tad 
.11\1vl.1 depo.lt. In whi~h tbe ... t.r table 1 ..... r 
t .... urfaeo. After the •• rthqu.ke •• ancl •• t"".ion. 
ad,aCOllt to tho 1_ _re apparent _I' _ell of 
ita lOft4th, lndio.tint liquefaetlon of tho founda­
tl_ .011. undor tho 1 ...... 

2.3. IIstpD'ille 

DowDt~ •• t8Oft.111. had a cone.ntr.t1on of 41"'90 
ln tM ..... 1 ..... di8trlct .taUar to that which 
occurred In aant. Cns. The CO" ... _1'. the a_, 
unreinforced __ cuy _.truetlon on ... ry thick, 
~nCOftsolidatad so11a vith a high v.ter table 
n.ultlng fr_ tho loc.l .1tuation In • yaU.y 
010119 tho •• ,aro ai"r. '1'lIore w ••• 1.0 wide.proad 
cs-ge ln 1' •• 1dentl.l .r.a., ... tly d". to coU.ps. 
of ch~. and inadequ.t. 1.t.I'.1 braci"9 .t tho 
foundation connect10n •• 

Le9Ha _ the •• ~uo a1_r in and _ar "ateonvU1e 
_1'0 ..... .,.ct ext.".i •• ly, _ch a. ln '.nta Cna. 
.19"1'. 15 .a-. e10ntate u. •• ur •• in tho 1 __ • 
dovnatre_ f~ •• tson.Ule. ~ of the .. u.­
• ur •• _1' .. a.llred .t 2.0 to 2.3 .... 1aa depth, 
_lell Mkee t.- eUghtly doope" that tM 1., ... 
an hltll. 'and _tru.lon. ln a plovad fL.ld 
adj.cent to tho 1.... are .'-tl in figure 16. 
""'"e L. a llnear r"ptur. with •• tn.lon of •• nd 

and _lUple .ent 1101 •• 010"9 t ... aUv-nt. otMr 
occ""l'ance. of aand •• trualon "'1'. e_n In tho 
.iclnity of tho 1 ...... 

3. WJII!XlW qlQ!llp wzrlQlI 

Pl", .. e. n and 11 c~ ... ~ak 1>o1"1sont.l .cc.ler.­
tiona at hard .nd .oft. .u.. r •• pecti".ly •• 
• uurad d"rin; the 1.-. .r1.ta .arthq\laka wltll tho 
Kr1nit •• ky-Chall9-.~ttli (19881 c"ry •• for. M • 1.0 
.arthq\lallo. The data "'1'. obt.ined fr_ report. of 
the V ••• · 000109ic.1 '"ney (_ Kaley and othor., 
198') •• d tho california Di"i.ion of Mi.... and 
G.olOCJY :_ .hakal .nd other •• 19'9,_ Tho CUrYD. 

.r. for .. an .nd .. an plus one .t.nd.rd deviatlon. 
The di.tanc ••• hown ar. focal di.tanc ••. 

A hard alt.. a. di.t1nguLahod r~ .olt, has • 
.... u wova .. locity 9nat.r than 400 ./_ and 
.urficl.1 soft cO,.r 1. 1 ••• tban or equ.l to 15 •• 
Valu •• at hard ait •• fna the ~ 'riat ••• rth­
qu.lut (11911". 17, .re in genoral .gr_nt .. ith tlMo 
KrLnit&.ky-Cbaft9-.~ttli curv ... 

Valu ••• t .oft elt •• have • .uell gr.at.r .pr •• d in 
.al_., al_.t a f .. U ordor of Jl&9ft1t"d. at • focal 
.U.tanco of aD kIa. Tho hard .it.. ha.. h.U Of 
thl •• pread. Pigure 18 indie.te. which •• 1" •• ua 
for bay _d.. K1;ht of the Ili ... b.y _d locatlon. 
provi ... rKorda that ha ... pou. _11 above t. ... 
•• n plus one etandal'd deviation for _gnitud. 1. 
r.na.alou.ly hlgh valu ••• uch a. the .. "'1'0 a.arvad 
for _t1on. in tho soft lake "poeLt. ln .... Loo 
City d"l'l", •• _1'01 .arthquake.. AapUfic.tion 
f.etor. thore _re a. _ell a. 5 t~. for SOft 
yvr .... hard ground CKrinita.ky, 19.7). 

rigur. 19 co.par.. taaa P"iet. accelel'09raph 
record. for. ;ran1t. and • bay ~d .1t. at &'OU9hly 
.u-i1." dl.tanc •• , 52 ver.u. .7 kIa. frGa tho 
.arthquake ~rce. 'l'he allplUic.tlOft factor for 
tho bay -..d in thl. In.t.nca i. about four tlao •• 
Yhore 1 •• lso a ch.nge ln tho .pectr.1 co.po.ltlon 
of tho bay _d record whereby than 18 a .IlUt to 
a longer prod_inant pedod, ln till. ca .. abo\lt two 
..aond.. Ttl,. •• ffect 1. furtMr illu.trated by tho 
data 1n 'l'able 1, ln which ,round !lOtion. at hard 
.it •• an c:o-pared ",lth tho .. at .. _ral soft .ice. 
wltll c_parabl. foc.l dietanee •. 

c:o.pared .. ltlt hard .it •• , peak hodsontal ace.l.ca­
t1on. at bay _d .itoe _re -.pUfLod an ._ra;. of 
2 •• tt-. in the .a.t __ .t cl1rectiOft aM 4.2 lIO"tb­
_tb. An extr_ UlPl1flc.tlon of 9.1 tiN. 
\lIOrth-_th) oce~rred in oakl.nd harbor. 

•• 9QIGLUIIQI' 

Out.ide of tho eple.nt,el regioll, .... 1'. 41 ..... and 
liquef.ctlon duri", tho ~ Prl.ta _rthq\laka 
oc:eu:ned ln locaUUd poc:l&et.. 111 wIIlell t.M IIOClLfled 
_rc.111 Lnt.n.ity w .... ~ch •• tWO lOYS1. hi9Mr 
tll.n ln t .... urround1",.. !'M .. a_lou. poc:kot • 
of d ... ". won ch.l'.ctarlsed by tho •• 1.t.nco of 
vulnerabl. .tructure. founded Oft depo.lt. of bay 
_d, In vll1eh the qround aeeel.r.tion. _re .-pli­
fled by an a.era9. of ~ •• tiN. in tho ••• t._.t 
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'i.l'eftLM ... '.2 ~w.. 1n ~ ... _nll-_~ d1nc-U... ~_ 01 U. .... f~1 .. wen aho 
ellUaeted ... .". , ... pn_ of Hndy anU1c1al 
flU .".drl119 ~ ... My..ct. TIIII Muna D1.~drt at 
au h'_1_, tile ..., 'l'.nc1_ - OIJllaad "y 
..,1"" ,he Cypc'eN kp,...lIWay on 1-"0, the POn 
of 0IJl1 ... , ~ ... "l~ •••• 1 ""1' 'ta,1on, and t ... 
oakland l"na~1onal Airpon _1'. aU_ted. 

la1.lIIt dl.~it.Il~lOft CN~. do ~ 
aocoua~ for ~he hi9h •• 1_. of ,l'OIlnd __ ion •• t 
tMM n1Ue, alth0u9b .11111 ... OCCUI''''-'. ba_ .... n 
... ,..... .... ~ noft .it •• durlll9 pe.t .anh­
...... , ~ably in IlUlco City. 

I. 'C'WN' "PDT 

~ _I'll ftIIOrted 1n thil paper "a. c.rrled OIIt ...... 1' f .... 1 ... ~Lded ~ ~ ... D. I. AnIy eo,.,. .,! 
11191aaan, aad b pIlblll .... by .. ~l.ai._ of , ... 
OffL" of ,lie CIll., of 1:1I91_C' •• 

I. un'srre 
~cherdt, .... 1' D., aad lIau,h, Iu.an I. 1 ........ 
Mr .... COfttdblltocl to tile con .... of 111II1ta 
'~.y """"9 the x- 'det. Janhqll.",· IKUl 
1D IE.S?, VOl. 2, JD •• , I'll '-I. 

001 ..... IIuolli I., ed. 1"'. Mel.is NI4 Ippl­
_elM MwsS;,' 9' 1M "USi.Mg Ie, ,1,,1,1, l,.cial 
-.pon '7, callfornL. D1.1.1on of M1 ... &Ad Geolo-
91, &aft 'C'aacl.co, callforn1 •• 

klnUS.ky, S.L. 1 • .,. ·l:IIplI'1c.l .. latlon.lllpe for 
hl'tllqu.1te 01'0Il'" IIOtlona Ln "'leo Clty.· 1ft ilia 
MlleA e'ey "rtbmaAY' - 19.5, "'&A[' IpyplXed 
lAd LIlian. Llarged, ~rLsan lOCiety of Civil 
, .. 1_1'., Mow York, .'4 pp. 

kinlt •• ky, S.L •• Chall9, ' .. ank L., .ad IhIttU., Otto 
If. 19... • ... 'n1tll .. - .. lated Sartllqu... GI'OIlftCl 
Motion.,· lullotln of the " •• _laUon of SII91_1'-
1.." Geologi.t., Vol XXV, 110. 4, I'll. 319-423. 

... l.y, •• , ACo.ta, A., Sl11., •• , It"''''''', I., ,oot., 10 •• "ahn.on. 0., Porcoll., •• , Sal_n., II., 
and Iw1tsor, J. 191'. V.I. Ciaolpgiee1 'YEUlY 
'\r9ng-Mg~lRn ",qed. Crge the 'pE\bara ;allfgrni' 
,rM' 'ri_I;" 'anbcNa", of QFt,phtr 17, I"'. U ••• 
Geologleal .urvoy Open 'UO IIepon It-56., Manlo 
'ark. CallfOl'ftL., 'S pp. 

,lafker, Ooo~, .... Galloway. " ....... , 1"'. 
r. .... LMrMd Crew \bt 'm' .rl'!;,I. c:allfprnll. 
ian",..'" pC Ost,pbar 17. 1911. U.I. Geologic.l 
'\lrYey Cll'cular 1045. W •• h1n¢on, D.C ••• pp. 

'hallal. A., Huang, M .... iebl., N., Vontura, C •• 
Ceo, 'r ...... rblar_ ••• , '."I~, N., DIl'r.,h, •• , 
and Petor_. C. 1989. cpu Itreng-lIRu'pn lleord. 
Cr. ,hi "Qt. Cpl ""os..in. ('fW 'ri.,1 « 

caUtemla. '.rthav.!re pt 17 OS:UM, 1"'. callfor­
nia Dld.lon of M1no. and Geology. IWpol't OllIS 
.t-Oi, •• cr ... nto, Callfornia, IS' I'll. 

Tabla I. Aapltflc.tlon of &round ~tlQna 
due to local .It. condittoPi 

Foeal Ace.1 Foell Atc,l 
Dist 

EV t liS 
Dist g Allp11ftcltion 

HMO SITE .. lAY fill) SITE .. £If "5 EW NS 

~rd CSUlt 71 .01 .01 San Francisco Airport 7' .33 .24 4.13 3.00 
Fost.r City: 

ItcIwoocI $hores 63 .tt .26 3.63 3.25 
RechIoocI City 63 .23 .21 2.18 3.50 
Fost.r Ctty 66 .11 .12 1.38 1.50 

V.rba Buenl Is. '5 .07 .03 Tr.asure Is. 98 .16 .10 2.29 3.33 
Olkland Whlrf 95 .27 .29 3.86 9.67 
San Frlncisco 18·Story 95 .14 .17 2.00 5.67 

.... t.l.'. Str.wberr, ,. . OS .04 ~r1Y111 • 97 .26 .2Z 3.25 5.50 
Canyon Larkspur 115 .14 .10 1.75 2.50 

AVERAGE AMPLIFICATION: 2.8 4.2 



.' 

.. .,. 
(\ ... ... 

® 

LEoeND 

MODIFIeD 
MERCAlU 
INTENSITY 

ANOMALOtJ8 
INTENSITY 

MAJOR 
ACTIVE FAULT 

.REAM 
·~ .... IIICIIO a.a 

, '" .... 
I , P J_ 

r1 .. n 1. Ioocauon •• IN tM a.- 1'1'1._ .an .... 
... ke, .1Iow1", IIodU1 .. llercalU 1ftt_1U .. Ir_ 
'lafller .... GaU_, (1'.'. and __ lou. 1at .... 1-
u •• BOt_ 1ft tM "a-'ruei ... - oakl .... ky anll. 



, 

'" EIiEItYVILU~~ 
,..EIWAY \}\ 
FAILURE J 

THICKNESS OF 
YOUNGER aA Y MUD 

CONTOURS RO FT 

'i9\lre 2. ~i~kne.. of tile youngeI' ba,. .ud wUb 
1~.t1on. of Cypre.. ..pre . ...,.,. deck failure, the 
"'r,vUl. 'reeva, faUur. and tile .. , ari. 
'a11ure. Contour. ar. fro. Ool~n (1"'1. 

• lIIl 
u' .... 

.OTTO" OF 

YOUNGER .A Y IIUD 

CONTOURS ~O FT . . ... ... ,--.-........ , --';-" ... 

'ipre J. Iott_ of you.".r bar eud with l_ad_ 
of eypre •• bprea_.r deck faUure, tile "'ryYUle 
'reewa, failure and tile .. , aridfe fallure. 
Cofttour. fr_ 00ldllan (196'). 



... 
C 

TOI' OF •• DlfOCK 

COlfTOUIta .0 " 

• , 1111 
II----.~ ... • ..,....._ .... J. . . .. .. 

.... 
e. ~ ___ '-Ih/ lAY ~". 

. ......... 

CYItRI •• 
IXItRI •• WAY 
DICK 'AILURI 

,MIDOI- . :' PA~h' . :." ---.---""".#/~~~' 
~~ '_.- ,.~ .t""~ ,,- ,~. ......... ~ 

( l. " . ....., ~ \"-
\ '. ~.,;'- ~""d" ," " \', .... ~.,: I kl~ 

) I· {A~.""A 
I I·'" . 
I , , , 
I I ... _ 

I / -- ~-Y" ·i~. . _ 
.. - l:'" h._ , ... , ...... """ \" !r' . .n;., ....... I I -..• , ........ ...• 

ru,un t. ftIt or ___ II wl~" 1ooaUOII. or ~ ... 
RU1M D1ftlrl" 1e ... PlrUIC111CO, ~... ~ • 
......... 1' ",k f.U"n, ... "'1rJY1l1.. rc-r 
f.Uun ... ~ ... "I' 11' ..... fuLun. ContOUIr. f~ 

001 ..... (L''''. 



Fi9Ur. 5. Aeri.l Yiew of the toll pl •• a on th. 
OAkland .1de of tM .. y .ridge, .howing .and 
.xtru.ion. on pav_nta. Taken on the day following 
the .arthquau. 
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MARINA DISTRICT 

i 

&AN FRANCISCO aAY 

npre 7. LiaLt. of .. jor d_ge in the HuL .. 
Dl.trlct, and type. of underlylftg eol1 depo.lta. 

MARINA AREA: M = 4.8 AFTERSHOCK 
i .. 

. , - .~ ... , ' .... ~".,*""""""~,,,,,.--.- MAS 
I SANDSTONE 

.. 

. J 
PUC 

DUNE SAND 

.J 

.1 

0 

LMS 
FILL 

o 10 
s 

'lpn I. vert leal .. alocitla. on .and.tone, dune 
.anel, and flU ln the Marlna Dl.trlct dur1nv a 
N • 4.6 aftar.hock (Plafker and Galloway, 1919,. 

198 

IXPLAIIAT,OIl 

1 ARTIFICIAL 'ILL 

2 BEACH DEPoa" 

3 DUNE SAND 

4 ALLUVIUM 



-
ri91lre 9. .and bOil fr_ .and liquefaction in the 
Marina Gr .. n, San rranel.eo. 

ri9'lre 10. .and e.th.J.on flovinv out of ,arage 
and oyer aJ.devalk, in the Marina DJ..trict. 

· " .. ~ 



rigure 11. auekled and broken .idevalk. and .treet 
pa .... nt re.ultLn9 troa eoLl 1 iquetaet Lon , 1n the 
Madna DLatdet. 
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Pl9Un u. C&-ack1119 ..... 1 .... 1nt of ~ .10119 
tile au Lonnao .1 .. ~ in downt_ aanta Cna, 
re8ultlng fro. llquefact'- of foundation _U •• 

'--___ ,.....;."r -' 

..... _ .......... '.,;;,i,._ 
I.IOWFACTION AT LEVEES, IlAI'HD H OCT, , ... 

SANTA CIIIIZ, CA 

P19Un 1&. '.tt.~. of fl~ 1. the 1 ..... of 
tile au Lo~Oftao .1 .. ~ ill ~t_ aut. Cn •• 



1'11\1r. 11. Llquefa~lon-lt1duced fl .. ure. ln 1_ 
of the Pa,are al".r, near Wataon.1U.. ~ 11.­
.una _re ..... r than tile llel,ht of tile 1_. 

l'1tun U. Ll ... fa~1on 111 • field ad,.cwnt to tile 
.. ,are U".r 1 .... near Wat_dU.. Iaad utrudad 
Ina a l1 .... r .IOU'" break. vi.th _dUple _t 
holM. 
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GRANITE 
MONTEREY - CITY HALL 

(CSMIP STATION .7377) FOCAL DISTANCE 52KM ..... 
lien!. 

'0"- t--____ -......, ......... _--'....,.._..A.'-J_,""""'.~"""" _______________ _t 0.07 , 

Up - 1-------------------------------1 0.03 , 

3.0· 

3 4 5 10 15 

BAY MUD 
FOSTER CITY - REDWOOD SHORES 

(CSMIP STATION 68376) FOCAL DISTANCE 87KM 

c:.0 '! •• ".'. • • • _ • • • • _ • • • • _ _ _ _ _ _ • _ _ _ _ _ _ _ 
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D_ Perf~ Durtac abe u.. Prieta Earthquake 
of October 17, 1".' 

by 

Robert II. Mac Donaldl 

ABSIRAkT 

S.v.ral daaa vere daaa,.d and nu.eroua other. 
had recorda of .trona Iround .otlona a. a 
r •• ult of the October 17.1989, aaID1tuda 7.1 
1.0.. Prieta .arthquab. 11Ie tabulated 
r.sul ta of a surv.y on daaa,. and r.corded 
around _tlon are pr ••• nt.d. Maxi_ da. 
•• ctiona .nd locationa of atrODl _tion 
Instruaenta ar. ahown wh.r. po.aible. 

KEVOlDS: D .. ; earthquak.; earthquake "-ge; 
1.0 .. Pri.ta earthquake; stron, motion 

1. Im9DiJGTIQN 

Shortly efter 5:00 p.m. on October 17, 1989. 
the 1.0 .. Prleta earthquake (Ka - 7.1) lniti­
ated along the San Andre .. fault. Shakin, 
fro. the earthquake waa felt ov.r a vide 
re,ion in v.st-central California. About a 
dozen embankment daaa n.ar to the .picentar 
.uffered atron, Ihakinl; nuaeroua oth.r-a 
r.celved only minor ehock.. Th. .tron, 
.ation ph •• e of .haking la.ted only ~nout 12 
•• cond.. Th.re are abollt 100 daaa of v.rious 
• ize., _.t of th_ • .,anU.nt da.a. in • 
lOO-klloaater radillS fra. the epicent.r. 

Coneiderln, the nll8eroll. da.a in the vicln· 
lty. d ... ,.d daaa were f.w in nuabel. ~r­
Oil •• trong aotion recorda were recovered fro. 
d .. a In the ar.a; however. so.e of the sever­
e.t Ihakina va. not r.corded due to lack of 
lnatrll8ent.. Thla paper clucribe. the per­
for ... ne. of both daaa&.d and undaaa,ed da.a. 
S.lect.d IUltl_ da. .ectiona and loc.tiona 
of .tron, _tion inatru.ent. are illustr.t.d 
where poe.ibl.. Phy.ical data and perfor.­
ane •• r. t.bulat.d in Tabl •• 1. 2. and 3. 

;'ot all •• ·built chan&.. frOll ol'1,i .. l 
~ . pl8 .. y be .hown In the .sa. s.cUo... In 
addition. not an INlt~nt reeorelll. "win, 
of erae.. and po •• ibly related ,.olo&ie 
featllr .. , foundation infor.ation. and da. 
dell,n vere avanabh .t the U.. of thh 
writln, (January-March. 1990). 

2. AKIIClPATt:D mICAl, PERFORMANCE OF DAMS 

Ellbanbent da.a ar. Mr. nuaeroua than can· 
cr.te daaa. h.nc • .or. recorda of embankment 
perforaance durin, e.rchquake. are evailable. 
Aft.r atronl abekinl. _ny .lIbankaoents 
a:Khibit s.tde .. nt and lonliCudinal crack. in 
the cr.at .r.a. Transv.rs. cracka near to 
abuc.entl are al.o co..on. Changes in seep· 
a,e and piezo .. ter lavele or pre .. urea are 
not Ilnuaua1. and over a period of time these 
e.rtbquak •• induced change. often return to 
"normal. " 

In ,.neral. ellbankaenta bullt of c.ompactp.d 
clay.y .. t.riah, when' n a .ound foyndaUon, 
app.ar to be falrly real.tant to earthquake 
daaa,.. Conversely. embankaents of poorly 
consolidated .and. or .ilta, cailings dam~, 
and dea. QP llquefiabl. foundations are 
highly .Ilaceptible to daaage. 

The r.cord of perfonaance during earthquake. 
for conereCe daae is Umiced cOlllpared to 
eabanklaenca. However. all principal types of 
concrete da8a. lncludin& arch, .ultiple arch . 
,ravlty. and buttr •••• have experienc.d high 
peak acc.l.rationa. and all type. hay. had at 
l.a.t on •• lla.ple of •• rlous cracking (the 
arch vlthout .arthqllAKa loadlng). I.prove­
.. nt. in de.lan for .eia.lc lo.ding probably 
would h.ve prevented .uch of the known con­
crete dea daaa,e. Foundation conditions 
appear to have b •• n sat1ef.ctory in tho.e 
concr.te da8a .xpertenelftl daaag •. 

3. RECORDED PIRFOBMANCES OF DAMS AUECIED ax 
DIE LOtIA PRIEtA EMIHOYAKE 

The loeatloNl of ael.cUd claaa with soae 
r.cord of perfor.anc. or c10a. proxi.lty to 
the .arthquake are .hown in FiI'1r& 1. Thf' 
aa.e •• typee. bellbte. and .piclntral dll-

iU.S ...... u of a.cl8atlon 
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t_ ••• f the.. ..lec~ C-. .~. UIMllac.4l 
111 telll. 1. whU ...... I. taINlaeM III 
Tabl. 2. 

3.1 yllll", Dee 

111111 ... De. v .. 10 .. f~. thII ear~ 
• pICllltU. ANt thla Ia the .horee.t .,icen­
tra1 clbtanc. for ..., ... of .... r.t. to 
1ar.. Ila.. TIle...." a 21 Mcar-blp 
concr.t. ,r .. i~ ... vlth • cr •• t l ... Cb of 
27 a ANt • cr •• t wi.th of S.. the ... tra. 
fec. 11 .,.nlc.l &nil the ~tra_ f.a 
Cunei froe the cra.t to tho 19 Mcar-vlde 
bal.. 1ha... 18 OIl Jol.t". blat .ound. 
co" .. l_rau INl lt is ... 1, 0.' .. fl'. tho 
urfec. crac. of the ... AIIK... fault. the 
1' ••• ..".11' 1. bulcaU, .UteCS .... 1. not 
'"l1y parfon1", ltll 01'1,11111 fl.lDCti... of 
vatu ttor .... 

Th. dd .. t ha .... ,.rl.ne.d Itrona Ihald.",. 
It did nor: hava .tro", .. Uon 11IIr:~lIti. 
Tharl vu no cta.a,. to the ... ; ~ .. r. 
.haUow rock faU. occ_r.d o. the abuC..tl. 

AIlItr1111 ~. FI,. 2. 18 a 56 Mtar-hlp 
..... ,...111' locacaCS 12 .. fl'. the .uthquaM 
'plc'lItlr. "llacrllft Daa VII or1,I~lly 
elII1IMd U a 10MeI ........... t. blat Val 
con.truct.d a. a ~'.MOUI..... It heel 
.. '" dda,a than 1ft, othar cia affactael by 
the Loaa Prhtra .arthq\aalla. Durlna the 
lartb~kl . the "a""lIt •• ttl.d \If to 
IS ca over tM ripe twO chlrda .f the .... 
whU. the ri&ht and of the cia ..".d 37 ca 
cIownatr ••• A _'- "PItre. _lit of 
15 ca val r.corcled at the 1.ft quart. I' point 
of the cr •• c. '-Iltudlaal cracu up to 
4·1/2 Mtan deep fo~ 011 die .... 1' 25 POI'­
cent of chi ... cra ..... fac •• whila .... 1· 
1_1' 10ftllt11cllaal ccacu c .... r" _h of the 
~Crt_ faca. Trlftlftrl. craca MOun" 
In the ....... e MU botll alMatlleDCI. .... 
VIII" till OII1y cracta In the .. erau. 
l1&hr·l1de er ..... ~.. erack1 ...... 1' the 
.,U1 • ., vu ".\/2 Mcara..... It" fa1t 
that chi. cr_ "1'" crackl .. 18 Mr. _ra 
tbaII ~d N IllpICt" for thII _lIDt of 
.. ttl_t. 

0.. th. dpt .~t, a raidoroad eODOr.ta 
I,Ul..,. with 1t1 1alt _1). lo UIltact WltIl 
tbI ".)PP;me, nffon4 .... ~o to UDal' 
crackia& ~c ltl IIIci" 1aaae (hud. 
wora, cbute ... cant .. l .;:wctun). Due 
to tlllll_ craca trMl'Mr .. to the .. ill..., 
_la .... 11 ........ cr .. _e. the 
• ndr. ..Ul.1)" .eructura .... co ...... 
aloapea4 bJ U-C 30 ca. ....atl .... &1 .... 
the lafe .. U1_, ... 11 ~lad tIlIe at l ... e 
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put of the .plllway chute ... .,111.., vall ..,....ca4 fro. thII f ..... U_ .... eM ...... 
MIlt ,r __ l, boc-.o of "de.to·.~ rock· 
lilt. In acldltl... _ ",'da ... n CCUtH 

Ullller the upper .,.l11..., fl .. r (a dec.nillM 
~ 41'1111",>. n.. I Mc.r-hlp .,111 .. y _11 
_y haw HC.IlCUcecl the rockl .... 

'ftIa ........... t and .plll..., "1'1 thenupl., 
l .... aUptacl ..,. .",faco ..,,' .. , tnllCllllII. 
and *11.11 .... ANt b, checkla& ,i •• _c.", .... 
._fac. MII .... IIII polntl. Colnclde .. telly. 
...ur_t ,.""'1. hacI beaD """ die '" 
bafor. ella ear~. .... .. ttL_llt, 
lateral _t.. and pl .. _cdo chaItp. 
duo to the all'thquUa ar. .~ in rip. 2 
..... 3. 

SlplUclllt d... £Il ella _car 1_11, 
ria. 2, I.Il f_ pl.a .. ter. In the ... "1'. 
nocacl aftar the 'arthquaM. Pl •• _eer.... 
ro •• to abova the .dIU", 1"'0""1.1' law1. TIle _ter 1 .... 10 wn trendl .. baclr; ta 
.~l.. by lau OCtober; ~r. '''~nc 
conaCnICtion activlti.. on the ...... '.d 
s... of the ,1aa_ter. &ad f_ebar vacar 
1 ... 1 ob •• ".UOIII ar. I.neClllpl.ca. the ~ 
of the vacar· ri.. In tbe p1.a_car. 1. IIOt 
"'-'. blat 1t l •• ,."lacael that eM.' Inc 
pore _tar vu 1.,.11.. I.nca • pl .... car 
pi,.. Nca.. of hlp pore ,raa_. d)oftI8. 
leally I.nducatl durina the .arthq\IIM .tIIIlllII. 
The p1a._c.r. conllst of a10tcad pi,. vith 
a .... fUtar .. al" ill 5·£,)Ot IDcana'. vith 
a S/"-inch opIII d.ar ,I,. to the ",daca. 
"lntaU va. not • factor 1. ChI vater 1 ... 1 
chan&." Nca.a .. the ob.a"aUOftI .. n ... 
.... r.l "" apart "'.\eft ch.ra VAl no ral •. 

•• rehed vatar is Ir:Dovn to .. lit In the .. , 
proNltl, a c_aquenc. of layorlq ift tha 
........ t .... fonar blah r ••• nolr lawle. 
Vater VII Db •• rvad to haw ...... out af tho 
........ ftC 111 ..... nl of the polt-aarthquU 
1 .... IUptLon tr.neha.. and la a_raUy 
.ctrilNcacl to the "rebad vate&' er.". In 
the l.y.re. 

Il_ tbe lun of eM ro1aJ ...... VII 
um-c, r.,.1r to till ".~Ia.PC .... .,111· 
t¥7 .. ra .lqIICltacl. 18 ar11 ...... 1' • 
c.,orary repair of the .,ill_7 ... laiCl-
.tM. ...., .. ,1111 VII IIHd 1ft .,111..., 
cracu .... 1'. f ... ~l.; ..... 1' ..... 1'1 c~..u 
.. n tH vide, Portl... COMBe arwc VII 
1IHd. ....., of the er.b ........... -1 • 1'IIZ'f1C. t.roac.at. wt *Ul coro ..,'11 
'adLcaca ........ trati ... f eM .,..,. .-c. 
ftIo .,111_, ..... will be n ... l_eM In 
UfO ..... there I. a potonCla1 of _n n,alr 
or avaD r.,l __ e . 



Cracluld ........ t .. terial and crecbd 
feuftllactClft Mar the .,111,,0,. v.. ..ea"at.d 
eftIl r.,laced lIy e..,acu4 ......... c. Mater-
ial to a .,eII of .... 1"1,. ... tar. v .. r_d 
l1li tho daht eftIl 10ft ddo. of the OIIbaNaHnt 
_ tho ablatMnto. M'lIOr curtain ,rINtina 
va. dcme in the left aWe-nt. 

,. 1972 aMI,..,. .ItUlated that 1-1/2 to 3 
_teu of .ud_ftt -.ld r •• "lt dIlrlns 
Itrona IOtloft oceurrlna durina ... lftltU4a " 
- '.3 .arth...... n.. _t.. IS c:a of 
Httl_t for a .. 1ft1tU4a " • 7.1 .. ~tbq\l&1uI 
reuonably 0",r01l1 .. tod the 1972 •• tt .. t.; 
~_r. the tr_r.o cracU", v.. lOre 
.... r. than e.,.ctod. 

3.3 Ai"den PM 

Aluclen OM. Ft,. 4. 1 •• 34 _cor-hip 
.-barIkunt built 1ft 1936 .nd located 15 kUo­
.. cer. fraa the eplconter. It hal 1ft 

IIpltre.. illPOrviOlll Z_ cover.d vith r.in­
forced concr.t. p.vlnl .nd • downacr ... 
ptrviu\lI ZOM. Eutbq\lOka ..... ,. va. _'U,­
ib1e. 81nor 10lliitudlnal cr.clel", v.. found 
111 tho upsu •• e.,anlcunt fac. near tho .d •• 
of the concrete fac. povln.. No r.polr. wore 
nee •••• ry. 

3.4 CutclalllP' PM 

Guadalupe D ... Fli. 5. 11 a 4) _cor-hiah 
.-barIkunt bllilt ln 1935 and loeaud 18 
IeU_t.n fraa tho .ploontar. It hal an 
IIp.tre.. 1.,arv1_ ZOM f.ced vlth rain­
forced concr.u .lab. and • cSovnatro .. p.r· 
viOll. ZOMl. A lOdification v.. ..do to the 
daa In 1972 by r.1OVl1I1 concrete .lab. fro. 
tho up.tr... co. aDd placlnl a l1ahtlY­
c.,acud. clayey buttre.s bel'll ... ll11t the 
"Pitre .. l1ope. thll ban. not .hown In Fl,. 
5. "a. placed up to el •• ation 570 fe.t. which 
Just overlaps th. concr.c. .lab. f.cln, che 
upper part of the dope. 

Tbo oarthq\lliul Cl\lled priurlly lonslt\ldillli 
cr.ckln, lip to 2 1/2 CIt vide on the upper 4 
_c.n of the ban. the.o 10Rllt\ldina1 
crackl had a _iaa depth of about 1.3 
_ton. .,. cbe c180 ro,.1~ wort v •• lnitl­
.ted. ._ of thea. crackl .. ro 10 ca vide. 
fr_r.a crlClta ClCCUrl'M 1ft the """"'IIC 
croac near the daht and hft abutMnc •. 
Diaeoneu.-. ai_ IClftlltucllnal craekl 
_lIuod oa cbe cro.t end .. ro confined to 60 
ca 4ovnacr_ fro. a cra.t floodvall. NinoI' 
craekl",. .,.Ul",. aDd offa.c occ:un-ecl in 
cbe c_r.te .-la .. tile upscro_ fac •. 
Sattl_ftt _tM co 20 ea aDd chore v .. 
, t' .. of 1'1'_1'" --..t upatl'a_. 

'Tha cracked bon .. terial v ••• ublOqllllndy 
rOlD¥ad. r.pl.cad. .nd r.caapactod. 

3.5 K.vell PM 

N .... ll D .. , Fi,. 7. 1 •• 5S .. t.r-high 
•• a",,-nt buUt in 1960 .nd loc.ted 19 .. 
fro. the eplcente~. N .... ll D .. ha. a central 
l.,.rviOUl co~e v1th an upper p.rv10\l1 .nd • 
lover r.ncIOII ZOM IIpltta .. and • randoll zone 
cIown.tnM. no .pillv.y h on the l.ft 
.buc..nt. ,. dopinl intake acn&Ctllre fllr 
tha oudet vorkl 18 alonl the l.ft lid. 
upatro .. ~ fac •• nd connects to the for.ar 
div.rslon condult in the da8 b •••. 

Durinl the e.rthquakl. lon,itudlnal crack. 
developed hiP. 1n the upstre.. alope 
(Fi,. 7). KinoI' .p.llln, occur~ed inaide tht 
o1oplns outl.t vorle. int.ke structure; in 
.ddicion. thero v •• loc.l •• p.r.tion of the 
int.1ce .truceur. and • .,oob.nt. EAb.nkaent 
and fOWMlation ••• pal. .. •• "tad ae the 
downetr ... to. va. found to h.v. lncr •••• d. 

Sinea tho earthquak •.• xcav.tion and recoo­
p.ction of tho cracked .rea ha. be.n coo­
plau4. the .pallina Chat occurred 1n che 
lnt.1eo Itruct"ra will not be r.pair.d .t thi. 
tiM. The foundation .. epase hal nearly 
returned to norul. 

3.6 UMr J Cb"bro PM 

£1 .. 1' J. Che.bro Dea. Fi,. 6. i, • 29 .. ter· 
hiJh e".nlaHnt b"ilt ln 1955 and located 
19 ka froo the .pic.nt.r. El •• r J. Che,b~o 

D.. is • co~.ct.d "hollOloneou." e.rthflll 
a"aruc..nt wi th IIOre -pervlou. ..tar1.11 
.elected for upltr .... nd le •• -l.,.rvlo111 
•• l.ct.d for dovaitr.... It ha. a 1.2 .. t.r­
thlcle rlpr.p Ihall on the upscre ... 10" .nG 
a 100 •• roekfUI bal'll .t ch. cSovnatre .. toe. 
'The roeltf1l1 in the b.nI h separ.c.d fr .. 
th ••• rth ••• nkaent by • 1.2 Mt.r-thlck 
,ravol drain. The outl.t _rk. under the cIaa 
11 b.alcaUy • 1.1t • (56 inch) I. D. welded 
.c •• l pipe in • reinfo~cod concr.te I cut 
.nd placed on rClU.d eobaruc..ftt .. teri.l. 
the dOtached .pillvay 11 on the right 
.hue-ftt. 

Dl&riRi tho e.rthquake. a 97 .. car-lolll dl.· 
contllNOlll 10:-,itlldlMI crack. lIP to 10 co 
.,_ and 2.4 .. t.r_ de.P. occurred Oft th. 
up.tre_ .boulder of the daa croat. V.rtical 
.ff.ot alo", the crack va_ 6 c. cIOMt on the 
.. etr._ side. The c..... of tho crack 11 
.ttributed to .ettl ... nc of tho cohe.10ft1 ••• 
upstr ... riprap abell. Tranavar •• cr.cka up 
to 1.4 • de.p occurred .t tho right .nd of 
tho cra.t. Tranaveraaly ori.ntod cr.ckl alao 
occurrod In the MIcur.l IrClWld of tho 



.,Ulv., .. ,roach .... r to •• cee, aNNldar of 
tile ritbt __ C.IlI:. M outlot wora 1 ... poe­
el_ .fur tile oarthquaU disclo.od eracu In 
_lda In tve Jollie. of the .c .. l pi,.; MIl­
ner. tbeM craca appoarod 1:0 be of pn­
.ar~quak. orilla. Cra.t .ottl ... "t VOl Yp 
to 11 c •. 

Tho cr~ked o~nt v •• oxc.v.t.d and. 
t ... ther vlth added .. t.rlal. roplacod and 
roe..,actod. 

1.7 LaILp'&9D Dee 
Lexilllton D •• Fl,. I. 1a a 62 _t.r-hip 
....... nt built in 1953 and located 21 b 
frOli the .p1conter. Lednaton 0.. bu • 
thick contral 1.,."1_ cor.. the up.cr ... 1_. orl,Iaally intonclod to bo a po"l .... Z_. 1a ac:tlIally a randDa ._ contalnl", 
t.,.rvloua .. toriala .... llov.d by a .pocl­
fieation chanlO. Dovnatro.. I. a ZOM of 
r .... _I'pervlous .. t.rlala. It. narr_ 
flltar x.ne vlth It. ba.. on a Fr.nch dr.In 
Uo. botwe.n tho cora and ~tr ...... i­
parvlOua 10111. The outlet wora .xtenda 
under tho • .be .... "t. Bedrock conal.c. 
... tly of Francl.can .andatone and .holo. 

DIal", the aarthquake. tr .... vor.. cracks 
occurr.d 111 tho ....... nt and natural ,round 
at both abUt.-lIt.. On tho 10fe .ida alon, 
the dovnnro. Iroln a 51 _t.r-lona. dilcon­
tl.noua. tran!·· ... - ••• oIIbont.anl: crack .y.to •• 
vith lnd'Yl~l craca up to 2 c. vida .vor­
a,od abovl: 2 ,. de.p. Tbia cracklna .ppears 
to hav. boall controUad by th. .ta.p abut­
_nt-.ab~nt contact. On tho ript aido 
transv.rso craclLa _ro both upatr... and 
downatra .. of tho cr .. t. but _ra confl_d to 
natural ,round (coUuvi_ and hipl), _ath. 
arod rock). It. continuaua pd_ty crack on 
the ript aide froe dovnatro .. to up.tro .. of 
the creae ro.ch.d a ..xi_ vietch of 2 ea. 
aver.,.d U-t 2 • 11'1 .pd!. and v.. u-c 
U7 _ura lona. J\lrthor upatra .. fr .. thla 
pd_ry crack. ochor cr.ca _1'0 dbcon­
ti_ for _ther 15 •. KinoI' 101lC1tudlnal 
creea _ro found Oil both upatro .. and dQvr\. 
atr... fac.. of the oIIboNaalle. llaxl_ 
cr •• t •• etl_nt va. 26 c. and .s-.tr ... 
_lit "a. 1 c.. An outlee _ra l ... poc­
tion afur the earchquako dhclo •• d • 9 
_car-lema bul,o In the 1.5 _tor (SO 111d1) 
aCHl pipo: a-ver. the bul,o va. dotlftlinad 
to .. of ,ro-.arthquaka ori,l1l. A tMpor&ry 
ri.. ln foundation hydroa tat Ie praaauro vas 
reported. 

Iac .. ation. r.,lac ... nt. and racoapaction of 
the cracked aro .. heve boan c..,l.eod. 

th. Loaa 'rioea •• r~ abak1na i. wal1-
doc_aced at lAxinaton Daa by _ .xt .... ,ft 
array of atroaa aoUon inat~U_ 'nil 
layout and ... u.u. .ce.lorationa raeorclod by 
th ... inan1lMnta are abown ln rl,.'. tba 
_~ cr •• t ace.loraUolUI cr_vera. and 
paraUel to the daa axia VOf. 0.45, and 
0.401. r •• pectively. 

3.1 Va'901 rere,latlpD Dae 

Va.ona Porcolatlon D... Fi,. 9. 1. a 10 
_tar-hlp ....... nt. b\lilt la 1935 and 
loc.tad 24 Ira fr_ the opiconter. Yuona 
Porcolal:1cm Daa baa 81'1 "P.cr •• 1 .... "i_ 
zona vlth • clltoff tr.nch that 1. cle.p r.la­
ttv. to tho u. halpt. tbo upnu .. dopa 
of ebb i-.a"i- xono baa • cOIICr.t. fac· 
1111. Several po"l_ to .0.1-pa"10\1.1 zono. 
ar. ~tr .... 

Durln, cho .arthquake. a .. trallS¥Or.o crack· 
in, occurred in the .... nbont noar thl ript 
.but.-Ilt. th. crackinll pattam " .. pri .. rU,. 
lonlitudlnal: craclLa up to 6 .atar. lonl 
fonad a10na 146 • of the rlpt ....... nt 
er .. t. All of tho crackilll vaa folllld co be 
r.lathely .hall_ (aut.. depth - 1. 7 .) 
and tho daa r._ined 1n • norul operaUon .... 
Th. crackad .ab.nIcIIont v.. axcavat.d .nd 
racoapactad. 

3.9 R1QFgnada R •• eryoir EibanklwDt 

Th. off.tra .. a.anlcllont for Rlnconade •••• r­
voir i. 12 • in hoifht and va. buill: ia 1~69. 
Thi. r •• arvolr ia 26 b fro. tho .pic.nt.r. 

Tho oIIbankaont vaa undaaa,.4 durlna the 
.arthquake. H __ r. tho outl.t worb. vhich 
1. located on natural ,round .part fro. the 
....... nl:. incurr.d cIaaa,. ne.r ita intake. 
The vall. of a v.ult. havin, • nolzl. intake 
fro. the ro •• nob. VOl'. cracked. Tho cracks 
in the uphalt-coat.d concr.t. vaU. of cho 
".ult allawecl vatal' to p ... fro. the vault 
into pervious backfll1. 

Tho ra •• rvoir vas etra1111d .nd r.,.lr. to the 
vaU. of the vault have bo.n coap1atacl. 

3.10 LeEqy Ap4er'gp Pee 

Luoy ADdor.OD 0... Fl,. 11, 1& • 72 .caf­
hip OIIb ..... llt bullt in 1950 and loc.ted 
27 IaI fro. the .picenter. Leroy AncIeUOIl DuI 
baa ... upnro .. t.p&rvi_ ZOllO, and .eal­
pard_ and ,."1_ XOMa dovnacra •. 



0.1111 ........ l..pCWllMl cne .. 
OCnnM la * UfJIIalc cr •• c ~. 'DIe 
cree .. .., '- nbeN Ie a "_lcl .. __ _ewe. ...... m ....... .,.cru. ..ad Mr. 
.. "1 .... __ ..... C~ .. Cbac ..... rU •• tile 
erNC. • cncU wn .-.uc 1/2 ce .i .. at 
their .......... had a ...... depcb of 
alMNc U ce. ru ....... 10 very .UPt. 
'."...aC ... 11Dl ., paCCIIlaa hu ..... eoa­
pl.Cod. 

!be" ... _ll-lnoc~atecl Co record .crona .tl.. (Pl, 11). !he........ Cf_f •• 
acc.l.ra,i .. roc.~ Oft tho cr •• t ... 0.43, 
and at die Coo ... 0.23,. 

3.11 "«JIM" 

Coyot. 0.. i. a 42 .. tor-hip rolled .arth 
and rockllll -.na.nc bla1lc la 19)6 and 
locat.. 31 .. frea die .,ic.at.r. 'DIer.. .. 
110 ..... ac tile II.- frea cbe .arcbquab. 
Co,oto _ ... '-wr, .trona _Cion 
inlltn.nu _laCOd wlth iC. to .4Ncbve.t 
-abuC8eftc- alea racer ... a .... t.. acc.l.r-
-CiOft of 0..... to cSo.natr ••• it. hac! • 
...... .. c.l.ratloa of 0.19,. 

3.12 Chern ft'5 pa. 

Charry nat 0.. i. aD II .. ter-blp gblnk­
.. nC c...,l.tod 1ft 19'6 and locatod 42 Iaa (r. 
the .,le.ftCO~. !ben v.. 'DO ...... at the 
11M froa the oorthquake. An ortholOftAl .0U­
contai'D.cI atr.& _Clem lu~t v.. In 
oporaticm 011 tIMI l.ft abutMnc. The lutN­
.. nt rocorded ...... aceduaclOftl of 0.09,. 
0.07, •• nd 0.06, ia dlroctlou paran.l to 
tIM .. _10. tr_r •• to c:he u. _10, and 
~, r.opoeclwl,. 

l.ll ... JUY PM 

San Juab 0.., ",. 10, it a 46 .. tor-hlp 
zoned ....... In ca.,l.tecl la 1917 and loca­
tocl 4' .. fr. tile opleoftUr. IMr. v.. no 
...... to die .. nor Ul'J fouad 1ft the ,-,. 
lat. ar ••• f ClIo f ••• nolr: bowwr, .... ur.· 
.. ftt. frea ._, polnu loe.t" olema the 
cr •• t of tho ... lndlcat. that up to .. _ of 
•• ctl_c occur .. durlill tho .arthqaako. to 
t.-porary ri.. ia fouadatiOft hydro.tatic 
pr ... ur. ... reported. 

'l'bo ... baa OIl arro,. .f .trona .tloa lnotN' 
_u (' .... 10). ... .... _101 _leraUon 
occllff04i 1ft die CODur of eM eraot and ... 
0.39, _n. alai lCeolor.clOll .t tho do!m­
.tro. too _ 0.16,. ...... cr.....,.r •• 
ace.lor.ClOll .. .180 at eM eoator of the 
.. cnaC .... .,.. O. so, _11. tr.....,.r •• 
.. e.l.racl .. IC tile COO ... 0.26,. 
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, .14 pel Jen. de 

Dol VoUo 0.. ... a 61 _tor·hlp ._mb'ftC 
e...,I.ce4 In 1'" .. ,_eM" .. frea the 
.,iCOlltor. Thor .... _ oarthqualra ....... In 
clio ana of clio.... Icrona _ti_ lnlltna­
_to .r. loc.t.d _ tIM dM cr •• t and at the 
cloImatr.. t... 1Iaa'- ul.l acealor.U_ 
ver. 0.01, 011 tho enat and 0.061 at CM 
~cr.. t... '!be Ma'- trUllftr •• 
aced.raciona vero 0.01, at tho cn.c ·0Dd 
0.04, .t the tOIl: tho uial lCealoraciona 
ver. 0.01, at the cr •• t and 0.06, .t tho t ... 

3.15 Ifttr Ca.tAl Spriq' Da 

Lower Cry.tol Spriaco 0.. ('i,. 12) i •• 43 
_tor-hlah concr.to If_ity .tnaccura ca.· 
pl.COd III 1111 .... loeatod " .. In. tho 
.,1cOllt.r. Thora ... _ .arthquake '-'. 111 
tIM .na of the.... Str .... _cl_ recordl", 
lnotru.ont. aro on tho cr •• t, 1.ft abuc.ollt, 
dawllatr •• t .. , and ckNnotl' ..... howa on 
the plan and •• ctlon 111 '1,. 12. !be ... t.. 
cr •• t aceal.ratlon .... tr ...... r •• ace.lar· 
,£1_ of 0.10, 1IOU' the 1.ft abutMnt; tho 
occolar_tor la tho c.at.r of tile cro.t 
.. lfUIICtlonod. At tho downotro_ too of tho 
.so. , both the _ial and ~l'a_r.. ...1_ 
oce.lar.tiono voro O.OS,. 

... CIIICUlSI!lIIS 

CoIUIiderl. the ,r_lalty of _roua lIMo to 
tIM .plcollter of the .. Jor ~ Prl.t. 
.arthquako, very fa of tho .. atnaccur.a .. ro 
Idftra.1, .ffoct.d. 11pt II.- or their 
appurt.nant .tf\ICt\lr.. .uacol11Od '-.. , 
which r ..... d fr ••• rioua to wry _lnor. 'l'bo 
,r.,te.t ...... occurr.' at Alllcrian 0-
where l.r,. ..ttl_nco and Cl'OCQ occurr.d 
and tho apil1.o, ... badl, .... , ••. 

Tboro vore two (actor. which contrlbuced to 
tIM llllitod ,-,0. '!he fb.t ... the .bort 
podod of .trona _Uon .haltl •• oal1 about 
12 •• cClllda. 1M •• cOlllS ... the tl8l.Di at' tho 
.ortllquUa. lbo .arthquake ocCUITod III the 
third you of lIalav· ... r ... raillfall .. vell 
.. 1. faU when ro •• rvoir. _r. clr_ doIm to 
low 1 ... 1. to .aUaf, .oter ..... of the 
van ._r .... oa. 

Ceruill .ff.cta c_lacaac la tho porfonanc. 
of ........ lIt d.- duri. oart:hquako. "1'. 
~fttod. Loaaltudl_l cracltl. and 
... ....... at lottl_t, two c_ f • .,.. .. 

to otrOlll .U'tbq\IaIre abUl. at .U'tboa and 
rockf1l1 .tnactllr_, occurred.t a .... r of 
... elOl. to tho .,leontor of tho '­
Prloto urtbqu&t. . IIInT tr_l'Io crac:u 
aloo occur.d, .... tho •• fa.cur ••• ro of ._ 
eonc.ra CO ... uf.cy. T..,.rary 



rt .. t.acl... la pl ..... trlc 1 ... 1. vero 
...... eM for AullCI'laa Da. .... roported for 
we .chel' ..... 'IW c_nCO FlIYlty ... 
Oat u. ti.ne'" bad no ....... 

5 . eczvn 1M!I!'1fI1 

~ OIIchK la ."recleti:" of field noco ..... 
lat.naU.. f1:_ Doe labbl tt, Dapare.nt of 
Vater ~_, ltato of CaUfom1a, ..... 
• rat.ful11 acI!M.1...... the IDloraaclon ..... 
apart. ,nn ... ltJ IMort T01-\.l of the ._ta 
Clara Volloy UaCOI' Dlatrlct. 

6. pm-V 

1. llell1, a. ot a1. 1919, U.S. C.o1ol1cal 
1urwe1 .tr ... • .. clon rocor" fro. tho 
IIOl'tbom CaUlomle (X- 'dota) .al'th· 
...u of October 17, 1919: U.S. C.olo.lcel 
lurwey 0p0a·fl1. aeport 89·S6'. 

2. lid.... A. C., 1910, Geotochnlcal 
l_at .. Uono for ~, hoc. of 
lazenlatl_1 S,.,..b8 on C.otocbnlc:al 
hobl ... aDd Pnctlco of .,.. 111&1_1'1111, 
.. 1 ... Iutlt\lte of Toctuwlol7, a.npok, 
In·lll. 

3. 'latkol', Geor .. , ..... C;a11_y, John ,., 
Ultor., 19.9, 1.0 .. _ 1.anod fr.. tho 
~ hlota, Cal1fomia, .arthquab of 
October 17, 1919: U.S. C.olol1cal Survey 
Circular 10,.5 . 

•• 1balta1. A. at ai, 1919, eSllIP atr0lll' 
.tlO1l rocorda fro. tho S_ta Cruz 1IcNn· 
talM (~ hlota). CaUforni. oarthquak. 
of 17 October 1989: aeport Ito. OllIS .,. 
06, CaUlomle Strona IIotion lnatn.on· 
tation Pr0F_. 

S. I. L. 901,. • A .. oelet •• , 1990. Inve.tl .. • 
tlon of SCWD Oaaa Aff.cted by tho ~ 
hl.CO larthqu,' 3f October 17, 1919, Lo. 
Ceto., CA. 

6. UIC:OI.a c-J.ttee on larthquab., hrfom· 
-.co of.,.. Durin, larth ..... , In pr.pa· 
raUOll. 

311 



Ta'b i. Lbt of lebet" IMM 

o..M_ Type 0.. .. lpt Eplc.ntral Y.ar Dua,. SUOftI 
Dbtanc. eo.p1.t. Notion 

It • .1 .. "cord 

I1I1U_ Concr.t. 69 21 6 10 1195 Mone No 
Cravtty 

Au8tria lIIb.a .... nt 185 56 7 12 1950 Saver. No 

.u..den labass1aaent 110 lit 9 15 1936 No Ito 

Guadalupe Iab ..... nt 142 43 11 II 1935 Y •• No 

Reven E.buaka.nt 112 55 12 19 1960 Y .. 110 

EIMr J. Cheabro E.banment: 95 29 12 19 1955 Y •• No 

Lell1nat on E.baniaMnt 205 62 lJ 21 1953 Y .. Y •• 

Vuon. Eabanment: 34 10 15 24 1935 Y •• h 
PercolaUon 

Rlneonada ~nt: 40 12 16 26 1969 Y •• h 
.... rvolr 

Leroy Anderson Eabanlraent 235 72 17 27 1950 KinoI' Y •• 

Coyot. lat.aniaMnt 140 43 19 31 1936 No Y •• 

Cberry nat: ....... nt 60 11 26 42 1936 110 Y •• 

San Justo IllbaniaMnt 147 46 29 46 1917 No Y •• 

Del Vall. r.l)spn-nt 222 61 41 " 1961 Ro Y •• 

LMler Cry.tal CODer.t. 140 43 43 69 II .. 110 Y •• 
Sprlnp Cr..,lty 
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'lable 2. IarUquke Iff.c,a _ r.laenlrae1lta 

D .. N ... Cracka KaKt.. Ma.xiaa Odler 
Settle_nt Tr~r.e 

Lon,itwlinal Tranaver.e IfoveMnt 

AUltrian u/. , dll in ellbank. 85 c. 37 c. d/. pieza.eter level rls., 
faee. near both 15 ca u;. .pillvay crack1na and 

abuc:.enta ..paration froa foundation 

Al .. den .lnor on u/a nona not known notknovn 
e.,aNt. face 

Cuadalupe 011 11./, bera, ln ellbanlt. 20 c. 2 c. d/a cone ret. facine .labl 11./. 
.tnor alone near both 5 e.u/a have .lnor eracld.ns, 
cr •• t ahutaantl .pallln" and offlet 

NeweU hlah on 11./1 none not known not known interior .pailln, and local 
dope a.paration froa foundation 

of sloping intake .tructure 

El .. r J. alon,U/1 at contact 11 c. 0.3 c. d/. crack In natural ground of 
Cbe.bru creat of cre.t 1.5 c. u/s l.ft abuc..nt alon, shoulder 

.bouldar and right of .teep abuc.ent 
abuc..nt 

lAxin,ton .inor on uja in ellbanlt. 26 c. 7.6 c. d/. eraekin, near boadlouse, 
" dis face. left &lda, 4.3 c. u/a near spillway bridle, alon8 

in natural spillway. and in natural 
IrO\ll\d on ,round near intake structure, 
rt. side foundation hydro.tatlc 

pr.saure ri.. reported 

Va.ona riltlt aida aiDOr in 5~ 3 c. d/. 
P.reolatlOD eabankaent "anbent nona u./a 

cre.t near ript 
abu.DHnt 

Rlnconada noaa DOM not bwvn Mt known cracked vall. in leparate 
.... rvoir outlet works vault 

lAroy lntar.tttent none 4~ 2 e. d/a 
Anders_ al... cr •• t 1.5 ca ut. 

San Juto noaa none 4c. DOt ta.porary p.lza.eter vater 
slp1ifleant l.vel rl.. reported 
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taltl. 3. ...a.. Acc.leratlou <a) !apedaDC" at Iut~ta. Due 

.,.. ... Dlrectlon C~_t Toe Othe~ 

Laft AlNc.unt 
LaalnatOft Add 0.40 110M 0.41 

Tr_r •• 0.45 0.45 
Vartlea1 0.22 0.15 

Left ~butMnt (rock) 
Laroy Andertoll Add 0.32 0.11 0.01 

TrallS-... r.a 0.43 0.21 0.07 
Vart~.ca1 0.16 0.16 0.05 

Left AlNc.ellt 
Coyot. AIIld 0.17 O.H 

Transvera. 0.19 0.49 
Va~t1eal 0.10 0.01 

lAft Abuc.ent 
Charry Flat AIIld 0.09 

TraIlS" raa 0.01 
Vartie.l 0.06 

l8banaant naa~ 
lAft AbutMnt 

s.n Justo Add 0.39 0.16 0.10 
Tranavaraa 0.50 0.26 0.24 
Vartical 0.32 0.24 

Oal VaUa AIIld 0.0' 0.06 
Transverae 0.0' 0.04 
Vert leal 0.07 0.03 

lAft AbutMat 
~r Cry.cal AIIld 10M 0.05 0.07 
',rll11S Tr __ rte 0.10 0.05 0.09 

VarUea1 0.03 0.03 
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\ 

\ 

• • •• &.&1 .. '-...... -~, 
EPICENTER OF 
LOIIA PRIETA 
EARTHQUAKE 
MAIN SHOCK 

I'la· 1. Locael_ of •• lect.d ~ aftocced by the October 17. 1919. '- Priota "_dike wieb tIM o~ .,icODcor 0-. the o.rthquUe vu 
c-..I by npaao 01 .. eM laD ADdnU (.alt. 'DIe OpicoDter 11 to the 
...... at of eM fault 01_. ID ebh _. tbo fault di,. allwt 70 
dopooo ._ca...t aDd tbo lDitlat1D& rupaao .u at • depth of 11 b. 
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, 
-zo' 

____ nlO7C 

.J. , 

,.., I - J '.-, 

,... ,'·1 1 ~
'CIIO 

~----~~--~~--------------~ _~.~_.D..! ~.I 
MIU'IhIL__ ,.. ~'flO.rr" LOCATION 

a. 

'010 

1010 

'010 

tOtO 

'0«1 

1010 

:; 010 .. 1010 ... 
I '000 

~ ftC) 

i teO .. .. flO .. 
NO 

110 

~ 

30"-" ,.-., ZHCI'. "-!lOW. '. II ~Z~.C_J·' 0 ~z-tw,Wd1 0 ~ -4.,6CI'I • 'I .... ,"" 

F1,. 2. Austrian Oaa. a ...... typlcal .ectlon ancl b. It- plea_cer readln,. 
before ancl .ltel' eal'tbq\&Sb. 
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1130.0 

1 •. 0 

lIao 
~ 

1121.0 :t 
~ 

! 1111.0 

! 1125.0 

i 
1124.0 III 

~ 
III 

1123.0 

1122.0 
0.00 

1.2 

i 
1.0 

c 0.8 r 
~ 

I 0.& 

0.4 
• .. 

0.2 
~ 
III 0.0 III 
~ 

! -0.2 

~ -0.4 I 

I -0.' 
0.00 

II£1lOIf£ EMTMNIM'E. IIC.UDIIIe 
"~IIEN" 011 ocrwa If. /fa 

2.00 4.00 • .00 • .00 
STATION ALONG CltE5r 

o. 

BEFORE EARTHQUAKE INCLUDING 
IIEASUREIIE1iTS ON «TOIlER •• ,,,, 

NEASUREIII£NTS ON OCTOBER 
19. D,.,.. H. I"" 

4.00 '.00 • .00 

STATION ALOHa CREST 

b. 

rl,. 3. Autdan". e. Shove c:_1.d ... seetl_nt elema d.a c:rut jut 
befora aM after OctlDbu 17. 1'19, euthquaU. b.~. _rhoncd 
tr_r.. __ nC. .f cr •• t --1 point. Juat before ... altar 
earthquake • 
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'-. "0 
:1 

10.0 
AU VII"" ,,,,.,17 : (Cltl'" n .• " 

"DOI/IIIIVffI'A" fMl'U 0' 
LOGsr Itoelf , ..... """ 
"'OM ,"/Ur.., r.c .. ..,.',011 

Fl,.~. Al .. dln Daa. Typical •• ction. 

, , 
I 

,"HIt'lftHlf I HIt"IfHI' 

AU. .".,. ,. IIKT 

;::-:::..... ___ J. L':.It~*_L:...;IIIOI::::OUIf;;_;;:;D::.::_::..:_;>"'...;::a. ______ _ 

F11. 5. Cu.dalu~ Daa. Typical •• ction. 

' .. 0 

AI.'- lIN'" I", '1'£' 

ItO&L£O ,.IltTIf " &.4 
(La. ',.PVIOII.I 

,;' tllOltl' '~""IOV.,' ~"'''AL MOU"~ _____ - - - - - - _ ---------_ ... - ----- -- :....-. ---. ----------...:!:~--_./ 
pe.IIIITrD TO UOItOCIC 

..,1'11" •• " 0' Alii' 

.,.A"I'L A&.LUVIUIIf 

Fi,. 6. El .. r J. Che.bro 0... Typical •• ctioa. 
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SECTION 

--Z1.JI/f 

0. 

Fl,. 7. ....11 Daa. A. Typical .acCiOil. b. fl ... of 11M .bovin, lon,itudlnal 
cracka AI ....... r upatre. faca. 

.. , 



-os r ~rlfVlol/s 

-. '. - oitti,;'i" -~io';lio~ •• -

' •• 00 ' •• 00 14+00 11+00 
! 

G. 

SEN'OIf ".X 
NO. ACCU. 

(" 

I 0.41 
, 0.11 
J 0.45 
.. 0."0 
5 0." 
• 0." 
7 0.'4 
, 0.10 
, 0 .... 

b. 

FlI.'· J.-aiaaton D.. a. typlcal HCclOil. 1I.'laD of ... IhcNi ... locacl .. 
of nHIII·.tlOil 1M~ca .... caIIla of ..as- aeoalaraU_ af 
.cr .... ·.d .. 1u~u. 
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&I . 

Fil. 9. Valona Porco1atloa 0... 

__ ..nIt_".I ••.• ~ 

I 
It 

-+ 

o. 

b. 

o II so 
I $ t 

Typical seetioa. 

'.-,AXIIL 
VIImCIL. ,... .. 

IM·IAIIIL 
.....:& nc, •• ....... 
". ... •• ·.AIIIIL 
~ 
11IIFII"_ 

"-'AIUIL ~ ..... -

-J 

Fll· 10. Sa Juce ,-, a. Pta .,ift sMwilll 1oeatloa of Itr0"l._tion 

M •• JtJ 
Q.H 

lUI 
oa 
o.a 
0.17 
0.11 
0. .. 
oa 
0'­
U4 
OoN 
O.IG 
o.ao 
oa 

I ... ~ &ad culo of ..... _loracl_ ~laa the October 17. 
lilt • ..u ~ .... t .... r"leal s .. tloa, also .bovin, loenian 
of acnaa-.ci .. i .. ~. 
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a. 

OIIIKTlQIII MAlI I" 

AIIIAL. 0.11 
.". 0.1' 
1ItMI¥DIE 0.1. 

-i
ClOWllll~ ..... , 

ICQUMTIOII 

DIIIIICTDI ~ 
..... 0.. 
III' 0.11 ", ••• _o.a 

It. 

~ 

IIIUTICIII ..... '" 

AlDol&. ... 
\III D.OI 
,.. ... oor ...... ,. ..... -..... 

I AIML 001' 
I TUf .... 0'14 
I "...0. 0.14 
4 .... Go. 
a "" o..e 
I TNI.l* .... 
'-' ... ... ... • ~_ OAt 
10 -. 0.. 
\I .. .... II" • __ ... 

Pli. 11. t.ny Aaller_ JM.. I. tntca1 _eloa. ... '18ft of elM III..,lnl 
leuelOftli of acrq·_eloa t_"-u .... tale ..... 'na -'-
_lulet_ dudlll tile OcCOileI" 17, 1,.,. ~. 
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seCTION 5£115011 MAX 
110. AceR. 

(tJ 
I o.OJ , 0.07 

" J (J./O 

• 0.07 
S """"'~tI .. 
1 0.07 
7 0.01 

• O.OJ 
o. f 0.0' 

10 0.0' 

" M""_~II .. 

" C105 

" 0.0' 
'4 O.OJ 

" 
0.07 

n,. 12. ~r elY.ta1 .'d .... D8a. •• ,."lca1 ... c1_ ..... 1 .. l_U_ .f 
.tr ..... U_ ..... C_IIU .... tabla af uat.. _c.l.racl_ dlar11ll 
chi ..til _t .f chi Occobor 17. I"'. aonhquake. ... Pl ... f ... 
..... 1 ... lac.d_ .f acrOlll-.dOll luc~u. 
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PertOl'D108lKe or Wood-Framed Stmctu.res In 
the Lama PrIeta Earthlpl. 

by 

John Tillell, P.E.l 

USTaACT 

The parfora&nce of wood-fra.ed build!n,1 1n the 
Loa. rrl.~a eartnquake va. lave.tigated by a 
te •• of enaineerl froa the Technical Servicel 
Div1aloft of the Aaerican Plywood A.aoct.t10n. 
The purpo.e of the lnvalti,.r.lon va. to deter­
aiDa if deficiancial 1n the ~ildinl code vera 
a fac,or ift build1", da .. ,e. All of the 4''',ed 
buildift, ..... 1ned were alther built prior to 
tha .ddltion of .els.lc tequlr ... ntl to the code 
or vera conleructed v1th obvloul nonconforaance 
to buildin, code r.quire .. ntl. Hoat fallurel 
vere cauled by l.ck of connectionl to tha foun­
dat10n, or l.ck of lateral stiffness in the 
Utat floor or 1n Ihort "pollY" or cripple .. alll 
betve.n the foundation and tha firat floor. 

KETWOIDS: luildlnl Code; COllDectionl; Earth­
quake; Sh.ar Walll; WoOd-fraaed. 

1. IlfTlODUCTION 

In che lata Ifternoon of October 17, 1989 a 
Itronl earthqu.ke v.1 felt throulhout the 
S.n Francilco 8ay atea. The alrthquake, luble­
quently known ae the Loaa Prieta earthquake, 
rea1It.r.d 7.1 on tha Richter aeala. Much 
publicity val .iVeD to the collap.a of a lec~ion 
of the double-deckad Nimita fraevay in Oakland 
vhar. the .. jorlty of fat.lltiel occurred, .nd 
to the Karina district in San Fraacilco Vbere a 
Du8ber of outdatad re.ldential buildinaa were 
deltroyed, either by the e.rthquak. or by the 
enluia& fire re.ultin, fro. brokea ,a. line •• 

Otber .r.ae r.portlna he.vy de .... were Santa 
Crul County, loc.tion of the earthquake's 
epicenter, and the town of 1.01 Catos, near the 
Santa C~a Mountalnl. Parther north oa the San 
Pr.acl.co penin.ula, lev.ral ho ... in the Lo. 
Altol Killl area received heavy d .... e. 

On October 23, • te .. of thra. anlineerl 
fr~ the Technical Services Dlvlaion of the 
Aaerlcaa Plyvood "Ioclatlon travel.d to cbe 
San FranciSCO •• y etea to lpend leveral day. 
obaervina che eff ... " of Chi •• rtll<t .... l<e on 
vood conltructioD. ThO.e participatina ware 
Daniel H. Irova, JohD I. Till.ll .nd Willi •• A. 
lak.r. The prl .. ry objactive wal to deter.Lna 
If deficiemcl .... , e.lst in buildiftl code. 
publl.hed .ub •• quent to the Syl .. r qu.k. In the 
San rernando Vall.y of California In 1971. The 
Syt..r earthqu.ke r.lulted in .ev.ral buildlnl 
code chan, •• de.l,ned to .trenlth.n buildina' 
a.ainat .syera lat.ral force •• 

The t ••• discovered in short 
wa. quite Widely .cattered. 
the hl,hly publicized d ... ge 
have little or no structural 
earthquake. 

order tnat da ... e 
Vast area. between 
zonel appeared to 
da .. ,e troe the 

2. CONVEtrrIONAL WOOD-FRAl1!D BUILDINGS 

The epicenter of the earthquake wal located In 
'he Santa Cruz Kountainl near the 1.0 .. Pr1eta 
Ichool. The quake opened up several ground 
fi •• ure. of conSiderable length. The fiSlures 
were in the proximity of Su"lt Road and necel­
.ltated paveaenc repairl ln leveral place. 
where they ~rossed the road. In this area, 
prlaarily populated with vood-ftaae residences, 
the extre ... of no apparent structural dlDl,e 
whatloever to coaplet. deltruction vere 
ob.erved. Even 1n .rea. where da"l. wal ~ilh, 
uny wood-fra .. "succesl storie.- vere encoun­
tered. The houee pictured in Pl,ure 1 appeared 
to sUltain no structural 4I .. ,e other tnan the 
eollap •• of the .. aonry chiaoey. The house wa. 
tWO stories on a 'lopinl lot, with. vood-
fra .. d daylllht bale .. nt to the rear and was 
s1d.d vith plywoOd panels which acted as brac­
ina. It v .. located approximately lOO feet 
from a ,round fillure, and undoubtedly wa. 
Ihaken rather .everely. In fact, It va. 
loc.ted about 200 yard. froe the houle shown in 
Fi,ure 8 vhich val caapletely deatroyed In the 
earthquake. 

Dennla J. McCreary, ataff en,ineer vith the 
International Conference of Bul1d1nl Officials, 
proaul,atorl of the Unifor. Bul1din, Code, 
vilited Santa Cruz County ehortly following the 
e.rthqueke, He oblerved, "It appeared that 
where the(~ were failures in wood-fraae build­
In,e, they were due to inadequate connec:ionl, 
or t.ck of structural cont1nuity 1n deslln." 
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2.t Cripple W.lll 

"Cripple" or "pony" .. aUa appeared to have bean 
the source of f.ilure in a nuaber of 4 ... ,ed 
hoae.. Cripple vallI are typically Itud w.ll. 
vhich .prina fro. the foundation to the first 
floor fra.ln,. They are often uled on stepped 
found.tlonl ln buildlnll built on elopiD, sitea 
and are ulually short, but can be a •• uch a. 
full Itory hel.ht. When cripple valls have a 

1. ~ricftn Plywood A •• ociation, TacO", 
W.ahin,ton 98411 



atud hel,ht .aceedima 14 lnche •• the Unifor. 
Bul1dina Code requir •• chat t~y be con.1dered 
tit.e-.tory walll for the purpo •• of deterainlaa 
the br.c1ma required. Thl code al.o require. 
tnat crippl. walle esc.edtna l4 lnche •• hall be 
fraMd with 1t • .I4I1 DOt len 111 eta. tlaan that of 
the .tuAdio. above and. when.they eaceed 4 t •• t 
ln h.i,ht. cripple walle Ihall be fra .. d of 
etud. havio. the ei.e requireA for en additional 
.tory. Th ••• requlre .. nt. clearly inGicate that 
• uch walll .re required to provide re.t.tance to 
lat.ral forc.l, .nd .re not .. rely .klrtlaa. 

Sev.r.l loatance. vere ob.erv.d where hou.e. had 
been DOved lat. rally off thelr fuundltioll.. 10 
.v.ry ca •• of thi. type which wa. ob •• rved. the 
cripple Will. were llyla. fl.t On thelr .id •• a. 
.howlI In Fi.ure 2. Althou.h th.e. w.ll. vere 
typlc.lly .h.lth.d or .id.d wlth plywood p.o.ll. 
oal11na v •• typically .uch .par.er than r.qulr.d 
by the cod.. Thu •• the pallel. th ••• elv •• could 
not provide .uflieiellt l.ter.l re.l.tlnce to 
prevent r.ckin. of the crlppl. vall.. No 
inetance waa ob •• rv.d vh.re a cripple vall col­
lapa.d which va. nall.d in accordance vlth cod. 
requir ... llt •• 

In the Lo. Alto. Hill. are •• one hou •• w •• 
ob.erv.d where • r.th.r 10lla IICttOIl V.a built 
over •• ar .. e on a alopill, .lte. ~ •• rly aU the 
aLd. v.lla of the •• 1' •••• which lupported the 
fLret tloo~. Cln be cOlleidered • cripp!e w.ll. 
Two-foot-wid. plywood valla (velleered vith .to~ 
... onry) vere built on either aide of the •• r •• e 
door op.nin,. Durin, the eerthqu.ke. thla .ec­
tlOG of the hou.. .ppe.r.d to rot.t. coun­
tarclockwl.a. fa.ultia, In detacbina ehe roa. 
ov~r the ,ar.,e caapl.tely froe the r •• t of the 
houa. aDd llyina oval' the Darrow w.ll. be.ide 
the •• ra •• door openlna .bout oae foot ( •• e 
Fl.ure 3). At the location where the roo. 
d.tached t~oa the reac of tbe hou.e. thera 
• ppe.~.d to be 00 atructur.l cOlltinuity •• a 
ahowll Ln Fl.ure 4. Ker ••• ,ain. Dlilin, of the 
.he.thLa •• lona the crlpple v.ll. va. le •• than 
that r.quir •• by code. In .ddltlon. the .ara •• 
door header. which aupporced a portion of the 
firat floor. wa. DOt .dequ.t.l, ti.d to the aup­
portla. w.lla. ru~th.r. the narrow w.ll. be.1d. 
the ,.ra,. door op.nln, wera IIOt .nchor.d wLth 
hold-dovaa approprilce for .he.r w.ll.. Stl1l. 
the roo •• bove the ,.ral •• coeplace with 
unbroken pLctura vindow. _ved II • unit and w •• 
ulldaaa,ld excepc fOr where it .. paratld froe the 
re.t of the boua •• 

In en older .ectlOD of Loa GatOi ... 111 houa •• 
w~r. ob.erv .. tbat bed .lipped I1tarll1y gff 
th.ir foulldation.. Iha eaa of theae hou.aa 
would lndlcate t~at th.y w.re board ahe.thed alld 
the foundatioal .pp •• rad co be UlIralaforcad 
... onry. Due to the a •• of the hou •••• aDd thlt 
the, vera obvioully COllatructed before acdern 
butldiD, coda •• IlO d.tlil.d iD.pactiolll var. 
.. de by tha t .... 

In the .... are •• tha hou •• shown In Fi.ur. ~ 
vaa .een. Even thou.h it h.a • double a.r •• e 
in the around floor. tt .ppearad und ..... d. 
This houa. appe.red to be built uoder receDt 
build i n& cod ... 

The tvo-atory houle vith ba .... nt •• raae ahovn 
in Flaure 0 .hov.d no indicltlon of d .... a ev.n 
thou.h it v •• very near tvo houlel th.t were 
b.dly d ..... d (one of whlch i. Ihova ln FLaur • 
12). 

Ftaur. 7 La a h·)u.e ne.r S~it load and north 
of Klahvay 17. Ground IOVeDent in the atel 1. 
evidenced by b,ckled blacktop i~ the roed near 
the house and .ev~r~l broken buried w.t.r 
linel. Evan tnough the entlre end of the house 
1. taken up by ~ double a.raje door. this house 
dtd not whov .ny inaie.tLon of da ... e. There 
w •• an .pproxl .. tely one-Lnch cr.ck ill the 
walkw.y between the atreet and the hou ••• which 
indicatea ehifting of around tn thia ar ••. 

2.3 KaJor Fra.ina Connection. 

Tvo of the badly da .. ,.d houael th.t vera exe .. 
ined shoved very little connection hetveen the 
aajor floor fr •• in .... b.ra .nd the fo~ndatLon. 
While both of th.le houe.a had Itepped founda­
tlona, e.ch h.d one .ide vhere the floor fr ... 
iog bore directly upon the eLll plate vhich v •• 
vell bolted to the concrete faune.tion. 

In the rectan,ul.r bou •• vhere the 2x floor 
joi.tl were on the .ill pl.te. there V'I no 
evidence of f •• tenerl betveea the jolltl .nd 
the plate. The Unifora Buildlna Cod. req~1re. 
three 8-penny nail. par jol.t for thi. connec­
tlon. The peri .. t.r band jolet val DIlled to 
e.ch joi.t; howev.r, the band joiat vas 
faatened to the .Lll pllte vlth toe ~ill 
.pproat .. taly 4 fe.t on cellter • 

The •• coDd hou.e VI' oct.,onal 1n Ih.p., and 
the floor waa fraaed with 4-lnch-wide be ... 
(lee FLeure 8). A careful .... In.tion of the 
.111 plate Ihoved .t the aGat OIIly on. to. nal1 
connectin, the floor jOiltl to the .111 plate. 
AsaLn. the floor fr .. illl ... ber. w.re n.l1.d to 
the pari .. ter band jOi.t Ind. Ln this c •••• the 
peri .. ter band jollt v •• ancbored to the foun­
d.tion u.tlll hold-down anchor. with la, acrewe 
iato the band joi.t. The elrthquak • .ove .. ot 
WI. .uch that the la. Icr.w. failed ill 
withdr.w.l fro. the band joilt. 

2.4 Coo.tructlon tn the Karina Di.trict 

The portion of Sao Fr.nct.co knovn ., the 
Kar~na diatrlct i •• n .r.a where the rubble 
fraa the 1906 e.rthqu.ke w •• duap.d .nd than 
.~blequently fl11.d vith .and dr.d •• d 11'0. tha 
b.y. Durina the 1989 elrthquake the fina •• nd 
11qulfied and. in aeny c ••••• flowed up throu.h 
cr.ck. Lp the road or .id.v.lk. In oth.r 
lnat.ncee. the .idew.lk. weI'. badly dtatorted 
by pre •• ure !raa the •• nd • 
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T~ typical buildlna 1n this are. la • 
four-atory apart .. nt conalatln, of three floora 
abov. ,rOUAd floor Kara,... Aro~n4 the .oat 
~l, da ... ed buildinaa, lnapectlon vaa po.aibla 
only by obaervatlon. fro. out.ide the pollee 
barrlcade •• 

The lar.e nuaber of ,ara,e door openln,a on the 
.round floor of che.e buildlna. re.ulted 1n onl, 
a very a .. ll len,th of eaterioc vall for r.c~in. 
r •• l.tanc.. The •• wall. were cypic~lly con­
ce.led by .. a~nry veneer; however, in .. ny 
In.tanc •• , the ... onry had fallen away exPoalnl 
the aheaChina. Th. ah.athin, vaa ty~ically 
horf.ontal boarda and In the one bul1dlna vhere 
the aheachin, had f.llen off with the aMaonry, 
there vaa cut-in Z a 4 dialonal braelna. the 
f.v lnterior partitiona that were y1atble In the 
.araa •• ver~ aheathed wlth .ypau. vallboard. 

While a.yeral of thea. apartaent buildlnal did 
collap.e, .. ny .ore ahoved eVidence only of dia­
cortion at the flrat floor. Fllura. 9 and 10 
ahow one of th •• e buildLnaa. Kouae aDvera were 
.lr.ady at wvck placlna ahorlna and ateal baa.a 
to prevent further collap.e and to enable jack­
lna up of the butldin.a and ra.torln, the around 
floor. 

The ... 11, approxi .. tely 2-1/2-atory apartaent 
buildtnl abovn in Filure IL vaa entirely 
.beathed vtth plywood. On this particular 
bul1dln, tbe ~xt.rlor da"I' waa .uperflclal, 
with a a .. ll Z-foot-hl&h brick veneer wall 
failina awa, froa the buildtn,. lnveatl.ation 
ahowed no tie. between the brick and the build­
In.. Upward around .oveaent vaa aufficient to 
coapl.tely ja. tbe lara.e door, 10 the ownar 
fcund it nece.aary to .av otf the bottoa of the 
door to open It after the quake. The concrete 
.ara •• floor w.a totally deatroyed and will have 
to be replacad, but th~ bu~ldinl above ahowed no 
eyid.nce of d ...... 

At another location, a contractor v.a aedina 
plywOOd abeathln. to the int.rior of a larale to 
add lateral r.aiatance to a relatlvel, unda"lad 
.part .. nt buildln.. The contractor pointed out 
tbat there v.re no anchof bolta fro. the lill 
pl~te to tb. foundation, aa hia tlrat .tep "a. 
to drill In anchor bolt.. He then addad block 
ina between tbe stud. and "aa apply 111. 3/8" ply­
vood horl.ontally to the waili. 

One lafle aparcaanc co.plex In the Marina 
dlltrlct val deacroyed by flre Initiated when 
natural ... 11nea were brakell due to the e.rth .. 
quake. Thi. can allo be related to lateral 100d 
realltanca of buildinaa. Accordlna ta franklin 
Le., Mana.er of Sala.tc Sat.ty Prolra. for the 
city and coynty of San 'ranel.co. ·Wood-fra .. 
bul1dlnal d.aianed to proyide lateral r.ai.tanca 
.re leaa likely to .way and drtft in an .arth­
quake. Thia llaSta breaka,e of electrical, ,aa 
Ind "at.r I1n.a vithin the buildlnl, thu. reduc­
In& the chance for cat •• trophic fire •• • 

3. CIllltMf.YS 

The chi.ney da ... e ahown in Filure 1 "aa co.-on 
to .. ny houaea vnethar or not t~ey "ere furthar 
da .. ,ed. Th. chlmneya typically were not rein­
forced and "ere l~t tled suffici.ntly to the 
atructur.. Chianey failurea were leen in .. ny 
of the are •• obl.rved. Soae rea.denee. con­
atructed 1n the la.t 15 or 20 ye.r. have 
utili •• d in.ulated .'e.1 chi.ney flue. ~ncloacd 
by deCOrative plywood 81d1na. A n·.aber of 
thele were obaerved, and none neel ,.0Uap.ed 
except for one "hlch w •• not well f.atened to 
the houae and .lao waR Iheathed w,th he~vy 
atone ven.er .. 

4. POLE-SUPPORTED BUILDINGS 

There wer. aeny pole-Iupported hou.e. located 
on .teep alopas In the to"n of Loa Altos K111s 
- about 25 .11e. fra. the epicenter. 

Sa.e of th.a •• uffered exten.ive da .. ,e, and 
the on. ahown In Ftlure 12 app.ared to be a 
total loss. Tbe claaale aee.ed ta be due to two 
facto •• : 1) inadequate connection. bet"een the 
floor .,at.a and the pole (oundation, and 2) 
unequal atiffne •• of the pol ••• 

The fir.t deficiency cauaed the floor ayatea. 
to ahifc relative to the polel. Thi. aoy, •• nt 
va •• ufflclent ln aoaa caae. to cause the floor 
fra.lnl to loae aupport froa the poles. 

Tne aecood deflciency waa dua to the unequal 
hel,ht of the pol.a. !ven if the floor sy.t.m 
lucceasfully tied the polea tOlether 10 they 
actad a •• unit, their vlryina 'tlftne.1 meant 
that the connection, bat"een the floor and the 
ahorteat pol.1 carri.d the are.t •• t lateral 
force. dur1na the .arthquaKe. Thoae cannec­
tiona vOuld be the flrlt to overload and fall. 
then tne next .horteat polelfloor connectlon 
and II) 011. 

Pole. under 10 .. houaea h.d been brae.4 vitb 
di'aonal cabl.a. and the •• atructure •• ppeared 
to be und ..... d. tepair. underway at one hoae 
included the additlan of dialon.l cablea. 

5. INDUSTRIAL IUILDINCS 

Durlna the 1971 Sylaar, C.lifornia earthquake 
thare ver. Du"roua failur •• due to ... onry .nd 
concrete ".111 pull1na avay fro. roof Iyste ... 
Th. faLlur.a were tllitiateel by weak (onnectionl 
b.~.vean tb. valla and the roof fra.ina. The 
J~lfor. luildina Code vaa lubaequantly l.proved 
to ,orrect thia lituatlon by requlrin •• po.i­
tive tLe betw.eD the walla aDd roof fr •• lnl. 

A ... 11 industrial bul1dlna ln C .. pbell. about 
20 .Ilea from the .picentar, had .tnor daaaae 
of thl. typ.. A 'x12 ti.ber led,er "a. bolted 
to the .. aonry vall. 



the rl,.oo4 lhelthina of the pan.l1.ed roof wa. 
the only tl. to the wIl! capabl. of r •• l.tlna 
outw.rd (t.aaion) fore •• actina on the wall. 
the AM11. hold1aa the p1,.oo4 to the top of t_. 
i.claar held, but the laqer .pllt aloaa the bolt 
llaa.. The .plit. In tha 1edler W.ra apparently 
clu •• d by cro •• -ar.in bendial' A ... atloaad 
.bo •• , thl. 4at.l1 1. no lonl.r paraittad by the 
UaUono luiUi ... Coole. 111 .pHe of the d-.., 
the plpw004 roof diaphra .. funetloaed •• t1.f.e­
torily, pr ••• nti ... daaaia to the ... onry v.lli. 

6. 1lAS000U IUILDINCS 

Maaoary bulldt .... typically parfor. poorl, in 
•• n .... IaIILe •• panlcularly tllo .. that II'. uarlin­
forced. Without raiaforc ... nt, .. Ioary build­
tnl. tell In • brittle fa.hion. la the town of 
Lo. C.tol, about IS .11e. froa the .picanter, 
.n aotire blOCk of on. - and two-.tory ... onry 
.tore. had been ••• erely daaa.ed and will 
undoubtldly be da.all.hed. 

Unlike wood conltruction, which i. lllht In 
Wlllht, ... onry i. h ••• y. Its Ire.t.r vaiaht 
l.ad. to Ir.ater lateral forcee to re.lat th.n 
wood cooatructlon. 

7. SUMMARY AND CONCLUSrONS 

A t ... of .aainaera froa the Alericln Plywood 
A •• ociaLion .lalted the Sao Frlnci.co aay .rea 
.hortly foll~laa the Loea PI' let. earthqu.ke of 
October 17. 1989. D .... e froD the earthquake 
occurred In .clttered locltloo. within the 
r.llon. Wlthln tn •• e loc.tlon., the heavle.t 
4aaala .ppeared to be to bul1diaa. vith uarlta­
forced .. Ionry wallt. All obtereed wood-fra.ed 
bulldlal. whlch vere dIaI,ed vere eitber built 
baforl the 197) Unifor. lulldln, Code Introduced 
updated earthquake re.ulatlOnt, or Incorporated 
critical con.tructlon featurl' but with inade­
qUltl connectlon., or other f.ature. which were 
not nal1ed or Itaplad ln accordance wlth aiatau. 
codl rlqulre .. nt •• 

It It the coaclu.lon of the inye.tilatort that 
fr ... d con.truetlon built to .elt current code 
provillonl perfor.ad very Will. No codl 
deficlenclet for thlt type of eoaatruetlon were 
obteryed. KOWIvlr. Ireat.r atteatioa .uat be 
paid to de.lan Ind 1n.tall.tion of connectiont 
aad fattenert, aDd to Itructur.l continuity. 
e.pecial1y 1n ... 11 bu11dlaat which .. y not be 
en,inalred. 
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Pillun 1. Two-stery bau&e w1th woad-fralled 
dayll&ht baseaent located abuut 100 feet fro. 
around ft •• ure 1n Santa Cruz Hountalna. No 
apparent structural <laaage except collapsed 
aasonry chisney. 

Flaure 2. Collap.ed cripple wall on houae 1n 
Santa Cruz "ountalna. Plywood aheathina on all 
cripple walla waa inadequately fastened. allow­
Inl houae to .hlft off foundation whlch aplit 
the 8111 plate alonl th~ bolt 11ne. 

Pilure 3. House in Loa Altos Hilla rotated 
counterclockwise In portion over ,arale due to 
lnadequate naillna of aheathina and connectiona 
at narrow walls beaide aaraae door openin,. 
Roo.s above appeared to eove a. a unit and 
re.ain sound. 

FIIU'O 4. Break In houa. between kitchen and 
recreation roog. The kitchen floor vaa wood 
fraaed over a crawl Ipace. At the rl,ht end of 
the house, the craw! apace beca .. the ,ar.,e. 
All of the .. jor floor and wall fra.ln, ... bera 
had unapliced jolnta at the break. 
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Fiaure S. Unda .. ged apltt level nouae located 
in ar •• of ~o. Gatoa wnere .. oy 014er 
one-a tory houI.I .lipped lat.rally off their 
f Dundst 10n •• 

Figure o. Well conatructed aplit laval houa. 
with no apparent d .... e. Two nearby ainala 
level noaa. were d ..... d. Ooa beyond repair. 
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Figure 7. Uoda .. aed houle ln area of luffl­
eient around .ave .. nt to buekle blacktop road 
and break water linea. 

F11ure 8. Later.l dlaplace.ent of floor at 
coaplately deltroyed houle 1n Santa Cruz 
County. The las screws .:onoeeting tne band 
jotat to the anchors f81led in withdrawal. 
Other than a ainale toe natl, no f •• teners were 
found tyio& the floor jolats to the alII. which 
W.I bolted to the concrete foundation. 



'l,ure 9. Corner apart .. nt bu11dtnl in the 
Karina dtstrict. The .. aonry veneer v.a 
anchored to the aneathin, by naila .. bedded in 
the aortar. 

Fi,ure 10. Corner apart .. nt buildtn, In the 
Marin. diatriet. Houae ~v.ra have ahored the 
,ar.,e l.v.l in preparation for reatorina the 
buildiRl· 

Fi,ure Ll. Plywood aheathed and Bided 
apart .. nt building near the building shown in 
Pi,ure 9. Except for the badly da"Bed con­
crate ,ara,e floor, this building had .inor 
da ..... 

F'lure 12. A badly d ..... d houae in the Los 
Altai Hilll are., aupported on poles. The few 
connections between the polea and the floor 
fraain. fail.d due to poor quality welds. The 
floor joiatl were ateel under the center por­
tion of the houae and wood at the ed,ea. there 
appeared to be a lack of continuity between the 
tva types of fra.in,. 



Sri_Ie Perl'OI'lll8llCe of NonstnJdural EJemeaI. 
DuriBa die Lama Prieta Earthquake 

by 

T.T. SOOD&' 

ABSTRACT 

For nonatruc\ural elements, IIOme of the national and 
atawwide (California) prowiaiona have only recently been 
applied to newly conatructed facilities and to uppad­
illl of exiatinl nonatructura! l)'Itema. The Lama Pri­
eta earUlquake provided a lood opportunity for IIlei!!­
illl whether theee newly inltituted etandarda have pro­
vided added marain of wety to these l)'Itema under 
atronl ..nhqul1e diet urbane ... 

Seismic performance of a selected cilll of nonltrudural 
e!em .. " dllrina the Loma Prieta earthquake ie ...-d 
in Ulie paper. Emphuia ia placed on their performance 
evaluation with respect to the criteria under which they 
were deeilned, up,raded or constructed. 

KEYWORDS: Buildina codes; earthquake resistant 
Itruc\Urelj around mo\ionj nonatructural damaaej pr .... 
111ft pipina. 

1. INTRODUCTION AND BACKGROUNp 

Nonatructural elementl of a buildina are generally con­
aidered .. thOR materials that are not a part of the 
atructural IYltern. They include equipment, architec­
tural el_" and buildina content.. The importance 
of noJIIUudural element iasu .. in aellmic deeil1l and 
perforrnaace evaillation ie now well recOiniaed by r. 
aearchen .. well u practicina enlineere. The lub­
jec\ received lpecial attention after the San Fernando 
earthquake of 1071 when it became clear that dam­
... of nOIWtructural elelllf'n" not only can relult in 
major economic loA, but &lao can poae real threat to 
life lAfe\y. For ex&Dlple, an evaluation of varioUl VA 
hoepitala followinl the San Fernando and other previ-
0l1li .-nhquakea revealed that many facili\ia Itill.truc­
turally ;nw.ct were no longer function&! becaUII of 10aa 
of _tial ~ipment and auppliea (Veteranl Adminie­
tration, HITS). EcOliomic loea due to Rilmic nonlt.rllC­
tural dam.p can a1ao be considerable. A C&Ie in point 
II the .. ilmic dam .. e aUltained by a eeven-etory hotel 
durina the 1171 San Fernudo earthquake. Of 1143,000 
iD total cl&lD&le in 10T1-vaIue dollare, only 12,(100 Wall 

l\ruc'ural cl&lD&le while the remain in, 98.6'JE wu non­
Itructural (Murphy, 1973). Recent feder&l .timatea 
of earthquake property dam .. e after lIelected fut.ure 
major eanhquakee in California are given in Table 1 
(FEMA,lOS1). 

In practice, Don.tructural elements are treated inde­
pendently in the .. lImic da.n and evaluation of build­
ina It.ructUrei. They are conlidered all beiDI lubjected 
to forcea ~pliecl by the atrudures to which they are at­
tached. Today, maJor buildinl coda and mimic deei,n 
luiclelm. exist which add,.. the .eillmic force input 
to variou nonatrudural element.ll. 

Nationally, the Uniform Buildinl Code (ICBO, 1988) II 
widely uaed for aellmic d.i,n .tandarcla for struetura 
and nonatructural elementa, from which local juri.dic­
tiona and IIOme federal qtnciee have developed limilar 
seismic deaian requirement.l. The UBC formulatea the 
desian force for nonetructuralSYltema all aD equivalent 
ltatic lateral force applied to the approximate center of 
gr&vity of the ayatem beina analyzed. It is liven by 

F, - ZIC,W (1) 

where F. is the lateral dee.n fOKe and z is the .. ie­
mic lone factor, takin, valuee of 0,3/16, 3!a, 3/4 and 
1 for seismic zones 0, I, 2, 3 and 4, rapectively. I is 
the importance factor which tak. the value of 1 for 
most structures, 1.25 for buildinp with room occu­
pancy loads of 300 or more and 1.5 for eesential build­
ing, IUch all fire Itatiolll and boepitals. W is the _ight. 
of the nonatructural I,..tem and C is the later&! force 
coefficient. A portion of the C.-tabfe Itipulated in Title 
24 ofihe California Adminilltrative Code il reproduced 
in Table 2 (State of California, 1985). 

Some variationa and refinements of the buic formula 
(1) are found in other codee depending 01\ whether 
they consider earthquake r.poRR characteriltica of t.he 
,round, attachment details, and vibrational character­
IItic, of the .tructural-nonatructural ',Itema. The Ap­
plied Technolou CouJlcii (ATC), for example, hu de­
veloped IIOme more elaborate Iuidelit_. For seismic 
deai,n of electrical and mechanical equipment, the for­
mula ill (ATC, 1978) 

(2) 

where A is t.he eft'ective peak ,round acceleration, C. 
is the lateral force coefficient, Itt is the equipment am­
plification factor, W, is t.he eqllipment weilht, P is the 
performance level coefficient, and m is the attachment 
ampli6c .. ~ion factor. 

The exception, it appeara, ia the nuclear power indue­
try where much more strinaent and riaoroUi .~andarda 
&re recommended. For example, in aeismic qu&lilica­
~ion cilll IE equipment for nllClear power ,eneration 
atatiolll, the recommended qualification met.hode con­
ais t of (IEEE, 1087): 

(al Predictinl the equipment'. performance by anal­
)'lie, includina dynamic analyais of the combined 
structllre-equipment I,..tem and nonlinear equip­
ment. responae. 
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(b) T_tinl the equipment under limula\eC _ismic con­
ditioJII. 

(c) Qaallfyinl the equipment by the combination of 
t.t and anal,..is. 

(d) Qualifyinl the equipment tllroUCh the de of expe-
rience data. 

S- ol the provilliou mentioned above have only .. 
cmtly __ appliH. to newly COIlIItruCted facilitia and 
few uwadiq ol pNCOde noutructural element.. Hence, 
the Loma Prieta earthquake provided a lood opportu­
lIity few -iDI whether or not th_ n_ prcwisioJll 
and ltandards repraent a aiplflcant ltep forward in 
term. of improwd Hiamic nOJlltructural performance. 

Few tIaia purpoee, ruber than ccnain, a broad lpec­
trum ol IlOJIItructural clama&e due to the Lorna Pri­
l\a earthquab, this paper foc_ on a .. I«ted liat of 
nOJlltructural .,..te_ with emphuis plACed on their 
performance .... uation with I'8Ipect to the criteria UD­

der whkh they were daitlned, uPf.aded or conatruded. 
Tb.. .,..tem. are (a) hOlpital acilities; (b) (acada, 
panels and Iluinl; and (c) prellure pipinl· 

2. HOSPITAL FACILITIES 

Follawinl tile 1071 San Fernando earthquake, in which 
MYerai modern hOlpital buildinp and equipment Iu.­
tain.d licnilicant damqe, the S\ate of California lave 
control to the State to develop hOlpital COftItrudion 
ltandards and reculatioJll. to _ume re&poneibility for 
~nl COftItruction, and to perform dI!Iilll plan 
d_kinc. The Califomia Administrative Code, dis­
cuaed in Section I, ia the first to link eeoloc7, aeis­
moloc1, Itruc:tural daip and nOnltructuralayliem de­
.ip. AI a ccmaequenee, aU hOlpita1-related projecta 
have been IUbjected to review by the State and have 
been made to conform to the requirementa of the 1085 
Triennial Edition ol the State BuUdin, Code, Title 24, 
Part 2. 

It ia thua of lpecial interellt to obeerve aeismic damace 
to hOIpita! racilitil!l due to the Loma Prieta earthquake 
in order to _ whether th_ State-impoN<i provi­
aiona have provided added m&l'lin of .. fety to thl!le 
Itruet.,.. and their contents. 

A IUrwy ol60 hOlpitaJ. in the affected lix-eounty area 
ahowa that hll hOlpital fKiliti .. performed _11 durinl 
the event (St.aehlin, 1990). MOlt, if not all. of the re­
ported damace w_ limited to tha.e facHiti ... that had 
not been uperaded to Ole abov~mentioned proviaionl. 

Minor ciamapI to the nonstrudun.1 elementa. how­
ever, wve widapnad. Numeroua plee .. of equipment 
brob ~ from their attachments and _parated from 
dud work or pipinc. caUlinl aome problema for the 
affected facilitia. Older vibration isolators and ma­
chine moUDta in .ome C_ literally exploded durinc 
the event. Ficu- I and 2 Ihow IUch m.'-ncee at the 
Wataomrille COJIIDNllity HOIpital. 

E1eva&on in thale facilitiea pOled a aeparate problem. 
Of the 421 elevaton in the lUrvey, 2· ~ or 65.9" were 
tripped by motion detecton and 04lt r aervice for be­
t_ 10 minut. to three _b, 50 of th_ IUltained 

damace ru,ine from I_ned bolts attachinl the Inide 
raila to twiated raile due to vibration of the counter· 
weicht.· 

3. FACADES. PANELS AND GLAZING 

Preliminary obeervationa indicate relatively ,ood re­
lpon .. of newer en,ineered buildinp with corrl!lpond­
inc minor damll_ to nonatructural elements IUeb u 
facada, daddinp and ,Iuinl' In downtown San fran­
cisco, levere lluin, dam.,e occurred at .. retail build­
inl which ia new in appearance. Howe·;.r, it _ in 
fact eOllltrucied in 1946 u one of the &rst hermetically 
eealed bulldinp in the city (EERI, 10811). 

In older eqineered bullclinp, lOme patterna of damlle 
to facadl!l and c1addiDp are apparent. Many build­
inp ahowed .... of brick muonry facads and ,pva­
pet.. Ficurea 3 and 4 live an eX&lllple of IUch damace 
to a buUdinc in San Francisco'l Miaaion Diairict. in­
deed, hllndred. of multi-etory muonry structures in 
San Franciaco and ellewhere .uffered exteJllive crack­
inland I_nine of mortar. It is edimat.ed that about 
10,~20,()(I) unreinforeed muonry Itruc\u_ in San 
Franciaco IUI\ained damap durinl the Loma Prie\a 
earthquake. 

Widapread damlle to al ... panela (Fil. "5). IYplum 
board partitionl, and .ulpended ceilinp and Soon (Fil. 
6) wu obaerved. Thia type of damace wu common in 
steel buildinp with muonry in&lI panela (A. Elnuhai 
et ai, 1989). Such .trudurea are typically more flex­
ible than "..inforced concrete Itructures and therefore 
impoe..· l&rIe displacements on nonstructural elementa. 

AI reported in (EERI. 1989). while nollltruc&ur.1 dam­
lie is cOlllidered relalively minor for each buildin, in 
lhie event. Lhe cnerall amounts to a IIU"II lum for area­
wide damap. Some larle corporationa. luch u Pacific 
Bell and Pacific Gu and Electric, reporL nOllltructural 
damace of up to 145 million or ISO million. 

4. PRESSUBE PIPING 

The performance of lteel pipinc at the MOIl Landini 
Power Plant of lhe Pacific Gu and Electric prot"ided 
an opportunity to obeerve t.he effect or the Loma Pri­
eta earthquake on many pipiD, .,..tems and their IUP­
porta. The piPinl -,-.tern at MOIl Landini was de­
siened in acccwdanee wit.h Ole prl!l8ure pipinc indu. 
try'l COJIItractiOD code (ASME ASA (n_ ANSI) BSl.I 
Code) in effect at. the t.ime of conatrudion. The provi­
liona of the Uniform Buildine Code w_ followed in the 
application of the lateral force criteria. The Pi~·nllYl­
\em wu fabricated from carbon and law alloy chrome­
molybdenuml_teels and it ia belie .. ed that IU pipinl .,..tema Ihou d perform AtiafKtorily in an event of this 
intenlity without lou of Prellure retaininl inielrity, ex­
cept where relative IUpport motiolll exceed the cyclic 
Itrain limiia of the materials. 

Fian" 7 and 8 iIIU1trate .ome of the more impor'-nt 
o~iona at 'hi. lite. Althouch pipe IUpport defor­
matlolll are evidently _II into the pluLie rance, pipe 
IUPporta aprev to have performed well wil.h no evi­
dence of lou of pralure retainine inLearity or of dam­
All! to the prI!IIve boundary. Fiaure 7 appe&I1I to 101-
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.. , &bat eanhquake Ioacb 011 pipe ,urport ___ u 
IDiaht be alJow.l &0 mduc. .. ••• dive e\~ &hat 
..... ..n eboft ClU'l'tDt typical e.IbIr&b1e .u-. I .•.• 
perhapI .... IIIIlltip1e ollbe mawriaJ yield .treqth 
(Haupt ad Cunia, 1N9). 

Th_ Spre. e1eo .haw thermal Addt. actiq u bump­
en W __ tbe IIllpport .\eel IUId the p~re bound­
ary. n..e _elt. are commonly ueed \0 .prad the 
..nhQU&ke Ioada occ:urrina from the pipe impact OIl 
lawaf .appor&l OWl a I ....... area of the aetual pre.­
.aN boanduy elemeDt. Th. uddl •• hOWll and other 
bumpen performed u exp«ted. 

Flnal'y. _ftraJ IUpport elemenu broke entirely free 
from \he e\ruc:ture to whic:h th.y were attached due 
to the impad of the pipe on the eupport. Where thia 
occurred, h_er, it wu .ublequently found tbat the 
auppon. bad been atiached to the .tructure by tack 
welda (Haupt and Curtie, IN9). 

5. CONCLUDING REMARKS 

AI in the put, nOllltruc:tural damq;e due to the Lorna 
Prieta earthquake is diffic:ult to __ panly because 
it it lu-aeI, internal and invillible from lbe oatlid. and 
panl, becaUII of tbe lack of •• ,..wmatic procedure for 
inventory &Dd reportilll of this type of damaa.. One 
pneral 01Jlerqtion that can be made ia that nODitruc­
~ural de.map in thia event ill not u eerioUi u originally 
feared due in pan &0 ,lie Atilfaetory performance of 
UIOre retentl,. qiaeered buildinp. It ia pointed out 
ir. (EERI,IN9) that the Lome Prietl eanhquake pr~ 
~·lCed \en to &hetn MCondi of Itrolllibakilll with peak 
Ilun.ontal ,round aceeleratioDi ranaina from 0.67, near 
tlw epic:enw to appraKimately O.2S, in the Oakland­
San Francilco area. Had the ,round motion duration 
been .lpilicantlJ lonpr, a &rUt deal more dunap 
would have neulted from thie event. 

AI oblerwcl·earlier, a .ipificant amount of nODItruc­
tural damap wu a relult of .upport failuN, which 
could p.,. b.n prevenwd had relatiftly .imp1e protec­
tive procedune been iDitituted. Furthermore, obeerYed 
damaaeI .uetained b)' vibration ieolaton and machine 
maantl und_ore the continued exilten~e of. Hl'ioUi 
conflid bet_ \be need to anchor hee",. machinery to 
tlw Itrudun &0 avoid earthquake dam .. on the one 
hand, and tlw requirement that vibratina equipment 
be iIolated from tbe Itructure for vibration and &COlli­
tical control OIl lbe other. One poaible eolution to th.ia 
problem mar be the iDitallatlon of brae .. which would 
not t.ouc:h lbe equipment bue or pipinl l)'lltem durinc 
normal operation but become effective when excelSive 
matione take place (Ayr." et ai, 1973). 
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Fig. 5. Loa of GI .... to Building. Oaklud 

Fia. 6. Damage to Suspended Floc:.r in Building. 
S&n Mateo 
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Fil. 7. Laterally Deformed Support 
at Meas I,anding Power Plant 

Fig. 8. Laterally Deformed Support 
at Meas Landini Power Plant 



Soclo-Eeoaoadc: Impacts of Lifeline Perf'ol'lll8Dee 
R.elated to the LGma Prieta Earthquake 

by 

Maryann T. Phipps· and Ronald T. Eguchi2 

r\BSIRACf 

Ufeline performance during the October 17, 
19891..oma Prieta Earthquake was evaluated 
and documented in the paper entitled "lifelines 
Performance During The October 17. 1989 
Loma Prieta Earthquake" (Khater. et at .• 1990). 
The. companion paper examines the socio­
economic impacts of lifeline performance. 
Ufelines considered are: transportation, 
water, sewage, power, gas. and communication 
systems. Among the most prominent 
socioeconomic impacts directly related to 
lifeline performance are those resulting from 
earthquake damage to the transportation 
network. The impacts on both individuals and 
busin",sses are discussed. As damage to other 
lifelines was limited. so too were the related 
socioeconomic impacts. Observations related to 
the impacts of each lifelines on the community 
and regional economy are presented. 

1. INJRODUCIlON 

Lifelines, by definition, are critical systems 
essential for the well being of a community. 
Often, the pedormance of a lifeline system is 
measured not by the direct effects resulting 
from system damage but by the indirect effects 
that result from its inability to function. 
Critical services such as emergency water supply 
for fighting fires, electric power for business 
and industry, communication services for 
coordination of response and recovery efforts, 
and transportation routes for import of needed 
emergency supplies or evacuation are all 
services essential for the rapid recovery of a 
city after a major earthquake. 
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Economic and social losses as a result of 
lifeline failures may indeed account for a large 
percentage of the losses experienced after an 
earthquake. Unfortunately, there is no 
convenient way of quantifying or tracking such 
losses. Some of the reasons for this difficulty 
are: 

1. Lack of adequate measures for quantifying 
social losses, i.e., inconvenience. 

2. No systematic effort to collect data such as 
the number of homeless or relocations due 
strictly to failures of lifelines. 

3. Difficulty, in general, in quantifying 
secondary losses, e.g., business interruption 
losses. . 

4. Difficulty in categorizing social and 
secondary economic losses by facility type, 
i.e., building losses YS. Jjfdine losses. 

5. Lack of systems models that account for the 
interaction and interdependence between 
different lifeline systems and businesses that 
depend on lifeline services. 

Fortunately, the resiliency of lifeline systems 
and communities, in general, is such that in 

IHJ. Degenkolb Associates, San Francisco, CA 
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moderate earthquakes, many temporary repairs 
can be made to restore partial service to an 
affected community. Because of this resiliency 
the impact of lifeline failures in recent U.S. 
earthquakes has not been as catastrophic as it 
could be. In large earthquakes, such as a 
repeat of the 1906 San Francisco earthquake, 
socio-economic losses as a result of lifeline 
failures would be expected to increase 
significantly. Resources that are normally 
available under mutual aid agreements may not 
be available because these outside resources 
may also be affected by the earthquake. 
Furthermore, earthquake damage will be more 
severe, and in many cases, large portions of 
lifeline systems may require complete 
replacement. 

It is important that future research efforts 
record and attempt to quantify these 
socio-economic losses. Performance models 
should be developed that can provide even 
order-of-magnitude estimates of these losses. 
Breakdown of these losses by source, such as 
lifeline failures, would also be important. 

The following discussion summarizes, on a 
quantitative basis, the socio-economic effects 
caused by lifeline failures in the October 17, 
1989 Lorna Prieta earthquake. More work 
needs to be conducted in order to collect 
important data for measuring socio-economic 
losses, and more research should be devoted to 
developing socio-economic models. 

2. SOCIO-ECONOMIC IMPACTS OF 
UFEUNESPERfORMANCE 

2.1 Transportation Systems 

Of all the lifeline systems damaged by the 
earthquake, none was damaged as severely and 
dramatically as the transportation network. 
Damage to highway structures was the most 
significant cause of life loss and also carried 
with it the greatest SOC':o-economic impact on 
the region. The collapse of the 1-880 Cypress 

Street structure, the collapsed span of the 
Oakland-Bay Bridge, damage to freeway 
accesses leading into San Francisco, and 
damage to Highway 17 in Santa Cruz forced a 
temporary, yet overwhelming restructuring of 
regional transportation systems and clearly 
illustrated the region's economic dependence 
on its transit system. 

Physical losses to the highway system are 
estimated at $1 billion. The physical losses are 
only one indicator of the economic impacts on 
the region, however. Economic losses due to 
business disruption and personal hardship also 
accompanied the physical damage. 

For the most pan, alternate transportation 
routes and/or transportation modes were 
developed to bypass each of the devastated 
highway segments. Consequently, major 
societal impacts resulting from the damaged 
highway system were averted. Socioeconomic 
impacts were generally limited to modifications 
to commute habits, longer transit times, and 
business losses. 

The socio-economic impacts related to the 
collapsed Bay Bridge serve to demonstrate 
some of the societal impacts. The Bay Bridge 
collapse required that 250,000 commuters a day 
seek alternate transportation to San Francisco 
and/or develop alternate work patterns. 
Because BART, the regional heavy rail system, 
was essentially undamaged during the 
earthquake, there was a transit system available 
to accommodate commute traffic between San 
Francisco and the East Bay. Most commuters 
chose BART as an alternate. This shift in 
commute patterns was effected by an 
unprecedented cooperative effort among transit 
agencies. Regional bus and train systems, ferry 
service and BART formed a partnership to 
assist the community at large. For example, 
bus routes were modified to permi: easy access 
to BART stations and ferry termin.'ls. 
Representatives from all key agencies met 
regularly to monitor, adjust and improve transit 



servic:e. Local JJeWIIMPOtI aDd teImIioD 
maintained a by c:mnngnicldollliDk betw ... 
the traosit qeDdes IDd the public. 

Commute habits were IUbltaDtiaJly altered for 
the sbc.rt term. To IQCOJIU11Odate the aowda 
encountered on BART durin& peak commute 
houn many riders altered tboir sc:bedulca to 
permit early commutiq. CompuUes 
eJlCOlll'8Fd such dwJaea by IdopdDa "fl. 
schedules-. Some pre-eartbquake COIIUD&Iten 
shifted their offices to branchellocated DIU' 
their homes. The cooperatM efforts of public 
agencies and the flexibility of employen IDd 
employees overcame the obUde poMd by the 
loss of the Oakland-Bay Bridp. Coasequent!y. 
the San Francisco-East Bay link was maintained 
and potential economic losses were minimired. 

During several months followiaa the reopeniDa 
of the Oakland-Bay Bridge, commute paUOrDS 
were observed to be somewhat of a blend of 
pre- and post- earthquake pauema. Six months 
after the earthquake, however, commute 
patterns bave generally returned to pre 
carthqualce days. 

Some short term etOoomic loues can be 
directly or indirectly attnbuted in whole or in 
part to the damaged hi&hnY UUIIpOltation 
system. Examples of the economic impacts, 
focusing primarily on San Francisco, iDclude the 
following: 

Dediae .. RetaIl SaIeI - The inability to drive 
directly to San Francisco from East Bay 
locations, crowding of the BART system. aDd 
general fear invoked after the earthquake 
caused p~ople to postpOne or redirect IboppiDa 
trips which were ofi&inally destiDed foJ' San 
Francisco. Both Jarac and small San Francisco 
retail enterprises suffered substantial revenue 
declines immediately after the eartbquake. 
Because of the reponal redistn"bution in retail 
sales, larse retail enterprises with brucbea 
outside of San FrandIco did DOt to suffer 
appreciably. However, for thole unall 

businesses without sucb branches the 10llCl 
were aipificant and unrecoverable. 

Decll_ .. To .... - San Francisco's number 1 
industry, tourism, suffered markedly after the 
earthquake. Tourists were afraid to travel to 
San Francisc:o feariD& another earthquake 
would bit and uncertain of the City's ability to 
overcome the rec:ent devastation. The hotel 
industry - a key barometer of tourism • suffered 
sipificant eartbquake-related losses. In 
October, San Francisco hotels lost nearly $32 
million in revenues. Sinc:e October, convention 
business has once again beeD restored. 
"Discretionary" travel to San Francisco, whim 
accounts for half of aU out-of-town tourism, has 
dropped by as much as a third. (Ewaminer) 

Dedlae in Rataurut BulDes •• Restaurants 
were foreed to bear the brunt of decreases in 
tourisDl as well as a decrease in the flow of Bay 
Area residents into San Francisoo. Many 
residents of the region grew accustomed to not 
coming to San Francisco during the month-Ions 
Bay Bridge closing and hence, the earthquake 
has bad some short term as well as long term 
impacts on the restaurant industry. In a two­
week period after the qualce business in San 
Franc:isco County declined 30 to 40 perc:ent; 
some restaurants lost up to 90% of their 
revenues. More than a month after the quake, 
restaurant business on average was down 15% 
to 2S%. At least one restaurant closed 
permanently. In Santa Cruz County one week 
after the quake, business was down 60 percent 
In November and December, business was still 
down 60 perc:ent. (Examiner) 

lac ...... in UHlDployllleDt - Damage to 
property coupled with the economic impacts on 
tourism and related industry as described 
herein led to substantial increase in 
unemployment In October, San Francisco's 
unemplOYIDeDt claims were SO percent bi&her 
than the City's monthly averBle, while in 
November the claims soared by 84 percent. In 
Santa Cruz County where physical damaged to 



property was the primary cause for 
unemployment, the number of claims 
quadrupled and in November they wete twice 
tbat of the countYs average. (Examiner) 

I..ower ProductMty • People missed work for 
several days after the earthquake. Upon 
returning. productivity was limited for many 
reasons. 

Some long term impacts of the damaged transit 
system can also be identified. 

Deellae In Retan Sales One of the potential 
long term impacts of the damage to the 
highway system is demonstrated by the 
earthquake's effects on merchants in 
Chinatown. While the Bay Bridge was restored 
to service one month after the earthquake, two 
bridge approach ramps which direct riders to 
Chinatown, Fisherman's ~arf and North 
Beach, all popular San Francisco tourist spots, 
are still closed. These highway structures are of 
construction similar to the 1880 Cypress 
structure, suffered moderate structural damage 
during the earthquake, and are likely to remain 
closed ~ar a number of years. 

Chinatown businesses are claiming that, six 
months after the earthquake, business is stilt 
down approximately 25% from that prior to the 
earthquake. They claim that this declin: is due 
primarily to the lack of direct access to the 
area. Visitors driving to Chinatown must 
travel through many local streets, often in 
bumper-to-bumper traffic. The Chinatown 
businesses cannot support themselves with local 
traffic only. Businesses rely on an infusion of 
people from outside the City. An economic 
study of the area is currently underway. 

Enhanced CommaDleattoD Among RegIonal 
Transit Agencies Regional transit agencies 
joined together after the earthquake to serve 
the public need. Since that time, agencies are 
meeting regularly to discus.~ regional transit 
issues and plan for the future. 

Increased Spendlna on SeIsmic Safety The 
State of California Department of 
Transportation had requested state funds for 
seismic strengthening of highway structures to 
mitigate the known seismic hazard posed by 
numerous exisdng highway structures. In the 
seventeen years prior to the earthquake, $54 
million of state funds had been appropriated 
for this purpose. Shortly after the earthquake, 
state legislators appropriated $80 million fOT 
seismic retrofit of state highway structures. The 
funding was generated from a quarter percent 
increase in the state sales tax. Additional 
proposed legislation could lead to the 
appropriation of up to $400 million to complete 
the seismic strengthening of all known 
hazardous highway structures (Roberts). 

2.2 Electric Power System~ 

Nearly one miUion PG&E customers lost 
electrical power immediately after the 
earthquake. Service was restored to 600,000 
customers within 12 hours after the quake and 
to another 300,000 within 36 hours. Physical 
losses to PG&E totaled $1 million. 

Because power outages were geoerally limited 
in duration, the related sodo-economic impacts 
were likewise limited. In general, business 
activities were suspended by most businesses 
until full power was restored. Large businesses 
and public agencies were equipped with 
emergency generators to assist in recovery 
efforts until power was fully restored. Some 
companies obtained generators from outside 
the area. Many small businesses simply waited 
until commercial power was restored, incurring 
the related busi ness losses in the interim. The 
loss of power contributed, in part, to local 
unemployment. 

Some businesses, which rely heavily on 
commercial power for the manufacture of "';.gh­
tech" goods lost substantial inventory as work in: 
progress was damaged. Those businesses 
dependent on power for the preservation of 



food or other items, lost inventory when power 
was lost. 

The interdependence of utilities was 
dramatically demonstrated after the earthquake. 
For example, the loss of commerdal power 
caused innumerable communications problems. 
One common cause of telephone service 
disruption was the lack of emergency power for 
private branch ~changes (PBX). These PBX 
systems are connected to outside telephone 
lines but rely on in-house power. Where 
reliable in-house emergency power was not 
available, phone service to these system.Ii was 
lost for the duration of the commercial power 
outage. 

A similar interdependence of utilities was 
demonstrated by some gas Getection systems 
which reportedly malfunctioned as a result of 
the power outage. (Sherman) 

The socio-economic impacts of power outages 
after the Lorna Prieta Earthquake appear to be 
limited to the dirta loss of foregone production 
of goods and services. Long-term impacts 
appear minimal. PG&E's customers will 
generally fund the cost of repair, which in this 
earthquake is relatively small and will not have 
a dramat': impact on utility bills. 

2.3 Natural Gas Transmission Systems 

The Pacific Gas and Electric (PG&E) Company 
service region covers most of northern and 
central California and includes the entire 
earthquake-affected area. PG&E receives the 
majority of its gas through large diameter 
transmission lines that enter California at the 
Oregon and Arizona borders. There are gas 
storage fields at various locations in the service 
area; however, the two storage fields closest to 
tbe earthquake epicenter were both well over 
60 miles away. 

The gas transmission lines and large-diameter 
distribution mains experienced only three leaks 
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due to tbe earthquake. Unstable soil in the 
Marina District of San Francisco caused 
damage that resulted in the replacement of 
approximately ten miles of cast-iron and steel 
distribution mains with polyethylene plastic 
pipe. Also in the Marina. 1,500 services to 
5,400 individual meters were replaced in less 
than five weeks. Three miles of distribution 
mains were replaced in Los Gatos and 
Watsonville. Other damage was scattered and 
minor. 

PG&E restored service to over 150,000 
customers whose gas service bad been turned 
off. A total of 1,100 service personnel 
p:!l1icipated in the relighting process, including 
approximately 400 from other utilities in the 
West. Within a week, service was restored to 
all customers with undamaged piping. 

Socio-economic losses as a result of gas 
disruption were minimal in this event Like 
most of California, winters in the Bay area are 
generally mild; thus lack of beating fuel did 
not pose a serious health threat. Lack of 
natural gas does affect other d811y functions. 
e.g., cooking and bathing. In at least one 
severely damaged area, i.e., the Marina District, 
PG&E set up temporary bathing facilities for 
residents until all repairs to water and natural 
gas facilities had been completed. 

Economic losses to industries requiring natural 
gas as a fuel source are not known by the 
authors at this time. How~ver, gas service was 
restored to most areas within several days. 
Areas affected by longer outages, e.g., the 
Marina District, Los Gatos, are largely 
residential areas with relatively little industry. 
Watsonville may be an exception. 

2.4 Communications 

Pacific Bell is the primary provider of local 
telephone service in the Bay Area. For the 
most pan. damage to Pacific Bell facilities was 
minor and did not affect service. 



Overload of the system immediately after the 
quake led to "slow dial tone". Pacific Bell 
reduced the number of incoming calls to ~ he 
area to provide maximum available servic~ to 
local residents. In most areas the impact of 
phone service was to require waiting on the 
order of a minute to receive dial tone. 

For some businesses with Private Branch 
Exchanges, power loss meant the loss of 
their means of communication as discussed 
previously. Some businesses had alternate 
communication systems in place. However, 
shortcomings in these systems were clearly 
identified. For example, internal radio systems 
were often rendered useless because of 
overloading, i.e. too many companies were 
using the same frequency. Some radio systems 
were disabled when remote equipment was 
damaged. 

The interdependence of utilities was again 
demonstrated by Pacific Bell's reliance on 
commercial power. Pac Bell's central offices 
generally have electric-generators to recharge 
batteries which maintain phone service for 
extended periods, without commercial power. 
While only one central office was temporarily 
disabled due to malfunctions of the back-up 
energy supply, the need for a closer working 
relationship between PG&E and Pacific Bell 
was well-demonstrated. The need to 
interconnect Emergency Operations Centers 
with PG&E and Pacific Bell was also 
demonstrated. 

The short-term socioeconomic impacts of loss 
of communications included the emotional 
strain of being unable to reach loved ones to 
determine their well being, loss of business 
revenue and delay in overall recovery effons. 
Every business, utility and public agency 
impacted by the earthquake has gained an 
appreciation for their dependence on 
uninterrupted sources of power and 
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communications. Improved alternate 
communications means are likely to develop. 

2.5 Water and Sewaae Facilities 

In general, most of the damage to water supply 
systems was to pipelines. Areas that were 
severely affected included the Marina District 
in San Francisco, the South of Market area in 
San Francisco, parts of the East Bay (e.g., 
Oakland), cities in the South Bay (San Jose, 
Cupertino, Campbell, Los Gatos and Los 
Altos), and cities in the Monterey Bay area 
(Watsonville, Pajaro, Hollister and Sunny 
Mesa). Loss of electric power also affected the 
operation of some pump facilities. 

Water service was available to most 
communities after the earthquake. The 
greatest concern for communities affected by 
pipeline breaks was contamination of water 
suppplies. The following communities issued 
advisories to boil water after the earthquake 
(TCLEE, 1990): 

o Los Gatos 
o Watsonville 
o Hollister 
o Santa Cruz 
o Scotts Valley 

In general, no serious problems were 
encountered with sewage and wastewater 
systems. Power outages affef..:ted the operation 
of some sewage treatment and pump stations, 
and the loss of power resulted in some 
untreated sewage being dumped into the San 
Francisco Bay. 

3. CONCLUSIONS 

Lifelines are indespensiblc: to the vitality and 
viability of an economy. They are vital to life 
safety in the immediate aftermath of a 
destructive earthquake (J j are necessary iu the 
subsequent reconstruction period. Direct 
damage to lifelines also leads to secondary 



effects including reduced business productivity, 
lou of inaJme, reduc:ed employment. lower 
consumer spending. and decreased property and 

es tax revenue. Each of these effects was 
eaured, to some extent, after the Lorna Prieta 

quake. 

use the interruption of lifeUnes was in 
ener~ limited in duration. the impacts that 
ifeline damage caused by the Lorna Prieta 

quake had on the Bay Area economy 
ere similarly limited. It is estimated, that in 

epte, income loss over in the twelve 
.ontbs following the earthquake is likely to 

;amoUDt to less than one percent of the region's 
fotal output. Unemployment directly resulting 
from the eanhquake is expected to amount to a 
fraction of one percent of the region's total 
~mployment of 3 million jobs (Munroe). 

(be only lifeline severely impacted by the 
.. arthquake was the transportation network. 
~th short and long term socioeconomic 
mpacts have been observed. 
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LlfellDes PedOl1B8llCe DariIIIIbe Odober 17, 1_ 
Lc.a PrIeta ~eke 

by 

M. Khater1, C. Scawthom 1, J. lsenberr, L. lundl , T. LInen 1 
and M. Shin\Jzuka4 

lifelines performance during the October 17, 1989 
earthquake was evaluated and documented. 
lifelines considered are: transportation, water, 
sewage, power, gas, and communications systems. 
The Lorna Prieta earthquake has demonstrated that 
earthquakes can still cause severe damage to modem 
urbln areas. Even though only few building were 
actually destroyed, major lifeline damage resulted. 
demonstrating that the highway system can be 
damaged. electric power can I,e lost to large areas, 
water mains can be severed. gas lines broken. sewer 
lines ruptured and vital services lost. Among the 
most catastrophic seismic-induced events were the 
collapse of the elevated Cypress Street section of 
Interstate 880 in Oakland, the collapse of a section of 
the San Francisco-Oakland Bay Bridge, mUltiple 
building collapses in San Francisco's Marina district. 
and the collapse of several stn.lctures in Santa Cruz 
and other areas in the epicentral region. Damage 
and business interruption losses were estimated as 
high as S 6 billion. Human losses were severe. 

KEYWORDS: Seismic damage; Ufelines 
performance; interaction. 

1. INIROOUCIION 

On October 17. 1989 at 5:04 p.m. local time. a Ms 7.1 
earthquake occurred due to approximately 40 !un 
rupture along the San Andreas fault. The epicenter 
of the 20 seconds earthquake was located near lorna 
Prieta in the Santa Cruz Mountains about 16 Itm NE 
of Santa Cruz, 30 km south of San Jose and about 100 
!un south of San Francisco (Figure 1). 

Major damage included the collapse of the elevated 
Cypress Street section of Interstate 880 in Oakland, 
the collapse of iI section of the San Franci~ 

Oakland Bay Bridge, multiple building collapses in 
San Francisco's Marina district. and the collapse of 
several structures in Santa Cruz and other areas in 
the epicentral region. Damage and business 
interruption losses were estimated as high as S 6 
billion. Human losses were severe: 62 people died. 
3,700 people were reported injured and over 12,000 
were displaced. At least 18.000 homes were 
damaged. 960 were destroyed and over 2.:;Y.,I '1th"r 
buildings were damaged and 145 destroyed. 

11Ie Loma Prieta earthquake has demonstrated that 
earthquakes can still cause severe damage to modem 
urban areas. Even though only few buildings were 
actually destroyed. major lifeline damage re5ulted. 
dtmonstrating that the highway system can be 
damaged, electric power can be lost to large areas. 
water mains can be severed. gas lines broken. sewer 
lines rup~ and vital services lost. In order to put 
these effects into perspective, this paper records the 
performance of different lifelines (transportation, 
water, sewage, power, gas, and communications 
systems) during the Lorna Prieta earthquake. 
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A majM effect 01 the Lama Prieta Earthquake WU 01\ 

the tnNportation Iystem, with.the hishway 
MtWclrk sufferInJ the wo\"Jt damap. 

2.Ll KIP...,. 

Sevenl major highwaY' and overpuMI were 
damapd and rendered use1eu some for only a short 
time, other for .. much .. a few years. Figure 2 
shows the major highWIIY' and overpasses which 
were doled due to earthquake damap. 

The oolIapte of more than a mi~ of the Cypress 
SIrat elevated MCtion of 1-880 wu the largest 
oontributor 01 deaths in the earthquake. The double­
deck eypr.. Stnet cwerpuI stnICt\Ift consisted 01 
bolt pder decks supported by concnIe frame 
CFlgure 3A). Support columns CXXItained Wge 
ImOUftII 01 wrtic:ai reinlcrclng stHl (typIall). . , 

which proWled ample vertical ad-resisdIIs 
capacity. 1ioweYer, only If bus, spaced at 12 
inches, wen lINd 10 tie the vertkalslIHl and provide 
shear raistance for the eolumns. These ties 
proridecl ftrJ Uttle shear caJ*ity, resulting in very 
sudden brittle failure 01 the overall beOlf column 
lyRem (FIpre 38). Contributing to this faii.:.~ were 
the N1atiwly Iarp number 01 hinps ill the ~., 
typlCllly rwdudnl the stNcture 10 • deterministic 
structure (Le., 1'Id\lJld.lncy). These hinges were 
inllOdUClld due 10 c:onc.ms over shrinltap in the 
pNllr.ed gil'ders. 

The 53-ywu old Bay Bridp (SAn Francisc:oOUIan 
Bridge) II the IftAjDr surfac:1: Uftj( between the 
northern SIn Frandlco PeniNula and the I!ut Bay. 
Approximately 300,000 commulen traverse the 
bridp each day. The be of a 5O-ft sput 01 the 
upper deck 01 this brldp and aubMquent daJMp to 
the IowIr cIeck cm.ed major transportatiall 
probIenw. The Bay Irtdp .. a c:amp1ex structure 
aJGI~ of a.ck-tlJobKk luspeDIion structura on 
the .. MC.'IIan, the warId'l1arpll ainp-bore 
tuJmeL and a canIiJever tnua bri. rouow.ct by • 
cwwd Indlne IIClion to the east Durifts the 
earthquUe the cantilever and Incline IICdons 
dispIaad Ionptudinally, naulllna in the sap 
ina'eMina beyond the bum Rat capacity 01 5 
inch., droppins the upper span onto the lower spa 
u Ibuwn ill Figure 4. 

Roads which wen doNd after the earthquake are 
given in Table I and shown in Figure 2. 

2.1.2 IART 

The Bay Area Rapid Transit District (BART) is a 71.5 
mile, automated rapid transit system serving over 3 
million people in the three BART counties of 
Alameda. Conlra COIta, and San Franclsc:o, as well 
u riders from northern San Mateo County. 

Due to the earthquake the transition structure 
located just west of the Oakland West Station was 
damaged. 1l\e transition struc:tun! is a cast-in-place 
reinforced COI\a'ete structure leading from the east 
ftId of the bay tube to the adjacent elevated 
structure. The track grade is 3.98~. There are four 
stringer bums, which line up with the rails. At each 
bent. there are four concrete piles under the bent cap 
beam. There are five spaN, and each is forty feet 
long as Ibuwn in figure 5. The stringer and bent cap 
bemn for the second and fourth spans are cast 
monolithic.illy with reinforeement extending from 
the top on the pile. This design provides a rigid 
frame In the longitudinal direction for these spans. 
The third span is a floating span. and is supported 
from the seeond and fourth spans by a bracket on 
the side of the bent cap beam. 

In the third sput, which is the floating span, the ends 
01 ail of the cap beam braclcets were severely 
damapd. At pier 4 (PIs. 5) south side (the sliding 
joint) about half the width of the bracket has broken 
DIIt and fallen. The break extends back from the end 
01 the bent cap about four feet. On the north end, 
there was a vertic:ai c:raclt which penetrated the full 
depth of the bracket and eould Men on the botlOm 
for about 2 feet along the length. The third span was 
temporarily supported by shoring on timber 
cribbing. The damage to the transition structure was 
IIIOIt probably caUMd because the sliding joint did 
not function as Intended, and the reinforcing steel 
did not cane all the way to the face of the bracket. 

The transbay tube (Figure 6) performed very well 
during the earthquake. The profile was dw!cked 
immediately after the earthquake and little change 
was obeerved. The track alignment wu excellent. 
The San Fr .. ,cisco side experienced a little 
lIIOTement, and the Oakland side moved about .75 
in. longitudinally. The tube has a capacity of +/-
3.25 in. movement in the longitudinal direction, and 



has a capacity of ~ in. movement in the vertical and 
horizontal directions. 

BART set its highest ever patronagl! records during 
the closure of the San Francisco Oakland 8ay Bridge. 
Weekday trips neraged 347.l2i. compared to 

257.sao trips alter the bridge opened, or an increase 
of approximately 40". 

U.3 Port Facilities 

This Section summarizes the damage to the marine 
facilities of the Port of Oakland. There are five ports 
in the Bay Area (Oakland, San Francisco. Redwood 
City, Richmond. and San Jose) but on:, Oakland 
sustained significant damage. Initially alter the 
earthquake. total damage to the Port of Oakland was 
estimated to be on the order of $ 1 00 million, witt-. 
approrimately 60" of that corresponding to damage 
sustained ttl the airport (the air facilities portion of 
the Port of Oakland). In an interview with port 
offldals in March, 1990, this estimate has been 
revised down to between $50 and 60 million, with 
the airport dolmage approximately $20 million of the 
total. Thus, the total damage to the marine facilities 
Is estilNted to be between 30 and 40 million dollars. 
This figure is primarily for the repair and lor the 
replacement of fadlities and infrastructure 
components. The cargo handling components are 
primarily owned and maintained by the tenants. 

The peak ground aCC\lleratlon at this site is assumed 
to Mill! been on the order of 20" of graVity. The 
collapsed portion of the Cypress viaduct is within 
1/2 mile of a considerable portion of the marine 
facility. 

Damage to the Oakland marine facilities is IT'ost 
easily examined by looking at the damage to the 
components. The cargo handling operations 
sustained minimal daltlage. emerging from the 
earthquake substantially operational. tne facilities 
sustalned a signif1car.t amount of damage, with 
temporary fixes necessary in some areas. The 
infrasttucture wu camaged to a degree, but was 
funcamentally funclionalsoon after the earthquake. 

CARGO HA.."'IDLING OPERATIONS The cargo 
handJing operations consi!>t of items such as licuid 
storage tanks, bulk storage elements, container 
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storage elements. cranes. etc. The cargo handling 
operations sustained minimal damage, emerging 

from the earthquake substantially operational 
Estimated damage to cranes is 0.5% of their value. 
and the estimated damage to tM remaindt!r of thl! 
cargo handling operations is negligible 

Total damage to the 23 cranes is estimatl!d to be on 
the order of $1 million Assuming a value of 58 
millio., per crane ($184 million totall, this 
corresponds to a damage ratio of approximately 
O.5'~. Damage to the cranes was limited to minor 
racking and pounding, with no inddence of loss of 
stability. 'l/ot all of them are 100% functional 
presently. but that is due to the settled condition of 
the dike, and not to crane damage The rails upon 
which these cranes are supported are sup~rted on 
piles. Differential settlement between the rails 
varied from zero to 2 feet. It is estimated that these 
cranes could operate with a differential setllement of 
8 inches. 

Cargo containers in the facility did not overturn. 
Container storage in the marine facility consi5t of 
both containers on chassis and. stacked containers. 
Stacked containers were both in grouped stacks. and 
free standing, with no adjacent stacks. Stacked 
trailer chassis did overturn, but were not damaged. 

There are no major liqUid or bulk storagl! elements 
within the marine facilities. Much of the bulk cargo 
is break bulk. This cargo is not known to have 
sustained much damage. 1. is the opinion of the Port 
tNt damage to goods in transit was minimal 

FACILITIES: The facilities at the Port of Oakland 
consist of items such as buildings, berthing 
,tructures. retaining structures, hydraulic fill, etc. 
The facilities sustained a significant amount of 
carrage, with temporary repairs necessary in some 
areas to allow operations to continue. Damage to 
buildings varied, but was very minimal. The 
berthing structUrfS underwent the greatest damage, 
attributed to the use of batler piles. Settlement of the 
hydraulic fill in tM port area disrupted the use of the 
fadlity. 

Damage to buildings varied. There is an estimated 
$1 million damage to the office structure in the APl 
Terminal (berths 60-6.). This is a reinforced concrete 



&.me 11rUCtuN. with dam .. primarily limited to 
failun 01 the UftNinforced muonry InfW In the 
ttabweI1s. 'l'hecont.lner freJPt station at berth 10 
had IIIiIIDNI daIMp, with 101M broken ItudS in the 
waDs. and miftar IJMIUnB 01 the columns. One 
container fniaht .taliaft illlated few demolition, but 
thia '- prinwUy due to the need to NbuiJd the wharf 
ICnlCtUft \lNlerMltI\ It (Howard Terminal, Berth 
69). 'l'he remainder 01 dllNlp to buildings Is 
minimal. 

I>aJNp to the berthins struc:turel ilsubltantial, and 
the (Wt to repair these facilities il a significant 
portion of the total repair oosts. Damage is primarily 
due to the use of tMtter pilei upon the wharfs. The 
bat\el' piles were inadequately connected to the 
wharf structure, and thiJ amnecUon wu typically 
heavily damapd. with wry little or no residual 
stNftSth. Diffenfttial Mttiementa, both laterally and 
wrdcally, leave the wharfs puUed away fram the 
dike in many plac8 fram 2 to Sinches. Wharfs with 
.u ftI1kal pi1a performed CXlftIiderably betttr, with 
very minor crac:IdrIs of the piles. Piles are primarily 
conaete, with a few aJnCrete jacketed timber plies. 
New axwtrucIion is slated to utilizP. .n vertical piles. 

All of the wharf .tructuNs have been surveyed since 
the earthquake. with dunap tabulated. including a 
map of all the piles, and the cIunap IUStained. One 
wharf structure (Berth 26) IUltained damage at the 
inttrfatle where the structurall)'llllm chanpd from 
batller pi! "5 10 an all veJtical system. 

The UN of retaifting walls II not wry prevalent in 
the Port of Oakland. There wu OM crac:bd 
concrete retaining waD at berth 69 (Howard 
Terminal). AD wharfs are on Individual pUesand 
there aft' no sbeet pilei used at thiJ fadljty. 

The lettlement of the hydraulic fill varied. By far the 
..... t MttIeInent wu near the trld of the Seventh 
Stnet Terminal. where the fill .uIed up to 5 feet. 
11Us tmninalll cUNct1y abow the tranJbay BART 

tube. which may ha .. acmunted lor ICIIJ\e of the 
1fttIement. The Sewnth Street Tmninal was 
perhaps the INIIt dalllapd portion of the trltiN 
facility, with many other extllnlive wrtical 
dilplaamenta ranging up to 2 feet. and lateral 
dlsplacmlent. ranging up to 1 foot. Settlements in 
101M area preclude the continued uuge of the larp 
container aann. The efftcts of ground MttIement 
and liquefaction were praent pnerally throughout 

the port. These effects included sand boils, 
lettiements, and large aackins of 1M pavements. 

INFRASTRUCI'URE: 1be infrutructure consists of 
ro.dway and rail transportation (tracks, pavements, 
tunnels, bridges, callMways. signals, ftc.); utilities 
(power, communication, water, natural ga, ftc.; 
pipelines, ftc. The infratructure wa duNged to a 
degTH, but wa fundamentally functional lOOn after 
the earthquake. Roadways were moatly 
undamaged. and only a small portion of the railways 
were unuable, mo5tly due to excessive ground 
settlement. Underground water pipes broke, but 
there is no indication of any rlUljor damage to other 
underground pipes. Emergency services were 
moldy untested, t~ were no fires 01' life­
threatening collapses. 

By and large, the roadways in the Port area were 
undllNlged. The l'OIds are \lied for extra heavy 
loadl, with allowable axle IoIIds pater than on 
molt roads. ~ extra strength may have been a 
factor in their utisfactory performance. 

Rail facilities underwent varying amounts of 
damage. At the Bay Bridge Terminal (Berth 9), 
railroad tracks buckled both horizontally and 
vertically. At the Seventh Street Terminal, rails 
JOing onto the wharf structure were darMged froIn 
differenfl..J lettlement of the wharf and the piles 
supporting the rails. Damage at the two intermodal 
yards iSouthem Pacific and Union Pacific) wu 
reported as being minor. 

One lS" water main burst, and wu eventuaUy shut 
off (Berth 20). Upon !he resumption 01 service. 
aeveral more (estimated at about 20-30) leaks were 
disclOvered. The capacity of the water supply after 
the earthquake remained moItly untested. In the 
event of a fire. they would have had to leave the 
burst water pipe in the circuit, having to deal with a 
large lou of pressure and water volume. 

The facility wu without power after the earthquake. 
due to dllNlge distant from the facility. Power was 
restored without any probleml!l. 

Theft were no reponed fuelieaks. The facility does 
not have any oil storage tank or underground fuel 
pipes. Ship fueling is performed via tMrges from 
Richmond. 
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2.2 Electric Power Syste~--, 

The .1ectTic power systems in the earthquake­
affected ares are operated by the Pacific Gas and 
Electric Compan y <PGIcE\. Figure 7 shows the 
electric power facilities and the .transmis~i<'n routes 
in the earthquake-aifect@<! area. About 1.4 million 
customers lost electric service in the minutes after 
the urthquake. Most of them were in San Francisco. 
SAn Mateo. Slnta Clara. Santa Cruz. San &nito, 
Alameda md Contra Costa counties. Within 48 
hours, service to all but 26,000 customers WdS 

restored. In San Francisco. a 217-megawatt unit at 
Pottwo Power Plant and two 1 06-mega watt units at 
the Hunter's Point Power Plant tripped off line when 
the quake hit. The t;.S. Navy loaned PeacE the 
services of the frigate USS Lang to provide 
emergency steam to heat the feedwater for the 
Potrero Unit. The two Hunters P{'il\l Units that 
tripped off the line were returned tQ service as the 
e1ec:tnc load brgan to climb on October 19. In San ,aw and San Mateo, two key substations (Metcalf 
and San Mateo substations) suffered major damage, 
contributing to the interruption of electric service in 
San Francisco and the area south of San Jose. At 
Metcalf substatir n in south San Jose, heavy damage 
occurred in the SOO.OOO-volt switchyard. The San 
Mateo substation is an Important link in the system 
that deli vers bulk power intQ San Francisco. 
Damage to II transfonner sharpl y reduced the 
amount of power that could move north. At Moss 
Landing Power Plant on Monterey Bay 3C miles 

south of the quake epicenter, a 750-megawatt 
generating unit was damaged and went down, as 
were the high-voltage switchyards connecting the 
plant to the transmission system. the Diablo Canyon 
Nuclear Power Plant near San Luis Obispo, about 
140 miles south of the epicent~T, had no damage and 
continued toopetate without any interruption. 

Emerzency repairs reconnected the transmission 
lUlks serving San Jose and San Francisco and new 
substation equipment was nown in with the help of 
the U.S. Air Forces. 

2.3 NaNni CulransmiHi.!H'-~-' 

Two major natural gas transmission routes feed the 
San Francisco Ba y Area system, with lOme systl!ms 
eating back tQ the 1940s. From the south through 
the Santa Oara Valley. supply is vi. two large 
diameter pipes: and from the east, three lines are 
used for supply. Other transmission lines are used 
to feed the outlying areas. 

There were only three failures reported to gas 
transmission and large distribution lines. There 
were leaks in a 2~in. senti-high-pressure welded 
SIII!eI distribution line in Oakland, I 12-in. line in 
Hollister, and an 8-in. line in Santa Cruz. In the 
!land i ~ill soil of San Francisco's Marina Di5trict,. gas 
lines were subjected to greater stresses and were 
severely damaged. Damage was distributed 
throughout the city with more than 400 breaks in 
mains. service, and meter locations. A construction 
force of over 300 workers worked to rebuild about 10 
miles of gas line at an estimated cost of S:!O million, 
which was completed in about three months. 

In tne epicentral ilrea in the Santa Cruz ~10untains, 
distribution system damage was restricted to three 
small line leaks. Two of ~hese occurred at locations 
where gls lines were attached to bridge structures 
that suffered damage. A third lealo: occurred in a 
section of old line constructed in 1948. This line was 
in the process of being replaced. Los Gatos, 
Watsonville, Hollister. Richmond, San Jose. Oakland 

and Alameda also reported damage to either mains 
or services. 

In the hours after the quake, about 153,000 
customers shut off gas service to their homes or 
businesses. Where c:ustomers shut off their gas 
service, a PGkE service person checked for possible 
leaks, re-opened the service line, check~ again for 
any problems. then re-lit pilot lights wherl! 
necessary. PeIcE service personnel used gas 
"sniffing" devices to check for leaks frum natural gas 
lines. If escaping gas was noted, lines were 
uncovered and either replaced or repaired. In the 
hard-hit areas, inspectors checked for pockets of gas 
before allowing re-occupancy, and before electric 
service could be ro!Stored. 

Gas service was essentially back to normAl 
throughout the system in four days except for San 
FranciscIJ'~. Marina District and hard hit areas in the 
Santa Cruz. Watsonville. Los Catos area. The heavy 
damage to the gas system in downtown Los Gatos 
was repllired within two weeks after the quake. 

2., Communications 

Padfic Sell is the primary provider of local 
telephone service in the affected area. The damage 
to Pacific Bell fadlities was minor and did not affect 
service. In genera;, telephone systems perfonned 



better thin apKtId. ...,.ciaIIy CONi""" the 
....... fan:a ..... pment In the epkentnlll'N 
NId 110 wiIIIItand. For example, ill WallaaYille a 
louHtary II!irIfarwd aJna.w IhIu-wallllrUCtUre 
built ill the 1950'. w.. ~ 110 peU pound 
lll:allndoll 01 0"", in the horizontal direclian and 
0.661 1ft 1M wrtk:Il dinctIon. The peU horizontal 
~ on the rooIwas 124&. The building 
contaiN tluw fIoon 01 telephone IWilchms 
equipment. In addltion, it hal exlilnlive piping. 
cal* tra,., and heating and ventilatinglYStems. 
Durina the ..nhquake, when off-siee power was 
IoIt. the tmerpncy d_l getWl'lIOl' started up 
Immed1atlllyand It and the battfties in the buildlng 
kept the system on-Une through tht 1lU1O! 
afWnhocb. 

The ac. 01 commercial power caused some 
coaununication problems. Telephorle s)'Items are 
desiJned 110 run on batteries for several hours. 
Central offices uauaIIy have electric-pnerators 110 
redwp the t.ttmies 10 that pho .. service can be 
maintaiMcllor mended periods without 
aJIIUn8'ciaI power. 1'here were IOIIIe problems with 
electric-pneratlOn and in one cue service at an 
officii had to be reduced untillddilional backup 
power could be obtained. 

A men common cause of lIPIephone service 
disruption w .. the lack of emergency power (or 

priva .. branch exchanges (PBx.) which are privately 
owned phone systems IIIeCl by companies and 1arge 
orpnizatioN for telephone HrVlce within a facility. 
n.. cannect lID outside lines provided by the \ocal 
WIIphont mlnpallY and use buildins power when 
this WII kilt. 10 WII telephone IefVice. 

2.5 w_ -s.w., "9,1tIn 

Wa. 'upply for the .y Ala II primarily Imported 
via &one IqUeCIucts from the SIrra Nevada 01' the 
SaaameIIIo Delta. A IIN1l portion of the supply, 
apeciaIIr for Suda Cruz .ad Montiire)' Counties is 
pumped fftIIIllocal pwndwa. bIIinI or c:olleded 
.. 1oc:aI1I.II'fa. .. _ fran ItnmI and sprinp. 
W ............... tIMnt fadlltia for IftaIt of the II'N 

are both IICOIIdary and tertiary treatment facmees 
and dlIdIarp treated waller into the SIn FrandKo 
.y, Padlic Ocean, Manterey 1liiy, 01' sewage 

Ja&oons. 

A preUminary survey 01 earthqwb damage WII 

CXlftducted by members of the American Society of 
Ovil Engineers, Technical Council on UfeUne 
Earthquake ~ EarthquUe Investigation 
Committee, who contacted 2S water agencies and 12 
sewer entities. only a portion of the total number of 
agencies ill the area. 

TN ~ Significant impact on water and Mwage 
lifeline systems 01 the Loma Prieta E.uthquab was 
the loa of commercial power for along period of 
time. ThoR agencies without emergency power 

were without power from a (ew hours to several 
days. Commercial power, which is supplied by one 
utility, had significant damage to Mveral high 
voltage subetations which caused moat of system in 
the earthquake II'N to IoH power. The power 
supply was reslOred carefully and slowly to service 
areu and only after checking for gas leaks to avoid 
the potential for fire. Some of the emergency power 
supplies hid problems becauae of limited fuel 
capacity 01' failed to operate btcause they had not 
been_ted. 

There WII no reported damage to any of the four 
major aqueducts or any of the aqueduct storage 
J'ISI'rVOin supplying the area. There was minor 
damage 10 arew local reservoln consisting of earth 
embankment and abutment cracks and conaete 
spillway aackl. Repairs were made by excavation 
and rec:ompac:tion and ~y grouting. All the 
J'ISI'rVOin were at a low level at the time of the event 
because of the third-year drought conditions In 
California and all have been authorized for filling. 

There were approximately 800 to 1,000 water main 
breaka due to the earthquake primarily in the 
unstable areu along the shore of San FrandsaJ Bay 
and along the riV\;.'I'I and estuaries enlierillg Monterey 
Bay. Mo.t of these are .. suffered from liquefaction. 
In gener ... breaks were \ongItudlnal and 
circwnferential and occurred in small diameter cut 
iron (sand cut) with fuced (cement 01' lead caulked) 
hell and spigot joints pipe; and were due to tension, 
compression, and bending due to differential 
settlement. COI'l'OIion of pipe and fjttlnp also 
played a part in some of these breales. 

in the San Francilco Marina District, the 4-, 6-, and 8-
inch mains were Installed in the 1930'. and were 
repIAcied followinS the earthquake with ductile iron 
pipe with rubber gasket joints. It is estimated that 



100 of the 150 breaks ~J\ the San Francisco system 
occurred in the Ma,-;'la area. A majority of the main 
breaks in ~meC.l ;~~l1rred on 4- and 6-inch 
diameter welded ,teel pipe and were due to 
carrosion at the joints. Leaks occ-urred in the San 
'OR-Los c.tos area on mains rilnging in size from 4-
to 31-inches of steel. cast iron, asbestos cement, and 
ductile iron; Ihrft-quarters of which were in 25- 10 
~year old steel pipe with limited corrosion 
prowction. The types of leaks were holes in the pi pe 
due to corrosion, pul\4!d joints and drcular breaks. 
More than one-half of the leaks were due to holes in 
the pipe clue to corrosion 

In the Monterey Bay area damage to water mains 
also occurred 10 mains in unstable areas due to 
liquefaction. Failure modes included bell cracking. 
drcumferential. IOl\gitudinal cracking and push-on 
joint failures. A majority of the breaks occurred in 
cut iron pipe with lead caulk4!d joints and small 
diameter galvanized iron pipe al the threads. It was 
reported that ductile Iron pipe and asbestos cement 
pipe with rubber gasket joints ~rformed well. It is 
not \mown how much of these kinds of pipe is in the 
older areas subjected to liquefaction. 

Service connection breaks occurred in galvanized 
iron, copper, and polyvinyl chloride pipe. 

Relatively few sewer breaks have been identifi4!d, 
because most sewers are gravity flow and water 
does not appear at the surface of the ground unless 
tlwre is a blockage. I~ may be assumed, however. 
there are at least as m .. ny sewer main breaks as 
wlter breaks, es peciall y in the ~.ame areas of 
unstable ground. Cor.tacts ,,·ith sewage agendes 
indicate they are in the process of performing 
television (video camera) surveys of the mains to 
determine the extent of the damage. Breaks in sewer 
pressure lines (force mains) were identified when 
power was restored to tht sewage pumping stations. 

There was little damage reported to pumping 
stations Ind pumping weUs, except for outages due 
to the 10se of commercial power. Three wells 
constructed without gravel pack became sanded 
Mar Santa Cruz and have been redrilled and another 
wen in Watsonville had a broken discharge pipe. 

There was Significant damage to small (JO,OOO to 
100.000 gallons) bolted steel, wl!lded steel and 

r4!dwood tanks, especially in the Santa Cruz 

Mountains. The damage consisted of collapses, shell 
buckling (elephant foot), roof buckling and 
inletloutlet problems of tanks which had little or no 
seismic considerations in the design. A 11 million 
gallon post-tensioned concrete tank failed at the 
vertical joint The tank was constructed of precast 
vertical wall panels wrapped with post· tensioned 
wire and coated with gunite There was evidence of 
corrosion which may have contributed to the failure 

In two instances, undamaged water storage tanks 
were drained In Hollister, an unre:nforced masonry 
building collapsed onto 0\:1 adjacent building which 
had a wet (fire) standpipe. The debris from the 
collapsed buildir.g pulled a coupling on a 6-inch 
privi\te fire service releasing an uncontrolled flow of 
water whirh almost drained a :7. n~.illion gallon tank 
before it could be controlled. 

In San Francisco, the Au)(iliary Water Supply System 
(AWSS) provides high pressure supply for 
emergency fire protection. This system relies on 
local reservoirs and tar.ks for supply and is 
.:ompletely separate from the municipal system. A 
water main on this separate system broke several 
miles away from a 750,000 gallon tank, which led to 
temporary loss of pressure in the system (see 
Scawthom and Blackburn, 199Ol. Thew two events 
indicate the need for monitoring and controlling the 
outflow from the storage system after a disaster such 
as an earthquake. 

Damage occurred to a number of water and 
wastewater treatment plants due to wave action 
(sloshing) in the South San Frandsco Bay area. A 
laboratory person in Los Catos reported the wave 
action almost reached the top of a 3O-inch protective 
railing around a clarifier basin. Th(' damage at an 80 
mgd plant was due to the differential movement 
between the up-flow center feed clarifier and the 
rectangular walls of the basin. The launderers 
(wires) pulled away from the wall or pounded 
against the wall. Some of the launderers fell to the 
bottom and jammed the sludge scrapers. At a 40 
mgd wastewater treatment plant wave action caused 
fiber glass scum troughs to be damaged in 
rectangular clarifier basins. The troughs were 
attached 10 the concrete wall with a fabricated fiber 
glass bracket that broke at the angle point. The 
troughs fell to the bottom and jammed the sludge 
sweeping scraper. Both pla'"lts continued operations 
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by placinc _ins not in use back in~. 

The major IeIIons Ieamed from the Lorna Prieta 
earthquake were to aJIltinue to use flexible joints in 
water and sewage piping, proytde emqency power 
for e!Mlltial fadlltfes, manitor the storage level in 
tanks and reservoUs to mntrol outlet flow and to 
consider wave action in the design of treatment 
pints. 

3. OBSERVATIONS OF PIPELINE RESpoNSE 
AT PARKFIELD. CALIfORNIA 

An experiment to measure pipeline response to 
tra veiling wive effects and to lateral offsets is 
located on the San Andreu Fault at Owens' Pasture 
near Parkfield, Ca1ifomia approximately 115 \un to 
the south of the epicenter of the October 17,1989 
Loma Prteta EarthquaJce. A magnitude 6 earthquake 
is predicted by the U.S.G.S. to occur here within the 
next few ,ears. The experiment involv~ an array of 
welded steel and ductiJe iron pipe segments which 
are placed am.a a strand of the fault. 
Instrumentation includes strong-motion 
accelerographs, strain gages on the welded steel 
pipes, and relative displac:ement transducers at the 
joints of the ductile iron pipes. The threshold trigger 
lewis for recording were set at 2 gal. to record 
foreshocb of the predicted Parkfield<:holame 
earthqualce and other low amplitude seismic events. 
Useful records of pipeline strain and ground 
motions were obtained from the Loma Prieta 
earthquake .. which caused 20 gal. peak acceleratiON 
at Owens' Puture. 

3.1 Obtcmd RnpoNe in Loma.l'.d.ttl. EarUulgaIr, 

Peak accelerations 01 about 20 ga' .. were recorded in 
both surface «()..W sec) and body Wive (about 40-80 
sec) phases. A triangular region of ground defined 
by the three seismographs iJ Illumed to deform 
with CON'tant strain. When the meuured horizontal 
components 01 ground cHsplaCl!lMllts are imposed 
on vertiCIl 01 a canstant strain finite element. peak 
transient values 01 grouNIltrain 01 order .001 are 
found. 

TIme hisliories 01 strains were recorded on the 
welded steel pipe -sments beginning in the interval 
34-40 IICOnds alter the start 01 the ground motion 
records, which coitesponds to the surface wave 
phase. It Is pCIIIIible that the body wave phMe did 

not induOl! pipe strains high enough (20 microltrain) 
to lrigger the memory of the data logger; it is &!so 
possible that peak strains exceeded 20 mia'Oltrain 
during the body wave phase but at a frequency too 
high to be resolved by the data logger whose upper 
limit is CWTently about 1 hz. 

The maximum strains in the ten.ion pipe segment 
are lellSile because transient mmpressive and tensile 
strains are superposed onto permanent lo;Mile strain 
induced by right lateral strike slip; trans~t 
compressive and !ensile strains in the compression 
segment are superposed onto penm.,,,,nt 
compressive strain. The arno\..,t of offset that would 
cause the observed permanent pipe strains is about 
1.3 mm. Coseismic creep derived from the U .S.G.5. 
creepmeter XPK1 is about 1.8 mm. Ap~rently. 
some slip occurred at the pipe-soil interface. 

The data also illustrate the following points: 

1. The pipeUne strains on opposite 
sides of the springlines an! 
approlCirNtelyequal. This 
shows that, at least in the 
horizontal plane, direct 
extension or compression 
dominates and bending is less 
significan t. 
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2. The frequency mntent of the 
direct ground strain and of the 
pipe strain tunI! histories agree 
closely. In the interval between 
34 and SO !IeCOnds, the ground 
and pipe straiN It a number of 
stations are Jlearly the same 
with peak and valleys of the 

same amplitude occurring 
almost simultaneously. 

3. The shifts in the amplitudes of 
the pipe strain time history 
records correspond to the 
development of a permanent 
ground strain that appears to 
ocrur between 40 and 50 
seamds. It is apparently 
associated with lateral off5et u 
measured in the creepmeter 
XPK1, 



&. ~n!trr.OJi.gJ~~i~f_~RMA.,"ia 
QUIFELINE SnnM~ 

AI. mentioned above, lifeline sY5tems serving the 
Say Ar.a perfonned reasonably well under the 
Len .. Prieta Earthquake, even though isolated 
faiLue were significant. It is anticipated, however, 
that, given time, earthquakes with larger magnitudes 
will occur, possibly at a more unfavorable location in 
the Bay ar. •. Then!fore, a case study has just been 
~nitiab!d under the sponsorship of the ;\;"tional 
Center for Earthquake Engineering Research 
(:-.JCHR). The case~tudy purpose is to investigate 
how lifeline systems such as water, power and gas 
delivery systems, telecommunication and 
Iransport"tion systems serving" community 
performed under the Loma Prieta Earthquake. A 
community will be chosen for the case study most 
probably among Los Gatos, Watsonville, or Santa 
Cruz, taking into conside~ation the extent of 
damage, size of community in terms of geography 
olnd population, number of lifeline systems involved, 
degrft! of utility and gcvernmenul cooperation, etc. 

The following NCEER rl!S@archers are participating 
in this proiect: A.H-S. Ang (LJniversity of California, 
Irvine), T. Ariman (University of Tulsa), S. Jones 
(Cornell), J. Isenberg (Weidli:lger Associates), M. 
Khater (EQ~ lnc.), F. Kozin (Polytechnic r.;niversity 
of New York), M. O'Rourke (RPl). T. O'Rourke 
(Cornell), M. Phipps (H. J. Degenkolb Associates) 
and C. Sawthorn (EQE Inc.) (Table 2). Tht:re are six 
specifiC tasks, some of which can be performed 
simultaneously. First. physical and operational 
information on each system will be gathered and 
documented. Second, on the basis of the 
information thus gathered and documented, 
physical and operational models will be developed 
for the system. Using thl!S@ models, th. state of 
damage and that of unserviceability will be 
simulated for each system under the Loma Prieta 
Earthquake and compared with the actual states of 
damage and unserviceability for model verification. 
Third. performance interaction among lifeline 
systems will be reconstructed on the basis of 
available data and also modeled. Fourth, the nature 
and extent of seismic preparedne56 on the part of 
governments, utilities. industry, and citizens will be 
examined as well as to what extent such 
preparedness, if implemel".ted, indeed mitigated the 
leismic disast.r. Fifth, an analytical model recently 
developed by Kozin for re .ource allocation to 
implement r.pair and ~toration of damaged 
lifeline systems will be tested against what actually 

happ.!ned, and revised if necessary. Finally, the 
societal impact of simultaneous and multiple lift>lin. 
system failures will also be liwestigated. Each of 
these tasks are listed in the attached la ble togetht'f 
with the names of investiga!or5 ar.d brief comments 
on the task contents. 

It is believed this case ~tudy will provide valuable 
insight into the phYSical, operational, governmental. 
and societal consequence5 of lifeline system failure 
caused by earthquakes for the community .5 a 
whole. lastly, study of the sy5tem interaction issue 
is also of substantial interest from both the tt>chnical 
and societal points of view 

C. Scawthom anJ F. Blackburn. Per/arT71<J"ce of the 
541" FrQ"ci$co Auxiliary and ParllJble WQter Supply 
SysttmS j" the 17 Octobtr 198~ Lorna PrlellJ farll1qu<lke 
Fourth U.s. National Conference on Earthquake 
Engineering. May 20-24, 1990. Palm Springs, 
California. 
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Table 1 

MAJOR ROADS CLOSED AFTER TIlE 
EARTHQUAKE 

• Martinez-Benicia Bridge'closed to trucks in 
both directions 

• 1-«1 and 1-880 closed between Berkeley and 1-
980 in Oakland due to the collapsed Cypress 
RCtion 

• Bay Bridge closed because of structural 
damage 

• Embarcadero Freeway dosed due to 
earthquab-induc.d damage 

• Interstate 280 ck;.?oed from U.S. 101 to 
downtown San Francisco 

• U.s. 101 northbound at Highway '12 overpass 
dosed due to debris 

• Highway 9 closed at the San Lorenzo River 
Bridge (near Santa Cruz) due to structural 
damage 

• Highway 17 closed from ScJtts Valley to 
Highway 9 due to landslides 

• Highway 1 oorth dosed at Struve Slough 
Bridge due to a c:oUapsed bridge 

• Highway 129 closed at Aromas Road 

• Highway 2S closed from U.s. 101 to IS miles 
south 01 Hollister due to rockslidu 
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Figure 1: Epicenter or the Lama Prieta Earthquike 
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Figure 2: Earthquake Traf!'lc Mlinagement ProJects (aftfr C.1trin5) 
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JOINT LOCATION 
IN SOME BENTS 

Figure 38: 

CRITICAL 
CRACK 

2.UPPEFI 
DeCK 
DROPS 
DOWN 

Poorly det.lled Ind inadequate harilontll titS were 
pri .. rlly responsible for the Cypress section column 
failures 
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Figure 4: 

OAKLAND -

UPPER DECK 

OAKLAND -

Fa'lurl of the tty Bridge during the lOll Prieta 
Earthquake 
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Figure 7: Electric power syst .. in the e~rthquake-affected areiS 



Summary Report on the Loma Prieta Eartbcplake of 
October 17, 1989 

by 

T05hlo IWASAKI" 

ABSTRACT 

On October Ii. 1989. the L.oma Prieta 
Earthquake strucK th'!! Santa Cruz reelon. 
California, \.:.S.A, The Japane!;e eovern.ent 
sent a stud~ teu for the purpose of InvestJ­
ratlnr chuacterlstlcs of dallla,es caused by 
the earthquake. thIs pap~r presents a 
sumaary of the full report prepared by the 
study tealll. and ellphases on tbe outline of 
the dua,e. stron, motion observation. 
liquefaction. slope failures. dua,e tc 
lifeline facllltles .• easures aralnst disaster. 
voluntary activities by the residents and 
lessons learned frail tbe earthquake. 

KEY"ORDS : L.o.a PrIeta Earthquake. 
Earthquake DIsaster. 
Stronr Motion Observation. 
L.lquefactlon. Slope Failure. 
Lifeline Facilities. 
Measufl)s aralnst DIsaster 

I. 11'"TRODCCTJO~ 

The LOlla Prieta Earthquake .. Ith 
lIaenltude of 7.1 occurred In the Santa Cruz 
reelon. California. I:,S.A .. at 5:006 p.lI. ( Pa­
cific Dayll,ht Savlnr 11M) on October 17 I 
Tuesday I. 1989, The earthquake struck not 
only the eplcentral rerlon but also San 
francisco Bay area located about 90KII north 
or the epicenter, As a result of the 
eartbquake. 62 persons lost their ll'cs and 
IlIportant publlc facllit '!s and bulld!nrs 'IIere 
heavily dallared. 

The Japanese (overnaent sent a study 
teu conslstlnr of 16 expens of the 
concerned orranlzatlons and Institutions In 
order to contribute to development of the 
measures a,alnst earthquake dIsaster not 
only In Japan but also In world-wide 
countries tlhere occurrences or ellrthquakes 
are creat threat. The Investlratlon started 
froa mld-I'oveaber for two weeks Just arter 
fin Ishlnr ellereency rescue activities for 
suffered people. An Investl,atlon on the 
da.ares In the eplcentral rerlon and San 
FrancIsco Bay area 'lias made .1 th a rreat 
asSistance and support of many orfanlzatlons 
concerned .. Ith disaster prevf!ntlon Includlne 
I:.S. federal orranlzatlons. the California 
state rovern.ent. local ( county and city I 
,overnaents and private flras, 

The Inve.tllatlon by the Japanese team 
was successfully cOIlPleted with a rreat deal 
of supports by Dr. R.!I', WrlEht. the t:. S. 
Chalrlllan of the Panel on 'lilnd and Sel!;lIIlc 
Effects. t.:JSR. Mr.S.J.Raufaste. 
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Secretary-General of the Panel. and 
Dr.R.S.Le •. Dr.A.G.Brady. lind Mr.J,Il,Gates t 

.. mbers of the Panel ), 
The orl,lnal full report ( In Japane~c. 

about 300 pales) was published In Januar)' 
1990, The contents of the report are as 
follows: 

Preface 
1. Introduction 
2. Natural Conditions and Socia. Conditions 
3. Systems of Earthquake Precllct ,(;n and 

Precursors of the Lou Prlett. Earthquake 
4. Outline "f tbe Event. Crustal Movements 

and Stron, Motion Observations 
S. Soil LIquefaction and Slope failures 
6. Daaares to Roads and Brldres 
T. Duaces to Bundlnrs 
I. Da.aees to Lifeline FaCilIties 

[ Except Roads and Brid,es J 
II. Disaster Preparedness ~d.lnlstrat!ons 

IDd Eaerrency Measures 
10. Public Responses [ Voluntary Activities 

and Contributions of Volunteers. a!1~ 

Public Education) 
11. Closlnr Reaarks [ SUllmar), of Flndln,s. 

Discussions II'lth C.S, Experts. Proposals, 
and Acknoll'ledraents ) 

This paper presents a SUlIIDary of the 
report with an e8Phasls on the outline of 
tbe dua,es. ,round failure. stronc 1I0tion 
data. dua,es to IIfellne facilIties ( road 
facillties and others J. aeasures for disaster 
prevention and voluntary actlvltles by the 
residents &rid conclUsions [ lessons learned 
fro a the earthquake J. 

2. OUTLINE Ot DA."1AGES 

Flr.1 sho"s the eplcentral reelon and San 
Francisco Bay area affectp.d by the Loma 
Prieta Earthquake. Major dalllaces "'ere de­
veloped In the reelon of Watsonville ION_ted 
south of the epicenter to Martinez lc~ated 

north of Rlcbllond. 
FEMA ( U.S. federal Ellerlene), Manacement 

ACellcy ) &rid OES ( Office of E.erlenc.'· 
Service. State of California I reported an 
estlutlon of daaaces as 

llNuaber of death: 62 persons 
( BeSides a few liVes were lost by lndl rect 

effects sucn as heart attack I 

DIrector General. Pu:Jilc Works Research Instl· 
tute. "Ilnlstry of Construction 



2)"Ullber of tbe laJured : 3.201 persoDi 
3)Tota1 co.t of cIaaqes : 

_tl_ted .. 70 to 10 
bUllon dollan 
( All official _tlUte by tbe feeleral or 

State co.el'llMDts b .. not "et r.leueel ) 
')Suffered people: about 55.000 persons 

3. 0!lD.U!£ Of DE LQ!I\A PRIETA EARTBQUAICE 

Slace the SaD AIIdre .. f.ult aDd s •• er.l 
.ctln f.ults MID throu(b tbe calIfornIa 
state. caUfornla 11 one of eartbquake prone 
rerlons slaUar to JApar,. fbe Lo .. Prieta 
Eartbquak. II • aec'.Iua Ilze eartbquake wltb 
UlDltude of 7.1 a10nl tbe San Audre .. f.ult. 
An" partlcul.r foreeuts for the occurrence 
of the earthquake wer. not .ade. 

USGS ( United Stat .. Geolo.lcal Survey I 
reported th.t tb. epicenter w.. located at 
37.0.· N. latltud., 121.113· w. 10nlltud •. 111e 
focal depth w .. llk& aDd this 11 •• ld ratber 
deep tban noraal on .. 10 far ol»."ed alonl 
tbe san Andr ... f.ult. Geod.tlc lu"ey. 
follOll'lq the earthquake IndIcate that a .Up 
.t the bypoceater re.lon bad • rl,bt-l.teral 
borlzontal coaponent aDd •• rtlcal coaponent 
th.t caused. tot.l oblique-IUp dllpl~nt 
of 2.3 .. 111e .rea of tbe fault .urface ... 
estlUted to be 13 l1li .Ide aDd 40 l1li 10nl. 
Since tbe .plc.nt.r wu r.l.tl .... ." deep. aDY 
f.ult b .. not been obl."ed on tbe Iround 
surface. 

In tbe eplcentral rellon. due to an 
extreeely strone ,found aotlon ( borlzontal 
acceleration 0 .... 1' 0.7 • ) .xun.l.e Iround 
flaur_ aDd .lope f.Uures .. well .. defor­
.. tlons of .round .urfaces w.re d ••• loped. 

4. STBO!!G ",quON RECORDS 

lnt.nslfled It ron. Mtlon ObM"atlon 
han be~n aade In the St.te of callfornla by 
8OIt1)' USGS aIld CDMG (callfornl. Depart_nt 
of III1n_ and Geo101Y). Durin. the .arthquake. 
.trone .otlon records .ere obtained at 135 
lltatlon. ( 31 .tatlon. by USGS. IS .tatlons by 
CDMG and 4 stations by the Unl .... r.lty of 
Callfornl •• t Sallt. Cruz). 

fI •. 2 .bon acceleration record. and 
r_ponH acceleration .pectr. obtained .t 
cIt)' of COrralitos cl0H8t to the epicenter ( 
.plcentr.l d1ltance I. 7ka. aDd tbe dl.taDce 
to tb. f.ult I. only 1 kII). Peak acceler.tlon. 
• re o. S • and 0.84 • In two ortbo.onal 
horizontal directions and 0.47. In "ertlcal 
direction. The records can be characterized 
.. the l.ree peak acceler.tlon and r.latl ... e1y 
Ion. predoalnant period of 0.7 seconds. Thl. 
a." be one of the r ... ons to c.us. b.a.y 
d ..... In san FraDc1sc:o s.y ar.L 

FI •. 3 .han tbe dlstrlbutlon or peak 
accel.r.tlon. on Iround .urface level and 
rlrlt tloor 1 •• el of bulldlnl •. Station. Q) to 
~ located nortb-eut of tbe city of San 

FraDclsco .re on tbe rocky bed. and peak 
aceeleratloDi recorded are In tbe ran.e of 
0.011 • to 0.011 ,. On tbe other band. peak 
accel.ratloDl recorded at .tatioDl ~ to tl 
are wi tbln tbe ran.e of 0.16 I to 0.211 I ( 0.33 
I .t san Francisco International AIrport) 
wblcb .re 2.5 to :I tl_ lar.er than thoM on 
tbe rocky bed. It sbould be noted th.t 
accelerations weI'. I.r.ely .. pUrl.d by tbe 
effects ot sott ,round. 

FI,.4 .bows tbe rel.tlonsblp between 
eplcentr.l dl.tances and peak .cceler.tlons 
obtained throlllb tbe aIlal),,, of .tronl 
.otlon data ( excludlDi tbe d.t. recorded at 
bulldln .. and bulldln. b_entl ). In tbe 
rleure. ..,Irlcal foraul. ( for ,round 
cond! tlon II ) proposed by PWRI" I. also 
sbown. 

wh.re, ....... M aDd 4 represent peak 
acceleration in lal ( caI.ec· ). UlDltude of 
earthquake ( 7.1 ) aDd .plcentr.l dl.taDce In 
lea. Since Eq.(l) show •• aean attenuation 
d.rl.ed froa • statl.tlc.l analysl. of Itron, 
.otlon record8 on th. Iround lurtace with 
.od.rate to h.rd soil condltlonl ( .round 
Iroup II specIfied in tbe Sel.alc Deliin 
Specifications of BI,bw." Brld,.. l. actual 
d.ta dlspene .Ion. tb. aean v.lue expres.ed 
by Eq.(l). r.o CU"es .bowlnl the .... rl.tlon of 
a .tandard deviation (1 II) tro. the aean 
•• lue are .lso Ibowa In FII.4. 

Tbla fl,ure Indicates tb.t peak 
acc.l.r.tlons reeorded .... rles wide I), even 
for tbe ... eplcentral d1ltance. However. 
11nce peal acceler.tlon recorded durlne the 
Lou Prl.ta Earthquake .re within the ran,e 
of tbe MaD .... lue ± III. tbe attenuation .Ith 
dl.tance CaD rou,bly be explained by Eq.(l). 
It I. often IUSpected tbat • specl.l Iround 
.Ibratlon called .. echo phenoaena occurrell 
In tbe b.y .rea because be.vy d .... e was 
d.veloped not In the eplcentr.1 re.lon but In 
tbe ba7 area far froa the epicenter. But. 
excludlnc tbe fact tbat r.ther lonr period 
cround aotlon ... developed froa the fault. 
It aboulc1 l:e !!aphulzecl tb.t tbe prop .. atlon 
of tbe .round aotlon "lI.! not extr.ordlnary 
froa tbe .Iewpolnt of tbe fact ~la.t peak 
.cceler.tlons .ttenu.te with distance In & 

quite n.tural w." predicted fro. tbe put 
JapaD_e experiences . 

5. UQUEFACIIOPl, GROUNJ) fISSURES 
fJlD SLOPE fAILURES 

LIquefaction. ..round fi.sure. \Dd Ilope 
f.llur.. were found at ""era' pl.ces. 
D ...... caused by lIquef.ctlon concentrated 
In tbe cIties or santa Cruz and W.tsonville 
located south of the epicenter, at aUuvl.l 
soli .round alon. river. and couts • and at 
recl.wed land. In SaD Francisco Bay area. 



Altllouell .arlou. .tructures were beavlly 
affected by l1quefactloll In .OM are.. ( 
MarlDa district ID San Frucl.co. Oalliud 
Port. Oak::'ud Airport. cltl .. of luta Cruz 
ud .anonyllle ). lIquefactlon cUd not affeet 
ItronelY Itructur .. In otber districts. 

Ground tiliurn occurred ID the 
eplcentral re,lon. Particularly 111 the r.eIG!' 
about au lonr ud 2.5u wide wblcb I. 
located lOuth· ••• t of the Su Andre .. tault 
and "It of State Hlrhway 11 ... yeral ,round 
fll.ures occurred ud eau.ed Ilea.y d..., .. 
to 10M resldeDtlal bOUlel. 

Ludilld.. were also tound In .everal 
places In the eplcentral rerlon. Sa.. roads 
were cloled to public trattle:. Pboto.l Ibon 
the larrest landilide on State Blrhway 17. It 
took about one .anth to co.pletely reopen 
tbll potlon to tbe public trattlc. 

S. DA.'1AGES TO ROAP FACILlilg 

'.1 OY'f\.11!E 01 DIlMAGES TO ROAD FACILITIES 
CA.l..TRANS ( Depart .. nt ot Tru.portatlon. 

State at Calltornla ) reported tbat d .. .,e at 
road racillties II estl_ted u I II 'JUlian 
wblch cor .... pond. to 22.5' ot the total 
property d .... e of I 10 billion caUled by tbe 
La.a Prieta Earthquake. Tbe d .. .,e to road 
raelllties Includes d...,es to brldees. cracks 
of pan .. nt. falll of rockl and 10111 •• lope 
fallur .. alan, tbe roads. Tbe d .... es or 
brldres .. ere .ast serioul UIOnr til .. . 

Accordln, to CALTRANS. tbere are about 
1.500 brldres unared by the State IDd the 
al.ost .... nu.ber of brldres unared by 
counties and cities In tbe affected rerlon. 
Tbree brldees were erltlcally d...,ed ud 
feU down. I brldres were beavlly doared. 13 
brldres were MH:Ierately d...,ed and S5 
brldees were IUrbtly d...,ed. D...,es to 
three fallen bridles are described ID detaU. 
In the foUowlnr. 

6.2 Cyprus Viaduct [llIterstate 110) 
The Cypress "'aduct con.llts of a bl·leyel 

concrete decks with lenrtb of lbout ~ on 
the cyprus Street of 1-110 thr;)urb tbe e:lty 
of Oakland. It was deslrned .0 as to r .. lst a 
lateral earthquake force of MII.Ie: 
coefficient of 0.06 ID 1153 and 11154. and Its 
con.truction w.. co~leted In 11S7. Tbe 
Cypress .tructure con.lsts of three·lplD 
continuous RC cellUlar box rlrders with .pan 
lenrtb of 24 •. The end. of tbe rlrders were 
lllttr::~"nected ulIDr expan.lon Joint. and 
the structure wu equipped wIth cable 
restraIners at eacb tran.yerse expan.lon 
Joint between the lon.ltudlnal box ,Irder •. 

Brldre COlUlIII1 were .ade of relDforced 
concrete and hlnred connections were 
provided at the botto. of tbe eolUIIIII. Three 
types of eolulUl contlruratlon. were e.ployed 
as Ihown In Flr.5. Type·l was ,enerally u.ed. 
aDd Types 2 and 3 were e.plo.Yed at tbe 

sectlonl wblch bad a wider lateral be ... lueh 
u rup aDd Ikew lectloDl, and .ectlon. to 
be widened In the future, On Types 2 and 3. 
lateral be... of upper rlrd.r w.re .ade of 
prutru.ed CODcrete u.lnr un bonded PC stHI 
bars. 

Brldee coluaDS were .upported by rafts 
and pUe roundatlons. aDd colu.ns and rafts 
..r. Intercolllleeted uslnr hlnred Jolntl. The 
Cypress Viaduct pas.ed tbroueh the 
trlDlltlon area of rround conditions between 
reclal .. d lOft rround. whle:h w.. a 
blnterland·dup eround before 1156. and 
.. U·co.pacCed sand layer of dUuvlal soil. 
SOft lilt)' aDd clayey layers were Piled up 
al.a.t to 20. In u.x1.uI In tbe reclal8ed 
zone. Tbe 2-0 .ectlon of Cypress Vladuet 
beavl1Y duared w .. de.aUlhed .oon after 
the earthquak.. Tbe 1.2-1a1 .ectlon of the 
Cyprul Viaduct beWIeD tbe lDtercbanre I·ao 
aDd the crolslnc poIDt with lItb Itreet fell 
down. '11111 sectlOD was found to be ID the 
reelalMd area u sboWD In Flr.l. Peak 
acceleration In tbat area w .. estl.ated to be 
about O.2C , and tbe d .... e Ihould be cau.ed 
by tbe fact tbat tbe lel.alc deslrn co­
ertlcleDt or 0.01 was ualler tban the 
acceleration actually acted. 

PbotOl.2-4 show typical d .... es In wblch 
tbe upper deck eo.pletely fell down on the 
low.r d.ck. Flr.7 Ibows aD estl.ated 
coUaplleQ ~banll. of Type-l coluan. This 
flrur~ Indicates tbat Ibear failure occurred 
b, excesll .. lateral load at lower portion of 
hInred JOints whlcb .upported upper coluans 
aDd ,Irderl. At tbe sue tiM. flexural cracks 
.. re deyeloped at tbe corner. between 
lateral b..- and colulIII. of upper rlrders. 
and tben tbe corners wen tore up. Finally 
upper decks fell down. 

'I1Ie hJllled portion whlcb Iupported 
upper colu.nl w.. IMulled at the hlrher 
portlo~ tbaD lateral be .. of lo.er deck. as 
shown In Flr.l(a). lowever. the relnforceaent 
In tbe portion w .. not enourh when ca.pared 
wltb tbat In laterll be... because ... 11 
Hllale deslrn coefficient of 0.06 was 
conllderecl. Tberefore .... ben lateral for('!! was 
I.posed at the blnre. .hear cracks easily 
developed. TheD when ~racks reached to the 
ulal relnforceaent at the endl of crol' .ec· 
tlons of COlll8DI of the lower decks. It was 
eas, to shift to faUures .. tearln, up the 
ulal relnforce .. nt. Further.are. flxlnr 
leDlth or U·.baped ancbor.,e relnforce.ent. 
which w .. arrured to restrict lonrltudlnal 
relnforc:eMnt at the top portion A colu.ns 
tor "reventlnr tltl. tvpe ot failure. was not 
10D, enourh. It wu al.o utl .. ted that the 
.ufneleat perforunce of tbe portion could 
Dot be expected because at this Inadequate 
al'r~e .. nt ot relnforce.eDt at the hlnre 
portion. 

On the other hand. the .ost of 
relnforce .. nt at the bottoa or upper lateral 



"- te ...... ted ucI tile nlafo~t wblell 
.. ~nd to tile col .... _a u.oet ODe 
fOllI'tJl of tIIoM la 1M bote .. TM bauacll _a 
Dot pro.lded at til. cora.r of beu-col ... 
coaaeetloD .. Non 111 ra..l(b) ... hiM. tile 
relnfo~t 111 tile bottOll of lateral ..... 
... Dot beDt don 1IIto tIM col_ and 
ancllor.,. l~b ... DOt 10" .aourn. 
eltber ..... ee. n_ Ute bad", _t w .. 
l8POHd at the coraer ucI theD rluural 
er8Cil naebed to tbe relaforeeMllt at tbe 
bottoa of lateral baa fallure oec:Ul'I'ed at 
tbe coraer aDd tlte nlAforceMDt ....... Uy 
pUlled out of tlte colu.. TMnfon. It ... 
atluted tltat botla of upper col_ opaed 
towards the outalde ~ the two 1..­
were foreed to open. and tbat flIIallJ upper 
declca feU don oato tbe lower deeka. 

u lAY Irl_ (lptent&tllO) 
The Ia1 BrleS.- .. a double-decked 

hl"'~ brl4te .. Ith total lalth of 13 •• ka 
COllJlectm. cities of Sa Fraaclsc:o ad 
Oaklud. and coulata of twla a.pasloD 
brldr_ bet1Nell '.rba Buaa ..... d and SaD 
FraDC"co ( _t .Iete ) ud trun brldr_ 
IDCludiar caDtll ... r structures "tweeD 
Yerba Buena and oaklalld ( aut lid. ,. TM 
brldre .... dallDed 111 coulcleratloD of a 
.. I_Ie desl,. coef1Iclat of 0.1 ad Ita 
coutructlon " .. CWlPleted la I •. 

A deck IPU "Ith tit. I .... th of IS • f.ll 
down on EI It .. 1 pier .. NOWII III PbOtOl.S 
and I. pro.ablJ due to out-of-pbue 
loarltudlnal ,.Ibratlon betwea the brlqea of 
aut lide ( Oakland lide ) and .... t Ilde ( Sa 
Franc"co .Ide ). 

Althourb .ro,,1ld IOUI Dear PI.r EI 
coullt of MIni, lIlt,. and cl~ laJen 
.. bleb partlallJ 1IIclud. sand la7en. tile 
IUrfece luer 11 Dot partlcularl,. thlck at the 
Pier a lit.. a.d rock can Dot be fouad at 
'e .. t up to aSa WIder tbe bottM of the .... 

The Pier EI I. of • four-colu. dl&lODal.,. 
braced ateel tower Wlalclt .... dallHCl .. 
laterall,. fIlled .upports for both of a truss 
wIth 154 • loar III tbe aut bQ lide ad a 
trilla wIth II • loar III tbe .... t ba7 lid .. TM 
faUen ,Ird.n for I1Ipportlar the upper and 
lower declca connect two truu brldr_ on tbe 
Pier D. One 110" .Irder _ pro.lded WIder 
10 .. r deck for InstaUla. a electric 
traDIforaer. The fall.. ,Irdera wer. 
a"pported b,. 1-..... with a ... t leqth of 
12. Tell. ad tbe aut Iide of .Irdera .... 
bolted to tb ... auts. Altbo-.ll tbe I ... "ll 
between tbe ... d of tile ,Ireler ad til •• e of 
1-........ not 1-. .. ourb. fall ... "~en 
w.r. d .. lrned ao tbat tbey eoDDect two truu 
brldl" wbleb wer. fixed at PI.r EI. As tbe 
rel.tln dl.plaeeMJlt between two trllli 
brld, .. w .. d_Imad not to be d ••• loped. It 
...... that tbe fa1Unr of tbe .Ird,,. durlnr 
tbe earthquake " .. not predictable. 

Durlnr tbe eartllquak. aU of Z4 boltl ( 

_ U.... ) at tile Pier a COllJlectlD, lboas of 
U.e ..n llde tru. brldre wen aIIeared off 
.. Uoft 111 Pboto.T. ad tbe rlran 110.&4 
about 14 c=- to tbe eat and about 2 ca to the 
north. Ieeauae 01 till. ocesll •• dl.pl_nt 
tile upper deck feU down and .truck the 
ICMNr cleek. Altboqb tbe .boe ... tl for the 
ICMNr cleek we" d_ed by tbe IboCk of the 
fall ... upper deck. th •• Irder lupportlnr the 
electric tr .... roI'Mr pn .... ted the two-l.,.er 
rlrcle,. froa falllD, down eoepletely Into the .... 

Aft.r the eartilCluake. two d .... ed deckl 
were ,..,...ec! ad D_ .Ireten were d_l.nad 
aDd .r~ted. The residual aor ... nt. of 13-
Ip&D truu brldr_ ( total l..,th of 1.140. ) 
we" replaced. ODe b)' ODe. -1DI Jack. at 
Meb lpea. Altllourb the rutor1Dl work of 
til, .lreI.n wa .t1aated to Uk, at 1eut • 
few _tits. tbe work w. eoapl,ted and 
~ to public trattlc OD No.""r IT. 
JUt 00. .oDth after tbe earthquake. A .reat 
deal of effOrti or CAL~S Ibould be bl,bly 
applauded. 

... 'true lloyIh Irick- (State BllhwlY 1) 

Itru.e SlouP .rld... croAlq a dup 
eoft 1011 sooe located OD State BI.h • .,. No.1 
IOUtil of 'a*D"I11e. 11 a 21-apan eontlDuolll 
Ie ,lreI.r brld,.. TIl,.. ,.rber blDpI ( 
HPUIIloa JolDta ) were located In eacb 
brldre. AltltouP tit. ebvtaeDt at botb end. 
01 tIM brl..... wen .upported on lUff 
rroUDd. pl.ra wen built lD the dUll .oft 1011 
( I1'OUDd watar 1 ... 1 of -0.'. I. Th. pier. 
caulIted 01 pl1. beDts ( _ 31 ca ) trblch .ere 
Illled to the lataral beu of tb. deck. TIl. 
brl.... we" dee1ped lp 1 .. 1 accord1Dl to 
tb. lo .... r .. 1aale d"lrn code. and tb. 
eoutructloa .. oo.p1eted la about 1115 . 

M .bMD III PbotoLl aDd 10. the CAnter 
MCtloa about 100 • lODl of the brldre. .blcb 
hal a total I_rtb 01 about 232 •• ao"ecI 
ruldl&&l17 about 10 CII 111 aulD"'. In tb. 
tr ........ dlrectloD ad feU down. Four 
pl1a puDelaed out throu.b tlte deck a1ab and 
til. bud of pll. Itlck out fro. tbe Ilab .. 
loa ... 1.2 • to 1 .... 

Photo.ll NOWI tb. d.....to the 
COIlHCtion 01 pll. to lateral be-. Th. 
beads 01 the pll. beftta eoepl.te1,. faUed and 
th. _ uJal nlDfo~ts ( I Ie _ 20aII ) 

wen l.rIO'J.'" bIIIt ad broken. The pl1e 
beDu .. n __ leta.,. failed at tbelr beads 
ad dlI10dpd trOD the lateral baa cr .. hed 
to "'.. Mck Ilab. aDd .. rloI111,. Inclined. 
SoM pll. '*tta coapl.ta17 feU down onto the 
.ro1lDd. Th. 4 pl1. ileatl punclted out tbrou.1I 
the deck .lab b7 eM fall1Dl-off e .. rlY of 
the deck Ilab .. ahowa In Pboto.10. .hleb 
1.,11. that •• rtleal bear1Dl capacity of the 
pll. _ Mtlated ba.b _ourb. Since a ,ap 
about 10 CII wide III tbe trans".ne direction 
betweD p11. ad ,roulld ."rface can be 
found. It __ tbat tlte pl1M 1&rrely aoved. 



Altbou,tI th' portion of the pUe o.er the 
. ,round 1..,,1 w.. U4e of reinforced 

CODcret.. portloDi under ttlt> ,rollnd l.vel 
art .. tillated to be cut-1o-p1act plaln 
conerat. pUel. 10 called dropped-ln-lb.U 
pU .. wblch are 00. type of RQaond pll ... 
Thl. type of pU. hU Dot beeD .-ployed In 
Japan ... brld .... 

It 1. cODileS.red that an ellCHSlve 
earthquake 1at.ra1 forc. o.er the ODe 
considered In tbe el .. I,a aay be a _Jor 
re .. on for such a crItical d .... e. It 1. allo 
couldered thlt the .round acceleration wu 
at l, .. t .,re than 0.2 , at the .Ite. and that 
the .ubatructure con.l.ted of 4 ;llle beata. 
whleh connect.d to lateral beaa. could not 
r .. 1st the lateral force 1n the tranlverae 
direction. Furtheraore. It I •• upposed that 
tb. plain concrete porr'ona of tbe pU .. 
under the eround lel'el f&lled durin, the 
earthquake. JucSrln, fro. appeared duare of 
th' pll ... 

1. PAMAGES TO !.IF'ELINE FAcILmg ( gCEPT 
ROAP fACiLITIES 1 

Thl •• ectlon brlen,. .u ... rlz .. d .... es 
to lIfellne faclUtl .. ( .llcept road fac1l1tl .. 
above aentloned ) such as water .upply and 
le.er fadUties. elect'rlc: COMunlcatlon 
tacllltl ... electric power lupply facilities. ,as .upply facllltl ... hroadcutln, facllltl ... 
data ca..unlcatloD and ea.put.r facilities. 
harbor and alrport 'acilltl... IUb.-ay. and 
river facllitiel. 

Th. HrlollS d ...... to water I"pply and 
sewer raclllt1e. were not de.eloped except 
.OM du.... at fltar10a DI.trlct and South 
Market area In San Francl.co. 

Althou,h IU,ht d...... ~o cables. 
antenn .. of autoaoblle phon .. and electriC 
power apparatus were found. pby.leal duar" 
to electric cOUllnlcatlon facIUtl ... were not 
fOUlld. eltber. Bowe.er •• IDce a laree nll.ber 
or phone caUl frca Dot ODly doaestic but 
al.o worlel-w,de countrla rushed to the 
re,lol' ( 7 Uaes tor rec:e!vln, and 2 ti .. for 
.endlra,. when c:oaparf!d wltb tbe ordinary 
nuabers I. coDratloD of tbe pbone 
co_unlcatioD contlDued for two dayl beeall.e 
ot ellceedlne the dealln, c:apaclty by far. 
Coaaunlcatlon coapanla 10 the affected 
re,lon rat;-Icted a con.lderable nuaber of 
calls ( eapeclally for r_lvln, ) tor two 
dayl. 

Electric power .upply stopped for a day 
or two aalnly In SOlIe areu In San Franel.co. 
due to d...... to power ,eneratlon. 
transfor_r sub-itatlon. and power 
dIstribution facllltl... The power failure 
serlollsly affected the nor .. 1 lIvln, of the 
resld,ntl. and Interrupted functions or var-
10UI facilities. whlcb depend on electricity. 

Gda .lIppl)' fac1lltl .. In tbree cities cloae 
to the epicenter and loae other areu ( with 

10ft reclalaed eround ) lD San Francisco were 
duqeci. In particular. cut-Ironed pipes 
were d .... ed due to liquefaction of ,round 
In Marina DistrIct In San i'ranclsco. Tbe ,as 
.. Inl of total len.tb of about 16 ka and 
dl.trlbutJon pipes to bouses .ere renewed 
after the earthquake. 

Althou,h broadcastlne facUltIes were 
affect.d by tbe power failure. dIrect d .. a,es 
were IU,bt and tberefore broadcast In, 
continued. It leellS that the continuation of 
broadcutln. rreatly contributed to 
Heurlty and eue of the resldellts. 

ElectriC power faHure and d .. a,e to 
bulldln,!' caused 10Sles of functIons of data 
coaaunlcatlon anel coaputer Iyneas In San 
FrancIsco. 8o ... er. little d .... es to phnl­
cal faclUtl .. were found. 

Sub.ldenc.. of ,rounds and d .... es to 
bulldlnp of harbor and alrport fac11ltles. 
ao.tly callkd b7 lIqllefat:tlon of ,roWld. were 
found In Oakland ~arbor and San Francisco 
IDterDatlonal Airport. 

Althourh tbe BART .ubway ( Includlne a 
aectiOD of .ubaer,ed tunnel) operated In San 
Francl.co Bay area were affected by the 
power (allure. and a little Increase In 
leakare of water at approach sectlonl of the 
tunnel " .. observed. Operation of tbe subway 
reatarted .lthlD a f .. hours arter perforaln, 
quick 1o.pect1oDS and te.po rary repal I' 
works. The BART IUbway IS .ell as ferryboats 
playeci an laportant role for public transpor­
tation Wltll 8.,. 8rlel,e reopened to public 
traftlc:. 

Se.eral d .... es to rIver eabankaents. 
IIIcb u sub.ldeDces. were fOUDd In the 
eplc:entral re,lcn. ~nor cracks at the lur­
facea of upper and lower sides of earth da.s 
ware allo found. 

t. !1f'.ASURES AGaINST DISASTER A!'iO VOLUNTARY 
6CTJ\lTIES 

'lWnt7 two fires occurred In San 
Francisco. No fires were bl,. In the worst 
cue 4 hou ... were burned down. It Ihould be 
neo,olzecS that ulual disaster drll1 and 
education OD earthquake disaster for the 
r .. ldent. pre.ented bl, fires and 
occllrrences of panic. In despite of the power 
taUur •. the public order was .. Intalned after 
the .. rthqulke. with belps by volunteers. 
Therefor •• no crItical probleas bappened to 
pllbllc HCurlty or traffic flow. 

EMreency .. asures ac.lnst disaster were 
lIIpleaented b7 the federal. atate and local 
covern .. t5 In tbe ..... build In,s ( In 50.e 
cua ). Eacb role of tb ... or,lIl1lzatlons was 
shared clearly. Various •• ssures for the sike 
of .uffered people were conducted. 

It .bould be particularly eaphaslzed that 
people or tbe Ii.S. have voluntary Iplrlts 
.Inee tbe foundation of the natIon. and that 
tile voluntary activities by private sectors 



lucb u tb, Red Cro.s aDd tbe Sal.atlOD Any 
played laportlllt rol .. In reducl ... dIAlt,n. 
Tbll II an 1.portant IUlr_tlon to "pro., 
JapllleH IltlllUODI of _uur .. IIld pollCI .. 
qalnat diAl ten. 

p. COMr,UjPIMG 'WRItS 

Altbourh the Lou Prieta Earthquake wu 
1Hd1u. In Ille wltb IIqIIJtude ot 7.1. San 
fraDclaco Ba,. ar ..... b ... Uy affected. rbll 
happened Iince the rr .. t San Frlllcilco 
earthquake ot lIDS ( .apltude of •. 3 l which 
affected IIOIt .. rloull,. III the h"tory ot 
C.S.A. It Is IIld that the Laa PrJeta Earth­
quake w.. I rlnt experhlllce ID -.blcb a 
IMdlu. Ille earthquake struck a lIOdern 
blrhl)' Into .... tlon-orl.nted Uld deDMl)' pop­
ulated city. 

",~ .arthquak. Indlcat.. bOl .. Is"c 
pertonuce ot lIt.llD. facUltl .. ( such u 
road. electric power IIld IDtor.atlon 
co_unlcatlon tac111tl .. l .. i8p0rtlllt. Tb. 
.arthquak, cauaed fatalltl .. of 12 lIY .. IIld 
hea." Itructural d...,... Bowe.er. tbe .f­
fects ot the .arthquake ba.e Dot aded ,..t 
aDd wUl happen In "arlous tona. In 
Calltornla state. sal .. tax baa been ralsed .. 
auch .. 0.25" tor 13 aoatbl of the period 
fro. Dec. 1. 18111 to Dec. 31. lItO. Uld an 
Increue In Itate re.enue of II .. IUolII II 
expeeted to lpend for r .. torlDr. 
furthenore. federal rOyern .. t will lpend 
the ordinary budret of 3 tl_ .. such .. 
state on. for tbe purpose of r .. torl ... public 
facllltl.. ( 11 .. 1,.. fecleral Uld ltate 
rOYernMntl Ihared 75' IIld 25' of the buelret 
for the reatorlDr publlc facllltl ... 
r .. pecU •• I,. l. 

It Is Indicated tbat frequencl.. of 
o:.>ccurrenc:es of lar,. earthquak .. ID Japan 
are blrber tban thOM In U.S. Altboqb It II 
not appropriate to directly apply tbe 
experlenc .. of the Lo .. Prieta Earthquake to 
Japan ( becaule se ... lc d .. lrn _thods ot 
Itructures Inc:ludlnr Lhe ...... c forces are 
not sue I. It II elHDtlal to conltantly pro­
aute and l8Proye ... urea ara1D1t dJaut.ra 
caused by larr. earthquakes. 
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Fall of One-Span Decks on Pier E9 of 
Bay Bridge and Outline of Its Repair 
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A 

SeCtlOll A-A 

O 
RC PillS oboY. G,oulld 
Deformld A.'ol Bar ... 20mm 

Rou"d Bar Hoop. " 4I11III 

IAI Cross - Sletion 

IBI FOllur. of P,I, Btllts 

Fig. 10 Damage to a Pier of 
Struve Slough Bridge 



Pnote. 1 SlopE' failure along State Freew:1Y No.1:' 
(One of Larg€>"It t:u.dsl id(>s cautot'd by the Llrt hqlJ:lkt, 

with HE"iy,ht t 20n ,111(j L(>Ilj;!,th 
month to C'nmplptE'lv (lPt.'r1 thi~ pt'rrinn tl' tilt- rllhlit" 
traff ie. TId", phl.'tn W.,~ t:lkt.·n i:1 r he l·nd ,>I \:{wf>mh,'r. 
19RQ .It tf"r r .. p . .f (r work ... fin i SILt.,J.) 

Pho' o. 2 (ol1aD,.., of Cyprpss Viaduct on nnd Strept. 
Oakland. Typical damage to Typ.- 1 piers I f .. 'm 
GALTRAN'i) • 

Photo. 3 Collap ... of Type 1 pin of Cypress \,L.du, t. 
I:pp"r Deck completel y f ell down ant" I"wer deck duo 
to failures at h1ngp at tht." bottom of thf" upper ('olumn 
and at be3m-C01umn conn<"Ctlon (from CAI.TR'\:-;~). 

Photo. 4 Collapse of Type 2 pier of Cypress Viaduct. 
['pper lolumn!=;. f t,ll do\oll1 dUE" to f tI ilures at upper 
hinS!fI~_ Rf"infoTl'pments at the bottom of (:olumns are 
seen. l'nbond PC bars. .1re 5f:'en atop (from CAL'rRANS). 

Photo. 5 :':111 cd (ltW-Sp,ln dt"('ks OJ' stE"t"1 ph:r E9. 
l'?pt'T and lo ... ·er dl'l..'ks f(.'11 doy.'TI. but fortunately those 
tW0 dt'('ks stdPPl-d nn the third deck \oIhirh install 
transformers (t rom CALTRANS). 

Photo. 6 Removal of fall.n decks. 1!earlng supports 
fnr upper d~ck are !E'en. The length of bearing 
seil t i ~ 12.7 em (f rom Cl\LTRANS). 
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1 
Photo. ~ovement of thP fixed hCCJring support on rh(' 

t;!.Jst (O.lkland) sid£' of pier E9. Rolts W'l.'r(" shcnr 
of f. and t hP 9.Jppot't moved c\bout 14 ("rn tC'> Oilklanu 
sidt'. Out;' to thilS movement the upper deck (with 
bearing seat lenl!:th of 12.7cm) dlslodg@'d frnm the 
support6. ilnd 1",,11 d,1W11 (trllfTl C.'l.lR.\~:S). 

Photo. 8 Out' to the Impact of tht' fall of th .. "pp~r 
dt:'c'k onto the lower dt'~lk, thp lower dl?ck fell down 
onto i:h'! third dt"ck which iT\5t 11 t t'"'.lnsfonners 
(f rom CALTRANS). 

PhotO. 9 Ov"rall v lew of Struve Slough br Id~.'. RC 
girdpr hrld~(» with 21 spans and about ~J2rr. lon~. 

("ross in., nvpr ~tru\!t' Slough. Ther£' nfe 1 ):,irdE'T' 
hlnl'o'" .1long th.· lon~ltud Ina 1 direct Ion. 

Photo. 10 4 Pill' h .. nts punched out (up to 1.2 to 1.8 .. ) 
through slab at Struve Slough bridge. 

Photo. 11 Head. 0f "fit> b .. nts compJ~t"ly failed an.:! 
dislodged from the 1.1teral heilm. ThE' superstructure 
moved about ?OCIl1 in the tr;tn~ers(' dlreC'tlon (left 
in the photo.). 

Photo. 12 Pil" bent largely moved. causing a bJg hoi .. 
5UTroundln~ the bent. Peat soils of high vat .. r 
cor,tent with hi~h WIIter Ubi .. "f 80 em below the 
grollnd SJrf ace look v~r y sof t. 
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Manuscripts Authored 
for Panel Meeting but 
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kperinw'1I SIadJ .......... Flow or Gnaad 
........ bJ SolI LkpetectloD 

' .. ulbl SASAKI". lea-I~.·TOIIDA"" 
.1_ MTSlJIO'TO'" .. SIIolcili SAU' ••• 

A •• rI" or .t":b 'n, table t.lt. are carrIed 
out GIl tile la~eral floe or tile (rollnd cluted 
by Uquefaction. TIle Mdel rround. are 1.1 I 

lone. 1.1 I 'Ide and tll,tr a"ra,e b.lct.~ 11 
l.2 I. TIl. dope. or rround .urf.cI .nd til, 
1oe.r bound.ry conditIon of liquet.lbl. l.,er 
.r. ".rle4. TIIa .. tor •• tton ot lIOdel rround •• 
Ilc ••• lv. pore ,.tar pre •• ur. of til. liquefied 
l.,..r. and til. Iccelerltlon or th. IToun4. Ir. 
~nltored. ...ed on tb. t •• t relultl. thl 
Influence of till 110pe. tile illput aotion .n4 
th. thickness of liquefIed lay.r to the IlDund 
rlol I. II .. ln.d. 

lIT IDlDS Llqu.r.ctlon. slop.d Ground. 
Ground flo •• sh.klne ·.bl e 're.t 

1. rqnw 

n. .011 lIquer.ctlon II.. c.ulld .e.,.l.l 
d ... ". tor .tructur.. durllle th, .. IH 
I.rthqu.kes 111 J.p.n. H ... 4a It. 11. U"'I 
POinted out thlt the talr1y bi, _unt ot 
lateral flo- of ITour.4 eoulel be INn broldb 
In tIM ar.a. In "lf~.ta .nd Wo.hlro Whlre the 
1011 llquarlctlon ot tbe cround I,plrentl, 
toote plac. durlne tIM !fUratl Eartllquakl and 
tile Iflbolkll'chubu Eartllqulke re.pectlve1,. 
Therefor. It beeGle' nec •••• ry to conllder tlO 
• ".. or .trect Induced by .011 llqult.ctlon 
for the .arthqu.k. rlll.tanc. deslrn of 
ttructur .. : th. lOll of belrln, c.p.cIt,. of 
rrovnd Ind tbe Influ.nc. of rround flOW. 
Hoe~Ylr the .. ch.nI.1 of (found flow .nd 
predlctlll, letll" of thia phellQHII. are not 
,et cllrlrled It pre.ent. 
Under the.e elreWl'tlft~.s. tilt authors conduct 
a •• rle. o( 1~lkJnr table telt. to .tud,. the 
.. chani.1 of rroun4 flow and to •• tlblIIII the 
procedure tor e.tl .. 'ln, rround flow. Thi. 
paper de.crlbe. the •••• ntl.l r.ctor. c.ullne 
l.ter.l flow or rround due to l1quetaction 
rroa thl elperI .. ntl. 

a, 1111'1!!11 Of' IIPplJID!IS 

Sh.!:Ine table telU on dcht .odd rround. 
("od.l-l - t) Irl carried out. Ttl. rroundl 

IIC.pt 'or IIIodel-7 and IIIodel-! basically 
cOIIII.t ot tnne la"ul. Tile lo.eraost Sind 
l.,.r 1. coap.cted enouch not to liquefy 
durlne .lIakine. the .lddl. la,.er il loose sand 
wlllcil 11 .. pect.d to l1quefY .• nd at the top 
of til.. 11 let tile .. Iaturned sloped 
U,peraolt ll,..r. The Io4el-T do.e ~ot ".ve the 
upperlolt l.,lr. ia.tlad the 101.r boulldary of 
llquefl.bl. l.,.r 1. lDCllftecl. The "ode1-8 
dOl. DOt III .. tile l ... raolt layer. llpc 
1Od.11 Ire Ihown in 'Ie. 1 and T.ble 1. 
The thlcknl" of l1queflab1. la,.er IN I. the 
.10pe of lurf.ce ('.1 and lo •• r boundary of 
llquefi.ble l.,.er ('.1 .re var ieJ to h.ve 
dltter.ftt conditIon. in order to lI .. lne tile 
Influence of tbll' fector. to tile lateral 
flow. furtheraore. tor ~odel-5. 6 and S. Illot 
of lead or ITavel II uled II the IInnturated 
upperaolt l.rer to .1v. the lareer overburden 
pre •• ure and 1 •••• r cohellon. The .ater level 
1. .et equ.U,. to the upper boundary or 
liquefiable ll,.r. The ch.r.cteriltici of the 
uterlal. tor rround aodel. are Indicated In 
TaU. Z. 
In Ilch te.t. conlClnt ,Inulolda1 Icceler.tlon 
'I th I fr.qu.nc,. of Z Hz il .aployed for 2. 
.,condl 14tc,.cl •• I. Ind lever.l leve11 of 
lI.la ... cceleratlon are .pplIed ItePlll. to 
tIM lbU1B1 tablt II an 1nput aotion. n. 
.... ured ..alaa. .cceIerltion. of the Ih.klne 
table en4 tbe relultl oC leter.l dl.placeaent 
.t lurf.ce ar. Iu..lrlzed In Table 3 . 
A •• hoen in FIe. 1. acc.leroaetera. pore •• ter 
pr ••• ure .. ter.. Itraln lire .. ters and 
dl.pleceaent .. cerl Ir. In. tilled In or on the 
rround ao4tl. to .... ure the t !a! hIs tory of 
.cceltr .. t1on. ,or. eattr pr.llure and 
elI.plec ... nt of larerl durin, .h.kine. 
VertIcal .. rked lIn .. are 1110 Installed It 
til, lid, of IIch lIOCIel rrounds In order to 
IOnltDr tbe dlfor •• tlon or tht llyers. 
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• Dlrecter. Earthqulke Dllut.r Prevention 
De,lrt .. nt. Public Works leselrth 
In.tltute. "Inl.try of Construction 

•• He.d. Ground Vibration Division. 
Earthqu.ke DIII.ter Prevention 
De,.rt •• nt. dItto 

•••••• elrch Eneinetr. Ground Vlbr.tlon 
Dlvlllon. ditto 

•••• Ground Vlbr.tion Dlvl.lon. dItto 



i. IllULD Of grIIl!IIm 

FrOi the above d •• crlbed ahaklnr table t.lta. 
prlncipil charlct.rfltici Dr lat.ral ITound 
flow due to llqueflctlon and factorl 
concernlnr to tha ITound flCMf ar. drlwn II 
followi. 

i.l P1STll""0! Of GIOUD PIp! 

Fir. 2 I~I the typical dlltrtbutlon of 
lat.ral dl.pllc ... nt at the .urrae. (Nodel-4 
and 61. Fro. thl. rlrur •. It can be leen 
that ten.Ue nrlfn. occur It the u,per plrt 
or liope (rlpt hand .Id. In Fl,. 21. the 
lower part of .lope ..... to be cOIIPr.llecI. 
Ft,. 3 .how. .uec ... I.. chan.. of ",rUcll 
.lrked 11n •• durlnr 'Icltatlon at the Step-2 
In til. CI ••• of Nodel-4 Ind I. Thi. fleurl II 
drawn 'ra. photorrlpll. tak.n throurll the 
tranlpar.nt rll .. window on tlte Ilde:Jf the 
contalMr. a ... d on thll Ueu", It cu be 
root.d thlt the defo,..tlon. of cround lurface 
II Induced by the d.fonlltlon or the llquefl.d 
layer but not by the deforletlon 01 the 
~pper.olt l.y.r. Th. dllPllce.ent at the 
lower bOundary or IJque'l.d ll1lr 1. IlllOU 
zero. and Increalll u,w.rdl lr. the liquefied' 
layer. 

3.2 IlLAUO! Kmp ACCILAATIOI· IIgpm 
POll 'ATA PIISSUU up ... fLO! Oft TI!I 
IISTOIT WIG acnmap 

Ftr. 4 ahow. the typical relatIon of U_ 
hl.torle. bet .. en .cc.l,rltlon •• Ic ••• lv. pore 
water pr •• lur. In the llqueflH lifer uel 
llt.ral dl.,llce.er.· It the .urface.at the 
Step-2 In the clle of ~el-6. Fro. thl. 
relult. It can be ••• n tbat the .cc.l.rltlon 
In tbe Uquellabl. l.,.r becOM. .plk7 Jult 
beror. the esc ... lv. pore water pre •• ur. In 
llquellabl. layer ."roacb •• to the .lleetlv. 
ov,rburd.n pr.llun. Inel eleer..... .ft.r the 
CQI,l!te llQuef.ctlon In the l.,.r I. 
obt.ined. 
On the other b.nd. Flc.S I~ the rel.tlon of 
tl .. hl.tor7 blt .. en the l.t.r.l dl.pl.~nt 
.t the lurface Ind the Ilcel.l.e pore .ater 
pr~Slure In liquefied llyer It Section A. I, C 
.nel D re.pectl.ely. FrOi thll fleur.. the 
dllpllc ... nt .t the cround lurf50ce becln. to 
Increlle "ldul111 Ju.t atter the nc.ulve 
POrt wlter pr.uur. ratio I A ul II ' ... 1 
.pprolcbel to the rlnre of •• , to '.B. Inel 
11.0 contlnuel to incr.... "Idu.lly durlnr 
elcltltlon Ifter the co.pl.,e llquetlctlon In 
the .ubrround la,er II Ittalned. 
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3.3 WDD! H'!DI!! MIIIG APD AmI 
RClTADo! 

Fir. 4 11.0 .hOWl the b.havlor .fter Itopp!nr 
lIcitatIon. Arter elcltltlor. the elcelslve 
port .It.r pre •• ure keepi the pre •• ure 

by ... , ... pr ••• ure for Ibout 2 .Inutel. and 
It tak •• lbout 21 81nuttl Cor hlp IIcenlye 
port .ater pr ••• ure to ~.crea.e to .1101t 
zero. On tbe other h.nd. the dllplacHtlnt at 
thl rround lurflce lncr ••• es I 11 t tie arter 
elcit.tlon. but it 11 very little cOlparl!!c 
wltb th.t durlnr licitation. Froa the site 
obae"IU"n on the liquefaction anc! literal 
rround flow In the 'lit •• rthqu.ke.. ..nd 
boili ••• t.r .,rlnp .nel cround .ove •• nts 
Ire reportH to conUnue tor I wlllle .fter 
the .. rthquak.. TIt. CIU.. of the dUterence 
on crounel flow lnducecl by IJqu.f.ctlon 
bet ... n tbe letu.l phanGllnl It .lte. durlne 
e.rtbquake. and elperl .. ntl c.n not be cleared 
.t pr .... t. 

3.1 gL4DO! mnp IPM JIOTIOII AftD G!tOUII' 
n.p!I PlgcnD!S 

Fl,. I .hows the direction .nd quantlt)' of 
rround flow .t the lurflce .... ured by the 
benetl .ark polnu. a"ln.t the dlr.ctlon 
of Input .otlon. It the Step-2 In the c.le of 
~1-8. Fro. thl. fleure. tbe lurflce ot the 
a .. l-corn ah.ped Ilope and the nelrhborlnc 
horllOlltal eround ..... to IOVI al.o.t 
unlfo,.l, and rad i Ill)' • thlt 11. In the 
direction 01 alope. 
Judr!n, Iroe the.e chiracterlstici concernlnr 
the rrolln. 11011. It .1 •. th.t whichever the 
direction of thl .Iclt.tlon II. the 
lIquetlction bduce. the ,.-ound now tow.rds 
the dlrection 01 the Inltlal Ihear strul 
In the llqultlable l.,er .nforced b)' .1up@d 
ov.rburd.n lo.d. 

3, I """"' or SVlfACI SLOPE NIp LO!ER 
IC!pIIJAII SIMI 

Fir. 7 .howl tbe Influ.nce to rround rIo. It 
the .urllee b,. .lop.. of both .urflce Ind 
lower bound.r,. 01 llqu.ll.ble lI,er. AI seen 
In the fleur.. the Inrlu.nce ot tbe slope or 
the lower bound.ry 01 llquefllble l.yer to the 
rround flow .eas very ... 11. However. when 
both rround .urface .nd lower boundlry oC 
llquet'able llly.r .re .loped .1 tbe CII@ or 
MocI.1-3, the Ilope of the lower bound.ry or 
llqueflable layer II lIkel, to Increa.. tile 
rroUlld fl ow . 



a., II'Tl!6TIO! or poun np! 

frOi t~. above .. ntlon.d t.lt re.ults. It 
1. reduc.d tllat tile .lope of .urf.c. (' .). 
the thlckn... of 11l1u.rJed l.,er .her. ~he 

elce •• lve pore •• ter ~re.aure rltlo (~ul 

tI • w) 11 deolt eq".l to 1.' (H) .nd tile 
~'~~.Hon tlft or .. cl tltlon lIh11. til ... ntlo ( 
6l III II 'v) 11 11.olt 1.. ITI. can be 
conl1dered II the .Iln faetofl r.latlne to the 
quantIty ot rround flow .... ur.d at the 
.urtlc. (D). Fie. 8 Ihow. the rel.tlon 
between the p.rdlter D/lf HI Ind the .lope 
of lurflce( 8.i In the Sectlonl A ••• C and D 
It the Step 1 and Step 2 for aU ~ell 
elceptlne lIIodel-I ... aed on thls fleure. :t 
CIII be siln thlt the parueter DIIT·HI h .. I 
tlndlncy to lncr.lle .ccordlne to the Increlse 
of thl Ilope (1 •• 

C9!CUISIOll 

•••• d on till .bove-aentloned reaultl for 
.h.klne table te.tl. the followln, can be 
concluded; 

(1) The pore water pres.ure lncr.llel flratly 
durin, .. clt.tlon. precedlnr the lateul 
rround delor •• tlon. .nd tb. lateral 
dllpllcn.nt of tile .loped rroun4 berinl 
to I~crille r .. arklbl, wh.n I,c.ally. por. 
1Iiter pr.llur. rltlo In the un4erlyln, 
ll,er elceeda lbout tb. ranc. ot '.1-
•••• 

(21 Tile llterll d.loraltion occurs only In 
the liquefied 111.r.. and the lurface 
l.,.er 11 dllpllced .ccordlne to tbl 
deforaltIoR of underl,,!n, llquefled 
11,er •. 

(3) The rrouRd ... a. to be de forled by Ihear 
force Ourln, tlcltatlon Ind the 
defora.tlon .ode or froURd 1~ the 
dl reet Ion or deptll dlfferl accordln, to 
tbe pOlitlon Ind tile llplt of ellcltlnr 
tlH. 

(41 JUl!t Irter Itopplnr the .lIeIUtlon. the 
elce.,lve pore w.ter preslure In the 
lIqu.fled la,er keep, the pressure by 
..epI,e ror I while end berlnl to ~ecre.se 
"acluIll,.. on the other hand. the literal 
rround rlow .laolt Itop •. 

(5) TIll llter.l rrculld flow 11 !ff.cted 
""erel, 'II,. the Ilope or ,rounO surra.:!. 
.nei ll::o-ever 11 'l'ery .al11 In c.se that the 
rroun" lurh"e II flIt even thouCh the 
lower boundary of til" !tquetl.ble layer 15 
Sloped. 

(6) Thl dlrlctlon of ezc It.c Ion lias r.o 
Ilcnlflcant Inrluence to the llterll flow 
or fround. IRd t"- llterll ,round 
detoraltlon II rellted to the direction of 
tile Ilope of lurf.ce. 

ITI The llttr.l 1T0und rlow .t the ,round 
lurface In tills IIrlts of uperl •• nts can 
be elpre.,ed 'II" the slopc or lurflce. 
thlckne., or perfectly lIquefied llyer Ind 
the dllrltlon tile of elclt.tlon Ifter 
Illolt co.plete llquet.ctlon. 

A ... ntloned above. charlcterlstIcs on CTound 
flow Induced by llquef.ctlon are clsrlrled and 
principII rlctor. whlcll caul. IlqUerlctlon 
Induced rround flow .r. qu.ll t.tlveI)' 
.Ulalrlzed by fl' •• 

1) H.adl. II .• Ylnd •. S .. hoy .... R. IR~ 

Eaoto. K. ·Study on Liquefaction Induced 
Peraanent Ground Dllpllce.ents." 
A •• oclltlon tor the Develop.ent of 
Earthquake PredIctIon. 1116. 

21 SII.kl. Y .• lIIat'Uloto. H. Ind 51)'1. S. 
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"Sh.klnc TID1. Tuu on Ground Flo .. 
Induced b, L1quefactIon". Tecllnlcll 
Nelorlndua of Publ1c Works Rese.rch 
In.tltute. Ito. 2768. February. 1989 (In 
Japilleae). 



~
 

I 

T
ab

le
 1

 
C

h
ar

ac
te

ri
st

ic
s 

of
 G

ro
un

d 
N

od
el

s 

10
4.

1 
Sl

op
e 

of
 

Sl
op

e 
or

 L
oe

er
 

T
.l

e'
 ••

••
 o

f 
L

I,
 ••

 rl
 ..

 l.
 L

a,
.r

 
••

••
 t.

r.
t .

. 
S

.r
fa

co
 L

.,o
r 

10
. 

S
.r

ra
c.

 
~
.
r
,
 
of

 
L

I,
.o

rl
 ••

 lo
 

LI
 ..

. f
l.

'I
. 

L
.,

.r
 

L
.,

or
 

'.
It

 1
.I

"
t 

••
 It

 l
o

l.
't

 
II

to
rl

.1
1 

1
1

.(
1

) 
1

1
,(

1
) 

II
 (c

., 
7 

I 
I 
(U

/.
',

 
7 

,,
<

tf
/.

" 
I 

&
 

0 
7

0
 

l.
 
9

.
 

..
 

4
9

 
..

..
. 

2 
1

.&
 

0 
3

&
 

..
 
I
I
 

1
.1

7
 

••
 1I

d 
I 

&
 

6 
6

-
1

6
 

l.
 
9

.
 

l.
 

&
7

 
••

 1I
d 

4 
&

 
0 

1
5

 
I.

 
g
~
 

I.
 

4
1

 
..

..
. 

&
 

2
. 

5 
0 

3 
&

 
2

. 
0 

I 
6

. 
1 

I 
•
•
 t 

or
 l

ea
d 

I 
a 

-
&

 
0 

3 
&

 
2

. 
0 

0 
I.

 
.. 

I 
.r ..

. 1 
7 

D
 

Ii
 

3
6

 -
I
 &

 
I.

 
I
I
 

. 
-
-

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
 L

 •
•
•
•
•
•
•
•
•
•
•
•
•
 

I 
I 

6 
0 

2 
6 

I
.
 
I.

. 
I.

 
I 

I 
: 

.r ..
. 1 

T
ab

le
 2

 
C

h
ar

ac
te

ri
st

ic
s 

o
t 

N
at

er
la

ls
 

ul
ed

 t
or

 t
he

 E
lp

er
l.

en
ts

 

n 
S

ai
d 

C
it.

 
s..

. ..
. -,

 ..
 s .

...
 , 

Sp
ec

lf
l~

 C
r •

• l
t,

 o
f 

lo
ll

 '
.r

ll
c
l.

 
I.

 
11

.1
 ..

. 
'o

ld
 I

.t
lo

 
".K

 
11

.1
 ..

. 
lo

ld
 •

• t
lo

 
"'

n
 

11
.1

 ..
. 

Ir
.l

. 
S

I.
. 

( .
. ,

 
le

a
. 
'r

.l
. 

S
I.

I 
Is

,(
 ..

 , 
eo

ef
fl

el
 ..

 t 
of

 ,
.I

fo
r.

lt
, 

'e 
Z

) 
s.

t 
of

 L
 ..

..
 

Sp
ec

if
ic

 'r 
•• l

l,
 o

f 
lo

ll
 '

ar
tl

cl
o

 
C s

 

Ie
 ••

 C
ra

l.
 S

ilO
 

..
 ,(

 ..
 

I)
 G

r .
..

 1 

2
. 

1
6

&
 

0
; 

.1
1

 
o.

 
&

 •
•
 

..
. 

7
.
 

o.
 

2
7

 
I.

 
1

7
 

11
1.

1 .
..

 C
r.

l.
 S

ho
 

(n
) 

9
. 

6 
2 

I 



Table 3 Input Notion to the Sbaklnr Table and Lateral 
Dllplaee.ent at Surface atter Excitation 

lIocI.l ShUR, lalia •• Acc.l.ratlol Lateral Di,pJac .. enl at 
10. SteD 10. at Table •••• 1.all S.rfae. (Section a)(~~ 

1 10 • 1 
I 2 110 1 e 9 

a 1.0 1 1 • 

" 220 16 
1 IS 2. 

2 2 1 1 0 1 ~" a 1 5 5 1 • 5 
4 1 0 IS 82 
I IS 18 

S 2 1 1 0 1 56 
I 10 17 

" 15 IS 
I 16 e 

~ 2 9& 12 
3 1 .. 0 1 .. 2 
4 190 44 
1 10 1 

5 2 101 .. 
I 152 210 
4 15" 69 
1 10 1 ., 2 104 101 
I 151 106 
4 1 54 54 
I 84 -2 

1 2 loa I 1 
3 IS" I I 

" 1 5 1 e 
1 & 1 1 4 

I 2 I" 1 1 
3 15 5 
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(b) Pore Water Pressure of In tbe .1ddle 
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Fir. 6 Relationship between the Direction of Ground Flow and 
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DeveIopamt of AdnDced RebIlorad Coacrete BuiJdlnp 
U .... U ..... Stnuctb Coac:rete IIId lteJDtommeal 

by 

Tataao Murota I, HiulaiJo Hir~shi', 
Takuhi KamillOIOlo 3, Mlnomi Tesbis.aw.an. l &ad Hitoshi Shiohua • 

ABSTRACT 

nil paper liau rese.areh sabjfctt cOlldueted ill 1989 ill 
MOC', t.y.rUt ItS1!&tell project Oil reinforced c.'nerete 
baildillSs uillr; laiSh shusth ud Iti&h-qulity COllcrete 
... d reiaforcia& ueeL TloiJ project is simply refefOed as 
to -New RC·. The paper .also dHCribes Ihe oullines oC 
some of importanl research nbjecta related to structur.al 
perfDrmaace. 

1. INTRODUCTION 

Reillforced coacrete (heruCler referred .as to "ReW
) has 

widely ben used Cor lIIediam scale blliJdinss been. or 
tile low C05\, exceUellt dur.ability I.Ild ea~,. m~nteauce, 
so 011. HoweYer, it is impossible \0 re&lize the nper hiSh­
rUe buildinss ud buildinss with lon& spans which ale 
currently reqlliJed from the soci.al poillt of view, if the 
materialltrenstll remaias witlain ordilluy ORes. 
The Project .aims 10 produce lIiSIl strensth COllcrete oC the 
spKilied sheaSlh oC UOIII 300 k,r/cml- 1,200 ksC/cml (30 
- 120 MP.a) &lid hiSh streasth alld hi,ll qu.ality reinCoreiRg 
steel bars or the yield "ren&th of ',000 ksC/cm' - 12,000 
k~f/cRl' (400 to 1,200 MPa), I.Ild to develop IleW fields or 
RC bllildhlSs by IItllizin, them, 

2_ RESEARCH SUBJECTS CONDUCTED IN 
1989 

The foUowin, researches w/!re conducted in 1989. 

1. Researches on Concrete 

(~) Quality eumin.ation o( cement (or hir;h shen8th 
aad S1I per hish ,trensth concrete 

(b) Qulity examintioR oC the ,"res~te for high 
stteagtb ~nd nper hiSh stanr,lh concrete 

(c) Qulhy stand~rd &ad Application criteri~ of the 
Admixture Cor hiSh strear;tll and super hiSh 
strell&th CORcr@tl!! 

(d) Deyelopment oC the binder Cor "igh strength 
&ad super high strength concrete 

(e) Desigll method oC mix proportion {or hiSh sllength 
&ad saper .~iSIl ,trfasth concrete 

(f) Enlution method of workability of hiS" strength 
ud super hir.h strnsth concrete 

(S) Evalution oC mechaaicAI properties of high strength 
ud SIIper hiSh .trlllsth concrete 

(11.) Enlll&lion of lonr.-term properties of lIiSIl strenstll 
&ad su per high strear;th concrete 

(i) Enlution of compressiye sltenr;th of concrete 
in .tnctares 

0> Evalution or durability or hi,h strength And 
saper high .heasth concrete 

(It) De,elopmtnt of essential construction techaiqlles 
(or lIiSh strear;th aad laper hiSft strength con­
crelt 

(1) Ev.alua.tioa of fire resista.nce of hiSh .trellsth 
&ad 5Q per high strea&t II concrete 

(m) Ev&llliltiol method oCqll&lity reli.ability o( higll 
,trensth concrete in st(Delures 

2. Researches Oil R.einfolCins Steel B~u &ad Confined 
Concrete 

(.a) Productioll teclaniquti of hir.h ~trensth .aad ,u­
per hiSh sltensth rei.forcinr; .Ieel bars ~nd their 
mechllical properties 

(b) Deulopment of st~nd~rd hooks Cor I&tO!ral r~ 
illforcO!meat 

(c) Elfect o( lateral confinement on compressive 
behavior oC colllmns 

(d) Behvior of columns sllbjected to .axi~l force 
aad bendinr. moment 

(e) An.alytic.al modeling Cor stress Ys. strain rela­
t:oJns oC concrete ~ad steel, ~nd bond charac­
terutics 

(C) Deyelopment or computer program using finite 
ele mea t u&lysia method 

(g) Yield criteri~ o( CORcrete Ilnder biuil.! com- . 
pressioll 

(h) Deterioration characteristics ill compressive ca­
pacity of cr~cked cOllcrete 

(i) Tension stitrenins oC cracked reinforced COI­

crete 

(j) Anchorage streasth oC longitudinal reinCorcin, 
steel bars in beams bent iDside exterior beam 
cotllmD joillt panel 

(k) Bond cilaracteristic of lonsitudiul reinforci., 
steel bars in bums and coilimns 

l. Researches on Structural Performance of Members 

(a) Derorm~tio. capacity of columll under rugh­
axi.al force 

(b) DeCorm~lioll CApacity oC Beams 

(c) Bond splittinS (.ailore oC beams beyond ftuuru 
yieldillg . 

(d) Flexuru behAVior of shur walb 

(e) Shear bebvior oC shear w.alls 

(C) Shelor ca.pacitT oC beams 

I Director, Structural Enli_tin, Department, Buildin, Re­
Match In.litute 

'Head, Stnlctural Di.iaiDn, Structural En,ifteerin, Deportment, 
Buildinl Ruear<:h [notieute 

'Senior RHarch A_ciat •• Lar,e Scale St .... cture Tntin, Di.~ 
sion, Productioll Depart","t. Build'''1 Iletearcll lnatitule 

I Raoea...,h Auociat •• Strudural Di.ilion, Structural EnlinHrin, 
OepartlMt\t. Buildi"l Ileteareh I",l,tute 



(,) Sliur capacity DC colamas 

(la) Sliur c .. p&CiCy of ilIterior beUII colima joiat 
,aaela 

(i) Silear capacity DC exterior beam collm. joilt 
puets 

•. Raearcll .. oa SUlct.ral De.il. 

(a) Shactaral desi,. examp'" ... d llieir discu. 
.io .. 

• A lixlY·I&orylrame baiJclial &ad that wilh 
.... &1' waJIa 

• A forty·.tory blildi., wilh dOlble t.be 
&ad a ro,lY-llory b,ildi.S with "be core 
.,.&'111 

• A medilm-lailh·riH office blildia, 
(b) Frame work of d .. i&a metllacl 
(c) Deli,. criteria. 

(d) Li&ent"re ntfey {or iaput sroud molioa for 
.trleturaJ d .. i,a 

(e) SlrlchualII.lem. DC rOndalioa. &lid their .Iruc­
hnl perform .. c. 

,. Research "n Reinforcing Steel Bars and Con­
fined Concrete 

3.1 Productioll of High Strength reinforcing bar 

SeYeral .tHI maker. II ... de ",loped three Iypes DC hiSh 
.trealth .teel, tke specified yield .treasth oC which was 
7,000 qf/cm3 - 10,000 k,C/em3 (700 MPa. - 1,000 MPa). 
Til, meclaaJlical properties seemed to salisfy tlle criterion 
d.terllliaed ill the Project. The lolal amoUllt DC the up­
plied .teel bars were Rxleea tOil' ulltil March 1990, which 
were .. sed {or tala in llue Projl!d. 

3.2 Pull-out S&reilith Test or Standard Hooks ror 
Stirrup. 

Pall-olt &ala oC .,.eat, .Iaadard. hoob which were em­
bedded ia lliall I&r .. ,tll coacnte were carried ou t. Tile 
.Ilape of .taadard Iloon used were i. accordance with 
JASS~ (AU Sta.dard Specification Cor Reidorcl!d Con­
crete Coa.traclioa), wllich is permitted to apply oaly to 
aormal.tr.allll coactet.. Fisue 1 .Ilows Ihe specimens 
aad loadia, metllocl. 
Teel parl-lIIeten iadade (1) type of hook (90 de,. belll 
ud 135 de&. beat), (2) coaclde co.llpressin: strnsth ( 
.00,100 aad 1,200 kl(/cm~( .0, SO aad 120 MPa) ) llld 
(3)c!i£meler oC "irnps (DIO &ad D13). 
FrOIll Ille test r .... '. il is re",aJl!d that tb.e b.oob with 
,ield .tr.a,t. oC 11,000 klf/cm' (100 MPa) b.ave ltIIolI,h 
puU-oat strust .. beyO\Id ,ield stress o( the .teel bar, if 
tlley are embedded ia Ili&h strellllh concrele with com­
prllliYe .trealtla more Ib.aa 100 kif/em' (110 MPa), usin& 
til •• peciliCl.t:OIl cited in JASS5. 

S.S Failure Criterion or High Strength Concrete 
IIlIder Biaxial CompreHioD 

Hi,h streu,tla eoacrele puel. witll dime"sio" o( 'Zoo )( 
200 lC 50 mm werl loaded to (wile G"der biaxial com· 
prellioa. Tile test coaditioll' were silllilar to the test DC 

Kipfer et al. (1). Tile puei.t were IRbjected &0 1II0aO&Oa­
ieally illerealia, load, maialaiai., the ratio 01 priadpal 
111_ (1) 0.0, (2) 0.2, (3) 0.52, (t) 0.15 &ad (5) 1.0. 
la order to preveal lite etred of conhement o( 10000ia, 
plat., telroa aula willi cup ,reaM were ia .. rted bet ... a 
lo&diaS p1de &ad .pecimea. Stress-straia relatioa. w.re 
meullred aad [ailllre criterio. are • .nmiaed . 
Ficue 2 .laowl tile faihue criterioa of tla. priacipalatreaa. 
Tile t .. ta results .how tb.al tile IIr .. ,tll lacrn ... more 
til... thirty pere .. 1 tllaa sh"Ith .. dec niuial com­
prlllioa, altho.Sh llae iacre .. of compreuiy. Ih .. ,11l 
decre .. to lero ill c&.Se DC th ralio oC 1.0 . 

3.4 D.Y.lopm~lIt or LOllsituwnal Bar ill Beam or 
Beam Column Joint Palle} 

Pull OUI tests of 90 del. hooked b&r uellorace ued for 
d .... etopmeat oC loucit.eliaal bll o{ beUII ill ex\er>or beam 
colalDD jOiDt puel were cOlldacted. Tile .pecimeas were 
columa witll dimeasioa of 300 lC 300 x 1.500 111111 aad a 
p&.ir o{ hooked bar a.!lcb.ored ia them. Tke test parameters 
were (1) cOllcrete slre.,tla (100 &ad 1,200 qC/cm' (80 
&ad 120 MPa.), (2) amout of trn .... r .. reiaforcellleat ia 
columa, (l)Dia.meter of IIIcllor ba.r. (4)thichesa oC coyer 
COllc!ele alld (5) elfect of mahi-Ia.yer of b&r aDcllol&&e. 
The test resulla showed (wille dae to spliLtia, of tile co.,e[ 
cOllcrele ill an specim.ns 
The pull oat .hea,lh obseryed wert.' compared witla ex· 
islillS Equation as (I) (see Fi,. 4); 

• II. 
P = w,J..I ... , Sl1l8~ 

n-l 
(1) 

.... here. w = p../2f"Co&(w - 8), ,= 1&a-I(IAli), I~. = II + 
r+,J. •• P = (r/3,J..)-O.1I4, I ... , = a-,.,fai. 0= Ii.ICo/d., 
1 '" 1 + 30A,/(I, J), d. = diameter of anchor bar i. cm, 
II = disla.nce betweell two cOlltraftexlue poinla of columa 
ill cm, r = rudiul of bellt ia em, as = coacrete com pres­
si,.e .ttellith ia k,r/em 1, I. =developml!D.t le11,th ia ern, 
A, :sectional area of a. Itl DC Uallner.e rei.forcemeat in 
em " ~ = .pace of Irall.yerse reinrorcemeat ill cm, j = 
distallce be,.,.. •• tell,ile reillforcemeat .Dd COllcrete com­
pressive Corce resaltalll &ad Co = concrete COYeI thicklless 
[rcm surface of (olumD to celller line of ,Ieet bar. 
The lYer .. e alld ataudiLrd deviatiou of n.tio of obHrl'ed 
.treallh 10 calculated 'trea,th lore 1.11 &lid 0.11, respee­
ti"ely. 

4.1 Flexural Bth.vior of Column under High Axial 
Stress 

Experimell\al stud,. en columns was performed to in_ 
ti,a.te the rela.tioasnips between the amouat of hoops and 
deformatioa capacily of the columa subjected \0 bo.,­
illl mornellt alld sheat rorce ullder hiS" uialltress. Tile 
etreels oC amoant and details o[ 1I00ps 011 the d.forma­
tion ca.pKity or colllmns were discussed based oa tile test 
resullS 
Eilbl column. (250 mm x 250 mm in sectiou ud 1,000 
mm iu heilht) with loadin, stubs at each end of tlle col­
umll, were desi,ned to Cail in compression lfler hZ1lral 
yieldill, (see Ta.ble 1). Pa.rameto!rs ill Ihe \esla were Ie­

lected from the Ca.cton ... hich would atreet Oil \he deform.· 
tio. capacity of coillma. ThOle are 1) amOUI DC hoopa, 2) 
.lreasth of lloop., 3) diUDeler or 1100111, t) lie reidorce­
meat ill core sedioa, 5) &rrusemeat o(Joa&illldiaal Iteel 
ban, &lid 6) axial .Ire .. I •• el (lJc = &Xi&! forc. dirided by 



CIO.pr.-ift I&rell,IIa of cOllcre'e &ad c_ aec'ioul uea. 
or col ••• ). 
Cotapr_ift ,'rea,'11 of cOllcrete wu 1,015 k,f/em' ( 104 
)lPa ). 
T.uile i,eId .'r .. ,tla o(loa,it.diul.teel ball were 3,170 
kcf/cra (31S alPa ) a.ld 3,460 kIf/era' ( 353 MP, ), for 
D13 &ad D19, respectinly. 
T.uile yMld .Ir .. ,tll oClloop. were 3,500 -11,500 qf/em) 
( 3« - 1,173 .. Pa ). 
Beldia, momeat ud .lIeu force were ,ppUed to dlt lpec· 
ban it allerllale directioa wi,1a coat,;Jllial the de[ormA­
'ioa of 'Ile .pecimea .. ad teepial Ibe loadial stabs pa.ul­
lel &0 eacll otller. Co .. t&lIt uial loa.d tbe sUess level lie 
of wbicll W&oS 0.35, wu &PpUed &0 the Spedmeal 81-87. 
Vari&ble uial Corce, whose uial.tress level (lie) is from 
0.0 &0 0.5, wu applied to tile Specimea SI. 
Co.d.-iolll liated bellow were obtuned 
1) The Ntw RC collamll laue, Ia.rle deforma.tioll eap&C.ly 
it 'lae lailla ,hea,th rei.[oreemut for Iaoops are properly 
anuled. 
2) Tile colamll with tie reinforcemeal ill core sectioll bl.l 
larler deformatioll ca.p&City tb&lI lhat witbollt tie rein­
forcem .. t. AUholllb both of the colllmnl haYe Ihe same 
amont of colliaemeat. 
3) Tile colama whose 10aptlidiul'leel ban are anall,ed 
i. the eenlerl of lhe sides of the seelioll shows luaer de­
formatioa ca.p&cily tha.1l tht with IOlllitudina.1 reinforce­
mtllts Ollly At the four corRers or the section. 

4.2 Flexural Behavior of Shear Wall 

Slatic loadinl test was carried oal on the lower part or 
theshur wall in tbe bilh-rise (40 slories) New RC bllild­
il,. The objecliye is to darify the typica.l restorinl force 
cilaraclerilties o[ hi,h .1 r~1I11h concrete sbur wall fa.iled 
it lIelUlre. 
Two .bear wall Specimells, NW -I and NW-2, were lested. 
NW-l it ISOcm in spaa lellsth, 20cm x 20cm coilimn in 
ItCtioa, Scm ill wall tucheu, a.nd 100cm in heip;ht. NW-
2 111.1 Ille uml dimetlsioll as N'W-1 except Ille heisht is 
200cJn. Compressi.,.,hen,lh of COil ere Ie wu 894 ksC/em1 

('IMPa) for NW-I, 955 k,(/em' ( 91 MPa ) (or NW-
2, respectiyell' Tensile yield .uenlth of steel bars .. ere 
1,914 kif/em (80S MPa.), 10,216 kiC/cm1 (1,042 MPa), 
and 12,846 "p;f/cm' (1,311 MP, ) (or lonlitlldiul steel 
bars or colIma, reinforcement ill .. all putl, &ad boopa of 
colamn respeclively. 
Horilontal force "&oS applied to the top of Ihe specimen 
with the uial (orce of ISO Ion( tqaivaleat &0 the uial force 
of tlae &Named 4Gostory New RC b.ildill,. Shur .p&n 
ratio were 2.0 ror NW-l aad 1.33 for NW-2, respeclively. 
The foUowinl conelasioas are obtailled 

1. Lonptadinal .teel ban of , boulldary column or 
NW-I raptared 101 the drifungle of 0.025 rad. Com­
pr_ive (&iI.re in wall panel occarred at 0.015 rad. 
ia aile Spedm .. NW -2. B.t col.mlll of 'he sped­
melll wre sta.ble I.Ild cOllld ,altaia Ille uial (orce. 

1. Tile r.torial force char&Cteriatics wele ·S· IlI&pe 
willi poor ellerll &bsorptioll type hy.tereaic loop'. 

3. F1exaral .uellith of New RC skear wall was esti­
ma.ted by the I&me tql&tioll for Ilormal .Uealth 
.Ileu walb. 

4. Sltear .tr .. ,tll or New RC .lIear wa.1J w .... dues­
tima.ted by lhe II.me tqaatioll foor Ilormal .lreagtll 

Ibeu wa.1ls. 

4.3 Sheu Stren,tll of h .. un 

Objective of 'Ilia .tady is to examille tlae tqutioD &0 es­
lima.le tbe sbear .trea,th of beams .. ii, lIi,h .trealth 
eOllerete oC 1,200 "p;f/em1 (122 MPa.). Tile rellllt. will be 
ned for tile (.tue resealch pil.I to esta.bliall tile tqaatiol 
for .hear Itl"sth or beam. applicable to wid .. raale of 
cOlerete Itrealth. 
FORI speciMens were tested.. Tile lpecimeRi are 15 cm 
x 30 cm in seclioa &ad 90cm it IpH lellgth a.ad have 
COllcrete It.ha for lo&dillS at e&C1a lide of the lpecimtll. 
Compressive Itren,th of coacrele wu 1,136 k,f/eml (116 
MP,). Tensile yield Itrenp;th or reillrorcemeat wu 10,160 
ksf/em' (1017 MPa) for lonp;itadillal steel bars (016) and 
2,953 - 7,993 kaf/cm1 ( 301- SI6 MPa ) ror .hear reia­
fotcemeats (016 to D8) (see Table 2). 
St,tic 10adi.I in oae direction "1.1 applied to the speci­
men. 
COllclusions listed bellow were Obtailled. 

1. Empirical eqaa.tioll propoeed by prof. T. Ar&Dw, 
anderestimateslhe sh'!" slrellst. of New RC beam~. 

2. Shear sarellith of New RC beams eoald be esLimaLed 
Accurdely by Ihe A-Melhod (21 proposed by th" 
ArchitecturAl InstitliLe of Japl.ll asia, tile eli'ective 
compressive ,Iren,th of concrete proposed by CEB 
(3]. 

4 .. Shear Behavior or Exterior Beam Column Joint 
Panel 

ObjecliYe is to cla.rify Ihe elrect of cOllcrele strenlth, a.mollIll 
of hoopa in joint, &ad uial (orce in col 11 mil oa lbe ,bear 
strea&th aad rulorinl force chauderi.lies of beam col­
amn joint suba.ssembledses. 
FOllr specimeas were thl! 1/3 5uled !!Xterior beam col­
amn joint suba.ssembledaes of fllll Icale frame witb 3.S m 
in scory hei&ht, l.ISm ill b,y span, 75 em x 75 em ill sec­
tioa of colamll, and 60 em )( 75 em ill section of coilimn. 
Compressive strenglh of concrete wu 525 k,f/cm' ( 54 
MP, ) - 907 "If/em1 ( 93 MPa ) . Tensile yield 5lrenlth 
or sleel hr. WI.I 1l,100kp;f/cm' ( 1133 MPa ) [or lonp­
tlldiul .teel bar. (D13) of column alld beam, a.nd 1,400 
klf/cm' ( 851 MPa ) for IOIl,itlldinal steel hrs (010) o( 
beam (see TAble 3). 
The {oUowi.a cOlleluiol' were obtained. 

1. At leuL 17 " o( compr_in .tre.,tll or concrete 
ca._ be expected for .hear Itrenltb of exlerior be .. m 
columll joilll panel .sin, coacrele llIat is less tha.n 
800 lrp;r/cm1 ( 81 MPa ) ill compresoYe Itrenllh. 

2. The eilecl of uia.1 force on the .heat strelllth of 
Ne .. RC exlerior beam colamn joillt p&llel is 1i~tle 
if tlae uia.1.lress is less tba 30 % o( eomple!ltive 
,tre.IIIl of COllcrele. 

3. Sbe" cuek streap;tll C&ll be eslimated by the prill­
cipal.tress method. 

:t_ Research 0" Structural Design 

:t.l Strllctural Desi,n and the Check of Their Seia­
mic Behaviors 



7r&ial tI~IiS.1 of 1U:~y·ltory momnt r.slStills hame .trllc· 
tllre ud w.U·frame IhUClUI, forty-story do.ble tllbe 
Itrlct .. e ar.d tube-core strlld.re, alKi MIy·story struc­
ture wi,1I 10., .paa were carried Ollt &ad Miamic bellaY10rs 
of tla. bllildia .. were cxami.ed. 
Key ptaa of 60 .lory .. o .... t 1 ... Ii., frame .".ctue iI 
W .. trated i. FiC' 12. Iatelltory lIotiC .. t &ad dimea.ioa. 
of urntual lIIembers ve l&blllated i. Table 4 ud 5, 
respetti"',. 
Spu lea,lla of 6 .. ud buildillS lIei,lai &ad .tuce &fe 
1T5.6 m (IFL = GL+O.s m) &ad 36 ... rl.p.!Cli~eI1. Tile 
ratio o( b.ildill, lIei,llt to buildia& .tuco :.s 4.81. 
n. mwmlm dim ..... " ia as em )( as em for columa 
ud 45 em x 90 em for beam. Material .treactla ia liated 
ill Tabl. 6. Coacret •• trnsth ia £rom 630 to ,go k,f/cm' 
( 64 - 101 MPil ). ud Steel yield .tre.~th ilT ,000 or 11,000 
kIf/em' ( 114 - 816 MPa ). TIle mai., rUlilts of desigll 
ud seismic behnior are 'IImmarized i. T&ble 1. III the 
struetllral dui,1l usillg New RC I!"alerials, &llowable pel­
m&DeDt uial stress for coilimll, a.Uowa.ble illt.ntory drift 
at Ihe desi&1I bue siltar, shur stress o( beam eol.m. joillt 
pallll, will be importaDt factor. 10 dominte th" baildias 
desi, •. HOWeY'll, ah.ar aUess oC beam., or colamll' are 
nry .m&l1, aDd, Don·lintilr earthqll&ke taposse aaillysis 
sllowed reliltively small values o( tilt drift. Sap.r lIiCh­
rise momellt resistillS fnm. structures will be e&sily de­
sitllled if New RC material merit: ate 1I1ed. The Collowiag 
it.ms IhOllld be discussed 10 r-ropose ud .. Iablish desiCD 
melhod for New RC bllildintls. 

1. The characteristics in lo,,~ period natle (mole than 
3 second) of earthquakes mol ion. 

2. Sa(ely (or cO\lIma subjected 10 up-down componenl 
u weU ill two direction componenll of e&rthqllake 
motioll. 

Fifty·stor), ollice buildins! with long spall need strlletural 
elemlllt. such &s shear wall 10 stiffea buildings. One per­
ceal drift is commonly used ill the buildinc drift Iimilalion 
&gUIl.t eallhquke motiolU wilh lhe mmmllm velocity 

of SO em/sec .. This Iimitatioll (or Aftee. Ihro.,h tWlllly­
,tolY baildillgs lleed to be discuased still more. 

[).2 Foundation system 

It is diftielllt to lISe I~rtle dia.meter RC pile iIl.ite, altho.,11 
the roudalion oC New RC bwldiag is sabjected 10 luge 
uill force and Sp&D is small con.paria, with thl of 51eel 
b.ildi .... 
Th .. foudatioD Iystem of three trill desi,ned baildillSS 
(6\. "~ory momeat resislallt £ra.me ud wall-frame struc­
t.re, alld 40-5\Ory dOllble tabe .Uacture) are ell&mined. 
FoUowin, \hree foundatioD systems ar. coaduded 10 be 
nila.bl• for New RC buildings. 

1. waU type pile 

2. fOllndation mal witb $ma.U diameter pile 

3. foalldaiioD lI.iD~ upper two syslems \ot;elher 

CONCLUDING REMARKS 

Tllis paper described til. o.t.t&adia, reMarcll resalll milialy 
coaeer ... , to .uael1lfal perforM"ee conducted In ,ecoDd 

Jea.r (lfb, )'t~r. New RC Projecl. T\. _ueh prodaell 
to 'llis tim. IRml to iadica.te ' .... 1 'h objecliYH expected 
.a.rly i. tllis pro,ram will be fruitluUy completed. Wacll 
cooperuioa sad llliala.c. to the Project is hislaJy appre­
ciated. 
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Ti.ble 1: Lists of Column Specimens 

10 Longitudinal RatIo of Hoops 
Re-9ars Axial Stress Arrangement pw way pw way 

81 12 .. 013 0.35 4-5+ @60 0.50 7892 39.5 
82 12 .. D13 0.35 4-5+ @40 0.75 7892 59.2 
93 12 .. 013 0.35 4-5.5+@60 0.61 3570 21.2 
84 12 .. 013 0.35 4-5. @60 0.50 11482 57.4 
85 12-013 0.35 2-5. @30 0.50 7892 39.5 
86 12 .. 013 0.35 2-7. @60 0.50 8738 43.7 
B7 4-019 0.35 2-5+ @30 0.50 7892 39.5 
B8 12-013 0 .. 0.5 4-5+ @40 0.75 7892 59.2 
Ratio of Axial Stress = Axial force/(bOaB) 
pw : Ratio of Hoops (Of.) way: Yield Stress of Hoops (kgf/cm2) 

SPECIMEN 
81·84,88 

o o 
SPECIMEN 85,86 SPECIMEN 87 

Ti.ble 2: Lists of Bea.m Specimens 

10 

PB-1 
P8-2 
PB-3 

11ble 3: Lists of Exterior Bei.m Column Joint Assembli.ge Specimens 

10 

J2 
J3 
J4 

Concrete 
Strength 

(kg/cm2) 

834 
886 
907 

Ratio of 
Axial Stress 

0.0 0.60 
0.0 0.23 
0.3 0.60 

Ratio of Axial Stress = Axial force/(bOOB) 
pw : Ratio of Hoops (Of.) 



Table .: Story Ho!ight 

Story Story height(clear height) 
60F·41F 2.90m (2.20m) 
40F • 2IF 2.90m (2.15m) 
20F·2F 2.90m (2.ISm) 

IF •. OOm (3.l0m) 

Ti.ble 5: Dimensions o( Member 

(a.) ColumD. 

Li§ry I Dimension I 
(a.) Concrete 

6oF· 5IF 75x75cm Conetete 
Story s.pecified strength Fe 

ill leg!1 em' 
soF - 4IF 7Sx7Scm 
.OF - JIF 80x80cm 
30F· 2IF 80 x 80cm 60F· SIF Fe =. 630 
20F· llF 85x85cm SOF·4IF Fe = 630 
lOF· IF 85x8Scm 40F· 31F Fe = 810 

JOF· 2lF Pe = 810 
(h) Beam 20F·llF Fe = 990 

lOF· IF Fe = 9!fO 
Story I Dimension I 

RF·52F 40x70cm (b) Steel 

SIF - 42F .Ox70cm 
4IF - J2r 40x7Scm Oia.ml'ter Specified yield 

JIF·22F 40)' 7S~cr. 
2IF - 12F .Sx7Scm 

strength 17, 

in mm in legf/cm' 

nF - 3F 4Sx7Scm 010(d~-lC) - D16(dll=16) 5080(17,=8,000) 

- IF 4Sx90cm DI9(d~=19) - D32(dll=32) 5070(17,=7,000) 
D3S(d~=3S) - D41(dll=4I) S070(O'u=7,ooo) 



Table'" Main Results of Structnrll Desi&n lnd Their Di!cnssion 

De.lan .ethod Ult1.~ts strenlth 
d .. la· 

Fe (klf/ca~) 990 
., <",f/ca ) 7,000 

8,000 (for hoop) 

De.lln ba.. abear 0.0684 
cosfHeiNt (Cal 
Drift anale at CB lat •• tory 1/)55 

P1ax. I/Ul (l2F) 

Drift anile at ,hId Bea. shear 0.074l) 
.chania bt. ator, 1/238 

Max. 1/88 (l3F) 

Par.anent axial Interior 0.249Fc 
Itre.. lnel of Exterio" 0.204Fc 
col .... 
(if/lID, kllt/ao2) 

Corner 0.152Fc 

Hax. ate .. l ratio 1n Interior 1.32% 
col .... Exterion 2.38% 

Comer 3.79% 

Ha •• t .... n. at.el 1.39% 
ratio in tare •• 

S""ar atrs •• of Static 2) 18.6 
colu.n o,,,a.1<: 14.9 
(Q/ID. le,fle.2) .-
SMar nresa of Static 23.2 
baa 
(Q/BD. IeIf/ao2) 

Oynaaie 2) Ductility tactor-o.7 

Additional axlal Static 0.511"u4) (Corner) 
force of colu.n D,na.ic2) 0.188 (Taft EW) 
(~N/BOFc) 

Dyr ... lc responae l ) Drift of IF 1/716 
Pin. R 1/227 (~5F) 
C8 0.040 
Cround .aUon taft !II 1952 

D,n-.1c l.sponse2) Drift of IF 1/444 
P1ax. R 1/186 (25F) 
C8 0.0541 
Cround _Hon Taft rJ 1952 

Natural period (sec.) In. 4.02 
2nd. 1.28 
3d. 0.69 

Max. ah.ar atr ••• Shear .tr ... IOS.S (3.35 'Wc-s) 
and bond atr... in Bond .tre •• 1 ... than 4 c 
joint panel (klf/C. 2) 

1) Max. velocity of input around .otion is .od1f1ed to 25 
c./Rc. 

2) Mal. velocity of inpat Irou,,~ .otion is .0d1f1ed to SO 
ao/sec. 

3) Th ••• cond r.flection point on the clt.lra. of sh.ar v ••• 
4.for.aUon relationship. 

4) Nu - O. 85(1*l)...'I)Fc+Aa. J 
AI : total ..aunt of .teel in coluan 

5) Iond atr .. a 1. calcul.ted a. 1.3(1.1. y)d/(4Dc) 
4 : eli_ter of at .. 1 
Dc: depth of col .. n 

3,.. 

I 
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Figure 1: Loading Apparatus for Pull Out Test of Sta.ndard hooked Anchora.ge 

concrete compressive strength "s = 63 MPa 

Figure 2: Failure Criterion of lrigh Strength Concrete 
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Figure 3: Pullout Loa.d - Slip Rela.tions 
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by 

Robert D. Hanson l 

ABSTRACT 

A number of imaginative approaches to improved 
eanhquake response performance and damage 
control have been de\lelopec1 and others win be 
fonhcoming. These can be divided into two groups. 
Passive Systems of which base isolation and 
supplemental mechanical damping are examples and 
Active Systems which require ~\ctive panicipation of 
mechanical devia:s whose ir.puts depend upon 
measured buUding response. TI)e discussion in this 
paper focuses on only p8&'ive supplemental 
mechanical damping systems. It is hoped that as a 
resull of the information summarized in this paper 
the reader will be able to conclude that 
supplemental damping can provide performance and 
economical advantages for the eanhquake resistant 
design for some new buildings and provides other 
adwntages when developing st!'engthening systems 
for existing buildings. The advl,ntages and 
disadwntages among the damping devices discussed 
is left to the reader. However, information 
necessary to make decisions between lhe use of 
supplemental damping systems, base js.~lation or 
active control systems is beyond the soope of this 
paper. 

KEYWORDS: Damping, Damping devices, 
Structural response, Supplemental clamping 

t. INJRODUCTlQN 

"The building motions and damage Qused ~. the 
Chilean and Mexican earthquakes of 1985 have 
amply demollltrated that single measures of 
earthquake motions. sucb as peak ground 
acceleration, do not pfOYide an adequate basis from 
whicb to anticipate building response amplitudes or 
buildin, damage. Even the use or multiple 
measures of ground motion as incorporated in the 
Response Sperua do not explain the survival or 
failure of buildings subjected to different 
earthquake ground motions. Many engineers 
believe that the duration of the ground motion is 
an imponant factor in exciting the response and 

causing damage to a building. Some have suggested 
that an additional design parameter i~ need to 
complement the cum:nt Response Spectral 
procedure (Code Lateral Force procedure). 
Earthquake input energy is currently being 
investi,ated as a logical complementary 
consideration for the design of earthquake resistant 
buildings. 

Simultaneously. the expectations of building owners 
and engineers are increasing. That is. they expect 
that their buildings will not experience serious 
damage in a large earthquake. such as occurred in 
Mexico City in 1985, and that the buildings will 
continue to be operational following mOderate 
eanhquake ground motions, such as the Whitlier 
event in 1987 and in San Francisco during the 
Loma Prieta eannquake of 1989. Limits on lateral 
drift calculated for code seismic forces are being 
used implicitly to control building damage. These 
greater expectations for the behavior of our 
eanhquake resistance building designs should be 
faced directly with knowledge and imagination 
rather tban indirectly through implicit methods. 

The paper is divided into two main sections. The 
first summarizes analytical stu~ies of the eanhquake 
response of buildings with added supplemental 
clamping in both the elastic and inelastic range of 
response. The results are presented in a form of 
response spectra modifiOltions which are 
appropriate as damping is added to the building. 
Although data also exists for presentation as energy 
input spectra modifications, that data is not 
inclut1ed in this paper. The second section of the 
paper discusses the characteristics of the two most 
prlCiical classes of supplemental energy dissipation 
devices for eanhquake resistant design utilization 
and d1ustrates some of the commercially available 
dev: ~-es. Experimentally determined charactcrist ics 
for sc.vcral of these devia:s are given. It is 

lNational Science Foundation, Washington. DC 
20550 



a>nc:luded tbat added clamping can provide 
sipificull.ly improved eartbquake response 
perfol'lDUeC and tbal pnaic:al a>mmcrdal damping 
deoIices are avaBable. 

2. EEfECT OF ADDED DAMPING ON 
SEISMIC RESPQNSE 

The displacement response lpectra. SD, is a key 
parameter in eatimatingthe nwdmum displacement 
reipollSel in eKIt mode of a building for past 
eanbquakes or for '" specified desip spectra. This 
spectral displacement decreases as damping 
increases. Asbour (1987) developed a relationship 
for the cbanF in SD of elastic: system witb changes 
In damping and a>rrelatcd tbese witb results 
obtained from existing eanbquake aa:elerogram 
records. 

2.1 ElastiC Rgponse. 

The natural period, Tn, used in tbe study were 0.5, 
1.0, 1.5, 2.0, 2.S, and 3.0 sec:onds which roven a 
representative range of natural periods. Three real 
and twelve anifi~1 eanbqWlke records were used 
for exdtation inpUL Damping values used were 0, 
2, 5, 10, 20, 30, SO, 75, 100, 125 and ISO percent of 
critical. The values of SO for a given Tn and 
damping factor were normalized with respect to the 
SD at Tn for zero damping for eadl eartllquake 
record and were tban averaged over the IS records 
to obtain a mean value for eadi period and fraction 
of critical dampinl- Figure 1 sbows tbe resulting 
relation for the mean value of SD as a function of 
period and damping for zero and five percent 
damping normalizations. 

These curves can be represented by simple decaying 
functions, 

R - [{l . e ..... }/{JB} J IQ 

where I is the selected fraction of critial damping 
and 8 is a ooeftident which was evaluated for 
zero initial damping normalization to be 24 for the 
upper bound and 140 for the lower bound, Figure 
2(a). For an initial elastic spectral normalization of 
.. the sim, Ie decaying function can be expressed by 

R - [. {J • e'}/,{1 . e'-}J/Q 

The system damping must be greater tban or equal 
to the inilial elastic spearal normalization damping 
to use this equatiOil. For five percent (5%) 

damped spectra normalization, set • = O.OS. 
Asbour (1987) found the upper bound B = 18 and 
the lower bound 8 - 6S for this case, Figure 2(b). 

2.2 lpelastic Res,ponse. 

The inelastic response evaluations are more difficult 
to establish on a comparati~ basis. Wu (1987) 
used one anifidal and nine real eanhquake records 
to study tbe elastic· plastic response of single i!<!gree 
systems. One form for presentation of his 
conc:lusions uses the peak ground parameters as a 
basis to derive the inelastic response spectra. 
Figure 3 gives the Response Spectra amplification 
factor in the acceleration region at periods of 0.1 
sea>nd and O.S second for damping from 10 to 50 
percent and ductilities from one to six. The effect 
of increasing damping and ductility can be secn. 
The amplification factor in the velocity region is 
shown in Figure 4 and in the displacement region 
at periods of three secon(h and ten seconds in 
Figure 5. In these figures _ is the (raaion of 
critical damping and • is the structural ductility 
factor. Thus, it can be seen that supplemental 
damping can effectively reduce structural yielding 
demands of an eanhquake. 

It is interesting to note that these amplification 
factors can be divided into terms which include the 
viscous damping of the system and separate terms 
which include the structural inelastic yielding. The 
inelastic deamplification facton for the three 
regions of concern are plotted in Figure 6 with the 
a>rresponding data including damping from 10 to 
SO percent of critical. The relatively small scatter 
of tbe data with changes in damping illustrates the 
point that spectral modifications for high damping 
and for inelastic action can be considered 
separately. Thus previous experience with inelastic 
spectral modifications can be retained while 
ina>rporaling modifications for higher damping. 

As win be seen later steel yielding hysteretic 
characteristics are generally culVilinear and can be 
reasonably represented by equivalent viscous 
damping as was assumed in the previous studies. 
Friction and lead yielding characteristics are box 
shaped with sharp cornen; for large motions 
equivalent visa>us damping which changes with 
amplitude can be used, but for small motions the 
bebavior is more of a stick'!'lip nature for which 
equivalent linear modelling is not very accurate. 
For these reasons most of the friction (and lead 
yielding) analytical ~tudies have used nonlinear 
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modelS to repraeat die dampin, devic:e 
cUracteristics. 

FlUauault (19118) dacribed • desiJft procedure for 
simple friction damped braced frames. The S)'Stem 
used tile Pall fric:tjon ciampini device located at 
midpointl of diaJOnal braces, Figure 7. TIley 
auumecl tbat the key parameters ill the desip 
procell were the expected peak J1'Ound au:clcration, 
.. tile predomiaate period of the POUK motion, 
T,; tile period of the unbraced buildin" T.; the 
period of the bracecl buildin, (no slip of the 
~), Th the mass of tbe buildinlo m • Wir, 
and the fric:tion slip load. V.. Usin, a stochastic 
represelltatioD of the pound motion in a 
paraDlCtric stucly they develop the simple friCtion 
Slip load desi", spectnam illustrated in Figure 8. 

Given the weiJht of the building, its fundamental 
unbraced period, the expected braced frame period 
(with no sUp). the expected peak pound 
acceleration, aftd the expected predominate period 
of the around; the desip friction Slip load is 
determined 115m, tbe CIIrYeS of Figure 8. There are 
several para~ters which can greatly inftucnCle the 
selected Slip load. First, tbe desip Slip load is 
se1«tcd to be directly proponional to the expected 
peak grouftd acceleration and ttl: weipt of the 
buildin.. Second, the ratio of the ground motion 
period to the unbraced frame period has 
sienifacantly different characteristics for different 
period ratios: For T, less than T. the daip Slip 
load changes rapidly with T.. for T, &reater than 
T. the desian slip load is relatively independent of 
T., but is dominated by the ratio of the braCled 
period to the unbra<:e4 period. 

Studies at the University of British Columbia on 
the Pan fric:tion damper have wed the minimum 
claStic: eoerl,Y of the structure (sum of 
instantallCOus strain aftd kinetic CDCfI,Y of the 
structure) IS a key parameter in settin, tile 
optimum slii' load for the friction devica. Usin, 
the fint six secollds of the EI Centro 1940 NS 
ac:ceIel'OJl'llll a CIIn'C sbowinl the variation in 
muinlum system elutk: enerlY as a function or slip 
load II pocn in Figure 9. It can be sccn abal the 
syslelll eaerIY is sensitiYc to the selcctcd optimum 
sUp load. At Jero Slip lOad tbe structure behaves 
IS an unbraced frame and at very hlp sUp loads it 
bebaves IS a co~tric:ally braced frame. Thus, tbe 
sclcc:tion or tbe appropriate slip load must consider 
both the espeeted moderate eanhquake motions ror 
damage control and the potential severe eanbqualtc 

motions for safety. 

3. DAMPING DEVICES 

Dampin, devices can be classified into four primary 
typeS Oil the basis or tbe material used to transform 
mechanical enerlY to beat: (i) Veloc:ity proponional 
viscous material wbich can be liquid, such as Silicon 
oil, or solid, sucb 15 special rubbers or acrylics; (ii) 
Friction devklcs in which tbe resisting forces are a 
constant whicb depends upon the interface contact 
pressures aftd the interface materials. Steel to steel. 
copper with &raptlite to steel, or brake pad to steel 
interlace materials are most common; (iii) Metallic 
yieldinl devica in which the resisting forces depend 
upon the nonlinear stress-strain cbaracteristics and 
geometrical configuration of tbe material. Mild 
steel aftd lead are the two most commonly used 
materials; aftd (iv) Magnetic damping devices. The 
foUowin, discussion will concentrate on the friction 
and metallic yielding devices beQuse tbey appear to 
be more practical for earthquake resistance 
applications. 

3.1. Friction Deyjs:es 

3.1.1 Cylindrical Deyjce (Sumitomo Melal 
Industries) The standard device (Figure 10) has a 
10 ton (22 kips) maximum slip capacity and an 8 
em (3 inch) double amplitude stroke range (Figure 
11). This cIcvice saw its initial application as the 
sbock abSorber for tbe Japanese "bullet" train. The 
potential use or thi~ device in a 31 story building 
was reponed by Teramoto (1988). 

3.1.2. Pall Frigjon 8race4 Frame Device (Pall 
Dynamics) The direct slip deviCle uses brake pad 
material apinst steet. The normal pressure which 
controls the Slip force is maintained by a spherical 
sprin.. The device is located in the structure as 
illustrated in Flpre 7. The characteristics or the 
devic:e have been reported earlier (Pall. 1982; Pall. 
1986). It was reponed that the deviCle bas been 
installed in a building in Canada. 

].1.3 RotlD' Frictjon Devis:e (Hazama-Gumi) The 
device 1IICI sintered metal brake pads against 
stainles5 steel to proYide tbe friction force. Because 
tbe rotational characteristics of the device the 
direction of the input forces causes a slight 
asymmeuy of the frictional resistance (Tatai. 1988). 
This device was developed for use with base 
isolation systems, but could be adapted for in 
struc:lure use. 



3.2. MetaUis Deytcp 

3.2,1 lad Punar (DSIR-New Zealand, OiIes 
Corporatioa, (Fujita, 1988» The piston lead 
damper (Fipre 12) WIS developed III New ZeaJaDd 
for bridJC .. aDd Ills been IiceaIed in Japan by 
ODes Corporation. A dUfcreat ad damper ... a 
lead post a>nlaiDin, 12 steel wireI to ensure pure 
shear deformation in the lead (FIpre 13). Sample 
dati sbowD in Flpre 14 iUUltrates tbat tbe lead 
byslCleUc: daarKtCrisUc: ill \'Cry similar to the 
fric:lion damper cllarac:tcriatic. 

3.2.2 Steel PlaK pamper (Bccblel Corp., 
CounlerQuake Corp.) The device was originally 
developed for pipe restraints in nuclear power 
plants. Tbc a>lICICpts were extended to building 
structures (Scboll. 1987). TIle a>nfipratioD of the 
device (Apre IS) is se1ected to maximize the 
amount of material yieldin, witlloul eBaSive 
loc:aIized strains. Experimental data on smaller 
sized ADAS devices ba\'C been reported (Deraman. 
1987; Beraman. 1988) aDd are illustrated in Apre 
16. Three slory steel frame sbaldq table teslS 
using tbeSe devices bas been recently completed at 
the University of California at Berkeley (Whitaker. 
1989). 

3.2.4 Steel Post Daman (Kajima Corp.. Oiles 
Corp.) The bale concept of these devices uses 
CBntiJcver beam yielclinJ. The dimensions and 
c:n.s-scctioDal sllapc aIon, the beipt are unique. 
The Joint Damper (JD) by Kajima is used to 
a>nncct separated structures at tbe atrium roof 
level The a>lUIeCtion provicks stiffness and energy 
dislipation c:barac:teristics. The 0iIcs Steel Bar 
Pamper Is used to proYide vibrational isolation and 
hySteretic: cIampin, durin, ext.essive motions. 

4. REMARKS 
AIIa1ytk:a1 Itudiel have deIIIoaItrated lhat 
supplemental dampiq WI dIa:tlYely control the 
response of buiIdiDp durin, eartbquata. These 
studjes ba\'C shown tbat the respoase of a highly 
damp...· l)uiJdiDi is DOt lCDIitM to the peculiarities 
of specill(: eaJ1bquaka. Thus the Idded visa>us 
type ciampin, eflecti\'ely deer eases response 
variability and uncertainty from a broad spectrum of 
eanhquake inputs; tllereby impl'OYin, the 
performance of the building aDd reducing tbe rist 
of le\'ere damap. 

A larJC Dumber of damping cIeYices are currently 

available and otllers under development. This is a 
tribute to the imaJiDalion of eanhquake engineers. 
While most of the devices developed in Japan are 
intended for use with base isolation systems for the 
nuclear power IDdustry. application to commercial 
and residential buikSin. is moving rapidly. 

S. CONCWSIONS 

lbe following conclusions are the result of a 
number of analytical studies and the informalion 
summarized herein: 

5.1. The incremental eft'ect of adding supplemental 
damping devicIes is ,realer when the IOlal damping 
is small than wilen tlie total damping is high. 

5.2. The combined eft'ect of added damping and 
inelastic: response: of the structure can be separated 
into the effects resulting from higher damping and 
the effects resulting from member yielding. 

5.3. Supplemental damping devices are more 
eft'cctM: in reducing the corresponding earthquake 
response spectral values in the mid period region 
(velocity regioD) than in the low (acceleration 
a>ntrolled region) and high (displacement 
controlled reJion) period regions. Nevertheless 
additional damping mates the structures less 
sellSitl\'C to earthquake peculiarities. 

S.4. lbe selected damping devices should be 
dependable and require a minimum amount of 
maintenance. lbe delivered devices should have 
quality controlled manufacturing to ensure that the 
characteristics established through testing programs 
and specified by the designers is achieved in field 
installations. 
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Fipre 11. Hysterail CbuaaerisUa ror C)'iliadric:al Friction Damper 

Fiprc 12. Piltoll l.eId Dampet 

Fipre 13. Cy1indrtc:al Lead Damper With Steel Wires 
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(from Fujita (1988») 
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Fipre 15. Added DamPiD& aad StUfDeu (ADAS) Stccl Plale Damper 
[from BeqmaD (1987)) 

, • ,;T""-----~-----....... 1 a ...... -----...... -------. 

- -• • .. .t . .... 
M· e,l - 0 

·1 I! 

,. 
- , • +=i~I""'I"'.,...""'"'t_'I"' ....... '"'I""'II""'I"'''I'''''''I'...,....,...,..''I'''''''I'~ .. , a+ . ..,.....~t_'I"'''''''''.....,...,..+-r ..... I''''''1_ ............ ~...r 

-,.,. 0·· ,.,. -,.,. 0 

(a) Tat XTA (b) Tat XATA 

Fipre 16. ClwlcteriSIk Hysaeresil Curves (or SeYea Plate. FM IDdl Hip. 
5116 1Ddl1'bick ADAS 0eYIce [from Berpnaa (1988)1 
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AD !.cGMIIIie ADai,sIa of ' ..... ted Rubber IIId 
Steel Badal Due IlOIaUoli S,sIem for BuildInp 

by 

TInaiey K. Lew' 

ABSTRACt 

The economics of laminated rubber and steel burin, base 
isoWion system for builclinp is determined from the very 
limiled clata available. The incremental costs for inslaili~a 
the base isolation system for a four·story concrete frame and 
six'stOl")' steel frame buildina are compared with the benefits 
from red uction in structural UId non-slrUctural costs. and the 
present wonla of reduction in expected future eanhquake 
damaae over tile service life of the ba.w isolaled buildina· 
Based on the results of the analysis. conclusions and recom­
mendations 1ft liven. 

KEYWORDS: Base isolation system; earthquake damqe; 
incremenlal cost; i.~I.tion beuinas; percent COIL 

I. INTROPUCIJON 

The laten! force resistina systems of conventional fixed­
base buildinp are aenenlly desianed to resist seismic forces 
by hninl the necessary sarenp IIId ductility. Due to the 
relative lUKe seismic daian fon:es especially in zones of 
hiah seismic activity. it is pneraJly not economical nor 
practical to desi", the larerI1 force resistina systems of 
buildinp to respond elastically under exareme eanhquake 
load ina. Hence. the lareral fon:e resistina systems of con­
ventionally desianed builclinp are ellpecled to respond 
inelastically under the muimum earthqualce-induced fortes 
durina their service lives. 

Such inelutic deformations of tile buiklina's lateral fon:e 
resistinllysllem seneraJly produce sianificant structural 
ciamaae. In Iddition. Jarae interstory displacements (story 
drift) lICColDplllyina such deformations cause nonstructural 
damaae in the buildina. Dynamic response of the buildinl's 
structural s}'Stem aenerIIly amplifies the eanhqualce around 
motions aI the upper levels of the buiktina. Such dynamic 
ampliflClllicln of the pound motions causes nonstructural 
dlmap unless IIIeq\I* seismic anchorqe and suppolU are 
provided. Nonsll'llCtlnl damqe include the overturnina 
and slidin. of die builclina coneenlS and subsequent imJ)8C1 
of the conlell" (foreumple. bookshelves. sensitive me­
chanicallllCl elec:lronic equipment. filing clbiMts. etc.). 

The intent of any base isoIaIion system is to reduce the 
eanhquake-incluc:ed IICCelerations It the various levels of the 
buildi"l and. hence. the bue shear demand on the buildi"l 
(Fi.ure I) by increasina (shifting) the fundamental period 
and dampna of the flXerl-bl<e buildinl. adjustina and/or 

conlrollinl die response mass. or some olher means. His· 
torical c\e1telopment of the base isolation system for build­
inliS and ils implementation are given in References I 
tbrouah 6. Some of the more recent analytical and ex~n­
mental sludies on base isolation for building str\lctures may 
be found in References 7 through 12. The friction ~ndulum 
,)/Stem (Ref 9) appean to be most promising. TIus simple 
system allows die enaineer/desillner relat;vely fine control 
over the period stUft of the fix-based building and is rather 
insensitive to torsional response of buildings with asymmet­
rical mass and/or stiffness distribution compared to the other 
base isolation systems. Base isolated building struclure\ in 
Japan art given in Reference 13. 

In current U.S. practice. base isolation is generlHy accom­
plished by introducinillateral flexibility by way of Isolation 
bearings/energy dissipalors at dIP. lIase of the building. 
thereby shifting the fundamental period of the building away 
from the range where the eanhquake ground shaking ener,,, 
is dominant and accompanied by large demands (Figure I,. 
Thus. the dynamic response of the base Isolated building is 
greatly reduced as compared to lhe fixed-base building. 

Base isolation is most suitable for structures located rela­
tively close to the potential earthquake sources in high 
seismicity areas with large seismic design rorce~. Funher· 
more. the suitability of base isolation depends on the in· 
tended occupancy of the building. Cenain occupancy 
demands an increase in safety above tho5e obtainable from 
conventional design. e.I .. hospitab. fire slalion~. police 
stations. telephone exchanges. telecommunication and 
computer centers1 housing essential services. and/or expen­
sive equipment. 

StruclUres with low fundamental periods (<0.7 to 1.0 sec· 
ond) benefn the most from the increa.u: in period by baw 
isolation. Generally. most of the eanhqualce ground shaking 
ener&Y input 10 the base of the buildings on stiff to inlerme­
diate soil sites is concentrated in periods ranging between 
0.1 and 1.0 second. Base isolation is generally best suited 
for relatively stiff. squal.low- to medium· rise buildings with 

'Nayal Civil Engineering Laboratory Code LSI. Pon 
Hueneme. CA 93043-5003 

2fhe cost of equipment housed in such facilities can be up to 
several times the cost of the building. By contrast. the cost 
of the contents of a typical commercial building is about 
10'!. of the cost of the buildinl· 
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between three to .. stories aad fixed-base fllooamenw 
periods leu _ IIDout 0.7 to 1.0 second. Bue isolation is 
IlOl: Ubly to benefit wier or more flexible buildinas whole 
fixed base periocI it in UIe ruae where the demaad from the 
earthquake si. IajIOnIe spectrum is relatively low and 
decreases relatively slowly with inere.in, periods (the rilht 
IIlOSl portion of the cline in Filure I). 

Eanbquake base isolation is best suited for buildinas located 
on stiff 10 illtermeda stiff soil sites. Sites with soft soil 
profiles lend to iiitel' out the lUSh frequency components of 
the eardIquIb IIfOUDII motion and may provide some reduc­
tion of die seismic forces II'aIIsmined to sllon period SII'IIC­

tura. Relaaively deep (deeper than about S feet 01' l.!lm) 
soft soil deposits at the lite can amplify the relatively lonl 
periocl (> 0.30 second) components of around shaltinl from 
nearby CII1IIquaka lIIdIor larJe maanitude distant earth­
quakes and defeat Ihe intent of base isolation (e.l .. accelera­
tion d.aa recorded in soft clay Jites in the San Franc:isco Bay 
area durin, the 1989 Lama Prieta nonhern California earth­
quake). By contrast. sites with stiff soil profiles tend to 
amplify the low period components of the around motion. 
A NIe isolation system on such a site will filter out these 
l('Iw period COIllpOlleftIl of ean."quake JTOUnd shaltinl 
enefI)' IIId be IIIOI'e effec:tive dian on a soft soil silt. 

The curren. application of base isolation 10 buildinlls is 
IIIIde diffICult by die limited dalIt on the nna- expected 
eanbqWllre pounc1 motion chlnlcteristics for a panicular site 
relatiYely close to the eneray source and abe uncertainties 
about abe inelastic SInICtuI'II response under relatively I.,. 
lo.ds from a major etnhqualte. Thus. most of the existina 
bile isolated buildinas _ clesipecllO remain _mially 
elastic widl a small Ullount of localized yieldina in noncriti­
cal acructuraJ fruninalllembers for safety and serviceability. 

To reduce the cOllb'iblllion from their hilber modes. base 
isolalled buiJdinp _ aeneraJly clesiped to be relatively stiff 
in the lalleral dim;Q\lDlI. The pincipal dynamic response 
chanlcterillics of a bile isoJarecl buildinll are illustrated by 
the mode shapes IIId JDOdaI shear distribution shown in 
Fiaure 2 for a bale isolattcl shear beam type builclina. 

• The relatively hlP flellibility and dampina of die bile 
isoIliled bWIdina raults in a lana fil'1I mode period and. 
Ihus,Iow delllllld (Ioadinl) from the site rwponse spec­
trum. 

• The lelalivcly IIiJh Ialleral flexibility of the base iso­
IIIed buildina sysllem ensures a low modal panicipation 
fKtDr for die MCOIId and "iaM modes. This reduces 
che boriZOfttll accelerations and seismic forces on ~he 
buildina and ill' contents. 

• The Cfta'IY disaiJ*ion capacity of the bue isolation 
Systelll redur:a the seismic fon:a. the associate base 

isolator displacement. and buildina deformations. 

• Base isolation provides a more uniform seismK sllear 
fo~ distribution over tile lower levels of the bUilding. 

Althouah base isolation reduces the horizontall4:celerations 
of the build ina. it increases the horizontal displacement of 
W buildinll system as a whole. The story drift of tile b&5C 
isolated buildina is reduced. However. the horizontal 
displacement of the buildina over its height can be relatively 
larae, with most of the displacement concentrated at the base 
of the buildinll. The base isolation system and the utility 
connections at the isolator le\'el must be de$igned to ac· 
commodate the anticipated base isolator displllCement 
(possibly as large as 12 to 16 inches for 'lOme systems) and 
remain functional. 

Due to the lateral flexibility introduced by the ba.'C isolation 
system, wind loading becomes one of the dominant factOr! 
in t~ design of a base isolation system. Theoretically. a 
ba.<>e isolation system can be desianed to reduce the max i­
mum floor accelerations to one-tenth or less than the maxi· 
mum horizontal earthquake around acceleration at the site. 
In practice. this reduction is limited by the lateral di,place­
ment capacity of the base i~lation bearings. the wind 
loadina It the site. and the amount of hysteretic enp.rgy 
dissipation requiMi by the ba!:e isolation system. The 
laminated rubber and steel isolation bearing~ must be de­
sianed to remain stable in the venical direction under the 
maxim"lIl earthquake-induced hori:rontalground di~place· 
mental the site. 'This indirectly controls the lateral stiffllC5s 
of the bearinlls and. hence. the seismic load b'lnsmitted to 
die suucture_ Wind restrain is needed for the base isolation 
system to minimize personnel discomfon from the relatively 
frequent wind-induced displacement' of the building and the 
resulting fatigue damage to piping and other utility connec· 
tions in the building. For high seismicity sites. the ba'C 
isolation system is aenerally designed to yield at between 
3% and 6% of the _iaht of the building 10 satisfy wind 
restrain requirements. Althoullh some re.~archen have 
sugested that 5-' is optimal. the three base isolated build­
ings that use • laminated rubber and steel bearing with a 
venical cylindrical lad phl, eneray di.uipatOl' in Reference 
4 lhrouah 6 have a c1esian yield of about 7% of the weilht of 
the isolated structure. 

To provide an lllequate IIDOUIII of eneray dissipation capac· 
ity, the hysteretic enera)' dissipaton of the base iJOlation 
system must have a suffICiendy hiah yield capacity to 
provide the needed eneI'IY dissipation! A highly ductile 
energy dissipator widl • low design yield level is unlikely to 

l'J"he eneray dissipation caplCity of the hysteretic eneray 
diuipator it proponionallO the area under its force dis­
placement curve. Ductility is the ratio of the maximum 
displacement to the displacement at yield. 
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provide the needed ellel'lY diaipation 10 limit the muimum 
hariz.onral ditpl~ of 1hc isolation belrinp to 1aIOII­

able nl.... TIle effective c:oaabiJIed lateral stiffnea of the 
laminated r1IIIber and _. bearina IDd the yieldin&1ead 
plUJ eneray dbaipator cOllDOb the seismic forces trIIUaUI­

~ to tile buildillllllCllhe muimlftn horizontal dia9I.:c­
menl of the buiIcU... A 2·inc; .... chick shell of rubber coven 
1hc outside of the iIoIation belrin. (Filure 3) to provide 
Ibout J boun of needed fire proIeCtioll. This layer of rubber 
.aso proIeC1S che steel plates of the barin, from atmosphmc; 
conosion. A properly clesipecl bale isoladon ~yslem will 
aeneraDy result in .. equiVl1cn1 bile shear of betwee~1 0.2& 
and 0.2.5& for the buildin. with I muimu/II horizontal 
desi,n earthquake acceleration of lbout 0.5g. 

For a fjlted·bac buildinl willi .. effective period of less 
dIuI lboul 0.7 second. !he input muimum eatltKjuake 
&roun4 accelerations at tile site are amplified at the upper 
floor levels by averqe·f.etors of abOll. 3.5 and 2.S. respec. 
tively. for 2. and 5. clampin,. By contnst, boch analytical 
results (Ref 14111d IS) and nperimentaJ results for. one· 
third ICIIe builclin. model (Ref 16) have shown that a 
properly daiped bare isolation system can aenerally reduce 
the dynamic accelerlltions of die buildina and. hence. bile 
shear delllllld on the buildin, by a flCtOr of abollt ftye. U 
compared 10 the fixed-bise builclinl. A Ihree·bay. five­
story. one-thiJd ICIIe model sreel frame building. with and 
without laminaIIeCI rubber and stftl/le.d plua isolltion 
bearina/eneray dissipation system Wlltested II Berkeley 
(Ref 16). The model WII subjected to the 19«1 EI CenIJ'O 
eanbquake time-Riscory. scaled to a peak value of about 
0.55a. The experimental results are shown in Figure 4. 
From the curves in tile fiaure. it can be seen dial tilt mui­
mum table acceknlion for die filled-base buildin, is ampli­
fied by a flClOr of Iboul 5 II the fifch floor Ieyel. The 
avenae acceleration f{X all the floor levels is about 1.25a. 
By conll'Ul. all the Door .:ce\emions f{X the isolated build· 
ina are only about O.2.5a. one-half of die muimum shake 
table acceleration. Consequendy. potential earthquake 
damaae to SIJ'IICtUraI and nonscrvctural e\emenlS in the bile 
isol.~ buildina is expecred to be much less than that of the 
filled·base builclina. 

Results of ualytical scudies, ~ experiments on ICIIe 
models of _I fruDe buildinas on • sIIIke table. and field 
perfDr'llllllCe of protoCype buildinp' indicate that the usaae 
of lamilllled nabber ud .. 1I\ead plul isoillOl"$ f{X anh­
quake bile isoladon it a.chnically feasible. TIle only ques­
tion that rellllins it whedler edlquake bale isolation f{X 
buildinp is cost effec:tive. For 1his economics lIIal~il. the 
base iso .... buildil1l it divided into three subsystems 
(Fiaure5): 

• Builclin, System 
Scrucnnl frame 
Buaom floor slab 

Isolation bearina oonnections 

• Base Isolation SystelD 

Isolation belrinplenerJy dissipatOl'S 
Bearina connections to foundation 
Foundation 
Water/awelectrical connections 

• Soil System 
Soil profile and properties 
Eanbqulke around mocion input 

In the buildir" system. tilt bonom flOfX slab and isolation 
bearina connections are lIkIilionai COM items IS compared 10 

a conventional filled-base buildina. 

In the base isolation system. the isolation beann.s. the 
bearin, connections 10 tilt foundltion. the additional excava· 
tion required 10 provide !he lIP II'OIIIId the perimeter of the 
buildin, 10 aceommodare buildin. movement II its base and 
slid ina grills to cover over mis aap. and the retainina wall 
around the perilDeter of die lIP are extra cost itelll5. In 
addition. special detailina for f.eial panel anchorage. Slairs. 
elevator, and mechanical sllafts are required II the isolator 
\eyel and 1ft un cO&! irems. 

In the soil system. tilt different soil layer thicknesses and 
stiffnas and slRnam properties modify die dominant peri. 
ods of tile eanllquate around motions input into the bale of 
the build ina. To be effective. the base isolation system must 
shift (increase) tile fundamental period of the filted-base 
stnlCture 10 a period nnae where die earthquake &fOund 
motion input eneray is relatively low. The soil subsysrem 
toaed1er with the characleristics of the incomina earthqUake 
ground motions control tilt period ranae in which die earth­
quake ground shltina ener&Y is dominant. 

The potential beftefits from base isolltion of a buildina 
include: 

• SaYinp in tilt COlt of die lllerll forte resistina ~ystem 
and nonstn:ctunl s)"Sl"m due to reduction in tile seismic 
desi,n forces. 

• Reduction of potential structural IU1d nonslI1ICturai 
damaae over the service life of the builclina. Minimiz­
in, daJna&e 10 essential equipment. services. IU1d other 
nonstructural elements. 

·Some of die laraer ampliflCltion f.etm can be i.5 times or 
IMier dian the Iven,e flClOrS . 

'To date, nooe of the known prot~ base isolated buildina 
has been suh~ 10 severe earthquake around 5halcina 
lleM ;~ upper desian Iellel. 
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• Rec1uclion of potential down time requim1 for repain of 
eanhquakt damage. 

• Ensures lhat!he 5tructUft and its contents remain fune· 
tional during and after a major eanhquake. 

'The lut two items are imponanl in an economic analysis 
and CIII be qUllltified in dollars for civilian buildings where 
losses from potential down time can be estimated from 
available operating cost and revenue data. However. the 
U.S. Navy is a nonprofit orglllization and the corresponding 
operatinl cost and revenue data are not readily available. 
For this study. the last Iwo item.\ are considered as intangible 
benefits from ba.'ie isolation. 

'The purpose of Ihis paper is 10 determine the economics of 
laminated rubber and steel bearinl ba.o;e isolation system for 
buildings frOID the .. ery limited data available. 

2. ESTIMATED COST OF LAMINATED RUBBERI 
LEAD PLUG ISOLATION BEARINGS 

The cost of the base 1S0iation bearings depends on the 
weight of the buildinl~ excluding its foundation. This is 
because the isoilition bearings must suppon the weight of the 
building under ordinary condition.~. In addition, the bearings 
must be able to resist the eanhquake-induced inenia forces 
of the isolated building. These inertia forces increase with 
the weight of the buildinl supported by the isolation bear­
ines. Hence. the cost of the ba.'Ie isolation bearings is ex· 
pected to be smaller for the lighter st~1 buildings as com· 
pared to !he heavier reinforced concrete buildings. 

In this study, estimated co~ts of the beaJings expressed as a 
percentage of the unit cost (cost per sqUlJ'e foot) of newly 
constructed steel frame and concrete frame office buildings 
in southern California. 

The typical seismic design floor loads fer st~1 frame an<! 
concrete frame office buildings are as follows: 

Steel Frame Concrete Frame 

Finish 1.0 Iblft' Floor covering 
Steel deck 3.1 Concrete frame 
Concrete fill 32.0 Partitions 
Steel bearing girders 5.9 Ceiling 
Columns 1 . .5 Mech and Elect 
Partitions 20.0 Euerior wall 
Ceiling 10.0 Misc. 

I Iblft' 
129 
20 
S 
.5 
4 
4 

Mech IIId Elect S.O 
Misc. 1.0 

168 Iblft' 
Seismic L.L.-5OI4-13 

i931b1ft' 
Seismic L.L.-5OI4- 12.S 

92.01blfl' 

IT! Iblft' 

For practical purposes, the typical seismic desiln floor load 
tor concrete frame buildings is about twice that for steel 
frame buildings. For Jeference, die typical seismic design 
floor load for small stucco and wooden fnTRe apartment or 
office buildings is about 44 iblft', or about one half of that 
for steel frame buildings. 

The estimated cost or the I!minatcd rubber and steeVlead 
plug base isolation bearil'1S for modem commercial build· 
ings is about $21/ton or SIJ.Oi05/Ib of $uppon~ weight 
(Ref 6). Multiplying the lalter by the seismIC design f1cor 
loads gives unit costs for base isolation bearings at SO.97/ft' 
and $\.90/ft'. respectively. for \teel frame and concrete 
frame buildings. Base isolation is more anractive for build· 
in~\ with smaller desilln floor loads. 

Based on the 1986 construction com given in Reference 17, 
the estimated unit costs for different types of new wnstru'· 
tion in southern California ~ given in Table I. Due to the 
difference in conslnlCtion required to satisfy functional 
requirements, the unit COSIS for hospital. telephone ell· 
change, and medical clinics are much higher than the unit 
costs for steel frame and CDncrete frame office buildings. 
Similarly. the unit costs for wood framed apanrnenL~ or 
office buildings, reinforced masonry or steel framed Wa/'f.· 

houses or industrial buildings are less than those for steel 
framed or concrete framed office buildings. 

The unit cost of the base isolation bearings for steel frame 
and concrete frame buildings expressed as a percent of their 
cOTTe'ponding unit construction cost are I. I % ($0.97Ift' ; 
$881ft') and 2.2% ($1.901$88). respectively. 

For st~1 frame and I'oncrtte frame hospitals. these percent 
costs for the base is.:>iation bearings are 0.6% ($0.97/$ 166) 
and 1.1% ($1.9OISI66), respectively. Theo;e values are 
about one-half of those values for st~1 frame and concrete 
frame office buildings. TlIe percent costs of the ba.'Ie isola· 
tion bearings for the other buildings shown in Table I can be 
determined in a similar manner. 

The percent cost of the t-ase isolation bearings decrea.,es 
with incre .. ,ing unit construction cost of the building. Thus, 
base isolation tended to be economically more attractive for 
buildings with high unit construction COSl\ than those with 
low ones. 

3. ESTIMATED INCREMENTAL COST FOR INSTAL­
LATION OF THE BASE ISOLATION SYSTEM 

The incremental cost associated with the installation of a 
base isolation system in a building is the difierence betw~n 
the added cost for the base isolation ~ystem and the savings 
from the m1uction in struct'Jral and nonstructural CO~ts. 
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3.1 Added Cosl 

The lidded COSt for !lie b_ isolation system includes the 
~OSI of the iso! .. lion bearinp. basemenl slab above the base 
isolators. ~·.&ininl wall around the perimeIV of the aap (see 
Fiaure S). extrl excavation for the lap. slidina cover fOC'the 
aap. flexiole utility connections. etc. 

The William Cla)'tOn Buildina is a four-story (including 
bi ~ment) ~infon:ed ~te frame build ina of 97 meters 
(3. -'. feel) by 40 meters. (131 feet) in plan wilt! column 
spil.;nll at 7.2 meters 124 feel). on centers cOllSlrUCteci in 
New Zealand (Ref 4). II is the first building fitted wilt! a 
laminated rubber and steeUlead plua base iwlation system. 
The buildina was desiJMd for U times muimum lround 
motion time-history from !he 1940 EI Centro earlhquake. 
i.e .• a peak horizontal acceleration of about 0.32,. The base 
isolation system cost was about 4"" of the IOIaI build ina 
cost. With the base isolation system. the reinforr:ing detail­
ini for the beam-to-column joints were relaxed .Ulmewhat. 
O!herwise. beams 200 mm deeper would be necessary 10 

accommodate the full joint shear reinforcement detailina 
required. However. no definite indications we~ liven :n tb~ 
reference on whetber the buildin. was more OC' less expen· 
sive !han a conventional building. Hypothetically. if there 
were no sav in,s in structural and nonstructural co.\l\. the 
William Olyton Buildinl would cost ."" more than a 
conventional buildi",. The buildin. would be economical 
only if the base isolatioll system reduced the presenl wonh 
of expected future eanllquake damaae 10 lhe buildin, by 
equal to or &rUler than 4%. The cost of lhe base isolation 
bearinas for concrete frame offICe buildings given earlier is 
2.2% of the toeaI buildinl cost. SublrlCtina this from the 
added COSt of the base isolation s~tem of about 4"" gives 
1.8"" as the approximate added COSI of the b&w isolation 
~ystem. ellcluding lhe cost of the bearings. 

Kelly and Hodder (Ref 16) reponed the estimated added 
costs of the base isolation sysrrm and the savinas in struc:­
tural and nonstNCturaI costs for a six -story 170.000 ftl. steel 
frame medical building. A figure mowing the buildinl and 
the itemized C~ from the reference is reproduced here as 
Figure 6. The cost of the 46 base isolaton is aiven u 
S46,OOO. The autbor believes that t more probable cost 
should be about 170.000 ft2 x SO.971ftl- S 165,000 for tile 

isolation bearinp. In addition. a miscellaneous cost of 
$40.000 would lie IIlCft appropriate dian the S3O.000 shown. 
due to the increase in isolation bearing cost. The luthor's 
estilllllted tocaI cost for the build ina is SI4.96 x 10" 
(170.000 ft2 x S881ft1). The modified lidded costs for the 
base isolation system are: 

46 Base lsolaton 
Retaining Wall 
Basement Slab Separation 
MiscellatleOus 
Total 

% of Building 
ems ClI1l 

SI6.S,001 
144.001 
S1.000 
~ 

SQ.OO1 

1.1"" 
0.9 
0.4 

lU 
2. "'" 

The added cost f()r the base isolation system e~cluding the 
cost of the base isolation bearinas is 1.6%. Thi~ i~ approxi­
matelyequal to the cOJTe5ponding 1.8% determined earlier 
for the four-slory concrete frame build in,. The ~lightly 
higher percen. for !he William aaytO" Buildin@ might 
be ellpected because it has only four stories as compared to 

lhe six slOries for the building above. The fixed portion of 
the added cost for the base isolation iystem ellcluding the 
bearings is distributed over a smaller number of ~tories and. 
hence. smaller total floor area. Thus. the resulting added 
COSI percentaae is eltpected to be somewhat \lUl!er. 

3.2 Savings in SQ'UCtyral and Nons!rUcl!.lral am 
Because base isolation reduces the seismic forces on the 
building. the cost for providing seismic resistance to struc­
tural and IIOftSlrUCtural eltments is expected to decrease as 
compared to a fixed· base building. However. the cost 
reduction is not expected to be ,frat for two reasons. 

Fmt. the current practice is to design the ba~ isolated 
building 10 remain essentially elastic for an equivalent ba\e 
shear'of between 0.20 and 0.2Sg associated with a maxi­
mum ground acceleration of about O.Sg. This is approxi. 
mately equailO the code des ian base shear for sei~mlc 
Zone "(e.g .• UBC. SEAOC. NAVFAC P·35S). The struc­
lUraI dellilina for base isolated buildinas can be rtlned 
somewhat. However. to fulfill the intent cf ba'le i<olation • 
10 minimize the buildina and its Contenl~ from damage due 
to majol'eanhquakes - the boe i5Qlated building is generally 
designed 10 ~main essentially elastic and with a~ much 
reserve ductility and elle!1y absorbing capacity a~ pos~ible. 
This is done to provide an extra margin of safety in the rare 
event lhat the earthquake around motions at the ,i:e are 
laraer than or much differenl from the characteristics of 
dtsign around motions. If the actual maximum earlhquake 
around acceleration is much larger than the de~ign accelera­
tion. the laminated rubber and steeVlead plug ba\e isolalion 
s)lStem would still remain functional, but the ~ei~mlc forces 
tran".nined 10 the building would be mucn increased (Fill­
ure 7). The ductility and overslrength capacity (above the 
tlastic) of the lateral force resistinll system of the building 
will resist the increase ill seismic forces by inela~ic \lefor· 

"Dynamic analysis procedures should be used for the design 
and analysis of b_ isolated buildings. 
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awion. ill a conventional fixed-base buildina. 

Second. die COlt for providina seismic resistance 10 !he 
SInICtUI'Il syurm of a multisrory buildin, is only I small 
friction of !he toIIIl buildina COIL For illustration. I lislin, 
of &he IInICIIIrII l11li ftDIIIInII:IUrI COIlS for a 11-story steel 
frame buildiaa (froID Ref 18) is shown in Table 2. 11Ie total 
IIl'UCIUnl c:GIt includinlleismic: provisions for Zone 4 is 
about 30'910 of' &he IOU.! buildin, COIL Aboul one-fifth (5.7'1» 
of !his 3O'lIo aoa to providina sei~ mit sll'llCtural resistlnCe. 
Abollt 2.1" of die toW buildina cost (near !he bottom rialll 
comer of' the table) aces to pro¥idin. seismic resistance 10 

IIOMII'IICtIIraI elemenIL TIIus. W C05l of providina seismic 
resistanc:e 10 SII'UCtIIIm and nonslnlClUni elemenl\ of a steel 
frame buildin. is approximately equal 10 8 ... of the total cosl 
for a conventionll buildinl. Any savinas by base isolation 
would have to come from this 8'1>. Because of !he desire for 
essentially elllltic response of !he bui Idina. base i!lOlation is 
expected 10 reduce this pacen. by only a small amount. 
MOIl of die lCIUaI SI\lin,~. however. would probably come 
from the reduction in !he sizes of the slI'IIClUl'Il elemenl\ and 
reduction in tncinallld I/IChorqe of the electrical and 
mec:hallic:aI compone_ hid the buildin, been desiped 10 

remain esaenbally elutic under a maximum earthquake 
delian pound acceleration of between 0 .... and 0.5. with­
out bile isolation'. For reinforced concrete frlme buildinas. 
the cost of providina leismic resistance to 'truclUI'Il and 
nonstructuraJ elemenlS in leismic Zone 4 is about Ia... 
(Ref 18). 

It is hypothesized m.t to satisfy w essentially elastic crille­
rion. !he ... and lK seismic consauction cost for steel 
frame and QJI1I:RII frame buildinas. respectively. could ooly 
be reduced by Ibout one-third IS • rault of base isol~lio ... 
Hence. the savinp ill die slnClUnI and nonstructun\ cost 
for steel frame and c:onc:me frame buildinas by usina isola­
tionlre estimalild to be abouc2.7'" and 3.3". respectively. 

11Ie correspondina esdlftllled reduction in sawllll'll and 
IIOIISInICbInI COlI liven for w sill-story .leel frame build· 
ina in Fipre 6 is 5384.000. or aboul 2.6'1> (5384.000' 
S 14.96 1I 10") of total buildin, COIL This compares favora­
bly wid!1IIe 2.7" esdllllled previously. Aboul sil-tendls 
(1.5") of dIis 2.6111 COlt savinas is due 10 reduction in die 
structural requimDeBca dial include die elimination of die 
shear walla required to reduce in\UllOl'y drift and lilt: reduc­
lion in feCI __ IS for floor l11li roof diaphnJm connec-

lion requiremenlS. TIle remainina L 1 .. savin .. is due 10 die 
redUCCion in seismic bnci"l for mechanical and electrical 
componencs. Aidloapt a reillforced concreee frame buildina 
would prot.bIy not require shear wall bncina 10 reduce 
lUX)' drift or special Door and roo( diapllnam connections. 
Slvinas ill die stnICtUraI cost would come from a reduction 
in struclIInI member si_ and steel reinforcement and a 
IIi"" rellllltion of die beaJn-lO-Column joint reinforcement 
dellilina requimDeaL II seems reasonable to expect a 

comparable savinas in the slrUctural cost for base isolated 
cOIICrere frame buildings of aboul 1.9~ [r 1 . .512.6) x 13.3'11»]. 
TIle savinas for the aonslnlctural cost of the concrete frame 
build in. is about '.4~. 

3.1 Il!CJ'Cmcr,ta1 Qm 

For the four-slOry concrere frame Will' . :::layton Building. 
the estimated incremental COSI is about 0.7'1>. That is. the 
estimared cosl for the base isolated buildins is about 0.7~ 
tiller than a conventional buildine without ba'le i~lation. 
For the sil-story steel frame building. the eslimaled incre· 
mental rosl fDl'the ba.'Ie i~lation system i~ about 11.1 %. Due 
10 the approximare numbers used. this incremental cost i~ 
rounded off to zero lJercent. 

Base isolation for the four-story concrete frame William 
Cla)lton Building would be economical only if ba~ isolation 
could ~uce the presenl wonh of the expected earthquake 
damage over the ~ervice life (of the buikling by 0.7'11> or 
more. 

4. REPUCTION IN EXPEC[Ep FUnJRE EARTH­
QUAKE pAMAGE OYER SERYICE LIFE Of THE 
BUIl.DINQ 

Reference 20 presented !he present wonh of expected fUlure 
earthquake damage to buildings. based on average histone 
buildine damaae versu., eanhqualce intensity data IRef 21) 
using the probability versus maximum ground acceleration 
curve for an intermediate soil site in California with a 
maximum ground acceleration ofO.4g. with I!O% prob:tbilitv 
of not beine ellceedcd in 50 yeBr.l.· The interest rate: used 
wasla.... 

The preset11 worth of all the expected future earthquake 
<!am.age in SO years for steel frame and concrete frame 
buildinas with seismic dnign is 2.7~ and 4.2~. rnpec­
lively. of the replacement co.," of the building. 

Assuming thai base isolation is effective in redudngthe 
expected earthquake damage by two-third~. the present 
wonh of die reduction in expected future eanhqualce dHmage 
by base isolation for steel frame and concrete frame build­
in.s is 1.8 .. and 2.8"'. respectively. ~ .. me both of these 
values are III)tI' than the conespondina inc:remental costs of 
O'!& and O.7~ for the steel frame :lIId concrere frame build· 
inas analyzed. respectively. base isolation is economical for 
bod! buildings. 

'ntis IS a requirement only for essential facilities that must 
rer;uin functional durina and after a major eanhquake. See 
NAVFAC P-35~.1 (Ref 19). 

'This corresponds to a typical site in seismic Zone 4 (Ref 
19). 
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A summary of the COSIS and benefits for the base isolated 
four-story COllC1'ele frame and six-story steel frame buildinas 
anaIywd is showft in Tible 3. The taw benefits are 6.1'111 
and 4.4'111. mpectively. for !be concrete and seeel buildin.s. 
The lupr benefit for the Conc:rete buildina is due to ill 
puler reduc:1ion in slnlC1W'lland .nonstnlCtuni costs for 
expected future anhqlllllte damaae by base isolatiol'. The 
towldded coscs for the bue isolation system are 4.0" and 
2.7'111. respectively. for !be concme and steel buildin.!' 
Apparendy. die laraer cost for !be con<:me buildin!l is due 
primarily 10 its JIaler isolation bearing cost because of its 
areater dad weillhL The benefits minus costs are 2.1'" and 
1.7..,. respectively. for the concrete and steel buildinas. 
This 5Uuests that base isolallid concrete or ~tetl frame 
essential buildinas are economically competitive if their cost 
is not CreMer \hili about 2'111 of their conventional fixed base 
counterpans. 

The main benefits of eanhquate ba.'IC isolation for buildings 
are the ftduction of:he e.pecte.l tuture eanhquake damaae 
to the buildina over ill service life. en.\uringthat the build­
inll U1d its COfllell1S remain functional durina and after a 
major earthquake. and reducin, the potential down time 
required for repairS. Base isolation IppeIr5 to be most 
aunctive economically and functionally for eU(ntiaJ flCiIi­
ties. particularly those facilities that contain sen~itive equip­
ment whole cost is areafer \hili the cost of the buildina. F'Jr 
the latter buildinas. the benefits from reducina future eanh­
quake damqe ta die buildinll are mallnitied by the ratio of 
buildina plus conltnts cost. divided by ;he cost of the build­
ina withour contents, see Table J. 

5. COll1a.USIQNS 

BI.'ied on the results of the analysis presented. the followin, 
conclusions are drawn: 

\. Base isolation is economically more attractive for lighter 
buil1i"lIs with smaller design floor Ioad~. 

2. Base ;svlation is economically more anractin for build­
ing 5IJ'UCtures with averqe or above averqe unit cost 

3. Base isolation is economical for low-rise steel frame U1d 
concrete frame otrlCe buildinl1. 

4. The main benefits of earthquake base isolation for a 
buildina are the reduction of the expected future eanh­
quake damqe over its aervic:t life. ensurin. that the 
buildina and ill conlents remain functional durinll and 
after a major eanhquake. and reducin, the potential 
down time required for repain after I major earthquake. 

5. Base isolation appears most annctive for es..ential 
facilities such III hospitals. telephone ellchanges. tele­
communication centers. and computer cen~. especially 

those facilities that contain sensitive equipment that 
COSIS more than the facility itself. 

6. RECOMMENDATION 

It is recommended thai earthquake base isolation be consid­
ered as an alternative 10 conventional fi.ed-base design and 
construction for essential facilities located near potential 
eanhquake sources that must remain functional durina and 
after a major earthquake. particularly those that contain 
sensitive equip~nl which costs more than the facility itself. 
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Toble I. 
Typical 1986 UrUl Co.ujcr N_ COtUtrIlCli_ itt S-,ltutt 

CtlliforttiG (/rOM Ref 17) 

Estimated COSt 
Buildina Dacription (SIfl') 

Steel framed offace buildinf. 88 
Concrete framed offICe bui dina 88 

HOIpital 166 
Telephone Exchanae 149 
Police Station 128 
Medical Oinics 94 
Fire Station 88 

Small StllCCO IIId wood frame 44-'9 
apu1lllr:lll 01' offICe bulldina 

Reinforced concrete block wuehouse 31-4' 
or inclUSlrial build in. 

Steel framed warehouse or industtial 29 
buildina 
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Tablt2. 
Co.rr Ittt:rta,rtfor ItterttUitt8 S,i.NC Foret Ot.ri8tt Uvtls 

(aft". Rq 18) 

Pm:entaae 
Item Total COllI 

of Item 

StnlClunl 

Sb'UCluraJ Steel' 12.5 
Foundation' 1.2 
Concrete Walls 
and Slab' 3.7 

Composite Deck" .....u. 
Total Structural 23.2 

NonstructuraJ 
Masonry Core' 5.0 
Precast Panels' 4.73 
Plumbing 3.6 
HVAC 18.!! 
Elecuic:aI 
(incluclina liatlls) 8.5 
ElevlIOI'S 4.!! 
Window Systems 4.5 
Partitions 4.45 
Acoustical Ceilings 2.2 
Miscellaneous MeWl U 
Total Nonstruetural 60.28 
Total Cc.de Desip 
(code clesia" items) 32.93 
Maximum Design" 83.411 

'Code desiln. 
·Vsin. built-up members. 
'New window system. 

Incrust Over 
Ori,inal Tow 

Construction Cost ("') 
for Zones 

J I 4 

2.68 S.4~ 

0.162 0.162 

0.09 0.102 

-- --
2.93 :;.66" 

0.55 0.71 
0.033 0.067 
0.022 0.022 
0.15 0.197 

0.104 0.104 
0.131 0.16.5 

0.621' 
0.163 0.163 
0.114 0.163 
Q.ll82 0JlB2 
1.36 2.31 

3.51 6.44" 
4.29 7.97' 

'Total sInICtUrIl and nonstructural items. 
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Tablil j. 
S .. ",lfItJry uf Cons IlIId Bllltqitl of Basil/soia/lid Blliidillgs AltOlyud 

Benefit-
Buildina ~ption Benefl~ (~l- Cost (S)- CO!>t 1%)" 

William Oayton Building Reduction in slnlCtural 3.: Isolation bearings 2.2 
four-story reinforced and nonstructural costs 
concrete frame 

Reduction in future 2.8 Ba.w isolation system 1.8 
earthquake damaae 

6.l 
excluding bearings 

4.0 2.1 

Sill-slory steel frame Reduction in s1rUCtural 2.6 Isolation bearings 1.1 
medical building and nonslnlCtural costs 

Reduction in future 1.8 Base isolation system 1.6 
eanhquake damage -- excluding bearings --4.4 2.7 1.7 

-Percent of total cost of building excluding contents, 
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LEAD FILLED BEARINGS 
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D8JII8IH CaJaed by 8tonn Surges ill Maldives 

Takaaki UDAt 

~ 
Maldive. isiand. in lndi.n OClln 'Ire 

inundated durin. April 10 and i. in 1.17 due to 

the ston .ur.e.. It Is foune! bl the Ift.inis of 

the d"'le th.t land recla.ation induces COl. ta I 

disasters In Iton lurl". It is suaested th.t 

tile COIstll developMnt should be pllnned under 

lhe deep consideralion of lhe relation bet,een 

land use and ston .urlel. 

lEY WORDS : Maidivel. Coni reef. Store .urles. 

D .... es. Land recl .. ation. 

1. I NTROD!!CT ION 

Durl.1 April 10 throdlh ~, In I'" ator. 

IUrlel attacked the Maldives island. located in 

the Indian Ocean. and I0Il Illandl lncludin, the 

capital i.land (Male i,l.nd) ,ere inundated. 

These islandl are located in the tropical re,lon. 

and consist of around 1200 111.nds. Ulually 'ide 

coral reef develops around the islandl and hi'" 

incl~ent ,aves break on the Idle of the lide reef. 

For thll rlllOn it II conlldered that tbe COIltll 

dllasters rehted to store uvea are Ie .. 

frequent. Neverthelesl lafle dlA,ea "re cluSed 

by the ston uvea In Maldive.. One of the 

rlllOlll of occurrence o( th I. d i lalter .. due to 

the unreasonable lind recl_lion .10111 tbe shore 

on the coral Iliand. It is pointed out tllat the 

Iufficient ••• ell.ent i. required betore the 

various cOistal works. 

Z. OOASTAL DISASTERS III *!.pIYES 
2.1 Location of Maldive. Islands 

Maldives i.l.ndl consilt of .bout 1200 Aall 

islands ICIt tered between 00 4$' S and ,0 H In 

about 730 £ in the Indiu Oceln .. Iholn in 

Fh.l(I). The lenlth of chain islandl is IZOk. 

lonl in the north and south directlonl and 1300 
In the lilt .nd telt directionl. The lhortest 

dhtanee to India II 410h. and tbe dhunce 

bet""" 1111. ialand and Cola.bo in Sri Lanka II 
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140kL Main part or Maldlvel lith .anr population 
II lhown in FI,.l(b). A ,roup of atolh ha. a 

circular Ih.pe al I ,hOle. North Male Atoll Ihere 

IIIldlves capitli il located il .hoIn in FI,.l(e) 
in .uch larler lcale. IIIle 1.land is a nail 

island located on the IOUth end of North Male 

Atoll Ind Hulule island lith International airport 

ia nellt to tbit ialand. Nortb IIIle Atoll j tsel r 
conliltl of .any •• all atolil. The nUlber of 

i.land. approPriate ror the bab! talion is around 

ZOO. 

Z.Z Lind recl ... tl~ plan in Male island 

Total area of Maldivel II 2,akI2• and the 

population il '11.453 II of March in 1.15. The 

clPital II located 01\ Male laland. and .any people 

(46. SU II of Marcil in lIn) I lYe In a .. al1 

Illand. Orlllnlll, the afea of \hls illand before 

the land recluatlon I" II RIll as loe ha. but 

in relent lelrl lind reelUltlon hiS been rapidly 

carried out. 

aefore 1971 land reel Dation of 14.' hi liS 

carried out(FI,.2). Thick lolld line in the 

fi,ur. IboIl tbe orllinal shorel ine. and dotted 

line i, the reveteent lin. elisted in 1'7'. Since 

then PQOUI.t!on baa eOlltinued to Increase. Ind 

lack of the land proceeded. To thll rllson larle 

leale l.nd reclantion III atarted. ~and 

reclollion I" ainll conducted at lhe IOUthern 

part of the Island. and reclailed Irea eltended up 

to the vicinity of the reef edle (Fil.3). 

Reclaieed area Ittlined 51.8 ha until Hoveeber in 

1115. Thll accounts for 871 of III the planned 

land reel.alion area (59. 7 ha>. The sedient 

DOUnt necessary for the planned land reclallt ion 

.as about 85 104• 3. and aleost all of sedlent .as 

the dredled lind in the port located in the 

north.rn part of Male island. 

Z.3 D"'I's due to Itor. lurles 
Ston lurlel belan at 9 o' clock 011 April 10. 

• Head. Coastal En .. Diy .• Publ ic lorka Res. Insl. 

Minlstr, of Construction. 



On April 12 ... 'Iter bell" to retr .. t. but tb. 
•• , level ... Itill hllh ellolilb. Fin,ll)' 
IUTlordlnlr)' bllh tide continued U"lil the 
IOrninl ot April U. 

IleteorolOlic.1 ohervll Ion It 8ulul. 1.I.nd 
,here the IRtefT,laonl1 ,irl!Ort il located lhowed 
no Itronl ,Ind durlnc tbe di,lsters bet .... April 
, tllroup U. The IleteorolOilcl1 Apncl In Sri 
Lankl reported tnlt over.11 tid, condition did not 
chinle near Sri Llnka. Ind tberefor. ItOni lurlel 
In Maldives would be locil plumoMRon. 

Inund.ted It .. III til. IGUlllern part or Male 
i.I,nd II .hown In FI,.4. Th. inUlld.ted .r .. 
extendl III around tile Isllnd. ,bile cent,rlnl tile 
IOUth,rft Plrt or th' island. Totll inundated ar .. 
Iltlln. 4.1 of III the Irel or tllil Island. Sine. 
tbll Illlnd \I • coral Illlnd. th ....... levilion 
Is IS toe IS about l. Sa ,bov. tbe MIR I" level. 

Ther.fore 'ide Iua III InUlldated. It ,hould be 
noted tb,t tbe Inland boundar, or tbe Inundated 
Ir.a I,reel •• 11 .itb the orl,lnll .hor.llne 

(Fia. Z) betore the land recl .. Uon. It eleul, 

POlnta out lbe weatne .. ot the red.-HOII u" 
',llnlt 110ni lurlel. 8, tbll ItOni lurl.1 about 
2el of land (3. n IO~.S) used In the recl.-tlon 
til carried 1111. The dIU,. lOll la •• bout 1. 3 

,i Ilion dol I a,.. SllICe III Iliandl In IIldlv" 

are e",poled or coral islandl. It II ¥'U 

dltricul t to eel sand for I.!!d rec:l .. tlon. and 
tll.refor. the 1011 of land bee ... alar .. IOChl 

IIrobl... or all tile flv. tn.,.athated 
Islandl. E8IIOOdo and Finolu hland. are In Soulh 
Mile Atoll. and H.ru and Little Bar. Illanda are 
located on tlte outer rid,. of Iortl •• 1. Atoll. 
8y tbe cDiparllon of da.ales on eaeb Illatld, 
<1 .. ,u on two Islandl loclted in tile Iorth IIle 
Atoll are IIIller than tbote Oft the other 'ilandi. 

On the other hand. l.r,. dlll,e. IIr. obierved at 
the eb.i! ~f isllnds 'ftendlnc nortbeasltard rraa 
lib!. IslanCS anCS fOl'llin, the outer boImcIarr 01 the 
atoll ... bown in Fi,.l(c). furtherwore. Ilflt 

d~."e. concentrated on tbe loulbetn and 
southeastern plrtl of the eaeb Ill.nd. Takln, 
these con!!1 tions i htO tORI iderat ion. it I, 
concluded that the star. lues attacked lh. 
illandl (roa IOUthellt. 

Th. CIUlel of tltl' Ilore lurps are eoft,fdered 
to be .s folloe.. Fint. tldll ran,. II nc. In 
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aprl", tid. ,nd ZSCl In neap tid •• t Cola.bo In 
Sri Lanka dll' to the tidal record .... ured be,...., 
11$& and un. Ind UI .. II, sprin, tide IIIDeIn In 
I period of Wareb Ind April. Sine. the S~O~ 

lur,. ~I.n (roe Apri lID. til. tide In MaI~lyel 

.11 at I"rlnl tide condition. Secondl,. Incident 
nve helllll III at least larl.r th.n 11. j\ld,inl 
tile, ... eonell tion (roe til. !Ihotocraplll or video 

record b, inlpectIon. TIIen It Is con.ldered tllit 
tb • ..an ... level on coral reef ro •• by eave .et­
up and It ICcelerated the .Ive Intrlliion inlo tbe 

land. Altbolilb coral re.f \lieU ha~ a live 
dllllpition effect. co .. t.1 d'.I,u .ere 
Iccelerated beellil. or the land reelilltion up to 
the viclnit, of tbe ed •• of coral reef. 

3. cp!!g,Up 1!!G IIIMRI S 
rbl. paper delcrlbel Ihe coa.t.1 dl.a.ter. due 

to .tOri lur ••• In Maldive.. I' '1' found throulh 
tbe anal,l'l of the dlll.tera that the .rtlfici.1 
letion (e.c", land reel_allon) Itronll, felat .. 

to th. natuul diluter. Rellrdlnl tbe 
d",elOl*l\t of COIstll zone. it is teQui red to 
hive IlIfrlclent re.erve 1,linlt ,tor •• ur,el. 
Ftol thl. point It II conclUded that not onl)' the 
rMOV." of tb. d __ pa bul 1110 lh~ con.ideration 
of fUlldllelltal probl.1 reprdlnl cOIltll zone 

IIftI.-t II lllPOr'ant for the prevention of the 

future coaatal dill.ter •. 

IEfEIPCI 
Odl. T. (1"1) : Field Invutilltlon on 

duacel cillied by ItOri IUfie In Maid I vel. 
351lt Japaneae ConI. on Coast.l Ena.. pp. %12-

211 . (in Japanele) 

(a) Locltion of Maldives 
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Pafonaace of Strac:tans ID Huntc:aDe HIIIO 

by 

Richard D. Harshall* 

Surface wini ~ am cI!aage to stnr::tures 
~ the p8SS8fg8 of Ibrricane tlJgo ~ 
the Virgin Ist.ds .n Puerto Rico are 
described. Bec.a..Ise of the scarcity of actual 
wind speed records aU abservat1cns, it .... 
UilCeSSal)' to resort to other inH.cators of 
surface wind speed su:h as recanU.ssan::e 
aircraft data lOi intensity of c8JII&e. HaxiDm 
wind speeds on St. Croix corresponded to a IIIBIm 

~ ~ of approxiJEtely 300 years, 
~ tlJgo COl of the Jmt'e intense turricanes 
of the ceno..try. Ch St. ThonRs am CMn' 

northeastern Puerto Rico the wird speeds ~re 
equal to or less than the SO-year wind speed 
for this region of the CariNleIm. DIIDsge in 
the affected axeas .... extensive, in particular 
thlse areas exposed to the rortheastem 
quadrant of the stom. on. stnr::tural behavior 
of aorta1n higtv:ise IDl s~e-st.oIy bd.l~ 
I..nIer overall wini l~ .... @POd. licJwewr, 
roore attention needs to be given to the 
attaclment of lDlStnr::tl.Iral elenents su:h lIS 
OOors, win:ICJws am c~. 

~: Ik.d.l~; bd.l~ codes; daJatje; 
l-a.irrlcane; tropical cyclone; w1n:l; wini speed. 

1. 1NllQlQJCN 

Ibrricane liJgo passed through the U.S. Virgin 
Islands ard Oller northeastern Puerto Rico on 
Septeuber 18, 1989. The prnbable stom track 
is plotted in ~ 1 IDl the circles al.cq 
the track IepI_ent a typical eye d.iaDeter of 
about 35 km. Other ~ I1I!teolOlogical 
characteristics of 1l.arP are presented at this 
meet~ in a ~on paper by Golden (1990). 
As usually happens foll~ PJCt:n!IIIe ewnts 
such as tlr.pp. there ~re n.aer:ous reports of 
extraordinarily higI wind speeds in the 
affected areas. Probl.euB en:o.ttered in 
tr~ 8CDe of the IIDR spectacular claiB to 
their !DIlCe am the methods used to esablish 
probable IIIIXiDua surface wird speeds fnIII other 

than stardard measurements haw been described 
by Harshall (1990). 

To assess the perfor:mance of D..dldings an:! 
other stnr::tures, it is inportant that 
r:epresei~tive surface w1ni speeds be 
ascertained.. In the CMe of lbrricane ~, 
only two verifiable wind speed r:eoords ~re 
obta.iIB1 on SeptsJiler 18, en at the Roosevelt 
Roads Naval Station directly SOoltheast of 
CAiba, Puerto Rico, am the other at San Juan 
International Airport. Other 1n1irect SOolrces 
of wind infol1llltion used to estimate surface 
wiId speeds ~re flight data fran rurricane 
r:ec:amais!wn:e aircraft, observations of type 
.n intensity of da\E&8. the response of 
selected stnr::tures to wird effects, an:! 
eyewitness IICCCUlts of the stoIm. 

nus paper presents a SI.IIIIISl:Y of the estimated 
md measured surface wim speeds as ~ll as the 
speeds oo~ to wi.Jicl load design 
requinments contained in the relevant regional 
bd.l~ codes am st:al'dards. These speeds 
pIOYide the basis for assessments of structural 
perfor:mance described in the reurairder of the 
paper. 

Surface willi speeds in lbrricane ltJgo are 
.-rized in Table 1. Note that these speeds 
represent: SI oorMerDions fran the original 
\.Illts of lemts, possibly gl~ the iJrpression 
of • better resolutian ti1an is actually the 
case. These speeds have been adjusted for 
stal:iard oonll.tions of a lO-!II!ter l-ei!lJlt in 
flat, open terrain (airport eJCpOSUre) using 
tec:miq..es previwsly applied to wim records 
mtaimd in It.Jrrtcane Alici"l. on the Texas Mf 
Coast (Marshall, 1984). It has been asSUll!d 
here that the ratio of peak pt speed to 

* National Institute of Standards & Tecln>logy 
Gaithersburg, Haryl.an:1 20899 



_tained ~ 1.a ~ly 1.2S. 1hU 
ratio 1.a oarwLa~ with virId ..... noordI 
abta1md in ~ ltIp _ in ~ 
Atlmtic ad ClIlf eo..t~. fbi' ttw.e 
area nr. the local. I:Ift'raSn prc.oc:. 
~lq or ~, tt. IICtUal. .... fIWJ 
differ sip.ftc.dy m. tt... u.t.d In Ttble 
1. n. oocIa-lp8Cift.d dMiIJ' IpIedI for tt. 
area affectal by Il.fp In lUe.cl ill t.ble 2, 
alq with the -Wl.iclble oocIa OIl' s~ and 
yur of acIapt1cm. For .... of~, tha 
specified deafB\ speeds ... "-n carr.wted to 
ecpiva1.eat aatainId~, 1 .•. , v1nI ~ 
averapcl CMlr 1 1I1n.Ite. 

Win:! speed stat1an.c. foe dw ~ t.. 
been l.piated and mimd by DI\wp)rt .t al.. 
(1985) an:! this IICUrCe of lnfomatim hila beer\ 
used to char.ct.riz.a dae NIIIIlity of ~'. 
w1nl ..... In temI of dw1r -.l ~ 
1nterval.a .. lUted in t.bla. 1. For St. CEoix 
the probable ___ -...tained ~ of 57 ..,.,. 
correspama til a ~ recuz:nn::. InterJal of 
about JOO yurs. For tt. ialad of Chlebra 
this bltetval is ~y 200 )'Nn for 
the est_ted spe.:I of 54 ..,.,.. (}\ ~ tha 
pJ:OOable .x1aLD .. taInId speed of 49 II/s 
corrupcn:la to m 85 y.r ~ ~ 
1ntetval. For St. n.... IDS rutt.utem 
a-rto lU.co, the ___ ..r.airIId .... ,.. 
~ to or leu thm tt. 50 )'Ul' ~ of 45 
11/ •• 

3.~ 

<bIerwd ~ in the af&etlld .... ia in 
general ...... &t with the aa:t.c. w1n:l ..... 
lLsted In t.ble 1. 1h1I ~ DlWId fraa 
...,.rficial to total dIIvutaticIn. In.-raI., 
the IDIt ~ wInck ,... J.ocat.d ill the 
mrtheast ~ of the stmII. In the 
fol~ ~, tba ~ La dMcdhed 
in ~ cmiIr, fo~ cha pnal path 
taken by tqp. 

3.1 St Croix 

n.e st:rclrW!St wlnt& caa fraa tt. mm...t an:1 
C&JSed the huv1Mt .... alcq the north 
COIIBt fraI the Sale R1~ ~ tID the en! 
of the ialad. o..p In t'-.1.a ... WM 

intawlfied by the local tIIrrain 1H.cb .las­
steeply ~ to a <*Ual. Mat....-e r19 
n.mirw the lerwth of tba iauni. 'JhJ._ 

rid@Ia provided ... Iha~ for st:NcClJres 
located en ita IIruth slope. 

In the IIClI.IttMat MCtor of the ialam near 
Fnder1bted the ..,.t ~ ~ c.. fnD 
the ~t fo~ puup of the eye. 
1be ahport _ oU tefinary are l.ocat.ed In the 
aauth eattral port1an of the iala'ld are the 
st:raw-t wirds wn out of the nDrtheaat. 
1boI8ver, the w1nts in this aAIl wm rot as 
s~ as thoee affeccq the rorth coast mar 
Qui.aa...ted ... loc:al terrain conlit:icnll 
hauled the arlace w1nl ~. 

FiFe 2 am. typical. c-.p to a cc:nbldnba 
located en the rorth couto appmadmately 6 kill 
east of Qu-istiansted. the b.d~ systaD 
c:cxwLsta of c:ancrete floor slabs an:! cxn:rete 
...amy wlls with cast-In-place corner colUlllS 
ml pen-ter beIII8. I!&loany decka IDi roofs 
an of WDCld conattuctiCln. 'lbe st:rarpt w1n:is 
frm the rorthaast were appraximately TIODI8l t 
the lq axis of the bu1~. 

Fi8Jre 3 Ihows • series of newly cawttucted 
IIIpIrtmtt b.d~ dhectly til tha west of 
Qui.ana.UId. Al~ tt. hip roofs mi 
their c~ ufand scme ~ alq ti'!e 
edps an:1 ridfIes. the ..m prablaR appears to 
be inldeqlllte roof-to-wll ocmect:icnll. In 
Uct, th1a IIIlde of f&i.lure was camm 
~St. Croix. 

Fi&n 4 am. a failed .. tal bui~ directly 
acun...t of Olriatiawt:ad a'Ii appraxiately 
ClI18 forth of the wy l4» the mrth slope of the 
IIB1n eut-wut r1.cfp. Apin, ti'!e terrain 
\a'dc:d)tedly c&lII8d an 1.ncrease In winS speed 
.a the St:l:tc .. t wirds WA ~tely 
face-on til the failed .tl. It ~ that 
the roof lhaets a'Ii purlu. ware carried artrj 
as • wt, ~ tt. end n--~ 
a'Ii ~ the w1JOcd wll to coll.tlpae 
inmd. 

Fipn 5 Ihows daaa(!I! to pettolaa storage 
t.wb at the 011 refineI)' on the IICUth COMt of 
St. Croix, ~tely 3 lela east of the 
aUport. sa. nports ~ tha wlrd speeds In 
exceu of 95 II/s at th1a location, the ~t 
of mJ aa:fM:e speeds cw.d for t\Jpp. 
1bINIr, • follalq) invaatiptiat cxn:ludlld 
that t'I) win:l speed ~ were obtablad 
baR or at mJ other location en St:. Croix. 



D1mctly .mrtt.at of tt. aUpart 1a • pbllc 
hauaq ~ with wd.t. of 2 fir 3 
~ in 1wiFt, ... lUed CIOia8te 

carwt:N:dal 1a "-' ~ ..s tt. 
enIIIal.la .. f.Ibdcar..d of lA:aMnd .tal. 
~ IDD.t in • pen.tE c:bawl. 'D11a 
ct.nl .. attaDd to tt. CIOia8t1e ~11 by 
.... of ..,u.lw-drlwn 8t1.IIk. Ita em be 
-.J in F1pw 6, ttw ctn:l'Ittie p.wla _fend 
tI) vt.ibl.e dIaIaI, b.£ u::h of the l.aI.Mnd 
..-u ... ~ by t:hI wind. ~ of the 
tu.q wUt. in th1a dirv.tGp.1t ~ to 
haIIa ~ ~ied at the tt. of llIrri.cane 
a..w:». 
3.2 St. 7tywe 

IlIIIap an St. n.:-s wa me as widespread as 
an St. Croix. 1boIIMar, the terrain is 
...... dal1y m.pr thin an St. Croix am 
au:h of the st::J:W::tural cIIaI@I! appeared to be 
the nsult of accel.eratq flows die to hills 
ani ri.daM. San Jum radar ahawad s~ 
corMICtion t.da <MII' the isI.d ..s the 
pouibllity of locally 1ntawe winIs 0. to 
~t. (wrt1c.al. IDBItLa transport) 
anot be tul.ed out. 'lbe radar 1-aes 
in1icat:8d that the st::mqgI8t winIs r-.cl fraa 
rorthMst to IIOUtheut. Intawity of dIIMp 
wu s1Jl1lar to that obeerYed in mrtheastem 
Puerto R.1co. 

3.3~ 

In a.rto Rico, the lsI.d of Cl1lebra 
exper1.emed tha _t ....... dIiIIp, beq only 
su,tltly less 1ntawe thin the dIaap cbeened 
on St. Ci:oix. F1Fn 7 .n.. • lDIsq area 
adjacent to the 1ocal. airport 1IIW:h .. totally 
destroyad. 'lbe quality of carwtr\.l:tion .. 
poor ..s it ia cbbtful that tham .. Iftj 
attalpt to ~ly with the territorial. bu1~ 
coda. In GIltion, the t:err.tn slopes steeply 
~ to the WMt .nt thf. very libly C&.I88Cl 
C1 accel.eratiCIn of the ~ .. terly w1n:Is 
fraa a.". O1Dctly to the 80Uth 1a the 
&wemda }bda .... .." -U wtercraft 1IIBre 

either ... or ... drlwn atme by the s~ 
uaterly wlrm. 

3.4na. 

nus isl..m.t 11 to the 80Uth .nt wst of the 
stonl tr.:It .nt, thamfcm!, 11laaly experienced 

lea ..w1'8 wSn:k thin dld Cbl.Iixa. n.- 8 
IIhawa • mo.q ana w.r. tba lnti.vf.dal dts 
... cl.eally ra.MId fraa their concrete post­
..s-bua ~ sysc... It ws rlDt 
pouib1e to ccnb:t • ga.nl aJrVfJ'j on Viecp8, 
but it ~ that the fioor-to-a.. 
cxnwction details in this caae naed to be 
iDprwId. 

3.5 PuertA Ri.c:o 

en Fuerto Rico the .. tainId speeds r-.c1 frail 
35 II/s at San JUI[1 to 44 11/_ at Roo5e\1Ielt 
RoadI. Neither station experi.eR:ed a clear 
lull die to .,. p!ISSIIF ... did Cape San Jum at 
the extnae mrtheast tip of the ulan!, 
alt:hausJl Roosewlt Roads CIII8 close. 

Figure 9 shows two teinforced an:rete 
bu1l.d.Ut5s located an the east coast of Puerto 
Rico betlollaen Cape San JUIRl IDi Fajardo. The 
bui~ an the ~t .. oriented so that the 
s~t wims fn:a the mrth wete b~ 
d1tectly onto its broad r.:e. s.~ 
inspection ahawad that IB"!Y floors near the top 
of this bui~ had "fered failure of the 
winiomd curtain walls ..s, ~ly, the 
interior partition walls am leeward curtain 
lI1Il1.ls were ca!p1etely bl.c:w1 out. FiguI'e 10 
st.- m eniel.l of the bu11~ orlalted so 
that the s~t wind9 calle fmI left to 
right. Note the local dsmIge to the perimeter 
helms \RIer the floor slabs called by 
trmIWne displ.acaBlt of the~. The 
adjacent st.an.l.ls shewed m sip of 
disttus. By refenn:e to la>I ASS.l (1982), 
the Puerto Rico ~ Code has, \tt1.l 
recently. specified a referame ",inl ~ of 
41 II/s. In 1988 the code toIlS xev1secl a'Id the 
reference wind speed.. 1n:rea&ed to 50 II/s. 
HawIM!r, seisa1c rather than wird ~ 
of the bui~ code ~ the st::J:W::tural 
desirll of the buU.du~ shMl in ~ 9. 

The house abJwn in f'1&ure 11 is typlcal. of • 
class of st::J:W::b.n in P\erto Rico that 
perfonal ext:nIII£ly well in~. The walh. 
an either c:ast-in-pla::e CXlIlCl'ete or are 
.::'ln8ttUCted of an:rete iIUOm}' wdt. with 
integral reinfomed c.araete 0011.... .nt 
perU.ter bN.. The roof slab 1a 100 to 125 
.. thidt. As with the ~ an:rete 
b..d.l.dlqpI just described, the sei.lad.c 
~ of the bu1~ code guyemacl the 



-iF IRl the at.tad.al. dNd I.o.d. .... dda 
type of attuet1lre hiSUy ruistmt to w1n:l 
farces. CIJeerwd dIaIp .. lJm1t1!C! to 
lJwIeqate ~ of dDon and la.lvenId 
window ~a to the 00I1CI'8t::8 wlls IRl 
pen..ter ..... 

A type of faU\DI ocaaU.y ~ in 
mrthNstem brto Rico is .tPn in Fip-e 12. 
n. com.pted steel lheet 1.8 &ttAIChed to the 
plrlinl by _If-dri11irWt.ppq~. '1ha 
hiF-atnqph .... t is -..,.-thle to law cycle 
fatip at the att:acha1t polrU lOll dwelops 
fatip cacb altar only a fallIirutM of w1n:l 
actian. 1his problaa has been i.rMstigated .u 
report8cI by !tqm .u Beck (1975). u.e of a 
larp loIIIIher, 8hapJd to ccnfcma to the ri.c!p 
catt:aur of the c:omJ&Ilted steel "'t baa been 
shawn to be a slJllple. oast-effectiw 101utian 
to the prabt.. 

4. !!N"CJ!§Jl"f§ 

For all of the regions affected by tb:ricme 
..., on SeptIIIber 18. cml.y bolD wr1fiable wind 
speed ncords toIH8 obtaimd. I!eca.&se of the 

National. Weather Service. Dr. Matk D. FuwaU. 
Atla1tic 0ceinJsr~ and Matl8Om1.opcal 
Uboratory, .:Ie .va1l..1ble his ..t,... of 
n~ data in the Cari.bbun. '1ha IUtbJr 
collected 1nfoa.ti.on for this JWIIE 1oIU.le a 
....mr of a poIIt-dUaater t..a orprdzed by the 
CaIa1ttee on Nab.Iral. Disaatara, Nat.:1.on&l. 
RMurch Ccu1cU. 
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IWrto Rico 41 

fuerto I1co 50 
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" (100-yr) 50 
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F1aure 1. Hurricane HuiO Stor. Track, Septe .. ber 18, 1990 
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Figure 2. Condominium on north coast of St. Croix 

Figure 3. Apartment buildings on north coast of St. Croix 



Figure 4. Metal building, Christiansted, St. Croix 

Figure 5. Petroleum storage tanks, St. Croix 



Figure 6. Concrete panel construction, St. Croix 

Figure 7. Housing damage near Culebra airport 

~l 



Figure 8. HousIng damage on Vieques 

1--r:-
4bsj 

Ii~ra;.~:~·: ..... :;. .... , ........... .. 

Figure 9. Concrete highrise buildings, Fajardo, Puerto Rico 
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Figure 10. Damaged edge beams, concrete highrise buildings 
Fajardo, Puerto Rico 

Figure 11. Concrete housing unit, Puerto Rico 



Figure 12. Failed corrugated steel sheet: roofing, Puerto Rico 



TIae Perfo~ 01 Strudures III Runtca.e a. 
1989-TIae CuoUaaa 

,""an 

A r.vi.. i. .ad. of the p.rfor.ance of 
.tructur.. uft4.~ th. .c~iQn of .ind Ln 
Hurriean. Hugo which crossed tn. Cerolina. on 
Sept""r 21-22. 1!U9. It is ahown ~hat 1n 
_.~ locations vind apa.ds in the storm v.re 
1 ••• than the design l.v.ls specifi.d by local 
builCling C'od.s; but fai lure to incorporat. 
Mod.rn wind loading principl.s and to 
•• tablilh appropri.te _ans of .nforcing the 
code. l.ft South Carolin •• in particul.r. 111-
prepared for • ato~ of the str.nqth of Hugo. 
•• t.naiv. da.ag. in such a storm va. 
inevitable and had been pred1c~ed. 

Moat daaage was in tne form of roof and vall 
cladding failur •• whiCh then led to .xtensive 
rain damage to the interior of the struct~re. 
Wood-fra .. construction performed well excep~ 
in exposed locations in the high.st wind ar •• s 
.. 1I.r. loas of roofs. she.r failur.s and 
foundation failures vere co~n. Unr.inforc.d 
.. aonry buildings performed very poorly. even 
in .b.lt.red loc.tions. Older met.l buildings 
.xpari.nced con.ider.~l. damage but new.r on •• 
built to incr •••• d wind-load requir.ment. 
perfor8Sd !)ett.r.· Th. fumel of st •• l and 
concr.t. lIulU-ltory buildings performed w.ll 
!>\at _ay a"ff.rad cl.dding d ..... g. even at 
rel.tively low wind speeds. 

Reco_neSation. .re .... d. to i!llp<Ov" futu •• 
conatruction witll reg.rd to vind resistanc •• 
includinq the establishment of • National Mind 
Ha.arda Reduction Progr.m by the Unit.d S~.t •• 
Government. 

ItEYIIOIlDS: Wind; d.m.g.; structur •• : 
hurrie.n •• ; building codes; wind .pe.ds, 

I MtIQDlICTXON 

Hugo wa~ • fast IIIOv1ng hurric.n •• hich .. de 
l.ndfall on the mainl.nd nt the Unit.d Stat •• 
ahortlv .fte. midnight on September 22. 1919. 
Th. c.nt.r of tile .ye of the stOril cro.sed the 
coaet at Sullivans Island, South Carolina, and 
then mov.d acrOIS the st.t. in • north­
west.rly dlr.etion. Til. ator ....... Il.n.d v.ry 
.lowly. It was still inflicting consiG.rabl. 
daaaqe wh.n it .nt.r.d North Carolina near the 
ci.ty Of Charlott. at 6:00 ...... nd .v.ntuaUy 
ceua.d t... d ..... g. .a f.r north •• til. 
Appal.chlen Mountaina of Virginia (Fiqur.ll. 
"UfO nea tn. duD10US a1s~~nct1on ot 0.1"9 ~n. 
MOat .xpen.iv. storm in U.S. history. In_ur.d 
10 •••• due to wind damag. ar. eltimate~ to be 
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n.arly $4 bi llion. To till. Must De aClCSeCl 
in.u".cS flood 10.... of S!>OO Milllon and 
unin.ur.d 10..... including more th.n '1 
billion in timber damage and over $300 ~llion 
in damage to military .stsblisn.enta. 

In MO.t locations the wind .peedl in Hugo ve.e 
below the design l.v.l. .pecifi.d in the 
locally adopt ad building code.. Tille paper 
ex.llin •• the performance of .tructur •• und.r 
the action of vind in the hurricane and. where 
.ppropriate, .e.ks to .xplain th.ir POOr 
parformance. 

2. tu BUILpJtIj c:rnrraol. pape.SS 

Til. Unit.d St.t.s do.s not h.ye a n.tional 
building cod... Respon.ibility for b"Udinq 
control li ... vith individual .tat •• and the 
qu.lity and type of control yari •• 
considerably • 

In South C.rolina the Itst. ex.rci ••• very 
llttle control. Sine. 1912 .~ocal juri.diction. 
have be.n p.rmitt.d, but not r.quired. to 
adopt the Stand.rd Buildin; Cod.. One. 
adopted there is no r~lir ... nt to update the 
cod. nor any stat. guid.nc. on its 
enforce_nt. "ny alt.rationa to the code 
ho"ev.r h.v. to be approv.d by the .tat •. 
So_ rural .r •• s affected by Hugo had not 
adopted a building code. 

The Standard Buildin; Code {SacCI 1914, 19'2. 
198 81 i. on" of of three "aodel" building 
cod.. u •• d in t h. Uni t.d Stat... It ia 
promulgat.d by the Souther" BIlUdinq Cod. 
Congress, a democrat ie. non-9ov.r~nt body 
comprised mainly of bulldi~9 officials but f.W 

engineers. 

"lthough .n American National St.ndard. (ANSI. 
1912.1982) pr.p.r.d by .xpert ••• xi.t. for 
vind loading. tile Standard BuUding ColS. lla. 
chosen only to u.. it after .xt.n.i.e 
modification (Manning. 19851. This h.s led to 
• nWllber of v.ry •• rious shortcOllings ill tbe 
cooe. primarily the non-inclu.ion of qust 
eff.cte, int.rnal pre. sura , hi9h a .. ctions on 
the edqea of roof. and n •• r the corne~. of 

Department of Civil Engin •• ring. Clemson 
University. Clemson. SC 29634-0911 



bui Idin9. .nd in"'r •••• d .. ind ".loei ~i.a in 
.rea. adja",.nt to lar .. bodi.a of .. at.r. 

1_ illPl:oye_nts h.v. t.k.n pl.",. in ~h. 

.pacification of wind lo.da in r.c.nt y •• r. 
esaccI, 1911) but f_ building. .ubjected ~o 

lIu90 IMn.f1tted fl:olll the.e. Indeed .. ny 
building. continue to be conltl:ucted .. it-hout 
I:eference to .. ind lo.d.. Despit •• long 
hi.toa:y of POOl: perfoa:aanc. in se"ea:e storm.. 
the code Itill perait. certain fon,s of 
con.truction in "ood and .... onry .. hich are 
inconaiat.nt .. ith it. lo.ding requir._nt •. 
lucn pl:e.cripti"e requi~ •• ent. ar. 
pal:tiCularly popular .. ith archit.cta who .lso 
oft.n a.lect .. all cl.ddin9 ond root "y.t .... 
.. ithout .pprOpri.t. re~.rd for wind loads. 

A Itudy of building practices in South 
carolin. conduct.d in the mid-1980. (Spark •• 
198.) ... rned th.t a hurrican.. ."en below the 
n~n.l de.ign l.vel. could create a .. ulti­
billion doll.r 10 •• in the .tate. Hurricane 
Hugo turn.d out to be that .to~. 

North Carol in. h.. a ti9hter for .. of buildinq 
cont rol. Th.r. i. • st.t. bu! Idinq code 
eNCBCC. 19'2), buil~in9 in.p.ctora ~nd 

offici.l ..... t be c.rtifi.d .nd all pl •• ,. for 
.. jor buildinqa .r. checked at the st.te 
le"el. Howe"er, in conmon with the Standard 
Buildinq Cod.. the North C.rolina St.te 
Buildin9 Code und.r •• timat.s cl.dding loads 
n •• r the .dg.. of roofs and corn.ra of 
buildinga. 

3. C"'P.'X$9' or 11M} crwRlTHWS TN awol) KItH 

AlSIP" QQNPxJ!QM$ 

BuUdin9 cod.. .nd st.ndards in the United 
St.te. u.I the fa.test-mile wind-apeld, 
_ .... red .t 33 ft. in opan country •• s their 
a:eflrence. The •• apeeds are ba.ed on the ti_ 
t.ken fo.. • "mile" of wind to pass .n 
observ.tion point .s r.corded on • nov 
obaol.t. inltr ... nt. In I hurric.n. such .n 
instr .... nt would a"e ... ;e the .. ind apeed O"lr 
periods r.nqin9 from about 40 .econd. to 1 
llinllt •. 

None of the an •• o..ter. which recorded wind 
.peedl in HUrricanl Hugo ...... r.d • f •• t •• t-
ail. and only one .. de ne •• ur .... nt. clo.. to 
33 ft. The f.ste.t-aila wind speeds ~oportld 

In Tabl. 1 .re baaed on at.ndard corr.ctiona 
for .... r.91n9 ti_, h.iVht of .ne.aoa.t.r .nd 
appro.ch ter ... in. (Silli ... nd Sc.nl.n. 1'8', 
Cook, 1185) The •• corr.ctions c.n introduc. 
ai9ftiflc.nt error.. ~.r •• I".rll .n .. omet.ra 
.. ilt.d in Dna city, aa in Charl •• ton, qr •• t.r 
wei9hting .... qiv.n to .irport loc.tion. with 
",onti"uous ane_ter tr.ca.. ... •• ur._nta 
"'1" .. d. at Dr n.ar e."h of th. lDc.tions 

li.tad •• c.pt •• indic.t.d in the t.ble. Th. 
ap •• da 9iven at locationa vhe". no 
• •• aur ... nt a we c. ..d. • re b ••• d on 
corr.l.tions .. i th Ai rcr.ft _aaur._nt. and 
co.peri.on. with nearby vround .t.tions. 

Th. r'Curr.nce inturv.ls listad .1" b.s.d on 
date •••• lIbl.d froa a nulllber of .n.lysa. of 
.... ur.d .. ind .pe.d. and comp .. tar .imul.tions 
c.rried O\lt in the la.t 20 y .... s. Th ••• 
v.lua. could os subj.ct to consider.bl. error. 
They should only be us.d to judga the r.l.tiv • 
•• v.rity of the storm. 

The desiVn wind spe.ds vi".n in Tabl. 1 ar. 
t.ken fro .. the Standard Buildinq Code 11973-
1986). They ar. f.stest-mil ... ind-apeeds with 
a 100 y •• r recll .. renc. i"tar".l. Ho .. evar the 
code used th.ae spe.ds •• quat .. ind speld. and 
so, in eff.ct, .... u.inv f~stest-l1Iil. wind 
sp.eds .pprosi.at.ly 25' low... Dr • _an 
recur rene. int.erval of about 25 Y."E's. rh. 
code also DI.de no .llow.ne, for the highe .. 
wind "peed •• xperi.nc.d by .re ••• dj.c.nt to 
l.r .. bodies of •• t.r. With the rough .aaa of 
a hurdc.ne these would b. About 16' higher 
th.n those in open country. Th. dasi9n 
conditions for on. hare lin~s therefore 
rapr ••• nt.d a recurr.nc. int~r".l of 1 ••• tn.n 
15 y~.rs. The code .lso made no allo ... nce for 
the reduced wind speeds in suburban .r •• s. In 
tho.. .r •• s the de.iqn wind conditions 
probably did repr ••• nt • recurrence intarval 
.approachinq lOO ye.r" .. 

Th... recurr.nce j nterv.ls t.nd to raprasent 
upper bounds with regard to lo.ds bec.use the 
pressura co.ffici.nts for .. all .nd roof 
chddin7. used by the Standard Buildin; Code 
to ",on"'rt .. ind speeds to .. ind pressur... w.re 
oft.n 1... th.n half tho.. used by th. 
Americ.n N.tion.l Stand.rd and many foreign 
at.nd.rd •. 

It is .pparent that .. hile Hurricane Hugo was 
noain.lly le.. than the stor.. for which 
jurisdictions thou9ht they wera prep.ring 
throuqh the use of the St.ndard Buildinq Code, 
in .ctll.l f.ct the conditions. particul.rly in 
.xpo •• d .r •• s. con~id.r.bly .xc •• d.d the 
design l.val. 

North C.rolin. uaea • \lust .. ind .pe.d of 80 
~h for all .r •••• ffected by Hugo. Thi. w •• 
.xce.ded by .bout 20\ in the Charlotte ar.a 
.nd wind condition. .qu.l to the deai9n le"al 
.. y h.ya been experi.nc.d a. f.r north .a the 
Virwini. border. 

4. IUIUX Of rJG o,",m 

Wind d."q, to buildinq. .nd oth... structur •• 
.... obs.ry.d .lonq tha South C.rolina ~o ... t 
fra. Ediato ".ch to the North Carolina border 
.nd inland to beyond Charlotte. D .... g. to roof 
co".rin;l, ... 11 cl.ddin9 .nd ai9na occurred 
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wher. the f •• ~ •• t~l. wind speed .xc .. ded 60 
~. Major .t~~ct~r.l 0."9 •• includin9 lo.a 
of roof atr"ct~r.. coll.p •• of ain91. ato:-y 
... onry bllildin9s. cOSlpl.t. deatrllction of 
IIGbil. II_a .nd •• t.naiv. 0._9. to wOod­
fra_d Conatruction .nd older pre-.n9ina.red 
.. t.l buildinvs. took pl.c. wllere tile f.ste.t­
aile wind .peed .·o:" •• ·t.d 15 -.pll. How.ver. 
within tI •• a •• r •••• 0."'9. " •• d.~.ndent On 
the upwind t.r~.in. ·'."ge occ .. rrac Uret in 
•• posed loc.t tens .djaC.nt to tha a aa and in 
open t.rr.in inla.,t., In .... It.r.es loc.tiona 
_.n old wOOd-f,,_ "0 ..... ,,_ined "OIIIpI.t.ly 
undalllapCl .. ".". the hat •• t-ail. "ind speed 
.xceeded 100 ~h. 

North and South Ca"olin •• r. he.vily for •• t.d 
.tate.. The tree. provid.d si9nificant 
prot.ction from tile wind .nd undoubtedly 
"educed the • ..ount of d .... 9. to building •. 
Howev.r pine tr •• s .ppar.ntly be9.n to C.ll .s 
til. f.at •• t-aile wind-speed .ppro.ch.d 60 IIPh 
• nd un)' bUildin;s. .lthou9h protected froll 
the wind by the tree., subsequentl), suUered 
_91 fro. th ••. 

In the lIull Bay.,..... "her. f ... tr.es "e,..e 
left at.nding. the e.po.~r. of b~ildings would 
h.ve c ... nged siqnific.ntly durin9 t.h. cou"se 
of the sto ... 

Two oth.r faetoTs 9,eatly reduc.d the damag •. 
flratly. the den.ely popul.ted isl.nds of 
folly a •• ch. Sulliv.ns I.l.nd and Ial. of 
'allIS experi.nced the .ye of the ItOrm. Th!. 
... nt that th~ .t,..ong •• t wind. would h.ve come 
fro. the north-.ast pnd .o .. th-.... t i.e. alon; 
the .hore. M~ny oc •• n-front bllilc1in;s .. ould 
th.refore .. ave receiv.d shelter fro .. 
neiqhborin9 bll11dinql. Secondly. the 
.trong.st wind. in t .. e at~rm .ffected the ~.t 
li9htly poPII1.ted are. ot tha co.at. occupi.d 
p"l .. "ily by • "ild1ife refu;.. In this area 
all .ettle .. nt i. l.ndward at the Jn~".co •• t.l 
N.terv.y in for •• ted .rea.. Had t"e .to~ hit 
20 aile. to the south. Ch.rleston .nd t"e 
ad'\acent iatanda vOl.lld have experien.ce<=. 
on.hore .. inds producinq wind loads on oc •• n­
front properti •• perhaps ~uubla tho.e .ctu.lly 
.,."denced. Hid the storm hit 50 lI\il.. to 
the aorth. all of the buildin~. on the densely 
popu1.teCi northern co.st wOllld have 
e"perieneed wind load ... ore than twice ~~o.e 
actually experienced, 

4.1 Ooe And Two reptly QyelJjng' 

In 9anera1 the.e perfor_d extremely well, 
probably IICr. a •• r •• ~lt of shelter th.n any 
other ractor. Major .tr"ct~r~l 0."'9&. ne •• ly 
alw.y. in e.posed loc.tions, re.'llted f,,,,'. 
10 •• of roofs .. ith .ubs.qu.nt coll.pa. of 
walla •• 1I •• r failur •• and found.tion fail~ •• s. 

Roof faUures were far less coanon tllan in 
recer.t hurricane.. prob.bly due to the use of 
at •• p-pitched roof. an<1 hurric.ne anchor •. 
Ho"."e.. in t h. hi9hest wind IreaS. rail .. re. 
occurred even .~E. hurric&n. anchors hAd been 
us.d. p.rticularly .fte" window d .... ge 
(Fiqur. 21 Til. itllprov.<1 roof perfo .... ance 
en.bled the house. to .u,....iv. 10n9 enou9h to 
ahow up other _akne!lse!l. 

".ilure to provide proper brdc.l.ng led to some 
.h.ar f.ilurea in two 3tory bui ldl.r:q~ 
(Fiqure 3). The tr4chtlona.l brac .. rlg technl~ue~ 

proved to be in5ufficlen~, e~pec~a:ly ln 
bIJildinc;s wit.h fe", intetiol ct:o~~-wcs.ll~ and 
large openings i~ exter-lor wal:~. 

f'oundation fail\.Ore~ due to wind wert! much morl!! 
eo-.on in thia \'Hl.II:l.Cane thatl lfl u:.her recent 
ones. In 1Il0st coa~tal flood-pcune areas 
building8 Ire elevate; or. woud or relnforced 
concrete pile3. 01 the Saut.t. CacuL:.na coa"t 
many buildinq! Are con~t ructed cr. cur,crete 
block piers. The Standard SUlldlng Code 
permits unreinfoLced Jr.d50!1ry pler~ t.o have a 
heiqht to width ratio of 112, .( !llled wlth 
concrete. PiE::r5 meetlnq t~,1. 5 requl.,[ement 
failed, as d~d tho~e tt.at wet~ lightly 
reinfor.:ed Criqure 4). In me~t . .in..;o the need!! 
of flood insurance re::p.ll.:-ement!!, the very 
large forces applied to ·~.")e p.:..<tor~ by the wind 
acting on t~e bui.ld~ r.g held opr,a:er;~~ y been 
overlookeo1 . 

Many one and two-[a~lly d~ell!ng! lost 
shin;les. These apparently mon"r w.nd 
rlilure, resulted i0 s.:..qnlfiCd~lt rd!f\ damage 
often m49nifying the lni:.:..al ctamag~ by a 
factor of le. Repea!ed In dr. enocm~u3 ~cale, 
this c,)ntribcted ~igni.flcar.t. .. J' to ':.~e to:.al 
coat of the storft" •. 

In a few areas Wind <lnd surge dc:1rrage t.o 
single-family dwelllng~ was dlff~cU:L to 
differentiate, ;larlicularly .In older bl,...:..:din9s 
built on qrac1e or newer eleva ~d DUl.ldin9S 
subjected to surge in exces~ of the design 
level, as in the northern p:;rr ct t,').e !sle ot 
Palrus and i:1 Bull Bay, In some instan('e~ wlnd 
debri!! ",as transported by ~he surge, malting 
the nature of t.he wl.nd fai .. urt-' d ... t!icu::'t to 
d"termine. 

eaaed on eye-witne~s report!'! and computer 
sim"lation~, it appear3 tt"".a: on F011'i Beach, 
Sullivano I$land And 131e ot Polm3, the ~trong 
winds fro~ the north-ea~terly direction before 
~h. eye would have taken pj ace wt"llle the 
i!landa were dry. The !!urge r )~fI' rapidly 
durin9 the eye and woulrl. hi'lVP b ... fHl falling .s 
winda r08e from the ~outh-we~terly direction. 
Several types of failure were posslble and 
observed. 

1. Due entirply tv ~or:h-ea5terly 
winds. 

2. Initiated by no.::tn-eas·_erly win.d~ 

augmented by :''If.er 3~lgf" actlon. 
3. Initiated by 3u~g~ action, 

augmented by ~ater ~0u~h-~este~ly 

winds. 

In the Bull Bay area strong w:nc~. init. ... ally 
from the north-ea~t, would have vee:ed tc the 
.outh-east befo~e the ~Yrge rtac~ed any 
elevated hou:!es. M03lt 5,Jrq~ d.C~l.crl ",ouLd ha\le 
tAken place ae the Wl.n":i ..... v~ered "_Co the south 
.nd began to diminiSh. S:nct:::" ":hf' oS...!.rqe W4~ 

..verll feet above the e ... evat:on level 
t.quite~ to ob~ain flood :nsu~anc~, some 
housea adjacent to the :n~raCOd5Lal Waterw.y 
would h • .,e beer. ~ubJect to wave i'lclion wh;..le 
othere farther inland would have been 
aubjeC"ted to ';on!SideTable upthru:5!... WhAt 
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condtt1on the.e h_.e ... re in a. the A'".a 
of win4 .ction prior to 'ur98 action i. 
c1!fficlilt to dete~ne. 

rr"", P ... leya l.land north al.o.t all _jor 
atruet"ral da_ge to ain91e-haily 4_11i"9. 
w" due to '''rv- aetion. 

4.2 Myl&i-'eeJ'y MQod-Fr'eed Coo.rryctinD 

Sa.e .. al of th... prof.a.ionally da.19nad 
build1n'iJ8 1n expo.ad location. allffered 
extan.i •• cor' failures, often precipitated by 
winda.. da"9., (riqu.e. ~ and 6). In son. of 
the.e build1nq. hurrieane anchor. had be.n 
~ .. d to .. cure the roof. W"atbe¥ or not theaa 
had bean .elected after a .tructural analyai. 
ia not known, but con.ideration of intarnal 
pre,sure wo~ld not have be.n r.qui red by the 
buildinq code and the uplift load. could ha •• 
e.c .. ded the de'i9n yalue aftar tha f.ilure of 
windwa~ windows. 

4.3 ",'nOry-Malled Byilding, 

rlilur. of "...onry wall" WIS ob •• rved inl.nd 
as far as Charlotte .nd compl.t.e .truetural 
eoliap.e .a. observed •• fa. inland a. Swat.r, 
(riqure.7 .nd 8). A!l coll.ps •• took pl.c. in 
buildin9S uainq unreinforced eoncr.t. blOCk or 
brick .. alls which would h.ve .. t the he1'iJht to 
thickn... requir.ments of th. Standard 
aui1d!n~ Code. In moat c •••• the root to v.ll 
anchors "ould .110 have _t the reGUir_nt. 
of that doc .... nt. Failure" of this type of 
• tructur. have occurred in aevera1 rec.nt 
hurric.n •• 158 •• 9. et al., 19' •• Mitchell .t 
a1. 1986, Sparks et .~., 19'J0). It " •• 
int.r •• ~inq to not. ttat in thl. hurrie."e 
moat of the failur.s w~re "at in buildin'iJ. of 
raeant construction. Oiseu.sion. .ith 
t.~ildin'iJ officials in the Charl •• ton are, 
reve.l.d that they no 10nger p.r.it 
unreinforced .... onry w.lle in thei: 
jurisdictions. 

4.4 Pre-engineered Me,.1 ly11d100' 

A nwnber of tlle"e buildinqs located in .xpo •• d 
a r.a. ".r. seriou.ly d ..... q.d. (riqur. !t I . 
The.e Itruet"res lOre very •• naitive to the 
deUci.nci •• of the 01d8' v8" .. ions of til. 
Stand41rd 8uilding Code. 8ui1din9s de.iqm.d to 
the ne. wind-lo.ding provisions appeared to 
h.v. perfo~d much bett.r. 

".5 Stu] aDd Concrete [rew Buildino. 

A" obs.rv.d in oth.r hurricane., the fr ..... ' of 
buildir;9~ deai9nees by Itructuul .n91n •• rs to 
.. et the wind-loaes r.quire •• nts in the 
building code performed •• 11. The vall 
claddinq, roof .ys-.. end roof co.ering, ,ft.n 
"elacted by architects without referen, e to 
the vind-load require_nts, p.rfo .... d v.ry 
poorly. 

An .xterior wall sy.tem eaploy.d e.t.n lively 
in the .rea u •• a 9Ypsu. board att.::t.d to 
_tal atuds. The 9YPs~ bOard I. cover.d .ith 
inaul.tion and stucco. aa •• d on put lish.d 
data on the ability of such syst... to re.ilt 
wind .uction, the.e sy.t ••• should net. ha •• 
been used on anv bullcSina over 30 ft. on the 

SOutl'l Caro1in. eoaat, ev.n if d •• 1.9r.ed in 
accordance with the older version. of the. 
sunclareS III.I11d1ng Code. That coda actually 
under •• tiNt.d the loads on th. corn.rs of 
building. by f.etor. of 2 to 3. Nev.rth.l •• s 
till.. .yate.. ••• u.ed on hospital.. the R.d 
Cro.. H.adquart.rs, .ducational f.cUit iea, 
cOl\d_1niu •• , office bul.ldinqs .nd hot.l. in 
U.e Char1e.ton area and .l .... t all hiqh-ri.e 
building, in the Myrtle B.ach ar... F.ilure • 
.,ere fou.nd on the co.at •• tal' nort.h as the 
North Carolina bOrd.r .here the actual .. Lnd 
.peed. were le., tha., half of th .. de.iv" 
.alue. (F1qure 101. S.veral buildi.ngs in the 
Charle.ton ar •• , including T~e frident Medical 
ce.,~er and the Red Croas H.adquarte.s, .. ere 
•• r10usly dl .. qed. Window sy.t •• s al.o failed 
due to bOth positive pre"sur ... nd .uetion. 
Failu •• s of flat-roof coverinqs, both build­
lOp-roof sand s1nqle·ply systellls, .o ... ti .... 
coupl.d wit II the roof-deck f.i1ure., were 11.0 
to be found along the South Ceroli"e co.at as 
far .a the North Carollna border. fhey .. e.a 
founeS 1nl.nd as hr as Ch.rl __ t.. Th •• e 
r.illlr •• , .hieh includad schoels uaed a. 
_rq.ney .h.lters, "ospital., and e_rgency 
operationa centers, r.sulted in .xt.n.ive rain 
damag. to the interior structure and contents 
of building... 8 .. ed on a limited .urvey of 
insl!rance data, tile •• 1n da"'98 in high-rise 
building. wa. oft.n 20 to 3D ti ... the actual 
wind damaqe to the structure and ... ulti-million 
dollar cl.1:11s occurred in are.s .here the 
atoE1ll had • recurrence interval Of les. than 
10 years . 

Tile Standard Buildinq Code in uae wh.n most of 
the.. buildings vere d •• iqn.d seriOUSly 
..nder •• ti.-ted the uplift loads on the edges 
of roofs. The desiqn loads were al~ost 
certainly exe .. ded in many places in Hugo. In 
• __ case. the shortcomingI' in the buildinq 
code NY hive led to th .. selectiou of an 
inldequ.te system, but in many ease. ~he 

.yst.1II waa' probably chosen on the blai. of 
COlt rather th.n wind-uplift r.siltance. 

4.6 "pbll. Kgme' 

A aiqniticant proportion of the population of 
South Carolina live. in .. obile homes. The 
failure rat.e of these homes w.s much 9reater 
than conventionally built homes and the number 
of d •• ths and i.njurie. in the at.or"" ... ould 
probably h.ve b.en much higher had the 
Governot not order.d tile evacuat.ion of all 
mobile-home dwellers in the coa"tal counties, 
(Fiqur. 111. 

Many IIObil .. -ho_ owners wen either uninsured 
or undarin.ured and did not have the flnaneial 
r.aourc.s to fac. a .tortll like Hu,)O. It was 
thia ~ection of the co .... unity which w.s 
probably the IIOat .erioualy .ffected by the 
atorlll. 

A. mobil.-ho_ co_uniti.s rebuilt they w.re 
forced to confor. to .. any new 90vernment 
requl.tions !:letter .uited to I\Ore pernanent 
d ... 114ng •. For ex,mple,in order to obtain 
flood insurance ... obile ho_ ... u.t 1M! e1ev.ted 
above the b •• e flood elev.tion. After Hugo 
this "a~ being don. by placinq them on 
concrete block pier., in .ome case. more than 



• ft tdl, .... un; tft ... very .... c.ptll)J.. to 
wlnd ~"'9., Cri,ur. l2~. 

~. ,ewel US'lWs MIl B&CCftlINllATIOO 

HlI<Jo ~ld ... Ir. d ..... 9. th.n other hurric.ne., 
not bec.u .. of ita •• verity 4S it erassea th. 
COAst. but bec.use it ,ffected • ..jor 

trDOO~it..n • .re. an~ le .. ained ... ch of its it 
;trenvtn as it flove l.n.land. Mo •• ver, 
Ihould .1.0 be noted th.t the worst condition. 
w.re .xperienced by a very epar •• ly populated 
Ir.. and the da .. ge could h.v. been very aueh 
worS •. 

In mo.t countries nationll goverROlente .ccept 
the r •• ponaibility for developin9 .nd 
MAintainin9 building code.. With regard to 
wind .ff.cta o~ buil~ing., the.e code. u .... lly 
incorpor.te or r.fer to national loe~ing 
ot andard. prepar.d by e"pert. but ... b'.ct to 
public revi .... 

In the United St.t •• , wh.r. h .. rrican.. .nd 
tornadoes cr.ate on. of the .. ost h. &.rdou. 
wind cliest.. in the world, the r.d.ral 
Qovernlllent h.. pa.led the r •• ponsibility for 
b .. ilding code. to the st.te.. MIIny of the 
It.t •• have p •••• d th.t r •• ponsibility on to 
L'Jcftl juri.diction.. M.ny of th.a. 
jurisdiction. us. model building cod •• whiCh, 
until recently, h.ve chosen to ignoEe or 
Ii;ni ficanUy aodi fy the A_ric.n Mational 
St.ndllrd ASS.:, a st.ndard prepar.d on the 
same linms 4S other national loadinq 
n.ndards. 

Althou;h the mod.l b .. ildin9 cod.. .re 
ci.",ocrati.c non-goverrunent bodi.s, t IIey h.v. 
been encoun;ed by the reder.l Gov.r .... nt to 
•• t perforlllSnc. st.ndard. in the beli.f that 
the old.r prascriptive code. were too 
r.strictiv.. S.ttin9 perfor_nc. st.n~rdS 
works wall whan a building is .ubject.d to a 
structural Inalysis, but the v •• t majOrity of 
b .. ildings d .... 9.d by wind h.ve n.v.r be.n 
s",bjeeted to • compl.~. st.ruct.ul'al analys:Le. 
In such case., perfoeaance-b ••• C:: cod.1I are 
unenforceabl., unl ••• proper de.ft8d-to-co~ly 
st.ndards ar. avail.ble. Although ... ch 
st.nd.rds have be.n av.ilable in North 
C.rolina and South Florida for .. any ye.rs, 
they are not yet ay.il.ble in ar.as such II. 

South Carolina whlch are .arve~ by the 
Stand.rd Buil~ing Code. Tha prescriptive 
construction r ... quire_nt. which do appear in 
that coci. are often inconsist.nt with the 
lo.din; req .. ire_nta. Th.ir US. h.s l.d to 
_ny b .. ildin91 being vary vulner.bl. to win~ d._.,.. 
Much of the wind d ..... 'l'e to b .. ildin;. in 
Hurricane HU90 ",as avoidable. The atate of 
knowledge of wind eff.cts was sucft that no 
building construct.d aft •• the mid-1960s ne.d 
hav. been d .... q.d by the storm; but, for 
r •• sons 1I0re political than technical, South 
C.rolin. found itself with. llrqe population 
of but 1din9S vuln.rable to wind da •• ; •. 
OWn •• s, insurers and 90vernment aganci.. • .. st 
expect this aitu.tl.on to davalop in oth.r 
atate. which hive adopte~ sillilar building 
cant rol practices. 1 r. the fut"r. ext.nsive 
daaaqe "ust be anticip.ted even in stor",s 
belov thp. de.ian l.vel. 

fo reduce wind d ..... q. and loss of lite in 
fut.ur •• t.oe .... til. follovin9 recolNMndationa 
are .... de. 

1. The United States Goyernnent 
should tak~ an active role in 
r.ducin9 the wind ha.ard through a 
N.tional Wind H.zard R.juction 
Program. Tha Governm.nt ha. been 
v.ry succ •• sful in reducing the 
risk ••• sociated with flood and 
earthqu.k.s but ha. paid little 
attentio'l to t.he wind hazard. 
Direct involv ... nt :in • nation.l 
code would be de.i •• ble but 1liiy 
be politic.lly una~c.ptab!e. 

2. In the ab.enc. ot a n.tional 
building code, state. sho .. ld 
mandate til. uae of IIIOdel building 
c~s and set up properly financed 
code enforce .. nt proc.dures. 

3. !toolel buildinq COde6 .hould adopt 
the ~ric.n lI.tiona .. Standard 
A~B.l and update their codes 
as new editions of the 3tandaLd 
are issued. 

4. Madel building codes should 
introduce deemed-to-comply 
st.ndards for non-enqineered 
structures which are consister.t 
with their wind lOading 
require •• nts. &xi.tin; 
inconsi~tent prescriptive 
requir ... nt. for wood lind masonry 
con.trIJction should be r.mov.d. 

s. Inaurer3 should recognize that in 
the p.st they have put unjustified 
faith in the buildin9 control 
proc •• s. As a result they are now 
insuring buildings which have a 
v.ry hi9h probability of wind 
d._ge and cons.quent rain damage. 
How.v.r, insurers should also note 
that not all structur.l systems 
are .qually vulnerab~e to damag •. 
Insur.nce premi~ .hould reflect 
thia. Premium rat •• should also 
be used to encourag_ good n.~ 
constr .. ction . 

6. Public officials should recognize 
that some building5 which must 
continue to function during 
severe sto~, including 
ho,pital" emmrgency operations 
c.nt.r., and public shelters are 
v.ry vuln.r.bl. to vind demege. 
~ll ,uch building. .hould be 
checked to ens .. re that th.y are 
cap.ble of carrying the wind 
load. specified in ANSI A~8.~ and 
str.ngthened if ,.ecessary. 

'. Public officials should dr.w up 
plans to .vacuate people from 
certain classes of structure in 
hurricanes, even if there is no 
thr.at of flooding. In the Pllst, 
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evacuat ior. ha~ be@r. ordered fron 
are.~ pIO~~ to !;oodlnq_ In Hug" 
people weI~ to:d to evacuate from 
mooile home~ whether or no~ they 
were 3'..lbject to tloodinq. This 
probAbly 3aved m.ny lives. In 
fut~r. stcrms ev~cu.tion should be 
ordered trom certafn other cIa, ••• 
of b'.Jildinq whl';t, are v@cy 
vulnerable t') tw1.od d.'N(Je. 

The Federa~ Flood Insurance 
Proqrarr ~hlJuld r~coqnlz~ that 
flLodl~q and htqh w.nd, arp not 
lndepender:t eVt:!ll t ~ 1 n r:oa"tal 
reQlo~~. Regwl&tlOns tG reduce 
on~ hdZ41d 3hr·~ld not ~ncrease the 
ct~er R.a;':O\lOq m0bit ... !lomes 8 to 
lC !t or: m~~C!~!ry f'ler."IJ tran!llform3 

.a reolal~\.'t'ly ':'ow t.:'ood r~sk .lnto • 

very ~lqn ~nrl rlanqerou~ w~nd ris~. 

oro d,V'->lr1 ::-.• ~ 3~r~ ci problem, 
ar.d d:ft:..[" .... :~ ~~~ In sett.l:.ng 
in~uran~e ~1d~~~ where buildings 
are ~.Jbj~(·tt>r1 tc' "nnd and flood. 
da~aqe, (:Qmpretd~ns .. ve 5torm 
l.r.~"..lfar,':t.-· :;,~'_,\,;ij ~,p developed, 
bdck.e':! • .:.t :)PCf"~.'d:y, by tt'.e 
ff'jerol C:(IVernnpr,t bu.t continqf!nt 
~pon qond -on~~r~ctlon ~t4nda=d~ 

9. Ed".J-::'.lt .lOr',.:s~ and arivl.,ory 
prograMs 5[: ,dd be develo~d 50 
~t~t ~:e cr~s~ructi~n i~dc5try CAn 
b~~~f:~ t~o~ w ~d ~.ngin@ering 

knowle(jg~. Tt,ege proqrams should 
:.r:r: .. ude u"Oer"l, lfl",urcr!l, and 
mortgaqor~ ~~ ~~Iat :hey can 
~rder~~and the :i1k~ a~50ciated 

with cer:dln farm5 cf con~truct.1on 

and Make infol~O financia: 
deCL~.lDn~ [~~~~dlnq those ri5k5. 

10. "-'1 nd engl TlPe! lnq re"ean:h ~s many 
year~ ahead of wlnd eng~neerlnq 
pra:::r-.lce lr, rr.ar.y d["ea5, but 
resear~h l~ urqen~iy needed on 
ehelteI!ng ~ff~~t~ ~'I~ tne risk~ 
dSsocLated with th~ ~electlon of 
tlA!ticl, .. ar ~t rc1C'tural 'Y5tem5. 
':'he re"J'ts o! th::'l re~earch will 
endble th~ c~~,equenc~~ of pa5t 
con~tru=~ion prdc:lce~ !c be 
Qetermln{>rj 

Fiil.U.y It is .. or~_t. reca~.lnq that the purpose 
of buildlng CO(j(> pn!c.~c('.,..er.t. i~ the protection 
of t.he health, •• ! .. ty ar.d welfare of the 
population. Of t~e many thou,ands of 
buildln9s .tt~ctP~ by Hurr~cane Hugo, prob .. bly 
less than l' c0l1ar~e1 due to wind effect~ in 
.. ~r.ner th4t p()~ed any t taeat to the health 
and safety of the popl.o~atinn. Ho.st. of the,. 
were residences jn eva~uated area~, comn.rcial 
atructure~ and rnobJ.:e home.s. Thu~ by qood 
planninq and ~orne qo~d d@~lqn/ Hugo posed. 
very sm.ll threat to t hI' t-.ea 1 t I": and safet.y of 
the popl.llat.1or.. However, due to • lack of 
planninq Anj poor d@~ ... qn. it pc ... ed a large 
the.at t.o the welfare of the population. 
Utilitie~ were ~r.terrupted, In some places tor 
.everal week" and ",any people .. ere left 
unemployed because the!.c place$ of work "ere 

unusable. Many nonea which auffered 
relatively minor dl,uqe to t.heir roofa In~ 
"indo"., were uninhabit.ble tor •• ny months. 
Tho3e re3pon3ible for buildin9 control should 
take not. of thiis and enforce appropriat.e 
re9u~.tions so that the velfare of the 
population is protected and tn. community CAn 
recover rapidly after 5ueh a sto~. 
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Fiqure 1. Track of Hurricane Huqo. 
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Figure 2. Heavily Damaged House, Bull Bay. 

Figure 3. Shear Failure of House, Bull Bay. 

451 



Figure 4. Masonry Pier Failure, Isle of Palms. 

Figure 5. Condominium Roof Failure, Isle of Palms. 
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Figure 6. Wind and Surge Damage to Condominiun, Isle of Palms. 

Figure 7. Collapse of Masonry Commercial Structure, 
North Charleston 
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Fiqure 8. Collapse of Masonry Commercial Structure, Sumter. 

Figure 9. Damage to Metal Building, Charleston. 
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Figure 10. Typical Cladding Failure, Isle of Palms. 

Figure 11. Damaged Mobile Homes near Sumter. 
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Figure 12. Elevated Mobile Home, Charleston County. 
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Summary of Task Committee 
Workshop Reports 



St_.., of T_ OJ 'ltee Wolbllop Reporu 

TASK COMMITTEES "C" AND ltD" 

REPORT OF U.S.-JAPAN WORKSHOP 

REPAIR, RETROFIT, AND EVALUATION OF STRUCTURES 

WIND AND EARTHQUAKE RESISTANCE 

MAY 12 - 1~. 1990 

A. Activities of the Workshop: 

1. Three sessions were held and 17 papers were presented 
on the following topics: 

Evaluetion of Structures. 

1-1 Evaluation Procedures for f.xisting Buildings. 
1-2 Aseismic Countermeasures for Existing Bulldlngp.. 
1-3 Earthquake Hazard In Reglons of Moderate 

Seismicity. 
1-~ Comparison of U.S. and Japan Aseismic Designs. 

Performance of Existing Structures. 

2-1 PerFormance of strengthened RIC Buildings. 
2-2 Performance of Buildings In Silicon Valleu. 
e-3 Seismic Evaluation of Existing Building~. 
2-~ Implications of Lorna Prieta on Building Codes. 
2-5 Inspection, Evaluation, Restoration of Earthquake 

Damaged Buildings. 

Research on Techniques of Repalr and Retrofit. 

3-1 Research on Repair & Strengthening of RIC struct. 
3-2 Guide for Repair and Retrofit Design of RIC 

Bldgs. 
3-3 Research on Repair & Retrofit of Steel Structures. 
3-~ RIC Buildings Strengthened with Steel Members. 
3-5 Shpar Strength of Anchor Bolts. 
3-6 Seismic Strengthening of RIC Office Buildings. 
3-7 Recent Research on Strengthening by Steel Bracing. 
3-8 Mortar Joints Between RIC Frame and Steel Bracing. 

2. Another presentation lIIas added on the topic of "NSf 
Research on Quantitative Non-Destructive Evaluation 
(QNOE) and Wind Engineering 1n the Vear 2000. 

3. Proceedings lIIil1 be assembled and edited bU J. JIrsa 
of the University of Texas, and will be submitted to 
the National Institute of Standards and Technology 
(NIST) for publIshIng. Included 1n the proceedings 
will be diSCUSSions, questions, and anu modifications 
by the reporters or Task Committee Chairmen. 
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~. ~ following docuMents wara a~changed during the 
.arkshap, or will be furnished to participants soon 
atter the Joint U.S.- Japan Panel Meeting: 

a. Appl1ed Technology Council (ATC) Reports No. 21 & 
22 on MEvaluatlon Procedures for Exlsting 
Buildings ... 

b. NIST SpeCial Publicatlon No. 718 (Jan 1990) on 
"Perfor.ance ot Structures During the Loma Prieta 
Earthquake of October 17,19B9." 

c. Japan TCCMAR "Design GuideUnes for Medium-Rise 
Reinforced Ma"onr~ Bu1ldings," IIIhlch 1II.l~l be 
finalized after Jul~ 1990. The U.S. S1de will 
attempt to have it translated into EnglIsh. 

d. Malling List of Japanese "International Institute 
of Seismolog" and Earthquake Engineering," so that 
copies of ~orkshop proceedings Can be furnished to 
each ",ember. 

S. It wes racommended by workshop partICipants that future 
workshops be held in conjunction with U.S. - Japan 
Joint Panel Meetings on Wind and Selsm1c Effects. The 
Japane.e Side recommended that the lIIorkshop proposed 
for 1991 1n Tsukuba be more focused on a specific 
the"'e, tD be determined b~ the Japane.e ",embers. Then a 
spec1fic "Wind Engineering - Structural Performance 
[valuaUon Workshop" 111111 be planned to be held 1n the 
U.S. 1n lSSe. 



TASK CODII TTEE "J" 

RIPORT OR THE SIXTH U.S.-JAPAN BRIDGE ENGINEERING WORKSHOP 
ANALVSIS, DESIGN, PERFORMANCE AND STRENGTHENING 

. LAKE TAHOE, NEVADA, U.S.A. 
May 7 and 8, 1990 

The following resolutions are hereby adopted: 

1. The sixth U.S.-Japan Bridge Engineering Workshop provided valuable 
exchange of technical information which was beneficial to the bridge 
engineering ca.nunities of both countries. Forty seven participants 
representing govern.ent, academia, industry and private practice presented 
41 papers in eight technical sessions. Main themes included: 1) "Wind 
Effects and Wind Resistant Design." 2) "Retrofitting and Seismic Design.· 
3) "Cable-Supported Bridges: Construction, Performance and 
Strengthening;· 4) "Seismic Performance and AnalysiS of Damaged Bridges.· 
5) ·Bridge Inspection, Repair, Testing, and Evaluation," 6) "Experimental 
Investigations and Computer Modelling;" 7) "Structural Monitoring, 
Diagnosis, System Identification and Non-Destructive Techniques;" and 
8) ·New Concepts, Dynamic Control. Seismic Isolation and Innovations in 
Construction." 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, nondestructive 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 
significant earthquakes and strong winds, and use of available unique 
research facilities in both countries. 

3. The primary purpose of the Workshop is to exchange technical information 
on a timely basis that is usable by the bridge engineering profession. 
The specific objectives of this Workshop are: 

3.1 To ensure a first-hand exchange of information resulting from the 
unique problems each country is faced with; for example, the 
preliminary studies of the structural performance during the 
Octob~~ 17, 1989, Loma Prieta earthquake and the recent full-scale 
vibration studies of the Yokohama Bay Cable-Stayed Bridge. 

3.2 To stimulate more collaborative research work in this important area 
of bridge engineering for better performance, rehabll itations and 
strengthening of bridge structures in both countries. 

3.3 To fac1litate the exchange of technical information ind ideas and to 
promote the broadening of viewpoints for those involved. 

4. The Workshop identifies the following technical topics for continued 
cooperative research programs: 

4.1 Dynamic control and seismic isolation of bridge structures including: 
active and ~assive control, damping augmentation, experimental 
studies and application to long-span cable-supported bridges, 



4.2 Syste. Identification techniques for wind Ind seis.ie engineering 
including: dlta interpretatton studtes. development of .athematical 
lIIOdels, iderlttftcation of non·lInelr syst .. s, reduced-order models, 
ca.putationul algoritN.s and opti.u. sensor locations, 

4.3 Non-destructive evaluation techniques including d.-age detection by 
sensor IOnttoring. expert syst .. s, inspection techniques, structural 
.anttoring, condition assesslent for safety, perfonlance evaluation 
and repair procedures, 

4.4 Expert.ental and analytical studies on the effects of dynamic soil 
characteristics, including bridge-soil interactions, on the behavior 
of bridge structures. 

5. The Workshop identifies the following technical topics for future 
cooperative te:hnical progra.s: 

5.1 Retrofitting and strengthening .. thodologies for bridge structures. 

5.2 Develop~'nt of design criteria based on li.it-state concepts. 

6. It is anticipated that the interaction alOng the delegates from the United 
States ~I : Japa~ during the round-tlble discussions and the technical 
study tour will lead to an enhanced exchange of data and innovative ideas, 
and will a1sc. lead to the establ1shlllent of cooperative research efforts, 
both theoret-,cal and experimental, on bridge engineering. Because of the 
importance, henefits and potential of these Workshops. it 15 recommended 
to conduct t~e 7th bridge engineering workshop, just prior to the 23rd 
UJNR joint ~eeting in Tsukuba, Japan, in May 1991. A study-tour will be 
planned to ~isit research laboratories and bridge-constru,tion sites 
including tt,e Honshu-Shikoku bridge site, and the base-isolated bridge. 
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All 7 '., 'hill C. ', ... A-J ...... 

Report of Te.k Co.aitt .. on 

(A) ftROIfG-ItO'rION INS'1'RUJIBM'1' ARRAYS AND DATA 

~: May 15, 1"0 

PlaOl: Rational lnatitut. of Stan4atd. and Technology 
Gaither8bur9, MarylaNl 208.9 

At1;andMt: Japan lide - '1'. Uwabe (Actine) Chairaan) 
It. Ohtani 
It. T_ura 

U.S. Side - A. G. Brady (Chalraan) 
A. G. Franklin 
R. lI.yer. 

MISSION STA'l'ZMEN'l' 

1. Obj.ctiye: 

(PIIRI) 
(IIRCOP) 
(PDI) 

(USGS) 
(USAnaI) 
(lfOAA) 

The objective of the Ta.k Co_itt •• i. to eoorcUnat. the provi.ion of 
stronq-aotion earthquau data to r .... rch.r. anel to the practicill9 
enqine.rinq couunity. Th. Ta.k ccmaltt.e focu ••• on In.truantetion, 
r.cording', proce •• lnq, .nd an.lyaill9 .trong-aotion d.ta, re ... rob to 
en.ure hiqh-quallty data eli .... in.tion; and .naly.i. of ground aotion 
and .tructural action in dyn •• ie r •• pon •• to .arthquake •• 

2 • Sepp. of Work 

The TIC coordinate. .tronq-aotion re •• arch, proc ••• ing .trong-aotion 
data, and cU .... inatift9 inforaation on the recordacl behavior of 
structur... In addition to reqular exchaDg'e of data .nd publication, 
the TIc's technical .pproach include.: 

• Plannin;.nd conduct in; T/C worl".atlop. ancl ... tint., beld 
generally in conjunction with u.nm Joint l18etiD9., often with 
IAlPEI/IUGe: conf.rence. and with World Conf.renc.. on 
Earthquake Bniine.ring. 

* ConductlD9 r.l.tld technical •••• ion. at prof ... ional society 
.. eting •• 

* CreatillCJ proceclut'.. for the cU .... ination of .ignificant 
.trong-action el191tal data with reqard for the ri9bt. and 
expeotation. of Ca) the owner, (b) the u.el'll of data, ancI Ce) 
the .. rthquau enqin •• riD9 co.-unity. 

* Cr.atine) an up-to-date inforaation .xchanqe on ~ter 
proce •• ing procedur.. and r.lated r •••• rch .0 all uaera of 
proce •• 1d d.ta ar. awar. of valid r.n9.. .nd pr.",:t;ieal 
liaitation •• 



* Developinq a research program for apprDp~iate instruaentation 
and dynaJIic analysis ot structures with base isolation or 
other r •• pons.-reducinq systeas, under earthquake excitation. 

* oevelopinq a re.earch program usinq temporary arrays and data 
derived to study site response. 

3. Accomplishments 

* Cataloqa of atronq-motion earthquake records observed both in 
the united state. and Japan are beinq exchanqed. U.S. data 
are published in the "Seismic Enqineerinq Proqra:.l Report", and 
the Japanea. data are published in "stronq-Motion Earthquake 
Records 1n Japan". Many other publicatioDs were also 
exchanqed. 

Hr. Keiichi Tamura of PWRI is a Visitlnq Scholar at Stanford 
University for one year from October 1989 working on stronq­
motion instrument arrays and data. 

* Data tapes on the Loma Prieta earthquake of October 17, 1989, 
processed by USGS and CDMG, were delivered to Japanese side. 

* Disks containinq 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 Japan... Technical study Team for the Loma Prieta 
Earthquake visited northern California, USA, between Nov. 16 
, 29, 1989 to study the effects. The team and the U.S. hosts 
included many panel members. 

* Dr. Sasaki visited the O.S. durinq March 20-29, 1990, visitinq 
U.C Berkeley, USGS, stanford, CALTRANS, CDMG: Lama P::-ieta 
Barthqu:.-.ke effects in San Francisco, oakland, and epicentral 
area; a~.c! washinqton (AID, NIST, NSF). Panel members hosted 
throuqhout; TIC A contacts included A. G. Brady and R. D. 
Borchardt, of USGS, and A. G. Franklin of USAEWES. 

(Other Panel members included J. Gates, R. Hanson, H.S. Lew 
and N. R~ufaste). 

.. • FUture Plans 

* The TIC Chairaen will seek fundinq sources for a 3rd Workshop 
on Processing strong Motion Records, concentratlnq on array 
data. 

* Coordinate the analysis ot records from arrays: downhole 3-D 
arrays (geophysics and earthquake engineering) and structural 
arrays (structural enqineerinq). 



• The TIC recognize. the effort. of the International Working 
Group on the Ettect. of Surface Geology and encourage. wider 
participation by Panel member •• 

5. Intorwation Excbange 

• Will be perforaed within the domestic community through 
technical •• eting., conferences, seminars, and worksbop •• 

• will be pertoraed through participation in post-earthquake 
field inve.tiqations with concentration in areas wbere strong­
.otion .tation. have recorded data. 

• Will be perforaed with the counterpart .ide through TIC 
workshop., vi.itor exchange., seminars, lectures, and 
participation in annual Joint Panel meetings. 

• The mo.t crucial information exchange is rapid description of 
recovered stronq motion (and subsequently, diqital strong­
aotion data on tape or disk) from significant earthquakes, for 
example Loma Prieta Earthquake, CA of Cctober 17, 1989. 

6. Iapact 

• Ko.t managers who process strong-motion recordings use 
technique. based, or closely associated with, the work of this 
TIC and its .embers. Poreign networks fitting this category 
include: 

AUSTRALIA - Australian Seismological center, Burelllu of Kineral 
Resources, ~ Box 378, Canberra ACT 2601. 

CANADA - Pacific Geoscience Center, PO Box 6000, Sidney, BC. 
vaL 4B2. 
ITALY - The Italian National Commission for Research and 
Develop.ent on Alternative Energy Sources (ENEA), Rome. 

MlXIOQ - Japan-Kexico Earthquake and Disaster Prevention 
Center, Mexico City. 

EIBU - Japan-Peru Earthquake and Disaster Prevention Center, 
Lima. 

TAIWAN - SMART Array 

TURlEy - University of Bogazici, 80815 sebek, Istanbul. 

YUGOSLAVIA Insti~~te of Earthquake and Engineering 
Sei.mology, Skopje. 



• Us. of .eismolO9ical and stronq-motion data, in c~nvenient 
fora, is facilitated in countries other than where recorded. 

• Dissemination of diqital data froM siqnificant earthquakes 
increases the research data base; application of this data in 
desiqn practice aids in reduction of earthquake hazards. 

7. Barrier. 

* Lack of adequate fundinq for TIC joint endeavors. 

* Establishinq joint research efforts and maintaininq close 
interaction between participants are difficult unless visitinq 
r ••• arch appointments are established. (Fundinq and staff 
availability are often barriers). 
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Report of Task Comaittee on 

(8) LARCE-SCALE TESTINC PROGRAM 

AUaI May 16, 1990 

11'9': National Institute of standards and Technology 
aaithersburq, NO 20899 

Attend_a: Japan Side - K. Ohtani (Chairman) 
S. Okamoto 
T. 1(aminosono 
S. Nakata 

U.S. Side - H. S. Lew (Chairman) 
T. Lew 
J. Tissell (Observer) 

KIllION STATEMENT 

1. Objectiye 

(NRCDP) 
(BRI) 
(BRI) 
(BRI) 

(MIST) 
(MCEL) 
(American 
Plywood Assoc.) 

The objective of the Task committee is to develop performance data of 
~ll-acal. ~ynaaic properties of structures to better resist wind and 
.ei .. ic loads through both laboratory testing of prototype structures 
and field testing of struct'.lres in situ. Improved full-scale test data 
vill validate the results of small-scale model tests and substantiate 
the re.ults of computer analyses of structural behavior. 

2. SCApe ot WOrk 

fbe Taak Committee develops its research agenda in coordination with 
o~er appropriate TICs, such as TIC's "e" and "0", for full-scale 
evaluation of buildings, and other structures except bridges. 

* Plans and conducts workshops and joint meetings to identify 
re.earch topics and develops joint research programs. 

* Coordinate. research projects carried out by various 
laboratories in the U.S. and Japan. Facilitates publication 
of re.earch results and implementation of findings in codes 
and standards. 

* Facilitate. eXChange of research personnel, tfJchnical 
information and available testing facilities. 
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3. AccQllPli'baent, 

* Aa part of the .econd pha •• , analytical and experi.entaI 
re •• arch, i~lu4inq coaponent and .uba •• ellblage te.t., are 
blinq carried out at .everal U.S. univer.itie.. Funding for 
the third pha.e of the U. s. -Japan Coordinated Pl:oqram for 
... onry BuilcUng R .. earch has been po.tponed by the National 
science Foundation for U.S. r .... rch.r •• 

* The U. S. Technical coorcUnatiD9 Co_itt.e on Masonry Re.earch 
va. h.ld in July 1989. 

* The 5th Joint Technical Coordinating Co_itt.e on Masonry 
Re •• arch eJTCCIQR) wa. held in October 1989 at T.ukuba, Japan. 
Progre •• on individual re •• arch projects were presented by 
principal Inve.tiqator. and future coordination of the Joint 
Prograa was d1sou ••• d. 

• A pr.liainary Joint U.S.-Japan Precast Seismic structural 
Sy.te.. (PRESSS) Proqram Coordinatinq Meeting waa held in 
October 1989 in Japan. 

* Th. fir.t pha.. of the U. S. Preca.t Seismic structural 
sy.te •• Program ha. been funded by NSF. 

• Th. Governaent of Japan provided funding for the Japan PRESSS 
Co .. itt •• re •• arch program beginning April 1989. The Japan 
Technical Coordinating Comaitt.e (T'~) Meetinq was held in 
April 1990, and it approved the .cope of research of the 
Japane •• PRESSS project. 

* Coapleaent to the U.S. PRESSS proqram, NIST has carried out 
research on precast concrete beam-colusn connections. 

4. FutUre Plans 

• The 6th JTCCMAR will be held at Seattle, WA. in August 1990. 
I.ae4iately following this .e.ting ths U.S. TCCMAR will be 
h.ld. 

* The first Joint Technical Coordinating committee (JTCC) on 
PRESSS will be held in San Diego in November, 1990. The U.S. 
TCC on PRESSS will .e.t prior to the first JTCC on PRESSS. 

A revised version of "Dc.i9n Guidelines for Medium Rise 
Reinforced Masonry Buildinq." will be published in 3apan in 
Augu.t 1990. 

* In support of lDNDR, findings of Joint research proj ects 
carried out under the au.pices of TIC "8" should be 
cU .... inat.d w:ldely to countries which has high seismic risks. 

* Ta.k C~itt •• -8- reeoaaend. the .stablishment of a new Task 



Co .. ittee on Passive and Active Energy Dissipation Systems. 

* Continue exchange of information of the following topics 
betw.en appropriate u.s. and Japan organiz~tions. 

a. Seis.ic performance of composite and mixed construction, 

b. Application of high strength construction materials to 
structures in high seismic zones, 

c. Testing. of large-scale structures other than buildings 
and bridges. 

* Exchange of information on large-scale testing facilities and 
larqe-scale testing programs should be encouraged. 

5. Information Exchange 

* Technical reports and research documentation were exchanged 
with participating organizations in both countries. 

6. Impact 

* The results of the past joint research projects on reinforced 
concrete and steel structures have been publ ished 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 quidelines. 

* As a result of joint research projects, the state of practice 
and understanding in earthquake engineering has been improved 
in both countries. The results from the joint program have 
further stimulated research in both countries. 

* Facilitate joint research projects utilizing available testing 
facilities in both countries. 

7. Barriers 

* There are no major technical barriers for the attainment of 
the Task Committee mission. However, different building 
practices and needs in the u.s. and Japan require careful 
planning for effective joint research projects. 

* 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 
resulting from the joint panel activities and encouraged to 
participate in researcher exchanges and joint programs. 



Report of Task Committee on 

(C) REPAIR AND RETROFIT OF EXIS'l'lriG STRUCTURES 

DAtA: May 16, 1990 

Place: National Institute of Standards and Technoloqy 
Gaithersburg, MD 20899 

AttIDd.lla: Japan Side - S. Nakata (Chairman) (SRI) 
s. Okamoto (SRI) 
T. Kaminosono (SRI) 

u. S. Side - K. P. Chong (Chairman) (NSF) 
c. R. Fuller (HUD) 
J. R. Hill (DOE) 
G. E. Freeland (LLNL) 
R. D. Marshall (NIST) 
E. Sa):)adell (HSF) 

MISSION STATEMENT 

1. Qbj~~ti~1 

The objective of the Task Committee is to encourage research and 
provide technoloqy transfer activities in materials, components, and 
total ):)uildings and structural systems related to evaluating the 
performance of existing buildings and structures subjected to 
environmental and earthquake forces. The research topics provide data 
and information for the repair and retrofit of existing 
buildings/structures. 

2. scope-ot-work 

The T/C work includes information exchanges and planning and hosting 
workshops and seminars. Workshops are generally held in conjunction 
with the annual Panel's meeting. They provide T/C members with an 
opportunity to review related research and to direct plans for future 
research, share and implement results. The T/C conducts related 
technical sessions at professional society's meetings. The T/C studies 
new materials and methods to accomplish repair and retrofit operations 
on buildings e.g., fiberglass reinforced plastics, structural adhesives 
and exploits use of automation and robotics for repair and retrofit. 
Work focuses on coordinating research projects in Japan and the u.S. to 
minimize duplication and to maximize benefits 
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3 • Accoapl i,Ment, 

• Held the 1-1/2 day NSF sponsored 5th Workshop on Evalua~ion, 
Repair and Retrofit of EXisting Structure. prior to the 22nd 
Joint Meeting, MIST, 1990 (24 delegate. attended [12 from 
Japan and 12 from U. s. 1 19 manuscripts were presented [13 from 
Japan and 6 from the US]). 

* NSF i •• ued a two-year initiative on Quantitative 
Nonde.t.ructive Evaluation for Large structural Systems in 
April, 1990. 

• NSF .ponsored a workshop on non-destructive testing of civil 
engineering structures at University of southern C~lifornia 
(1988). 

• NSF issued a five-year initiative on Repair and Rehabib.tation 
Re.earch for Seismic Resistance of Structures. 

* A workshop was held at NIST in 1989 on International Workshop 
on Sensors and Measurement Techniques for Assess ing structural 
Perfonaance. 

• FEMA published cost data for various methods of repairing and 
retrofiting existing buildings. 

• DOE has issued several design and evaluation guidelines for 
aitiqatinq the effects at earthquakes, winds and tornados. 

• In the U.S., FEMA published ATC 21, "A Handbook tor seismic 
Evaluation of Existing Buildings," and ATC 22, "Techniques for 
Seismically Rehabilitating Existing Buildings" (drafts). 

" • Future Plans 

• A separate or joint (with T/C "0") workshop is being planned 
on the Design Approaches and Construction Methods for Repair 
and Retrofit of Buildings and Structures in May 1991 in Japan. 
The workshop will focus on the use of newly developed methods 
for repair, retrofit and evaluation of buildings/structures. 

• In Japan, the Guidelines for Evaluating and Strenqthening 
Exi.ting Buildings will be revised, and the Guidelines for 
Evaluation of Earthquake Damaqe and Repair Methods of 
Buildings will be published. Both guidelines will be 
available after Auqust, 1990. 

• In support of IONDR actiVities, TIC "C" would like to 
participate in task committee activities related to repair and 
retrofit of damages due to various disasters. 
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* A po •• ible •••• ion on wind damages will be planned in 1992 in 
u.s. 

* HSP will .pon.or a civil engineering non-destructive teating 
workshop in Fall, 1990, in Bould.r, Colorado. 

5. InfoDll,tion Exchange 

* Publications of the Sth Joint TIC "e" of "D" Workshops were 
distributed, to all delegates and will be made available to 
d.sign prote •• ionals thr"ugh technical pre.entations at 
national .. etings ot professional societies. 

• A U.S. Panel (Japanese Technology Evaluation center Panel) 
will be going to Japan in July, 90, to study and exchang. 
inforaation on construction engineering. 

* Published workshop reports and individual research papersi 
they were exchanged with the U. S. and JAPAN-side members. 

6. IJll)Act 

• Contributed to development of US and Japan design \:.:riteria tor 
r.pairing and strengthening reinforced concrete, steel, and 
other buildings. 

* TIC recommendations were incorporated into building codes and 
profe •• ional practices, as illustrated by rehabilitation 
program. used by the city of Los Angeles to upgrade existing 
... onry buildings to resist earthquake forces. 

* Influenced changes to u.s. and Japan design practices to 
upgrade existing structures. 

7. BArriers 

• Greater progress needs be made to implement available research 
results. Funding to sources need be identified to support 
this endeavor. Funding agencies of both countries should be 
encouraged to sponsor activities related to their mission, and 
to support participants attendance at Joint Panel Meetinga and 
Workshops. 
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Report of Task Committee on 

(D) EVAWATION OF STRUCTURAL PERFORMANCE 

DAtA: May 15, 1990 

Place: National lnatitute of Standards and Technology 
Gaithersburg, MD 20899 

Attendee.: Japan Side - S. Okamoto (Chairman) 
S. Nakata 
T. Kaminosono 

u.s. Side - G. R. Fuller (Chairman) 
R. P. Chong 

MISSION STATEMENT 

1. Objectiye 

E. Sabadell 
J. R. Hill 
R. D. Marshall 
G. E. Freeland 
J. Tissell (Observer) 

(DRI) 
(SRI) 
(BRI) 

(HOD) 
(NSF) 
(NSF) 
(DOE) 
(NIST) 
(LLNL) 

(Am. Plywood 
Assoc. ) 

The objectives of this Task Committee are to develop disaster 
aitigation policies a~d 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 then be analyzed and instrumented, and evaluated after 
disasters. 

2. Scope of Work 

* Develop a complete inventory of "benchmark" structures that 
have been analyzed and instrumented for measurement of wind 
and seismic response. 

* Coordinate development of a uniform system of screening and 
analyzing wind and seismic resistance and capacity of 
structures in each country. 

* Develop sensor technoloqy, instrumentation, 
systelllS to provide condition assessment 
structures. 

and "expert" 
of existing 

* Evaluate masonry and precast concrete buildings, and seismic­
isolation systems, and include these findings in each 
country'. cataloq of "benchmark" structures for post-disaster 
performance evaluation. 



* Plan and conduct workshops at future UJNR Joint Panel 
Xeetings, cooperatively with Task committees "C" and "B". 

3 • Accomplishments 

* A 1-1/2 day Joint Workshop with Task committee "C" on "Repair, 
Retrofit and Performance of structures", was held at NIST on 
xay 12 and 14, 1990. Twenty-four delegates attended (12 from 
Japan and 12 from the U.S.). Nineteen manuscripts were 
presented (13 from J 4p • .ua-side and 6 from the U. S. side). 

• Exchanged several • - lO~ ts on Post-earthquake and Post­
hurricane events: eg: Loma Prieta, and Hurricane Hugo, etc. 

• Presented Applied Technology Council ATC-21 , ATC-22 draft 
reports on "Evaluation Procedures for Existing Buildings." C. 
Rojahn will supply copies to all workshop participants. (One 
copy was given to Japan Side). 

• Received Japanese MOC first and second year reports on state­
of-art and catalog of buildings with seismic base isolation or 
wind damping systems. The u.s. Side translated the documents 
into English, they will be published by NIST and distributed 
to Panel Members. 

• A research workshop held in Washington, DC in August 1988 
developed a u.s. research agenda for masonry. A working group 
was related to strur.tural performance of masonry buildings. 
Evaluation techniques, nondestructive testing, and condition 
assessment research was identified in the Final Report (copies 
were provided to the Japanese Side). 

• Copies of NlST SP 778 (lCSSC TR11) "Performance of Structures 
During the Loma Prieta Earthquake of October 17, 1989" were 
made available to all participants of the Workshop. 

4 . Future Plans 

• Develop a reporting system and data collection form to catalog 
existing structures in the U. S. and Japan that have been 
evaluated for wind and seismic resistance or have been 
instrumented. Compile a computer data file for exchange 
between countries and report its progress at each UJNR Joint 
Panel Meeting. 

* Encourage and enlist the participation of private industry, 
consulting engineering firms, universities, and other 
governmental agencies involved in the instrumentation, 
evaluation, and condition aesessment of existing structures. 

* Encourage each country to develop sensor technology and 
instrumentation of structureA, for making condition 
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a •••• sM.nts and for d.termining the long term environmental 
and aqing effects on building components and materials. 

* Participate in development of FA new Panel effort on the 
International Decade for Natural Disaster Reduction (IONDR). 

* Pla~ for Workshop prior to 23rd U.S.-Japan Panel Meeting in 
T.'.lkuba, Japan. Japan Side will determine specific topic. tor 
tilis Workshop. A Structural Performance Evaluation Workshop 
on Wind Engineering is proposed to be held in the U. s. in 
1992. 

5. InfOrmation Exchange 

* Exchange •• thodoloqias for evaluation of structural 
performance ~nd reports of post disaster evaluations of 
.tructures. 

* Provide most current data of "benchmark" structures that have 
been evaluated and instrumented. 

* continue collection of related technical papers and other 
literature and encourage development of an annotated 
bibliography of information for periodic exch~nge. 

* prepare papers and reports for the 23rd UJNR Joint Panel 
Meeting and associated "Workshop on structural Performance 
Evaluation". 

* Japanese side will send to the U.s. TIC Chairman a ccpy of the 
Final Revision of "Design Guidelines for Medium Rise 
Reinforced Masonry Buildings" developed by TCCMAR-Japan (due 
end of July 1990). fJ. s. Side will explore feasibility of 
translating this manu~~ript into English. Summary report of 
the design guidelines was printed in the Pre-Proceedings of 
22nd Joint Meeting (3-3 Okamoto). 

* Other papers of interest to Task Committee "0" in the Pre­
Proceeding of the 22nd Joint Panel Meeting are: 

3-1 PRESSS Plecast Concrete Joint Research project (Okamoto). 

3-2 U.S. Coordinated Plogram for Masonry Building Research 
(Noland). 

4-2 Major Seismic Building Upgrades at Lawrence Livermore 
National Laboratory (Freeland). 

4-9 Relation Between the Buildirlg Damage and Vibration 
properties of Ground (Ohtani). 

5-4 Performance of Wood-Framed structures in 1.oma Prieta 
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Earthquake (Tissell). 

* Cople. ot RISTIR 89-4153, "Sensors and Measurement Techniques 
tor b •••• inq structural Performance, " Proceeding. of an 
International workshop held at NIST in sept. 1988, were 
di.tributed to all TIC members in sept. of 1989. 

6. Iwpact 

* Developed revised standardE and building code provisions to 
reduce destruction from high winds and earthquakes. 

* Provided engineers with improved capability to conduct 
condition a.sessJllent of existing structures for developinq 
co.t ettective repair, retrofit, strengthening or deJllolition 
proqra ... 

* Increased the confidence level of the public, regulators, 
policy makers and engineers, to provide assurance that major 
structures will adequately resist high wind and earthquake 
torces. 

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. 

* Limited resources for instrumenting buildings, for conducting 
post-disaster evaluations, and for participating in foreign 
travel for coordination of activities. 

-



Report of Task Committee on 

(£) NATURAL HAZARD ASSESSMENT AND MITIGATION THROUGH LAND USE 
PROGRAMS 

~: May 15, 1990 

Place: National Institute of Standards and Technology 
Gaithersburg, MD 20899 

6.tt.DdIU~1 : Japan Side - K. Kawashima (Chairman) 
T. Iwasaki 
K. Ohtani 
K. Tamura 
T. Akagiri 

U.S. Side - W. Hays (Acting Chairman) 
H. Meyers 
G. Brady 

MISSION STATEMENT 

1. Objectiye 

(PWRI) 
(PWRI) 
(HRCDP) 
(PWRI) 
(GSI) 

(USGS) 
(NOAA) 
(USGS) 

The objectives of this Ta~1~ committee are to exchange information and 
experiences on: 1) engineering characterization of ground motion 2) 
mapping techniques for displaying ground motion data, 3) microzonation, 
and 4) siting and design applications. 

2. SCQpe of work 

New data acquired in Japan and the United States, and in other 
countries (e.g., Chile, Mexico, and Armenia, USSR) will be analyzed for 
future workshops in terms of the foul.' above obj ecti ves. 

3 • Accompl isMents 

Ideas for future activities were exchanged through correspondence from 
TIC members of both sides. 

4. Future Plan 

* The Task Committee is exploring the feasibility of holding a 
one or two day planning meeting in conjunction with the 
anniversary meetings of the Lorna Prieta earthquake which are 
being planned for October and November 1990. The TIC meeting 
could be held in California or in Tokyo in conjunction with 
IDNDR meetings being planned in October. 

* A conference on the first TIC 
Characterization of Ground Motion, 
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objective, Engineering 
planned for 1991, is 



proposed to be held in conjunction with the 23rd Joint Panel 
Meetinq. 

* In view of the increased ground motion data resulting from the 
october 17, 1989, Loma Prieta earthquake and other. throughout 
the world, it was agreed that the Task Committee should focus 
attention on increasing understanding of ground aotion and 
.eis.ic design torces within the framework of its current 
broad task. For such purpose, redefinition of the TIC name 
a., -Ground Motion and Seismic Design Forces·, is proposed. 

5. Inforwation Exchange 

Reprints of technical papers on ground motion, the Loma Prieta 
Earthquake, and the IDNDR were exchanged at the 22nd Joint Panel 
M.eting. 

6. IlIQact 

The work of the TIC will be of great value to each country and 
contribute to others throughout the world who have similar problems to 
solve. 

7. Barriers 

Laek of funding for travel to exchange information and to convene 
workshops has been the princip~l barrier in the past. 



Report ot Task Committee on 

(F) DISASTER PREVENTION METHODS FOR LIFELINES SYST.EMS 

~: May 15, 1990 

Plac.: National Institute ot Standards and Technology 

Attendees: Japan Side - K. Kawashima (Acting Chairman) (PWRI) 
T. Iwasaki (PWRI) 

U. S. Side - S. c. Liu (Chairman) (NSF) 
C. J. Astill (NSF) 
R. M. Chunq (Observer) (NRC) 
J. Cooper CFHWA) 
T. Lew (NCEL) 
H. s. Lew (NIST) 
K. Sullivan (FEMA) 

MISSION STATEMENT 

1. Objectiye 

The objectives of Task Committee 'IF" are to improve 1) the behavior of 
lifeline systems durinq earth .. ~uakes and 2) engineerinq and other 
seis.ic counteraeasures such as damage estimation techniques and 
inspection procedures. These technologies provide users with 
improvements to existing standards of practice for safety and 
serviceability of lifeline systems. Lifeline systems such as gas, oil, 
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 meetinqs: they generally 
are h.ld in conjunction with the annual UJNR Joint Meeting. 
Th. purpose is to .xchange the state-of-the-art knowledge and 
pr&ctic. and to identify cooperatively key opportunities for 
exchange and stUdies which effectively implement research 
results. 

* Conduct related technical sessions at professional society 
m.etinga. 

* Cr.ate a res.arch proqram on a selected lif.lin. system 
(similar in concept to the Large-Scale Testing Proqram). For 
exampl., through joint demonstration, produce criteria for 
... rq.ncy d.sign and loss evaluation and on-line monitoring 



ayat ... for lifeline operation. 

* Conduct apecial activities auch aa tranalating, printing, and 
diatributinq MOC PWRI'. publication Manual for Repair Methoda 
for Civil Engineering structures Damaged by Earthgyate. 

* Develop perforaance stand.rds and a manual on repair, 
re.toration, and retrofit of lifelines. 

l. AcCOGl iabJlant. 

* A third UJHR Workshop on U.S.-J.pan Lifeline Earthquake 
Engineering was h.ld in May 1989 in TsukUba. The Workshop 
proceeding. were pUblish.d and distributed to the r •••• rch 
co .. uniti •• in both countries. 

* Rese.rchers from both sides have contributed sev.r.l technical 
papers on lifeline systems at the 22nd joint panel m.eting. 

* Res.archers from both sides have participated in the post­
event field investigations on the collapse .nd damaqe of 
lifeline structures in the San Francisco Bay are. following 
the Lom. Prieta earthquake in October 1989. A nWlber of in­
depth studies on earthquake behavior, saf.ty, rep.ir and 
str.ngthening of the lifeline structures have been undertaken. 

Dr. Y. Sasaki, Japan Side TIC Chairman visited several 
organizations including NSF and KIST in Karch 1990 to discus 
active control research and to exchange information. 

4. Future Plans 

* Continue observation of instrumented buried pip.!. in 
Parkfield, California, and Chib., J.pan .nd exchange d~ta. 

* Conduct the 4th Joint Workshop on Disaster Preventlon for 
Lifeline Systems tent.tively scheduled in 1991 ;.:.t an u.s. 
location. 

* During the lrd Lifeline workshop in May 1989, the i .. portance 
of active control research was identifi.d for mitigation of 
damage to lifeline structures during earthquakes. TIC "F" 
raco ... nds est.blishm.nt of a new task comaittee on 
Activ./Passiv. control systems for exchanging t.chnical 
information, undertaking joint research, and coordinating 
r.s~arch proqrams carried out by panel member organizations. 

* Initiate a new coop.rative research project on seisaie control 
.ystems for lifelines to mitiq.te damaqe. This work would 
ca.ple.ent the above activity. 



5. InfgrlAtign ExchADgA 

• Dcae.tic community: through technical meetings, conference 
•••• ion., s •• inars, and workshops. 

Between U.S. and Japan~ 
Joint Panel Meetings. 

through TIC workshops and annual 

* Visits by res4drchers and participation in technical meetings 
.ponsored by organizations such as NCEER and EERI. 

* Short-term (3 to 12 months) researcher exchanges to 
participate in on-going lifeline research such as performed at 
the university of Michigan and PCA in the U.S. and at BRI in 
Japan. 

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 
attende~ seminars. 

* contributed to the assessment of design, construction, and 
operatin9 standards for lifeline systems through TIC member 
participation in the committee work e. g., the Technical 
Council on Lifeline Earthquake Engineering (TCLEE/ASCE) and 
the U. S. Building Seismic Safety Council. 

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. 



Report of Task Committee an 

(H) SOIL BEHAVIOR AND STABILITY DURING EARTHQUAKES 

~: May 16, 1990 

Place: National Institute of Standards and Technology 
Gaithersburg, MO 20899 

Attendees: Japan Side - T. Iwasaki (Acting Chairman) (PWRI) 
T. Uwabe (PHRI) 

u.S. Side - A. G. Franklin (Chairman) 
R. L. Ledbetter 
w. E. Roper 
C. J. Astill 

MISSION STATEMENT 

1. objectiye 

(WES) 
(WES) 
(COE~ 
(NSF) 

The objectives of this Task Committee are to enhance technology for: 
predicting the dynamic behavior of sails, establishing procedures to 
analyze dynamic soil-structure interaction, and modifying the dynamic 
behavior of foundations and earth structures in orde~' to assure their 
safe performance during earthquakes. Government agencies with 
responsibility for public works have a duty to provide for public 
safety and to make economical use of public funds. consequently, 
government agencies have a need for more accurate methods of predicting 
soil behavior, and for improved, economical methods of controlling soil 
behavior, to assure the seismic safety of public works and to minimize 
the costs of construction by avoiding unnecessary over-desiqn. 

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 90il 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 Japane.e 
government laboratories, publication of research result. and 
recommended practice. The benefits realized from available 
re.earch fund. can be amplified by bringing greater resource. 
to bear on proble.. of mutual interest, and by coordinating 
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research task. to make the best use of the respective 
strengths of the two sides' research capabilities. 

* Exchanqe visiting researchers using mechanisms provided by 
fOI1lal and informal cooperative research proqralls. Such 
exchanges prollote technical information exchanges, 
f_iliarization with methods of practice on the respective 
sid •• , and mutual understanding and cooperative relationships 
between researchers on the two sides. 

3. Accompl isMents 

* U.S. researchers presented 5 papers, and Japanese researchers 
presented 11 papers, on soil behavior and stability during 
earthquakes, at the 21st and 22nd joint panel meetings 
............................................ . 5/89,5/90 

* Proceedings of the Workshop on the In-situ Testing, held at 
San Francisco, California in 1985 was published and 
disseminated to the Panel members ••••••••••••••.• 4/89 

* A planning meeting for cooperative research on preventive 
measures against soil liquefaction was held at Tsukuba prior 
to the 21st joint meeting •.•..•••.••••..••...•.••. 5/89 

* Mr. Keiichi Tamura of the PWRI is a one-year Guest Researcher 
l Stanford Uni versi ty, working on seismic Response 

'~cteristics of Ground ••.••••••••••••••••.••• 10/89 

* Mr. Motoki Kazama of the PHRI is at the Scripps Institute of 
OCeanography as a one-year Guest Researcher, working on 
Effects of Offshore Environments on Seismic Response of Soil 
Deposits and Pile Foundations •••.••••..••••••••• 10/89 

* Mr. Nario Yasuda of the PWRI completed a one-year Guest 
Researcher assignment at the U.S. Bureau of Reclamation, doing 
research in SeiRmic Behavior of Soils •••••••••••• 1/90 

* Dr. Yasushi Sasaki of the PWRI visited sites of damage around 
the San Francisco Bay Area and the epicentral area of the Loma 
Prieta Earthquake. He was assisted by several U.S. Panel 
Members, including the TIC (H) U.S. Chairman ••••.• 3/90 

* A set of 35mm slides shewing 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 1990, to study the Dynamic 
Behavior of Rock-Fill Dams •••.••••••••••••••••••• 4/90 
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4. Future Plan.: 

* Identification of research tasks on preventive .easure. 
AqAinat .oil liquefaction that are of common interest, in 
accordance with the results of the planning meeting held at 
Taukuba in May 1989 ••••••••••••••••••••••••••••••• 9/90 

* Hold thR Second U.S.-Japan Workshop on Remedial Treat.ent of 
Potentially Liquefiable Soils, in Japan at a time to be 
determined between October 1990 and March 1991 ••• 2/91 

* Develop plans for a cooperative research program to verify 
soil-pile interaction models for marine structures subject to 
earthquakes, measurement of sea floor earthquake motions, ana 
the stability of gravity-based structures during seismic 
events ........................................... 12/89 

* TIC (H), at the 22nd Joint Panel Meeting, discussed the need 
for technological innovation and research to assist in saving 
lives following natural disasters caused by earthquakes. The 
principal areas of need were identified as improved technology 
for locating survivors, and the development of new equipment 
and systems for safe excavation of debris to remove survivors 
from collapsed structures. TIC (H) recognizes this subject is 
outside their area of responsibility but feels it is important 
and should be discussed by the full Joint Panel. The Task 
Committee suggests the following options for implementation: 
(a> Establish a new Task Committee which will address this 
topic area and provide the focal point to share experience and 
research in this area and (b) Inco::porate this topic into 
another TIC e.g., TIC (D): on Evaluation of structural 
Performance. TIC (H) will continue to explore methods whereby 
this topic will receive appropriate visibility. 

5. InfOrmation Exchange: 

* TIC workshops, exchange of visitors, and participation in 
annual joint panel meetings, and presenting technical papers. 

* Exchange of researchers between u.s. and Japanese government 
laboratori.s. 

* Visits by researchers and participation 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 b'· the 
respective agencies; participation in professional sc.ciety 
meetings and conferences; seminars; and workshops. 
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6. IllpAct 

Tbrough the exchange of researchers and the diffusion of earthquake­
related technical data, experience, and information on methods of 
practice, the state of technology in geotechnical earthquake 
engine.ring has been raised on both sides. Through the cooperative 
re.earch pro~ram on in-situ testing of soils which was carried out 
after the 1983 Nihonkai-Chubu Earthquake, improved and more accurate 
.. thods 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 stimulated 
renewed awareness of the need for furthp.r research in soil liquefaction 
and amplification effects of soft soils. 

7. Barriers 

* Insufficient U. S. and Japan Government funds allocated to 
adequately address earthquake engineering research. 

* Administrative limitations on foreign travel. 



Report of Task Committee on 

(I) STORM SURGE AND TSUNAMI 

.DAta: May 15, 1990 

PlACe: National Institute of Standards and Technology 
Gaithersburq, MO 20899 

Attena •• I: Japan Side - K. Yokoyama (Temp. Chairman) 
H. Ito 

U.S. Side - H. Mey~rs (Chairman) 
C. Barrientos 
W. E. Roper 

MISSION STATEMENT 

1. Obi ectiye 

(PWRI) 
(DI) 

(NOAA) 
(NOAA) 
(COE) 

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 wi th 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 c~used by unjerwater earthquakes and, to a lesser extent 
volcanic activity. Depending on the distance from the source tsunamis 
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 costal effects. This 
includes observations on historical, current, and theoretical 
tsunamis. Of particular interest is the effort by US and 
JAPAN to acquire deep ocean tsunami measurements. 

• Exchange results and status of anti-storm surge and tsunami; 
activities including analysis of the problem, planning, 
warning, and engineering approaches. 

• Exchange information on planned and ongoing projects relating 
to storm surge and tsun~Mis. 

• 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 1 improved instrumentation, and use of satellite 
comaunications for detection and warning. 



* Facilitate di •••• ination through exchange of literature, 
technical reports at joint meetinqs, special workshops, joint 
project., and direct interaction among participants. 

3. Agcoapl iabMnt.. 

* Exchanqed digital bathymetric data with the Japanese side; US 
.ide received a ~omputer program to calculate tsunami travel 
ti.e charts. 

• Exchanqed co-,puter program forecasting storm surge run-up. 

* Exchanged technical reports on related subjects. 

• Expanded the nu.ber of active U.s. participants with 
representation from COE, University of Colorado, and NOAA, and 
NSF. 

* The U. S. side has compiled detailed information on all 
t.unamis affecting the U.S. and its possessions. The 
publication, "United states Tsunamis 1690-1989" has been 
printed and given to the Japanese side. 

". Future Plana 

* Develop exchanges of data and informo::.tiun on activities 
related to deep ocean tsunami measurements. 

• A Second Tsu.,.mi Workshop is being arranged in Hawaii , 
Nove:!;,er 5-'1, 1990 to address advances since the first 
Workshop held in 1983 and to bring together computer modelers 
and potential users of modeling results. There will be 
approxiaately 8 participants from the Japanese side and 10 
trom the U.S. side. Site visits are also being planned. 

• Explore and promote joint undertakings such as instrument 
te.ting, joint publications, scientist exchange, satellite 
communications, and assistance in contacts within the US and 
JAPAN. 

• NOAA has adopted the travel time program developed by Mr. 
Okada (MRI/JMA) using NOAA gridded bathymetric data to run on 
NOAA 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 will be 
•• nt to the Japanese side. 

• Tbe U.s. and Japanese sides agree that there is a need to hold 
workahops at 2 or 3 year intervals to exchange the latest 
re.earch and technology relating to various aspects of storm 
.urge and t.unami hazards. 
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5. Information Exchange 

* continue exchange of publications, biblioqraphic data, 
technical reports, and personal contacts. 

6. Impact 

* Increased cooperation among !.cientists and enqineers workinq 
in these fields. 

* Hasten implementation of new modeling and design techniques 
developed by the US and Japan. 

* Facilitated wider dissemination of information and technology 
to scientists and engineers in both countries. 

7. Barriers 

* Insufficient funding from qovernment and private sector 
organizations to participate in TIC workshops and the Panel's 
annual joint meetings. 

• The tsunami problem is less severe in the US than in JAPAN 
which leads to a smaller community of researchers. The~e are 
few US researchers focusing on tsunamis at any specific 
location: thus highlighting the importance of TIC periodic 
meetings and workshops. 

• There are different approaches and degree of siqnificance in 
dealing with problems in the U.S. and JAPAN e.q., in U.S. much 
of the hazard is from remote sources whIch leads the 
government to emphasizinq developments of warninq and 
evacuation schemes while in JAPAN the engineerinq approach is 
needed due to more locally generated tsunamis which oft.n do 
not provide SUfficient times for adequate warninq and 
evacuation. This barrier is partially being addressed by 
inviting engineers and non-government specialists to 
participate as temporary or permanent members for the u.s. 
side at the annual meetinqs. 
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Report of Task committee on 

(J) WIND AND EARTHQUAKE ENGINEERING FOR TRANSPORTATION SYSTEMS 

DAtA: May 15, 1990 

PlacI: National Institut. of Standards and Technology 
Gaither.burg, MD 20899 

Att'nd.es: Japan Side - K. Yokoyama (Acting Chairman) 
K. Haseqawa 

U.s. Side - J. D. Cooper (Chairman) 

MISSION STATEMENT 

1. Objectiyes 

(PWRI) 
(PWRI) 

(FHWA) 

The objectives of this Task committee are to plan, promote, and foster 
research on the behavior of highway bridges when subjected to wind and 
s.ismic forc.s and to disseminate research results and provide 
specifications and guidelines based on the task committee's findings. 
Surface transportation systems for movement of qoods and people play a 
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-of-Work 

* The scope of the work is applicable mostly to highway bridges 
without any limitation on their size and function: such as 
existing bridges and new bridge designs, whole system of 
bridges; and/or to single components of a bridge. 

* The mission is performed through: conducting workshops, 
exchanging researchers, developing methods for design 
evaluations and test procedures, inspection techniques, 
rehabilitation and maintenance specifications and policies, 
and performing cooperative research programs and other 
relevant cooperative administrative activities. 

3. Accomplishments 

• United States and Japanese post earthquake investigative teams 
collaborated to investigate the damage to transportation 
systems with emphasis on highway bridges caused by the Loma 
Prieta Earthquake of October 17, 1989. Technical information 
was exchanged at the 22nd Joint Panel Meeting. 

* Conducted coordinated research studies on the •• is.ic 
perfonaance of bridge piers and columns. Details of th::. work 



involved determining the performance of reinforced 
piers and columns subjected to dynamic cyclic 
performing model teata on the failure of reinforced 
piers, testing full-scale concrete columns and 
bebavior of concrete filled steel tubes. 

concrete 
loadin'l, 
concrete 
for the 

• Held the sixth bridge workshop in Lake Tahoe, Nevada U.S. in 
1990 and the fifth bridge workshop in Tsukuba, Japan in 1989, 
dealing with the determination and evaluation of the 
performance and strengthening of bridge structures, structural 
monitoring, repairs, safety and non-destructive evaluation. 
Special attention was 'liven to the seismic and wind loadings 
of modern cable-stayed bridges, vibration su~pression, ba~e 
isolation and dynamic control techniques. 

* Both sides presented technical papers at the 21st and 22nd 
UJNR Joint Meeting and participated in technical study tours 
to buildings, bridges, factories, construction sites, and 
instrumented structures. 

4 • Future Plans 

• Conduct the 7th brid'le workshop just prior to the 23rd Joint 
Panel meeting in Japan. 

• TIC (J) recognizes the importance of developing active and 
passive control systems to mitigate earthquake and wind 
induced damage to bridges. Because of the potential 
application and impact of these control systems to mitigate 
damage on other types of structures, TIC (J) recommends the 
establishment of a new Panel TIC to review the feasibility for 
and encourage and support the development of a::::tive and 
passive control systems to reduce earthquake and wind induced 
structural damage. 
Investigate and exchange technical information on improved 
seismic retrofit and strengthening procedures for highway 
bridges based on experimental, analytical, and field studies. 

• continue experimental research study on the seismic 
perfoI'1llance of bridge piers and columns, and continue emphasis 
on base isolation. 

Develop a coordinated research study on seismic, aeroelastic, 
and aerodynamic response of cable-supported brid'les with 
emphasis on cable inspection, vibration and corrosion 
protection. 

• Develop a coordinated research study to compare the seismic 
desi'ln criteria for bridges in Japan and the U.S., includin'l 
application of limit state design. 

• Encourage a coordinated research study on seismic response 
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control, .y.te. identification techniques, and non-destructive 
evaluation of bridqe structures. 

5. Inforaation exchAnge 

* Exchanged technical reports, research program documentation, 
construction logs, design plans, and assorted photographs and 
TV videos. 

* Mr. Keiichi Tamura from PWRI studied at stanford University 
and Mr. Kinji Hasegawa from PWRI studied at the University of 
California, 
Berkeley. Mr. S. Unjoh returned to PWRI in March 1990 after 
working for one year at the University of Southern California. 

6. Impact 

* Greater uniformity was achieved in wind engineering test 
procedures and modeling resulting in more efficient solutions 
to the aerodynamic bridge problem. 

* The workshops and study tours in the two countries have 
facilitated technoloqy transfer, as an example, in the area of 
cable protection and vibration suppression of cable-stayed 
bridges. 

* With respe.:t to the earthquake protection of bridges, the free 
exchange of literature, instrumentation technolOCJY, and 
earthquake response data has led to the advancement in design 
technolOCJY, and development of preliminary retrofit 
quidelines, and to the calibration and verification of 
specifications. 

* A set of priorities for needed research from a more 
international viewpoint has reduced the conduct of duplicative 
research efforts. 

7. Barriers 

There are no major technical barriers to achieve the Task committee 
.is8ion. However: financial barriers, especially funding needed to 
participate in workshops and panel meetings and for conducting actual 
bridge tests and l&rqe scale model tests, limit the effectiveness of 
the work in this Task Committee's work. 
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