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PREFACE 

The UNITED STATES and JAPAN, in 1961, created the U".S.-JAPAN 
Cooperative Science Program. The U.S.-JAPAN Natural Resources 
Development Program (UJNR), one of three collateral programs 
making up the Cooperative Science Program, 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. The UJNR is composed of 
17 Panels each focusing on specific technical sUbjects. 

The Panel on wind and Seismic Effects was established in 
1968 to provide technologies for reducing damages from high 
winds, earthquakes, storm surge, and tsunami. The Panel 
provides for cooperative activities of 16 U.S. and six 
Japanese agencies with participating representatives of 
private sector ~rganizations.. Annual meetings alterriate 
between JAPAN and the U.S. (odd numbered years in JAPAN; even 
numbered years in the U.S.). The Panel provides the vehicle 
to exchange technical data and information on design and 
construction of buildings, bridges, dams, and lifeline.and 
waterfront structures, and to exchange high wind and 
seismic measurement records. Results from this Panel's 
efforts have impacted engineering practices and improved 
codes and standards in both countries. 

The 21st Joint Meeting was held at the Public Works 
Research Institute, Tsukuba, JAPAN, during May 16-19, 1989. 
The Panel featured six themes: 26 of the 33 authored 
technical papers were presented plus two oral presentations 
each on the 1988 Armenia earthquake and two reports on task 
committee workshops. The Panel's nine task committees held 
their meetings during this period to review joint research 
projects and planned for future activities. 

These proceedings include the program of the 21st Joint 
Meeting, Panel resolutions, technical papers, and task 
committee reports. 

We are grateful for the partial support for the U.S. Panel 
from the National Science Foundation, Department of state, 
Department of Army, Federal Highway Administration, Bureau 
of Reclamation, Nuclear Regulatory Commission, Federal 
Emergency Management Agency, and the National Institute of 
Standards and Technology. 

Noel J. Ri:mfaste, Secretary 
US-Side, Panel on Wind and Seismic Effects 
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The 21st Joint Meeting of the U.S.-Japan Panel on Wind and 
Seismic Effects was held at the Public Works Research 
Institute, Tsukuba, JAPAN, from May 16-19, 1989. This 
publication, the proceedings of the Joint Meeting, includes 
the program, list of members, panel resolutions, task 
committee reports, and 33 technical papers. 

The papers were presented under six themes: (I) - Wind 
Engineering, (II) - Earthquake Engineering, (III) - Storm 
Surge and Tsunami, (IV) ,- U.S.-Japan Cooperative Research 
Program, (V) - Code Development Process and Code Enforcement 
Responsibility, and (VI) - Armenia Earthquake (oral 
presentation) . 

KEYWORDS: accelerograph; Armenia; bridges; codes; concrete; 
design criteria; disaster; earthquakes; geotechnical 
engineering; ground failures; inelastic; lifelines; 
liquefaction; masonry; repair and retrofit; risk assessment; 
seismicity; soils; standards; storm surge; structural 
engineering; tsunami; and wind loads. ' 
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RESOLUTIONS OF THE TWENTY-FIRST JOINT MEETING 
U~S.-JAPAN PANEL ON WIND AND SEISMIC EFFECTS (UJNR) 

Public Works Research Institute 
Ministry' o'f Construction 

1, Asahi, Tsukuba-shi, Ibaraki 305 

May 16:;;'19, 1989 

The following res01utions_ are hereby adopted: 

1. The 'Twenty-First Joint Panel Meeti~g 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 acti vi ties have been conducted since the Twentieth Joint 
Meeting: 

'e. Guest researchers from both countries performed Joint research that 
advanced the state of wind and earthquake engineering. 

b. Technical documents, research reports and proc-eedings of workshops 
were exchanged. 

c. The Japanese MOC document, "Manual for Repair Methods of Ci vi! 
Engineering Structures Damaged by Earthquakes" was translated into 
English, published, and soon will be disseminated to appropriate US 
engineering community members. 

d. The Japanese MOC reports on Base Isolation Systems for Buildings 
were discussed with NIST in March 1989, for translation into' 
English. They will be published and disseminated to appropriate 
U.S. engineering community members. 

e. Workshops and planning meetings were held: 

a) Fourth Joint Technical Coordinating Committee on Masonry, Task 
Committee (B), San Diego, CA, October, 1988. 

b) International Workshop on Sensor Technology Applied to Large 
Engineering Systems, Task Committee (D), NIST, Gai thersburg MD in 
September, 1988. 

c) Fifth Bridge Workshop, Task Committee (JJ, Tsukuba, May 9 - 13, 
1989. 

d) Workshop on Disaster Prevention for Lifeline Systems, Task 
Committee (F), Tsukuba, May 11 - 13, 1989. 

e) Planning Meeting on Cooperative Research for Remedial Treatment 
of Liquefiable Soils, Task Committee (H), Tsukuba, May 13 - 14, 
1989. 
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f. Held a special Panel Theme on 
Process and Code Enforcement 
understanding of the history 
building regulations. 

"Japanese and U. S ~ Cod~ Development 
Regulations" to provide a better 
and evolution of .both countries' 

3. Expe~iences from post-earthquake fact finding team visits to Armenia in 
December 1988 were reported by both sides. The Panel recognizes the 
importance of using these findings and experiences ,and' encourages 
similar exchanges of information from future post-disaster 
~nvestigations. Information tf'ansfer will include reports, ,seminars, 
and special Panel sessions as used at the Twenty-First Joint Me~ting. 

4. The Panel will continue seeking, methods to contribute to" the 
Internatio~al Decade of Natural Disaster Reduction (IDNDR) such as 
exchanging Proceedings of Task Committees and Panel Meetings with their 
respective National Committees' ,of IDNDR. 

5. The Panel approves each Task Committee's Mission Statement reports 
developed during the Twenty-First Joint Meeting. These reports present 
Task Cqmmittee objectives, current and proposed scope of work, and,past 
and expected accomplishments. 

6. The Panel recognizes the importance of the following i,tems: 

a. Both sides are performing work contributing to the Panel's Program 
on Large-scale Testing of Precast Seismic Structural ~ystems 

(PRESSS l. Informati on.. about the program wi 11 continue' to be 
exchanged during the coming year. 

b. Continue to exchange data and information on application of 
.and. passive response control systems for, buildings and 
structures a,nd encourage the appropriate .Ta~k Commi ttees, by 
wo~k, to advance these technologies. 

active 
other 
joint 

c .. Collect strong motion data. on the performance of buried pipeline 
.systems for 3-D downhole information. 

d. .Obtain experimental verification of the effectiveness of 
retrofitting and strengthening methods for structures and soils. 

e. Disseminate information to all Panel 
for exchanging researchers to each 
Japanese STA Fellowship Program and 
Programs. 

members about opportunities 
country. such as ,using the 
the related NSF Fello~ship 

7. Joint planning will begin on cooperative work in a new research area on 
verifying soil-pile interaction models for marine structures sUbjected 
to earthquake loads. This may be planned through corr'espondence by 
both chairmen of TiC (H) who will inform both Panel Side Secretaries 
about progress. 

8. The Panel endorses the foliowirig prop?sed Task Committee workshops and 
planning meetings: 



a. The Fifth Meeting of JTCCMAR, TIC (B) ~ill be scheduled in Tsukuba, 
Japan October 1989, and a us - Japan Precast Seismic Structural 
Systems (PRESSS) Program Coordinating Meeting, Tic' (B) will be 
planned for Japan in October, 1989. 

h. Task Committees (C) and (D) are planning a joint workshop -on 
Evaluation, Retrofit, and Strengthening Structures Damaged by High 
Winds and Earthquakes in May 1990. 

c. Workshop on Earthquake Hazard and Risk Assessment, TIC (E) will be 
held in Japan in 1990.-

-, 

do. Workshop on Disaster Prevention for Lifeline -Systems, TIC (F) will 
be held in the U.S. in 1990. 

e. Workshop on Design and Treatment Method for Mitigating Liquefaction 
Induced Damage, Task Committee (H) will be held in Japan in October 
1990. 

f. Workshop on Storm Surge and Tsunamis, TIC (I) will be held in 
Honolulu in October or November 1990. 

g. Sixth Bridge Workshop, TIC (J) will be held in the U.S. just prior 
to the 22nd UJNR Joint Meeting. 

Scheduling for the workshops and planning meeting shall be performed by 
the US and Japan chairmen of the respective Task Committee with 
concurrence of the Joint Panel chairmen. Resul ts of each acti vi ty 
shall be presented at the next Joint Panel Meeting. 

9. _ The Panel recognized the importance of continued exchange of personnel, 
technical information, research results, and recorded data that lead to 
mi tigating losses from earthquakes and strong winds. The Panei -also 
recognizes the importance of using available large-scale testing 
facilit.ies in both countries. Thus, these acti vi ties -should continu-e 
to be strengthened and expanded and, as appropriate, share Task 
Committee activities work at other meetings that have technical 
interest in the- Task Committee activities. To facilitate 'these 
exchanges, the Panel-will provide official endorsement. 

10. The Twenty-Second Joint Meeting of the UJNR Panel on Wind and Seismic 
Effects will be held at NIST, Gaithersburg, Maryland, U.S.,May 1990. 
Speci.fic dates, program, and itinerary will be proposed by the U.S. 
Panel with concurrence of the Japan Panel. 
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Wind Engineering 





A Summary of the Federal Highway Administration's 
Wind Engineering Research Program 

by 

Harold R. Bosch 1 

ABSTRACT 

Since the dramatic collapse of the Tacoma Narrows 
Bridge (Washington) in '9~O, the Federal Highway 
Administration has actively pursued a program of 
research aimed at advancing our understanding of 
the effects of wind forces on structures and 
ensuring the aerodynamic stability of long-span 
bridges. This research has· involved scale model 
testing in wind tunnels, analytical 
investigations, numerical modeling, 
instrumentation development, full scale 
measurements at bridge sites, software 
development, coordination of national research, 
and technology exchange. This paper will attempt 
to highlight some of the research activities 
which have been undertaken during the past 50 
years with the aim of providing an overview of 
the Administration's wind engineering research 
program. 

KEYWORDS: Bridge; cable-stayed; dynamics; 
stability; suspension; wind. 

1. INTRODUCTION 

Almost a half century ago, the dramatic collapse 
of the Tacoma Narrows Bridge sparked a major 
investigation into the effects of wind on 
suspension bridges. To coordinate the many 
activities which were to be undertaken, the 
Advisory Board on the Investigation of Suspension 
Bridges was formed. The Board was broadly 
representative of engineers responsible for 
specific suspension bridges, research engineers 
having competence in aerodynamics and suspension 
bridge theory, and representatives of industry 
with demontrated ability and leadership in the 
fabrication and erection of suspension bridges 
[1]. 

The first action of this Board was to recommend 
that the Bureau of Public Roads (BPR), now the 
Federal Highway Administration (FHWA), cooperate 
actively in a broad attack on the problems of the 
aerodynamic behavior of suspension bridges. The 
Bureau quickly responded by initiating agreements 
with: the Washington Toll Bridge Authority to 
conduct model studies in a special wind tunnel at 
the University of Washington [2]; the Golden Gate 
Bridge and Highway District for development of 
suitable bridge instruments, installation, and 
operation on the Golden Gate Bridge [3]; the 
American Institute of Steel Construction for 
analytical studies by the late Dr; Friedrich 
Bleich [4); and the Oregon State Highway 
Department for theoretical analysis and static 
load testing on a suspension bridge model. 

This cooperative research served to identify the 
mechanism of the wind action which caused the 

! Preceding page blank I 3 

failure of the original Tacoma. Narrows Bridge and 
firmly established the stability of the proposed 
design for the new bridge. In the process, it 
demonstrated that properly scaled model studies 
conducted in suitable wind tunnels could be used 
effectively to evaluate structural designs and 
would reproduce quite faithfully the observed 
bridge behavior. 

The research also provided a number of 
significant observations concerning the response 
of suspension bridges to wind action [5]: 
o Girder-stiffened suspension bridges are prone 

to restricted vertical or torsional 
oscillations. The strength and amplitude of 
these oscillations can be predicted from wind 
tunnel study. 

o Girder-stiffened suspension bridges are also 
prone to catastrophiC vertical or torsional 
oscillations depending on their depth to width 
ratio. Generally, narrow and deep structures 
have a tendency for vertical motion while wide 
and shallow structures have a tendency for 
torsional motion. 

o Truss-stiffened suspension bridges are also 
subject to minor restricted OSCillations; 
however, their main danger is from flutter 
resulting from a coupling of modes. The 
motion is usually dominated by the torsional 
component. 

o In addressing the question of coupling, Dr. 
Bleich applied the classical theory of flutter 
to the behavior of suspension bridges. His 
analysis indicated that an effective means for 
combating the catastrophic behavior of truss
stiffened bridges would be to increase the 
torsional frequency through use of top and 
bottom lateral systems. 

o Although the use of deck vents or slots proved 
to be effective on the new Tacoma Narrows 
Bridge, they are not generally effective on 
girder-stiffened suspension bridges. 

Although this early research provided 
considerable insight into the problem of bridge 
aerodynamic stability, it revealed some 
inconsistencies and left a number of questions 
unanswered. Those involved in the work 
recognized the need for continued research 
leading to definite and consistent design 
criteria which would ensure the aerodynamic 
stability of suspension bridges and for 
establishment of a more permanent wind tunnel 
facility which would enable investigation of 
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specific designs until suitable criteria are 
developed. Many felt that the Bureau of Public 
Roads should take on this obligation and 

_coordinate the research efforts. 

2. WIND RESEARCH PROGRAM 

B~R, and later FHWA, gladly accepted this 
responsibility and embarked upon a broad research 
program which has involved coordinating national 
and in~ernational' wind investigations, sponsoring 
contract research, conducting laboratory and 
field studies in-house, and providing technical 
guidance through committees, panels, or research 
councils. For more than 40 years, the Bureau has 
continued to play an important role in ensuring 
the aerodynamic stability of long-span bridges. 
Some of. the major activities (Table 1) may be 
grouped into the following broad categories: 
o Building a ~wind tunnel facili ty. Few wind 

tunnel~ in the U.S. are suitable for 
investigating the effects of wind forces on 
bridges and. none are totally dedicated to that 
purpose '. 

o Developing laboratory equipment. Wind tunnel 
iabor:atori"es require specialized· test 
equipment and custom support hardware which 
often is not available commercially. ' 

o Conducting scale model studies. Designs were 
proposed for many new suspension and cable
stayed bridges which required testing. ' 
Alterations were proposed for a number 'of 
existing b~idges which also required testing. 

o beveloping instrumentation systems. Durable, 
automated instrumentation systems were 
required to perform long term measurements at 
remote brid·ge. si tes. Few, if any" sui table 
systems were available commercially. 

o Performing full scale measurements. Detailed 
wind and bri~ge response measurements are. 
needed at bridge sites to establish the exact 
nature of local winds and to characterize 
bridge dynamic behavior. 

A brief overview of specific projects within each 
of these categories will be presented in the 
sections which follow. 

3. AERODYNAMICS LABORATORY 
. . 

Fol16wing the reconstruction of the Tacoma 
Narrows ,Bridge, the temporary bridge testing 
facili ties a t the University of Washingto~ were 
dismantled to make way for other. new buildings. 
In response, the Bureau made a careful survey of 
existing wind tunnel. facilities in the United 
States to determine if one might be ad~pted for 
the purpose of studying the effects of wind 
forces on su~pen~ion bridges. BPR determined 
that it would be more cost effective and 
expeditious to build its own specialized 
facility. During the 1950's, the aerodynamics 
laborato'ry and wind tunnel (Figure 1) were 
deSigned, constructed, and placed into service at 
BPR's Fairbank Highway Research Station i~ 
McLean, ~irginia. The wind tunnel is a low 
velocity, open-circuit, laminar flow tunnel 
designed primarily for stUdy of wind loads on 
long-span bridges [6,,7 J • During normal 
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operation, air enters through the double inlet 
section of the tunnel, passes through a diffusion 
section containing a series of screens, and exits 
through a 6 by 6-ft (1.8 by 1.8-m) nozzle into 
the test area. Wind speeds up to 50 fps (15.2 
mps) can be generated and the vertical angle of. 
the wind can be changed by rotating the nozzle up 
and down. 

4. LABORATORY INSTRUMENTATION. 

4.1 Turbulence Generator 

During the period 1977~1983, FHWA sponsored 
research at Colorado State University to develop 
a new technique for laboratory simulation of 
large scale turbulence suitable for use in bridge 
section model studies [8]. This research led to 
design and implementation of a unique turbulence 
simulation system in the FHWA Aerodynamics 
Laboratory. 'The concept of this system is shown 
in Figure 2. The main components of the 
turbulence generator are two arrays of 
symmetrical airfoils and an electrohydraulic 
driving system. The airfoil assemblies ar~ 
located just downstream of the wind tunnel 
nozzle. The airfoils at location A oscillate 180 
degr~es out of phase to produce horizontal 
velocity fluctuations while those .at location B 
oscillate in phase to produce vertical 
fluctuations. Both sets of airfoils are driven 
by hydraulilc actuators and each can be operated 
independently through a master control system 
(Figure 3). 

4.2 Force-Balance 

During the period 1985-1986, FHWA designed and 
implemented a high frequency force-balance for 
measuring lift, drag, and pitching moment forces 
on bridge section models (Figure 4). The force
balance system actually consists of two separate 
balance mechanisms, one located at each end.of 
the model. This rather unique feature enables 
detection of unbalanced loads on the bridge~ The 
balance system is mobile and can be rolled into 
and out of the test section as necessary. 
Section models mounted in the force-balance can 
be rotated through a range of 180 degrees to vary 
the angle of attack. 

5. SCALE MODEL STUDIES 

5.1 Suspension Bridge Studies 

During the period 1960-1968, wind tunnel studies 
(Table 2) were conducted to evaluate the 
aerodynamic stability of seven suspension bridges 
[9-16]: San Pedro-Terminal Island (California), 
Golden Gate (California), Tagus River (Portugal), 
Lion's Gate (Canada),- Narragansett Bay (Rhode 
Island), New Quebec (Canada), and Bosporus 
(Turkey). Most studies were aimed at assessing 
proposed designs for new bridges, while some, 
like Golden Gate, were to investigate proposed 
alterations. All of these experiments. were 
conducted under laminar flow conditions with the 



exception bf Licn's Gate, where a parallel b~idge 
was placed upwind of the model for a portion of 
the testing. Rigid section models with geometric 
length ~cales ranging from 1:40 'to 1:75 were 
designed and fabricated for each test. The 
models were mounted on a spring suspension system 
which was carefully adjusted to provide- the 
correct vertical and torsional frequencies~ Wind 
speeds were varied from 0 to 50 fps (15.2 mps) 
while angle of attack was varied from -5 to +10 
degrees. Model response was observed, recorded 
on strip chart, and later evaluated to obtain 
data on logarithmic increment, logarithmic 
decrement, amplitude, frequency, and critical 
velocity. 

5.2 Generic Flutter Studies 

During the period 1969-1971, wind tunnel studies 
were performed on 'a dozen generic sections in 
conjunction, with analytical work being conducted 
by Sabzevari, Scanlan, and Tomko [17]. The 
models were chosen to be representative of truss, 
box, and girder type bridge sections. The 
research centered on developing an analytical 
model for bridge flutter, in which the 
aerodynamic information was to be obtained from 
experiment. Behavior of the rigid section models 
was observed in-the wind tunnel and aerodynamic 
force coefficients were inferred from the 
response of the models. Experimental procedures 
were developed for efficient, and reliabl~ 
extraction of the necessary aerodynamic 
information. 

5.3 Cable-Stayed Bridge Studies 

During the period 1972-1980, FHWA conducted a 
series of model stUdies to investigate the 
aerodynami~ behavior of cable-stayed bridge 
designs. Wind tunnel investigations were 
performed on ,the, design for Sitka Harbor Bridge 
(Alaska)~ 14 deSign alternates for Luling
Destrehan Bridge (Louisiana), and the steel box 
design alternate for East Hu~tington Bridge (West' 
Virginia). Like earlier experiments, these tests 
employed rigid section models, were conducted in 
laminar flow, and vertical wind angle was varied. 
In contrast with the earlier work, ~lutter 
coefficients were extracted, mean forces (lift, 
drag, and moment) were measured, and vortex
induced bridge response was carefully documented 
[18,19]. 

5.4 Bridge Rehabi lita tron Studies 

During the period 1981-1983, Phase I of a 
comprehensive investigation into the aerodynamic 
behavior of the Deer Isle-Sedgwick Bridge (Maine) 
was accomplished. Section model tests were 
performed on a 1:25 scale section 'model of the 
existing bridge as well as three proposed 
modifications [20]. Laminar flow'conditions were 
maintained throughout this phase of testing. ' A 
series of separate tests were conducted to 
identify general response characteristics, to 
extract flutter coefficients, to measure mean 
forces, and to study vortex-induced response. 
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5.5 Turbulence'Simulation Studies 

During the period 1984-1986, experimental 
procedures were developed to conduct section 
model studies in sumulated, large-scale 
turbulence [21). Wind tunnel experiments 
incorporating simulated turbulence were performed 
on Deer Isle (Phase II) and Golden Gate section 
models using FHWA's unique turbulence generator 
[22]. The bridge models were subjected to 
various levels of turbulence and the resulting 
response compared to results from previ6us' , 
studies in laminar flow. 

5.6 Generic Section Model Studies 

During the period 1987-1988, special model 
studies were conducted on generic section models 
representing "Box" and "H" str~ctur~l sha~es, 
seven of each, with depth to width ratios ranging 
from 0.10 to 1.00. Initially, all the shapes 
were tested in both laminar and simulated ' 
turbulent flow conditions without varying the 
wind angle [23]. Flutter coefficients were 
obtained for each test condition. Simiiar tests 
are being conducted at the Chinese Aerodynamic 
Research and Development Center and 'th~ re~urts 
from both laboratories are being compared. 
Following these experiments, another series of 
tests were performed in conjunction with research 
on analytical modeling of vortex-induced response 
[24]. For this study, three shapes exhibiting 
strong response to vortex shedding were selected 
from the original set of fourteen. Testing was 
performed only in laminar flow and attention was 
focused on regions of resonant response. The 
variation of response amplitudes within th~ 
resonant region(s) was carefully recorded as was 
the nature of vortex shedding in the wake and the 
coherence of shedding along the span 6f the 
model. 

6. FIELD INSTRUMENTATION 

6.1 Melpar System 

In 1969, a data acquisition system was designed 
to monitor and record wind velocities and 
direction at remote bridge sites and to document 
their effects on suspension bridges [25]. The 
system was designed to operate unattended', 'being 
triggered into operation by wi rid velocities or 
bridge displacements which exceed predetermined 
threshold levels.' To'characterize the turbulent 
nature of the wind, 3-component ~ropeller type 
anemometers were selected.' These were to be 
spaced at intervals along the b~idge span to 
sense wind componehts normal, parallel, and 
vertical reiative to the roadbed~ To 
characterize the bridgeresponse~ servo type 
accelerometers were selected. The accelerometers 
were to be installed in pairs, one hear each edge 
of the roadbed, at key points along the bridge 
span. Accelerometers were alsO,to be placed in a 
bridge tower to identify bending, twist, and sway 
of the tower. Provisions were also made for use 
of an aerovane type wind sensor which p'rovides 
basic wind speed and direction data similar to 



that obtained by the National Weather Service. 
The dat,a a,ccjuisiUon "equipment included circuits 
or moduiesfor signal conditioning, amplifying, 
filtering, 'multiplexing, and digitizing the 
incoming analog signals. A dual buffer was 
provid~d: for iritermediate storage of the 
digitii~d data. As one buffer fills, the system 
automatically switches to the other buffer and 
the data i~ dumped,to one of two 9-track, SOD BPI 
digital tape drives. The system was designed to 
automaticaily sample up to 70 input channels at 
S-bit resolution using a system clock rate of 500, 
samples per second and have the capability to 
store 10 hours of continuous wind and bridge 
data. 

6.2 Kinemetrics System 

By 1975, FHWA was expanding its field measurement 
program ard' developed a need for a sec,ond data 
acquisition system. A new system, Similar to the 
prototype, was designed [26J. This new 
instrumentation syst~m,incorporated at number of 
technological advances and enhancements: 
o 12-bit -analog-to-digital conversion. 
o Variable number of channels (64 max). 
o Variabie sa~pling rat~ (90,000 max). 
o Variable filter frequencies and gains. 
o Dual 1600 BPI 9-track tape drives. 
o Special offset amplifiers. 
o Uninterruptable power supply. 

7. FULL SCALE ,MEASUREMENTS 

Full scale measurements at bridge sites (Table 3) 
are an,essential part of the wind research 
program. The ~ind data obtained provides 
detailed information regarding prevailing 
conditions (speeds, directions, angle of attack) 
and turbulence properties (intensity, spectrum, 
scale) which is often not available from other 
sources. The structural response data provides 
information on the structure's dynamic properties 
(frequenc~es, ,mode shapes, damping) which can be 
compared_with computed values. Wind and 
structural measurements are often used in the 
design of wind tunnel experiments and to evaluate 
the effectiveness of aerodynamic retrofits. They 
can also provide a means for determining the 
adequacy of experimental and analytical 
techniques. ' 

7.1 Ambient Vibration Surveys 

In 1969, BPR awarded a contract to Teledyne 
Geotronics to investigate the feasibility of 
using the small amplitude vibrations normally 
present in suspension bridges to measure natural 
frequencies, mode shapes, and damping factors. 
Teledyne had previously been quite successful in 
using such an approach to determine the dynamic 
characteristics of large buildings. The survey 
technique was demonstrated on two moderate sized 
suspension bridges, the Newport Bridge (Rhode 
Island) and the Chesapeake Bay Bridge ,(Maryland). 
The test results were quite encouraging. On the 
Newport Bridge, the contractor identified 20 mode 
shapes, including five symmetric vertica'l, four 
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anti-symmetric vertical, the first symmetric and 
first anti-symmetric torsional, six lateral, and 
three tower modes [27]. Mode shapes were in good 
agreement with calculated values although 
measured frequencies were about 20% higher. 
Damping estimates ranged from 3% for the first 
lateral ~ode to 0.4% for the fourth anti
symmetric vertical mode. Similar information was 
obtained for the Chesapeake Bay Bridge [2S]. 

7.2 Wind and Bridge Response Studies 

7.2.1 Newport Bridge 

In 1971, FHWA installed its new wind and bridge 
response instrumentation system on the Newport 
Bridge (Rhode Island). Completed in 1969, the 
Newport Bridge is a truss-stiffened suspension 
bridge with a 1600-ft (QS8-m) main span, 688-ft 
(210-m) side spans, and 48-ft (1Q.6-m) roadway. 
Although this instrumentation was not fully 
deployed due to conflicts with painting crews on 
the bridge, it was used to record wind data from 
a portion of Hurricane Doria in August 1971. A 
total of five 3-component anemometers spaced at 
350-ft (107-m) intervals along the span were in 
place at the time. Mean wind speeds of 60 mph 
(97 km/~) with peak gusts to 75 mph (121 km/h) 
were observed a~ the site. Wind data was 
recorded continuously for 10 hours. Wind angle 
ranged from 20 degrees for mild winds to 3 
degrees for strong winds [29,30]. 

7.2.2 Sitka Harbor Bridge 

In 1972, the instrumentation system was installed 
on the Sitka Harbor Bridge (Alaska)~ ,The Sitka 
Bridge is the first cable-stayed bridge in the 
United States to carry vehicular traffic. It is 
a five-span structure with a total length of 1053 
ft (321 m) and a main span of 450 ft (137 m). 
The deck is 38 ft '(11.6 m) wide and is supported 
by two steel box girders 30 by 72 in (76 by 183 
cm). The two towers consist of free-standing 
pylon legs with no portal framing. Five 3-
component anemometers and 10 accelerometers were 
mounted along the bridge span, 3 accelerometers 
were mounted at the top of one tower, and a 
strong motion accelerograph was installed at the 
base of one tower (Figure 5). Much of the wind 
observed at this site was parallel to the 
structure and did little to excite the span. 
Vortex-induced motion of the towers perpendicular 
to the plane of the stay cables was frequently 
observed, however. The tower legs were typically 
excited in the fundamental mode at wind speeds of 
24 to 26 mph (39 to 42 km/h) and a frequency of 
1.16 cps [31,32J. 

7.2.3 Perrine Bridge 

In 1977, FHWA installed the instrumentation on 
the Perrine Bridge (Idaho). The Perrine Bridge 
is a 1500 ft (Q57 m) long,structure over the 500 
ft (152 m) deep Snake River canyon. The main 
span of the bridge is a steel deck arch with a 
span of 993 ft (303 m) and a rise of 210 ft (6Q 
m). The deck, stringers, and floor beams rest 



atop box-shaped columns which span to the tep 
chord of the a'rch truss. These columns are not 
braced and ,range in length frem 7 te 160ft (2.1 
to 1l8.B m). Pairs of' acce1erometers were meunted 
at mid height of three of the westerly columns 
(one short, .one ~ong, and .one medium length) to 
monitor vibrations normal and parallel te the 
structure. TO measure stresses in the columns, 
strain gages were meunted in the ~iddie ~f each 
face near the base of the column. Three 3-
component anemometers were installed on booms 
extended frem' the top chord facing west (one near 
the crewn and one near each quarter point). 
Wind, traffic, and columnvibrati~n measurements 
were recerded tin digital ta~e ~ndstrip chart for 
later analysis [33]. .' '0 

7.2.11 Pasce-Kennew~ck ~rid~e 

In 1979, the instrumEm'tation, system was installe'(j 
on the Pasco-Kennewick Bridge (Washington). Th~ 
Pasco-Kennewick Bridge i~ the first segmental 
concrete cable-stay~d bridge constructed in the 
U.S. The bridge is,,2503 ft (763 m) lo~g with a 
main span .of 981 ft t299 m). Six 3~component 
anememeters were meunted along the deck with 
spacings ranging f~om 33 te 525 ft (10 te 160 m). 
Acceleremeters were attached te each edge .of the 
deck sectien'at six stations along the main and 
side spans and three accelerometers were 
installed in the' tep of' one tower. During the 24 
month menitoring peried, 49 hours of wind and , 
bridge res pense data; representing,approximately, 
100 events, were recor,?ed' [34] • Unfortunately", 
the highest wind speeds enceuntered wereprily 27 
mph (43 mps).,;As expected;'t~e,bridge exhibited 
very 11 t tle respon'se to the' gfven' ce,nditiens., 
Measured frequencies:a:n'd mode: shapes-cempared, 
quite well ,with 'cemputed values. ' ,Measured wind 
spectra was'aiso quite 'similar' te selected " 
empirical models., ' 

7.2.5 Deer Isle~Sedgwici Bridge 

In 19B1~ FHWA refurbished the instrumentatien 
system and installed it en the Deer Isle-Sedgwick 
Bridge (Maine). The Deer Isle Bridge is a 
girder-stiffened suspensien bridge built in 1939 
and similar in cress section te the original 
Tacoma Bridge. Immediately follewing the 
cellapse .of the Tacema Bridge, this bridge was 
stiffened threugh additien of longitudinal and 
diagonal stays as well as cable clamps. Despite 
these modificatiens"the bridge has cc:mtinued to 
.oscillate in certa-in storm conditiens. The Deer 
Isle Bridge has a main span of lOBO ft (329 m) 
with side spans,ef 4811 ft (l1lB m) and appreach 
s~ans .of 130 'f~ (~~m)~ The deck i~ 23.5 ft (7.2 
m) wide and the gird~rs are 6.5 ft (2.0 .) deep. 
Six 3-cemponent anemometers were mounted on beems 
facing seaward. 'Twe aerovane type instruments 
were installed on the nerth bridge tower, one at 
the tep and one near the bette~ abeu~ 33 ft (10 
m) abeve the water. Temperature sen~ers were 
lecated at the top and bet tom .of th~same tewer 
and outside as well as inside the instrument 
heuse located just north of the bridge. Twelve 
acceleremeters were installed en the bettem 

flange of the stiffening girders at six statiens 
aleng the main span and nerth side span. Three 
accelerometers were installed at the tep of the 
nerth tower to measure tower bending and sway. 
More than 600 heurs .of wind and bridge response 
data have been recerded and data cellection'is 
centinuing. Altheugh the prevailing wind 

,direction is frem the nerthwest, wind events frem 
mest directiens have been sampl~d. Wind speeds 
up' to 80 mph (129 km/h), including a portion of 
Hurricane Gloria, have been captured. Bridge 

, metion has been primarily in the vertical degree
,.of-freedom and frequencies as well as mode shapes 
compare reasonably well with calculations 
[35,36]. 

,7~2.6 Luling-Destrehan Bridge 

In 19B4, a new instrumentatien system was 
installed en the Luling-Destrehan Bridge 
(Leuisiana). The Luling Bridge is the first 
majer U.S. cable-stayed bridge te be built in the 
hurricane regien .of the Gulf of Mexico. The 
bridge censists .of a five-span superstructure 
made entirely .of weathering steel. The main span 
is 1235 ft (376 m) with side spans .of 500 and 260 
ft (152 and 79 m). The readbed ~s 82 ft (25 m) 
wide and supported by twin trapezoidal box 
girders 14 ft (4.3 m) deep. Twenty~four groups 
.of stay cables radiate from the two A-frame 
tewers which are 1100 ft (122 m) tall. The stay 
groups censist .of either two .or feur cables each. 
Fi'/e anememeters have been installed atep special 
luminaire peles en the median barrier, three in 
the main span and .one in each back span [37]. 
'T~irty acceleremeters were 'mounted on the bridge, 
18 e~ the cables, 10 in the box girders, 2 at the 
top 'of the seuth tewer. Sterm activity at the 
site in 1984-85 was infrequent and maximum wind 
speeds .of .only 30 mph (IlB km/h) were .observed. 
As expected, the bridge remained quite stable 
[38]. Since that time, portions of Hurricanes 
Juan and Flerence have been recerded, but wind 
speeds failed te exceed 35 mph (56 km/h). Data 
has been analyzed to determine bridge deck and 
cable frequencies as well as metien amplitudes. 
The results of measurements compare well with 
calculated values. 

B. CONCLUSIONS 

In this paper, the auther has attempted te 
previde a brief summary .of the Federal Highway 
Administration's wind engineering research 
pregram which has spanned half a century. The 
detailed tasks and results .of each project 

,highlighted ceuld not be presented here and net 
,all of the investigatiens performed ceuld be 
mentiened. Seme .of the activities not covered 
involve applicatien of cemputational fluid 
dynamics, development of computer seftware, 
implementation .of design aids, cataleging .of 
research results, dynamic calibration of wind 
sensers, and autematien of wind tunnel testing. 
This research pregram, and ethers, have 
centributed significantly toward advancing our 
understanding of the effects of wind forces on 
structures and have ensured the aerodynamic 
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stability of modern long-span bridges. 
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Table 1. Research Time~P.hase Chart 

RESEAROi 
ACTIVITY 

WIND TIJNNEL 
CONSTRUCTION 

TIJRBULENCE 
GENERATOR 

FORCE-BALANCE 

SUSPENSION 
BRI IXJE STIJDY 

GENERIC 
FLUTTER STIJDY 

CABLE-STAYED 
BRIIXJESTIJDY 

BRIIXJE REHAB. 
STIJDY 

TIJRBI:ILENCE 
STIJDY 

GENERIC M:lDEL 
STIJDY 

AMBIENT VIBR. 
SURVEY 

WI ND & BRI IXJE 
I-[)TION STIJDY 

9 

-
.. .. 

• 



Table 2. Wind Turme1 Model Studies. 

BRIDGE OR MODEL LOCATION DATE OF TEST TYPE OF FLOW 

SAN PEDRO- CAL I FOR.I\IIA 1960 LAMINAR 
TERMINAL ISLAND U.S.A. 

GOLDEJ"l GATE CALIFORNIA 1960 LA."'IINAR 
(AI terations) U.S.A. 

TAGUS RIVER PORTIJGAL 1961 LAMINAR 

LION'S GATE CANADA 1964 LAMINAR 
TIJRBULENT 

NARRAGANSETT RHODE ISLAND 1965 LAMINAR 
BAY U.S.A. 

NEW· QUEBEC CANADA 1966 LAMINAR 

BOSPORUS TIJRKEY 1968 LAMINAR 

GENERIC DECK -- .. --- 1969·1971 LAMINAR 
SECTIONS 

SITKA HARBOR ALASKA 1970 LAMINAR 
U.S.A. 

LULING- LOUISIANA 1972-1976 LA."1INAR 
DESTREHAN U.S.A. 

EAST HUNI'INGTON WEST VIRGINIA 1977 LAMINAR 
(Steel Box Alt) U.S.A. 

DEER ISLE- MAINE 1981-1983 LAMINAR 
SEDGWICK U.S.A. 

GOLDEN GATE CALIFORNIA 1984-1985 LAMINAR 
U.S.A. TIJRBULENT 

DEER ISLE- MAINE 1985-1986 LAMINAR 
SEDGWICK U.S.A. TIJRBULENT 

GENERIC "BOX" & . -.. - .. - 1987-1988 LAMINAR 
"H" SECTIONS TIJRBULENT 

Table 3. Full Scale Field Measurements 

BRIDGE LOCATION DATE OF MEASUREMENT 

NEWPORT RHODE ISLAND 1969 

OlESAPEAKE MARYLAND 1969 
BAY 

NEWPORT RHODE ISLAND 1971 

SITKA ALASKA 1972-1976 
HARBOR 

PERRINE IDAHO 1977-1978 

PASCO- WASHINGTON 1979-i980 
KENNEWICK 

DEER ISLE- MAINE 1981-Present 
SEDGWICK 

LULING- LOUISIANA 1984-Present 
DESTREHAN 
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Figure 1. Fl-ll'JA Wind Tunnel 

A Horizonlal Gust Conlrol 

B Verlical Gusl Control 
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o Hydraulic Actuators 

E Bridge Model 

Figure 2. Concept of Active Turbulence Generator. 

Reodoul 
Insl rumento toon 

Tope 
Reproducer 

A B r------------, 
i /t-Turbulence 
I : Generotor 

I I 
J I 
L_ _ __ J 

LVOT 

Figure 3. Control-Driving System 
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Wind Resistant Design Manual for 
Highway Bridges in Japan 

by 

Nobuyuki Narita1 
, Koichi Yokoyama2 and Hiroshi Sato3 

ABSTRACT 

The new wind resistant design manual for highway 
bridges has been required recently in Japan. The working 
group was organized in the Japan Road Association in 
1984 to prepare the manual. The working group was 
reformed into the wind resistant design committee in 
1986, and the first draft of The Proposed Wind Resistant 
Design Manual For Highway Bridges was completed. 
The contents of the Manual are as follows. 
1. GENERAL REMARKS 
2 GUIDELINE OF WIND RESISTANT DESIGN 
3. WIND PROPERTIES USED IN DESIGN 

(Basic Wind Speed, Design Wind Speed, Intensity of 
Turbulence, etc.) 

4. WIND-INDUCED VIBRATIONS OF BRIDGE DECK 
(prediction, Evaluation, Method of Alleviation, Flut
ter, Galloping, Vortex-Induced Vibrations, Gust 
Responses) 

5. WIND-INDUCED VIBRATIONS OF TOWERS AND 
BRIDGE MEMBERS 

6. WIND RESIST ANT DESIGN AT ERECTION STAGES 
7. WIND TUNNEL TESTING METHODS 

KEY WORDS: Wind resistant design, Highway 
bridge, Design manual, Wind-induced vibration. 

1. INTRODUCTION 

The design of short-and medium-span highway 
bridges in Japan has been made according to The Specifi
cation For Highway Bridges (hereinafter referred to as 
'the Specification'). With regard to wind resistant 
design, the Specification prescribes design wind load of 
bridges and dimensions of pipe structure, however, there. 
is not a sufficient proYision for wind·induced vibrations 
in the SpeCification. 

The wind resistant design of long· span bridges in 
Japan has been mostly based on The Wind Resistant 
Design Criteria For Honsyu-Shikoku Bridges (hereinafter 
referred to as 'the Criteria'). The Criteria was originally 
formulated in 1967 and revised in 1976 by the ad hoc 
committee of the Japan Society of Civil Engineers. The 
Criteria prescribes the design wind load induding the 
effect of gust and the evaluation method of wind
induced vibrations based on wind tunnel testing. 

Since the revision of the Criteria, wind engineering 
has made a remarkable progress and· a considerable 
amount of aerodynamic data of bridges have been ac
qUired. The wind resistan t design for limited kinds of 
bridges can be made without wind tunnel testing if 
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reliable formulae for the estimation are provided. The 
prediction of wind-induced vibration will become more 
reasonable and reliable if the effect of turbulence is 
incorporated appropriately in the design. 

From these reasons, the new wind resistant design 
manual for highway bridges has been required recently 
in Japan. The working group was organized in the Japan 
Road Association in 1984 to prepare the manual. The 
working group was reformed into the wind resistant 
design committee in 1986, and the first draft of The 
Proposed Wind Resistant Desigfl Manual For Highway 
Bridges (hereinafter referred ito as' 'the Manual') was 
completed. 

In this paper described are some of the features of 
the Manual. It should be noted that the final version of 
the Manual, which will be published in 1989, will not be 
necessarily the same as the first draft described in the 
paper. 

2. PROCEDURE OF WIND RESIST ANT DESIGN 
USING THE PROPOSED WIND RESISTANT 
DESIGN MANUAL 

The procedure of wind resistant· design using the 
Manual is shown in Fig. 1. The wind properties (basic 
wind speed, design wind speed, turbulence intensity etc.) 
are decided fIrst. Then the design wind load is calcu
lated according to the provisions of the Specification, 
and the static design of the bridge is made. This proce-

. dure is the same as the existing wind resistant design 
method. 

At this stage, where major dimensions of the bridge 
are determined, wind-induced vibrations to be studied 
further are chosen considering the design wind speed, 
the deck width and the span length of the bridge (Table 
1). For bridges with short span length, no study on 
wind·induced vibrations is required. 

For other bridges, wind·induced vibrations specified 
above should be predicted using the formulae provided 
in the Manual. Then the wind-induced vibrations are 
evaluated. The formulae were established considering 
wind tunnel test results. Since only a few parameters 
are included· in the formulae, the prediction error of the 
formulae is not negligibly small. Therefore, the formulae 
are established so that. their prediction may become 

1. Dr. Eng., Director General, Public Works Research Institute, 
Ministry. of Construction, 1, Asahi, Tukuba-Shi, Ibaraki-Ken, 
30S,Japan 

2. Head, Structure Div., PWRI, ditto 
3. Senior Research Engineer, Structure Div., PWRI, ditto 



safer. It means that evaluation 'good' based on the 
formulae is almost always 'good'. however. evaluation 
'no good' based on the formulae is not always 'no good' 
because of the safety margin of the formulae. In case 
that the evaluation based on the formulae turns out 

to be ,'no good', the bridge engineer can modify the 
desing or he can predict wind-induced vibrations by 
means of wind tunnel testing. The evaluation based on 
wind tunnel testinJ has priority over that based on the 
formulae. 

WI:-;D PROPERTIES 13) 

);0 

PREDICTIO)i OF WI)iD-I1'DliCED 
VIBRATIONS BY FORMCLAE l~) 

GOOD 

DESIG:-.f 
1YIODIFICATIO:-J 

MINOR 

Number in the Parenthesis 
shows corresponding chapter 
in the Mannal 

Fig. 1 Procedure of wind resistant design 
using the Manual 

3. WIND PROPERTIES USED IN DESIGN 

Wind properties are modeled fundamentally accord
ing to Davenport [1978, 1982], namely, lower mean 
wind speed bu t higher turbulence in rough terrain and 
low altitude, and higher mean wind speed but lower 
turbulence in smooth terrain and high altitude., The 
terrains are classified into four, namely, rough sea 
(Terrain I), open farmland (Terrain II), suburbs (Terrain 
III) and city centres (Terrain IV). 

3.1 Basic wind speed VI 0 
The basic wind speed UI0 is defined as the mean 

wind speed over farmland (Terrain II) at an elevation of 
10m, averaged over a period of 10 minutes. The pro-
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bability that the annual maximum mean wind speed 
exceeds the basic wind speed is 10% in a 50-year period. 

Using the. meteorological data at weather stations in 
Japan, extreme wind speeds were estimated. The basic 
wind speeds were classified into 4 categories, namely 
35m/s, 40m/s, 45m/s, 50m/s. It is shown in Fig. 2. 

3.2 Design wind speed Ud " ;, 
The design wind speed can be obtained from the fol

lowing formula. 
Ud = UlO Eul (1) 

where, Eul: correction factor for altitude and terrains 
The design wind speeds and the correction factors are 

shown in Fig. 3. 



.~ 

Table 1 Type of wind-induced vibrations 
tobe studied further 

Bridge Deck Criteria 
Wind - induced Vibration 

to be stud jed 

Truss Deck (or 

Cable-Stayed or if L >3858/U" then Flutter 

Suspension Bridge 

Open Solid Deck for 

Cable-Stayed or 

Suspension Bridge 

Closed Solid Deck for 

Cab Ie - Stayed or 

Suspension Bridge 

Girder Bridge 

where, L: main span length 

B : bride deck wIdth 

Ud : deslgn WInd, speed 

D : bridge deck depth 

/ 
j 

L >200B/U" Vortex - induced 

\' ibradon 

L>346B/UI GallopIng 

andB<5D 

L> 3858/U" Flutter 

L>200B/U" \' ortex -Induced 

Vibration 

L>3~6B/U<l GallopIng 

andB<5D 

L>5TTB/U" Flutter 

L>200B/lid Vortex - induced 

Vibration 

L >3~6B/Ud .GaUopmg 

and B< 5 D 

Basic Wind Speed 

0 35 m/s 

CJ 40 m/s ..... 

~ ~5 m/s 

- 50 I1% 

Fig. 2' Basic wind speed 
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3.3 Turbulence properties 
Typical values for turbulence properties such as 

turbulence intensities and power spectral density func-
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tions are provided in the Manual. Turbulence intensity 
Iu is shown in Fig. 4. 
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Fig. 3· Correction factor Eul and design wind speed 
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4. PREDICTION OF WIND-INDUCED VIBRATIONS 
BY THE FORMULAE 

4.1 Flutter 
Reduced critical wind speeds for flutter of solid decks 

are shown in Fig. 5. It seems that the reduced critical 
wind speed increases with an increase in deck width to 
depth ratio (BID). The lowest reduced critical wind 
speed is about 2.5. As for a truss deck, the critical wind 
speed varies much with minor difference of configura
tion of truss and floor deck. But the reduced critical 
wind speed is higher than 2.5. 

The formulae for the prediction of the critical wind 
speed of flutter is as follows: 

where, 
Vcf: 
Ef: 
Vcfo: 
fe: 

Ucf = Ucfo Ef 
Vcfo = 2.5 feB 

(2) 
(3) 

corrected critical wind speed for flutter. 
correction factor for the effect of turbulence. 
critical wind speed for flu tter in smooth flow. 
natural frequency of the 1 st torsional mode. 

Sinusoidal wave form observed in smooth flow 
changes into a random form in turbulent flow. The 
effect of turbulence on flutter, which is not so clear at 
the moment, will be incorporated into Ef. 

4.2 Galloping 
Galloping may take place for a solid deck whose deck 

width to depth ratio (B/D) is relatively small. Fig. 6 
suggests that the critical wind speed for galloping is very 
high whe!1 BID is over 5. For a solid deck whose BID is 
less than 5, the lowest reduced critical wind speed is 

about 4.5. 

The formula for the prediction of the critical wind 
speed of galloping is as follows: 

where, 
Vcg: 
Eg: 
Vcgo: 

f1r 

Ucg = Ucgo Eg 
Vcgo = 4.5 f71B 

(4) 
(5) 

corrected critical wind speed for galloping 
correction factor for the effect of turbulence 
critical wind speed for galloping in smooth 
flow 
natual frequency of the 1 st bending mode. 

Sinusoidal wave form observed in smooth flow 
changes into a random form in turbulent flow. It was 
found that onset velocity for negative damping, which 
causes galloping, increases remarkably in turbulent flow 
(Narita et al. [1987]). The effect of turbulence will be 
incorporated, fOJ example, into Eg. 

4.3 Vortex-induced vibrations 
Vortex-induced vibrations may take place for a solid 

deck. The amplitude decreases with an increase in mass 
or mass moment of inertia and structural damping. The 
amplitUde is very sensitive to the geometrical configura
tion, however, the amplitude decreases with an increase 
in deck width to depth ratio (B/O). 

On the other hand, the variation of reduced wind 
speed for the occurrence of vortex-induced vibrations is 
smaller than that of the amplitude 

In the turbulent flow, the amplitUde becomes smaller 
than in smooth flow. This effect becomes more signifi
cant with higher turbulence intensity and cross sections 
of large BID. The ratios of the amplitude of vortex-

Cero lOr-----------------------------~----------------~ 
faB 

o ctltical wind speed 
of fluller 

o no flutter was 
observed up to the 
wand speed 

( - 3' < angle of attack < 3~ ) 0 0 

o 

-- - ----Iee---

o 

____ Ucfo -'J • 
. faB - •. J 

O~O--~--~~--~--~~--~--~8-.~~-I~O--~II--~1~2--1~3--~I~--~15 B~ 

Fig. 5 Reduced critiCal wind speed for flutter 
of solid deck 
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Fig. 6 Reduced critical wind speed for galloping 
of solid deck 
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Fig. 7 Correction factor for effect of turbulence on 
ampli tude of vortex-induced vibrations 

induced vibration in turbulent flow to that in smooth 
flow suggested by several wind tunnel tests are shown in 

where, 
Ucv: wind speed for the maximum amplitude of 

vortex-induced vibration Fig. 7. ' 
The formula for the prediction of the critical wind 

speed and amplitude of vortex-induced vibrations is as 
follows: 

UcV = {.617 - f17 B ..... bending (6) 
.6fJ - ffJ B ..... torsion 

A = Ao Evl Ev2 (7) 
Ao = {aT)(D/B)2/(mr (17) ..... bending (l1/B) (8) 

afJ(D/B») /(Ir (0) ..... torsion (deg.) 

A: 

Ao: 

Evl: 
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reduced wind speed for vortex-induced vib
ration (proviSion of Hanshin Expressway 
Public Corporation [1984] seems to be ap
propriate. ) 
corrected maximum amplitude of vortex-
induced vibration . 
maximum amplitude of vortex-induced vibra
tion for rigid model in smooth flow 
correction factor for vibrational mode 



(about 4/11) 
Ev2: correction factor for the effect of turbu-

lence (Fig. 7) , 
crTl, a8: effect of sectional shape. (provision of 

Bridge Aerodynamics [1981] seems to be 
appropriate.) 

mr, Ir: reduced mass or reduced mass moment of 
inertia 

617, 68: logarithmic decrement 

5. PREDICTION OF WIND INDUCED VIBRA
TIONS BY WIND TUNNEL TESTING 

Wind tunnel testing increases the reliability of wind 
resistant design of bridges. Since the pnidiction of wind
induced vibrations based on the formulae may often 
provide safer value, there is a fair chance that a wind 
tunnel study provides an economical design. 

As is men tioned above, turbulence has significant 
effects on wind-induced vibrations. Therefore, standard 
wind tunnel testing methods in turbulent flow (full aero
elastic model test, taut-strip model test) are described in 
the Manual as well as conventional testing methods 
(spring-mounted rigid model test, measurement of 
steady aerodynamic forces). 

6. EVALUATION Of WIND-KNDUCED 
VIBRATIONS 

6.1 Flutter and galloping 
The following inequalities should be satisfied. 

Ucf> Ur ..... Flutter 
Ucg> Ur ..... Galloping 

Ur = Ud Erl Er2 

(9) 
(10) 
(11) 

where, 
Ur: 
Er1: 

reference wind speed for flutter and galloping 
correction factor for the effect of gust and 
rapid growth of flutter or galloping 

Er2: safety factor 

6.2 Vortex-induced vibrations 
The following inequality should be satisfied. 

Ucv>Ud (12) 

In case that Ucv ~Ud, the amplitude A should be ex
amined in view point of safety of the bridge, fatigue and 
serviceability. 

7. OTHERS 

Besides the wind resistP-nt design method of bridge 
deck mentioned above, th~ Manual describes the design 
methods for' structural nembers such as towers and 
cables, and the design m~thods for bridges at their erec
tion stages. 
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8. CONCLUSION 

The new wind resistant design manual is now being 
prepared in Japan. The main features of the proposed 
wind resistant design manual for highway bridges are as 
follows. 
a. The basic wind speeds of the whole country are pro

vided. 
b. The design wind speed and the properties of wind 

turbulence can be estimated considering the altitude 
of structure and the terrain around the structure. 

c. The critical wind speed for flutter and galloping can 
'be obtained by simple formulae as well as by wind 

tunnel testing. 
d, The amplitude of vortex-induced vibrations can be 

estimated by simple fonnulae as well as by wind 
tunnel testing. The effect of turbulence on vortex
induced vibrations are incorporated. 

e. The method of verification of flutter, galloping and 
vortex-induced vibrations are provided. 

£.. The gUideline of wind resistant design for bridge 
members and for bridges at their erection stages are 
described. 

g. The standard wind tunnel testing methods are 
described. 
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Field Measurements of Wind Pressures 

by 

Klshor C. Mehta1 

ABSTRACT 

This paper describes a field project sponsored by the 
National Science Foundation to obtain a reliable data 
base of wind Induced pressures on building surfaces. A 
test building with the dimensions of 30 x 45 x 13 ft (9.1 x 
13.7 x 4.0 m) and,a 160 ft (48.8 m) tall meteorological 
tower are constructed In an open field. Wind speed, 
wind direction, and building surface pressures are 
measured simultaneously for a duration of 15 minutes 
when wind speeds exceed 20 mph (8.9 mps). The 
computerized data acquisition system records data at 
the rate of 10Hz for each of 40 channels. The 
meteorological data and' pressure data Instruments are 
Installed and calibrated. Preliminary' terrain 
cha~acterlstlcs and pressure results are obtained. 
Specific goal-oriented data collections are planned for 
the future. 

KEY WORDS: Wind; pressures; Field Data; Building 

1. INTRODUCTION 

As evidenced by wind-induced building damages around 
the world, many low-rise structures are susceptible to 
severe damage In windstorms. A greater understanding 
of what pressures the, wind ,exerts on a building will 
assist in mitigating this damage. Toward that end, a' 
unique facility has been constructed at Texas Tech 
University which permits research In wind effects on a 
low-rise building In the field. 

The facility has the capability to measure pressures on 
the building surface at as many as 40 locations 
simultaneously. The 30 x 45 x 13 ft (9.1 x 13.7 x 4.0 m) 
test' building can be rotated, allowing positive control 
over wind angle-of-attack. Meteorological conditions 
are'monltored by instruments mounted on a 160 ft (48.8 . 
m) tower located at the,site. The test building and the 
tower are shown In Figure 1. 

The research, sponsored by the National Science 
Foundation (NSF), concentrates on acquiring a reliable 
database of external and internal pressures on the test 
building. Other preliminary objectives include 
characterization of the terrain arid verification of the 
pressure measuring system. This paper describes the 
facility, instrumentation, data acquisition system and. 
prelil1l'narvr~sul'S. " .' .. ;,,' 

2. FIELD FACILITY 

The field facility has two main components: the building 
and the meteorological tower. As shown In Figure 2, the 
outer test building Is mounted on a track for rotation and 
the inner data acquisition building Is fixed on a concrete' 
slab. Pressure taps are mounted on surfaces of the 
test building while the computerized' data acquisition 
system is housed In the fixed building. 

The facility Is located ,on a flat, open site, about two 
miles ,from the university campus. The city of Lubbock 
is situated on the high plains of Texas, elevation 3300 ft· 
(1000 m) above sea level. The terrain Is very flat, 
typically changing elevation at a rate of 5 In 1000. There 
are no significant hills or valleys within 20 miles (32 km) 
of the city. Most of the land Is cultivated, the chief 
crops being cotton and sorghum. The flat and open 
nature of the countryside minimizes possible anomalies 
In wind characteristics caused by terrain. Additional 
descriptions of the surrounding terrain can be found In 
papers by Levitan, et al. (1] and Lakas, et al. (2]. 

The test building Is a prefabricated metal building. It has 
smooth skin with no architectural features, making the 
building shape as simple as possible. The building has 
one door,and one window. The entire test building Is 
constructed on a rigid frame undercarriage. This 
carriage has a wheal In each corner which rests on a 
circular steel track embedded in the concrete slab. The. 
undercarriage rests on the slab except during the 
rotation operation of the building. Hydraulic Jacks at 
each corner 11ft the building (total weight of 
approximately 16,000 Ib). Motors at two opposite 
corners rotate the building at the rate of 5 fps (1.5 mps). 
The building can be rotated a full 3600

, providing positive 
control of the wind angle-of-attack. Anchor bolts are 
placed at 15° intervals around the circle. 

The data acquisition building is a fixed structure. of 
reinforced CMU construction. 12 x 12 x 8 It (3;7 x 3.7 x 
2.4 m), The meteorological instruments mo:! mounted on 
a 160 ft (48.8 m) high three-legged guyed tOWPI. The 
tower is guyed at two levels. 70 ft (21,3 m)and 130 ft 
(39.6 m). The base of the tower is 150 f1 (45.7 m) west 

1 Professor of Civil Engineering. Director . Wind 
Engineering Research Center, Texas Tech University, 
Jl:Jbb()cK,T,exa~ 79409. 
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of the test building. Retractable booms extending 6 ft 
(1.8 m) from the tower are provided for wind speed 
anemometers at heights of 13, 33, and 70 ft (4, 10 and 
21.3 m). A reference pressure box is located 50 ft (15.2 
m) west of the test building. The box, of dimensions 5 x 
4 x 3 ft (1.5 x 1.2 x 0.9 m), is placed below the ground 
surface. An 8 in. (20 cm) diameter PVC pipe extends 
underground from the reference pressure box to the 
data acquisition building. 

3. INSTRUMENTATION 

The meteorological instrumentation consists of four 
wind speed anemometers, two wind direction vanes, two 
temperature sensors, one relative humidity sensor, and 
one. barometric pressure sensor. The wind speed 
anemometers are the 3-cup type and are located on 
booms at heights of 13, 33, and 70 ft (4, 10, and 21.3 m) 
and at the top of the tower, at the height of 160 ft (48.8 
m). Wind direction vanes are placed at heights of 33 
and' 160 ft (10 and 48.8 m).' Temperature, relative 
humidity, and barometric pressure sensors are mounted 
at the 13 ft (4 m):level on the tower. 

Differential pressure transducers are used to measure 
external and internal pressures on the building; Two 
types of differential pressure transducers. are used, 
thirteen Validyne model DP103-22N-7-S-4-H and twenty
eight Omega model PX 163-005 BD 5v. The transducers 
have a range of ±C.2 psi (±1.38 kPa). Vaiidyne 
transducers have removable stainless steel 
diaphragms, and are of the variable reluctance type. 
Omega transducers have a fixed silicon diaphragm. 
Valldyne transducers are more versatile and rugged. 

The data acquisition system consists of an IBM PC XT 
microcomputer with an intemal 20-megabyte hard drive. 
Analog voltages from the instruments are converted to 
digital ·form by a MetraByte DAS-8 high-speed AID 
converter. The DAS-8 has a 12-blt resolution and an 
input range ,of ±5 volts. The system can record data at 
rates of, up to 1200 samples per second (total for all' 
channels). The data Is streamed directly' to a 20-
megabytel8ernoulli removable cartridge drive, thus 
providing an easy way to transport the data from the 
field to the campus. 

The pressures on building surfaces are measured 
through 3/8 in. (10 mm) diameter pressure taps mounted 
flush with the surface of the building. A 4 in. (102 mm) 
long 3/8 In. (10 mm) inside diameter flexible plastic 
tubing connects the pressure tap to a ttiree-way 
solenoid valve. Ten Inches (254 mm) of 3/16 in. (5 mm) 
inside diameter flexible plastic tubing connects the ' 
solenoid valve to the differential pressure transducer. 
The tubes are long enough to assemble the system in 
the field and are short·enough to provide good response 
without distortion. A general setup of the pressure 
transmission system is shown in Figure 3. 
Approximately 35 ft (10.7 m) of 3/16 in. (5 mm) inside 
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diameter flexible plastic tubing is used to connect the 
transducer to the reference pressure pipe in the data 
acquisition room. Dynamic response of the system is 
shown in Figure 4. The mean response values are good 
for frequencies up to 100 Hz; however the standard 
deviation values are not unity beyond 20 Hz. 
Recognizing that distorted responses will give ratios 
other than unity, undlstorted measurements can be 
obtained with this system up to the frequency of 20 Hz. 
Details for calibrating the pressure measurlng~ system. 
are given in a paper by Ng and Mehta [3]. 

4: ·CUBBENI PROGRESS 

A wind tunnel study to determine the 'Influence,of the 
surrounding buildings on the external' pressures has 
been carried out. Results of this study are outlined in 
the paper bylakas, et al. [2).· . 

Meteorological data have been collected during strong
winds since early 1988. Of the first 63 records 
collected, 31 are of stationary winds. Analysis of the 31· 
records, each of 15-minute duration with' mean wind 
speeds between 21 and 33 mph (9.4 and 14.8 mps),at 
the height of 33 ft (10m), provides values for the power 
law coefficient, roughness length, and turbulence 
intensity. These values are shown In Table 1.· Detailed. 
analysis of these data are given in a master's thesis 
completed at Texas Tech University [4);. The :azim'uth 
zones for terrain surrounding the site are Indicated In 
Rgure 5. - , 

Typical recordings of wind speed, wind 'direction; and 
pressure fluctuations; recorded 'simultaneously, are 
shown in Figure 6. The pressure values arepositive,8s '. 
expected, since this pressure tap is in the windward wall: 
The recordings Indicate large fluctUations In wind speed' 
and direction encountered In the field. Analysis of these 
recordings are in progress. 

-' .' 

5. CONCLUSIONS 

The field facility ·is constructed and operationaL It Is 
capable of collecting data that will assist in 
understanding wind loads on low-rise bUildings. The 
facility has the potential for many other types of 
research. Topics such ,asm9asuremerit' of the total' 
wind force exerted on the building,load'sharing and load " 
path research, and effects of varied building geometry 
on pressures are possibilities. In addition. research in 
building ventilation is under consideration, >' 
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Table 1.' Preliminary Terrain Parameters, at the Tast Site 

Azimuth 

Zone 
( .. e Fig. 5) 

2700-70° 
70° -160° 

160°- 210° 
210° - 2700 

* Range of values 

No. 

of 
Records" 

, 24 

3 
4 

Power-law 

Exponent a 

OJ 4 (0.14-0.17)* 

0.15'(0.14-0.16) 
,0.11(0. i O~O, 13), ' 
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Surface 
Roughness 

Length 
Zo, ft (cm) 

0.045 (1.14) 

0.059 (1.50) 
0.007(0.18) 

Turbulence 

Intensity 
at 33 ft 
(10m) 

0.18 
0.18 
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Transfer of Research Results in Wind Engineering 

by 

J. Eleonora SabadelP 

ABSTRACf 

Brief comments on three types of transfer of 
research results will be presented here first, on 
the transfer of knowledge in· general; second, on 
the transfer in the area of wind engineering; and 
third, when these exchanges occur between 
countries at different levels of development and 
resources. 

1. TRANSFER OF KNOWLEDGE 

Scientific and technical knowledge, in order to be 
put to use, has to follow certain processes: it 
must be generated (research); it has to be 
communicated and analyzed (information and 
intelligence); then assessed for adoption 
(evaluation, scenarios, alternatives); and lastly it 
has to be implemented into action (utilization, 
diffusion) when the innovation is proven 
appropriate (Vlachos, 1978). 

The generation of new knowledge and the issues . 
involved in identifying, organizing, managing and 
supporting needed research in general, and in 
wind engineering in particular, will not be 
discussed in this presentation. 

Many of the problems that can arise during the 
process of communicating knowledge can be 
captured into two questions: where does the 
information come from, and where does it go. 
The different characteristics of the source of 
information as well as the material itself, e.g., 
disciplinary or multidisciplinary, private or public, 
basic or applied, to name only a few, are great in 
number and complex in nature. The same cari be 

said about the receptor of this knowledge. What 
has been found is that sender and recipient often 
work at quite :different "waveiengths". 

The capabilities for analyzing and determining the 
quality and appropriateness of any exchanged 
piece of information vary widely among cultures, 
disciplines, localities, sectors, institutions, and 
levels of government. This can be a substantive 
problem, especially for the recipient, when its 
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capacity is lower than the source. Then transfer 
may become dumping. 

Next, and when information has been transformed 
into intelligence, the adoption process starts. For. 
this purpose further evaluation' is necessary, e.g., 
by building scenarios for different alternative use 
of the new idea, by ascertaining that it will be 
useful and timely in solving the specific problem 
at hand, by evaluating the costs and benefits of ' 
the different choices. During this part of the 
process the capabilities of the organizations and 
professionals involved in these evaluations are of 
critical importance. Unfortunately, this kind of 
expertise is not always available. 

The last stage is the adoption of the new idea 
and its incorporation into a technique, measure, 
regulation or policy addressing' a particular 
problem. The institutional arrangements 
supporting, carrying out and disseminating the 
innovation in its various forms, is the key factor 
for a successful transfer. The existing variety cif . 
national, regional, and local organizations is large 
enough as to make coordinated efforts ·in the 
'adoption of innovations not an easy task. 

An extra step that is often neglected, is the 
formal evaluation of the gains/losses made by 
adopting and implementing the innovation. 
Feedback on successes and failures is not easy to 
obtain and this is probably due in great measure 
to the amount of the free flow of information 
allowed or possible within, and between countries. 

2. TRANSFER OF NEW KNOWLEDGE IN 
WIND ENGINEERING 

Wind engineering is a relatively young and 
interdisciplinary area which addressesa. variety of 
issues, e.g., buildings aerodynamics, structural 
systems and materials and wind-load criteria, wind 
energy, dispersion of pollution, transport of 

1 National Science Foundation, Washington, D.C., 
20550, USA . 



particulates, airflow over complex terrain, to 
name only few. Other emerging concerns are in 
the area of social and economic damages 
assessment and mitigation, legal and insurance 
considerations, risk-benefit analysis (Meroney, 
1987). 

Wind engineering is also a very good example of 
the complexity of a given research field, and of 
the difficulties and opportunities investigators face 
when transferring the generated new knowledge 
to the practitioner. 

To begin with, many disciplines are involved in 
wind engineering: fluid mechanics, aerodynamics, 
meteorology, structural mechanics, architecture, 
mathematics, computer science, forestry, 
agriculture, economics, psychology, and other 
social sciences. The difficulty of communicating 
between disciplines is a recognized problem, as it 
is to relate researchers within a single discipline 
but in different topical areas, e.g., wind 
characteristics and wind transport of pollutants. 

In the United States the acknowledgment by the 
construction and insurance industries, and by 
regulatory agencies that results of wind 
engineering research should be integrated, or at 
least tested, in the design and construction of, and 
standards and codes for buildings and structures, 
has proven to be laborious, lengthy and often 
ignored especially for single-family homes. This 
fact is distressing because it has been estimated 
that losses from windstorms exceeds three billion 
dollars annually (Petak and Atkisson, 1982) and 
this figure continues to grow. 

On the other hand, death and injuries caused by 
wind-related natural hazards are low because . 
warning systems have improved markedly in the 
last two decades especially for hurricanes. In the 
case of tornadoes, warning is far from perfect, but 
engineered buildings .and structures designed and 
built following adopted codes and better 
techniques can successfully protect their occupants 
and suffer limited structural damage. This is not 
the case for low-rise and mobile houses and 
commercial buildings where most loss of life and 
injuries still take place. These are some examples 
of how new knowledge has been transferred in 
certain areas better than in others. 

The wind engineering community is composed of 
scientists and engineers whose work is much 
better integrated than in most other areas of 
inquiry. This fact is probably due to the youth of 
the field and to the early recognition of the 
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complex nature of this very real problem. Even 
so, two main groups of {esearchers have been 
operating almost from the start: the wind 
tunneVphysical simulation group, and the full-scale 
structural behavior investigators. To these two 
'groups all the other subgroups are attached. 
Communication between these researchers has. 
been quite good but they continue to operate 
mainly on their own' areas of interest. It is evident 
that there is room for improvement in 
cooperation and communication, as it is between 
the producers and the users of innovations. It has 
been found, time and time again, that the results 
of research where the user participates in a 
project from the start, h~lVe a much higher 
probability to be adopted into practice. Many 
wind engineering specialists have arrived to 
another important conclusion, and this is: that 
knowledge transferred is constrained by economic, 
legal and political factors far more than by the 
availability of technical and scientific knowledge. 

3. TRANSFER OF RESEARCH RESULTS 
BETWEEN COUNTRIES 

During the past four decades there have been 
many activities in the transfer of knowl~dge from 
countries with advanced state of experience to 
countries with less expertise, capabilities and 
resources. These transfers have been supported 
by governments, international organizations in all 
areas of aid, as well as financial institutions. The 
results have been mixed, with successes where 
cultural, economic, educational and other 
differences were well understood by the donor or 
conveyer country, and with failures where the 
transfer of knowledge or technology was done "as 
is" without any adjustment to the new 
environment. 

Similarly, any wind engineering technique, 
measure, policy or any other innovation generated 
by a developed country, located mainly in' a 
temperate zone, with stable population,' rich in 
resources, with strong human capabilities and an 
excellent communication system, can be 
successfully transferred to another country that 
has limited resources and is often located in a 
completely different climatic zone of the world, 
only if those differences are well recognized from 
the start of any exchange, and if the 
consequences, of any change are carefully 
assessed. 

Another important point to be made is that 
transfer of knowledge does not occurred in only 



one direction. To the c(;mtniry, countries at any 
stage of their development have much to learn 
from each other. 
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Wind Resistance in Manufactured Housing in 
Hurricane Zones ., , 

G. Robe-rt Funtr, P .E. 

ABSTRACT 
. 

Each Ij far in the Un1ted States, significant damage to 
manufactured (mobile) housing is caused by high winds, 
hurricanes and tornadoes. In 1987, 115 deaths 
occurred in manufactured housing from wind-related 
causes. This paper is a review of recent research and 
investigations into the anchorage and instanations of 
manufactured housing in hurricane zones. 

KEVWORDS: Anchor ages; foundations; hurricanes, 
manufactured housing; tie-downs; wind resistance. 

1. WIND DAMAGE IN THE U.S. 

According to a study funded by the ~tional Science 
Foundation (Wiggins, 1977) wind damage to buildings in 
the United States had exceedfd $2 bmion per year by 
1976. Estimated annual wind damage in 1988 was $4 to 
$5 billion. This doubling of cost from 1976 to 1988 was 
not on llj dUf to inflation, but a Iso due to incrfased 
housing construction. particularly in coastal areas 
affected blj hurricanes. The cost due to wind damage is 
higher than that due to any other natural hazard, 
including farthquakes, volcanoes. expansive soils and 
floods. Storms and weather kill more p.ople in the U.S. 
than anlj other natural hazard avtraging appro)Cimatell:j 
350 people per Yfar (Gaus. 1985). Wind is one of the 

. worst natural hazards in the United States [1 I. 

'Wind caused damagf to buildings ;s most widespread for 
non- engineered and marginalll:j engineered woodframe 
structures, such as housing, mote Is, stores. shopping 
centers, schools and churches. It was because of 
fxtensive. damage to these types of structures. that the 
American Society of Civil Enginetrs (ASCE) in 1985 
established a "Task Committee on Mitigation of Damages 
Due to High Winds." Included in its purpose was that the 
committee should "apply recent advancements in 
building aerodynamics to studlj this problem." [2] 

The Tasks of the Committe. WeI'" as follows: 

To appllj new I<nowl~ge in building aerodl:jnamics and 
wind enginefring to make buildings, especially non-

engineerfd buildings .rnore resistant to high Winds. . ,', 

To review wind load related provisions and national 
and local building codes to determine th'fir ~dequacy .. 

To studl:j the enforcement of provisions by building 
code off;cials, and compliance bl:j contractors and 
builders. 

To recomml'ndimprovemfnts in codl's. standards. 
and dl'sign. '. , 

To prepare reports for publication in ASCE Journals. 

Initial results of this Task CommiU .. w.re reported at 
an ASCE Structurl'S Congress in New Orleans, 
September 1986. at a session on "Mitigation of 
Hurricane Wind Damage". Another conference was then 
held in Kansas Citl:j in November 1987, sponsored bl:j thf 
U.S. Wind Engineering Research Council and major 
Building Code organizations. 

Because of the activiti.s of th. ASCE Task CommittH 
and reports submitted to thl' two conferfnces. thl' 
National Scil'nce Foundation in 1988 awarde<h grant to 
thl' UniverSity of Missouri - Columbia to study thl' 
response of wood fr am.d houses to high winds and to 
devt'lop a rl'alistic and practical analytical model that 
could be usfd to predict thl' response. [3] 

As reported in one of the original papfrs under this NSF 
Grant; "Great progress has been made in recent years in 
understanding the nature of wind damage to buildings and 
other structures. and how to mitigate such damage. 
It is now known that wind damage caused bl:j hurricanfs. 
tornadoes. and straightline winds can be greatly reduced 
bl:j improving building construction practices, and bl:j 
having better tie-down sl:jstemsfor mobill' homes and 
parked aircraft. The costs associated with such 

Chief, Manufactured Housing Compliance Branch, 
U.S. Department of.Housing and Urban Dl'Vflopment. 
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improveml'nts arlO ratht'r modrst thl' potl'ntTal benefits 
ar~ high." [1 I 

Recently, an issue of "Disaster Preparedness R~port" 
by tht' National W't'atht'r Sl'rvicl', containl'd a summary 
of weather-related hazard fatalih!.'s in the Unitt'd 
States. This report reveals that 341 lives were lost in 
1987 and 349 in 1986; caused by weath~r (lightning, 
floods, tornadoes, high winds, heat, winter storms, 
hurricanes and tropical storms). [41 

Wind-related duths totalled 115 in 1987: high winds -
33, thunderstorm winds - 23, tornadoes,:" 59. Of 
these, 51 deaths wer(l in Texas; although 22 oth(lr 
states reportl'd wind-relat~d deaths. May 22 was the 
single deadlie.st day in 1987 wh(ln a tornado killed 30 
people in Saragosa, Texas. 

Analysis of locations where wind-related deaths 
occurred revul(ld that 30 deaths were in manufactured 
(mobile) homes: 24 from tornadoes, 1 from high wind, 
and 5 from thundfrstorm strongwinds. Manufactured 
housing, which accounts for 6~ of all U.S. housing, had 
41" of a 11 tornado deaths reported in 1987 [41. 

Each y far thfr(l ar(l significant loss(ls in t(lrms of 
injuries. deaths. and property damagl' associated with 
manufacturtd homts .xposed to high winds .. This is 
critical when almost a third of all new singl(l-family 
hom(ls in America are manufacturl'd housing. 

2. WIND EFFECTS ON HOMES [5] 

Manufac{ured' home construction is by nature 
susceptib It' to damage by, extreme winds, The units are· 
lightweight and have larg~ surface areas exposed to 
wind prrssures. Single-wide units, 12'0" to 16'0" 
(3.7m to 4.9m) wide by 50'0" to 74'0" (15.3m to 
22.6m) long, offer little resistance to overturning and 
sliding, fxcept that provided by diagonal steel straps 
aHached to screw-in ground anchors (See Figure 1). 

T orn~does • hurricanes. and "straight" winds can each 
create unique problems for manufactured housing. The 
sudden high intensity winds from tornadoes account for 
many deaths and injuries each year, and manufacturfd 
homes are frequently destroyed by tornado winds as 
low as 110 mph (176 km/hr). Long duration hurricanl' 
winds product' cyclic loads that cause fatigue in roofing 
and wall siding, and can weaken nailed connfctions and 
ground anchors. Str aight winds can reach speeds of 
65-80 mph (104- T 28 km Ihr) but usua.lly cause only 
moderate damagl'. 

Damage to manufactured homes results from 
aerodynamic 't(ind pressures that dlOVI?lop as air flows 
ovt'r and around tht' unit. 
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External pressurE'S pull walls, roof, and floor apart, 
except for windward walls. Drag forces tfnd to roll or 
slide the unit if it is not adequatfly anchored. Local 
pressures also cause matfrial and connfction failures at 
corners an~ roof eaves. Complete roof failures may 
occur bt'cause of wind up lift forces. 

However, for the purpose. of this pap!?r ,concentration ,. 
wj1J be on tiedown. anchorage and foundation failurt's of. 
manufactured homes. Most manufacturtcf housing is 
constructed on longitUdinal steel chassis beams 
supported by piers of unreinforcfd concrete masonry 
units (cmu), spaced from 8'0" to 10'0" (2.4m to 3.1m) 
on center. Diagonal steel straps run from the steel 
chassis beams to steel rod anchors scrlPwed into the 
ground. Some units, mostly double- wide homes, have 
perimeh'r unreinforced cmu walls with anchor bolts to. 
the exterior wood frame. 

Tiedown/anchorage failures range from the homes 
shifting off the foundation pifrs to complfte pullout of 
ground anchors, a Howing thf unit to ro H or v au It in the 
wind. A shift off the piers can damagf plumbing undfr 
the floor, or the piers punch through the floor. A more 
destructive failure occurs whlPn the frame ties or 
over-the-roof straps break. This failure usually results 
in total destruction of the unit, because it is fret' to roll 
or tumbl.. A stmi1~1" situation OOCUI"$ if the ties stalj 
intact, but if the ground anchors pullout of the soil. 

Getting the proper Sill' and type of anchorage is not 
always a simple operation. Relatively stiff soils dre. 
capable of reSisting large pullout loads, but are highly 
resistant to penetration by screw-in ground anchors to 
thl' required depth. Loost' soils may permit easy 
insta Hat ion of ground anchors, but offer little resistance 
to pullout. [5] 

3. INSTALLATION INVESTIGATION [61 

As a rt'sult of recent information COllt'ctfd on the 
number of deaths and injuries and amount of property 
damagf associated with manufacturfdhousing expond 
to high wind forces, the U.S. Department of Housing and 
Urban Denlopment (HUD) launched an investigation in 
1988 into th!? installation of manufactured housing in 
hurricane (coastal) lones. This study was conducted by 
HUD's Monitoring Contractor, The National Conferfnce 
of States on Building Codes and Standards (NCSBCS), 
with coordination by HUD enginefrs in thf Manufacturfd 
Housing Compliance Branch. A major part of thf study 
was the on-site inspection of 66 homes in ten coa.stal 
zone statt's (Alabama, Dflaware, F'lorida, Georgia, 
Louisiana, Mary land, North Carolina, New Jersey, 



Rhode Island and Texas), from April to Junl' in 19BB. 

Statl' and local inspectors Wl'rl' asked to takl' NCSBCS 
and HUD eng infers to "bftter installed"homfs to 
evaluate installation practices considered to bl' 
satisfactory b\,! the installers and local governml'nt 
inspectors. The purpose of the inspections was to 
detl'rmine not only the tl:lpical methods of installation 
used, but to understand the interaction betwel'n 
homeowners, dealers, installers, home manufacturers, 
local inspectors, and state regulators. The study 
included inspections conducted at manufactured housing 
parks; p lannl'd subdivision communities, and individual 
homeowner sites. 

NCSBCS and HUD engineers identified specific 
dl'ficiencies obsfrvfd during on-site inspections, 
obtained information from installers, enforcement and 
building code officials, and reviewed installation 
manuals, ground anchor test data, and manufacturer's 
foundation and anchor dl'signs. A 11 this tl'chnica 1 data 
was then analynd tOl'valuate thl' on-sitl' conditions 
obsl'rVl'd to dl'tl'rminl' accl'ptable practicl's. A list of 
major dl'ficiencies was then developed to bf used in 
futurl' training sl'ssions for bullding code and Statl' 
l'nforcement personnel. Finally, a "ManufacturfdHoml' 
Installationlnspl'ction Guidebook" was drafted to bl' uSl'd 
as a training document, and also to be used by 
manufacturers and dl'signers to prevent deficiencil's 
from n~curring. 

4. INCORRECT II\\ST ALL AT IONS 

Several deficiencifs in the installation process Wfre 
discovered, as shown in Figures 2 and 3, and in 
Photographs Ci1 through l!i1B. The primar\,! ones arl' 
summarized in the following seven categories: 

4.1 Site Preparation: 

Impropl'r water drainage, topsoil not remond, 
incorrect placement of footings. lack of vapor barrier, 
poor soil bearing conditions. 

4.2 Foundations: 

Footings not bl'low frost lfVl'l; omitted undl'r large 
opening column supports. perimeter walls. or hdgebl'am 
posts; impropl'r construction, of block piers; caps or 
shims undl'r stefl beams; unreinforced block piers over 
30" (0.8m) high. 

4.3 Tiedowns: 

Ground anchors at wrong angll', not in soil to corrl'ct 
dl'pth, or extending out of ground an excessiVl' distance. 
improper dehils or am:hor tl'st data; straps impropl'rly 
installfd or not tightened properll:l. 
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4.4 Marriage 'y{ all Connections (Double-wide Units) : 

Inadequate connections at roof ,floor or end walls; 
improper insulation or weatherproofing to prevent. air 
or moisture infiltration; differential settlement or 
unlevel units. 

4.5 Mechanical: 

Defects or improperly installl'd plumbing. drain lines, 
heat ducts, or fixtures. 

4.6 ETectricalWork: 

Impropfr neld installation of fixtures and wiring 
connections; transportation damage to fixtures, 
appliances, or to lectrica 1 sy stem. 

4.7 Special Site Conditions: 

Inadl'quate design of foundation for flood plain, 
expansive clay soils, or earthquake forces; inadl'quate 
ventilation under homes. 

5. CONCLUSIONS: 

It becoml's obvious from the data coTlected and 
investigations reportl'd herein that there are sl'veral 
courSfS of action required to improve the resistance of 
manufacturl'd housing to high wind forces. A 11 
corrective actions will involve specific organizations 
and levels of government. These are I in the opinion of 
the author, as follows: 

Resfarch organizations (UniVl'rsities and consultants); 

DeSigners (Manufacturers, anchor manufacturers " and 
consulting engineers); 

Local government and buildinc; omcials (Building code 
and standards and inspl'ctors); 

InstaTlers and dealers; 

Feder a 1 and State Governments; 

5.1 Rfsearch Organizations: 

Funding by the Federal Government and the 
manufactured housing industry nfeds to continue, to 
develop analytical techniques for dl'stgn of manufactured 
housing sub jectl'd to tornado. hurricane. or other high 
wind forces. Risk and hazard mapping development 
needs to continue. for incorporation into model building 
codes and standards. 



5.2 Designers: 

Manufacturers need to provide complete designs of eelCh 
mode I for resistance to high wind forces, and provide 
specific details to show how wind forces are 
transmitted through the superstructure (shear walls and 
roof and floor diaphragms), to the frameand to the 
foundation and anchors. Test data for design needs to 
be supplied by anchor manufacturers and designers need 
to incorporate all information in adequate installation 
instructions and requirements. 

5.3 Local Government and Building Officials: 

Uniform inspection and enforcement programs need to be 
established blj all states and municipalities for the 
installation and foundations of manufactured housing. 
The American National Standards Institute (ANSI), 
American Society for Testtng and Materials (ASTM), 
and National Conference of States on Building 
Codes and Standards (NCSBCS) need to continue to 
promulgat standards and guidelines for adoption blj local 
governments. 

5.4 Instaners and Dealers: 

These industrlj representati:ves need to participate 
active llj in trade organizations to obtatri guide lines, 
standards, training, and local or state regulatory 
requirements. Thelj also need to provide follow-up 
inspection to assure that homes continue to be level and 
are tied down properly. Thelj also are required blj the 
Federal Regulations to notify manufacturers of 
non-compliances with the federal Standards and defects 
in· construct ion. 

5.5 Federal and State Governments: 

State Govll'rnments need to develop uniform regulations, 
standards and enforcement programs, including on site 
inspections of foundations and installations. The Federal 
Government, under the Manufactured Housing Program 
administered by HUD. should continue to foster 
researCh, develop guidelines for local governments, 
participate in and coordinate work of ANSI, ASTM, and 
NCSBCS, enforce the regulatorlj program for the design 
and construction of manufactured housing, and adopt 
updated wind design standards, as appropriate. 
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b • MULTI HELIX 

Figure 1 Helix and Multi-helix Anchors 
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Manufa.ctured 
Home 

Note: Strap not shown 

291 Vide single wedge of 
____ ~~~~5f=t=j~~~----~~--~poor quality untreated 
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Masonry pier 

INCORRECT METHOD 

Figure 2 Improper Blocking and Shimming 

Manufactured, Home 
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-placed ' 
on soil containing 
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soil 
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frost penetration 

Strap not placed around beam, 
per manu:facturer' s instructions. 

Ground ancbors not 
1-----1 suitable for tbe soil 

type, \rl.th insufficient 
deptb 

Ground ancbor not 
pu-allel to strap. 

INCORRECT METHOD OF INSTALLATION 

Figure 3 indorrect Installation and Foundation 



* Perimeter Footings 
Not Below 
Frost Line 

* Improper Location 
Of Piers 

Photograph # t 

Reproduced from 
best available copy. 
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Alignment 

* No Footing Under 
Pier 
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* Improper Cell 
Alignment 
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Cap 

Photograph # 3 
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* Improper Drainage 

. *No vapot Barrier 
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Photograph # 4 
••••• II ••••••••• ., •••• OO.Qoeoeoooooooooooooooooooo.oo ••••••••••••••••• 

" ,*. Noncompacted Soil· . 
:. Rndertooting . 

. . 

.* Inadequate Protection .•. 
Of Bearing Soil 

Photograph # 5 
•••••••••••••••••••••••••• OClOOQ0000019000S00C!DO •• OOQ ••••••••••••••••••• 

" , 
,'., , 

• Organic-Material ", 
Under Footing- ' . 

* beteriorating Metal 
" 'Stand 

Photograph # G 

.. ~, ~ 

36 
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• Improper Shimming 
(without a pair) 

* Improper Frame 
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Photograph # 9 
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... Exc:essive Anchor 
Projection 

.. No Vapor Barrier 

. Photograph # 10 
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... Predrilled Hole With 
, Poor Soil Preparation 

.. Predrilled Hole Without 
Poured Concrete Collar 

.. No Vapor Barrier 
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.. Wrong Angle Of 
Anchor For Tie 

Photograph # 12 
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'" Improper Buckle 
Fastening 

'" Shimming Without 
A Pair 

Photograph # 13 
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'" ImProper Buckle 
Fastening 

.. '" I-Beam Not Bearing 
On Pier 

Photograph # 14-
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'" Unacceptable Wrapping 
Of Frame Tie 
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Photograph· # IS' 
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Marriage Wall 

• Dryer Vented 
Beneath Home 

Photograph # 17 
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Behavior of the· N agara Dam During the 
Earthquake of December 17, 1987 

by 
Yasushi SASAKI1) TetsuIo KUWABARA 2) 

Masao NISHIMURA3) Ikuji SEK04) 
Jun KASHIWAGI 5) Yoshiki. AOKI 6) 

SYNOPSIS 

During the Chiba-ken Toho Oki Earthquake of 
December 17, 1987, 27 components of strong 
motion records were obtained at the Nagara 
Dam of the Water Resources Development 
Public Corporation located at a distant of 
about 29 km from the epicenter. 'lhe 
behavior of the dam during this earthquake 
was analyzed from these records and the 
dynamic properties of the dam were 
examined. Moreover, observed behavior of 
the dam was compared to the result of the 
dynamic finite element analysis. 

KEY WORDS 

Strong motion observation, Record of 
strong-motion accelerat.ion, Dynamic behavior 
of earth dam, and Dynamic finite element 
analysis. 

Downstream 

1. OUTLINE OF THE EARTHQUAKE AND THE 
STRONG-MOTION OBSERVATION FACILITIES 
AT THE NAGARA DAM 

1.1 Outline of the Earthquake 

An earthquake of JMA Magnitude 6.7 occurred 
near the offshore of eastern Chiba 
Prefecture at 11:08 AM on December 17, 1987. 
According to the Japan Meteorological Agency 
(JMA), the epicenter of this earthquake was 
located at 140°29' east longitude and 35°21' 
north latitude with the hypocenter depth of 
58 km. l ) The seismic intensity of JMA scale 
was V (very strong) at Katsuura, Chiba and 
Choushi, and was IV (strong) at Tateyama, 
Tokyo, Yokohama, Mito, Ajiro, Kumagaya and 
Kawaguchiko. The range where the seismic 
intensity of V felt was almost within 50 km 
of the epicentral distance within Chiba 
Prefecture. 

Fig. 1 Plan of the Nagara Dam 

1) Dr., Eng., Head, Ground Vibration Division, 
Earthquake Disaster Prevention Department, 
PWRI, MOC 

2) Research Engineer, .Ground Vibration 
Division, ditto 
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3) Visiting Research Engineer" Ground 
Vibration Division, ditto 

4) Chief, the First Research Department, 
Research Institute, WROPC 

5) Head, Fill Dam Division, ditto 
6) Fill Dam Division, ditto 



Damages caused by this earthquake were 
reported; 2 persons dead, 161 persons 
wounded, 72,698 houses damaged, and the. 
total amount of damages to the public 
facilities was about 6.88 billion yen. The 
damage features of this earthquake are 

reported in more detail in a separate 
paper .2) , 

1.2 Outline of the Nagara Dam 

The Nagara Dam is a zonedearthfi1 dam 
constructed at the border of Nagara Town and 
Ichihara City, which creates the reservoir 
of the capacity of 10 million cubic meters. 
This reservoir is one of the water 
conveyance facilities for supplying water to 
the Boso 'coastal industrial zone and its 
vicinities in Chiba Prefecture, as well as 
residents in Oliba City and Kujukuri coastal 
region. Plan of the dam and its maximum 
cross section are respectively shown in 
Fig. 1 and Fig. 2. The 52 m high dam is 
constructed on the diluvium sandy layers. 
The cross section of the dam consists of 
three zones and counterweight fills'. 
COnstruction materials for the dam are Kanto 
loam (Zone ,I, impervious zone), sandy soils 
(Zone II) and silty mbdstone (Zone 'III). 
Wing dams for impervious purposes are 
located at both the right and left bank 
sides, and drains are provided inside the 
main Dam. 

The dam site is located at a distance of 
29 km hom the epicenter in the 
west-northwest direction. An acceleration 
of about 260 gal was observed at the base of 
the dam. As a re~ult of this earthquake 
motion, maximum settlement of 30 mm and a 
horizontal displacement of about 20 rom were 
observed in addition to hair cracks (maximum 
depth of 2 m) at several places in the 
pavement on the dam crest. However, thIs 
anomaly was not so severe and would not 
affect the safety of th,e dam. 3) Settlement 
distribution and location of cracks are 
shown ina separate paper. 3) Since it was 
the stage of test filling'to the reservoir 
during the earthquake, the water level 
during the earthquake was lower (EL.:57 m) 
than the surface of counterweight fill (EL.: 
60 mI. 

1.3 Strong-Motion Observation Facilities at 
the NagilIa Dam 

Three-component strong motion accelerographs 
were installed at 10 places as 'shown in' 
Figs. 1, and 2 within the dam. 4) G-l' and'G'-7 
are electromagnetic type accelerometors. 

And G-8 to G-10 are popularizing type 
accelerometers which were "installed on the 
concrete base on the dam crest and inside 
the water-collecting tunnel. A ten-second 
delay circuit was employed for records of 
G-l, G-2, G-4 and'G-6. All records pf each 
strong-motion accelerograph ar,e stored on a 
magnetic tape in analogue form. 
Specifications of accelerograph, are. shown in 
Table 1. 

Table l' Specifications for Accelerograph 
Transducer 

Phce CDd. C·l_C-} c-a_C_lO 

Tr"nlldycer Type Electr~9net lc ,l."oehcu'c Sh,ut 
l"OV",bl. Cui L T'yl'" ..... 

.... tlolr.l rr .... uency ),0 ", Approa. I kH' 

DoIapln'IJ Qlnot.ltont I.". t.hAn. II 

..... ........ 1' InC) 1000 9.1 1000 9.&1 
Acceler.t.ion 

Me •• Uf 11'19 Ptequency 0.]_)0 HI 0.1_]0 "I-.. -
2. BEHAVIOR OF THE DAM DURING THE ElI.RTHQUAKE 

Strong-motion records were obtained during 
the event at 9 places out'of ten other than 
G-9 accelerograph. Since the record is of 
analog type, it was converted into the 
digital quantity at the interval of 
11100 sec. and was processed by a band-pass 
filter shown in Fig. 3. Maximum 
accelerations are shown in Table 2. Since 
the records obtained by G-8 and G-10 are not 
syn~hronized with others, time was adjusted 
for G-8 and G-IO in such a manner that the 
occurrence time of maximum value of vertical 
motion becomes equal to that observed by 
other accelerographs. The maximum value at 
the base (G-l) was 256 gal in the 
upstream-downstream direction, 135 gal in 
the dam axis direction, and 86' g-al in' the 
vertical direction and at the crest (G-6), 
it was 371 gal in the upstream-dow,nstream 

DeSign Hi9h Water t.evell."~III..r',n Crest with Shrinkage Allowance 
I Road 

C-G I Dcsi9n Crest-' 
Design Full water Level U,.wL~ n,71,lo\, 

\ RUbble-mound WOrk Ci -8 (L n.!Q 

Water Level wh~n Earthquake occurred 
C·2 .' ... uo 

COunterweight \,)\ \.,\ 

Ground Line' ·in· riel,i ::::::." .•..... ~!'.~~ ~II 
Upper Sand Layer 

Izumiya Mudstone Layer 
,- Impervious ======= 

G-I Sheet 
Lower Sand Layer 

Fig. 2 Cross Section of the Nagara Dam 
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direction, 353,gal in the dam axis 
direction, ~nd 326 gal in the verticil 
direction. The ratio between maximum 
acceleration of G-l and G-6 was respectively 
1.4 times, (upstrea~ownstream direction) , 
2.6 times (dam axis direction) and 3.B times 
(vertical direction). Time history of 
acceleration in the upstream-downstream 
direction and the displacement waveforms 
determined by numerical integration in 
frequency domain at G-l, G-4 and G-6 are 
shown in Fig. 4. Maximum acceleration at 
G-4, inside the dam, is smaller than that at 
the base (G-l). At the dam crest, 
relatively large'acceleration values 
continue after the main shock compared ,to 
the base. By examining the waveform of the 
main shock portion in Fig. 4, it can be 

. known that a phase lag occurs in the record 
of each ,point and waves propagate from base 
to the crest of dam. Distribution of 
maximum acceleration in ~e 
upstream-downstream direction at 6 points is 
shown inFlg. ,5(a) ~ Acceleration with the 
level same as the maximum acceleration at 
the crest occurred at the upstream, and 
downstream slopes, and the values became 
almost half at the midheight of the 
enbankment. Also, the distribution of the 
maximum displacement derived from 
integration of acceleration is shown in 
Fig. SIb), and displacement orbit of each 

=r+.!' " 
• .,' G-e aJ,'; 

o ~.tft"Ii' 
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(a) Acceleration 

tl 

r:: ~ t.O 
° ~ ....... 
.u U 
U .... 
QJ .... 
W .... 

W 8 
U
o 

O.O....-........ -..!.-------L-��>---
o 0.25 0.333 30 31 

Frequency f (Hz) 

Fig. 3 Correcting Function of Band-Pass ,Filter, 

Table 2 Maximum Acceleration Observed 
at the Nagara Dam 

MII •• ur in9 .... '.l-=u. ,.. •• ur'n9 ~"'mq. 
, 

.Ioco 
DLr.ction Acceleration 

PhC'. 
Direction Accd.r .. tlon 

CI>d. ..... (9·11 ""'. """. 'p1) - ' 

G-I '$6 .... • )71 

0-1 lB .... .,f ,., ... , .. . -. " . 
..... '" 0-7 '57 
0-' , .. C-7 , .. ..... '" ... , 179 

c-, '" .... ." 
C-' ". C-8 18, 
0-' LZ. C-. '" 
C-' I" e-10 '74 
0-' I~ C-IO 147 .... U, e-1O 10. 

.... , I •• ....... yrlnq DirecUon Code .. ... , 101 ., Upgtr.a_l)I::Wftat.l' •• ." DLrect.lon .-, 181 y, a.-, bill Direct'on 
I, Yer ti~l Dlr.ct'On 

.... d.,. acceleutlon' is .. corrected "oil ..... hor boand-pClCla flit .. ;.' 

(b) Displacement 

Fig. 4 Time History of Observed Acceleration and Calculated Displacement 
(upstream-Downstream Direction) 

La) Acceleration (b) Displacement 

Fig. 5 Distribution of Maximum Acceleration and Displacement 
(Upstream-Downstream Direction) 
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• 
Fig. 6 Displacement Orbits at Observation Points 

record is shown in Fig. 6. By looking at 
the displacement orbit, a large displacement 
directed !rom the downstream (north) to the 
direction 30 0 to 45 0 biased on the left bank 
northwest) can be recognized. This 
displacement occurred at about 8 sec. as 
shown in the displacement time history in 
Fig. 4(b). This portion of the waveform 
gives the maximum horizontal displacement 
for all observation"points. 

3. WAVE PROPAGATION IN THE DAM AND THE 
ESTIMATION OF DYNAMIC PROPERTIES OF 
EMBANKMENT MATERIALS5) 

3.1 Natural Frequency of the Dam 

Since the record of G-6 is the result of an 
earthquake motion at G-l which was amplified 
within the elllbankment,- the natural frequency 
of the embankment can be derived from the 
transfer function between both points. The 
transfer function is calculated as the 
square root of the ratio of power spectrums 
of acceleration records between two 
ob~ervation points. As an example, the 
transfer function at the central section of 
the dam is shown in Fiq. 7 to Fig. 9. In 
the horizontal components of the 
upstr~am-downstream direction and' the dam 
axis direction, no dominant frequency 
showing significant amplification is 
recognized, and the response magnification 
is low as a whole. On the other hand, it 
can be known that the vertical component has 
a high amplification at around 2.7 to 
3.0 Hz. Frequencies having large transfer 
magnifications recognized between base (G-l) 
and crest (G-6) are shown below in the order 
starting from the largest magnification. 

Upstream-downstream direction (refer to 
Fig. 7): 5.4, 1.4 to 1. 7, 4.2, 9. 0 to 9.6, 
10.7 to 10.9 Hz •• , Amplified in a wide 
range of frequency. 

Dam axis direction (refer to Fig. 8): 1.6, 
2.9 to 3.2, 4.6 to 4.7, 6.3 to 6. 6, 8, 8 . .7 
to 9.3 Hz .•. Amplified in a wide range of 
frequency. 

46 

Vertical ~irection (refer to Fig. 9): 2.7 
to 3.0, 5.4, 7.7 to 7.9, 13.7 to 14.0 
There are significant dominant frequencies. 

Primary natural frequency of the maximum 
cross section was 1.6 Hz, which is derived 
from Matsumura's shear vibrationsolution6) 
of a wedge-shaped embankment. From this 
solution and the above mentioned dominant 
frequency, the natural frequency of the dam 
is considered to be 1.6 Hz for horizontal 
shear vibration in both upstream-downstream 
and dam axis directions and 2.7 to 3.0 Hz 
for vertical vibration. 

3.2 Wave prOpagation Velocity within the 
Embankment 

The upward propagation of an earthquake 
motion within the dam is seen in Fig- 4. 
Then, the propagating time of an earthquake 
motion from point (G-l) to the other upper 
observing points was determined by the two 
methods explained below. In the first 
method, cross correlation between time 
history of recorded waveforms at two 
observation points was taken as shown in 
Fig. 10, and then phase lag time which gives 
the peak correlation was used as a 
propagating time (Method 1), which means the 
mean propagating time for the overall 
waveforms. In the second method, attention 
is paid to the pulse showing the maximum 
amplitude which is considered to be the same 
phase at different observation points as 
shown in Fig. 11, and the time difference 
between two observation points of the rising 
zero cross time of the pulse is used as the 
propagating time iMethod 2). The time 
der ived by the Method 2 is the wave 
propagating time for a particular phase of 
the maximum ampli~ude. Values of wave 
propagating time within the embankment 
derived from acceleration components ax and 
a y in the upstream-downstream and the dam 
axis directions in these two methods are 
shown in Fig. 12(a). It can be known that 
the values of propagating time derived from 
both methods almost coincide with each 
other. Also, from the phase spectrum of 
transfer function between two observation 
points, the time difference det~rmined from 
the gradient of the phase angle 

~/frequency f also coincides with the 
propagation time as shown below (refer to 
Fig. 7 to Fig. 9). 

r .. ¢/(27rf) (1) 

Where, propagating time between two 
observation points is , their elevation 
difference is H, and the unit mass of the 
embankment between two points is , then the 
shear wave velocity is given by 

V, = Hi r •.•.•.••...••..•.•...•.•.•. : ( 2 ) 

Shear modulus is obtained by 

G=p V,2 ••••••••••••• : •••••••••••••• (3) 
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V. and G which are derived from the above 
are shown in Fig. 12(b) and (c) 
respectively. As shown by th is Fig., the 
average shear wave velocity for the whole 
embankment determined from the records in 
the upstream-downstream direction at G-l and 
G-6 is about 210 m/sec. On the other hand, 
the average shear wave velocioty for the 
upper portion of the dam determined from the 
records in the upstream-downstream direction 
at G-4 and G-6 is about 120 to 140 m/sec. 
This difference is thought to arise from the 
difference of the strain level in the 
embankment and confining stress level as 
stated later. 

3.3 Dynamic Properties of the Dam Materials 

Seismic prospecting which was made after the 
earthquake gives a formula which enables to 
estimate the shear wave velocity and the 
shear modulus as a function of the 
overburden pressure. 7 ) These are shown as 
vertical distribution curves in Figs~ 13 and 
14. These figures also indicate the results 
obtained by the methods 1 and 2 from the 
records of acceleration in the 
upstream-downstream direction. The results 
determined from the records of earthquake 
motion have the values 20 to 30% lower for 
V. and 40 to SOt lower for G compared to V, 0 
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Fig. 12 Results of Acceleration Records 
Analysis between Observation Points 

and Go at a very small strain level which 
was obtained from seismic prospecting. 
Especially at the upper half portion (G-4 to 
G-6), V. decreased to 1/3 to 1/4 and G 
decreased to 1/10 approximately compared to 
the lower half por tion O( G-l to G-4). Both 
V. and G are close to the results of seismic 
prospecting near the upstream slope (G-l to 
G-3) and the downstream slope (G-l to G-5). 

Shear strain that occurred within the 
embankment and the counterweight 'during this 
earthquake will be determined as explained 
below from the multiple reflection theory 
assuming that the dam is as a homogeneous 
semi-infinite layer (uniform shear wave 
propagation velocity V,)- If the velocity 
of the earthquake motion observed on the 
ground surface is Vo (t), then shear strain 

7 (t, z) at a given depth z can be obtained 
by 

1 (t,Z) = -L[v 0 (t+ 3...)-U o(t - L)} 
2V, v. V.. ••••••. (4) 

Time history waveforms of shear strains 
generated within the dam and counterweight 
were respectively calculated by using the 
velocity waveforms of G-6 and G-2, and the 
maximum value at the depth Z was 
deter-mined. The results are shown in 
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Fig. 15. Also in the same figure, the 
maximum value of average shear strain is 
shown as reference, which was obtained from 
the division of the relative displacements 
at G-4 and G-6 to G-l by the relative height 
of these two points to the base. From the 
time history waveform of strain shown in 
Fig. 16, it can be known that the strain of 
higher than 10-4 occurred repeatedly in the 
dam and counterweight fill and the maximum 
strain was in the order of 10-3• By the 
occur rence of shear strain o'f th is level, 
the shear modulus of ~e dam is considered 
to be lowered to about one-half in average 
of the initial shear modulus Go estimated 
from the results of seismic prospecting. 
Especially, a decrease of one order occurred 
in the upper half portion of the dam 
compared to the lower half portion. 
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Fig. 17 Finite Element Model 

so 

The displacement amplification between the 
crest and the base for resonance can be 
determined if the embankment material is 
assumed to be viscoelastic. By utilizing 
this theoretical solution of shear vibration 
in a stationary state6), the coefficient of 
viscosity can be calculated and, from the 
v'iscosity constant of the material can be 
calculated. 

Displacement amplification factor becomes 
2.25 (=6.00/2.67) from the maximum 

displacements at crest G-6 and base G-l 
(refer to Fig. 5(b», and the coefficient of 
viSCOSity is determined from the following 
equation: 

2H * ,----;:;-
Tl= --" pGI ' 2.4048 ....... ................. (5) 

where, height H* .. 52 m by considering a 
standard triangular section for the dam, 
unit mass' of the material is given by P = 
1. 75xl03 kg/m3 , i.ts shear modulus G = 89MPa 
(800 kgf/cm2), coefficient 1= 0.12 which is 
determined from the displacement 
amplification factor of 2.25, and then' f; .. 
5.6xl06pa·s. The coefficient of viscosity 
and damping constant h has the following 
relation: 

h .. TlW .. 7!T] 

2G GT 

As the period of the pulse, which can give 
the maximum amplitude in the displacement 

(6) 

. waveform of base G-l, is given by T .. 
(7.56-7.37)x4" 0.76 sec., and if this value 
is used as T then h becomes h .. 0.29. On 
the other hand, from the pulse at crest G-6, 
T • (7.80-7.53)x4 = 1.08 sec; so that h .. 
0.20 is obtained. In the damping constant 
calculated as stated above, it should be 
noted that the recorded displacement 
waveform is not the one at resonance. ·From 
this theoretical relation between the 
deformation of the embankment during 
resonance and its viscosity coefficient, the 
coefficient of viscosity of Tl = 5.6 MPa's 
and the damping constant of h .. 0.2 to 0.3 
are obtained for the embankment mater fa1. 

4. BEHAVIOR OF THE DAM ESTIMATED BY 

FINITE ELEMENT ANALYSIS 7 ) 

4.1 Input Data 

In order to estimate ,the behavior, stress 
and deformation of the dam during the 'event, 
twcrdimensional finite: element analysis 
using QUAD-4 8) was performed for the maximum 
cross section shown in Fig. 2. 

The model for analysis is shown in Fig. 17. 
Counterweight portion was limited to 55 m 
from G-2 'point in the upstream side, the 
number of nodes is 359 and'the number of 
elements is 351. The observed record for 30 
seconds at G-l point; (hOr izontal and . 
vertical di~ections, refer to Fig. 4 f'or' 



Table 3 Dynamic Properties used in Dynamic Analysis 

Properties Shear MOdulus 

Shear Modulus in 
Strain-

Poisson's 
R.a t io 

Damping Constant 

Zone Small Strain GO 
Dependen t 0 f h 
Shear Modulus IJ 

2 
I GO m 100(7·~2-e) 0111 0 • 6 SL 

+e GO 

2 
11 (2.17-e) 0.4 G II GO m 00 l+e am GO • 

2 
330(2.973-e) 0.5 SL m II! GO . He am 

Go 

2 
100(7·~2-e) (1mO• 6 G Counterlo/eight G • 

GO • 0 +e 

horizontal motion) was input uniformly to 
the bottom boundary o'f the analysis model. 
Since there were no test values for the 
dynamic' properties of the embankment 
materials, they were determined based on the 
published results of studies performed on a 
similar or the same kind of material. 
However" the seismic prospecting was 
conducted near the surface of the dam after 
the earthquake' as stated before and the 
velocity of an elastic wave was measured 
down to the depth of several meters in each 
zone, so that the results of this 
measurement were also taken into account. 
Dynamic properties used in the analysis are 
shown in Table 3. 

As shown in Table 3, dynamic shear modulus 
Go is given by function of confining 
stress (mea'n principal stress am)' and 
density (void ratio e). Therefore, 
incremental embankment analysis was made 
before the dynamic analysis for determining 
static stress and deformation. And Go 
calculated from the results of the above 
analysis was given to each element. The 
properties of the material used in the 
incremental embankment analysis were 
determined from the quality control test 
results during embankment work and the 
strength test results on undisturbed samples 
of materials after completion of 
embankment. The. dissipation damping between 
the dam and foundation was assumed to be 
0.25, which is somewhat large' because the 
foundation was a sand layer, the difference 
in physical properties between the sand 
layer and the dam is considered to be 
relativel'y small, and frequency 
characteristics of earthquake motion are 
relatively similar between them. 

4.2 Results of the Analysis 

Distribution of the maximum response 
acceleration are shown in Fig. 18. The 
maximum response values at each portion 
correspond to the maximum values of input 
earthquake ,motion. The response 
acceleration decreases inside the dam and 

4. OxlO 
-3 

0.40 7 
h • 0.15 + 0.25 

-3 -3 4.0xl0 +7 4.0xl0 +7 

-3 
0.35 7 1.3x10 

-3 
h • 0.25 

-3 
+ ·0.25 

1.3xl0 +7 1.3xlO +7 

-3 
0.35 7 1.0xlO h • 0.16 + 0.25 

-3 1.0xlO-3+7 l.Oxl0 +7 

-3 
0.40 7 4.0xl0 

0.15 0.25 h . + 
-3 -3 

4.0x10 + 7 4.0xlO +7 

increases at the crest and the slopes of the 
dam, which agrees fairly well with the 
_distribution tendency of measured values. 
However, the vertical maximum acceleration 
at the crest of the darn is considerably 
small compared to the observed value, so, 
that the large amplification fr.om the middle 
elevation to the crest of the dam is not' 
well simulated. Fig. 19 shows the response 
acceleration time history and spectrum at 
the crest of the dam (G-6 point). The 
waveforms significantly indicate a response 
to long period components of input values, 
and indicated large responses with .a 
spike-shaped short period 'which are seen in 
observed records do not appear. Similar 
results are obtained 'also at other 
observation points. Transfer function of 
horizontal acceleration at the crest of the 
dam is shown in Fig. 20. In this case, 
response is hardly made to the frequency 
components higher than 3 Hz, which indicates 
the predominance of low-order vibration mode 
with a simple deformation shape. The 
response frequency of the primary mode is 
1.6 Hz and almost coincides with the prim~ry 
natural frequency derived from the records 
of the earthquake motion observed and 
Matsumura's solution explained in the 
previous chapter. Fig_ 21 shows the 
displacement time history for the crest of' 
the dam (G-6) and the inside of the dam 
(G-4) observed and analyzed, where both 
observed values and analyzed values are the 
relative displacement to the base (G-l). 
The analyzed values ar.e smaller than' 
Observed values at the crest of the darn and 
it is to the contrary inside the dam. This 
seems to occur from some difference between 
the properties of the materials of the darn 
used in the analysis and those of actual 
materials and also from the effect of errors 
in the calculating method. However, the 
waveforms are similar to each other, and ·the 
analyzed values' agreed relatively well with 
the observed r ecor ds ins ide the dam. 'Fr om 
this, it is considered that analyzed values 
which are very close to actual value~ may be 
obtained even for strains or stresses which 
occur inside the dam. Fig. 22 shows the 
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distribution of maximum shear stress and 
maximum shear strain obtained by, th'e 
analysis. Both values are dynamic valu~s 
only due to earthquake motion without 
containing static stress and strain. , 
Maximum shear strain occurs almost in the 
horizontal (vertical) direction. From the 
resul ts shown in Fig. 22, the vertical 
distribution of maximum strain inside the 
dam and counterweight is determined and 
indicated in Fig. 15. According to this, 
the maximum strain is almost of the same 
order of 'the val~e easily determined by 
equation (4) from the records. According to 
Figs. 15 and 16, maximum value of shear 
str'ain inside the dam is large and exceeds 
10- 3• Shea~ modulus decrease made by 'this 
large' 6tr~in, 'reduces the gener'ated shear 
stress. Alsb, in the distribution of shear 
s tresse's, they simply incr ease from the 
surface of the dam to the depth direction 
and are slightly concentrate6 in low 
elevation portion of Zone I. 

The behavior of the dam estimated by the 
finite element analysis stated abov,e has 
almost agreed with the behavior clarified 
from the records ,of actual observation. 

5. CONCLUSIONS 

1) Earthquake motion occurred during this 
event can, be characterized by a large 
pulse of displacement toward the 
downstream direction. 

2) Primary natural period'of the Nagara'Dam 
is abcmt 1. 6 Hz and is almOst equal to 
the theoretical solution. 

3) Shear wave velocity and shear modulus 
'determined from 'the observation records 
are 20 to 30% lower for shear wave 
veloc ityand 4 Oto '50% lower for shear 
modulus than those obtained'from 
experimental formulas based 'on seismic 
prospecting and laboratory tests., 

4) Maximum shear strain generated at the 
main dam and counterweight was about 
10-3 . 

5') Damping constant was about:0.2 to 0.3. 
6) ,The behavior of the dam clarified by the 

. records of strong earthquake motion has 
been almost substantiated by the 
behavior of the dam estimated from the 
dynamic finite element analysis. 
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Analysis of Structural Response Records 
During the Whittier NalTows, 

California, Earthquake, October 1, 1987 

A. Gerald Bradyl 

ABSTRACT 

The extensively instrumented building at 12440 
Imperial Highway in Norwalk, California, was 
excited by horizontal ground accelerations 
peaking at 0.2 to 0.3 g during the M5.9 Whittier 
Narrows, Califo'rnia, earthquake, October I', 
1987. Specific frequencies corresponding to 
lower frequency modes are chosen from the 
accelerograms and their spectra. Refiltering to 
remove all frequencies lower than each chosen 
frequency, integrating for displacements, and 
separating out translations, torsions, and in
plane bending, permit graphic evidence of the 
amounts of each of these motions that are 
present at each modal frequency. The 
instrumentation'was intended to provide just 
this type of engineering information. 

KEYWORDS: Analysis; Building instrumentation; 
Combined modes; Structural response. 

1. INTRODUCTiON 

The Whittier Narrows earthquake, October 1, 
1987, magnit:ude 5.9, triggered 52 stations in 
the National Strong Motion Instrumentation 
Network operated by the u.s. Geological Survey 
for both the'USGS and ~ther federal and local 
agencies(Flgu~e,l). These 52 stations 
represent 362 data' channels (Etheredge and 
Porcella, 1987). 

2. NORWALK STATION 
, 

The Norwalk building, directly south of the 
epicenter and 15 km distant, was extensively 
instrumented prio~ to the current USGS project 
for instrumenti~g special structures. It is a 
7-story moment-resisting steel-frame building, 
instrumented jointly with Bechtel Power 
Corporation, the owner. Dimensions are 141m x 
41m x 35m high. There are 27 channels from 
a cce lerome te rs wi thin' the bulldi ng, and 6 
channels at two ground level ~ites 30m and 131m 
from the building.' 

Horizontal peak ground accel'erations were 
0.1-0.3g at these free-field sites, 0.16~0~2g 1n 
the basement, and .41g at roof level. 

3. PURPOSE OF THIS EXTENSIVE INSTRUMENTATION 

When extensive instrumentation is installed, it 
is usually designed to investigate a few 
important modes at lower frequencies, and 
occasionally, special dynamic behavior. 
Accelerograms from significant events provide 
this data. Resonances in fundamental modes are 
often clear, after the strong input ground 
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motion is over (Figure 2). During the strong 
motion, transients in higher modes are als'o 
present, sometimes ~oncealing the cont~ibution 
from lower modes. 

Both lower mode resonances and higher mode 
transients may be the important, dama~ing, or 
destructive motions. The instrumenta~ionhere 
should show both, since it includes the, 
basement, 1st and 2nd floors for damaging 
transients, as well as the 5th and 8th 'levels. 
The accelerations during this event were not 
sufficient to cause structural damage. 

This paper shows how the uae of various options 
in the USGS processing programs (Converse, 1984) 
can give a visual representation' of the 
stru~tural displacements at fre~uencies close to 
natural resonant frequencies. A few of the more 
significant results are presented. 

4. PROCEDURE 

We investigate the total structural 'response 
displacements, as represented by the motion at 
the accelerometer locations, at specific 
frequencies, which have been previously obtained 
from Fourier spectra., 

4.1 Filter out all content at lower frequencies 
than the frequency of interest, and 
integrate twice for displacement; which puts 
a frequency-squar'ed att'enuation onto, the 
higher frequencies. This leaves, 
displacements at the chosen frequency as the 
only prominent moti'on. 

4.2 

5. 

Separate the translations from the torsion 
and horizontal in-plane bendi~g of, the floor 
slabs so that each can be looked at alone, 
even though the low-frequency modes might 
contain combinations of these motions 
(Figures 3 and 4). 

AMPLITUDES OF SEPARATED COMPONENTS 

Figure 5 shows displacements at four levels, in 
a graphic display 'of the north-south translation 
component; of a mode 'whose frequency' was 0 . 76 Hz 
(Table 1). The corner frequency for the high
pass filter was 0.66 Hz. Figure 6 shows t'he' 
only motion recorded in the east-west'dir~~tion, 
a translation, in which a'modal frequen~y of 
2.4 Hz is sought. Both' plots use' consistent 
scales for each time history.' 

Table 1 lists the modal frequencies for N-S, and 

lUSGS, Menlo Park, CA 94025 



E~W translations, and torsion, measured during 
the resonating part of these responses. The 
frequencies of these listed modes are clo.ely 
proportional to the expected sequence 1, ~, 5. 
Transient peaks at the 8th ,level indicate the 
response during strong motfon input. Transient 
peaks at the basement, downhole caisson and 
freefield levels indicate t~e extent to which 
the building ~mplifies or attenuates the 
freefield motion. 

Table 2 lists frequencies and transient peak 
values for rocking and in-plane bending. 
Freefield rocking was not measured. In-plane 
bending is not associated with any specifi~ 
'input patterns. No measure of 'amplification or 
attenuation by the building for rocking or in
plane bending is therefore available. 

The frequencies listed in Tables 1 and 2 are 
identified in Figure 7.' From the transient 
peaks in Table I the ratio of basement peak to 
ground level peak is calculated and plotted 
against the corresponding frequency. As can be 
seen from this figure, there is a trend that 
low-frequency modal components be amplified, and 
high-frequency components attenuated. 

6. CONCLUSIONS 

Options available in the AGRAM programs permit 
plots to be drawn that show clearly the amount 
of each modal component (translations, torsion, 
in-plane bending). at each modal ,frequency. 

Among the modes studied, there is a tendency for 
low-frequency modal components (less than 2 Hz) 
.to be amplified (by 1 to 12 times), while higher 
frequency modal components (greater than 2 Hz) 
to be attenuated (by 0.6'to 1 times). 

7. REFERENCES 

Etheredge, E., and R. L. Porcella' (1987). 
Strong Motion Data from the October 1; 1987 
Whittier Narrows earthquake. U.S.G.S. Open-File 
Report 87-616. 

Converse, April (1984). AGRAM, a series of 
computer programs for processing digitized 

.strong-motiori accelerograms,:versiori2.0. 
U.S.G.S. Open-File Report 84~525. 

Table 1 

Resonant Frequencies 

and Transient Modal Peaks 

N-S Translation 
Resonant Freq. 
Transient peaks 

(cm) 

E-W Translation 
Resonant Freq. 
Transient peaks 

(cui) 

Torsion 
Resonant Freq. 
Transient 'peaks 

()J rad) 

(Hz) 
8th 
Blc 
GL 

(Hz) 
8th 
BIC 
GL 

(Hz) 
8th 
B/e' 
GL 

Mode: 

0.7,6 
6 
2 
2 

0.84 
, 3.2 
1.0 

. 0.85 

1.08 
57 
18 

Note: 8th: 
B: 
C: 

8th level or roof. 
Basement level 
Caisson bottom level 

2 

2.3 
0.4 
0.25 
0.25 

2.4 
0.35 
0.12 
0.18 

1.4 
65 
35 
26 

3 

3.6 
0.03 
0.04 
0.07 

4.0 
0.06 
0.05 
0.07 

3.9 
4 
4 
5 

GL: Ground level, 30 m and 131 m from 
the building ~ 

Table 2 

Rocking and In-Plane Bending 

Mode: 1 2 
Rocking 

Resonant Frequency (Hz) 1.1 ~4 

Transient peak (ll rad) 10 4 

In-Plane Bending. 

56. 

Resonant frequ,ency (Hz) 0.76 
Transient peak offset 

at center (cm) 8th 1.8 
B 0.3 

Note: 8th: 8th level or roof 
B: Basement level 

2.4 

0.8 
0.15 

3 

5.5 



. Whittier Narrows EarthQuake 

Peak Horizontal Ground Accelerations (g) 
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Figure 1. Epicenter of Octob~r 1, 1987, M5.9 Whittier Narrows earthquake. 
Peak ground accelerations at Norwalk, 15 km south of epicenter, are 0.24 and 
O.29g. 

1at Mode 

Strona Motion 
Freq.: 0.76 Hz 

1 It Mode 
10-12a later 
Fraq.: 0.76 Hz 

2nd Mode 

Strona Motion 

Freet: 1.6Hz 

Moda' Deflection. - cm. 

Figure 2. Estimates of 1st and 2nd mode N-S translation mode with combined in
plane bending of the floors, scaled from the original accelerograms prior to 
digitizing. 
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Behavioun of Dams 
During Chiba oft Earthquake 

by 

Norihisa MATSUMOTO"", Nario YASUDA",l 

[SUMMARY] 

The ·paper describes the behaviours of dams during 
December 17, 1987 Chiba off earthquake. The magni
tude of the event was 6.7 on the Richter scale. Houses 
and public works in Chiba Prefecture suffered dainages 
due to this earthquake. We made investigations on the 
eleven dams which were located within about 30 kilo
meters from the epicenter. Surface cracking on the 
dam crest was found in two earthfill dams. However, 
cracks were limited only in the shallow depth. There 
were relatibns between the foundation geology and 
behaviours of dams. 

[KEY WORDS] Dam, Earthquake damage, Foundation 
geology, Chiba off earthquake 

I. INTRODUCTION 

The earthquake of a magnitude of 6.7 on the Rich'ter 
scale occurred on December 17, 1987, with the hy
pocentral depth of 58 :km, at 350 21'North latitude and 
1400 29' East longitude, according to the Japanese 
Meteorological Agency. The paper describes the be
haviours of dams during this earthquake. 

2. INSPECTION OF DAMS IMMEDIATELY AFTER 
THE EARTHQUAKE 

Inspection of dams were made at forty four dams 
immediately after the earthquake. These dams were 
all higher than fifteen meters and located in the areas 
where the Japanese Seismic Intensity Scale was equal to 
or greater than 4, and/or recorded peak acceleration was 
larger than 25 gals. 

As a result of inspections, unusual behaviours were 
reported at five dams as shown in Table-I. 

3. FIELD INVESTIGATIONS 

We conducted field investigations on eleven dams as 
listed in Table-2. These dams include not only dams 
in Table-I, bu t also those dams located in the areas 
within thirty kilometers from the epicenter where the 
damage of earth structure~ were mostly observed. 
Yamakura Dam listed in Table-I, was excluded from our 
field investiga tions, since the unusual behaviour of 
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Yamakura Dam was cracking of the abutment of the 
bridge in the reservoir not but the damage of the dam. 
The dams within the thirty kilometer radius from the 
epicenter were all fill dams. Therefore, Kameyama Dam, 
a concrete gravity type dam was added to the investi
gation,' although its' epicentral distan.ce was greater than 
thirty kilometers. Kori Dam being farther than thirty 
kilometers from the epicenter were also added to the 
investigation, since the acceleration records were ob
tained at this dam. Locations of the dams were illust
rated in Fig. 1, which also shows the outline of the area 
geology. Of eleven' dams investigated, three-Kori, 
Nagara, and Konakagawa-were built on 'foundations' .of 
the Quaternary, and the. other eight dams. were. on. the 
late.Tertiary. . .. . 

We also made investigations on damaged· river. em
bankments of Tone river which are also earth structures 
similar to fill dams. 

3.1 Investigation of dams 

3.1.1 Kori dam 

Maximum cross section of the dam is shown in Fig. 2. 
The foundation consists of Kasamori foonation and 
Jizodo foonation of the Pleistocene of the Quaternary 
period, and the impervious core of the dam was founded 
on the mudstone of Kasamori formation. The core was 
built with weathered mudstone, and the sands were used 
for random materials. The downstream slope were pro
tected with grass, and furnace slugs were used for 
upstream rip rap. 

Caretakers of the dam were cleaning the boat in the 
reservoir at the time of earthquake, and they told us 
that they had not felt much shaking during the earth
quake. Accelerometers were installed at three locations 
the dam crest, middle elevation and the base. Although 
the accelerations in the dam axis direction at the crest 
and the base were not recorded, the up-down stream 
direction and vertical component were recorded. The 
peak value in the horizontal and vertical direction at 
the base was 21 and 13 gals, respectively, and the 
one at the crest was 62, and 177 gals, respectively. 
Since the instrument at the foundation malfunctioned 

*1 Dr. of Eng., Head, Filltype Dam Division, Dam Department 
Public Works Research Institute, Ministry of Construction, 
Japan 

.' Research Engineer, Filltype Dam Division Dam Depart· 
ment Public Works Research Institute, Japan ' 



during the main mothion, the peak values at the founda· 
tion were less than the real ones. . 

Leakage were measured by using the weir at the 
downstream toe of the dam. Leakage was the same 
value of 152 litre per minute before and after the earth
quake and no change was observed at the dam. 

3.1.2' Kameyama dam 

The . section and elevation of Kameyama Dam are 
shown in Fig·3. The geology of damsite consists of a 
series of mudstone and sandstone of Tertiary age. The 
sandstone outcrops on the higher elevation of the left 
alutment. The staff was in the dam management office 
when the earthquake occurred and they felt big shaking. 
But, nothing on the desk overturned in their office. Up· 
lifts and leakage are measured two times a month at 
Kameyam Dam. Fig.' 4 shows the leakage and uplift 
before and after the earthquake. Uplift No.8 and No.l4 
increased shortly after the earthquake, deceasing after· 
wards .. No damage was observed at Kameyama Dam. 

3.1.3 Katsuura Dam 

Fig. 5 shows the section of Katsuura Dam. Sndstone 
known as Kiyozumi formation of Miocene, Tertiary age 
comprises the foundation rock. Kiyozumi sandstone 
which underlies the Kurotaki uncontormity is a harden· 
ed sedimentary rock. Weathered mudstone and loam 
were used for core materials and mudstone for random 
materials as shown in Fig. 5. Although four sccelero· 
meters were installed at the downstream slope, no record 
was obtained due to malfunctioning of the instruments. 
Wet portions were found at the downstream berm. 
Since these wet areas gathered moss, they seemed to 
have no relations with the earthquake. No damage was 
observed at the dam. 

3.1.4 Onjuku dam 

Typical cross section of the dam is shown in Fig. 6. 
Bedrock of' the site is comprised of mudstone of the 
Pliocene, Tertiary age. Weathered mudstone and loam 
are used for zone I, i.e. impervious material, and mud· 
stone is used for zone II, i.e. semi·pervious material. The 
water lev.el of the reservoir was 30 to 40 cm below the 
full reservoir level; when the event occurred. The leak· 
age measured at the weir of the downstream increased 
just after the event, but returned to the previous value in 
a few days. The, normal leakage amounts 40 litre per 
minute. No damage was observed at dam. 

3.1.5 Nakuma dam 

Fig. 7sho.,i..-s the elevation and section of Nakuma 
Dam. The foundation' consists of alternation of thin 
mudstone and sandstone of the Pliocene of Tertiary age. 
The core material is built with weathered mudstone and 
loam, and randum zone with mudstone. The upstream 
slope was protected with fleXibly connected concrete 

blocks. Leakage is not measured at the dam. No damage 
was found at the dam. 

3.1.6 Azuma No.1 dam 

The section of the dam is shown in Fig. 8. The 
foundation rock consists of mudstone of the Pliocene of 
Tertiary age. Mudstone is used for random zone and' 
weathered mudstone and loam for core materials. 
Neither change of leakage nor damage was found due to 
the earthquake. 

3.1.7 Azuma No.2 dam 

The plan is shown in Fig. 9. Azuma No.2 Dam is very 
close to No.1 Dam and the geology of the foundation is 
very similar to No.1 dam. Neither damage nor change of 
leakage was observed. 

3.1.8 Arakine dam 

The section of the dam is shown in Fig. 10. The 
geology of damsite is almost the same with that of . 
Azuma No.1 Dam or No.2 Dam. Impervious core was 
built with loam and westhered mudstone, and random 
zone with mudstone. Although accelerometers were 
installed, no record was obtained due to disorder of the 
instruments. The water level was 20 to 25 em below 
the normal pool level which is equal to the crest eleva· 
tion of non·gated overflow spillway. According to the 
talks of the operationnal personnel, the wave of I meter 
height occurred during the earthquake, and some amount 
of water overtopped the spillway crest. The leakage 
measured at the downstream drain varied from 62.4 liter/ 
min before the earthquake to 114.0 liter/min just after 
the event and to 108.0 liter/min on February 10th; 
1988, as shown in Fig. II. No damage was observed at 
the dam. 
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3.1.9 Uryuko dam 
Section and elevation of the dam are shown in Fig. 12. 

No damage was found at the dam. 

3.1.10 Nagara dam 

Fig. 13 shows the typical cross section of N agara 
Dam. The dam was' just under the test filling of the 
reservoir after completion when the dam is subjected to 
the earthquake. The settlement was observed at the 
dam. Cracking of the asphaltic concrete of the dam 
crest pavement and opening of the concrete block of the 
spillway were observed at Nagara Dam. 

Fig. 14 illustra tes the geologic formation of damsite. 
There is Kazusa group below El. tOm, and is Shimousa 
group above it. Both groups belong to middle Pleisto
cene age. Kazusa group is comprised of mudstone 
(EI.-45.0m below) and of sand (EI.-45.0m above). 
Shimousa group which exists higher than EI.±Om con
sists of medium to fine grained sand (El ± Om to 20m) 
and of 2 to 3m thick mudstone at about El. 23m. Above 



it, there "are sands of Jizodo and Narita formation. 
Number of blow of SPT of these sands exceeds 50, if 
they are not weathered. The minimum number of blow 
of SPT was 30 in the foundation sands of Naga Dam. 

Loam is used for impervious Zone I, and silty mud
stone is used for outer shell Zone III, and sands are used 
for Zone II. 

The water level of the reservoir was very low when 
the event occurred and it was about EI. 57.0m which is 
approximately equal to the elevation of the surface of 
upstream counterweight. The leakage from the drain 
increased from '44 liter/min before the earthquake to 
106 liter/min 30 minutes after the earthquake, and re
duced to 45 liter/min 24 hours after the earthquake. 
The increase of pore water pressures was 0.1 kgf/cm2 

at the maximum. 
Cracking of asphaltic concrete of the dam crest was 

observed at four locations, all of which coincide with the 
location of piezometer hole. This implies that cracking 
is related with the stress concentration around the hole 
of asphaltic concrete pavement. The Water Resources 
Development Public Corporation (referred to WRDPC 
hereafter), the owner of Nagara Dam, excavated the 
exploratory pit to investigate the nature of cracking. 
Opening of the crack was so small that nobody could 
recognize it without very carefull observation. The 
direction of cracking was almost perpendicular to the 
dam axis .. According to this investigation, cracking 
proved to reach· tw.o meter depth at maximum. Later, 
cracked portion was removed and backfilled with. the 
same impervious material. 

The maximum settlement in the dam body was 
30 mm at the locat ions of middle elevation of upstream 
slope and left abutment as shown in Fig. 1 S. 700 mm 
camber had been provided for Nagara dam. The amount 
of settlement due to the earthquake is much less than 
the amount of total embankment consolidation ex· 
pected for the dam. 

The embankment settled several centimeters due to 
the earthquake at the contact with the spillway concrete 
block, while the settlement of 1 to 2 cm had already 
occurred before the earthquake. The opening of con
struction joint of the spillway block amounted 9S mm 
at the top just after the earthquake, although the joint 
had already b.een open to some amount before the earth· 
quake. Ten accelerometers with three component sen· 
sors was placed at Nagara Dam. Peak acceleration at the 
dam base was 262 gals, and at the dam crest was 369 gals .. 
Accelerograms recorded at Nagara Dam contain long 

. period componen t of 1.0 Hz as well as short period com
ponent. Assuming that the natural period T(sec) of 
shear wave vibration is given by T=4H/Vs, where H is 
thickness of the layer in meters and V s is shear wave 
velOCity in meter per sec, T=4H/Vs=1.0 sec, ifH=125m 
(dam height plus the depth of the sand layer) and V 5 = 
500m/sec. 
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3.1.11 Konakagawa dam 

Section of the dam is shown in Fig. 16. Several 
cracks were found at the dam crest paved with asphaltic 
concrete. As shown in Fig. 17, there were three cracks 
in the up-down stream direction near the left abutment, 
and three cracks in the dam axis direction, which 'are 2 
to 3 mm wide. The concrete block for the upstream 
protection was displaced 2 to 3 cm· at the contact 
of concrete block and the crest pavement. The slope of 
the concrete block prote~tion work changes abruptly at 
EI. 36.94m, and concrete. blocks are separated 1 S to 
16 cm at this elevation in the central part .of the dam. 
Furtheremore swelling of the protection work was 
observed in the lower part of this area. 

3.2 Investigation of river embankments 

River embankments were suffered damages such as 
cracking, slide and settlements due to Chiba off earth
quake in and around Sahara City. Most of damaged 
embankments were located where the foundation is 
comprised of the old river bed deposit, and SPT value 
of the foundation is 10 from surface to 5 m, and ranges 
from 10 to 20 to the further depth of 10m. There 
were liquefaction craters in the nearly paddy field. 
Hitachi Tone river embankment was subjected to 50 cm 
subsidence. This embankment was also located in the 
old river bed. STP value was 1 to 2 up to 5 meter depth, 
and 30 at maximum from 5 to 9.5 meter in depth. The 
portions of the embankment also consisted of a ex-
tremely loose sand. . 

4. CONCLUSIONS 

1) There were no major damages of dams .due to 
1987 Chiba off Earthquake. 

2) Unusual behaviours were observed at Nagara and 
Konakagawa Dam. 
At Nagara Dam, the foundation motion seemed 
to be larger than othe r sites, because firstly 
there are thick sand deposits at the site founda
tion, and secondly the site is closer to the main 

. earthquake area. Hair craking occurred at the 
creast in the direction perpendicular to the dam 
axis. The depth of cracks ranged 1 to 2 meters 
and the crack did not pass through from up
stream to downstream surface. 
Cracking and swelling occurred at Konakagawa 
Dam presumably because the upstream slope 
had an abrumt change. The same type of damage 
had also occurred in the similar dams due to 
1983 Mid Japan Sea Earthquake. 

3) Damage of river embankment in Tone River were 
caused by liquefaction of loose sand deposit. 
The difference of damage between ri'Jer em
bankments and embankment dams is mainly due 
to the difference of foundation condition. 

4) Acknowledgements 



We wish to thank River Bureau of Ministry of 
Construction, River Division of ChibaPrefectures 
and Water Resorces Development Public Corpo. 
ration for their help to our study. 

REFERENCES· 

1) N. Matsumoto, N. Yasuda, "Behaviours of Darns during 1987 
Cruba Orf Earthquake", Dam Engineering, No.2S, 1988. 

2) M. Ohmori, Y.Mizuyama, M.' Horigucru, "Kanto Area", 

" ,. 

64 

Kyoritsu Press, 1986 (Geologic map was recompiled by 
Wakisaka based on this book). 

3) Water Resources Development Public Corporation, "Investi· 
gations on Nagara Dam Related to Chiba orr Earthquake", 
1988. 

4) 1. Kashiwagl, M. Aoyama, K. Tsukamoto, K. Kogo, "Analysis 
of Nagara Dam during Chiba Orf Earthquake", Symposium 
on Behaviours of Foundation and Earth Structures during 
Earthquake", Japanese Geotechnical Sosiety, 1989. 

5) Tone River Project Office, MOC, "Damage of River Struc
tures", 1988 



Table-l List ordaInS reported unusual. behaviours 

Name of Dams Type of Dam Height (m) Unusual Behaviours 

Arakine Earth Fill 33.5 Increase of leakage 

Azuma No.1 Earth Fill 24.5 Small failure of road slope near dam 

Azuma No.2 Earth Fill . 21.0 Small faHu re of road slope near dam 

Nagara Earth Fill 52.0 Settlement. and cracking of asphaltic 
concrete pavement of dam crest 

Yamalcura Earth Fill 22.5 Cracking and displacement of abu tments 
of bridge near dam 

Table-2 Investigated Darns 

Name of Dams 

Kori 

Kameyama 

Katsuura 

Onjuku 

Nakuma 

Azuma No.1 

Azuma No.2 

Arakine 

Uryuko 

Nagara 

Konakagawa 

Location 

X 

Direction· Y 

Z 

Accelerome ter 

Type of J;>am Height (m) 
Year of 

Owner 
Epicentral 

Compretion Distance 

Earth Fill 38.2 1972 Chiba Prefecture 53 

Concrete Gravity 34.5 1981 Chiba Prefecture 38 

Earth Fill 29.0 1971 Chiba Prefecture 32 

Earth Fill 23.5 1978 Onjuku Town 23 

Earth Fill 18.0 1976 Irrigation District 20 

Earth Fill 24.5 1977 Ohara Twon 21 

Earth Fill 21.0 1985 Ohara Twon 20 

Earth Fill 33.5 1978 Chiba Prefecture 21 

Earth Fill 1.9.0 1951 Irrigation District 10 

Earth Fill 52.0 1985 WRDPC 28 

Earth Fill 19.4 1946 Irrigation District 24 

Table-3 Peak acceleration at Nagara Dam 

G-l G-2 G-3 

262 208 353 

138 270 288 

86 124 124 

PTK130 PTK130 PTK130 
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G-4 G-5 G-6 G-8 

180 382 369 497 

151 298 354 386 

139 180 324 328 

PTK130 PTK130 PTK130 SMI0A 

·Direction X: Up-down stream direction 

Y: Dam axis direction 

Z: Vertical direction 
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" 
Suney for Estimation of Seismic Damage in 

South Kanto Area 
BY 

Hideaki Oda*1 and Shigeru Tamura*2 

SUMMARY 

"Outline of Emergency Countermeasure Activities 
against Earthquake Disasters in South Kanto ~rea 

" was agreed and made in publ ic by the Centra) 
Disaster Prevention Council on December a 198& 
along with "the Survey for Estimation of Seismic 
Damage in South Kanto ~rea" which was conducted 
for the use of reference in making liP the 
Out line, . 
This report aims to present the result of the 
Survey such ~s the surface acceleration, fire 
damages, damages to bu i I d·i ngs and persona I 
injury with the degree of the imminency of a 
great earthquake ocr.urrenr~ in South Kanto Area 
and the present earthquake· disaster countermeas
ures in Japan for background information, 

KEY WORD: Survey for Estimation of Seismic 
Damag~ Earthquake, Earthquake Disaster 
Counlermeasures, Outline of Emergency Coun-
termeasure ~ctivities against Earthquake Disas-. 
ter~ South Kanto ~re~ Fire Damage' 

L ·9~CKGROUND OF THE SURVEY FOR ESTIM~TION OF 
SEISMIC D~MAGE 

1. 1 Earthquake Occurrence in Japan 

Japan is located in Lhe circum-Pacific seismic 
zone where the crustal movement is the most act
ive and said to be one of the most famous seis
mic countries in the world, 
While the Japan archipelago and the surrounding 
continental shelves amount to only 0.1% of the 
total area of the world, the energy of the 
earthquakes emitted from there holds about as 
much as 10% of what the earth generates in total 
In the vicinity of the Japan ~rchipelago the 
four plates of the Pacific, the Phi I ippine Sea, 
the Eurasian, and the North Amer ican ex ist bor
der ing one another, and on these interplates 
a great earthquake is likely to break out as a 
result of the particular concentration of their 
strain energy, 
There are many types of earthquakes such as the 

Great Kanto Earthquake and the Tokai Earthquake 
along the Pacific coast which are though to 
break out periodically, 
~Iong the Pacific coast, some types of great 
earthquakes has occurred periodically such as 
the type of the Great Kanto earthquake and that 
of the Toka i Ear thquake, 
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The former broke out in 1605, 1707 and 1854,' and 
the latter in 1703 and 1923 (Fig, I), 
In the South Kanto Area (consisted of Tokyo 
metropo I i tan, Kanagawa, Ch i ba and Sa i tama pre
fecture ;hereinafter the same) three types of 
great earthquakes which would cause serious 
damages are expected to break out, the type of 
the Great Kanto Earthquake, referred. to above, 
that. of the Earthquake occurring right beneath 
the South Kanto ~rea and that of the Earthquake 
occurring off the Boso Peninsula with the mutual 
contact among the Continental Plate, Phil ippine 
Sea Plate anrl the Pacific Plate (Fig, 2), 
Since this r~gion is th~ political and economic 
center of Japan and population as well as vari
ous functions have been greatly and densely 
accumlated, the resultant damages are I ikely to 
be tremendous and in a wide ·range taking 
secondary disasters such as fires into account, 

. 1. 2 The Present EarthquaKe Disaster Countermeas:.. 
ures in Japan 

Ear thquake disaster coun termeasJ~es in Japan 
have been promoted on the basis of the Disaster 
Countermeasures Bas i c Act (962) and t he Bas i c 
Plan for Disaster, a guiding principle adopted 
by the Central Disaster Prevention Council, 
In addition. lessons learned from the San Fer
nando or" Earthquake of February 1971. as to re
quired countermeasures against earthquake dis
aster ~n a larger cjty of modern building struc
tures, the Central Disaster Prevent ion Counci I 
has adopted the "Essentials of Earthquake Coun
termeasures for Larger Cities' in May 1971, 
The same council has also decided in August 
1975, and in May 1983. on "Contemporary Promo
tion of Urgent Disaster Prevention Countermeas
ures" 
The present disaster countermeasures are being 
promoted in accordance \with those laws and plans 
With respect to the emergency countermeasures 
against earthquake disaster, upon the breaking 

*1 
Director. Earthquake Disaster Countermeasures 
Division. Disaster Prevention Bureau. National 
Land Agency 
*2 
r:lief, ,Earthquake Disaster Countermeasures.~
Division, Disaster Prevention Bureau. NationaL 
Land Agency 
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I 
o,~t' of a disaster, or \lIhen such is anticipated 

""'--f (he national administrative organs. local 
-", _,_/governments and publ ic cooperations \lIi 11 proceed 

----t 
to take various emergency countermeasures to 
prevent or control such a disaster. 
Should an eartq'uake occur. the niuncipal ity \lIi 11 
at first .establ ish a Municipal Headquarters for' 
Disaster Countermeasures to execute emergency 
operations. 
If necessar,y, the pref ect ur a 1 gover nment \lIOU I d 
establish its Headquarters for Disaster Counter
measures. 
In the meantime, National Land Agency \lIill make 
the assessment of it" gravi ty, and if deemed 
necessary \lIill call up the Meeting of Ministries 
and Agencies related to disaster countermeasures 
for exchanging pertinent information. 
Shou 1 d the need be recogn i zed. the na tiona I gov
ernment \lIould establish the Headquarters for 
Major/Extraordinary Disaster Countermeasures. 
in accordance \lIith the Disaster Countermeasures 
Basic Act. and proceed to excute a comprehensive 
disaster emergency countermeasures. 
Concerni~g the promotion of earthquake predic
tion, since the proposal. in 1964. of an earth
quake predict inn plan by the Geodesy Counci 1 (an 
advisory organ for the Minister of Education). 
a systematic research on the earthquake predic
tion has starte~ 
In 1969 the Coordination Committee for Earth
quake Prediction \lias establ ished in the Geogra
phiral Survey Institute. the Ministry of Con
struction. for facilitating exchange of infor
matio~ among various research organizations and 
for the composite assessment and judgement on 
such information. 
This committee has designated 2 areas of inten
s i f i ed observa t i on, and 8 area~ of spec i f i p,d 
observation \lIhere the earthqua"e prediction is 
being explored. 
A special emphasis is being placed on the im
provement or the enchancement of earthquake pre
diction at the Tokai Area. 
In 1976 the Headquarters for Earthquake Predic
tion Promotion(of which secretarist i~ estab
lished in the Science & Technology Agency) was 
establ ished within the Cabinet for further pro
moting a comprehensive and systematic execution 
of related pol icies. 
These systems for promoting earthquake predic
tion are as shown in Fig. 5. 

L 3 Outline of Emergency Countermeasure Activi
ties against Earthquake Disasters in South 
Kanto Area 

For the earthquake countermeasures in the South 
Kanto Area, improvement and development of the 
system have been made according to the Disaster 
Countermeasures Basic Act, Basic Plan for Disas-, 
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ter Prevention prepared by the Central Disaster 
Prevention Council. operational plans for disas
ter prevention prepared by the designated 
administrative organ~ local plans for disaster 
prevention prepared by the prefectures and 
Essentials of Earthquake Countermeasures for 
Larger Cities determined by the Central Disaster 
Prevention Council. 
However, ,in the event of occurrence of an earth
quake causing a disaster of extreme severity 
extensively in the South Kanto Area, close coop
eration is required among the ministries .nd 
agencies responsible for the individual activity 
of emergency measures in order to perform them 
more efficiently and smoothly. 
The Outline of Emergency Countermeasure Activi
ties against Earthquake Disasters in South Kanto 
Area thus was formulated according to the pur
port of the ·Contemporary Promotion of Urgent 
Disaster Prevenlion Countermeasures" decided. by 
the Central Disaster rrevention Council to pro
vide the out! ine for four activities of infor
mation, transport, medical service and first-aid 
which are specified as to be examined urgently 
among other activities for extensive and compre
hensive',disaster emergency countermeasures to be 
followed. by the Headquarters for Extraordinary 
Disaster Countermeasures and other related 
organs over the prefectural boundaries. 
This outline of activities is based on the 
survey for estimation of seismic damaie. 

Besidr.s, the contents of outl ine of activities 
is as shown in Table 1. and fl~\lI chart of 
government activities in Fig. 6. 

~ SURVEY FOR ESTIMATION OF SEISMIC DAMAGE IN 
SOUTH KANTO AREA 

~ 1 The Beginning 

The Survey for Estimation of Seismic Oam~ge in 
South Kanto Area \lias conducted in order to kno~ 
should there occur an earthquake of an intensity 
similar to that of the Great Kanto Earthquake 
\lIhich caused the largest damage in the past. al-~ 

though the pnssibi I ity of occurrence is not 
imm i nent, \lIha t phenomena \lIOU I d 1 ike 1 y to occur 
and \lIhat extent of damage be caused in South 
Kanto Area \lIhich it is considered \lIould be 
greatly affected in such event and thu~ to serve 
for furtherance of earthquake disaster counter
measures including preparation of the outline of 
emergency countermeasure activities and improve
ment of the accuracy of plans for earthquake 
disaster prevention. . 
Such estimation of damage is of course·very 
difficult as there are many aspects involved 
which are not yet academically clarified such as 
behaviors of ground in an earthquake, effects on 
structures and mode of extension of fire 



But, upon the presently aVdj lable knowledge, the 
damage estimation was made by a unified method 
over the South Kanto Area. 
This damage estimation is in no way to predict 
what seismic damage is to occur and, as a matter 
of fact, its resul t has but to have some allow
ance according to the difference in the pre
conditions as well as the estimation method. 
But, it is expected that it will serve for 
raising disaster prevention awareness of the 
inhabitants concerned, and examination and pro
motion of the earthquake disaster countermeas
ures by the administrarive organizations 
concerned. 
Damage estimation was made with 7 panels estab~ 
lished through cooperation of the government, 
ministries and agencies and other related organ
izations and discussion at the "South Kanto Area 
Seismic Damage Estimat10n Survey Committee" in 
Nat iona I Land Agency, and the survey per iod was 
fiscal 1981 to fiscal 1987. 

2.2 The Premise 

The hypocenter of the assumed earthquake was 
Suruga Bay (Dislocation model by Kanamori and 
Ando, 1973), and scale was magnitude, 7.9, and 
conditions at the time of occurrence were 3 
cases in Table 2. 

2.3.The Outline of the Result 

~ 11 Surface acceleration 
Based on the conditions of dam~ge in the Great 
Kanto Earthquake, the values of bedrock acceler
ation were set up by the distance from the hypo
center, and the value of surface acceleration 
was caluculated for each mesh (1km by 1km) by 
multiplying the amplification factors of 18 
ground types. 
The values of surface acceleration thus assumed 
are as shown in Fig. 7, the area giving a 
surface acceleration equivalent to a seismic in
tensity of "6" or higher accounts for about 36 
percent of the whole area. 
1.12 Liquefaction 
Obta ining the PL va Iii!' of each of the meshes of 
68 ground types having sandy soil distributed 
within a depth of 20m, possibility of liquefac
tion was estimated for each mesh according to 
the result of the study by Iwasaki et al. 
The result of estimation of the possibility of 
I iquefactionis as shown in Fig. 8, with the 
land along the roivers, reclaimed land along the 
coast and dune area giving higher possibility of 
t"i que fact ion. 
2.3,3 Damage to buildings 
(a) Wooden buildings 
Taking the cases of earthquake disaster in the 
past for reference and classifying th 0 buildings 
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into 4 types according to the time of construc
tion and the number of storie~ damage due to 
the shock was esimated from the deformation ob
tained for each mp~h by input of the surface 
acceleration and that due to liquefaction was 
estimated with reference to the damage in the 
Ni igata Earthquake. 
Fi~ 9 shows the result of estimation of the 
damage to wooden bui Idings. 
"Heavy damage" accounts for 4.7 percent, and 
"half damage" for 5.1 percent, but those build
ings of "heavy damage" which go to collaspe will 
not be much. 
(b) Non-wooden buildings 
Damage due to earthquake shock was estimated by 
comparing the prevail ing earthquake-resisting' 
performance of the existing buildings with the 
required earthquake-resisting performance 
obtainable from the seismic movement and 
bui lding property. 
Also, in reference to the damage in the Ni igata 
Earthquak~ damage due to liquefaction was 
est imated. . 
The result of estimation of the damage to non
wooden buildings is shown in Fig. 10. 
"Heavy damage" accounts for 3.5 percent, and 
"half damage" for 3.7 percent, but those bui [d
ings of "heavy damage" which go to collaspe are 
very few. 
2.3.4 Fire damage 
With the cases of earthquake disaster in the 
past taken for reference and corrections made 
for the time and season, the number of fire 
cases was set up for each mesh, and in consiMr
ration of the fire fighting capacity, the number 
of spreading fires leading to fire of urban area 
was est imated. 
Then, the spread areas were assumed, with the 
spreadability (incombustible zone rate) and stop 
of fire from spreading by road, etc. taken into 
consideration for each mesh. 
The result of estimation of the fire damage is 
as shown in Fig. 11 through 13. 
The burnt area is 2-6 percent, the number of the 
households in the bu~nt area is 1,220 to 3,770 
thousands, and that of the huildings destroyed 
is 980 to 2,600 thousands. 
2.3.5 Lifeline facilitir.s damage 
Based on the cases of earthquake disaster in the 
past and in consideration of earlhquake ground 
motion, liquefaction and fire spreading, damage 
\lias est ima ted. 
The result of damage estimation is as shown in 
Table 3, as a whole, electricity has the func
tion obstructed for 21-43 percent, water supply 
for 32 percent, sewerage for 15 percent and 
damage to the subscribers' telephone accounts 
for 14-37 percent. 
2.3.6 Personal Injury 
Based upon the data of the earthquake occurring 



after the Great Kanto Earthquake with involving 
. death of more than 300 persons, the relat ion be
twee~ the number of buildings destroyed and 
burnf down and the personal injury (ki lled and 
wound) was set up for estimation of the personal 
injury (Table 4L 
As a whole, 83 to 152 thousand persons are esti
mated to be killed, and 120 to 205 thousand 
persons tti' be injure~ 

3. CONCLUS IONS 
According to the result of ,this survey, if a ' 
large scale earthquake such as the Great Kanto 
Earthquake should occur in the South Kanto Area, 
the reiul{ant ~amag~s are likely to be 
tremendous. 
Since the prediction of a earthquake in the 
South kanto Area is quite difficult for the time 
being, it is especially helpful and useful to 
promote and sophisticate emergency countermeas-

. ures activities systems after the occurrence of. 
~ disasters in order to minimize damages, and.so 

the manua I about emergency counterme.asures 
activities was formulated this time. 
Of cours~ it is 'very important not only to take 
emergency countermeasures after the occurrence 
of disaster but also to take every possible 
earthquake disaster countermeasure beforehand, 
Then it is and will,be required to implement 
such countermeasures effectively with emphasis 
place on three points of (1) promotion of disas
ter prevention programs in urban areas, (2) 

strengthening disaster prevention systems and 
raising disaster prevention awareness and (3) 
promotion of earthquake prediction. 
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Table 2 Conditions at time of occurrence of earthquake 
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Fig- 10 Non-wooden building damage distribution map 

Fig_ 11 Burnt area map (Case 1) 
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Fiq. 12 Burnt· area map (Case 2) 

Fiq. 13 Burnt area map (Case 3) 
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Table 3, Damage to liJeline facilities 

Ite. Cue I Cue 2 Cue 3 

(.venine in winter) (aidnieht in winter) (noon in •• tu~n) 

Electricity 4396 2 196 42" 

w..ter supply 3296 

Sewer.ee 15% 

Telephone 37" 14% 3'7% 

Table 4 Personal injury 

ki lied (J, 000 penoDs) injured (J, 000 persons) 

Cue 1 Cu. 2 Case 3 Cue 1 Clle 2 Cue 3 

Soutb Kuto Area 1'50 83 152 203 1 20 205 
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Seismic Design Considerations for Offshore 
Oil and Gas Structures 

by 

Charles E. Snrith* 

ABSTRACT 

The ability to determine the vibrational response of 
offshore platforms subjected to earthquake ground motions 
and to design for the resulting loads has received 
considerable attention since the quest for oil and gas 
resources extended to seismically active zones worldwide. 
It is the intent of this paper to review the major design 
considerations for offshore structures that are to be 
located in areas of potential seismic risk. Subjects of 
major importance relate to area seismicity, soil response, 
energy transfer between soil and platform foundation! 
platform response, and the consequence to operations 
resulting from that response. It is concluded that for 
the successful development of oil and gas resources and 
other mineral deposits in offshore environments, careful 
consideration must be given to the potential earthquake 
hazard, and appropriate design criteri~ must be evaluated 
and used to ensure safe and pollution~free operations. 

KEYWORDS: Earthquake hazard, offshore platforms,' 
offshore structures, oil and gas operations, seismic 
design criteria, 

:r. - INTRODUCTION 

During the past decade there has been a marked 
increase in the exploration and production of 
hydrocarbons in seismically active regions of the 
world. In the United States much of the effort has 
focused on the areas offshore southern Ca~ifornia, 
and to a tesser extent, offshore Alaska, Both steel 
jacket and gravity-based platforms have been proposed 
to meet the operational requirements for developing 
resources in these areas l , The components of a typical 
steel-jacket platform are shown in Figure 1, and a 
general schematic of a typical arctic gravity platform 
is shown in Figure 2. In addition to the traditional 
environmental forces of wind, wave, current, and ice 
(for arctic areas), a significant consideration in 
the design of offshore facilities for seis~i~ally 
active areas is their structural response to earthquake 
ground motions. 

However, the comprehensive inclusion of this ,con,
sideration in .a·design process is. a formidable task as 
shown in Figure 3. Major elements of this task include 
the characterization of area seismicity2,3, site
specific response of the sOi14 ,5, tr~n7f~r of 
seismic energy from soil to platform ' , , pIa tform 

9 10 h response to absorbed energy' ,and t e con· 
sequences associated with platform response to the 
earthquake induced motions ll ,12, An offshore 
facility should have sufficient strength and ductility 
to satisfy its intended purpose (drilling and 
production) during any anticipated loading condition 
without undue expense or risk, Design criteria should 
provide an 'engineer ,.with the necessary procedure~_c:~~~
parameters to enable him to -develop a plilttorm system, 
(superstructure, structure, and foundati.on),·that.will 
have acceptable performance characteristics during a 
seismic event, 

This paper reviews the major features which should be 
considered during the process of developing site
specific seismic design criteria for an offshore 
installation. In addition, ongoing research programs 
are presented to illustrate possible future 
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technological developments. Some of the requirements 
are rigidly stated in design standards, such as the 
American Petroleum Institute (API) Recommended 
Practice 2A(RP2A) 13, whereas others are ba'sed on the 
application of experience and probabilisti'c methods. 
It is noted that offshore, structures have several key 
structural and environmental differences as-compared 
with typical onshore buildings, for which ~ost of the 
experience on earthquake response has been obtained. 
Major differences include the following: (1) geolo'gy 
and'response of subsea soils (lack of offshore seismic 
data and remoteness of most offshore sites), (2) a 
water column that exerts pressure on the soil deposit 
supporting the faCility and provides a source of 
loading and dampening to the structure (effects of 
soil· fluid-structure interactions), (3) the special 
characteristics of the structure (deep pile 
foundation, large mass, large number of redundant 
members, large overturning moments., and· the fact that 
the mass is concentrated at the top as opposed to 
being distributed over its height as inmost building 
structures), and (4) the unusual properties of many 
offshore soils. Thus, the dynamic behaVior of an 
offshore platform during an earthquake may be 
significantly different from its onshore counterpart, 
requiring a different set of design guidelines. 

2. AREA SEISMICITY 

For offshore structures located in areas subjected to 
earthquakes, the first step required in developing 
appropriate design criteria is a characterization of 
the sei~micity of the propo~ed site.' the engineer 
needs a qualitative description of the seismic threat 
which gives both the severity and likelihood'of future 
occurrences of ground motions, As with land-based 
structures the time of occurrence, location of faults, 
magnitude of future earthquakes, likelihood of ground 
failure, (such as liquefaction and sliding) and the 
attenuation of ground motions with distil-nee from the 
source represent major uncertainties in an assessment 
of the offshore seismic .hazard14 

The difficulties that occur in evaluating the 
seismicity of an offsh'ore site differ from those 
normally encountered ashore. These difficulties stem 
from the fact that the seismic history of offshore 
areas is generally less complete than for neighboring 
onshore regions. The ability to delineate active 
faults or to accurately locate offshore earthquakes 
is generally less exact than for onshore events because 
of the lack of offshore regional seismograph 
networks 15 Thus, the engineer must rely heavily on 
the predictions and extrapolations of seismologists 
and .geologists in formulating an earthquake source 
model for a particular offshore site, The procedure 
taken in the development of the source model may 
range from the extremes of a fully deterministic 
approach to a fully probablistic method. 

*Technology Assessment arid Research Branch, 
Minerals Management Service, Reston, Virginia 22091 
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Approaches such,as these have inherent risks and are 
poss ib~e' sources of ,unwarrante'd conservatism. 'However, 
until further knowledge is obtained on the regional 
tectonic environment, 're'gional and local geology, and 
the compilation of historical records of earthquake 
occurrences, these approaches are the only prudent 
actions that can be taken. 

3. SOIL RESPONSE 

Ground motion characteristics can be modified by the 
soil properties existing at a particular site as 
shown in Figure 4, and it is easy to perceive that 
offshore ground motions might differ from onshore 
motions in several aspects. In fact, the soil response 
considerations can' be one of the most important factors 
in the seismic design of an offshore structure and 
its foundation. 

The differences between onshore responses and offshore 
responses can be attributed to several factors l6 

The attenuation factors may be different in saturated 
seafloor soils, especially if they are soft and contain 
entrapped gas. In addition, there are other variables 
which could cause differences in the responses: the 
reflection of seismic waves at the water column-soil 
interface could interact with site-~pecific wave forms 
to alter their characteristics, the weight of the water 
column, acting as a confining pressure on soil mass, 
could change the ve'rtical component of motion, or local 
soil profiles could change the response if the sediments 
are wedge-shaped as they depart the shore (the 
entrapment or expansion of the seismic waves may lead to 
focusing or defocusing effects at a given site). Allor 
part of these factors could contribute to the different 
response characteristics of offshore soils. 

There are two general approaches for formulating the 
response of a particular site to a given earthquake: 
The soil response could be based on data obtained from 
an accumulation of strong motion records or it could be 
derived from an analytical method based on a soil 
response model, the latter incorporating the soil 
properties as determined by field and laboratory tests. 

In principle, the accumulation of ground response 
records from a number of earthquakes could be used to 
characterize the response at a particular site. These 
records could be' scaled to provide response data for 
earthquakes of varying intensities. However, because 
few records are available on the response of seafloor 
sediments, the current accepted procedure is to 
extrapolate onshore data for use at offshore sites. 
Research is being performed, as will be explained in a 
later section of this paper, to collect and analyze 
seismic data taken from actual seafloor sites. 

Anaiytical methods are available to produce response 
data ,at a particular site based on the assessment of 
the base (bed rock) excitation. A "shear beam" or 
"soil column" can be modelled by using a number of 
layers "'hich take int'o account soil properties and 
actual soil layer thicknesses. 

Selection of appropriate inputs for the base excitation 
would corne from a seismicity source model as previously 
discussed. The results of such an analysis are shown in 
Figure 5. It should be noted, however, that this method 
of analysis can only provide meaningful results if the 
appropriate distribution and nonlinear stress-strain 
properties of the soils are used in the calculations. 

When selecting ground motion records for use' in an 
analysis or design, the particular type of information 
speci'fied must'be guided by engineering judgment. Only 
those ground' motion parameters which direc~ly influence 
the structural response of the structure need to be 
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considered. Peak acceleration, for example, has little 
to do with the response of a structure that has a three
or five-second fundamental period. Spectural velocity 
or peak ground velocity, however, appears to be ' 
particularly useful in the analysis of structures with 
fundamental, periods in the range of typical offshore 
platforms17 . 

4. SOIL-STRUCTURE INTERACTION 

With the soil response defined for a particular site, 
the question remains: how is the soil energy transmitted 
to the structure. The central focus of this energy 
transfer is the coupled behavior between the foundation 
elements of the structure and the supporting soil 
components. Specifically, the reference here is to 
the local interactive forces and displacements between 
the soil mass and the structural elements. 

For offshore platforms, there are t",o distinct aspects 
of the soil-structural interaction process which are 
inherent to the' structure's physical size and mass. One 
aspect is the relative significant deformatiOil between 
the so-called free-field soil system and the structural 
elements of the foundation system. This is especially 
true of pile-supported structures where the piles are 
subjected to large cyclic lateral loads, The other 
aspect is the po~sibility that the dynamic response of a 
structure-foundation system might result in the 
-transmission of a significant amount of energy back 
into the soil mass. Thus, the existence of the 
structure could modi'fy the motion of the' soil system. 
For instance, in the case of an offshore gravity 
structure the calculated dynamic response resulting 
from earthquake-induced ground motions can be 
drastically reduced by including soil-structure 
interaction effects lS 

The main objective for developing improved soil
structure interaction models is to improve the 
analytical capabilities of the engineer to determine' 
the vibrational response of structures. The features 
of such a model are shown in Figures 6 and 7. Having 
this model, the engineer can 'evaluate the potential 
for structural damage or failure and modify the design 
to mitigate earthquake effects. The soil-structure 
model should be capable of reflecting the three 
dimensional, inelastic, nonlinear, hysteretic,' damping, 
and cyclic degrading characteristics of the various 
components ot the soil-structure system. Sever~l . 
models have b6en developed for this purpose, but'due 
to the complex nature of the problem, additional 
research is required and is being pursued to further 
define the technique19 ,20 

5. STRUCTURAL RESPONSE: 

The problems associated with the analysis 'and design 
of offshore structures subjected to earthquake forces 
are numerous and complex due to their many interactive 
components. Consideration must be given to the fact 
that these structures are either partially or totally 
immersed in water and will, therefore, 'exhibit 
different dynamic characteristics than if they were 
in air. Also, due to their large mass; there is a 
strong interaction during ground shaking with the 
soil below and adjacent to their foundation elements. 
Figure 8 shows some of the considerations that must 
be given to the components in the analysis of a soil
pile-structure system. Much information has been 
published on fluid-structure interaction and soil 
foundation interaction inherent in steel- j ackee and' 
gravity-based offshore structures. Figure 9 
illustrates the frequency response of four different 
height platforms' with the fluid-structure interaction 
not included and'Figure 10 shows the response of the 
same platforms considering the interaction:' 



Numerical procedures for carrying out dynamic analyses 
of 'a complete offshore structure foundation system are 
similar to those for determining the dynamic response 
of other types of structures. However, the performance 
characteristics of an offshore structure, since it 
incorporates a 'number of unique features not found in 
onshore building construction and because of the 
magnitude of the environmental load which it must 
resist, rely greatly on the inelastic behavior of its 
components. Information on the inelastic, nonlinear 
structural behavior is essential for a realistic 
assessment of stren~ths and risks associated with an 
offshore.~ystem 21, 2. , . 

The specific algorithm used to describe performance 
characteristics of platform elements sh9uld be 
carefully considered, The inelastic, behavior of braces, 
legs, and joint' subassemblages is very complex and can 
deteriorate under, the severe cyclic load reversals 
typically experienced during earthquake ground 
shakinglO ,25. Many ,analytical procedures have 
b~en.proposed for use in finite element computer 
programs which mimic the postbuckli'ng loadings and 
deformations ,of structural members 23 

The fluid-structur,e interactl.on or hydrodynamic effect 
manifests itself i~ two primary wayi during the 
earthquake excitation of an offshore structure, This 
effect acts as an apparent 'additional mass due to the 
acceleration of the structure and· also serve as a 
source of'energy dissipation. It should be noted· 
that if the structural members are flooded" the 
entrappe'd~ater mass must be included when calculating 
the effective dynamic mass of the structure. The so
called "added mass," is taken in the analysis as 
being equivalent to the mass of wate~ displaced by 
the member projected in the direction of its motion, 
Changes in the. mass and its assumed distribution can 
produce important effects on,the frequency and mode 
shape responses of the structure6 , 

The deck weight of a steel-jacket platform may comprise 
only a small portion of the total system weight; 
however, due to its position at the top of the 
structure, it can have a very important effect on the 
vibration properties of the structure, Therefor,e, 
the engineer must ~onsider a reasonable range .of deck 
weights when,investigating the response of a platform, 
This is ,also true for other analytic assumptions, such 
as foundation stiffness and effects of marine growth, 
Research has shown that the interaction, between so~l and 
foundation elements is a significant factor in absorbing 
energy and limiting loads.transmitted to the jacket28 

Therefore, because many uncertainties exist in a seismic 
analysis, parameter studies should be undertaken to 
determine their influence on the dynamic response of a 
particular platform to a series of ground motions. This 
may be the only way in which the engineer can estimate 
with some assurance, that the struciure will perform 
adequately.during a seismic event6 ,24 ' 

Because of the large number of interactive systems, 
for purpose of analysis the structure is reduced to a 
ccmplex.mathematical model which can best be solved on 
a computer. However, analytical methodologies have been 
and are .currently being verified in the field by 
comparing tre measured e~rthq~ake gr9und motion , 
responses of actual platforms to the responses derived 

. 26 27 ld . from suc~ analytlcal models One shou • 
however, not totally accept analytical results without 
understanding the significance of the approximation 
incorporated in them. Early studies on the u~e cf'the 
time his~ory method of analysis illustrate this point,' 
If, a structural analytical model is' subjected to several 
earthqu~kes. of nominally similar intensity, there is a 
wide variation in the computed responses: These results 
suggest that not only the peak intensity, but also the 
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duration and phasing of ground motion pulses are 
significant to the platform's response" For the 
designer, an implication such as this means that he, 
should review his analytical results with caution, His 
prediction of the loads and stresses in, the ~tructur~ 
based on past earthquake responses; might not ~atch the 
reality of responses to future'earthquakes 28 

6, DECK RESPONSE 

A seismic analysis of a typical offshore structure 
has two major objectives, First, it must provide 
information that -can be used to en,?ure. that 'the., 
structure as' a unit will remain intact durir,g an. 
event, and second, it mus t pr'ovide information that can 
be used to ensure that the eq~tpment and facilities on 
the deck will also retain' their integrity during the 
event, Basically, the structure acts as a filter, 
al tering the frequency content of the energy being 
absorbed at the base of the platform, Figure 11 
illustrates the magnification in ~he vertical frequency 
response at deck level of four different height, 
platforms subjected to the same vertical base 
excitation. 

Ground motion components having freque~ci~s ,ciC?se to the 
natural frequency of the platform are amplified while 
those away from the natural periods of the struc':ure are 
phased out, Thus, the local vertical and horizon'tal 
accelerations to "'hich the facilities and equipment on 
the deck are subjected may be significantly higher than 
the peak ground accelerations. It is important that 
this fact be r,e,cognized so that appropriate design 
criteria can be f9rmulated to prevent or minimfze 
damage to facilities a~d equipment on the deck due to 
an earthquake that the structure might survive with 
little or no damage. The usual procedure is to develop 
representative "deck response spectra~ based on' the 
response of the structure to several different 
earthquake records, With this spectra, 'and depending 
upon the natural period of the equipment .or the 
equipment/deck support, either a sta,tic, a., pseudo: 
static, or full-modal analysis can be used to determine 
required design forces, In essence, the natural 
period of the equipment or the equipment/deck 
supports determine its respo,nse to the s'eismic ev~nt, 

If the equipment natural period is' in. the regicn of 'high 
energy input from the deck' response, there cpuld be a 
substantial amplification in the vibrational respp~se. 
In a like manner, if the natural period of the system is 
such that no amplification is caused .bY, the deck, " 
response, the system,only undergoes a'rigid body 
translation, and its motion is assumed to be equai to 
the deck'~ motions, Although most equipment has a 
high natural frequency and would respond statically 
to earthquake loading, the designer should be aware 
of situations in which the flexibil'ity of deck. support 
members might increase the systems dynamic response, 
For example, a very heavy container supported on a 
serie!) 'Of fle~ible beams which is subjected to vertical 
excitation or a very tall vessel on flexible' supports 
which is subjected to rocking motion from the lateral 
excitation, 

Because it is desirable to prevent deck equipment 
failures from happening before failures occur in the 
supporting structure, deck eqUipment is usually designed 
for', allowable material stress~s proportionally lower 
than" tho'se used ",i thin the s t'ruc tures ' I t ~ is usually 
ass'ured that "equipment tie-downs tend to be the weakest 
link in the system and, as such, should be designed 
for even lower allowable stresses, In' general practice, 
a one-third'incre"ase in the allo':;able'material stress 
is permi t't.ed when incorporating l.oad conditions, 
including th~se for earthquake-induc~d' motion, in the 
design of deck members and equipment with no increase 



allowed for equipment tie-downs or brackets. 

There are, however, two subsystems relating to deck
supported facilities, that should "require a more 
elaborate design methodology. Both cranes and drilling 
rigs (due to their long, slender structure and 
correspondingly long ~atural periods) can exhibit 
independen~ natural responses to.a seismic event with 
corresponding increases in forces and moments within the 
structures Two recent references, one relating to 
cranesll'a~d the other to.drillin,(rigs12 , show the 
advantages of using a more refined dynamic analysis of 
the sys'tem to ensure that members are designed for 
realistic load conditions. 

A few comments are made concerning safety-ralated 
equipment such as fire water lines, well control 
equipment, and personnel escape systems. The general 
consensus is that these items should be configured by 
assuming that, even with prudent attention to design 
variables such as prescribed loadings and material 
strengths, a failure will occur. That is, a failure
mode type of analysis should be conducted, with 
increased controls and redundancies designed into the 
systems to safely handle certain failure situations 
and mi~igate the resulting hazard to personnel, the 
structure, or the environment. 

7" GUIDELINES AND STANDARDS 

The American Petroleum Institu~e (API), through several 
advisory committees, has established requirements for 
the seismic design of offshore platforms and these 
guidelines are stated in its Recommended Practice 
(RP)2A13 The API guidelines employ a dual-objective 
design philosophy in that a structure must provide 
adequate elastic strength and stiffness to withstand 
an earthquake of an intensity which has a reasonable 
"likelihood" of not being exceeded during the life of 
the structure. The guidelines also state that the 
platform should have adequate inelastic duc~ility so 
that it is able to withstand rare-intense earthquakes 
without collapsing, although major structural damage 
might occur. 

Until recently, the API guidelines gave explicit 
recommendations for meeting the strength and the 
ductility objectives. The ductility calculatibn 
requirements, involving the calculation of inelastic 
deformations and strain energy, have been replaced by 
statements recommending good seismic design practices 
such as brace configuration and joint details. Several 
recent experimental and analytical studies have shown 
that approximately the same ductility goals can be 
accomplished by following these recommendations. 

allowable limits. As a second level of verification, 
some platform designs are required to demonstrate 
sufficient reserve capacity to preven~ collapse, though 
not local failures, of the platform under a rare intense 
earthquake. 

In lieu of a lengthy site-specific determination of the 
intensi~y and the characteristics of seismic ground 
motion, the MMS permits the use of "defensible" 
standardized spectra applicable to the region of the" 
installation site. The spectra must reflect those 'site
specific conditions affecting frequency content and 
energy distribution. 

When using the "time history" method for structural 
analysis, the MMS requires that at least three sets of 
ground motion time histories be used. These may consist 
of recorded or constructed (synthetic) earthquake time 
histories. The manner in which they are used must 
account for the potential sensitivity of the structure's 
response to variations in the phasing of the ground 
motion records. Ground motion descriptions are required 
to consist of three components corresponding to the two 
orthogonal horizontal directions and ~o the vertical 
direction. 

B. SEAQUAKES 

Another area of concern, especially for floating 
production systems where seismic effect are normally not' 
considered or for other floating facilities subjected to 
long-term exposure periods, is a phenomenon called 
seaquake. During a seismic event, earthquake ,energy 
propagates within the earth's crust in the form of shear 
or compression waves. However, due to the inability of 
water to transmit shear, this energy is propagated 
through the water column in the form of compression 
waves. The literature contains relatively little 
information on·the propagation of such waves or their 
effects on ships or offshore structures. Several 
instances have been reported of ships being severely 
shaken by seaquakes, wit~2resulting damage indicating 
large deck accelerations 

Although there is little data available on this 
phenomoneon, the possibility exists that earthquakes 
may impose just as severe loadings on floating 
structures as for structures located on land. Since 
the mechanisms behind the characteristics of seaquakes 
are not well established, further investigations are 
necessary to better explain their probability of 
occurrence and the effects that they could have on 
permanent floating ins~allations. 

9. RESEARCH 

The API is currently developing a load and resistance The MMS has initiated two research projects 
factor design (LRFD) format for fixed offshore to better understand the effects of earthquake loadings 
platforms, As part of this effort, LRFD factors for on the dynamic response of offshore platforms. The 
fixed offshore platform sites in seismically active Seafloor Seismic Data Study project is being conducted 
areas will be specified. The LRFD format should provide by the Sandia National Laboratories to obtain and 
rt more consistent quantification of the bias and 29 30 analyze seafloor earthquake motion data for seismically 
uncertainities con~ained in the seismic design process.' active areas off southern California. The program is 

The Minerals 'Management Service (MMS) requirements are 
aligned with the API guidelines and are published in 30 
CFR Part 250 of the U.S. Code of Federal 
Regulations 31 . The MMS, in verifying the design of 
platforms that may experience seismically-induced 
loadings, requires that dynamic analyses of the 
structures be conducted using earthquake-ground motions 
of ~he intensi~y appropriate to the site in question. 
The motions can be decided by applicable ground motion 
records or by response spectra consistent with the 
recurrence period appropriate to the design life of the 
platform, For design purposes, joint and member stresses 
from a "strength level" analyses must remain within 
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focusing its efforts on the use of the Seafloor 
Earthquake Measurement System (SEMS) to coll~ct and 
store seafloor seismic events. Figure 12 llustrares 
how seismic information obtained in this manner can 
be used to evaluate soil and structural response 
models where actual field measurements are being 
compared to calculated data. 

The SEMS concept consists of two subsystems; a seafloor 
package and a shipboard unit as illustrated in Figure 
13. The seafloor package captures and records seismic 
activity, and transfers the data on-command to the 
shipboard subsystem via an underwater telemetry system. 
The shipboard unit records the telemetered digital data 



on magnetic media. Situated on the seafloor is the 
seismic instrumentation package. The seafloor 
electronics package, referred to as the Data Gathering
System (DAGS), which is connected to a seismic probe 
embedded in the seafloor sediments. The probe contains 
three accelerometers, configured triaxially to record 
the seismic motions, and a two-axis magnetometer to 
determine the absolute orientation of the accelero
meters. The DAGS consists of a microcomputer con
troller, a data acq~isition interface, volatile Rando~ 
Access Memory (RAM), permanent nonvolatile bubble . 
memory, an acoustic telemetry system, and a battery 
power pack. The major attributes of the DAGS include 
low power consumption for extended system life; broad 
seismic dynamic range-sensing capability; efficient 
use of limited digital data storage capacity; and a 
remote interrogation of the sys.tem from the surface. 
Low power ,consumption is achieved by use of CMOS 
technology and other low power components wherever 
possible. A nonvolatile magnetic bubble memory is used 
for long-term data storage (5 years) and is only acti
vated when significant earthquake events are detected. 
This bubble memory device has the advantage of being 
de-energized for long periods of time without loss 
or degradation of stored data. 

The SEMS uses low power accelerometers which are 
capable of measuring acceleration levels from 0.05 
milli-G's to 10 G's over frequencies ranging from 0.2 
Hz to 20 Hz. Each accelerometer signal is digitized 
at a 100 Hz rate by a high-precision data acquisition 
subsystem. The digital accelerometer data is placed 
into volatile RAM and analyzed by the microprocessor. 
The DAGS incorporates earthquake event detection 
through the use of pretrigger RAM buffering. The RAM 
is used to hold data while a determination is made 
whether these data should be saved or discarded. 
Short-term and long-term running averages are cal
culated and used to define the strength of seismic 
activity. If the system declares that the current 
data correspond to an earthquake event, the data 
are stored in the ,bubble memory. Allocation of the 
bubble memory 1s based on a hierarchal scheme which 
retains only the most significant seismic events. 

Communication with the seafloor package is accomplished 
with the use of an acoustic telemetry data link. The 
DAGS can be controlled from a surface computer, thus 
allowing data retrieval, diagnostic analysis, and 
variability in operating parameters. The surfac~ 
instrumentation consists of acoustic transmitting and 
receiving circuitry, referred to as the Buoy Repeater 
System (BRES), and a controlling IBM PC compatible 
computer. The PC serves as a user-friendly interface 
and allows direct communication with the seafloor 
instrumentation package. Additionally, data retrieved 
from DAGS is stored on.f10ppy disks, and the earth
quake data can be analyzed and graphically viewed on
board the ship during the interrogation33 

By the end of the year (1989) it is envisioned that two 
SEMS units will be deployed offshore southern 
California. The two instruments, approximately 150 
miles apart will form a seismic array and will provide 
an invaluable source for seafloor measurements of 
earthquake-induced seismic motions. ' 

As an adjunct study, a project entitled "Seismic 
Response Analysis of Offshore Pile Supported Structures" 
is being conducted by the University of California, San 
Diego, to assess the reliability of current 
state-of-the-art computational pile-soil interaction 
models used to predict the of energy transmitted to a 
platform. Seismic accelerograms will be obtained from 

-the SEMS units and .from onboard adj acent instrumented 
platforms. Data that Tokai University recently 
obtained from an instrumented structure offshore 
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Japan will' also be used in the study19. It is 
anticipated that these studies will attest to using 
present day standards to accurately predict platform 
responses and, if necessary, to propose changes to 
design standards. so that they are more reliable. 

10. CONCLUSION 

This :paper was written to provide the reader with an 
understanding of the key considerations that need to 
be reviewed in determining the response and performance 
of offshore facilities to earthquake induced ground 
motion. The simplistic manner in which these con
siderations are presented should not be inferred as 
indicative of the procedure. Determining the response 
of these systems to intense seismic events represents a 
very complex, and at this time, not fully understood 
problem. The references cited should be consulted to 
acquire a more complete understanding and appreciation 
of these aspects and factors. 

What is known is that offshore platforms have exhibited 
an inherent capability to perform well during 
earthquakes. In large measure, this capability is a 
consequence of the attention t~ details put forth in 
designing structures for the large wind, wave, and 
current forces that the platforms must resist. Because 
of the extensive research being conducted by both 
Government and industry, it is felt that the required 
technologies have been and will continue to be 
developed to provide safe and reliable operations in 
seismically active areas. 
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Figure 1. Typical components of a steel-jacket 
offshore platform. 

Figure 2. Typical arctic gravity platform. 93 
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(Taken from Reference 17) 
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Centrifuge Dynamic Model Tests in Phri 

By 

Takamasa Inatomi 1, Motoki Kazama2, Setsuo Noda3 and Hajime Tsuchida4 

SUMMARY 

A centrifuge model test is one of the testing 
method on geotechnical engineering. This 
method is known to satisfy the similitude for 
model tests of geotechnical materials~ The 
autorii have developed earthquake simulators 
which can be accomodated in the centrifuge of 
the Port and Harbour Research Institute 
(PHRI), and carried out dynamic model tests 
in centrifugal field. The earthquake 
simulator is of, electrohydraulic type and can 
generate scaled large earthquake motions. The 
paper introduces and illustrates the outline 
of the earthquake simulators and some 
experimental results using this apparatus. 

KEY ~ORDS: Centrifuge, Dynamic Model Test, 
Earthquake, Test Equipment 

1. INTRODUCTION 

Soil structures and foundations in Japan have 
often suffered from great earthquakes. 
Studies, in the dynamic geotechnical field are 
very important in Japan. 
A centrifuge model test is one of the testing 
method on geotechnical ~ngineering. Using 
this method 'we can',make the same stress con'" 
dition in a model ground as that in'a real 
structure. Because the physical properties of 
geotechnical material, no matter which are 
static one or dynamic one, depend on its 
confining pressure, the use of a centrifuge 
is effective for both static and dynamic 
model tests. So far, only static model tests 
have been ~arried out iri'the centrifuge of 
PHRI since the centrifuge was constructed in 
1981 (Ref.1). The use of the PHRI centrifuge 
for dynamic tests had to wait until recently 
when the authors decided to start developing 
the earthquake simulator which can be accom
modated in the existing PHRI centrifuge 
(Ref.2). Obviously the centrifuge model test 
satisfies the similitude for ,models' made of 
geotechnical materials and is"at present, 
the most promi~ing method for testing model 
grounds and structures.' However, many diffi
culties had to be overcome for developing the 
earthquake simulator and for applying to a 
dynamic model test in the centrifuge. The 
purpose of this paper is to introduce the 
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outline of the earthquake simulator for PHRI," 
and to show some results of application to 
the dynami'c problem. 

2. ~ OF THE EARTHQUAKE SIMULATOR 

2.1 Scaling Law 
The general scaling relationship for a 
dynamic model test "is shown in Table "1 (Ref. 
3). The scaling law for a centrifuge dynamic 
model test is, also given in Table.1, 
obtained by substituting nR, ne, IIp. nR. for 
1/n, " 1, n in the generalscaling-law~ 
respectively. A small-scale model and a full": 
scale structure are related through this 
relationship. According to this scaling law, 
if a model is constructed at a 1/50 scale, it 
is subjected to a 50G centrifugal accelera- . " 
tion to simulate the prototype sttuctur"e. In' 
the dynamic test, the frequency of the input 
motion applied to the model is 50 times 
higher, and the acceleration is" 50 "times 
larger. For example, in order to simulate a 
real earthquake motion, which has a peak" 
acceleration of 0.2G, a duration of 60s and a 
frequency content up io 6Hz in the sdale~ 
model, the model is subjected to an excita
tion which has a peak acceleration of 'OG .. a 
duration of 1.2s and a frequency content up 
to 300Hz. If the mass of the mod"el container 
and specimen is about 100kg, the capacity of 
the shaking force must be about 10kN. " 
In this scaling law" it is fo'und that the 
stress condition at homogeneous points is the 
sam~ in the model and the full scale 
structure using the same materiai; That is a 
major merit of the dentrifuge model test 
compared with the model test in ordinary 1G 
field~ Using the centrifuge~e can take 
account for the fact that the 'ground i t'sd'f 
change its properties under the action of its 
own weight. " 

, Dr. Eng., Chief of Structural Dynamics 
Laboratory, Structures Division. Port and 
Harbour Research Institute, Ministry of Tran
sport, 3-1-1, Nagase,Yokosuka," Japan. 
2 S~nior Research Enginner, Structures Di~i-
sion, ditto " 
3 Dr. Eng., Director, Structures :Divi'si,on, 
ditto 
4 Dr. Eng • .:, :Director General, ditto 



2.2 Shaking System Selection 
In order to design a centrifuge earthquake 
simulator, we had to consider advantages and 
disadvantages of various shaking systems. 
The authors examined various approaches such 
as the 'Bumpy Road' of Cambridge University, 
electromagnetic devices, electro hydraulic 
equipments, explosive firing and piezoelec
tric actuator(Ref.4-8). With the Bumpy Road, 
we will have to make a great deal of effort 
to change the input motion and to modify the 
PHRI centrifuge. The electromagnetic devices 
are too heavy and large to mount on the swing 
platform, and explosive firing seemed diffi
cult to control the input motion. Moreover 
the authors could not find a large piezoelec
tric actuator in Japan. Consequently, it. was 
decided to attempt to design an electrohyd
raulic type of shaker. Though this system is 
a li ttle complex, we need no improvement on 
the PHRI centrifuge. This system satisfies 
the required capaci ties for shaking and the 
required reliability. Fortunately, the 
authors could find an accumulator, a servo 
valve and shut off valves which can be 
mounted on the swing platform. The reliabili
ty of the servo valve and of the shut off 
valves and the &afety of the accumulator in 
a 60G centrifugal field were confirmed by the 
authors before making up the whole system. 

3. OUTLINE OF THE EARTHQUAKE SIMULATORS 

We made two earthquake simulators till today, 
one is a trial production system for feasibi
lity study and the other is a version ,up 
system for practical experiment. But the 
fundamental mechanism of both system are ,the 
same. The earthquake simulator consists of an 
oil pressure supply unit, an actuator unit, a 
control unit and an oil tank. Fig., illu£
trates the arrangement with all the units of 
the version up system on the swing platform. 
Fig.2 shows the layout of the oil flow 
circuit of the simulator. The oil ~upply unit. 
conslsts of an accumulator to supply oil. 
pressure to the servo valve and three shut 
off valves. The A-shut off valve reduces oil 
leakage from the servo valve. The B-shut off 
valve is used in case of emergency. The C~ 
shut off valve with flow control valv.e'is 
used to avoid an impulse liquid flow' to the 
servo. valve. Once we accumulate oil pressure,. 
we can experiment ten and several times 
during one flight. 

3.1 'Trial Production system . 
The model container box of the trial produc
tion system is fixed on the cylinder of the 
actuator. The dimensions .of the shaking'box 
are 400mm(L) X 180mm(D) X 270mm(H). It is 
supported by eight arms from four beams. The 
container is made of titanium to save the· 
total shaking mass. The major specifications 
of the system are shown in Fig.3. 
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The system controller is composed of two 
control boxes. One is mounted on the swing 
platform and the other is located in the 
control room. They are connected by eight 
lines through slip rings. The controller has 
a sequence circuit to control the experiment 
from start to end. That' is to say, if an 
operator presets the experimental conditions 
such as input wave, duration of shaking, 
ampli tude and frequency, the only thing the 
operator needs to do during the flight is to 
press one button. The servo valve receives 
electrical signals from a function generator, 
or Read Only Memory (ROM) and the actuator 
generates the input motion. Typical" 
earthquake motions are memorized in the four' 
ROMs. Each ROM has a length of 8192 words and 
we can select the .time. interval of the input 
motion from 0.001 ms to ·10ms. 

3.2 Version ~ System 
We improved on the trial production system to 
overcome the following drawbacks. 
(1) We can not see the phenomena in visual 
because the control. box hinders the soil 
container. 
(2) We can select only one input motion 
during one flight,because we have to set the 
input motion conditions before the centrifuge 
operation. 
(3) It is inconvenient for making a.model and· 
for conducting several model tests 
continuously because the model container is 
fixed on the cylinder. 
(4) The shaking force is small for exciting a 
satisfactory large model. 

The. major actuator specification, of the 
version up system is also shown in Fig.3. 
The shaking force of the version up system is 
four times. larger than that of the former 
one. And various model containers. including .a 
stacked ring apparatus are available ·because 
of using a shaking table. The dimensions of 
the shaking table are 700mm X J50mm.We can 
control this system, and another instruments 
such as high speed ·camera from control room 
by a ~omputer through RS2J2C interface and 
can set various .test conditions. Input 
digital data. are written in ROM. whose 
capacity is 32K words,we, can select input 
motion used in the test by setting the. ROM 
address. 

3.3 Data Acguisition,System 
There are· two current ,. way to collect data as 
follows. 'One is ordinary way with the 
transducer installed ·in the model, the other 
is op.tical way· ·using cameras. In the former 
method we use a dynamic amplifier on,the 
swing platform to .save the slip ring channels 
and to improve the SN ratio~ In the case of 
centrifuge dynamic model test, as an object 
is a very fast phenomena, we operate the 
analogue data recorder from a few seconds 



before the experiment starts to avoid failure 
in collecting the data. The data collected by 
analogue data recorder are converted into 
digital data after experiment. We can use 
both a high speed camera and an ordinary 
camera, which are effective for the phenomena 
with. large deformation •. We can trace movement 
of the target set up in the model by 
analyzing photographs. 

4. APPLICATION OF THE SYSTEM TO THE DYNAMIC 
GEOTECHNICALPROi3E'E-M--- - - ----

4.1 Residual deformation of the gravity ~ 
caisson during earthquake 
The authors discussed about sliding deforma~ 
tion of the gravity type caisson during ear
thquake usin~ the ~odel as shown in Fig.4. 
The model ground was constructed by pouring 
the dry Toyoura sand naturally from 20cm 
above the water surface into waier. The model 

'ground had. wet density of 1.89 g/ cm3 and 
relative density of 38%. We used water as a 
pore,tluid material to avoid liquefaction, 
because the sliding behavior of the caisson 
on the ground wi!thout liquefaction is cliffe
rent from that wi th liq'uefaction. The input 
motion was the integrated, displacement of the 
acceleration observed at Hachinohe Port in 
the 1968 Tokachi-oki earthquake, M=?9. Four 
stage tests, ware conducted as shown in 
Table.2. Fig.5 shows the time histories 
measured in the stage-4 test. It is found 
that the caisson slides in a moment when 
large acceleration takes place. The residual 
deformation at the top of the caisson and the 
maximum response acceleration of the caisson 
are shown in Fig.6 and Fig.? with the 
maximum input acceleration, in prototype 
scale. The following trends about the sliding 
behavior are foUnd in these figure. 
(1) The residual deformation increases with 
increa,sing the input acceleration. The 
caisson subjected .to input acceleration of 
200Gals slides 10cm in prototype scale.' 
(2) The pore water pressure did not rise 
remarkably,' because, the model fluid 
material was water. This result is predicted 
by the scaling law about the permeability of 
the fluid material. 
(3) The Fore water pressure decreases when 
the caisson is sliding. , 
(4) The maximum response acceleration of ' the 
caisson did not so much increase with 
increasing the' input acceleration because of, 
caisson sliding. 

4.2 Confining pressure effects £!! the shear 
~ velocity of the sandy layers 
It is, well known that a shear modulus of the 
sand is in proportion to square root of 
effective confining pressure (J/ '. From 
elastic wave theory, it is also known that 
the shear modulus is equal topVs2. . Thus, 
the shear wave, veloci ty is in proportion to 

(1JI,')o,H. This fact is important for 
evaluating the dynamic properties of the 
centrifuge model ground constructed. The 
authors studied on this point with the satu
rated sandy layers. Fig.8 shows the cross 
section of the model and the ground depth in 
prototype scale based on the scaling law. The 
sand and the pore fluid material used in the 
model and the m'odel construction method are 
the same as those of the caisson sliding 
experiment described above. We conduct expe
ri ment with two different relative densi ty 
model ground. Since it was difficul t to de
tect the shear wave velocity directly in time 
domain, we estimate it by the response,chara~ 
cteristics of the model ground in frequency 
domain. The input motion is a white noise, 
that frequency content of the acceleration is 
constant with frequency, which is generated 
by the authors in considering the response 
characteristics of the servo valve. Table.3 
lists the test condition in prototype scale. 
In all cases we calculated the transfer 
function between the input acceleration and 
the acceleration response of the sand layer 
surface and search for the first natural 
frequency of the ground(f1"). Typical transfer 
function is shown in Fig.9. 

4.2.1 Average shear wave velocity of sandy 
layer 

If it can be assumed that the model ground 
has an average shear wave velocity Vs, Vs can 
be identified by, mul tiplying f1 by, 4H, in 
which H represents layer thickness. Fig.10 
shows the relation between the average shear 
wave velocity and the ,effective confining 
pressure at the middle depth of the ground. 
In this case the average shear, wave velocity 
did not strongly depend on strain level 
b~cause the model ground had high stiffness. 
The solid line described in this figure are 
regression line which is revolved using 
equation V~::a.(crv')b ,in which a and b 
represents constant number. 

4.2.2 Distribution of shear wave velocity 
with depth 

We estimated distribution of the shear wave 
veloci ty with depth by the 'following 
procedure. 
(1) First we'divide the ground into five 
layers in case-2 shown in Fig.8. In case-1 
the ground is divided into~hree layers. It 
is assumed that the divided each layer has a 
constant shear wave velocity. 
(2) We regard the shear wave velocity of the 
ground from surface to -2.4m jdepth as the 
average shear wave velocity estimated by the 
method described above at 10G centrifugal 
field. 
(3) Next we assume the shear wave velocity of 
the' ground from -2.4m to -4.8m depth as Vs2. 
Using Vs1 determined on the former stage and. 
Vs2 assumed here, we can calculate the 



response of the ground based on multiple 
reflection theory. If the dominant frequency 
calculated is agree with that obtained by the 
exper.iment at 20G centrifugal field, we adopt 
Vs2' as the shear wave velocity of the ground 
from -2.4m to -4.8m. If not so, we assume new 
Vs2 and calculate again. We calculate several 
times till obtaining good agreement. 
(4) We can estimate the shear wave veloci ty 
of the ground under -4.8m depth similarly. 

Fig.11 shows the distribution of the shear 
wave velocity obtained by this procedure. The 
line described in this figure inclines 0.25 
power of the depth through the center point 
of the middle ,layer. These results indicate 
that the confining pressure affects on the 
shear wave velocity of the sandy ground even 
if its depth is less than 12m. And close 
agreement between the experiment and the 
element test conducted in the 1G field was 
obtained (Ref.9). The method described here 
is ,one of effective way for evaluating dyna
mic properties of soils in centrifugal field. 

4.3 Modelling liguefaction 
The research about liquefaction is important 
object using centrifuge because liquefaction 
is directly related to the effective 
confining pressure generated by its own 
weight. During recent several years some 
experiment about liquefaction using 
centrifuge have been conducted (Ref.10-13). 
It is necessary for' modelling liquefaction in 
nG centrifugal field to reduce permeability 
of the fluid material n times smaller than 
that of prototype. Thus we studied relation 
between the coefficient of permeability and 
the viscosity of silicon oil as a fluid 
material. ·The permeability tests were 
conducted under 20 degrees centigrade using 
Toyoura sand of relative density 50% and 70~ 
Fig.12 shows the test results with viscosity. 
The results at the point of 1 centistokes 
represents that using a water as a fluid 
material. Fig.13 shows permeability reduction 
ratio of the silicon oil compared with the 
water. In this figure the coefficient of 
permeability of a 50 centistokes silicon oil 
is about 30 times smaller than that of the 
water. It is also found that the variation of 
the permeability is almost independent of the 
relative density. 
Fig.14 shows the cross section of-the model 
constructed in a' stacked rings. The, experi
ment was conducted in a 30G centrifugal field 
using 50 centistokes silicon oil. The model 
ground was constructed by removing the 
saturated sand into silicon oil without 
mixing the sand wi th the air, after getting 
the air out from the sand steeped in the 
silicon oil under vacuum. The ground' 
constructed has relative density of 86" .. The 
input motion used here is the same as that of 
the caisson sliding 'test described abov.e. 

Table 4 lists the maximum response accelera
tion of the ground. The maximum response 
acceleration increases from bottom to 
surface. Fig.15 shows the time histories 
converted into prototype scale. The rise of 
excess pore pressure was remarkable at the 
point of the large acceleration took place. 
Fig.16 shows the distribution' of the maximum 
excess pore pressure with depth. The brake 
line described in this figure represents 
initial effective stress. The excess pore 
pressure generates with increaSing accelera
tionlevel and cause perfect liquefaction at 
the upper part of the layer in stage-3 test. 
According to further investigation, there was, 
few settlement of the ground during vibration. 

5.CONCLUSIONS 

We introduced the earthquake'~imulator iri 
PHRI centrifuge and explained some results of 
application to dynamic geotechnical problem. 
The earthquake simulator developed by the 
authors shows satisfactory performances for 
testing ground and structure models in the 
centrifuge. Obviously, the 'earthquake 
simulator in the centrifuge has a' wide 
applicability to geotechnical problems such 
as soil-structure interaction. But there are 
many problems had to be ov.rcome for 
applying to the dynamic geotechnical testing 
as follows. . 
(1) Technical problem 
* Development of more convenient equipment 
* Model construction method 
* Effects of side fric·tion and rigid end wall 

of model container 
* Choice of the fluid material 
* Evaluation method of constructed model 
p~operties in the centrifugal field 

(2) Internal problem of centrifuge model'test 
* Coriolis effect 
* Influence of difference centrifugal acce-· 

leration with model depth 
* Relation between the dynamic properties 

and frequency, that is to say, an effect 
of strain rate with cyclic loading. 

* Impossibility of modelling structures made 
of large material such as gravel. 

The technical progress o~ the dynamic 
centrifuge testing and the so-called 
'modeling of models' analYSis will solve 
these problems, and fruitful results are 
expected from the model tests in the coming 
few years. 
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Table.l Scaling relationship for a dynamic model test. 

Quantity 
(Model/Prototype) 

General 
s"caling law 

Scaling law in the 
centrifugal field . . -----------------------------------------------------------------------

Length 
Mass density 
Strain 
Acceleration 
Time 
Frequency 
Displacement 
Stress 

n~ 

nl" 
ne. 

- n 
(nen~/ng) 1/~ 
C nE n2 / n g) -1 2 

Stiffness matr-ix 
Pore water presaure 
Coefficient of 

n€,nl 
npngnR 
np ngn.Q /n€, 
n,. ngn.Q / 

CneD.Q.lng)12/np 
permeability matrix 

Bending stiffness .,of pile . 5.-
np ngno /nE' 

Table 2 Test condition 
. . . . 

-----------------~-~--------------------
Stage Cenirifugal 

No. _ Ace. at ).62m 
Model Prototype 
Amax(G) Amax(Gals) 

----------------------------------------
1 
2 
3 
4 

50.3 
50.2 
50.2 
49.9 

2.4 
5.6 

10. 1 
12.8 

47 
109 
197 

·252 
----------------------------------------

Amax: The max. acceleration of the input motion 

100 

l/n 
1 
1 
n 

l/n 
n 

l/n 
1 
1 
1 

l/n 

1/n4 



Table 3 The model test condition 

Target centrifugal 
acceleration 

Maximum acceleration of the input motion 
in prototype scale, unit:Gal 

Flight No. 

50G 
Case-1 30G 

10G 

50G 
40G 

Case-2 30G 
20G 
10G 

111,110 

29 
34 
43 
66 

107 

2 

85,84 

53 
61 
82 

124 

3 

60,61 

79 
80 

126 
209 

4 

82 
89 

173 
276 

Table.4 The maximum acceleration response of the 'ground 

Measure point 
The maximum response acceleration 
in prototype scale : Gal 

Forward 
.......; 

unit mm 

A 5 
A 4 
A 3 
A 2 
A 1 

0 
0 
1.0 .... --

Stage-1 

145 
115 
101 

76 
75 

l0~ 
Mi rro,;? 

/' 

~l~ 
UJW 
High Speed 
Camera 

Instrument 

I'~ 

~ 
/ 

/ 
v' 

V 

-
I 

L.... 

Stage-2 

165 
150 
130 
110 
135 

1600 

550 
350 
180 .... -

I 

-.-. 

Table 

I 

. 

L J 

0 
• 0 ,.... 

., 

~ 

, , 

B ~ ,. 

Stage-3 

231 
213-
195 
189 
315 

r: ~~ 
L .J 

r , 
I: 

L~~ 

1 J 
. ~ 

II 

IF) -
'" ~l ~upply 

un,t 
Actuator 
unit -

, 

r 

0 
0 
0 .... 

Fig.1 Arrangement of all the units on the swing platform. 
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external 

fluid 
supply 

on swing platform 
flow 

shut off valve control valve 

shut off 

Fig.2 Oil flow circuit 

Trial Production System Version up System 

Shaking Box 

Quantity 

;. 

Bucket Stacked Rings. 

L ,/ 

~. Shaking Table 

0 a 0 a 

/ 

~Hi9~ Speed Camera 

Trial production system Version up system 

Shaking force about + 12kN about + 50kN 
Maximum displacement + 3mm + 6mm 
Maximum velocity + 30cm/s + 45cm/s 
Volume of the accumulator 4 liter 10 liter 
Frequency content(nominal) up to 300Hz up to 250Hz 
Payload 92kg 200kg 
-------------------------------------------------------------~--------
Maxi mum usable oil pressure 30MPa (ordinary use 21 MPa) 
The servo valve is controlled .by LVDT displacement feed back system. 
-----------------------------------------------------------------------, , ' 

Fig.3 Specification of the earthquake simulator for PHRI centrifu'ge. 
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Mod~ling of E~hquake Induced Pore Pressure Behavior 

by 

Richard H. Ledbetter 1 

ABSTRACT 

Centrifuge model testing with simulated 

earthquake excitation can provide an extensive 

data base for the detailed study of earthquake

induced prototype behavior, including pore fluid 

pressure response. In centrifuged ,models , 

prototype stresses can be produced at points in 

the model corresponding to those in the full 

scale structure by creating an artificial 

gravity field in the model. Each soil element 

in a centrifuged model may thus be expected to 

undergo the same response history as 

corresponding elements in a prototype for a 

given earthquake excitation. Centrifuge model 

tests for the study of earthquake-induced 

behavior have been, conducted on the ,large 

geotechnical centrifuge at Cambridge University, 

England. The study of actual field-measured 

pore pressure behavior and response under 

earthquake'loading compared to the centrifuge 

model tests shows that the pore pressure 

behavior in the centrifuge tests is consistent 

with the field measured behavior. 

KEYWORDS: Centrifuge; earthquake; pore pressure. 

1. INTRODUCTION 

Study is indicating the same consistent behavior 

of actual pOre fluid pressure under earthquake 

loading and physical tests yielding equivale,nt 

prototype response to earthquake excitation. 

Direct instrument measurements of excess 'pore 

water pressure induced by earthquakes have been 

made; (1) Ikehara (1970) reported measureme~ts 

below a railroad embankment, (2) Ikuta et al. 

(1979) reported measurements near the basement 

walls of a building, (3) Ishihara (1981) 
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measured pore water pressure rise at two depths 

within the artificial island of Ohgishima which 

felt three earthquakes, (4) Ishihara et al. 

(1981) measured excess pore water pressure at 

two depths within the artificial island of Owi, 

(5) Harp et al. (1984) reported measurements in 

lake shore sediments, and (6) Holzer et al. 

(1988) reported measurements from the'Wildlife 

liquefaction array. 

Centrifuge model testing with simulated 

earthquake excitation provides an extensive data 

base for the detailed study of earthquake

induced prototype behavior, including pore~ fluid 

pressure response. In centrifuged models, 

equivalent prototype stresses can be produced at 

points in the model corresponding to those in 

the full scale structure by creating an 

artificial gravity, field in the model 

(Schofield, 1981). The ability to induce 

prototype stresses in a model is important 

because soil properties and responses are 

dependent on effective stresses. Each soil 

element in a centrifuged model may be expected 

to undergo the same response history as 

corresponding elements in a prototype for a 

given earthquake excitation. 

In a centrifuged model, N is the model scale 

factor and the model is subjected to inertial 

accelerations of Ng, where g is the acceleration 

due to earth's gravity. For a saturated soil 

model subjected to an earthquake excitation, the 

behavior will depend on both the interaction 

between inertial effects and the local 

1. U.S. Army Engineer Waterways Experiment 

Station Vicksburg, Mississippi 39180-0631 



generation and dissipation of pore fluid 

pressures. The time scales for inertial 
. 2 

effects, N, and for diffusion, N , can be 

brought together by slowing the diffusion 

process by using a more viscous pore fluid 

(Schofield, 1988). The time scales will be 

identical iia fluid of viscosity N times 

greater than water is used for modelling at Ng 

in~rtial acceleration. 

The United States Nuclear Regulatory Commission 

and United States Army Corps of Engineers 

sponsored a series of centrifuge model tests to 

provide data for the study of earthquake induced 

settlements/deformations a~d liquefactlon. The 

tests were conducted on the large geotechnical 

centtifuge at· Cambridge University, England. 

Details of· the Cambridge centrifuge and 

associated procedures for simulated earthquake 

testing have been describe~ by S~hofield (1981). 

This paper presents typical centrifuge model 

pore fluid pressure response to earthquake 

excitation·which is consistent with field 

measurements and indicates that pore fluid 

pressures respond to the peak motions of 

excita·tion. The tes·t data and field 

measurements indicate that pore pressures 

dissipate rapidly and low permeability confining 

layers and/or low permeability lique{ied soil 

may be necessary to sustain pore pressures at an 

elevated state in a liquefied soil mass. 

2. FIELD PORE PRESSURE BEHAVIOR 

Figure 1 (National Research Council, 1985) shows 

the soil pr~fii~ at Owi Isl~nd, Japan, where the 

pore pressures in Figure 2 (National Research 

Council, 1985) were measured by Ishihara (1981) 

at the 6 and 14 meter depths during ~he 

Mid-Chiba earthquake in 1980. The measurements 

were in silty fine sand. An accelerograph 

measured surface motion. Note that: (1) the 

pore pressures responded immediately to the peak 

motion, they did not ·accumulate from the start 

of the earthquake, and they started dlssipating 

immediately after the peak motion (they did not 

hold or continue to increase with the earthquake 

continued motion), (2) the pore pressure· at 

the 14 meter depthdid·not dissipate as rapidly· 

as that at the 6 meter depth, and (3) the soil 

profile shows ·clay layers above and· below the 14· 

meter depth. The less rapid dissipation at the 

14 meter depth illustrates the effect of the 

clay layers bounding the zone and that low 

permeability confining layers may be necessary 

to sustain pore pressures. 

Figure 3 (Harp et al. 1984) shows pore pressure 

measured at a 1.3 meter depth in a saturated 

gravelly sand at the shore of Convict Lake, 

California, during the Mammoth Lakes earthquakes 

of 1980. The recorded surface acceleration ·is 

superimposed on the pore pressure record 

illustrating that the pore pressure followed the 

earthquake motions; peaking with the peak motion 

and not accumulating with continued motion. Low 

permeability layers would have been necessary to 

confine the gravelly sand in order for pore 

pressures to have been sustained. The site 

liquefied during the main shock and underwent 

lateral spreading; the· pore pressure transducer 

was installed after the main shock and recorded 
\ 

the aftershock sequence. 
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3. LABORATORY PORE PRESSURE BEHAVIOR 

3.1 Simple Shear Test 

Figures 4 thru 6 (Ishihara et al. 1988) show 

pore pressure behavior of loose, medium, and 

dense Fuji river sand in undrained cyclic simple 

shear laboratory tests using irregular mutUally 

perpendicular motions from· three earthquakes 

recorded in Japan. Ishihara and Nagase (1988) 

were studying the effects of irregular and 

multi-directional loading on soil dur.ing 

earthquakes. Shown in each figure are the 

surface recorded earthquake components of motion 

that were used as test input and the shear 



strains and pore pressures for two stress 

ratios. Of note in these figures ,is that the 

pore pressures respond to the peak motions and 

do not significantly accumulate. This. pore 

pressure behavior is consistent with field 

measured responses. The pore pressures in these 

tests are held at the levels induced by the peak 

motions because the tests are undrained, thereby 

locking in the pore pressures and not allowing 

them to dissipate 4uring or after the earthquake 

loading, as might occur under field conditions 

unless there were confining low permeability 

layers. 

3.2 Centrifuge Test 

Figure 7 shows the schematics of a typical 

centrifuge physical model test illustrating an 

embedded structure, displacement transducers 

(LVDT), accelerometers (ACC) , and pore pressure 

transducers (PPT). Earthquake simulation motion 

is input at the model base.and transmitted 

through the model, primarily by shear stresses 

but also by normal stresses due to bending 

modes. De-aired blended silicone oil with a 

viscosity of N times the prototype viscosity was 

used as. the pore fluid to model the drainage 

conditions In the pro.totype during the 

earthquake. Tests by Eyton (1982) have shown 

that the stress-strain behavior of fine sand is 

not changed when sllicone oil is substituted for 

water as a pore fluid. 

Figures 8 and 9 show the typical pore pressure 

response character in centrifuge tests with 

homogeneous models of Leighton Buzzard and 

Banding sand., ranging in relative density from 

45 to 70.pe~cent. The por~ pressure rec~rds 

have .been filtered and smoothed so that the main 

changes of' the mean response can be compared to 

th~ earthquake acceleration input records. 

Kajor changes in the pore pressures were in 

response to. the peak motion stages of t,he 

records; the! s,tay at about the same level or 

start dissipating unless a larger motion peak 
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occurs, do not accumulate with cyclic loading, 

and dissipate after the earthquake. Figure 10 

shows the dissipation behavior. of p,or,e 

pressures. The pore pre,ssure character in the 

centrifuge is consistent with field beha~ior. 

These sands were ,very fine,with nominal grain 

sizes of 0.1 and 0.19 mm for the Leighton 

Buzzard and Banding sands respectively, which is 

why they tended to hold the pore pressures 

during earthquake loading. 

4. CONCLUSIONS 

The study 'of actual field meas~red pore pressure 

behavior and response under earthquake loading 

compared to the laboratory test resu~ts ~f 

special multi-directional loadi~g simple shear. 

and centrifuge model tests is indicating that. 

pore pressure behavior in centrifuge .tests is 

consistent with field measure,d behavi9r. 

Centrifuge earthquake simulation testing can 

provide prototype truth data .concer:ning 

earthquake -induced response in soils ,/iLnd c,an 

provide an extensive data base for detailed 

study, verification of analysis techniques, and 

to fill the voids in the knowledge of pore 

pressure behavior under earthquake excitation. 
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Seismic Design Method of Earth EmbSnkmenl With 
Seismic Coefficient 

BY 

Yasuyuki KOGA 1 ) and Osamu MATSU02 ) 

ABSTRACT 

The cur~ent practices in the, 
seismic design method of earth 
embankments ,both in Japan and the u.S. 
are. briefly described, and future 
research needs are identified. Next, 
some re~ults of experimental and 
analytical study which has been 
conducted to improve the seismic . 
coeffici~ntmethod as a. seismic design 
method for earth embankments are 
pr'esented. 

KEYWORds: Se~smic stability, 
Embankment, Seismic coefficient, 
Liquefaction . 

1 ., INTRODUCTION 

During the past few d~cades, there 
have been major advances in our 
knowledge of the seismic behavior of 
earthen embankments, such as ' 
embankment dams, river levees, and 
road embankments, through the 
conti~~o~s efforts of strohg 
earthquake motion observation, 
experimental and analytical studies. 
As a result of such efforts, the 
knowledge of liquefaction of subsuface 
grou~d during earthquakes and its 
associated damages to earth structures 
has remarkably progressed. Some of the 
resulti '~~ve already been introduced 
in:design c6des in Japan. However, the 
seism{c design method for embankment 
structures does not seem to have been, ' 
established but mucih yet remains to be 
improved. 

Th'is paper first outlines the 
current seismIc design methods for 
embankment structures in Japan, 
compaies with those in the U.S., and 
id~ntifies future research needs 
concerning the seismic design methods. 
In the latter part of this paper, the 
study on the seismic coefficient 
method as a seismic design method for 
embankment structures is presented. 

2. OUTLINE OF SEISMIC DESIGN FOR 
EMBANKMENTS 

2.1 Practices in the Seismic Design 
M~thods in Jap~n 

In this paper, "embankment 
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structures" generaf,ly indicate 
embankment dams, road embankments, and 
river levees. In Japan, "Dam Design 
Standard" published in ,1957 Wq,S the 
first de~ig~ code'which specifies 
seismic design for embankm'ents!) This 
design code adopted the ps~udostatic 
analysis method combining the sliding 
surface method and the seismic 
coe·fficient method. Al though the code 
has since been revised several., times, 
there is no substantial change in the 
seismi~ design method. The current' 
edition revised in 1978, however, 
recommends to conduct, in addition to 

. the pseudostatic'analysis;dynamic ' 
analysis and/or model vibratib~ te~ts 
to ensure the seismic integrity of 
dams~)' . 

For road embankmen~s and ri~~r 
levees, the seismic design has not 
generally been applied. But' s()me codes 
require to maintain seismic stability 
exceptibnally for high embankments 
which are founded on s6ft ground. 
Accordingly, there recently appear 
some cases that seismic design or 
investigation is individuafly applied, 
to embankments in the metropolitan 
area. , 

Table 1: summarizes current design 
codes in Japan which specify, the 
seismic design method for earth 
structures. This. table includes codes 
for ,various type~'~f'~~rth strticture~ 
other than those for embankment 
structures. It is shown in the table 
that: 
(1) All of the codes adopt " 

pse~dostatic analysis method as 
seismic design procedure. 

(2) The ,analysis is bas~d up6n the 
sliding circle method ,and the 
Modified Fellenius method is 
adopted for the slice calculation. 

(j)Dei{g~ seismic coefficient kh is 
~~~ically given by Eq.(1), which is 
commonly used for other engineering 
structures such as bridges anp 
retaining walls. 

kH = 60, ,6,2 6,J ko , ................................................... (1) 

I Head, Soil Dynamics Division, 
Construction Equipment and Method 
Department, Public Works ResearCh 
Insfitut~~~inistry of Construction, 
Japan",','.' " 
2) Senior Researcher, ditto. 



where, . 
ko: !rtandard hoi·i zon ta 1 seismic 

C'o~,:f f ic i en t , 
~,: s:e.l.srilic zohe factor, 
~2:g:found condition factor, 
,h cbrrecbon factor -depending oh 

tY.~~i use, mater 1.3.1 property of 
tn.~; structure. 
TI1;~;value Of the standard 

horiz6'ryt·a.i seismic coefficient k6 is 
empiii~ally given ~s 0.2 in most ccide~ 
and 0 .. 15 in some codes. The seismic 
zone factor takes one of the values 
of 1.0, 0.85, or 0.7, depending on the 
seismic activity of the area. 'The 
ground condition factor.:1, is given as 
0.9.1.0,1.1, or 1.2, depending on 
the st-if-fness or fundamental period of 
the ground. The factor ~J takes 1.0 as 
a general principle, but code-l in 
Table 1 gives ~3= 0.5-0.7 for 
embankment structures. This reduced 
value is consid~red to be due to the 
material characteristics of earthen 
embanklTieri~ that s6il is more ductile 
than ~teel or concrete. In other 
words;' soil does not necessarily' fail 
at the time of peak stress application 
but u5u'a,lly fails due to the cyclic .'. 
loadin'g, dur ing earthquakes. The va 1 iJe 
of ~3~&.~-0.7, however, is at m6st the 
empir:Fc'al orie~ 

Since the 1964 Nii~ata Earth4uaka, 
it has been widely recognized that 
liquefaction of the grouhd 
significantly affects the seismic 
stability of embankments. Hence, ~ost 
of the codes shown in Table 1 require 
to assess liquefaction potential of 
the ground at sites where 
susceptibility of liquefaction is 
s~spected. " 

Codes-6, 7, 9 and 11 adopt safety. 
factor ~alc~latiori formula in which 
effect of liquefaction is directly 
consider~d. In the formUla, the 
shearing strength of sattitated soil 
durinc{e:art:hquakes is given by Eq. (2). 
Accordi~~to the equation, shearih~ 
stren~~h i~ reduced d~e to the build 
up of.porewater pressure, which is 
usuali;;Y;.:-~stimated fromtl:le _ ., 
1igli~~;~,ft,i,9n-_:i~sista~ced~ttdr. Flo .." 

't,";~t'+ (ao; -'- ~u) tsnIP' .. "": ..... " .................... ,, .... (2) . 

where': 
n:shearing strength of saturated 

soil, 
c', <p:' shearing strength parameter in 

terms of effective stress, 
ao~ ::~nitial effective confining 

-~·-s·tress , 
4~f:~.c~ss ~brewate~ ~ressure due 
. '-"to earthquake' loading. 

th seismic stability analyses Of 
embanR~ents by most Japanese design 
codes. which consider liquefaction 

'll.,'.':', 
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~otential of saturated sandy depos~ts, 
liquefaction strength of the deposit, 
is given by Eq.(2) using excess 
porewatei pressure~ The only exception 
is code-11, which allows the iJ~age o~ 
dynamic strength based on generated 
strain without using excess porewater 
pressur~ ih addition to the above 
menti~ned soil strength. 3 ) . 

As described above, it is iather 
rare at present to perform ~ seismic 
design or investigation for road 
embankments and river levees on the 
basis of design codes~ Meanwhile, 
there are some cases that a detailed 
investigation which applies design 
code method and seismic response 
analysis method is performed for the 
particular newly planned and/or . 
existing embankments. For embankment 
dams, static shear streng·th· parameters 
are generally used. '., 

Finally, with regard to embankment 
dams, which are defined as those with 
a height of 15m or more, the design 
procedure is based on the seismi~ 
coefficient method, not necessarily 
considering liquefaction-induced 
failure. This is guaranteed .by the 
fact that the liquefaction 
susceptibility is precluded by re~o~al 
of loose sandy strata and well
compaction of the embankment during 
construction. Further, it is verified 
that the above design procedure ~ith 
careful construction woul~ b~ a -
conservative one because. th~ da~s 
constructed that way have never been 
damaged during past earthquakes. . 

2.2 Practices in the Seismic Design 
Methods in the United States 

\ . 

In this sectioJ, current practi~es 
in the seismic design of embankment 
dams in U.S. are briefly summarized 
based on materials available to the 
authors. 

The ieport,"Safety ~J Darris--'~Flood 
and Earthquake Criteria ," whi'ch was 
made up by the Committee on Safety 
Criteria for Dams estabHshed'in the" 
'~atibnai:ResearchCouncil, provides 
Valuable ihformati6n 6M the curt~nt 
practices in U. S. Accordin·g. to 'the 
report, it seems that manycb~ the 
federal agencies responsible for dam 
construction have been adopting the 
dynamic analyses, liquefaction 
potential ahaly~es and permanent 
deformation analyses instead of 
pseudostatic analyses based on the 
seismic coeffici~nt method; In 
particular, it is noteworthy that the 
U.S. Army Corps of Engineers rules out 
the seismic coefficient method. As for 
the state governmental agencies, not 
all the states furnish the earthquake 



design provision.. Especially, many of 
the states located in low seismic 
activity zones do not prepare the 
provision or use the conventional 
seismic coefficient method. In 
contrast, some sta~es located in high 
seismic activity zones require dynami~. 
analyses and liquefaction potential . 
assessment in addition to the 
pseudostatic analyses. In California, 
the state where the seismic activity 
is the most active in U.S., there are 
cases .that the post-earthquake 
stability assessment of an existing 
dam against flow failure was performed. 

2.3 Summary of Seismic Design 
Practices in Japan and U.s 

The current practices in the 
seismic design of embankment 
structures both in Japan and U.S~ may 
be summarized as follows: 

In Japan 

(1) Seismic design provisions are now 
under preparation even for relatively 
small-size embankment structures such 
as river levees, road embankments and 
the like .. 
(2) Many codes require liquefactio~ 
potential analyses. 
(3) Pseudostatic method with circular 
sliding method and s~ismic coefficient 
is mainly used. 
(4) In addition to the conventional 
pseudostatic method, the partly 
improved method, which takes loss of 
shear strength due to the build up of 
porewater pressure during earthquakes 
into account, is adopted in many 
design codes. 

.In the. United States 

(1) Seismic design procedure used is 
shifting from the conventional 
pseudostatic method to dynamic 
analysis, -liquefaction potential 
analy_s-is, _ and pe_rmanent deformation 
analysis'. 
(2)~b~~ a~encies are adopting such 
up-to-date seismic ~esign procedures 
as the post-earthquake stability 
analysis against flow failure. 

2.4 During- and Post-Earthquake 
Stability Analys~s 

It has been recognized that there 
are two. types of .eartquake-induced 
failure in terms of time when the 
failure occurs; i.e., during- and 
post-earthquake failure. Because these 
two types of_failure have different. 
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mechanisms, their failure potential 
should be evaluated with different 
procedures. During-earthquake 
stability analysis includes the 
pseudo-static analysis and permanent 
deformation analysis, and is .concerned 
with finite damages. On the other 
hand, post-earthquake stability 
analysis includes the pseudo-static 
analysis using steady~state strength5 ) 
and _is concerned with flbw failure. 
The latter may be required for such 
embankment structure that the 
embankment itself or the sandy strata 
in the underlying ground is of a 
fairly low density. 

In Japan, however, there have been 
very few cases of flow- failure in 
spite of frequent earthquake 
occurrence. This probably is cause~ by 
the following reasons: that the sandy 
layer existing in a high seismicity 
area may have been densified by 
frequently experiencing earthquakes 
since its formation; and that most of 
the embankment dams ~hich have bee~ 
constructed are fairly well-compacted. 
On the other hand, in Japan, 
earthquake damages to road embankments 
or river levees are considered to 
have much social impact to-~he 
economic acti vi ties or potential loss· 
of li~e, even if the damages are 
within:the -moderate range. Thus, the 
procedure which can predict the extent 
of damage is needed. 

2.5 Future Rese~rch .Needs 

Based on the discussions above, 
the future ~esearch subj~ct~ which are 
needed to establish the reliable 
seismic design procedure ~or 
embankment structures may be as 
follows: 

(1) .On the during~earth~uak~ stability 
evaluation 

(1-1) Im~rovement o( pseudostaiic 
analysis method using s~ismic 
coefficient 

Methodol6gyOn: . nO';; 'i.e _ 
determine th~ dyna~ic she~t 
strength of soil and the 
magnitude of seismic 
~oefficient is particularly 
important. 

(1-2) Improvement of permanent 
deformation analysis techniques 

Representation of soil stress
strain relation should be 
essential both in. the 
conventional technique ahd in 
the rigorous technique based 
on the elasto-plastic approach. 

(2) On the post-eathquakestability 
evaluation-



Development of st~bility 
analysis technique using steady
state-strength of ~oil 
Developmerit of assessment 
technique to identify if steady
state is reached is particularly 

,. ··C .• ;:requ ired .. 
;:;=O;C-tJ'i:!velopment of reI iable 
·:;"'~?:Sme·a·s.urement techniques of soil 
~:-f*;cl~~sity and dynamic shear strength 
"'({~~~~.-~-,~.~> 

3. --,S,y,·:~'f ON THE PSEUDOSTATIC ANALYSIS 
---METHOD WITH SEISMIC COEFFICIENT 

~n this chapter is presented a . 
part: of -the study that has been 
carried out in the PWRI to impr6ve the 
conventional pseudostatic analysis 
method. The purposes of this study 
are: : 

(1) To clarify how to determine the 
dynamic shear str~ngth of soil and 
seismic coefficient to be used in 
the analysis, and 

(2) To correlate the safety factor 
with the damage extent of the 
embankment. 

Case studies of river levees 
damaged by an earthquake and model 
shaking table tests as .objectivecase 
histories are described in the 
following sections. 

3.1 Shear Strength of Soils for 
Seismic Stability Analysis 

3.1.1 Types of Shear S~rength of Soils 

Table 2 is a summary of shear 
strengths for seismic stability 
analysis of embankments. Among them, 
following three strengths frequently 
used are investigated. 

51: T1= O'n'oian.p' ................................................ ,. (3) 
52: Tr = (O'n'o-ue)tan.p' =O'n:o(1-Ue/O'n'0)tan.p .... (4) 
53: Tr = O'n'o tan.po = O'n',o R(N, Tr) ........................ (5) 

where 
an '0: initial -effective confining 

stress, 
cf>':·shear ing resistance' angle, 
.po: dynamic resistance angle; 
R: dynamic strengthratioi 
U~ excess porewater pressuie due 

to:earthquake load~ng. 

Strength 53 is called as a dynamic 
strength,. which·is determined asa 
magnitude of dynamic stress to cause a 
reference strain~ under a certain 
number of loading cycles. Strength 52 
is based on the concept fhatshearihg 
strength is reduced through buildup of 
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excess porewater pressure due to 
earthquake loading, whose detail has 
been described in Section 2.1. 

3.1.2 Damage Examples 

Analyzed are three sections of 
river levee which was damaged during 
the 1983 Nihonkai-chubu Earthquake, 
liquefaction of the foundation being 
the cause. These three sections were 
100m apart with each ·other. While the 
configurations of the embankment 
sections were 'the same, the thickness 
and' the liquefaction potential of the 
sandy layers were different, as shown 
in Fig.1. 

3.1.3 Calculation Method 

Stability analyses were conducted 
using circular sliding method of the 
modified ~ellenius method (Eq.(6)). 

F _ RI:Td 
5 - I: (WRsina+ kWy) 

_ RI: {c'e + (W - ub)cosatan.p' I .................... (6)' 
- I: (WRsina + kWy) 

where 
~ shearing strength of soil, 
~,~ shearing strength parameters in 

terms of effective stress, 
W: weight of slice, 
k:seismic coefficient, 
1: length of sliding arc, 
u: porewater pressure, 
b: width of slice,' 
R: radius of sliding circular arc, 
a~ gradient of sliding arc to 

horizontal, 
y: vertical distance between 

gravity center of slice and 
center of sliding circle.' 

(refer to Fig.2) 

3.1.4 Stability Analysis Results 

In Fig.3 are the stability 
analysis results which show the 
relationship between seismic 
coefficient k and safety factor Fs for 
three sections. In the figure~ S2 
indicates results of calculation 
without seismic coefficient, and S~' 
vice versa .. Calculation results 
indicate that the safety factor Fs 
depends much on the strength used. In 
both cases of S2 and S2', Fs decreases 
remarkably when k exceeds a certain 
value', which reflects that the excess 
porewater pressure is very sensitive 
to the seismic coefficient k. 

Moreover, estimated maximum 
response accelerations from seismic 
response analyses are shown ~s a max in 
the figure. Fb~lowin~ formula was used 
to evaluate the seismic coefficientk. 



k '" Cr(Nc»)(..!mIL .................................................. (7) 
. g 

where 
Cr(Nc): equivalence coefficient, 

i.e, coefficient to 
. convert response 
acceleration history into 
seismic coefficient. 

g: acceleration of gravity. 

. Equivalence coefficient Cr was 
evaluated as in the figure by means·of 
the cumulative damage concept. Seismic 
coefficients calculated in. this manner 
are plotted in the same figure. The 
validity of this method will be 
discussed in the next section. 

As a result, the safety factor 
calculated for strength S, was fairly 
largej which cannot explain the fact 
that respective embankments were 
damaged during' the earthquake. Fiq.4 
shows a relationship of safety factor 
Fs for strengths S2' S2" S3 and 
observed settlements of the 
embankments. All the relations appear 
reasonable in that the settlement is 
large when Fs is small. However, Fs 
is too small in the cases where S2 and 
S2' were used, considering the fact 
tfiat some embankments in the vicinity 
of these three sections were hardly 
damaged. Therefore, it is considered 
that Fs=1.0 cannot be a threshold of 
stability when using S2 and S2'~ 

On the other hand, it seems 
reasonable to use S3' as the 
settlement of embanKment of 6 m high 
was approximately 50 cm corresponding 
to Fs=1.0. 

3.2 Investigation of Seismic 
Coefficient 

.3.2.1 Equivalent Seismic Coeffi~ient 

Consider first an embankment in 
Fig.5. The response acceleration a of 
sliding block B and shear streSS'T at 
reference point P on a. sliding surface 
during a random seismic motion will 
show such time histories as (a-l) and 
(b-l) in Fig.6. If the embankment is 
shaken as a rigid body, both time 
histori~s a-t, T-t are $imilar. Next, 
consider.a damage to this embankment 
against this seismic motion. Another 
seismic motion with a cyclic time 
history can cause a damage of the same 
amount to the embankment .. The time 
histories of acceleration and shear 
stress are shown in (a-2) and (b-2). 
As the damage to an embankment is 
essentially caused by the deformation 
of soil elements of. the structure, the 
stress time history in (b-l) is 
,equivalent to that with amplitude Teq 
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and number of cycles Neq in (b-2). The 
relation is governed by the fatigue 
characteristics of a soil. The 
amplitude ratio Cr between (b-l) and 
(b-2) are obtained as below. 

Cr=~ ........... _ ............................................... (8) 
TmB' 

On the other hand, according.to 
the assumption of rigid body motion, 
the ratio of acceleration to shearing 
stress remains constant as below. 

Emn. -~ 
Tm .. - -Taq 

.............................................. (9) 

Therefore, we get 

~='~=Cr ......................................... (10) 
am.. Tma. 

That is, random response acceleration 
time history (a-l) has been converted 
to cyclic response acceleration (a-2) 
by use of equivalence coefficient Cr 
which is determined from fatigue. 
characteristics of soils and 
equivalent number of cycles. 

Moreover cyclic response can be 
easily converted to static problem 
then shearing stress Teq is generated 
at point P on sliding surface by 
applying seismic coefficient keq=aeq/g 
to the sliding block B in Fig.~ .. 

Consequently equivalent seismic 
coefficient is given by the following. 

kaq = ~ = Cr' ama• .. .................................... (11) 
9 9 

3.2.2 Model Shaking Table Test 

A series of shaking table tests 
were conducted for .mbankment model 
shown in Fig.7 by use of 6 types of 
acceleration wave form as given in 
Table 3. Cases 1, 2, 3 were excited 
with sinusoidal waves of constant 
loading cycles, 20, and different 
frequency. Case 4, 5, 6·were exci~ed 
with random waves, which are shown in 
Fig.B. 

As a consequence of shaking tests, 
the relationship between thelmaximum 
input acceleration and cumulative 
crest settlement were obtained as in 
Fig.9. This figure shows that the 
magnitude of the input acceleration to 
cause a certain settlement was larger 
for random waves· than cyclic waves. 

Meanwhile, stability analyses for 
the model in Fig.7 using dynamic 
strength spec~fied with respect to 
number of loading cycles, Nc=20, and 
failure strain', "YI =5%, resulted in 
Fig.l0. This shows that the cri.tical 
seismic coefficient keq to give safety 
factor Fs=1.0 equals to 0.19. 

Combining the coefficient and . 
input acceleration shown in Fig.B, 
equivalence ~oefficient.Cr is obtained 



by use of Eq.(lO). Fig.ll shows the 
relationship between the crest 
settlement and Cr thus obtained. It 
is. not decisive how large the critical 
set-tlement . corresponding to Fs=1. 0 
should be adopted. If we -fake that 
is 5-10 mm, then the equivalence 
coefficient Cr is approximately 1 ~O 
for cyclic loading and 0.3-0.6 for 
random loading. In the figure are 
piotted the equivalence coefficients 
Cr, which were obtained for Nc=20 by 
applying the cumulative damage 
concept to the initial liquefaction as 
a failure criterion. Both coefficients 
from the concept and shaking table 
tests coincide when critical 
settlement DCrit =1-2mm' is adopted. As 
the shear strain of the soil is small 
at the time of initial liquefaction, 
the c~est settlement for this stage is 
supposed also to be small. It can be 
said that e'quivalence coefficients 
agreed fairly well in that sense. 

3.3 Conclusions 

Applicability of sliding surface 
method with seismic coefficient as 
aseismic calculation method of 
embank~en~ was reviewed on the basis 
of dam~ge examples and model shaking 
table tests of embankments. 

Following results were obtaiped: 
(1) In a_sliding surface method with 

seismic coefficient, it is adequate 
to use dynamic strength in term~ of 
total stress based on reference 
strain as the shear strength of 
soils. 

(2) Seismic coefficient should be 
obtained. by multiplying equivalence 
coefficient to the maximum 
a~celeration as shown in Eq.(11). 
Equivalence coefficient can be 
roughly estimated by use of 
cumulative damage theory. 

(3) The safety factor obtained using 
,above. mentioned shear strength of 
soil -~nd seismic coefficient can be 
related to the settlement of an 
embankment. 

4. SUMMARY 

The ~urrent practices in the 
seismic design method of earth 
embankments in Japan and the U.S. were 
reviewed on the basis of the design 
C9des available to the authors. Then 
the future research needs were 
identified. 

Among various seismic stability 
analysis methods, the seismic 
coefficient method, i.e., pseudostatic 
analysis method, was investigated on 
the basis of ciSe histories. The 
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basis on how to determine the values 
of dynamic soil st~ength and seismic 
coefficient in the pseudostatic method 
was obtained from the study. 
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Table Codes for ¥arthquake-resistant design of 
! 

earth 
structures in Japan 

Tille of code Oblectlve Shape at Slice calculation 
Magmtude 

Excess pore MlnllTlum Re~arkS No. Ageru:y or standard eanh structures slrdlng surface method 
of seismiC 

safslY lac lor coefflc'e"t waler pressure 

Public \t\iorks Aesearch New eanhQuake , Embankment dam, Circular !=ellenlus method 6. 0.:"0.10.5 1.2 and over lor DynamiC analysIs IS 
InSIIIUIa, Mlnlsl,..,. of resistant design River dyke. IcomposIl8 Circle. - 0.71 dam aeslrable lor a large scale 
Construction methOd Road e'mbankmem mochlied l~o""O.2) dam 

[Ientatl\lef n977) Fellemus metl"lod. 6 1, seismiC zone laclar. 
Wedge method) Ct.l: ground con dillon 

raClor 

Japanese National Dam design Empank.ment dam I Circular Fellenlus malMod High selsmlcirv 1.2 and o .... er Ditto 
Committee on Large standard of 15 meter!! high (cur .... e and (composite Circle, l.one: 
Dams (2nd re .... lsea and o .... er straight hnel wedge method and 0.15-0.25 

edition, 1978) modified FeUenlus o 12 - 0.20 
methOd) Low seismiCItY 

lone: 
0.12 -0.20 
0.10-0.15 

, Japan Housing Revised disaSUlr Embankment dim Circular FenenllJS method High seismiCity 
CorporatlOl'1, prevention flood below 15 meters lone: 
Industrial Relocation control reservOir h'g" 0.15 
Areas Promotion technical Low lalamicltY 
Corpors'tlon, standards zone: 
Japan Alver AssOCla1lon (tentativel, (19801 0.12 

The Japan Port &. Herbor Technical stan- Slope 01 coheSive Circular Modified Ftrllenlus (Sell!lmlC coeffiCient (Norm.!llly 1.3) AppllC.!ItlOn of design 
ASSOCiation (under the dards for port soli method by areal x (SubSOil seismiC coeffiCient gives 
auspices 0' Ports and and harbor coeffiCient) :II: excessive safety. 
Harbors Bureau, Ministry faCilities (Importance LIQuefaction to be studied 1 

01 TransPort) . 119791 coefficient) separatSI.,., 

Slope of sand and 5lrslgl''111 line Siraight line sliding Ditto 1.0 and over 
gravel suriace method 

Agncullural Siructure Os Sign standards Embankmenl dam Circular Fellenlus method High seismiCity 1.2 and o ... r Liquefaction 10 be sludled 
Improvement Bureau. lor land Improve- 01 1S merers end (Wedge m&rl'lod, zone: separately. 
Ministry of Agriculture. ment prOject plan over sellmlC c~ici8nt 0.15,0.12 
Forestry Clnd Fisheties (dam de"gn~ Circle method J Lew seismiCity 

119811 zone: 
0.12.0.10 

Industria! location and Construction Tailings dam , Circular MOdified Ftrllenius Hign ,e'lmlc_tv considered 11.2 end OYerl Checking melhod IS sub-
Environmenta! Protecuon slandards fOf method zone: leCl to handling of excess 
Bureau. talhngs dam 0.15 pore waler'pressura. 
Ministry of International' 119821 Low seismiCity Se'et'o;' factor Will allo be 
Trade and Indust,..,., zone: subject to change 
Japan MinIng !ndustry 0.12 accordingJ'II. 
ASSOCiation 

Mlnamitama New Town Des.gn standerds Embankment Wltl'l Circular Modified Felleniul 0.15 conSidered Embankment: 
Devalopmenl Office. for hOUSing site slope helgl'lt metl'lod 1.1 
Tokyo Metropolitan constructIon 7 maleta and over, Cunlng: 1.2 
Government works Cunlng wllh slope 

119841 helghl 10 meters 
and o..-er 

The Japan G.ss Guideline for Embank.menl Circular Modi'ied Fellenlus k"""QIQ2QJko 1.1 Il'J in deSign seISmiC 
Assocleuon bUried LNG Tank surrounding buued (straight Ime. melhod Iko ·0.151 coefficient is a correction 

119811 tank com~8lte factor in underground 
sliding surfacel panlCn, 

LIQuefaction to ~e lIu'dled 
separetely. 

Public Corporat'lon for GUideline for Land lor 1'I0uslng Circular Modlhed Fellenlu& k,,= 6.10,o,!" Alok" conSidered 1.0 
HOUSing and Urban SeismiC design of {embenkment, cut CompOsite method 1k..0.2, to,30.51 
Development l'Iousing site slope and nstural 

(tSnlatlve) (19S41 slope 1 

10 Japanese National Guidehne for Railway embank· Circular (Not speCIfied) 0.2 1.2 
Railway seismiC design of ment 

rellway embank· 
ment Itentallve) 
119831 

11 Japanese Road Manual for Roed embankment Circular. MOdified Fellenlus k"="l oIl1 ok"" conSidered 1.0 '1/\ .. .0. 1 

Associallon Road Ean:hwor'u on 50ft ground or composne method Ik .. =0.151 lI':!'"'A z 
119861 of hig" ,mDOrtanCe 
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Table 2 Classification of soil strengths 

.. ) ...... ~ 

Drainage Loading Stress Time of strength Type Strength criteria path & condition pattern strength mobilized 

Static strength Mobilized maxi· Drained a A during earthquake 
(Monotonous mum stress under (high permeabili· 
loading) a monotonous ty) 

loading 

Undrained a B, B' during earthquake 
(impulsive earth· 
quake) 

Dynamic Maximum stress Undrained b C during earthquake 
strength of stress time 
(Cyclic load. history to cause 
ing) a reference strain 

during a cyclic 
loading 

Maximum static Incompletely c D during earthquake 
strength after a drained·) 
cyclic loading (Pore pressure & 

during a cyc· 
lic loading soon after 
remains earthquake 
constant) 

Undrained·) c E during earthquake 

& 

soon after 
earthquake 

Drained·) c F long after 
. (Pore pressure earthquake 

returns to 
initial 

. pressure) 

N.B.·) This drainage condition refers to that for a static loading after a cyclic loading. 
An undrained condition is assumed during a cyclic loading. . 

•• ) Hefer to Fig.AI 
... ) Refer to Fig.A2 
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o : Iniliol consolidalion 51011 
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A.B.8'.C.D.E.F: Failure painls 

10 I Slren~lh A, B 
Horiotonl c Loadl ng 

Tl/ 
o~ 

T 

Ibl Sirengih C 

Cyclic Loading 

lime 

Corresponding 
loading condition Reference 

Dead weight + JNCOLD (1978) 
seismic force 

do do 

do Seed (1966) 
Ishihara (1980) 

do JNR (1972) 
PWRI (1975) 
HUDC (1984) 
JMA (1980) 

Dead weight 

Dead weight + Castro (1976) 
Seismic force Seed (1979) 

Tokyo Metro. Govnt. 
(1983) 

Dead weight Seed (1979) 

do 

Ie I Slrenglh 0: E. F 

T 

Cyclic Loading-Monotonic' 
Loading 

o 
lime 

Fig.A2 stress paths Fig.A1 Loading patterns 
and shear strengths to obtain shear strength 
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(a) Shape of the embankment 

(b) Soil profiles at three locations 
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ground at three locations 
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Fig.2 Key sketch for sliding surface method 

5 5 '. 5 
Sile B Sile C 

4 . (Asmax : 160 gal) 4 (Asmax : 150gal) 
In 

Crl20): 0.678 
~ 

Crl20): 0.689 
In 

u- u-I I .s 3 . .§ 3 . ::;3 
u u U 

.E .E S 
;:;-2 >-

~2 . ~2 . 
,!!;! 
0 

U') 

O~-L~~-L~~~~~~~ o 0.05 0.10 0.15 

~e,is!",i~ 10?f,f i,ci~~t, ~~ (, t ?',6l~ ~ ~s.' 
o 0.05 0.10 0,15 0,20 

0 
U') 

I· 

00 0.05 010 015 

Seismic coefficient Kh: ( : 0.689 x Ks) 
I I , I r I, , , , ) , ! ! , I , , ! I I , 

o 0.05' 0.10 0.15 0.20 

~ 
0 

U') 

°o~~~~~~~~~~~ 
0.05 0.10 0.15 

Seismic coefficient Kh ( : 0689x \(5) 
1, , , ! I I , , , I I! ! , I! , , I I ! 

o 005 0,10 0.15 0,20 

Surface seismic coefficient Ks (:Asmax/g) Surface seismic coefficient Ks ( :Asmax/g) Surface seismic,coefficienl Ks I :Asmax!g) 

Fig.3 Seismic coefficient vs. sa~ety factor 

150 
G (Site C J 
~ , 
GO I ' S Irength S3 
In 

I \ strength S~' -~ c: 
'" (Wilhaut seismiC load J E 100 -"" I I c: Strength S2 0 I .C> 

E t (With seismic laod) 
'" - ~ 0 

(Site B) c \ \ 

'" 
\~'" E 50 

E 
'" In , ' 
~ 

"'0.. ~(Sit.e AI 
In 

'" U 
" 

O~~~~~-L-L-L-L~~ 
o .0.5. 1.0 

Sofely faclor Fs 

Fig.4 Safety factor v~. 'crsst settlement 

130 



Fig.5 Key sketch for indicating the sliding block 
point P on arbitrary sliding su~f~ce 
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Table 3 Input acceleration wave forms 

Case Wave Form '. Frequency f 0 Duration td' f Xtd No. of Max. Ace. 
steps Range 

1 Regular (N =20) f= 2.5 Hz 8 sec 20 4 117 - 409 

2 do ( do ) f= 10 H z 2 sec 20 10 172 - 542 

3 do ( do ) f= 5 Hz .'4 sec 20 6 90 - 358 

4 Irregular (Shock Type) fo= 5 Hz 5 sec 25 14 94 - 991 

5 do (Vibration e) 
Type ' 10 = 5, H z 5 sec 25 8 '12 - 83:1 

6 do 
(Vi bration ,) 

10= 2.5 Hz 10 sec 25 7 .95 - 774 Typ . . . 

0) f.= Predominant frequency for irregular wave 

Fig.8 Input acceleration wave form 
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Seismic Monitoring of Buildings: Analyses of Seismic Data 

by 

M. Qelebi* 

ABSTRACT 

The main ()bjective in seismic instrumentation of struc-
. tures is to facilitate response studies that lead to im

proved understanding of the dynamic behavior and the 
potential for damage to structures under seismic load
ing. The purpose of this paper is: (1) to revie\v the. 
status of the programs for strong-motion instrumenta
tion of structures in the United States and discuss var
ious procedures and instrumentation schemes designed 
to best acquire response data from buildings and (2) to 
discuss- preliminary results deriveq from recorded re
sponse data obtained from well-instrumented structures 
during the recent earthquakes. 

KEYWORDS: earthquakes, records, spectra, instrumen
tation, diaphragm, interaction 

1. INTRODUCTION 

The purpose of this paper is to provide some insight 
into the objectives of programs for seismic monitoring 
of structures ana. review the status-quo with examples 
of records obtained from structures. .' ' , 

The main objective of any seismic instrumentation pro
gram for structur~lsystems is to improve the under
standing of the behavior, and potential for damage, of 
structures under seismic loading. The acquisition of 
structural response data during earthquakes is essential 
to develop and confirm methodologies used for analysis 
and design of earthquake-resistant structural systems. 
This objective can best be.realized by selectiv:ely instru
menting str~ctural systems to acquire data on strong 
~round-motion, and the response of structural systems 
(buildings, components, lifeline structures, etc.). As a 

. long-term result one may expect design and construc- . 
tion practices to he modified to minimize future earth
quake damage .. 

As part of its earthqual~e hazard reduction program, 
the United States Geological Survey (USGS) has pur
sued a . structural instrumentatiOlhprogram to Jurther 
structural response studies in selected targeted seismic 
regions shown in -the map in Figure 1. A general re
view of the USGS program objectives and procedures is 
provided by Qelebi and others [1]. 

It is expected that a well-instrumented structure for 
which a complete set of recordings has been obtained, 
would provide useful information to: 

.• check the appropriateness of the design dynamic mod
el (both lumped mass and finite element) in the elastic 
range; . 

• determine the importance of non-linear behavior on 
the overall and local response of the structure; 

, . 

• follow spreading of the non-linear behavior through
out the structure as the response increases, and in
vestigate the effect of the non-linear behavior on fre
quency and damping; 

• correlate the damage with inelastic behavior; 

• determine ground motion parameters that correlate 
well with building response and damage; and 

• make recommendations to improve seismic codes. 

The primary factors affecting selection of structures for 
instr.umentation within the general USGS program are 
~elated to structural systems and construction materi
als that are likely to be repeated and those that have 
sufficient long-term engineering interest as well as site
related factors. These factors and parameters are weight
ed in the decision-making process of ~lection of struc
tures for strong-motion instr.umentation and can be cat-

. egorized as follows: 

• ( a) structural parameters: materials of construction, 
struCtural systems, geometry, discontinuities, impor
tance, age, and interest. 

• (b) site parameters: probability of occurrence of a 
large earthquake, proximity to fault's, sit.e conditions, 
and expected damage and loss . 

In the State of California, the most extensive program 
for instrumentation of structures. is being conducted by 
the California Division of Mines and Geology (CDMG). 
To date, approximately 100 structures in California have 
been instrumented by the CDMG program [2]. The 
CDMG program aimsto monjtor typical buildings and 
structural systems according to a pre-established ma
trix reflecting structural types and heights. Therefore; 
in California, the USGS program concentrates on in
strumentation of non-typical structures of special engi
neering interest. 

·U.S. Geological Survey, 345 Middlefield Road, 
Menlo ParK, CA 94025 
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Figure 1. Targeted seismic regions for the USGS instrumentation of structures 

program. 

Outside the United States, a significant number of build
ings and other structures have been instrumented in 
Japan by various governmental and private organiza
tions [3]. Italy has embarked upon an impressive struc
tural monitoring proe;ram that also encompasses his
torical monuments [4J. It is known that there are in
strumented structures in New Zealand and the Soviet 
Union. 

2. ~ODE-TYPE INSTRUMENTATION 

In the United States, independe,nt of the USGS and 
CDMG programs described above, various codes in ef
fect, whether nationwide or local, recommend different 
quantities and schemes of instrumentation. The Uni
form Building Code (UBC) [5] recommends that for 
the two top seismic zones (Seismic Zones 3 and 4) a 
minimum of three tri-axial accelerographs be placed in 
every building over six stories in height, with an ag
gregate floor area of 60,000 square feet or more, and 
in every building over 10 stories in height, regardless 
of floor area. According to this recommendation, the 
tri-axial accelerographs are typically located in a build
ing as shown in Figure 2a. The City of .Los Angeles 
adopted the UBC recommendation in 1966-thus en
abling numerous sensors in many buildings to, record 
the motions during the 1971 San Fernando earthquake. 
However, in 1983, the City of Los Angeles changed the 
req uirement of three accelerographs ·to ·only one-;-to be 
placed at the top of those buildings, meeting the UBC 
criteria described above. . 

. Experience from past earthquakes, as well as the 1971 
San Fernando earthquake, shows that the instrumen
tation guidelines given by the UBC code, for example, 
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although providing necessary data for the limited analy
ses projected at the time, do not provide sufficient data 
to perform the model verifications and structural anal
yses now demanded by the profession. For example, 
torsional or rocking motions of a structure cannot be 
identified unless the structure is properly instrumented 
in key locations to obtain the necessary data. Typi
cally, an extensively-instrumented building should con
tain sensors in key locations to record translational, 
torsional as well as rocking, motions of the structural 
system as seen in Figure 2b. Whenever physically p'os
sible, an extensive instrumentation scheme should in
clude a free-field station. Extensive instrumentation for 
special cases such as buildings with flexible diaphragms 
and base-isolators requires variations in the schemes of 
instrumentation and are schematically shown in Fig
ures 2c and 2d. 

A recent example of records obtained during the 1 Oc
tober 1987 Whittier-Narrows earthquake from UBC
type recommended instrumentation at the 900 South 
Fremont Building in Alhambra, California is shown in 
Figure 3. From these records, we can clearly identify 
the fundamental periods of the twelve-story building in 
its translational mode in the two horizontal axes at ap
poximately 2 seconds. This is demonstrated in Figure 4 
showing the same recorded tri-axial accelerations (ver
tical, north-south and east-west'directions) at the base
ment, 6th floor' and 12th floor and the Fourier spectrum 
corresponding to' each component. However, it is impos
sible to identify non-translational contributions (e.g., 
torsional) and/or interaction effects (e.g., rocking), if 
any, to the behaviour of the building-particularly when, 
as in this case, the tri-axial accelerographs were located 
near the center of rigidity of the building. 
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Figure 2. (a) Instrumentation according to Uniform Building Code recommenda-
tions. (b) An ideal extensive instrumentation for a regular building. (c) 
instrumentation to record response of a flexible diaphragm. (d) Instru

" 'mentation to record response of a base-isolated building. 
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While U:SC recommendations are deemed not to be suf
ficient, nonetheless, records obtained during the 1971 
San Fernando earthquake from buildings in downtown 
Los Angeles instrumented in accordance with UBC rec
ommendations were used to derive relationships for de
termining fundamental periods of structures incorporat
ing non-linear behavior [6]. These relationships have 
been incorporated into ATC-03-06 code provisions [7] 
and the 1988 edition of UBC [5]. 

3. EXTENSIVELY INSTRUMENTED STRUCTURES 

Imperial County Services Building is perhaps the source 
of the most widely studied building-response data. Dur
ing the 1979 Imperial Valley earthquake (M. = 6.5), the 
building sustained substantial damage, primarily to its 
soft first story, and as a result was later demolished. 
The building was extensively instrumented with thir
teen channels of accelerometers, a central recorder, and 
a three-component free-field accelerograph. The loca
tions of sensors throughout the building are seen in Fig
ure 5. The following conclusions were derived from the 
study of the complete set of records (Figures 6 and 7) [8]: 

Cl the motion of the ground floor was affected by soil
structure interaction, as shown by the agreement.of 
the data obtained with mathematical models that in
corporate soil-structure interaction, 

Cl the peak acceleration was approximately 50% higher 
and the nature of motions considerably different at 
the ground-floor level in comparison to the free-field 
motions, 

Cl during the earthquake, the fundamental period of the 
building increased significantly (in the order of 150%), 
compared with the pre-earthquake periods determined 
from ambient vibration tests. Such drastic changes in 
the fundamental dynamic characteristics can only be 
attributed to the inelastic behavior of the structure 
during the earthquake, 

Cl the initiation of the inelastic behavior and structural 
damage as apparent on the records and subsequent 
analyses reconfirmed that soft first stories exemplified 
in the Imperial County Services Building design are 
vulnerable during earthquakes unless specific design 
considerations are implemented. 

Significant results have also been deduced from the study 
of the records obtained, during the 1979 Imperial Valley 
earthquake, at the Meloland Road-Interstate Highway 8 
crossing [9]: 

Cl peak accelerations recorded on embankment sites ad
jacent to each abutment were up to 30% higher than 
those recorded at the central column, indicating that 
the embankment fill material influenced the motion 
of the abutment, 

Cl relative motion between the abutments and the sur
rounding fill material was evident, 

o the recorded deck motions showed rotational as well 
as translational components. 
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During the M. = 6.1 Morgan Hill earthquake of24 April 
1984, a complete set of acceleration records depicting 
the behavior of a flexible roof diaphragm were obtained 
from the West Valley College gymnasium in Saratoga, 
California. The gymnasium was instrumented by the 
California Division of Mines and Geology (CDMG) [10, 
11]. 

The roof diaphragm of the 34.14 m x 43.90 m rectangu
lar, symmetric gymnasium consists of 0.95 cm plywood 
over tongue-and-groove sheathing attached to steel truss
es supported by reinforced concrete columns and walls. 
A three-dimensional schematic of the gymnasium and 
the locations of the eleven channels of force-balance ac
celerometers (connected to a central recording unit) and 
associated directions are provided in Figure 8. Only the 
main lateral load-resisting elements (shear walls) are de
picted in the figure; however, the finite element model 
(also in the figure) developed for dynamic analyses took 
into account the columns as well. The recorded accel
eration responses are shown in Figure 9. There were no 
free-field instruments at the site. Three sensors placed 
in the direction of each of the axes of the diaphragm fa
cilitate the evaluation of in-plane deformation of the di-

-aphragm. Other sensors placed at ground level measure 
vertical and horizontal motion of the building floor, and 
consequently allow the calculation of the relative motion 
of the diaphragm with respect to the ground level. 

The following conclusions were derived based on study
ing the peak accelerations, relative displacements and 
Fourier spectra of the records obtained at the roof di
aphragm level [12, 13]: 

II the recorded peak accelerations in the N-S and E-W 
directions of the ground floor as well as the diaphragm 
differ considerably. The recorded peak ground-floor 
acceleration in the N-S direction (perpendicular to 
the narrower 34.14 m dimension) is 0.10 g while in 
the E-W direction (perpendicular to the 43.90 m di
mension), it is 0.04 g. Consequently, the displace
ments in the stronger (N-S) direction are larger than 
those in the weaker (E-W) direction. Such differ
ences in ground level accelerations are not generally 
accounted for in design considerations. The wall mo
tion at the roof level is 1.5 times the amplitude of the 
floor level, while the horizontal motion of the center 
of the roof is 3 times the motion at the edges during 
the resonances in the two horizontal axes of the roof 
diaphragm evaluated 3.8 Hz and 3.9 Hz, respectively. 
The fundamental frequencies of the diaphragm are 
determined from the recorded accelerations to be 3.8 
and 3.9 Hz in the N-S and E-W directions, respec
tively. 

., at a frequency of about 4 Hz, the center of the roof 
diaphragm attains a peak acceleration of 0.42 g and 
0.20 g in the N-S and E-W directions, respectively. 
The corresponding roof-edge peak accelerations are 
0.14 g (average) and 0.065 g (average) in the N-S and 
E-W directions, respectively. Therefore, there is an 
amplification of motions at the center of the roof as 
compared with the edges by a factor of approximately 
3 for both directions. From ground floor level to the 
edges, the same factor is approximately 1.5 in both 
directions. 



Figure 5. 

Figure 6. 

IlCfIO· I 

%r 
T 

10 (]! " i·~ 
10 

1 
R 

E-W SECTION 
.on----:.-,....;;.;,,;......:--......., ROO F 

I 11------------'1 61h 

I~-------~I 51h , .. 
I,I-___ -=~ __ ----'I 41h 

0' 

ACCELEROMETE) 

0-
I~-------~I' 3rd 

!Xv 

'&Ih FLOOR 

@m 1 
N 

2 nd FLOOR 

IIG---...-=:"--.....--L:.I 2 nd 

%77Tl7Tf1".4m.,........./l.,,.,,.,Iif>t;;;m,.,I GROUND 
I FLOOR 1. 

.~~ ______ ~w' ~ 

~ ~' 1~3.0---1 \ 
li@lFREE-FIELD) 

ACCELEROGRAPH 

GROUND FLOOR 

Floor plans and typical vertical section of the Imperial County Services 
Building. Locations of the sensors are identified. . 

IMPERIAL VALLEY EARTHQUAKE OCTOBER 15, 1979 

(M L = 6.6, tills = 6.5) 

MOTIONS RECORDED IN THE STRUCTURE 

8 

10 

" 
GROUND FLOOR (UP) 

13 GROUND FLOOR (E-W) 

O--·_-_:_D ___ ._~-.-----~---._-~_-_ .. _ .. --;;_-_-_-,~_-_._ 
T.t:lE. • ., OEC01>lOB 

Acceleration records obtained at the Imperial County Services Building 
during the Imperial Valley earthquake of October 15, 1979. 



IMP E R I A L V ALL E Y .E ART H 0 U A K E 0 C TO B E R 1 5, 1 9 7 9 

(M l = 6.6, M S= 6.5) 

COMPARISON OF FREE-FIELD AND GROUND FLOOR MOTIONS 

AT THE IMPERIAL COUNTY SERVICES BUILDING 

NORTH 

Frlle field 

_.29g 
Ground floor Mf .... .AI h A , 
----I.!'IW'v VJ v 'V·-J'" iJv 

Ground Iloor· I 

--------,~~~~~~~~~----~.------------------------------
........ 19g 

EAST 

Free lield 

-. 24 11 
Ground IIoor ~ ~"-'" AIli\.,.. ~ ---------.t-.jI/'f../'" '\f.... ~:. y.~,...-----..... ~ ......... -------

. -.32" 
... .........,. • __ --f_. ____ ~._._._ • ..J_._._._._ .. _._ .. _._._ .. _._ .. _ .. _._ .. _._ .. _-_-_"'_-_"_"'_-_-_-_"' 
o 2 4 6 8 10 12 14 16 18 20 

Figure 7. 

TIM E, INS E CON D S 

C~mpa.rison of free-field and ground floor motions recorded lat the Im
perial County Services Building during the Imperial Valley earthquake 
of October 15, 1979. 

140 



Iii furthermore, a very simple finite-element model con
sisting of beam elements (columns and shear walls) 
and plane-stress elements (diaphragm) [Figure 8], is 
used to match the fundamental frequency of the roof 
diaphragm. Within acceptable tolerances, the cal
culated displacement of the center of the diaphragm 
with those from recorded motions are matched for 
5.0% damping as seen in F:oJ.re 10 which also shows 
the Fourier spectra derived from calculated responses. 

iii the calculated or the recorded displacements do not 
compare well with those,from either the ATC-7 rec
ommended formulas [14J or by calculations based on 
UBC seismic forces [.5J. In addition, the recorded or 
calculated first mode of the structure is tha~ of the di
aphragm only and the frequencies, recorded or calcu
lated, do not match with the frequencies determined 
from standard period formulas for structures. There
fore, in the design-analysis process, the standard code 
formulas for building periods should not be used to 
predict the periods of buildings with large-span di
aphragms. 

4. TORSIONAL RESPONSE OF A UNIQUE 
BUILDING 

The 483 ft. (147 m) tall, 32-story llOO Wilshire Finance 
Building in Los Angeles, California was instrumented in 
1986 during its construction. The unique building plan 
abrubtly changes at the 12th level from a nominally 
rectangular shape to a triangle. General dimensions and 
the 21-channel instrumentation scheme of the building 
are provided in Figure 1l. The building si ts on spread 
footing founded on shale. Scaled horizontal acceleration 
time-hist.ories at different levels of the building obtained ~ 
during the October 1, 1987 Whittier-Narrows earth
quake are provided in Figure.12. The records show that 
the motions at each level in the 208 direction at the NW 
corner of the building differ considerably from those in 
the SE corner. These differences indicate that torsional 
motions contribute significantly to the translational mo
tions (e.g., the peak accelerations of parallel motions are 
0.19 g and 0.10 g on the 32nd floor and 0.26 g and 0.12 g 
on the 13th floor). The difference between the NW208 
and SE208 accelerations at each. instrumented level rep-. 
resents the rotational acceleration at that level (after 
division by the perpendicular distance between the two 

. sensors). The recorded accelerations in the NW208 di
rection, the representative rotational acceleration (the 
difference between NW208 and SE208 accelerations), 
and corresponding Fourier spectra (all plotted to the 
same scale) for each of the top three levels are shown 
in Figure 13 and in Figure 14 for the ground level and 
the basement. The Fourier spectra of the total transla
tional and the representative rotational motions at these 
top three levels show that the superstructure responded 
with a closely coupled torsional mode at a predomi
nant frequency of approximately 0.8 Hz and another 
at 0.7 Hz. Furthermore the Fourier spectra amplitudes 
and the comparison of the amplitudes of the transla
tional and torsional contributory accelerations show the 
significant level of torsional energy at the top three in
strumented levels; however, the level of energy reduces 
considerably at the ground level and is not significant 
at the basement. 

While further study of the records from this building 
are currently underway, it is important to note that t~e 
frequencies derived from the r.ecords presente~ herem 
do not in any way compare With the frequencIes used 
in the design-analysis process. For example, the fun
damental frequency of the building has been cal~ulated 
(using fixed-base assumption) as 4.9 s (or approxllnately 
0.2 Hz). We draw the following conclusions from the 
study of the motions recorded: 

ill higher modes dominate the response of the building 
to this earthquake. 

!3 the dominant behavior of the building is a coupled 
torsional-translational. mode ( the torsional contribu
tion tb the translational motions recorded is very sig
nificant ). 

. " ~ 

5. CONCLUSIONS 

The objectives of seismic instrumentation of structures 
and various programs are reviewed in light of lessons 
learned from studying response data obtained from struc
tures during past earthquakes. UBC-recommended in
strumentation is discuss~d and compared with extensive 
instrumentation that permits complete response study 
of structures. "It is shown that code-type instrumen
tation does not allow detection of torsional or rocking 
motions of a structure. 
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It is important to invest "in seismic monitoring of struc
tures. We have learned from study of the records ob
tained from instrumented str.udures. Well-instrumented 
structures can provide information on the real-life labo
ratory behavior of a struCture that might not be retrevi
able using only the code-type recommended instrumen
tation,nor could it always be p.redicted during the de
sign/analyses processes which requires certain ideali~a
tions. Examples presented show (a) that soft first stones 
require careful consideration, (b) that closely coupled 
higher torsional modes dominate the response of ~ ver
tically irregular structure, and (c) that the behaVIOr of 
a flexible diaphragm can be identified by appropriately 
recording its response. These results ~ay be significant 
in future arialysesand modeling of such structures. 
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Figure 11. 
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Figure 13. On the left column are the NW208 component accelerations and their 
Fourier spectra (all plotted to the same scale) for 32nd, 13th and 
12th levels respectively. On the right are the representative rotational 
accelerations (differences between NW208 and SE208 recordings) and 
their Fourier spectra corresponding to the same instrumented levels. 
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On the left column are the NW208 component accelerations and their 
Fourier spectra (all plotted to the same scale) for the gound level and 
the basement respectively. On the right are the representative rotational 
accelerations (differences between NW208 and SE208 recordings) and 
their Fourier spectra corresponding to the same instrumented levels. 
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[l)~nnopmeXll~ off Advanced Reinforced C$lIlllCn~1e BIIDlliI~§ 
. 1U5!Ung 1HInp-SanngtJhl Concrete aJl!ld RefumJ/'Olt'CemeBlla 

by 

Tatsuo Murota 1 and Masaya Hirosawa2 

ABSTRACT 

This paper describes the outline of a MOC's 
new research project on reinforced concrete 
bulldlngs using high-strength and hlgh
quality concrete and reinforcement. The 
project Is carried out by BRI from· 1988 to 
1992. Concrete of 300 to 1200 kgf/cm 2 
strength and· reinforcement of 4000 to 12000 
kgflcm2 yield strength are treated in the 
project. Guidelines for structural design 
and construction of reinforced concrete 
buildings using concrete of less than 600 
kgfJcm2 strength and reinforcement of less 
than 6000 kgf/cm2 yield strength are expected 
as fruit of the project. 

KEYWORDS high-strength concrete. hlgh
strength reinforcement. high-rise reinforced 
concrete building. 

1. INTRODUCTION 

Recently. research and development on 
reinforced concrete buildings using hlgh
strength concrete has been actively promoted 
In Japan. Based on these activities. hlgh
rise RC buildings which have Images 
remarkably different from those of common RC 
buildings have come to appear In Japan. 
Technology development on such a new field of 
RC building constructl:>n seems to be more· 
acti vely promoted In the future and It Is 
sure that the Ministry of Construction will 
be requested to. have technical standards for 
building adminlst,ration for such buUdlngs. 
sooner or later. 
Based on the background. the Ministry of 
Construction (MOC) decided to manage a flve
year research project titled as "Development 
of Advanced Reinforced Concrete Buildings 
Using High-Strength Concrete and 
Reinforcement" (hereinafter "New RC"). New 
Re Project started In 1988 fiscal year with 
major objectives as follows: 
(1) To survey and analyze results of research 

and development conducted by private 
companies using a proper common measure to 
establish a technology system for advanced 
reinforced concrete bUildings (New RC 
buildings). If necessary. to execute 
basic researches for the systematization. 

(2) To understand the mechanical behaVior of 
buildings using high-strength concrete and 
steel bars and to develop design systems 
SUitable for New RC bUildings. 

Results of thp. project will be utilized as 
technical standards for building 

J50 

administration and will encourage further 
research and development on advanced 
reinforced concrete buildings. 

2. RANGE OF MATERIAL STRENGTH 

Strength of concrete and reinforcement 
treated in the project ranges from 300 to 
1200 kgf/cm2 (4300 to 17400 psi) for concrete 
and from 4000 to 12000 kgf/cm2 (57 kSi to 174 
ksll for reinforcement. In F'I g. 1 major 
research fields in the project are shown on a 
plane where vertical axis Is yield streneth 
of reinforcement and horizontal axis Is 
concrete strengt~ 
In ·the fleure. small zones A and B surrounded 
by dotted lInes correspond to areas for 
current common RC buildlnes and for high-rise 
RC bulldlnes of about twenty through thirty 
stories constructed In the Mlnlster-of
Constructlon's aereements specified In 
Article 38 of the Bulldlne Standard Law. 
respect! vely. 
Zones I. II-I. II-2 and III which are zones 
treated In the project. cover very large area 
compared to two zones stated abov·e. 
Therefore It Is obviously unreasonable to 
think that we could understand mechanical 
behaVior of New RC buildings simply by 
extrapolatlne'the knowledge on current 
reinforced concrete structures. 
So. in the project. theoretical examination 
of experlmentpl data on current knowledee on 
high-:-streneth concrete structures will be 
emphasl~ed to construct new technoloey 
systems. This means that cyrrent technical 
knowledge on reinforced concrete bull dines 
will also be re-examined In the project. 
Because of .the wide range of material 
strength. the character of researches In the 
project will be basic and the project may not 
yield much practical results In some zones 
far apart from the current reinforced 
concrete technology. Practical results are 
expected in Zones I and II-I. because these 
zones are comparatl vely close to the boundary 
of current technology. 

1 Director. Structural Engineerine Department. 
Bulldlne Research Institute 

2 Director. International InstItute of 
Seismology & Earthquake Engineering. 
BUilding Research Institute 



3. OBJECTIVES OF RESEARCH AND DEVELOPMENT 
AND FINAL RESULTS EXPECTED 

Table 1 shows five objectives of research and 
development and the corresponding final 
resul ts expected in the project. Some of the 
resul ts will be applicable to refine current 
reinforced ~oncrete technology. Guidelines 
for structural design or construction In the 
tab 1 e w III not g I v e full d e t a-lIs o· f 
technology but will give basic principles 
that are not enough for· practical us~ 
It is because. the guidelines which details 
technical specifications for structural 
design or construction often have a tendency 
to Impede the development of relevant 
technology. and also future technical 
development will possibly change the hlgh
strength concrete technology so much as we 
can not predict. 

4. RESEARCH ORGANIZATION 

Building Research Institute Is In charge of 
conducting the proJect. Research committees 
are set up in Japan Institute for 
Construction Engineering (JICE) as shown In 
Fig. 2 to organize universities. private 
companies. etc_ Three committees are assigned 
to determine research scheme~ to coordinate 
research works. to promote the project and to 
Integrate research results. The chairman of 
these three committees Is Prof.' H. Aoyama. 
Uni versl ty of Tokyo. 
Technical Committees are In charge of making 
researc::h programs In detail. Implementing 
research works and Integrating research 
resul ts In five particular fields. The 
chairmen of the technical committees are 
Prof. F. Tomosawa. University of Tokyo for 
Concrete' Committee. Prof. S. Morita. Kyoto 
Unlvers.ity for reinforcement Commt"ttee. 
Prof. 'S_ Otani. University of Tokyo for 
Structural Element Committee and Prof. T. 
Okada. University of Tokyo for Structural 
DeSign Committee. Construction and 
Manufacturing Commlttee will start In 1991. 
These committees have cooperative relations 
wi th various groups as shown In FIg.2. 

5. ITEMS FOR RESEARCH AND DEVELOPMENT 

Research Items under consideration In each 
technical committee are as follows: 

Concrete Committee 
(1) Development of materials necessary for 

making high- and ultra high-strength 
concrete. 
Quality standards of the materials. 

(2) Physical properties of hlgh- and ultra 
high-strength concret~ 

(3) Mix proportion design. casting and curing 
works and quality control. 
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Reinforcement Com~lttee 
(1). Development of hlgh- and ultra hlgh

strength reinforcement. Mechanical 
properties of reinforcements. 

(2) Mechanical properties of confined 
concrete. 

(3) Constitutive equation of RC elements and 
application of the finite element method. 

(4) Bond between concrete and reinforcement ., . 
Anchorage and ar~angement of 
reinforcement. 

Structural Element Committee 
(1) Mechanical properties of beams and 

columns. 
',(2) Mechanical pr~pertles of shear walls. 
(3) Effect of shear force on beams. columns 

and shear walls. 
(4) Mechanical properties of beam-column 

connections and frames. 
(5) Mechanical properties of foundations. 

Structural Design Committee 
(1) Methods for modeling andanalysls of 

behaVior of structural frames 
in each zone. 

(2) Practicable types of structural frames. 
(3) Design loads and requlrement.s for 

structural performahc~ 
(4) DeSign methqdology. 

6 ... CONCLUDING REMARKS 

The scope of the research and development In 
New RC Project Includes research fields far 
beyond frontiers of current knowledge on 
reinforced concrete structures. where it Is 
sure for us to encounter much difficulty. 
In spite of that .. the' project dares to 
challenge the d1ffic::ulty In order to know the 
future scope of reinforced concrete 
technoloB'Y. This project has aroused great 
Interest .in private companies. universities. 
etc. and the cooperation and assistance 
proposed by those organizations will produce 
much fruit in this project. 
One of the most Important technoloB'Y elements 
In high-strength reinforced concrete building 
engineering is related to quality control of 
concrete. In Japanese practice In the 
structural deslsn of reinforced concr~te 

buildings. the accuracy of quality control of 
concrete has never been reflected positively 
on structural design. This project will pay 
attention to the effects of the accuracy of 
quality c01)trol of c'oncrete on structural 
design of high-strength reinforced concrete 
buildings. 
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Guidelines for Identification and Mitigation of Seismically 
Hazardous Existing Federal Buildings 

by 

H. S.W 

ABS'IRAcr 

This report, Qrl.delin::ls for 
Identi£ication arrl Mit::i.fp.tion of 
Seisnically Hazardous EXisting Federal 
Buil~, was prepared by the 
Interagercy Cannittee on Seismic Safety 
in Construction in support of the 
National Earthquake Hazards Reduction 
Program, the President's plan to 
implerrent the Earthquake Hazards 
Reduction Act of 1977 (Public law 95-
124) . The Qrl.deliIEs are intended for 
consideration and use, as appropriate, 
by Federal agencies in their plans for 
mitigation of seismic hazards in 
existing buildings. Scxre Federal 
agencies have their mitigation plan in 
operation. It is rot the intent of 
these Qrl.deliIEs to supercede the 
existing plans. 

KE'M:lIDS: buildings; earthquakes; 
earthquake hazard; 
evaluation; existing 
buildings; federal 
agencies; guidelines; 
mitigation; seismic safety; 
strengthening 

1. INIRODUCITCN 

1.1 Background 

Existing buildings that were rot 
designed to be earthquake-resistant 
constitute one of the major potential 
hazards to life and property. A 
building may be vulnerable due to ground 
shaking caused by the earthquake, soil 
liquefaction, landslides, surface 
rupture, and also by tsunami. The huge 
inventory of existing buildings In9kes 
the reduction of the earthquake hazard a 
complicated and costly issue that must 
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be T;,,1Orked out carefully with full 
consideration of the ecoronic 
impact. 

There are several factors which 
IMke it t:eclu1ically and 
econanically difficult to identify 
and upgrade ~ buildings 
\o.hlch could be hazardous in tenns 
6f life safety or post-earthquake 
operational capability: 

(a) while rost areas of the 
United States are 
susceptible to same 
level of seismic hazard, 
~ areas have rot 
required buildings to be 
designed to resist 
seismic forces; 

(b) seismic design criteria 
have been upgraded over 
the years and it may not 
be feasible to bring all 
existing buildings, 
including those which 
were designed according 
to old codes but may not 
neet current codes, into 
confonnance with the 
provisions of current 
codes; and 

lNational Institute of Standards 
and Technology, Gaithersburg, MD 
20899 



(c) historically, sate 
buildings rot designed to 
current codes have' 
perfonred adequately during 
eai:t:hquakes, wle other 
buildings designed to 
specific codes have rot 
perfonred satisfactorily; 

Th:i 'j report proVides gmdeliresto 
:-~ral agencies for use in . their 
programs to identify, eValUate, arrl 
strengt:hei1 eXisting buildings to reduce' 
the threat to Ufe 'safety cin::l to reduce' 
major damage to critiCal. and essential 
buildings.' , ' 

1.2 ~ 

The basic goal for' sti"engt::hening of 
existing buildings is to provide life 
safety and, where necessary,' . 
post-earthquake operational capability. 
Buildings vulnerable to stnictural 
damage pose the 'roost serioos hazard to 
life safety. First priority nust be 
given.to identifying structures that 
migJ:1t be susceptible tost:ruetural 
damage and/or collapse. Nonstructural 
canporents that cruld be a threat to 
life safety should ~'i~tified next. 

Buildings eXenpted fran :iiIvestigation 
urner these guidel1res (sect.' 3.2.1) 
should be investigated for ronstructural 
hazards, but these investigations could 
be ircorporated into regular maintenance 
inspections or even be a special 
investigation for buildings' housing 
toxic and explosIVe sUbsta0ce5. 

This report presents a Systerriitic 
nethcx:lology for identifyj,ng hazardous 
corrlitions am Slipplyirigdecisiori IMkers 
with information on the extent of the 
hazard ani' the feasibility 'ofmitiga
tion. A viable strategy for mitigptiCin 
of hazards can be developed and targets 
for ~lenentation established.' .. " 

Section 2 provides reccmrerrlations 
pertinent to inplenenting a mitigation 
program for hazardous buildings. 
Guidelires for prioritizingbtllidings 
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and scheduling the seismic 
evaluatiOn are presented. The 
final decision is left to the 
responsible, ageocy based on budget 
constraints 'and. oVerall agercy 
programs. 

. sectiOn 3 describes a procedure 
for identification of hazardous 
buildings and. Section 4 describeS 
qUalita:tiveevaluation procedUres. 
Section 5 makes reccmrerrlatioris 
for requirements for levels of 
acceptable perfot1TlaIX:e for 
existu1g buildings.' SectiOn 6 
suggests' mitigation techniques. 

It is reCognized that Federal. 
agencies nust have flexibility in 
dealing with hazardous buildings 
wChcan have significantly 
different characteristics. 
Additional constraints are imposed 
when a building is leased or built 
uroer a grant program instead of 
being CMned by the agercy. 

1. 3 Definitions 

Critical Building - a building 
wch: in c8se·of ,i failtire " , m::ry 
cBuse secondary effects such as 
release of toxic, substances, fire 
or explcisi~. " ' , 

EssentW Builciir1g' - a buiidiIig 
wch nust be safe 'and tise8blefor 
essentiai or emergercy ~~iOnS 
dur'ing and after a major, . 
earthquake.' .' ' 

Federal Building - a building 
~, leased,' assisted, or 
regulated by Federal' agereies. 

2. ~ FCR SEISMIC EVAllJATIOO 
OFOOSTm:; .EillWm;s 

Irrplenenting a program for seismic 
evaluation of existing buildings 
will d.eperrl upon availabiiity of 
furrls and. 'the pi:i~rity of '. 
IDftigation action rel~ti~ to 
other requirenents. It ~d be 



generally infeasible, in terms of tine . 
am furrling, for an agerey to carry out 
detailed engineering anal yses on every 
building in its inventory. Therefore, 
sinplified rret::hoos will be required for 
identifying vulnerable buildings am 
needed retrofit JreaSlIres. Priorities 
can be set only 'Ibm there is kncMledge 
of the degree of hazard,' potential 
effect on current occupants or agerey's 
mission, am the feasibility of 
mitigation. 

Following is . a. recanrerrle!d schedule 
wch is rea.soI\9ble am feasible: 

a. All buildings located in NEl-lRP* 
seismic map areas 6 am 7 or 
UBC* seismic zones 3 am 4 am 
wi th occupancy of 100 or rrore 
people shluld be evalUated 
within five years. 

b. All critical am essential 
buildings located in NEl-lRP 
seismic map areas 6 am 7 or in 
UBC seismic zones 3 am 4 should 
be evaluated within five years. 

c. All other buildings in NEl-lRP 
seismic map. areas 6 am 7 or in 
UBC seismic zones 3 am 4 shluld 
be evaluated within eigpt years. 

d. All critical am essential 
buildings located in NEl-lRP 
seismic map areas 3, 4 ani. 5 or 
in UBC seismic zores 1, 'lA am 
2B shluld be evaluated within 
eigpt years. 

e. Buildings in ~ seismic map 
. areas 3, 4 am 5, or in UBC 

seismic zones 1, 2A am 2B 
shluld be evaluated, on a case
by-case basis, within twelve 
years. 

f. All roIlStructural ccnporents, 
wch may be a threat to life 
safety, of buildings in NEl-IRP 
seismic map areas 3 throo@1 7 or 
UBC ,seismic zones 1 throo@1 4 . 
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shluld be evaluated 
within five years. 

3. IDENTIF1CATICN OF HAZARIXlJS 
BUTID~ 

3.1 General 

The potentially large cost of an 
engineering investigation of all 
existing buildings i.I1 areas of 
seisnic risk makes it recessary to . 
approach the identification of ' 
hazardous buildings in a carefully 
pl.arJrm ~r. No single 
approach \\UUl.d IJEet the reed of . 
all agencies" because: 

a. The rurber of buildings 
in agerey inventories 
varies greatly. 

b. The diversity of 
buildings; L e., use, 
occupancy, size, 
location, type.am age, 
carplicates establishing 
a single approach. 

c. Availability, 
carpleteness, am 
accuracy of information . 
on each building vary 
widely. 

d. . The best· strategy for 
prioritizing the 
investigation arrl 
mitigation efforts. of 
each agerey \\UUl.d not be 
unifonn. 

In general, buililings located in 
hi.gp seismic hazard areas should 
be eValuated first. The following 
screening factors may be 
considered in establishing an 
effective evaluation program .. 

* See references 



3.2 Screeni.ng FactOrs 

The first step in dealing with a large 
inventory of existing buildings is to 
apply a screening process that 
eliminates unnecessary evaluation and 
identifies buildings requiring further 
evaluation. 

3.2.1 Primal:y Screening. Factors 

Buildings, except critical and essential 
buildings, which fall in any of the 
following categories need rot be 
evaluated for earthquake vulnerability: 

a. Those designs that meet or 
exceed the provisions of: the 
NEl1RP Recommended Provisions, or 
the 1976 edition (or later) of 
the Unifonn Building Code. 

b. Those located in NEHRP map areas 
1 and 2 or in UBC seismic zone 
O. 

c. One story wood-frame and one 
story pre-engineered metal 
OOildings. 

d. Buildings, except essential 
buildings, occupied by fewer 
than 6 people. 

e. One- and two-family houses which 
are two stories or less. 

3.2.2 SecondarY Screening Factors 

After the primary screening, agencies 
should set priorities for qualitative 
evaluation and retrofitting. As a 
mi.ninwt, the priorities should consider: 

Seismicity 
Site conditions 
Structural types 
Occupancy 
Building use 

Sane methods for prioritizing structures 
are suggested in Appendix A. 
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3.2.3 Critical Buildings 

a. All critical OOildings 
located in NEHRP map 
areas 3 througf:1 7 or in 
UBC seismic zones 1 
thrOl.lf1l 4 should be 
evaluated. The type of 
evaluation will depend 
upon the nature of the 
hazardous substance, 
such as toxic chemicals 
and explosives, 
contained in the 
buildings. 

b. Critical OOildings 
located in NEHRP map 
areas 1 and 2 and in UBC 
seismic zone 0 need rot 
be evaluated. 

3.2.4 Essential Buildings 

a. All essential buildings 
located in NE-lRP map 
areas 6 and 7 or in UBC 
seismic zones 3 and 4 
should be evaluated in 
the initial phase of 
program. 

b. Essential buildings 
located in NEHRP map 
areas 3, 4, and 5 and in 
UBC seismic zones 1, 2A 
and 2B may be deferred 
from the initial. phase 
of program. 

In sane instances, it may be more 
econanical and reasonable to 
evaluate, at the same time, a 
canplete complex consisting of a 
n..mber of buildings in lieu of . 
individual priorities. 

4. ElJAllJATICN OF EXISTING 
BUllDOCS 

Qualitative Evaluation based on 
examination of available design 
docunentation and field inspection 



shall be carried out for the structural 
system and for each exterior or interior 
mnstructural system or component wch 
may pose a seismic hazard. It should be 
a two step approach: preliminary 
evaluation and detailed evaluation. 

4.1 Prel:im:inaly Evaluation 

The preliminary evaluation is intended 
primarily to reduce further the large 
inventories and avoid urnecessary 
investigation costs. It should 
determine, at the least practical cost, 
whether the structure provides an 
acceptable degree of safety or a more 
extensive evaluation is required. 

For preliminary evaluation, as well as 
determining the acceptable degree of 
safety, ATC-21 (m1A.-154) Handbook on 
"Rapid Visual Screening of Buildings for 
Potential Seismic Hazard" (ATC-1988)* 
nay be used. The Handbook provides a 
procedure for determining if a building 
needs further analysis without 
perfonning a detailed structural 
analysis. 

4.2 Detailed Evaluation 

A detailed evaluation of buildings rot 
eliminated in the preliminary evaluation 
will be required to detennine the 
earthquake resistant capacities of. 
critical elements of the building and 
the extent of CIrrj deficiencies. ATC-14 
"Evaluating the Seismic Resistance of 
Existing Buildings" (ATC-1987)* or ATC-
22 "Seismic Evaluation of Existing 
Buildings" (ATc-1989)* may be used. 

The ATC-14 methodology includes a state
of-t:he-art review of existing docurents 
and has incorporated infonration from 
earlier methodologies. It is based on 
assmptions that one or roore of the 
following events pose danger to hunan 
lives: 

o 
o 

the entire building collapses 
portions of the building 
collapse 

Jl59 

o 

o 

ccmponents of the 
building fail 
and fall 
exit and entry routes 
are blocked, preventing 
the evacuation and 
rescue of the occupants 

The :fu1damental approach in ATC-14 
is to ascertain whether there is a 
complete lateral resisting system 
with a coherent load path and 
whether appendages am vereer are 
properly attached. The adequacy 
of seismic perfonnance of the 
structural system and corrponents 
and exterior and interior 
nonstructural systems is expressed 
in term:; of the Earthquake 
Capacity Ratio. The methodology 
is applicable to all parts of the 
U.S. 

ATC-22 , which is based on ATC-14, 
provides a step-by-step procedure 
for evaluating existing buildings. 
The methodology is to identify 
structural weaknesses that have 
been observed in past earthquakes 
to lead to failure and falling of 
components or to partial or total 
collapse, with an attendant loss 
of lile. 

4.3 Earthquake Capacity Ratio 

The earthquake capacity ratio can 
be expressed in terms of the ratio 
of seismic capacity to seismic 
demand of critical structural 
mamers. The capacity to deman.i 
ratios can be computed using the 
procedure described in ATC-14, 
ATC-22 or other appropriate 
procedures . 

The earthquake capacity ratios for 
the critical elements of the 
lateral force resisting system are 
indices of the structural 

* See references 



resist'.aree of the existing 
building~ The l~r the values the 
higher the potential risks. If the 
l~t value of the earthquake capacity 
ratio· is less than unity, the building 
sha.lld be considered a life safety 
hazard· arrl so reported to the building 
owner. 

5. RH:UIREMENTS FCR MITIGATICN OF 
HAZARIXXJS BUIlDm:;8 

Dete~ the level of acceptable 
perfOlJnan::e. for an existing building 
exposed to eai-ttqJake forces based on 
the predan:i.nailt perfo~ requirenent 
inposed on the building, Le., basic 
life Safety of the occupants or 
post-earthquake operational capability. 

5.1 BasiC life Safet;}' ReguirarentS .. 

The basic life safety requirarents for 
an existing building are that during a 
major earthquake it: 1) does rot 
collapse, partially or totally am 2) 
perfonns adequately to provide· 
urnbstrUctedingress arrl egress. This 
level is the··1iIinim..m perfonmn.::e 
requirem:mt ·for an existing building 
roI'l'Mlly occupied by personrel arrl 
located in NEl1RP IMp areas 3 throug):1 7 
or in UBC seismic zores 2A, 2B, 3, arrl 
4. This level sha.lld provide life 
safety for 'the occupants, cont:airnent of 
hazardous or lethal conterits, arrl a safe 
neans of egress after a major 
earthquake. ~r,· the damsge 
irr:urted by the building may rot be 
repairable. RecanIeroed actions for the 
abat:el1'lent of the structural deficien:ies 
in buildiIigs with basic life ·safety 
perfonnan:e requiramnts are:· 

a. . \mere the building's 
. earthquake capacity ratio 
as defined in Section 4.3, 
is 0.80 or greater, ro 
action is required; 

b. \mere the h.rl.lding's 
earthquake capacity ratio 
is less than 0.80 but 
greater than 0.50, 
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mitigation is 
rec.anrerxled within 
10 years. 

c. \tJhere the 
building's 
earthquake capacity 
ratio is 0.50 or 
less, mitigation is 
rec.anrerxled within 
5 years. 

5.2. Post-F.artilgyake Operational 
Capabilit;}' Reguirarents .. 

Post-earthquake operational 
capability requiremmts are 
interoed to provide contin.led 
operation or :fun:tion of the 
h.rl.lding during arrl :irirrediately 
after a maj or earthquake. niis 
level is the m:ocinun perfonnan:e 
requirement for an existing 
building. Recclrroon:Ied actions for 
the abatamnt of the structur'al 
deficien:ies in buildings with 
post-earthquake operational . 
requirements are: 

a. \mere the 
building's 
earthquake capacity - . 
ratio is 0.90 or . 

. greater, ro actiOn. 

. is required. 

b. l-Jhere the 
building's 
earthquake capacity 
ratio is less·dhari 
0.90 but greater 
than 0.50, 
mitigation is , 
recamen:led wit:hiri 
10 years . 

c. \tJhere the 
building's 
earthquake capacity 
ratio is 0:50 or 
less, mitigation is 
reccmrended within 
5 years. 



5.3 Cost Impact Study 

Perfonn a cost :inq)act study to detennine 
a reasonably accurate estimate of the 
total cOsts to strengthen the building. 
If the total cost exCeeds projected 
budgetary constraints, the contin.Jed use 
of the building should be l:i.rnited to 
storage; the building should be phased 
out; . or other strategies, such as 
l~ring seismic hazard exposure by 
changing occupan::y requirerent should be 
assessed care~ly: 

6. MITIG<\TICN TECllNIC,UFS 

6.1 Strengthening 'Methods 

Strengthening the st:ructuralam. . 
ronstructural syst:.ems of an existing 
building may be a viable strategy for· 
mitigating earthquake hazards .. Various 
strengthening rrethocls 'rray be aiJpHed. 
The basic prirciple.s of earthquake
resistant design should be followed ... It 
is recanrenJed that the guidelines given 
in the Teclmical ManUal of the AirrrJ, 
Navy, am Air Force "Seismic Design 
Guidelines for Upgrading Existing 
Building" or "Techniques for Seismically 
Rehabilitating Existing BuilcJ.iI:lgs" by . * URSjJohn A. Blure & As!:iociates be used. 
These clocurents provide guidelines for 
upgrading both structural am 
ronstructural narbers. . They provide the 
cooceptual developrent for seismic 
upgrading am detailed .techniques for 
strengthening structural am 
ronstiuctul:-al elerrents with illustrated 
examples. . They . further provide 
guidelines'for the cOst effectiveness of 
upgrading existing bUildings based on 
data obtained fran the preliminary 
evaluation am the detailed structural 
analysis. 

6.2 Quality AsSUrarce Reguirerrents 

\oihenever repair .am str~ 
procedures are iroplerrented, quality 
assurarce should be as rigorous as that 
required for new cOnstruction. 
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The requirarents for inspection 
am material testing for new work 
also apply to mxlification.of . 
existing ~tructural ~ts or 
syst:.em>. ~r, special . 
procedures are necessary to assure 
the quality of alterations 
involving those teclmiques which 
are no longer used in new . 
construction. Therefore, '.~ 
overall adequacy of a repair or" 
strengthening program canrot be .' 
guaranteed by confo~'of . work . 
to code am. testing requirerrents . 
for new construction al()t')e ... 

APPENDIX A 

MEIHJDS RR ffiIClUTIZrn:; 
INVFSITGATICNS OF EXI~ 
S'IRlJClUR&S 

A 1UIber of nethods for 
establishing priorities.have ~n 
developed. Each agency; should 
detennine the. factors· suitable to . 
i~purposes. The. fol\owingbrief 
c1escriptions .o~ saJe·nethods are 
offered forinforrration only .. · 

a. The.Naval Facilities 
Fngireering CaInmrl.· has 

, ,deve~oeed a canputer program 
to search autarated, data 
files on,structuresam 
prigritize them by. applying 
factors selected according to 
size, age; replacerrent cost 

,am usage" :1hLs program can . 
be easily exparrled to irclude, 
other factors if desired .. 

b. ''Hardxlok. on Fstabl~ 
Priorities for Seismic 
Retrofitting of Buildings" 
. by Federal. Ehergen:y 
Managa:nent- Agen:y .' 

* see refe'r~ 
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U.S. Army Corps of Engineers Seismic Researclln Program 

by 

Wi 11 i am E. Roper l 

ABSTRACT 

The Corps Research Program is focused on 
addressing the seismic problems of the Civil 
Works Water Resource Program .. It includes 
seismic challenges related to new construction 
as well as operating existing structures and 
repair, maintenance and rehabilitation of 
existing structures. The research program is 
developed cooperatively with field users, the 
laboratories, and headquarters program managers. 
The research program has four primary areas: 
(1) liquefaction potential of fine-graded soils, 
(2) seismic response of concrete dams and 
abutment structures, (3) earthquake hazard 
evaluations for engineering sites, and (4) 
improvement of foundation soils susceptibility 
to liquefaction. 

KEYWORDS: Liquefaction; Seismic; Earthquake. 

1. INTRODUCTION 

The Corps Seismic Research Program is very 
applied in character and carefully structured to 
meet the highest priority needs of the Civil 
Works program. To ensure proper prioritization 
of the research program, close coordination 
between the major user and developer 
organization is required. In the Corps of 
Engineers, these organizations are the 
headquarters Research and these organizations 
are the headquarters Research and Development 
Directorate, the field District offices, the 
laboratories, and the headquarters Technical 
Monitors (representing the functional 
headquarters directorates other than R&D). 
Changes this past year to effect better 
coordination among the four principal 
organizational elements have resulted in the 
establishment of field review groups for all 
research program areas., The field review groups 
are composed of project engineers and managers 
who are specialists in the seismic and 
earthquake engineering areas from representative 
Corps districts across the United States. They 
are individually recommended by the headquarters 
R&D Directorate and apPOinted by the field 
Division Engineers. They participate in an 
annual program review of the Seismic Research 

, Program with the laboratory specialists and 
headquarters Technical Monitors. This annual 
meeting reviews the content of the proposed 
program and establishes the priority of 
individual work units within the overall 
program. An illustration of the principal 
elements involved in the program development and 
the interrelationships is shown in Figure 1. 
This approach is proving very effective in 
ensuring that field input is incorporated into 
the research program. The field review group 
members also act as technology transfer agents 
to assure that the new technology tools are 
effectively utilized in the field. This has 
resulted in a much closer working relationship 
between the field, laboratory and headquarters 
Technical Monitors. 

The current Seismic Research Program has four 
major components that will be summarized 
separately in the remainder of .the paper. 

2. EARTHQUAKE HAZARD EVALUATION 

This effort is a part of the Rock,Research 
Program that is conducted through the 
Geotechnical Laboratory at th2 U.S. Army 
Waterways Experiment Station. The objective of 
this program is to provide earthquake, geologic 
and sei sm ic log ic eval uat ion proced ures for 
estimating site specific earthquake ground 
motions for engineering evaluations at major 
Corps projects. It is primarily focused on 
evaluating the durability of dams where failures 
would be catastrophic. The Corps need reliable 
methods to assess the sources and the'maximum 
potential for earthquakes. We must also develop 
methods in order to judge the' susceptibility of 
sites to the effect of earthquakes, assign 
site-specific earthquake ground motions, and be 
able to generate accelerograms and 'response 
spectra for the engineering analyses. 

The current work expands the Waterways 
Experiment Station collection of ' strong-motion 
earthquake r,ecoJ"ds and develops techniquesl for 
field evaluations ["or' Elstimating susceptibil'ity 
of sites. This work will also' generate 
parameters for earthquakes, ground motions and 
develop characterizations of ground motions ,for 
engineering analysis. These characterizations 
will be used to improve computer program models 
for generating synthetic seismogr,ams. 

Some spec i fic accompl ishments from thi's r,esearch 
include seismic· zoning diagrams fer the eastern 
United States as shown .in Figures 2 and 3. The,' 
zone diagrams provide guidance to our field 
organizations for seismic design considerations. 
Also, charts for earthquake ground motion 
related to damage and for ground motions related 
to earthquake magnitude have been develop~d 
using available data. A methodology for 
asseSSing susceptibility of a foundation soil to 
liquefaction by earthquake shaking has also been 
developed. ' 

Milestones during FY 1989,include publication of 
a· catalog,of recommended accelerograms and 
development of accelerograms for hard rock 
formations. This effort is scheduled'to be 
completed in 1991. 

1 Assistant Director, Research and Development 

U.S. Army Corps of Engineers, HQUSACE 
(CERD-C), Washington, DC 20314-1000 

2 E. L. Krinitzsky, Principal Investigator 
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Vicksburg, MS 39180-0631 



3. SEISMIC RESPONSE OF CONCRETE DAMS AND 
ABUTMENT STRUCTURES 

This effort is part of the Structural 
Engineering Researc~ Program at the Waterways 
Experiment Station. The research is addressing 
the coupled response of the structure-reservoir
foundation system to earthquake ground shaking. 
The results will be used to revise the Corps 
criteria for seismic analysis of concrete dams 
and abutment structures. The current Corps 
criteria assumes linear elastic behavior of the 
structure and loads as determined by the seismic 
coefficient method. Recent research indicates 
that these criteria do not adequately consider 
the locally expected earthquake motion, the 
dynamic behavior of the structure, the 
hydrodynamic response to the reservoir, the 
dynamic effect of the foundation, and monolithic 
linezr behavior of the structures concrete. 

The analysis procedure that has been developed 
is applicable to seismic analysis of nonoverflow 
monoliths for concrete gravity dams. The 
analysis procedure includes the dynamic behavior 
of the structure, hydrodynamic response of the 
reservoir, dynamic behavior of the foundation, 
and absorption of the reservoir bottom. A 
rigorous time history finite element analysis 
program was developed to include behavior of the 
foundation and reservoir interactions. This 
analysis procedure has demonstrated that tensile 
stresses significantly change form slight 
variations of the input variables. Therefore, 
it is important to understand the importance of 
each part of the problem, such as foundation 
interaction, and appropriate values to correctly 
model them nominally. 

A simplified procedure taking into account the 
multiple parameters has been developed into a 
computer program titled "SDAM." SDAM 
(Simplified Dam Analysis) is an interactive 
computer program which performs a seismic 
analysis of nonoverflow monolith of a concrete 
gravity dam. The hydrodynamic loads are 
developed by using a simplified procedure 
developed by Dr. A. K. Chopra, University of 
Califor~ia at Berkeley. The hydrodynamic and 
gravity loads are calculated based on an input 
response spectra or a given spectra accelera
tion. 

SDAM generates a finite element grid internally 
from the six dimensions shown in Figure 4. This 
grid is never seen by the user so the user does 
not have to be concerned with node and element 
number. SDAM uses the simplified loads and 
applies them to the finite element grid and then 
calculates stress values at the centroid of each 
element. The centroidal stresses are then 
extrapolated to produce stresses on the upstream 
and downstream faces of the dam as shown in 
Figures 5 and 6. Since the maximum seismic 
stresses occur on the surface of gravity dams, 
these plots are valid for determining levels of 
stress occurring in the structure. 

SPecific milestones for this year include 
documentation of a 3-D analysis for spillway 
monoliths, and pUblication of a technical report 
on Chopra's simplified procedures for spillway 
analysis. 

4. LIQUEFACTION POTENTIAL OF FINE GRAIN SOILS 

The liquefaction effect is part of the soils 
programs 4conducted at the Waterways Experiment 
Station. The objective of this research is to 
develop criteria and methods for evaluating the 
liquefaction susceptibility of fine grain soils. 
This will address a problem relevant to a number 
of Corps dams which are located in seismicly 
active areas and'are underlaid by fine grain or 
plastic alluvial soils. Presently, the cyclic 

, strengths have been judged against standards 
developed for clean sands. Recently, available 
data on liquefaction occurrences show that 
fine-grained soils may also besus~eptible to 
liquefaction. A better understanding of the 
limits of applicability of present analysis 
methods to such soils and 'What modifications of 
these methods is needed. 

The research approach will include: (1) 
evaluation of field occurrences 'of fine-grain 
soil liquefaction, (2) development of a . 
laboratory test program to assess dynamic 
strength and liquefaction susceptibility of 
fine-grain soils on the basis of plasticity, 
grain size distribution, and density, and (3) 
analysis of test results and developed 
procedures 'for determining in-situ liquefaction 
potential in'soils containing various amounts 
and types of fines. The effort will include 
evaluation of field occurrences of clayey soil 
liquefaction worldwide as to ground motion 
characteristics, in-situ test data, and 
engineering properties. Thii will include a 
compilation and analysis of data on dynamic, 
laboratory test for materials close to the "A" 
line on the Casagrande plasticity chart. The 
study will also include the examination of data 
bases at various geological earthquake engineer
ing research institutes in the People's Republic 
of China. 

During 1989, 576 isotropically-consolidated 
cyclic triaxial tests, on controlled-mixture 
specimens will be conducted to evaluate 
functional relationships between liquefaction 
resistances and fines type and content. Hollow 

3Robert L. Hall, Principal Investigator 
Structure Lab., Waterways Experiment Station 
Vicksburg, MS 39180-0631 

4J. P. Koester, Principal Investigator 
Geotech Lab., Waterways Experiment Station 
Vicksburg, MS 39180-0631 



cylinder cyclic torsional stress tests will also 
be conducted to assess an appropriate factor to 
convert "conventional" cyclic triaxial strengths 
to cyclic simple sheer strengths. This work is 
belng accomplished under contract with the 
University of Colorado at Denver .. 

5. IMPROVEMENT OF FOUNDATION SOILS 
SUSCEPTIBILITY TO LIQUEFACTION 

This research is being conducted as part of the 
Repair, Evaluation, Maintenance and Rehabilita
tion (REMR) researcg program at the Waterways 
Experiment Station. This study is to determine 
the feasibility and effectiveness of various 
techniques for improving liquefiable foundation 
conditions under existing structures and to 
ensure safety against failure due to earthquake 
excitation. The research results will be of 
direct benefit to the Corps dams where current 
evaluations reveal inadequate margins of safety 
against earthquake-induced liquefaction. The 
research may offer cost effective alternatives 
for remedial action to improve earthquake-safe 
dam foundations. 

Guidelines for remedial action have been 
developed as a part this research effect and 
published as a technical note GT-SR-1.2 in the 
REMR notebook. 

6. CONCLUSION 

The requirements for practical, applied 
engineering tools for seismic design will 
continue to gro~, particularly in the area of 
remedial action. In developing these 
engineering tools, a partnership bet.ween the 
field user and laboratory researcher is 
important for providing review and feedback to 
the research program. This partnership also 
assists in transferring the new technology into 
field application. 

5p'. H. Ledbetter, Principal Investigator 
Geotech Lab., Waterways Experiment Station 
Vicksburg, MS 39180-0631 
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,The History and Status of Strong-Motion Earthquake in Japan 

By 

Keiichi OHTANI
I Hiroshi TAX~~ASHI2 

SUMMAHY 

The strong-~otionearthquake ob~~rvati6~ 
in Japan has the progress history over 
35 years . Japan has about 1,000 
obse~vation sits and more than 2~000 

strong-motion' seismographs. ~owever, 
that 'whole situation is not always 
understood to the, full. Strong-Motion 
Eart~q~ake Observation Council was 
conduc~ed the Distribution plan for the 
target to push on with installation 
afier '10-15 years by the grasping of 
that whole situation as possible as they 
can. This report describes the' general 
view, of the history and present status 
on strong-motion e~rthquake observation 
and the outline of the distribution plan 
in the future. 

Keywore 

Strong-'motion earthquake 
Strong~motion Earthquake 
Cound.l, Distr i~ution plan, 
networx. 

1. INTRODUCTION 

observation, 
Observation 
O~servation 

The strong-motion earthquake observation 
in ~a~ah,'which try to catch the~eismic 
motion during strong earthquake without 
scale-over, h~s passed away over, 35 
years. At the beginning age, the 
concerned organizations of strong-motion 
earthquakeo~servation were scarcely and 
the whole situation was' grasped :(~lly, 
By the increasing o~ observatio~ sites, 
manifold' of observ~tion equipment, 
co~plexity of the concerned 
organi zatio~s nowadays, it was very 
diff{cult to understand the present 
st'atiJs of th'e network of strong-motion 
earthquake observation at nowadays. 
This ~eport describe the outline bf 
present status of strong-motion 
earthquake obs~rvation in Japan and the 
diitribution plan for the targe~ to 
10-15 years in the future ~laced under 
the maki;1g clear the 'state of 
observation through the reconsideration 
works of '''distribution Plan of the 
S':rong-Motion Earthquake Observation" ::'y 
conducting the Strong-Motion Earthquake 
Observatio'n Council (SMEOC), And 'also, 
we discuss that progress history by 
considering with the lacking of detailed 
discussion of tha~ hisfory and adjusted 
literatures, 

2. THE PROGRSSS ~ISTORY 
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The persons concerned in trial 
construction of a seismograph obtaining 
such strong-motion records held 
meetings, the "Committee for the 
Standard Strong Motion Accelerograph~ 
was organi zed, and the actual, work of 
this committee was started after the 
gran~-in-aid for Developmental 
Scientific Research from the Ministry of 
Education in the fiscal year 1951 had 
been obtained. Thi s instance was the 
starting point for the strong-motion 
earthquaxe observation in Japan. Thus, 
in March 1953 a prototype of a 
seismograph for measuring the 
acceleration ~f strong-motion 
earthquakes was completed, and it was 
named "Sf'i.AC type" after the {riitial 
letters in the name of the cor.uili t,tee,. 
This accelerograph No,l was installed,in 
an underground vault of the Earthquake 
Research Institute of the University of 
Tokyo, and the observation was, st'arted 
on June 29, 1953, On the other hand, by 
the Grant-in-aid for Architectural 
TeChnique Research from the I'!inistry of 
Construction in the fiscal year 1954, 
another type of strong-motion 
seismograph was designed by ,the same, 
commi ttee, according to spec,if ications a 
little simpler than those of the SMAC 
type, and this new type was accomplished 
in May 1955 and named "DC type". 

On October 9, 1953 the, work of making 
the project for observat,ion of 
strong-mot~on earthquakes was, commenced 
by the Seismological Subcommitte, 
Di sa ster Preven t ion Commi t tee; Re s'ou r'ce s 
Council, Prime Minister's Office, ane 
was completec as "Recor.uOlendati,on 
concer n i ng the Pro j ec t of St rong -motion 
Earthquake -Observation" on January, 31, 
1955, 'which was submitted to the Prime 
Minister. This recommendation demand 
the realization of,the following points. 

1) To complete the facilities for 
observation of strong-motion 
earthquake in three years, 

2) To establish an organization for 
liaison between observers and to 
entrust this. organizatio;1 with 
agreements about obse~vational 

ooerations, exch~nge of 
o~servational informations and data, 

-I Head, Earthquake Eng~neer~ng 
Laborato~y, National Reseaich Center for 
Disaster Prevention, Scien'cC? Technology 
Agency 
~2 FormC?~Director-General, NRCD?,STA 



and with -carrying out of various 
sorts of study. 

3) To take appropriate measures for 
obtaining the budget which is 
required for measurement of 
strong-motion earthquakes and for 
administration of the said liaison 
organization. 

With this recommendation as a momentum, 
into the budget under the jur isdicti6n 
of the Ministry of Construction there 
were included the expenses necessary for 
examination the antiseismic resistance 
of buildings, - and 25 strong-motion 
acce-lerographs were additionally 
installed in the fiscal year 1956 and 
1957. Further, as -a result of 
encouragements concerning establishment 
of strong-motion accelerographs, given 
by the Seismological society of Japan, 
the Architectural Institute of Japan and 
the Japan' Society of Civil Engineers, 
the number of accelerographs set up in 
buildings by civil expenses was 
gradually increased. In 1958, an 
accelerograph of SMAC type was set up in 
a dam for the first tim~. 

With the increase of the number of 
accele~ographs as is mentioned above, 
the records of measurements began to be 
accumulated, and the necessity of 
materialization of the liaison 
organi zation mentioned above in 2) and 
3) was more and more i ncrea sed. For 
some time after the said recommendation 
the, Seismological Subcommittee of the 
Resources',Council played the role of the 
1 iaisOrl organi zation, but with the 
increases in the number of 
accelerographs and records, a stronger' 
organization became indispensable. For 
this reason, apart from the Resources 
Council, the Strong-Motioh Earthquake 
Observation' Committee was organized, and 
commenced -its activity from December 21, 
1956. However, this committee had no 
definite estimate at all ,so that the
maintenance of accelerographs and 
measurements were tolerablY'continued by 
favourable cooperation from manufactures 
of accelerographs and civilians and by a 
part of Grant-in-aids for Developmental 
Scientific Research allocated to the 
Earthquake Institute of the University 
of Tokyo. And then, in November 1958 
the Resources Council was presented "the 
Report on Strong-Motion Earthquake 
Observation" to the Minister of State 
for Science and Technology by the 
collection of state of the strong-motion 
earthquake obs-ervation under the 
considering the, re-examine stage of the 
central mechanism for this Observation, 
and demand thi promotion of the work of 
stron?-motion earthquake observation. 
By the efforts of the persons concerned 
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in this committee, "Strong-Motion 
Earthquake Records in Japan, ,Volum~ le" 
was published in March 1960, and 
thereafter the style of this publication 
has been regarded as the standard of 
rec~rd publication in Japan. 

It happened that on June 16, 1964, the 
Niigata Earthquake occurred and a 
considerable number of building,s and"
bridges were damaged from destruction of 
the soft ground of their foundations and 
became unusable. From this fact, 
demands were made for the establ~s~ment 
of earthquake-proof construction 
techni~ue on the soft gro~nd. in 
addition, a strong-motion , 
accelerograph, Hhich 'had been inst,alled-
by the chance in a building, 
accomplished its function and ~~rnished 
valuable scientific data which, are 
considered to clarify the dynamic 
prooerties of loos~ soil and ihe 
changing process of ~uildi~gs in 
Niigata, and this fact reaffirmed the_ 
necessi ty for increasing o-f 
accel~rographs. Motivated by thise 
circumstances, the recommendation 
entitled "On Intensification and 
expansion of Antiseismic Engineering 
Study" was submitted to the Prime 
Minister from the- Science Council of 
Japan on November 17, 1964. This, 
recommendation demanded the following 
measures: 

1) Increase in the number of 
strong-motion seismographs for 
engineer ing 'use and :practi,~,ill 
utilization of the data. _ - ,0 

2) Special measures ,for establishment 
of antise-ismic engineering technique_ 
on the soft ground. 

3) Intensification and 
ecucation and study 
engineering and soil 
the universities and 

expansion o'f 
-of eart hg,uake 
engineeri ng, at 

institutes. 

After this recommendation ,was submitted, 
in the fiscal year 19~5 ~he Strong 
Earthquake Observation Center' was 
established in the Earthquake Research 
Institute, University of Tokyo, and a 
part of the expenses necessary for the 
administration of Strong-Moiion 
Earthquake Observati.on Cor.unittee was _the 
first time recognized to be defra~ed ~t 
nation~l expense. Motivated b~ the 
Niigata Earthquake, however, ~hile on 
the one hand the es-tablishment of 
accelerographs became agOlin active, on 
the other hand an increase in the b~dget 
for the Strong Earthquake Obse.rva'tion 
Center was not to be exp~cted, ~nd 
therefore the necessity of_ 
intensification of_ the said liaison 
organization was afresh keenly felt .. 

Thus, on June 21, 1967, the 



Strong-Motion Earthquake Observation 
Council was established; the exoenses 
for its administration being recognized 
as as estimate allocated to the National 
Res~arch Center ior Disaster Prevention, 
Scieince and Technology Agency, and this 
council was now able to promote the 
project of strong·motion earthquake 
observation in cooperation with hitherto 
existing Strong-Motion Earthqu~ke 
Observation Corroni t tee. This council as 
a liaison organization has been 
preparing a plan of distribution of 
strong-motion accelerographs allover 
the country and making an effort to 
secure the budget corresponding to the 
increase in the number of accelerographs 
and records. 

The Strong-Motion Earthquake Observation 
Council, in compliance with the demands 
from every field of life, has collected 
the data concerning all of' observation 
points where strong-motion 
accelerographs are installed allover 
the country and registered them in the 
"Resister Book". This book contains the 
data i as of March 1969, and the 
additional ones have been 
s~pplemented. In 1972, the Strong-Motion 
Earthquake Observation Council presented 
a future plan of distribution of 
strong-motion accelerographs with the 
consideration of the imoortance in 
distributing them in the va~ant area of 
the country so as to record the 
strong-motion earthquakes which will 
occur at any part of Jap~ri; and also in 
measuring the ground vibration of 
various types of soil conditions during 
strong-motion earthquakes. The 
standards of distribution recorronended in 
this plan are as follows: 

1) Each of the prefecture should 
have 20 stations as an average 
expect Tokyo, Osaka and Hokkaido, 
and the stations in each orefecture 
should be distributed as 'uniformly 
as possible. 

2)In a city having more than 200,000 
population, the number of 
accelerographs should be increased 
according to the po~ulation, because 
of the importance of the prevention 
of earthquake disasters in such a 
congested area. 

3) In principle, two or more 
accelerographs should be installed 
at each stations. 

According to these standards 'the total 
number of accelerographs will be 2,100. 
The plan gives the priority of the 
installation to the ground having 
especially soft soil and to the region 
where a high probability of the 
occurrence of an earthquake disaster is 
expected. 
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A~ the almost same time for the study of 
distribution plan as above mentioned, 
the Science Council of Japan presented 
the Demand entitled "On Resea!'ch 
Promotion for the Prevention of Seismic 
Hazards of the Constructions" to the 
Pr ime Minister on October 1971. On the 
occasion of presentation of this demand, 
the Society of Construction Workers, the 
Architectural Institute of Japan, the 
Japan Society of Mechanical Engineers, 
the Japan Society of Agricultural Civil 
Engine'ering, the Japan Society of Civil 
Engineers, the Seismological Society of 
Japan, UNESCO and ,the other societies 
were pres~nted the demand of almost same 
contents tD the authorities concerned. 
:it was strongly requested the following 
aims in that demand which will be 
practised the appropriate measures 
without delay at the governr.1ent office 
concerned: 

1) P!'opulsion of installation of 
strong-motion accelerographs and 
intensit~ of management structures.' 

2) Special measures for the promotion 
of antiseis~ic engineering 'research 
for the general structures include 
the ground. 

3) Promotion of the research for the 
establishment of the new 'design 
criteria' of the buildings, s~ch as a 
piped type structure, off-shore 
st!'ucture, plant structure, which 
were not experienced the strong 
earthquakes. 

With the stimulation of the active 
cooperation between the organizations 
concerned with the strong-motion 
earthquake observations, the 
recommending with the installation of 
accelerographs for the high rise 
buildings based on the administrative 
advice of the application' to the Article 
38 of the "Building Standard Code", the 
number of the installations increased 
remarkably by the private organizations. 
The observation points were remarkably 
con'centiated to the :,ig cities',such as 
Tokyo, Osaka. And, the new problems, 
which the maintenance and keeping of 
accelerographs could not followed up by 
the rapid increasing of the number of 
,acceleiographs.wer~ arise. On August 
1974, the Administrative ~;anagement 
Agency was done the administrative 
inspection to the aseismic measures at 
the big cities. Based upon this 
inspection, the follOWing reco~~endation 
was pre sen ted to -: he 1'-1 in i s t e r s 0 f 
related organizations. 

"The actual data for the pro?agCltion 
of seismic waves and the dynamic 
behaviour of structures are not so 
enough. because the dynamic 
anti-seismic design method is nel-Ily 
developed, To imorove the 



~he following urgent measures, 
1) The adjustment of the 
strong-motion earthquake observation 
network which can be caught the 
large earthquakes occurred at any 
regions. 

2) The strengthening of the 
organization for the collec·tion and 
analyses of the observed data. 

3) The appropriate maintenance of 
accelerographs and the advice of 
accelerograph installation for the 
public or important structures. 

By the considering with the progress of 
earthquake engineering and engineering 
seismology. the Resources Council was 
looked over again the implementing 
condition for the recommendation 
presented on 1955, and presented the new 
recommendation enti tled "On the 
strong-motion earthquake observation for 
the necessity to estimate the seismic 
risk", which was putted stress on the 
promotion of observation at the ground, 
to the Minister of State for Science and 
Technology. This recommendation was 
requested the following measures; 

1) To ~djust and expand the network 
at ground for the understanding of 
characteristics of seismic motion 
during large earthquakes at the 
different soil concitions of 
different areas. 

2) To attem~t the improvement the 
re,cording accuracy for the grasping 
of totally properties of strong 
motion. 

3) To att.mpt the adjustment of t~e 
collection and management systems 
for the observed records. 

4) To attempt the adjustment of the 
regulation and propulsion systems 
intentionally and synthetic to the 
totally researches and developments 
for the ground motion during large 
earthquakes. 

The International Workshop on 
Strong-Motion Earthquake Instrument 
Arrays was held under the sponsorship by 
the National Science Foundation and 
UNESCO, and the auspices of the 
International Association for Earthquake 
Engineering in Hawaii in May 1978. The 
goal of this worksho~ was to develop a a 
workable plan for the possible future 
deployment of dense strong-motion 
earthquake instrument arrays with 
primary emDhasis on ground motion 
studies. ,The following resolutions. 
should be implemented, was approved; 

1) The International Association for 
Earthquake Engineering in 
collaboration with the International 
Association of Seismology and 
Physics of the Earth's Interior form 
an International Strong Motion 
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The Ministry of Construction was 
recogni zed the expansiveness of the 
current accelerographs, the complication 
of maintenance and replaying of the 
records, was set about 'th,e development 
of the popular edition accelerographs of 
the having the definite accuracy and low 
cost, and also having the easy treatment 
by using the new technology focused to 
the electronics on June 1979. This 
development was conducted based on the 
regime of the technical estimation of 
construction, 5 manufactures were 
subscribed to this development. As the 
result of the estimation, these 5 
accelerographs from 5 manufactures were 
approved to reach the developmental 
targets. These targets were instituted 
to the following; 

1) To be able to record 
simultaneously 2 horizontal 
components and 1 vertical component. 

2) To be able to record the 
acceleration in the range between 30 
to 1,000 gals in the frequency range 
0.3 15 Hz, and to prepare the 
~eplay or digitized systems with the 
interval less than 1/100 sec. 

3) The accuracy of the replay or 
digitized acceleration is not 
exceeding with (recorded 
acceleration X 10 % + 10 gals). 

4) To be able to record several 
times,and maintain the operating 
time of more than 2 minutes by the 
one start. 

5) The starting is done by the 
vertical acceleration, and it is 
able to set up the starting 
acceleration with the range 5 20 
gals. 

5) The cost should be sett 
low-priced. 

,By the reason of the necessity to 
increase the dense-array strong-motion 
earthquake o~servations, the 
Strong-Motion Ear~hquake Observation 
Council examined the ne\o, type of 
seismograph. In October 1983, after two 
years discussion, the council published 
the report relating the new type of 
strong-motion seismograph. The main 
specifications of this seismograph has 
the followinq; 

1) ~o be ~bie to record the seismic 
motion of acceleration ,.Jith the 
range of 0.1 -2,000gals. 

2) ~o be able to record faithfully 
wi,thin the frequency domain of 0.05 
- 25 liz. 

3) To be able to record the absolute 
time data wi'ch the accuracy of 
1/1000 sec simultaneously with the 
seis;nic mo'tion. 

4) To be able to record from the 
initial ~ovemen'c pa:t by using 5 sec 
delay equipment. 



5) To be able to record the Same 
timing sampling and same absolute 
time by' the connection with plural 
seismographs. 

'6) ,'To easy use the analysis of record 
from using the digital cassette 
tape. 

'Based on the present analysis of the 
some conditions of development of 
strong-motion earthquake observation, 
th~ Strong-Motion Ear~hquake Observation 
Council - was established the working 
commi ttee to study the new distribution 
plan for the index 'of the project of 
strong-motion eaithquake observation for 
the' target of ,10 15 years in the 
future in 1983. 'In Sentember 1989, this 
council w~s publishe~ the report of 
distribution plan of strong-motion 
seismographs". The following sections 
of this repor~ is ex?lained the present 
status and the future plan of 
installation of seismographs based on 
t-hat report. 

'-"As is' mentioned above, the SMAC type 
accelerograph was developed ~n 1953. 
Based on the experiences of the use of 
SMAC type in the subsequent period,' 
improvements upon this were put one 
after another . - The SMAC type has now 12 
variations': .1>.., ,A-2, B, B-2, C and C-2, 
which are waxed paper type, and 0, E, 

'E-2 and Q, which are scratch record film 
type;' andM and T, which are analogue 
cassette tape type. To' correspond with 
the digital measurement, the Ministry of 
Construction was developed new SMAC-MD 
in ~larch 1989. The main properties of 
this digital instrument are as follows; 

1) To be able to measure 9 channels 
for -the maximum. 

2) To be able to increase the 
capacity of the recording memory. to 
be able to -max. 4 ,Mbyte by using 1 
Mbyte IC memory card. 

3) To be able to read t-he maximum 
acceleration value in a moment. 

4 lTo be' able to transmit the seismic 
information. 

5) To have the compensation of 3 
hours stoppage of electric current. 

3. PRESENT STATUS 

As is mentioned above, the history of 
strong-motion ea:-thquake observation is 
nearly concerned with the project by 

,using the SM.r..C type accelerographs. 
Nowadays, the whole condition of the 
strong-motion earthquake observation is 
limited to the condition of using SMAC 
type accelerographs. It is the present 
status that' the whole s'ituation off 
us i ng t he other type sei smogr aph s , such 
as moving coilt~~e, servo magnetic type 
and so on, is not arranged. Therefore, 
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the Strong-Motion Observat~ori Council 
was investigated the almost 70 % of the 
whole, condition in coope~ation with the 
manufactures. 

Fig. 1 shows the distri'bution of SMAC 
type accelerographs (include OCtype, 
and so forth) registered to the 
Strong-Motion - Earthquake Observation 
Council as of March 1989. ~ Fig: 2 shows 
the increasing trend' of installed 
accelerographs,which include the 
non-registerd accelerographs. the total 
number of accelerographs is reached to 
qver 1,500 instruments. Fig. 3 shows 
the number of recorded earthquakes. 
More than 1,500 e~rt~quake~ were 
recorded in the over 35 years till the 
fiscal year 1989. -

To investigate the distribution of 
seismographs allover the, country,the 
map which was cevised fo the 'meSh from 
the origin located Nihonbashi, Tokyo, 
was made. We 'made the 2 kind of mesh 
map, 25 km X 25 kmmesh ('25 k~ mesh map) 
and 50 km X 50 km mesh (50 k~ me~h ~ap). 
We did not considered the cart of small 
island area. Fig. 4 and -Fig. 5- show the 
25 km and' 50 km mesh lines sup~rposed on 
the map of Japan, respectively. Figs. 6 
and 7 show the outline of Japan by the 
mesh map, respectively. 25 km mesh map 
has 644 meshes, and 50 km map has 177 
ones. 

The installed area of S~AC, type 
accelerographs illustrate to the 25 km 
mesh map in Fig.~. The mesh ,which has 
more than one' SMAC at least, is counted 
to 198, the ratio is 30.-6 %. Fig. 9 
shows the same figure to the 50 km mesh 
map. The installed meshes are 112, the 
ratio is 63.3 %. 

Now, we use many kind of seismographs 
for the observation at the same' to the 
use of SM.!>'Cs. Fig.' 10 sho·.;s the 
installed area of e.ll kine! of 
seismographs. The inste.lled meshes of 
25 km map are 292, the ratio is 40.5 %. 
The vacant meshes are 485. Fig. 11 
shows the same manner map of 50 km mesh. 

The installed meshes ·i'46~ the vacant 
meshes are 31. 

4. DISTRIBUTION PLAN OF SEISMOG~APHS 

The Strong-Motion Earthquake Observation 
Council was ~ublished the distribution 
plan on February 1972, as m~ntioned 
above. This plan is reco;nmended the 
2,100 accelecographs installation all 
over the country, During 25 years from 
the publishi~g ihis plan,the 
inste.llation e.nd collection of records 
were smoothly underwent. Nevertheless. 
based on the consideration of the more 



increase trend of concentration of the 
seismographs at the big city, the 
developments of the research for the 
seismic risk and the earthquake 
prediction, it ..... as important thing to 
reconsider the distribution by the base 
of efficiently and economically 
observation. The Strong-Motion 
Earthquake Observation Council ..... as 
established the "sub-committee for the 
examination of ne ..... distribution plan" in 
November 1983.' As ·the result of 
exam~nation, the council ..... as adjusted 
the report on the distribution plan of 
seismographs allover the country on 
September 1988. 

At the examination, it is aim to the 
effic{e'ntly collection of data by. the 
correction of unbalanced inst~llation 
and the consideration of local seismic 
risk. And also, that ..... orks ..... ere 
enforced by the esteem of the ..... ay of 
thinking of former plan and the changing 
of social and economical states in 
present. This ne ..... plan ..... as made by the 
visual ppint to the observation at 
ground, which. has very high capability 
of utilization of records. The 
observation at the structures ..... ill .. be 
made the appropriate plan by the eaeh 
organization. 

The large or huge earthquake ..... ill occur 
at the off-shore of Pacific ocean, the 
~oderateor large earthquake ..... ill occur 
at the Japan sea are and the moderate 
and shallo ..... earthquake ..... ill·occur at .the 
inland ~rea. The seismic' activities 
based on the histor ieal data sho..... the 
local properties, but generally 
speaking, any place in Japan has the 
possibility of attacking of the 
strong-motion earthguakes by the 
distribution of the active fault all 
over the country. For the catching of 
the record during earthquake at the one 
area ~t rare intervals,the fundamental 
distribu~ion is nec~ssary to install the 
equal. density allover the country. And 
then, it is reasonable to change the 
distribution. density at locally by the 
consideration of the research result of 
the seismic risk and the prediction of 
earthquake occurrence. The aim of 
distribution ..... as set up to the two kind 
of areas, the one is the mesh of 
fundamental observation (fundamental 
mesh) for the covering to' similar 
density to the whole Japan, the other is 
the mesh of intensified observation 
( i ri ten s if i e d me s h) . 

The distribution distances were 
determined to the following objects by 
the conSidering with the targe~ of 
observation. 

1) To be able to record the vibration 
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of Sei smic Intensity 5 (JMA scale) 
at the earthquake. of greater than 
M6.5. 

2) To be.able to record the vibration 
of Seismic Intensity <1 at the 
earthquake of greater than M6.0. 

Th~ empirical equations of the relation 
• bet ..... een the Magnitude and the area (km ) 

of the. greater than some intensity ..... ere 
presented by Prof. Muramatsu and Dr. 
Katsumata. Prof. !1uramatsu was 
presented the eauation between. M and 
~rea (Sv), ..... hich is the area of greater 
then intensity 5, as sho ..... n Eq.l. . And, 
Dr. Katsumata ..... as presented the equation 
bet ..... een M and Si v (the area of greater 
than intensity 4) as shown Eq. 2 .. 

log Sv = M - 3.2(1) 
log Siv = 0.82M - 1.0 (2) 

It is assumed that the area of 
generation of greater than intensity 5 
or 4 vibration is the square of L (km), 
L = 45 km for the M6.5 by the Eq. 1, and 
L = 91 km for M6.0 by the Eq. 2. By the 
reference of this value, the .size of 
fundamental mesh is defined to. the 50 km 
X 50 km for the equality distribution of 
seismographs based upon the above items 
1) and 2). 

The size of intensified mesh i~ defined 
to the condition to be able to record of 
Seismic Intensity 5 at the ear.thquake 
greater thanM6.0. From Eq. 1, L -,25 
km for M6.0. Then, the size of 
intensified mesh is determined to 25 km 
X 25 km. The area of intens if ied mesh' 
was determined the following three· 
items. 

(1) .The area of high seismic activity 
It is a nearly impossible to predict 
the future. E7,arthquake occurrence 
except the greater than ,t-i8., 0, like 
the. Tokai Earthquake, because the 
prediction for the smal~erearthquake 
is. the face of research. ~.nd, some 
researchers were presented the method 
to es.timate of the strength of 
seismic motion for future earthquake 
by statistic manner. 'But, they have 
the great difference by the 
difference of analytical method and 
the using data. Therefore, The 
relatively high seismic activity area 
w~s determined by the proposed'method 
by the "Development of New 
Anti-seismic Design t-!ethod"by .the 
Ministry of Construction. (1972 
1976). Fig. 12 shows the section of 
seismic activities. In this figure, 
A . is the area of high seismic 
activity., B is the moderate activity 
and C is low activity. The 
intensified area. was determined by 
this high seismic activity zone. 

(2) Area of specific and intensified 



observation, designated by the 
. Coordinating Committee for Earthquake 
Prediction. 

The designation of area of specific 
observation is given to areas of 
hi stor ic al di sastrous earthquake s , 
acti ve faults, high seismicity, and 
to areas important from social and 
economic aspects, like densely 
populated area. When anomalous 
phenomena which could be considered 
precoursors to an earthquake, such as 
land uplift or subsidence, are 
observed by either the nationwide 
network of geodetic surveys, seismic 
observation and tide-gauge 
observation Or by other observations 
in the area of specific observation, 
such an area is designated as an area 
of intensified observation. Fig. 13 
shows the area of specific and 
intensif ied observation which were 
revised on 1978. These areas are 
appropriated to designate the 
intensif ied .mesh of the strong-motion 
earthquake observation. Some parts 
of these areas are duplicated to the 
high acti vi ty zone. Then, the areas 
of western Akita Pref. and 
northwestern Yamagata Pref., 
southwestern Niigata Pref. and 
Northern Nagano Pref.,Iyo-naqa and 
Hyuga-nada region are determined to 
the intensified observation mesh of 
this distribution plan. 

(3) The densely populated areas 
In the densely populated areas, the 
number and sort of constructed 
structures are so many, it is 
predicted to the social effect is 
very severe at the earthquake hazard. 
And, the di saster of 1 arge and 
important structures has a 
possibility of secondary hazard 
unless the hazard of themselves. By 
consideration of this point, the 
densely populated areas and the 
construction sites of large and 
important structures are designate to 
the intensified area of this plan. 

Based on the 
fundamental mesh 
the mesh I"Ihich 
seismographs in 
distribution plan 
examined ideas are 

1) Dissolution 
seismograph 

determ{nation of 
and intensif ied mesh, 
should be installed 
the future and that 

I"Iere examined. The 
as·follol"ls; 
of vacant mesh of 

All of vacant, fundamental and 
intensified mesh will be set ] 
observational si tes. At one si te, 2 
seismographs are installed at the 
ground and structure. It is 
necessary that more seisr.1ographs on 
large and long structures will be 
installed. Table 1 shows the object 

1178 

meshes for examination by 
considering the duplicated meshes 
between the fundamental and 
intensified observation. The mao of 
the object meshes for examinatio~is 
shown in Fig. 14. This figure 
explain the final distribution· of 
the fundamental and intensified 
meshes. There are 92 fundamental 
meshes, 151 intensified meshes foe 
the area of high seismic. activity 
zone, 93 intensified meshes foe the 
~rea of specific observation and 50 
intensified meshes foe the area of 
intensif ied observation, designated 
by the Coordinating Committee for 
Earthquake Prediction. And, the 
total number of meshes is 386. The 
distribution of installed 
seismographs is shol"ln in Fig. 15, 
which was drawn on the Fig. 14. By 
the Table 1, the vacant meshes are 
20 (22 %) in the fundamental 
observation area, and 140 (48 %) in 
the intensified observation area. To 
dissolute these vacant meshes 
according· wi th the above mentioned 
target of installation, it is 
necessary to set up 480 (= 160 X 3) 
observation sites and 960 (= 480 X 
2) seismographs. 

2) Densely installation for the 
scarc.ely number of seismographs mesh 
It is no little number of meshes 
which were set up the pl~ral 
observation sites already. But, It 
i~ important to attempt the densely 
installations, according with the 
above target (1) The meshes which 
has not 3 observation. site, are 55 % 
of total fundamental observation 
meshes, and 60 % of i nten sif ied 

. observation meshes. The installed 
condition is not same with each 
mesh, which has one. sei smograph at 
least. If it is assumed .-that 2 
observation sites, and 2 
seismorraphs for each site will be 
need to attempt in the future, 80 
(72 X 0.55 X 2) sites, 160 (80 X 2) 
seismogra.1:)hs for the fundamental 
me she s , and 190 ( 1 54 X 0 . 6 X 2 ) 
sites, 380 (190 X2) seismorraphs ·for 
the intensified meshes will be need 
to install in the future. 

for the achievement to the targets of 
(1) and (2) together, it is necessary to 
instail 75.0 sites, 1500 seismogral?hs in 
total in the f~ture. They are the 

·minimum numbers for the e.chievement to 
the targets. Therefore, it is necessary 
that more seismographs will be installed 
on the structure. In e.ddition with the 
increasing of installation within the 
fundaP.lental and intensified observation 
meshes in this di str i but ion ?l an, the 



following items are requested. 
1) To propel the installation on the 

ground at th~ new observation site. 
2) To request th~ pluraL installation 

on the ground at. the different soil 
condi tions, if possible. And, to 
strongly request the installation on 
the rocl< layer. 

3) To attempt the dissolution of the 
vacant mesh at the densely populated 
area, with dependent of the above 
mentioned items. 

According with the publication of this 
report of new distribution plan, the 
actualization of this plan will be 
desired by the specific cooperation of 
every organizations with reflection of 
this plan's point' of view to the 
enforcement installation planning of 
the seismographs. 
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Table 1. The Object' Meshes for Examination 

Total No. Mesh No. Mesh No. 
of of of 

Meshes Installed Area Uninstalled Area 

Meshes for Fundamental. 
Observation CSOkmXSOkm) * 9 2 7 2 

i 
2 0 

Meshes I : Hi gh Seismic 
for Zone 151 6 0 9 1 

Inten-
sified II: Area of Spe-· 
Obser- cific Obs. 9 3' 294 5 1 154 4 2 140 
vation 
C25kmX ill: Area of In-
25km) tencified Obs. 5 0 4 3 7 

Total 386 226 160 

* Excepted the Duplicated Meshes for Iniencified Observation 
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Fig. 1. Distribution of Strong-Motion Acce1erographs 
(as of March 1989) 
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Summary of Lifeline Earthquake lElllgineeriJmg 

by 

James D. 
ABSTRACT 

This paper reviews the current status of'lifeline 
earthquake engineeri ng des i gn pract ice and ,major 
research efforts underway, which ultimately will ·lead to 
the establishment of more formal seismic design 
criteria. Earthquake engineering studies have been, 
conducted for many years. However, it was not until 
the 1971 $;>, Fernando earthquake that major, foclJs 'was 
placed ,~n th~ damage to structures and facilities other 
than buildings. At that time, C. Martin Duke defined a 
new subarea of earthquake engineering he termed 
"lifeline earthquake engineering." His general 
definition of lifelines encompassed those facilities 
which are requtred to support and maintain,emergency 
operations and to facilitate longer term reconstruction 
following an earthquake. He noted that little. 
atteritidn had been given to the 'seismic design of 
transportation, gas and liquid fuel" water and sewer 
and electric power and communications facilities. 

Sinc~ 197i r major research has been conducted which,has 
lead to the 'identification of lifeline design 
guidellnes and establishment of a major lifeline 
earthquake program in the United States, which is 
summarized herein. 

KEYWORDS; Earthquake; lifelines; researc~; design.' 

1. INTRODUCTION, 

Lifelines are defined as those utilities, facilities, 
and structures that are required to function follqwing 
an earthquake to facllitate search and rescue, provide 
emergency services, allow for .the movement of goods and 
materials arid form a network which is required for post 
event reconstructi~n. Electric power' and 
communications, gas and liquid fuel, transportation and 
water sewer systems form todays modern lifeline 
network. Each lifeline is comprised of numerous 
components, some of which are critically vulnerable to 
earthquake induced damage and whose loss of function 
rend~rs the, lifeline useless. For example, a break in 
a major gas, oil or water transmissi~n pipe)ine can 
cause system failure. However, a break' ,in' a, gas .or 
water ser:vice line, may el imfnate service, toa very, 
local area only. In either case, failure may induce 
secondaryprobl ems such as fi re ,caused by escapi ng gas 
from a broken pipe or the inability to control fires 
becasue of a .broken water pipe. 

Attention. wa~ foc~sed on ,the lifeline problem following 
the 1911 San Fernando earthquake. Since then, numerous 
post earthquake invest i gat ions have b,een made and 
damage assessment reports prepared, documenting the, 
performance of lifelines. Basic research is providing 
engineer~ an understanding of how and why components of 
lifelines perform the way. the~ do. Yet little ~as,been 
published in the open literature to provide detailed 
guidance for the design and construct ibn of lifelines 
to resist st!'ong ground shaking. 

The design and construction· of integrated lifelines 
invol ves the appl ication of, multidiscipl inary topics. 
and experience gained from previous earthquakes where 
weaknesse? in design, construction, system, . 
architecture, and management have been highlighted, 
The performance and reliability of. lifelines can affect 
a broad geopolitical area requiring the involvement of 
community leaders, public officjals and the private. 
sector to mitigate damaging effects. Pre~earthquake 

Cooper' 
considerations include the identification of expected 
variati~ns in earthquake intensity, engineering 
factors, and policies influencing risk and reliability. 
The planning process for each,lifeline system will, 
significantly influence the expected outcome of the 
effects of a sei~mic event. The process includes an 
understanding of the geologic factors that, produce the 
seismic intensity levels that cause structural damage 
and ground failure. , This knowledge supports systematic· 
evaluation of hazards .and.risks required for planning 
reliability needed to mitigate earthquake damage. 

. The easiest, most cost effective,way in which. to ' 
mitigat~seismically induced damage is to upgrade 
seismic design and construction procedures for new 
construction. This approach will take decades to 
enhanc~ the seismic resistance of lifelines, but will 
ultimately reduce .the potential for catastrophic impact 
in the event of a great earthquake. Limited seismic 
desig~ prcicedures and .details for lifelines have been 
developed over the past 20 years. However, some newer 
structures fncorporating these pro~edures have been 
exposed to relatively strong earthquakes and have. 
performed quite satisfactorily. Design and 
construction costs associated with enhanced seismic 
resistance ts still being evaluated. A .range of from 
one to 20 percent increased project costs for upgraded' 
seismic .resistance has been suggested and is highly 
dependent on the level of seismic detailing 
incorporated into the design. Nonethel,ess,these costs 
distributed over time become an inexpensive investment 
to sigriificantly reduce the sudden loss potential from 
a great ~arthquake. 

A second method to mitigate seismicilly induced damage 
is to retrofit existing lifelines. Retrofit is 
typically much more costly than planning in' advance for 
the seismic. design of new construction. ·However;, 
retrofit can be cost effective'even in regions'outside 
of the traditionally thought of seismically active 
lones. For example, if potentially vulnerable 
transportation routes are identified, a large number of 
bridges along these critical routes could be 
"restrained" at low cost. Since this retrofit 
techni que typi ca lly costs between 10. and 20 thousand 
dollars per bridge, 150 bridges could be retrofit for 
the approximate cost of on'e new structure! For other 
types, of 1 ifel ines, retrofit may not be cost effective 
except in unusual circumstances. Retr6fit.details and 
designs are becoming more common in traditional 
seismically active ·areas, although retrofit is not yet 
a generally accepted policy in these areas. 

Following is a summary of recent and ongoing design and, 
research activity that will have,important impact on 
the seismic design and construction of lifelines .. 

2. LI FELINE DES IGN. METHODS 

The American 'Society of Civil Engineers .established the 
Technical Council ,on Lifeline Earthquake Engineering 
(TCLEE) in 1974 to establish the means by which the 
civil engineering profession could undertake a 
comprehensive role ,in elevating the state of the art of 
lifeline earthquake engineering. In 1974, no major 

, Federal Highway Administration, Mclean, Virginia, 
22101-2296 ' 
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organization or agency was committed to the problem 
area. The Society's goals and structure provided a 
unique opportunity to focus attention on this area. 
Technical committees corresponding to each of the 
lifelines were established to study the problems of 

,planning, design, construction and operationof each 
lifeline to mitigate the effects of earthquakes and 
develop procedures with which sound design could be 
achieved. Additionally, a committee on seismic risk 
was established to develop procedures for seismic risk 
analysis, including ~isk'from geological hazards. ' 

One ~f the m~jor goals of TCLEE was to develop and 
assembl e advlsory notes 'for' each respect i ve 1 ifel i ne. 
the ASCE publication, "Advisory Notes on Lifeline 
Earthquake Engineering" (1984) presents the most 
comprehensive overview of the current (1989) state of 
the art of seismic design practice for each topical area 
and provides some insight into how lifeline facilities 
have performed in past earthquakes. The publication 
~rovides inf?rmation and approaches in developing 
lmproved deslgns for new lifeline facilities: 
Significant research has been conducted or'funded by 
the National Science Foundation (NSF), the Federal 
Emergency Management Agency (FEMA) and the National' 
Institute of Standards and Technology (NIST) which 
warrants an update of this publication. 

Since 1984 some utilities, privately owned gas and oil 
companies and ihdividual agencies have developed their 
own criteria 'for seismic design. A general approach' 
for the design of lifelines has evolved and is outlined 
herein. Perform or conduct site specific studies which 
reflect the hazard exposure to the lifeline. 
Typically~ geological and seismological investigations 
are c?nducted which identify. local and regional geology 
and hlstorical earthquake activity. In some cases 
field exploration studies are conducted. Criteria'are 
developed which are based on risk considerations and 
potential ground motions including accelerations 
velocities and displacements at the site, distan~e from 
causat i ve fault and durat i on of shaking. Structural 
design parameters are established which include the 
development of design spectra. SpeCial structural 
considerations including estimates of dampini~and 
ductil ity are factored into the criteria. A'llowable 
defo~mation ~n~ force ~riteria are then developed. 
Speclal detalllng partlcularly for foundations, 
anchorages and connections are then identified. These 
genera~ steps,have been applied to the design of 
e~ectrlc P?we: and communications facilities, gas and 
011 transmlsslon systems and transportation structures 
including bridges. 

3. FUTURE FEDERAL LIFELINE DESIGN GUIDES 

In 1977, the Congress of the United States enacted the 
Earthquake Hazard Reduction Act of 1977 to reduce risks 
of life and property from future earthquakes. This act 
forms the basis for the formation of the National 
Earthquake Hazards Reduction Program (NEHRP). Several 
specific objectives cited in the NEHRP include the 
charge to develop seismic design and construction 
standards for,Federal use; develop guides or facilities 
that are Federally owned, constructed or financed to 
ensure serviceability following an earthquake and 
coordinate the development of guides for the 
consideration of seismic risk in the development of 
Federa 1 1 ands ~ 

In 1978, the Interagency Committee on Seismic Safety in 
Construction (JCSSC) was established as part of the 
NEHRP to assist Federal departments and agencies 
involved i~ construction to'develop earthquake hazard 
reduction measures for incorporation in their ongOing 

programs. The measures will be based on existing 
standards when feasible. 

In meeting its responsibilities, the JCSSC cooperates 
with State and local governments and private 
organizations in developing nationally applicable 
earthquake hazard reduction measures. Five ' 
subcommittees of the ICSSC are responsibl~'for, ~ 
responding to the charge contained in the NEHRP: 

1. Standards for New and Existing' Buildings 
2. Lifelines 
3. Evaluation of Site Hazards 
4. Federal Domestic Assistance, LeaSing and 'RegulatorY: ; 

Programs 
5. Post Earthquake Response Investigations, 

The mission of the Lifelines Subcommitte~ is to 
identify existing guidelines or standards for seismic 
design, construction and retrofit of energy, 
transportation, water, and telecommunication systems,; 
to recommend Federal adopt i on of such standards' when' ' 
found adequate; and to encourage development of n~w ' , 
standards where there are significant omissions: ' Th~ 
Subcommittee will also study techniques for evaluating 
the seismic vulnerability of existing lifelines and for 
improving their resistance to seismic effects and ease' 
of repair. ' 

The Lifelines Subcommittee is also conSidering . 
strategies which will permit identification of those 
lifeline facilities important in the emergency, 
immediate recovery, and long-term economic recovery 
periods, and provide guidance for appropriate lev~ls of 
seismic protection for each type. 

The subcommittee is current~y in the process of 
reviewing technical literature pertaining to seismic 
resistant design methodology of lifelines prior to 
developing a formal recommendation to 'the ICSSC or' 
specific guidelines for Federal agencies use: 

4. LIFELINE RESEARCH 

Several Federal ag~ncies and organizations are actively' 
pursuing lifeline earthquake engineering research. 
They include the National Science Foundation (NSF), The' 
National Center for Earthquake Engineering Research ' 
(NCEER) at the State University of New York in'Buffalo, 
and the Federal Emergency Management Agency (FEMA}. " 

The,NSF is funding several research studies relating"to 
Siting and geotechnical systems research whic~ foc~ses 
on the fundamental engineering issues related to ground 
shaking and the effects it has on geological-structure 
interactions. Specific engineering investigations ar~ , 
being conducted to better understand the process' of 
subsurface ground damage to 1 i fe 1 i ne systems inc 1 udi ng , 
utility lines and energy transmission systems. Studi~~" 
include a University of Colorado investigation on the ' 
effect of geological layered strata in modifying the 
strong ground motion experienced by tunnels and buried
pipelines, including amplification of ground motion at 
the surface. ' 
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The 1987 Whittier Narrows, California earthquake caused 
extensive damage to water distribution pipelines. ' 
While theoretical modeling of earthquake induced damage'. 
has been actively pursued, theoretical models are based 
upon damage mechanisms that are not well understood, 
and there is very little data related'to the direCt 
observation of earthquake induced damage. Such data is' 
needed to validate these models so that they'can be 
used with confidence in deriving seis~ic~esign ' 
criteria. At present, there is no code for buri~d 
pipelines. 



An Old Dominion University study involves a thorough 
field investigation and analysis of the damage to water 
lifeline systems around Whittier, California. In 
addition, the predictions of the existing models are 
being compared with the observed behavior, and based on 
this comparison the mod~ls are being modified to 
correlate with the observations. 

A field experiment is being performed by Weidlinger 
Associates in which underground pipelines are placed 
within the Parkfield segment of the San Andreas Fault 
Zone. The experiment will help examine the validity of 
current assumptions regarding the behavior of 
underground continuously welded steel pipe and jointed 
ductile iron pipe subjected to near surface fault 
offset. Both active and passive instrumentation is 
included to permit evaluation of important assumptions 
made in current prediction and design methods. 

The Whittier Narrows earthquake also offers an' 
opportunity to assess the impact that research 
conducted since the 1971 San Fernando earthquake has 
had on the earthquake design and performance of 
lifelines. Dames and Moore, Inc., is conducting 
research including the collection, review, and 
documentation of lifeline system performance data from 
the October 1, 1987 Whittier Narrows earthquake; the 
development of preliminary response and recovery models 
for different lifeline systems using data from the 
Whittier Narrows earthquake and the 1971 San Fernando 
earthquake; and assessment of the impact that research 
in the lifelines area conducted after the 1971 
San Fernando earthquake has had on the improvement of 
seismic design and emergency response and preparedness 
procedures for lifelines. 

The NSF also sponsors the NCEER at Buffalo, New York in 
cooperation with the State of New York, and public and 
private corporations. NCEER is conducting research to 
improve basic knowledge about earthquakes, engineering 
practice and the implementation of seismic hazard 
mitigation procedures to minimize loss of lives and 
property. A majqr focused effort is underway to 
conduct research in the area of lifeline system 
failure. Here, effort is directed at two lifeline 
systems; namely crude oil transmission systems and 
water delivery systems. 

. Research on water delivery systems addresses issues 
relating to ground motion studies; system performance, 
vulnerability and serviceability; and risk assessment 
and societal impact. Research on crude oil 
transmission systems involves the development of 
seismic risk assessment for a crude oil pipeline system 
which traverses large spatial areas. Factors will 
include studies of peak ground accelerations and 
permanent ground displacements. In addition to groand 
motion studies which include space-time correlation and 
geological, topographical and ground motion data 
analyses, numerous detailed studies are being conducted 
to better understand the hazards associated with 
liquefaction and large ground deformation, soil
structure interaction, wave propagation and fault 
crossings. Detailed studies on system vulnerability, 
response and serviceability include evaluating damage 
and repair of piping systems, establishing system 
reliability and enhancing analysis capability. 

Completion of these studies will result in a greater 
fundamental understanding of how these two types of 
systems respond and interact when subjected to 
earthquake activity. These results will provide 
important information needed for the development of 
detailed seismic design guides for piping systems. 
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In recent years, FEMA has become a major sponsor of 
lifeline earthquake engineering studies. Recently, the 
Building Seismic Safety Council completed the 
development of a seismic hazard abatement action plan 
for lifelines for FEMA to provide a basis for the 
planning of a long-range lifelines research program. 
The plan was developed through a workshop consensus 
process utilizing the expertise of numerous 
professionals and organizations that deal with the 
diverse areas of design, construction, operation, and 
ma1ntenance of lifeline systems. The Action Plan 
recommended 67 priority projects related to lifeline 
systems. Details are contained in the FEMA publication 
entitled "Abatement of Seismic Hazards to Lifelines: 
An Action Plan" and the six volume FEMA report entitled 
"Abatement of Seismic Hazards to Lifelines: . 
Proceedings of a Workshop on Development of an Action 
Pl an." ' 

FEMA sponsored a follow-up study to develop expert 
recommendations and consensus for prioritorizing and 
implementing the action. An ad hoc committee on 
lifelines was established for performing this task. 
The committee observed that earthquakes pose a profound 
threat to the reliability and continued survivability 
of all lifeline systems. The committee made 
recommendations to implement a nationally coordinated 
and comprehensive program for mitigating the risk to 
lifelines from seismic and other natural hazards and 
focus project activities in the following four high
priority project areas: Improve the awareness and 
education on lifeline hazards mitigation to lifeline 
service providers, users, and regulators; Develop 
information on vulnerability of lifeline systems to 
natural haZards and identify procedures for minimizing 
lifelines vulnerability; and Develop and recommend 
regulatory actions for adopting hazard mitigation 
standards and criteria for lifeline systems. 

Finally, FEMA initiated a study with EQE, Inc., to 
assess the potential impact of damaging earthquakes on 
lifeline systems in general and determine the 
vulnerability of a yet to be identified single lifeline 
in one region as a case model. This initial effort is 
expected to contribute a considerable amount of needed 
information to promote awareness on the importance of 
mitigating hazards to lifeline systems. 

This summarizes the major research efforts being 
conducted which will add to the basic understanding of 
the performance of lifeline systems. Additional 
research is being conducted by private organizations 
and institutes but is generally not available to the 
public. 

5. CONCLUS ION 

Although significant ~ttention has been focused on the 
effects earthquakes have on lifelines, relatively 
little guidance is available for the seismic resistant 
design of these facilitiei. The most definitive 
seismic design criteria available in the United States 
for a specific set of structures is the American 
Association of State Highway and Transportation 
Officials Bridge Specifications. More general 
seismic design guidance for lifelines is documented in' 
the ASCE publication "Advisory Notes on Lifeline 
Earthquake Engineering." 

Important research has and is being conducted that will 
provide information on which to update seismic design 
guidance for lifelines. Minimal fiscal resources could 
be invested now to update design guidance for selected 
lifeline structures. For example, much has been 



learned about the dynamic effects of fluids in tanks, 
piping behavior, welding and detailing and anchorage 
systems to update design guidance for new tanks and 
piping systems. Of course, many unanswered questions 
remain which are identified in detail in the FEMA 
publication "Abatement of Seismic Hazards to Lifelines: 
An Action Plan." However, many new lifeline structures 
will be constructed before research studies which are 
identified in the Action Plan can be completed. As 
engineers, we must apply tod~y'savailable knowledge 
from lessons learned in past earthquakes to thedesign 
of tomorrows lifeline structures. 
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A Strong Motion Data Catalog for 
Personal Computers 

by 

Lee Wesley Row, lIP and Herbert Meyersl " 

~,.' . 

ABSTRACT' 

Technical advancements in the field of 
earthquake engineering can be impeded by 
lack of essential strong motion data. 
Catalogs which document these records 
are valuable tools for engineers and 
researchers needing to locate data 
applicable to specific studies. The 
personal'computer-based strong motion 
catalog, calledSMCAT, combines the 
efficiency of automated data management 
systems with the convenience of personal' 
computers to provide users. with an 
alternative information source that can 
be accessed interactively. The 12,700 
record database which documents the 
largest public domain holding of strong 
motion data .includes ·information on 
triggering events, recording station 
characteristics and peak ground motion 
values .. This paper describes the 
development "and" features of this 
catalog ~ . 

1. INTRODUCTION 

Many siud~es regarding the effects and 
potential impacts of strong ground 
motions rely on the analysis of historic 
acceler:ograms. The need· for convenient 
access to existing strong motion data 
has been widely documented. The u.s. 
National Workshop on Strong Motion 
Instrumentation·notes that research 
advancements in the field of earthquake 
engineering can, and may often, be 
impeded by insufficient data (ref. 4). 

with the thousands of processed 
accelerograms already in existence, it 
can be a major undertaking for engineers 
and researchers to locate all of the 
data applicable to a particular study. 
Strong motion catalogs. which document 
this vitaL data resource have proven to 
be extremely .useful for investigators 
needing to locate.data pertinent to 
their application. Al though these. 
catalogs have appeared in a variety of 

,formats, such as printed listings, 
on-line information banks, and graphic 
work stations (see refs. I, 2 and 3), 
they ail tend to have their drawbacks as 
far as either being inconvenient, 
limited.in scope or not up-to-date. An 

alternative solution to documenting this 
resource is a personal computer-based 
catalog system known as SMCAT. SMCAT, 
an abbreviation for strong Motion· 
Catalog, utilizes the many advantages of 
personal computers to provide a . 
convenient database which contains·ample 
information. 

The catalog documents the National 
Geophysical Data Center (NGDC) and World 
Data Center-A (WDC-A) strong-Motion Data 
Archive -- the largest public domain 
holding of digitized strong motion data .. 
The catalog.is accessed via a . 
menu~driven, front-end program which 
allows for interactive searches and 
retrievals from the ~atabase. Special 
characteristics of the catalog provide 
for a multitude of features such as 
simple updates and linkages ~ith 
exist{ng databases. A combination of 
the efficiency of automated database 
management systems with the convenience 
of personal computers attributes to the 
practicality and effectiveness of this 
catalog. 

The SMCAT catalog is a dBase III+ 
formatted database which documents·the 
contents of the NGDC/WDC-A Strong Motion 
Archive. The initial release of the _ 
catalog contains over ~2,700 entries or 
records. Each record in the database is 
comprised of 29 fields of information 
which describe the triggering even~ 
parameters, recording station ' 
characteristics, and peak recorded·' 
ground motion values for every processed' 
accelerogram in the WDC-A archive (table 

.1). Most of the information fields used 
in the catalog are those deemed most 
useful for engineers and research~rs bi 
the u.S. National Workshop on Strong 
Motion Instrumentation (ref., 4). 
Additional useful data such as recording 
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site geology, fault plane parameters and 
structural characteristics were left out 
of the present catalog because of the 
difficulty involved in obtaining much of 
this information. 

The scope of the catalog encompasses all 
of the public domain strong motion data 
dating from 1933 (the first u.s. 
acc~ler~~raph recording) to the present 
that were contributed to WDC-A from 
numerous government agencies, 
educational institutions r and industries 
located around the world. Although 
almost half of the records originated 
from accelerographs installed in the 
United States, there are also a 
significant amount that originated from 
fifteen other countries (fig. 1). 
Records in the archive are 
representative of a broad range of 
recording environments from structural 
to free field (.fig. 2). Structural 
records include those that were obtained 
from a diverse selection of 
dams,bridges, and utilities, as well as 
various types of buildings. Recording 
site geologies cover almost the entire " 
spectrum from hard rock to alluvium and 
fill. 

2. DATA COLLECTION 

Information used in the catalog was 
collected from three main sources. Most 
of the data pertaining to the triggering 
event and station characteristics are 
extracted from reports and technical 
papers published by agencies responsible 
for the collection and processing of 
accelerograms. Unfortunately, most of 
these reports are published rather 
promptly and, hence, do not contain 
comprehensive information. 
Seismological catalogs were used as a 
supplement to fill in any information 
regarding the triggering event.· 
Finally, any information that still 
remained ,unknown, such as peak ground 
motion. values, was obtained from the 
archived a~celerogram data files. 

Most of the collected information was 
entered into the catalog database 
manually. H9wever, automated procedures 
can be used'whenever large sets of data, 
such aS,the CALTECH series or the Taiwan 
SMART-1 array data, are available in 
redundant file formats. In this case, a 
short FORTRAN or C program was quickly 
produced to extract as much information 
as possible from the file headings and 
data points. 

In theory, the process of incorporating 
information into the SMCAT database 
seems rather straightforward; in 

reality, however, the process is 
typically complex. The difficulty in 
developing this type of catalog can be 
attributed to the hodgepodge of data and 
documentation formats. Ideally, all of 
the information should be contained in 
the heading of the accelerogram data 

. file,; this would not only aid in the 
development of catalogs, but would 
undoubtedly benefit the users of these 
data. Compilation of this catalog would 
become a trivial task if all of the 
necessary information were written into 
the files in an internationally 
standardized format. 

3. INFORMATION RETRIEVAL 

The catalog is disseminated to users in 
a dBase 111+ format on 5 1/4 inch" floppy
diskettes. A front-end program is 
included"for interactive searches and, 
retrievals. This. menu-driven program 
acts as an interface between the user ," 
and thec-atalog enabling the user to" " 
access the database without dBase 111+ 
software. A search is initiated by 
defining the" search parameters and 
specifying the range of each parameter~ 
For instance, a typical search may 
include locating all of the records 
obtained from free field sites "loc~ted 
at a maxim~m distance of 20 ki16meters 
from the epicenter and that recorded a 
peak acceleration greater than 20% g~ 
Up to five fields can be selected to 
specify a search condition (table 2). 
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The data output can be directed to a 
printer, monitor,' or stored in an output 
file. Stored output can be re-searched 
with a new .set of parameters if 
necessary~ Three types bf out~~t'file 
formats are available :' dBase" 111+,
ASCII~ and Lotus 1-2-3. This option 
greatly increases the flexibility of the 
product by not restricting the user to a 
dBase III+ format. 

4. ADDITIONAL FEATURES 

The use of dBase III+ as a database 
management" system technology greatly 
increases the capabilities of this 
catalog. Severalfea.tures inherent in" 
dBase and other features that have" been 
designed into the catalog program 
provide an adequate foundation for users 
to expan~ upon~' New fields can be added" 
to thecatalogwtthout significantly 
affecting the performance of the search 
program. ~uitable candidates for 
additional fields "could pertain to site 
geology, structural characteristics~ or 
fault plane parameters. Any additibnal 
fields that are no~ part of the original 
database structure cannot be accessed by 
the program. For users that prefer -



management software other than dBase, 
the SMCAT program will export the entire 
database, or a selected portion of the 
database, to either an ASCII or Lotus 
1-2-3 formatted file. 

If modification of the existing database 
is not desirable, then the catalog can 
be linked to an external database 
through a related field such as event 
date. Use of the program can be avoided 
altogether by exporting the database to 
the desired file format and using the 
appropriate software to access the 
records. Editing or altering of the 
catalog can easily be accomplished by 
using one or more of the editing 
utilities available in dBase. 

5. CONCLUSIONS 

The SMCAT strong motion catalog is 
designed to assist engineers and 
researchers in locating accelerograms 
suitable for particular applications. 
with the diverse and extensive selection 
of historic recordings that are 
documented in this catalog, a user can 
find records applicable to,most studies. 
Special features contribute ~o the 
flexibility of the catalog which enable 
users to tailor or apply the system to 
suit specific needs. 

6. REFERENCES 

1. Coffman, J.L. and Godeaux, S. 1985. 
"Catalog of Strong-Motion 
Accelerograph Records," World Data 
Center-A for Solid Earth 
Geophysics Report SE-38, 79 p. 

2. Polhemus, ~.W. and Jones E. 1984. 
"Interactive Database for 
Graphic Retrieval of Strong-Motion 
Accelerograms," in Proceedings 
of the Eighth World Conference on 
Earthquake Engineering, July 
1984, San Francisco, California, v. 
2, p. 87-91. 

3. Converse, A., 1978. "Strong-Motion 
Information Retrieval system 
User's Manual," U.S. Geological 
Survey Open File Report 79-289, 
51 p. 

4. Iwan, W.O. 1981. "U.S. Strong-Motion 
Earthquake Instrumentation, 
Proceedings of the U.S. National 
Workshop on Strong-Motion 
Earthquake Instrumentation, DD April 
1981, Santa Barbara, 
California, 55 p. 

194 



Field Name 

EQDATE 
EQTIME 
EPILAT 
E NS 
EPlLONG 
E EW 
EQNAME 
DEPTH 
INT 
MAG 
CODE 
COMPONENT 
STATION 
STATE 
COUNTRY 
STRUCTURE 
EPIDIST 
MAXACCEL 
MAXVEL 
MAXDISP 
INSTRUMENT 
FLOOR 
STALAT 
S NS 
STALONG 
S EW 
TAPE 
TYPE 
FILE 

Fields that Comprise SKeAT 

Description 

Event Date 
Event Time 
Epicentral Latitude 
Latitude North/South Flag 
Epicentral Longitude 
Longitude East/West Flag 
Event Name 
Focal Depth 
Maximum Intensity. (MM) 
Magnitude (ML) 
Station Code 
Instrument Component 
station Location 
State (recording site) 
Country (recording site) 
structure Type 
Epicentral Distance 
Maximum Acceleration 
Maximum Velocity 
Maximum Displacement 
Instrument Type 
Floor Number (recording Site) 
station Latitude 
Latitude North/South Flag 
station Longitude 
Longitude East/West Flag 
NGDC Data Set Name 
Data or Record Type 
Data Set File Number 

Type of. 
Field 

Numeric 
Numeric 
Numeric 
Character 
Numeric 
Character 
Character 
Numeric 
Numeric 
Numeric 
Character 
Character 
Character 
Character 
Numeric 
Character 
Numeric 
Numeric 
Numeric 
Numeric 
Character. 
Numeric 
Numeric 
Character 
Numeric 
Character 
Character 
Character 
Numeri.,( 

Character 
width 

6. 
8 
6' 
1 
7 
1 

30 
3 
2 

.4, 
7 
'7 

30 
2 
5 
3 
3' 

10 
8 
7 

,7 
2 

·6 
1 
7 
1 
7 
1 

·4 

Total Characters: 190 

Table 1. Table lists the 29 fields that make up the SMCAT database. 
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Searchable Fields. in the SKeAT Database 

Field 

Event Date 
EpicentralCoordinates 
Event Name 
Focal Depth -
Maximum Intensity 
Magnitude 
station Name .. 
Country (recording site) 
state (recording site) 
structure Type (recording- site) 
Building FlobrNumber (rec. site) 
Epicentral Distance 
Maximum Ac6ele~ation 
Maximum Velocity 
Maximum Displacement 
station Coordinates 
NGDC Data set N~me 

units 

UTe 
degrees 

kilometers 
MM 
ML 

floor # 
kilometers 

gals 
em/sec 

centiI\'1eters 
degrees 

Range 

1933 - present 
global 

o to 9999 
1 to 12 
1 to 10 

-9 to 99 
o to 9999 

o to 99999 
o to 9999 

o to 999 
global 

Table 2. Table lists the fields that can be searched by the·SMeAT program. 
Up to five fields can be searched at one time with the program. 
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GUA~IIT~ or PROCESSED SiRO~G ~OiliON RECORDS ORIGINATING rROM UARIOUS COUNTRIES 

(6.0) • NUMBER 
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Countr~ 

~DC-A/~GDC DAiA HOLDINGS 

Figure 1. Chart shows the quantity of processed strong motion records 
originating from various countries represented in the SMCAT catalog. One 
record is defined here as a single component record with only one phase of 
processing. A record with all three phases of processing (raw, filtered, 
and response spectra) is considered three separate records. Country codes 
are as follows: IND: India, RU}i: Rumania, AUS: Australia, FIJ: Fiji, CAN: 
Canada, NIC: Nicaragua, SAL: EI Salvador, PER: Peru, NZD: New Zealand, 

' . 

CHI: Chile, SSR: Union of Soviet Socialist Republi"cs,'PAP: Papua New G~in~a, 
MEX: Mexico, JAP: Japan, ITA: Italy, PRC: Peoples Republic of China, TAl: 
Taiwan, USA: United States. Less than ten records originated from each of 
the countries of India, Rumania, and Australia. 
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QUAN!Kr~ OF PROCISSII StRONG MOTION RECORDS RETRIEVED FROM UARIOUS STRUCTURES 

(6,~) III NUMBER 

(8,6) 
BRIDGES ~~Kl~n~GS: DAMS FREE FIELD UTILITIES OTHER 

Structure 
WDC-A/NGDC DATA HOLDINGS 

Figure 2. Chart shows the quantity of processed strong motion records retrieved 
from the various structures represented in the SMeAT catalog. One record is 
defined here as a single component record with only one phase of processing. A 
record with all three phases of processing (raw,filtered, and response spectra) 
is considered as three separate records. 
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Nonlinear Seismic Analysis of 
Concrete Gravity Dams 

by 

Lucian G. Guthrie 1 

ABSTRACT 

This paper,describes an investigation of the 
behavior of concrete gravity dams subjected to 
earthquake motions of sufficient strength to 
induce cracking. Nonlinear, dynamic finite 
element analyses of three dams subjected to the 
Parkfield earthquake motion are conducted with 
the ADINA 84 code. In the analyses the 
essential characteristics of static preloading, 
bidirectional seismic motion, dynamic concrete 
cracking, and hydrodynamic interaction are 
modeled. The results show that cracked zones 
can propagate through the cross sections at 
various elevations. The U.S. Army Corps of 
Engineers' guidance for seismic evaluation of 
gravity dam~ compare~ conse~vatively to these 
results but incorrectly locates the elevation of 
cracking through the section in some cases. A 
procedure to estimate the relative perm~nent 
displacement across such cracked sections is 
developed using the sliding block analysis. 

KEYWORDS: Concrete gravity dams; earthquake 
analysis; finite element analysis. 

1. INTRODUCTION 

U.S. Army Corps of Engineers publication ETL 
1110-2-303 (U.S. Army CE, 1985) provides design 
guidance for determining the earthquake-induced 
loading, performing the dynamic stress analysis, 
and evaluating the results for concrete gravity 
dams. That guidance requires an analysis to 
estimate the extent of cracking, and a sliding 
stability analysis on'planes where the greatest 
cracking occurs. Cracking is indicated when a 
linear elastic analysis calculates combined 
maximum tensile stresses greater than D.l times 
the unconfined compressive strength of the 
concrete using damping ratios of 7 or 10 
percent. The sequence of analysis is shown in 
Figure 1. 

Where cracking is indicated an estimate of the 
location and extent of cracking and an 
evaluation of the severity of this cracking are 
required. To accomplish this a dynamic 
nonlinear analysis of the dam is required to 
determine the location and extent of cracking. 
This is followed by a sliding stability analysis 
of any section above a plane determined to be 
cracked. 

To confirm or appropriately modify the guidance 
given in ETL 1110-2-303, as described in Figure 
1, an analytical investigation was conducted on 

the behavior of concrete gravity dams subjected 
to earthquake motion of sufficient strength to 
induce cracking (Mlakar, 1987). This paper 
describes that investigation and reports on the 
results. 

2. DYNAMIC NONLINEAR ANALYSIS INVESTIGATION 

2.1 Tasks of Investigation 

, The investigation encompassed the following 
tasks: 
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1) Performed nonlinear analyses on three given 
nonoverflow gravity dam cross sections of 185, 
300, and 638 feet (56, 91, and 194 meters) in 
height using earthquake-induced ground ,motion of 
sufficient strength to induce cracking. The 
results of the analyses were used to estimate 
the extent of cracking possible and any 
permanent displacements likely to occur along 
planes of maximum cracking. 

2) Evaluated the interim procedure contained in 
ETL 1110-2-303 for analyzing the response of a 
gravity dam to a maximum credible earthquake. 

3) Developed a simplified method of analysis to 
estimate upper bounds for permanent 
displacements due to vibratory ground motion 
without resorting to multiple acceleration 
time-history analyses. 

2.2 Particulars of the Nonlinear Analyses 

2.2.1 Computer Code and Discretization 

The nonlinear analyses were performed using the 
general purpose finite element code ADINA (ADINA 
Engineering, 1984). The cross section of each 
structure was modeled using 9-node, 
isoparametric, quadrilateral, plane stress 
elements of unit thickness. The discretization 
of the finite element meshes is shown in Figure 
2. This degree of discretization was found to 
adequately reproduce the stress distributions 
within gravity dams (Cole and Cheek, 1986). 

1 U.S. Army Corps of Engineers, HQUSACE 
(CEEC-ED), W~shington, DC 20114-1000 



2.2.2 Constitutive Modeling 

The constitutive behavior of the concrete of the 
dams was described with the ADINA concrete 
material m6d~1 (Bathe and Ramaswamy, 1979)~ For 
the stati~ ~rid the ~eismic loadings imposed, 
this description provided an essentially linear 
behavior in compression and a linear behavior in 
tension up to the stress level at which crackin~ 
occurred. When this level of stress was 
reached, spatial. 'zones of cracked material were 
defined. In these zones the tensile st~ffness 
across the cracked surface was reduced to zero 
and the shear stiffness was reduced to half the 
uncracked value. The effects of strain rate on 
material behavior' were approximated as .described 
in Mlakar, 1987. 

2.2.3 Loadings .. 

In the·nonlinear analysis, both static and 
seismic loadings were considered. The 
self-weight of the cross section was applied as 
a mass proportional body force. The hydrostatic 
loading of the reservoir was accomplished 
through a set of ~ressure loadings along the 
upstream surface of 'the structure.· Both of 
these loadings were· linearly increased from zero 
initially to" their. full static value in a rise 
time of 2 seconds. This rise time was selected 
to achieve equilibrium under the static loading 
prior to the arrival of the strong earthquake 
motion. The horizontal and the vertical 
earthquake loading were applied as uniformly 
prescribedcllsplacements along the base of the 
dams. Finally, the hydrodynamic loading of the 
reservoir was. approximated by adding 
concentrated nodal masses on the upstream face 
corresponding to the distribution used in the 
linear elastic analysis as described in Cole and' 
Cheek, 1986. 

The earthquake record (Figure 3) used in the 
analyses was ·the N65W horizontal and vertical 
components of the 1966 Parkfield, California 
earthquake recorded at Temblor No. 2 Station, 
CIT File Nos. B037-1 and B037-3. This loading 
is representative of strong earthquake motions 
likely to be encountered at rock sites, upori 
which all Corps of Engineers concrete dams are 
founded. 

2.2.4 'Discussion of Results 

When excited by an earthquake motion strong 
enough to initiate cracking, the dams sections 
analyzed cracked completely through their cross 
sections. This is consistent with limited scale 
model tests (Niwa and Clough, 1980). In some 
cases the cracked zones grew through stable 
stages .. In other cases, the cracking was 
virtually instantaneous once it began. The 
practical implication of this may be that dams 
which crack during an earthquake do crack 
completely through their cross section. 
However, further analytical and expe~imental 
study is required to support this conclusion in 
general. 
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The three dams analyzed cracked completely at 
various elevations. The shortest structure 
cracked through its base while the taller ones 
cracked through the upper elevations. The 
elevation of complete cracking may be sensitive 
to the flexibility of the foundation which was 
not considered in this nonlinear analysis. 
However, a state-of-the-art linear analysis 
which included this feature (Fenves and Chopra, 
1984) indicates that the maximum total stress· 
occurs at the upstream edge of the base. This 
is the same location at which cracking initiated 
in each of the nonlinear analyses conducted in 
this investigation. 

The Procedure of ETL 1110-2-303 conservatively 
evaluated the safety of each of the four 
dam-earthquake combinations considered in this 
work. But in two cases, the simple linear 
procedure was misleading in that the elevation 
of cracking through the cross section differed 
from that observed in the nonlinear analysis. 
It is important that this elevation be. correctly 
predicted so that a subsequent estimate of 
permanent displacement along the cracked plane 
is meaningful. This prediction requires that 
the inelastic behavior following initial ' 
cracking be incorporated in the evaluation 
procedure. This might be simply achieved with a 
static nonlinear resistance function and an 
inelastic response spectrum. 

3. STABILITY OF CRACKED SECTIONS 

It has been shown that extremely strong ground 
shaking can cause cracking through the cross 
section of a concrete gravity dam. In fact, this 
may have occurred as shown in Figure 4, at the 
Koyna Dam during the December 1967 earthquake 
(Chopra and Chakrabarti, 1971). The Corps' 
analytical procedure for the maximum credible 
earthquake (Figure 1) would require' an estimate 
of permanent displacement in such. a case. A 
simple procedure for this estimation is 
developed and illustrated in~lakar. 1987. 

3.1 Description of Sliding Analysis 

In the proposed procedure the cracked surface is 
assumed to be planar and either horizontal or 
inclined (Figure 5). The portion of the 
monolith above this crack is assumed to be a 
rigid body subject to sliding along the cracked 
plane as.the portion of the monolith below th~ 
crack moves horizontally due to the ground 
motion. This idealization resembles the sliding 
block analysis widely employed for earth 
embankments (Newmark, 1965), (Franklin and 
Chang, 1977), (Hynes-Griffin and Franklin, 1984) 
and should be no less applicable. to gravity 
dams. 

The limiting acceleration is calculated from 
equilibrium of the monolith above the crack and 
the amplification of ground motion is computed 
from an approximation consistent with the 
simplified stress analysis of gravity dams as 
described in Cole and Cheek, 1986. 



3.2 Discussion of Results 

The procedure leads to a conservative result in 
each of the two examples illustrated, in Mlakar, 
1987. The method ma~ be improved through an 
experimental examination of the frictional 
coefficient employed to compute the limiting' 
acceleration. An analytical study of the 
amplitude and frequency modulation of ground 
motion within th~ cracked structure may also 
lead to a better procedure. 

3.3 Overturning Stability 

Corps of Engineers criteria (U.S. Army CE,1985) 
states that an overturnig mode of failure of a 
gravity dam due to an earthquake-induced 
excitation is not likely because of the large 
base width to height ratios of gravity dam cross 
sections and the"nature of the excitation--peak 
oscillatory motion of very short duration. 

4. CONCLUSIONS 

The funding limitation for the Mlakar, 1987 
study permitted the investigation of a rather 
limited number of cases. In addition, , 
foundation interaction effects were not taken 
into account, only one earthquake r'ecord was 
used, and the hydrodynamic loading of the 
reservoir was approximated by adding , 
concentrated nodal masses on the upstream face 
corresponding to the distribution used for the 
linear elastic analysis. So, broadly applicable 
conclusions are not supported by this.study 
alone. However, the following observations can 
be made from the results of the study: 

1) When excited by an earthquake motion of 
sufficient strength to initiate cracking, the 
three dam cross sections analyzed cracked 
completely 'through. In some cases, this 
cracking progressed through stable stages and in 
others, it was virtually instantaneous. 

2) The cracking through the dam cross sections 
occurred at the base, at the elevation of 
downstream slope change, and at a lower 
elevation. The shortest structure cracked 
through its base while the taller ones cracked 
through the upper elevations. 

3) The procedure in ETL 1110-2-303 
conservatively evaluated the safety of the four 
cases considered. However, in two cases the 
simplified dynamic analysis procedure 
incorrectly located the elevation at which 
cracking occurs through the cross section. 

4) The sliding block analysis is a rational 
bases to estimate the permanent relative 
displacements along cracked planes through a dam 
cross section~ , 

201 

5. REFERENCES 

ADINA Engineering, 1984, "Automatic Dynamic 
Inc~emental Nonlinear Analysis Users Manual," 
Report AE 84-1, ADINA Engineering, ,Watertown, 
MA. 

Bathe, K. J., and Ramaswamy, S., 191'9, "On, 
Three-Dimensional Nonlinear Analysis of Concrete 
Structures," Journal of Nuclear Engineering and .' 
Design, Vol 52, pp 385-409. 

Chopra, Anil K., and Chakrabarti, P., '1971, "The 
Koyna Earthquake of December 11, 1967, and the 
Performance of Koyna Dam," Report UCB/EERC 71-1, 
Earthquake Engineering Research Center, 
University of California, Berkeley, CA .. 

Cole, R. A., and Cheek, J. B., 1986, "Seismic 
Analysis of Gravity Dams," Technical Report 
SL-86-44, US Army Engineer Waterways Experiment 
Station, CE, Vicksburg, MS. 

Franklin A. G., and Chang, F. K., 1977, 
"Earthquake ,Resistance of Earth and Rock-Fill 
Dams: Permanent Displacement of Earth 
Embankments ,by Newmark Sliding Block Analysis," 
Miscellaneous Paper S-77-17, Report 5, US Army~, 
Engineer Waterways Experiment Station, CE, 
Vicksburg, MS. .~. 

Hynes-Griffin, M. E., and Franklin, A. G., 1984, 
"Rationalizing the Seismic Coefficient Method," 
Miscellaneous Paper GL-84-13, US Army Engineer 
Waterways Experiment Station, CE, Vicksburg, MS. 

Mlakar, Paul F., 1987, "Nonlinear Response of 
Concrete Gravity Dams ,to Strong 
Earthquake-Induced Ground Motion," Technical 
Report SL 87-7, ,US Army Engineer Waterways 
Experiment Station, CE, Vicksburg, MS. 

Newmark, N. M., ,1965, "Effect of Earthquakes on 
Dams and Embankments," Geotechnique, Vol 15 ,No., 
2, pp 139-160. 

Niwa, A., and Clough, R. W., 1980, "Shaking 
Table Research on Concrete Dam Models,~ Report 
UCB/EERC 80-05, Earthquake Engineering Research 
Center, University of California, Berkeley, CA. 

U.S. Army Corps of Engineers, 1985, "Earthquake 
analysis and Design of Concrete, Gravity Dams," 
Engineer Technical Letter 1110-2-303, 
Washington, DC. 



No 

Repeat Analysis 
with 7% Damping. 

Using the Most Appropriate 
Method, Perform a Unear 
Elastic Analysis with 5% 

Damping. 

Yes 

Estimate Extent of 
Cracking and Perform a 

Static Sliding Stability Analysis 
on Planes Where Greatest 

Cracking Is Indicated. 

CONTINUED 

Figure la 

No 

No 

Stop. 
Design Is 

Satisfactory. 

Ves 

Repeat Analysis 
with 10% Damping. 

SlOp. 
Design Is 

Satisfactory. 

Figure 1. Sequence of analysis for the maximum credible 
earthquake (DA 1985) (Sheet 1 of 2) 
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Figure 1. (Sheet 2 of 2) 

203 

Yes 

Compute Permanent 
lOis placement During the 

Earthquake. 

No 

Design for Greater 
Earthquake Resistance. 



2500 

2000 

1500 

1000 

500 

o 
o 500 1000 

Y 

1500 

Figure 2. Fini.te element grid of. Russell Dam. 
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Figure 3. Parkfield earthquake motions used in analyses 
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Figure 4. Cracking of Koyna Dam 
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Seismic Microzonation 

By 
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ABSTRACT 

This pape'rreviews the basic principles of 
seismic microzonation--the multidisciplinary 
process that leads to the division of a 
region into smaller areas expected to 
experience the same relative severity of an 
earthquakes physical effect such ground 
shaking., Since the original pioneering 
research by Japanese' scientists and engineers 
in the ,early 1900's, many significant 
advances in 'understanding have been made. 
The time; seems to be right for renewed 
efforts in seismic microzonation to be made 
worldwide. 

1. WHAT IS TO BE DONE? 

1.1 Design Goal 

The goal is .to devise a set of standard 
procedures that can be used throughout the 
world to produce seismic· microzonation 
products. Products produced in a seismic 
microzoningstudy are applied in land-use, 
building codes, design and construction 
practices, repair and strengthening of 
existing buildings, and response and recovery 
planning. These applications can save lives 
and economic resources. 

Although the pre-earthquake. environment is 
more optimal, experience shows that seismic 
microzonation studies are accepted more 
readily as a strategy for reducing losses 
from earthquake hazards in the post
earthquake. environment. Political 
considera~ions'are usually less of an 
impediment in the post-earthquake 
environment. 

, .2 Background 

Seismic microzonation, the division of a 
region into smaller areas expected to 
experience the same relative severity of an 
eRrthquake hazard (for example, ground 
shaking, surface fault rupture, earthquake-. 
induced ground failure, tectonic deformation, 
or tsunami runup) is an important part of the 
process of evaluating earthquake hazards and 
assessing the risk in an urban area. Seismic 
microzonation is the part of the process of 
evaluating earthquake hazards that,provides 
the prospective user of an area with the 
design criteria that will permit him to 
select the most suitable part of the area for 
the proposed use. 

2. HOW WILL IT BE DONE? 

2.1 Compilation of Seismic Microzonation 
Experience 

Seismic microzonation has been performed in 
many countries throughout the world. 
However, there is no standard procedure for 
seismic microzonation, and the results have 
varie'd widely from country to country (see 
proceedings of the three international 
conferences on seismic microzonation held in 
the United States and the proceedings of the 
microzonation conference held in Algeria). 

2.2 Technical Procedure 

The key to' the' crea tion of a standard 
procedure in seismic microzonation is to 
obtain explicit answers to the following 
questions: 

Where are the earthquakes occurring now? 
Where did they occur in the past? 
Why are they occurring? 
How often do earthquakes of a certain 
size ,( magnitude) occur? 
How big (severe) have the physical 
effects been in the past? 
How big can they 'be in the future (e.g., 
next 50 years)? 
How do the physical effects vary 
spa tially and temporally? 
How have these physical effects impacted 
various types of buildings and 'lifeline 
systems? ' 

Although these questions appear to be Simple, 
the answers typically require detailed 
research and technical studies that integrate 
geologic, seismological, and engineering data 
on two scales: 
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Evaluation of seismic hazards on a 
regional scale: (a map scale of about 
1:100,000 to 1:1,250,000). This part of 
a microz'oning study establishes the 
physical parameters of the region needed 
to evaluate the earthquake hazards of 
ground shaking, surface fault rupture, 
tectonic deformation,:and tsunami 
runup. Technical tasks such as' the 
following are required: 

a. Compilation of a catalog and map of 
the prehistorical, historical, and 
current seismicity. 



2) 

b. Performance of neotectonic studies 
(mapping, age dating, and trenching) 
to acquire information on recurrence 
times in the past several thousand 
years not provided by historical 
seismicity. 

c. Preparation of a seismotectonic map 
showing the location of active 
faults and their correlation with 
seismicity. 

d. Preparation of a map showing 
seismogenic zones and giving the 
magnitude~ of a maximum earthquake 
and the frequency of occurrence for 
each zone. 

e. Specification of regional seismic 
~ave attenuation laws and their 
uncertainty. 

f. Preparation of probabilistic ground
shaking hazard maps in terms of peak 
bedrock acceleration, peak bedrock 
velocity, exposure times, and 

. pr'obabili ties of nonexceedance. 

Evaluation of seismic hazards on an 
urboan scale: (a map scale of about 
1 :5,000 tol:25,000). This part of a 
microzonation study integrates the 
seismotectonic and other physical data 
acquired in the region of the study 
(Part I above) with site-specific data 
acquired in the urban area tb produce 
seismic microzonation maps. Technical 
tasks such as the following are 
required: 

a. Acquisition, synthesis, and 
integration of existing and new 
geologic, geophysical, and 
geotechnical data to characterize 
the soil/rock columns in terms of 
their physical properties and their 
response to various levels of ground 
shaking. : 

b. Preparation of ground-shaking hazard 
maps showing the dynamic 
amplification factors for soil/rock 
columns in' ter~s of amplitude and 
frequency composition of ground 
shaking and the level of dynamic 

. shear strain for a range of seismic 
loads. 

c. Preparation of a map showing the 
potential for surface fault rupture 
and tectonic deformation. 

d. Preparation of a map showing the 
potential for liquefaction. 

e. Preparation of a map showing the 
potential for landslides. 

f. Analysis of the vulnerability of 
various types of buildings and 
lifeline systems under a range of 
seismic loads. 

3. WHAT LEADS US TO BELIEVE IT CAN BE DONE? 

3.1 Basic Data 

The basic data'required for seismic 
microzonatio~ are available in many countries 
throughout the world; what is missing is' a 
standard procedure. Microzonationon the 
regional and urban scales requires the ·best 
available information on: 1) seismicity, 2) 
the nature of the earthquake source zone, 3) 
seismic wave attenuation, 4) local ground 
response, and 5) building and lifeline 
response. 

3.2 Scientific and Engineering Pr~blems 

A number of technical issues (i.e., ,questions 
for which expert judgment is divided between 
"yes" and "no") have been identified for the' 
problem of microzoning the ground-shaking 
hazard. 'They are summarized below to provide 
examples of their range and complexity. 
Considerations of structural response and 
potential vulnerability will not be disoussed 
here. Similar technical problems can be 
stated for the ground-failure hazard. 

Seismicity - The record of historical 
seismicity in both the United States and 
other countries varies considerably in length 
and completeness~ Lack of complete~~~s can 
introduce biases in sta~istical analyses 
unless careful judgments are made~ 
Incorpor~ting geologic evidence if recent 
faulting as well as geodetic data improves 
the likelihobd of' establishing the best 
possible recurrence rates for earthquakes. 
If geologic and geophysical data are not' 
available, it may be extremely difficult to 
estimate the maximum magnitude in an area, 
and indeed, it is possible that a number of 
geographic areas may not have experienced 
their maximum magnitude earthquake. Use of 
the record of historical seismicity alone may 
cause underestimation of the maximum 
magnitude . 

The issues include the following: 

a. 
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Will the uncertainty involved in using 
catalogs of instrumentally recorded and 
felt earthquakes representing a'short 
time interval and a broad regional area 
permit a precise specification of the 
frequency of recurrence of major 
earthquakes on a local scale? 



b. 

c. 

Can the seismic cycle of individual 
fault systems be determined accurately 
and, if so, can the point in the cycle 
be-specified? 

Can the location and magnitude of the 
largest earthquake that is physically 
possible on an individual fault system 
or in a seismotectonic province be 
specified accurately? Can the frequency 
of this event be specified? 

d. Can seismic gaps be identified and their 
earthquake potential evaluated 
accurately? 

e. Can discrepancies between the geologic 
evidence for the occurrence of major 
tectonic movements in the geologic past 
and the evidence provided by current and 
historical patterns of seismicity in a 
geographic region be reconciled? 

Seismogenic Zones - No standard method has 
been adopted for delineating seismogenic 
zones. Usually, each cluster of earthquake 
foci on active faults is considered as a 
source zone; however, scientific judgment is 
involved. in drawing the boundaries of source 
zones. For example, one danger is that two 
or more regions having different 
seismotectonic characteristics will be 
incorrectly combined and the resultant 
analysis will suggest some average but 
nonexistent physical condition. In defining 
seismogenic zones, all available information 
is used to establish the physical 
correlations between earthquake occurrences 
and geologic processes and tectonic 
structures, including: 1). location of the 
boundaries of crustal blocks which are 
undergoing contrasting displacements, 2) 
history of vertical and horizontal regional 
tectonic movements, 3) the seismic cycle and 
history of active faults, and 4) tectonic 
stress. Each seismic source zone is chosen 
so that it encloses an area of seismic 
activity and, to the extent possible, an area 
of related tectonic elements. Although time
dependent models are now available, 
earthquakes are commonly assumed to have 
equal .probability of occurrence anywhere in a 
source zone, to have an average rate of 
occurrence that is constantin timei and. to. 
follow a Poisson distribution ·of recurrences.' 

The technical issues include the following: 

a. Can seismic source zones be defined 
accurately on the basis of the record of 
historical seismicity? On the basis of 
geology and tectonics? On the basis qf 
the record of historical seismicity 
generalized by geologic and tectonic 
data? Which approach is most accurate? 

b. 

c. 

In assessing the earthquake ground
shaking hazard for a region, can a 
magnitude be assigned accurately to the 
largest earthquake expected to occur in 
a given period of time on a particular 
fault system or in a particular seismic 
source zone? 

Can the physical effects of earthquake 
source parameters such as stress drop 
and seismic moment be quantified and 
incorporated in zoning maps? 

Seismic Wave Attenuation - Characterization 
of the ground motion close to an active fault 
is one of the most important yet most 
difficult parts of the problem of 
constructing a ground-shaking hazard map. 
The empirical strong ground motion data are 
currently too limited to resolve all of the 
technical issues concerning the attenuation 
characteristics of both near- and far-field 
ground motion, even though unique ground
motion data have been acquired in the near 
field in the 1979 Imperial Valley, 
California~ earthquake and in other locations 
worldwide. These data have reinforced . 
current thinking in some areas and revised it 
in others, but have not resolved all of the 
controversial issues concerning seismic wave 
attenuation. Frequency-dependent effects of 
the transmission path on earthquake ground 
motion have not been quantified fully because 
of limited data. Observational and 
instrumental data indicate that the regional 
seismic attenuatio~ rates depend on the 
physical properties (i.e., Q structure) of 
the Earth's crust and upper mantle in a 
region-, that the attenuation rates can vary 
considerably from region to region, and that 
Q is frequency dependent. 

Attenuation curves are required to specify 
how values of peak ground motion (or spectral 
velocity ordinants) decrease as distance from 
the causative fault increases. Such curves 
are essential when constructing a zoning map 
of the peak-acceleration ground-shaking 
hazards. The problem is that many peak
amplitude attenuation curves having 
substantial differences exist in the 
literature. The question of magnitude 
dependence of attenuation is important in 
probabilistic ground-shaking hazard 
estimation because it sharply influences the 
estimated level of maximum ground motion in 
two cases: 1) areas having a high rate of 
seismicity, and 2) when long periods of time 
are considered. 

The technical issues include: 

a. Can the complex details of the 
earthquake fault rupture (e.g., rupture 
dimensions, fault type, fault offset, 
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fault slip velocity) be modeled 
accurately enough to give precise 
estimates of the amplitude and frequency 
characteristics of ground motion close 
to the fault? Far from the fault? 

b. Do values of peak ground-motion 
parameters or spectral velocity 
ordinants saturate at large magnitude? 

Local Ground Response - Since the early 
1900's, literature of earthquake engineering 
and engineering seismology has recognized and 
documented that structures founded upon 
unconsolidated material (soil) are damaged 
more frequently and usually more severely in 
earthquakes than structures founded on 
rock. The damage distribution on many 
occasions (for example, in the 1967 Caracas, 
Venezuela, and the 1985 Mexico earthquakes) 
has been recognized as being related to the 
specific properties of the site geology. 
Many past studies have used empirical ground
motion data and analytical models to define 
the frequency-dependent effects that have 
been and still are controversial; only 
acquisition of ground-motion data recorded at 
sites underlain by rock and a variety of soil 
columns close to the fault from large- to 
great-magnitude earthquakes will resolve 
these arguments. 

The technical issues include the fOllowing: 

a. For various soil types, is there a 
discrete range of peak ground-motion 
values and levels of dynamic shear 
strain where the ground response is 
repeatable and essentially linear? Is 
there a range where nonlinear effects 
dominate? 

b. Can the physical effects of selected 
phyiical properties of the soil and rock 
column (e.g., thickness, lithology, 
geometry, water content, shear-wave 
velocity, and density) be modeled 
accurately? Which of these physical 
properties control the spatial 
variation, duration, and amplitude and 
response characteristics of ground 
motions in a geographic regiori for the 
fault-site geometries? 

c. Can the variation of ground motion with 
depth below the surface be modeled 
accurately in order to estimate the 
ground-shaking effects on underground 
lifeline systems? 

3.3 Seismotectonic ~nalogs 

The optimal approach is to select countries 
that have analogous seismotectonic 
settings. Most of the zones of seismic 
activity in the United States have 

counterparts and analogs in other areas of 
the world. Much more can be learned about 
the tectonic setting, earthquake mechanics, 
earthquake hazards, and risk for parts of the 
United States by studying tectonic analogs in 
other countries. Certain aspects of source 
zones in the U.S. that are not clearly 
understood (i.e., pronounced overburden 
masking basement feature, lack of long 
historic record of seismicity, etc.) become 
impediments or road-blocks to understanding, 
particularly if efforts are concentrated 
solely on specific features in the U.S. 
Critical keys to the understanding of major 
strike-slip faults like the San Andreas fault 
may come from research and field mapping of 
similar features in say Turkey, Guatemala, 
New Zealand, Venezuela, the Philippines, 
Japan, Alaska, Iran, Pakistan, western China, 
and the U.S.S.R. The similar statement can 
be made for normal and thrust faults. A 
comparison of some of these fault systems 
indicates that parts of them are in various 
stages of their earthquake cycle. By 
studying analogous critical earthquake
generating features in other countries, it 
may be possible to "catch" forerunning or 
precursory features of large shocks, and to 
apply that experience prior to the 
occurrences of the next large eart,hquake on, 
say, the San'Andreas fault or other fault 
systems in the U.S. 

Intraplate earthquakes and the state of 
stress in Australia, Canada, northern Europe, 
the U.K., parts of Africa, and peninsular 
India show many similarities to those 
associated with the Central and Eastern 
U.S. Many shocks in those areas seem to 
occur along old fault systems that have moved 
many times throughout geologic history in 
response to various plate-tectonics events. 
The configuration of major tectonic elements 
and the reactivation of fault systems in the 
Southeastern U.S., the site of the Charleston' 
earthquake in 1886, are similar to those of 
west Africa near Accura, Ghana, and the Benue 
trough of Nigeria. The tectonic setting of 
the New Madrid seismic zone in the Central 
U.S. is similar to that of the seismic zone 
that extends into the interior of Australia 
near Adelaide. Several zones of intraplate 
shocks are similar to those of the eastern 
and Central U.S. in that they are 
characterized by very large areas for a given 
level of energy release. 

A great deal can be learned from studies in 
other countries about the repeat time of 
large earthquakes along given segments of 
strike-slip and convergent plate 
boundaries. The average repeat time is a 
function of the long-term rate of plate 
movement and the geometry of the rupture 
zone. Variations in repeat time at a given 
place appear to be associated with the length 
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of the rupture zone and the amount of seismic 
slip associated with the last large shock in 
that zone. 

Since the historic record of earthquakes 
along the Alaska-Aleutian arc is so short, 
information from convergent zones near Japan, 
New Zealand, India, Pakistan, the U.S.S.R., 
the Lesser Antilles, Mexico, Central and 
South America, and other similar areas can be 
applied to earthquake-related problems for 
Alaska and the Aleutians. Similarly, the 
unusual style of plate motion to the north of 
Puerto Ricp and the Virgin Islands--thrust 
faulting on nearly horizontal planes with the 
slip vector nearly parallel to the plate 
boundary--is similar to that in the western 
most Aleutians and in the Andaman Islands. 

4. WHAT IS THE BENEFIT?' 

4.1 Potential Applications of Seismic 
Microzonation Products 

Applications of seismic microzonation 
products (maps, data, analyses) can be made 
in terms of land-use, building codes, 
construction practices, repair and 
strengthening of existing buildings, and 
response and recovery planning. The benefits 
in any given country where seismic 
microzonation has been performed include: 

a. Improving the current building code, 
identifying options for modifications 
that incorporate the scientific and 
engineering lessons learned from past 
destructive earthquakes. 

b. 

c. 

d. 

e. 

I~proving of regional and urban land-use 
practices, identifying options for 
alternatives to current practices that 
might reduce potential losses. 

Improving design and construction 
practices for new buildings, specifying 
options for alternatives to current 
practices that might. be more effective 
in ensuring high quality. 

Improving the current practices to 
repair and strengthen eXisting 
buildings, suggesting options for 
alternatives to current practices that 
might be more effective. 

Evaluation of plans for emergency 
response and disaster recovery. 

4.2 Implementation 

Three groups of professionals will implement 
the new knowledge provided by seismic 
microzonation: the design professional, the 
urban and regional land use planner, and the 
emergency manager. 
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Full Scale Test om 8 Three-Storied 
Wood-Framed Buildmg 

by 

Tatsue MUROTA· and Motel YASUMURA** 

Abstract 

A full-scale wood-framed building 
of three stories was subjected to the 
lateral 10;lds. and the structural per
formance against the seismic and wind 
loads were analyzed. The exp'e'riments 
were carried out on the spe'cimens 
whose floor and walls perpendicular to 
the loading direction were not 
sheathed with sheet materials as well 
as on the complete structure and the 
influence of the shear stiffness of a 
diaphragm and that of a bearing wall 
perpendicular to the loading direction 
on the structural performance was 
investigated. The e~perimental 

resul ts were compared wi th the .cal
culation from the finite er~ment 
model. frame model and also Tuomi' s 
model based on the load-slip relations 
of a nail joint. and the applicability 
of these calculation methods' to the 
design procedure was investigated. 

KEY WORDS:Static loading. Finite ele
ment analysis. Horizontal deformation. 
Ultimate load. Shear wall. Diaphragms. 

Introduction 
I n rei a ti 0 n tot h e' rev L s Lon 0 f 

Japanese Building Standard Law [1] in 
1987. the full scale tests on a Wood
framed House of three stories were 
carried out to investigate the struc
tural safety against the seismic and 
wind loads. 

,Building'Standard Law. Enforcement 
Order requires that the structural 
safety of wooden houses having more 
than two stories and/or 'exceeding 
500:.1' in total floor area should be 
confirmed by means of structural 
calculat ion. 

A purpose of this study is to 
analyze the performance of the shear 

walls and diaphragms in an aciuil, 
structure. and to present theusefuf
data for the ~tructural design cif the, 
three storied Wood-fram~d Houses:' 

Description of specimens. 

The specimen was a full-scale Wood':' 
framed Construction of three stories 
whose plans and elevati6n~ ate shown 
in Figs.! and 2. Each story had 66 
square meters floor area of 9.1 meters 
long in the longitudinal direction 
(loading direction) and 7;28 m~ters 
wide in the transversal direction. 
Each story had three contin60us walls 
in the longitudinal direction at the 
both sides and in the center cif th~ 
plan. :.Exterior walls were sheathed 
with 9.5 millimeters thick Douglus-'fir 
plywood out~i~e and 12 millimeters 
thick gypsumboard inside. Interior 
walls were sheathed with 12 mil
limeters thick gypsumboard on both 
sides. Nail spacings were 10 cen
timeters around the perimeters of, a 
sheathing sheet and, 20 ce~~i~eters 
along the intermediate su~port. Sub
floor was 12 millimeters thick lauan 
plywood and roof ,sheathing was 9.5 
millimeters thick Douglus-fir plywood. 
No ela~t~eric adhesives were applied 
to the JOLnts between subfloor and 
f 100 r j 0 is t sex c e p t for the j a in t j u's t 
under the wall. 

Specimens were divided into fol
lowing three types( See Fig. 3). 

Specimen A: Specimen whose floor fram
ings were not sheathed with subfloor 
and walls in the transversal direction 

*' Director. Structural Engineering 
Department. Building Research 
Institute. Ministry,of Construction. 
HDr.Agr.. Senior Research Engineer. 
Aer'bdynamics Division. ditto. 
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were sheathed 
materials. 

wit h no sheathing 

Specimen B: Specimen whose floor fram
ihgs' were sheathed with subfloor but 
wh'ose wall framings in the transversal 
direction were not sheathed with 
sheathing materials: 

SpecimenC: Specimen whose floor fram
ings were sheathed wi th subfloor and 
w~ll framings were sheathed with 
sh~athin~ materials. 

Tes t me thod s 

The lateral static load was applied 
at the ~op of ,the specimen with three 
hydraulic jaCKS as shown in Fig.5. 
Horizontal and vertical displacements 
of ea~h story we~e measured with the 
electric transducers and tension force 
of a hold-down bolt connecting 'each 
story was measured as shown in Fig. 6. 

In the Specimen A. the monotonouslY 
increasing loads were applied horizon
tally at the top of three continuous 
walls so that each displacement of the 
loading point was equal. In the 
Specimens B a.nd C. the reversed cyclic 
loads as shown in Fig.7 were appl ied 
so that the horizontal load applied to 
the central wall was one and a half 
times as much as those applied to the 
south and north walls. 

Fbtce~ vibration ,tests were also 
carried out before and after the 
static loading test of the Specimens B 
and C ~y employing a rotating-mass 
ge n era t or sit u ate d on t he c e iii n g 0 f 
the third story. and the response of 
each story was measured with the 
electromagnet ic piCKUps. 

EXDerimental results 

Horizontal resistance 

The· relation between the horizontal 
loads and horizontil displacements at 

. the top of the south. central and 
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north walls of the Specimen A is shown 
in Fig.B. and the relations between 
the total applied loads and average 
displacement of the south. central and 
north walls of the Specimens Band C 
are presented in Figs.9 and 10 
respectively. Table 1 summarLzes . the 
lateral load for the prescribed dis
placement ratio and th·e maximum load. 
The prescribed displacement ratio is 
defined by the ratio of horizontal 
displacement to the height of loading 
point in the Specimen A and the ratio 
of'average displacement of three walls 
to the, height of the loading point in 
the Specimens Band C. 

The lateral load for the prescribed 
displacement ratio and the maximum 
load of the south and central walls in 
the Spe~imen A was respectively 36 to 
48% and 55 to 69% smaller than those 
of the north wall. Horizontal dis
placement ratio (or the maximum.10ad 
of the south -and north .. wall so f i h e 
Specimen A was both 0.032. and that of 
the central wall was .approximately 20% 
smaller than those of the south and 
north walls. The total lateral loads 
of three walls in the Specimens Band 
C were respectively 20 to 23% and 10 
to 15% smaller than those of the 
Specimen A. This may be caused by the 
difference of the shear stiffness and 
strength between the south and north 
walls. The lateral load of the 
Specimen C was approximately 10% 
greater than that of the Specimen B. 
It is considered that the load applied 
to the south wall was not transferred 
to the north wall in the Specimen B 
because of the torsional deformation 
oflhe specimen. while the torsional 
moment was supported by the walls in 
the transversal direction in the 
Specimen C. Horizontal displacement 
for the maximum load in the Specimen B 
(average of three walls) was. ap
proximately two-thirds of that of the 
Specimen C. This summarizes that th·e 
Specimen 8 had less deformability than 
the Specimen C because of the lack of 
the shear stiffness of the walls in 
the transversal direction . 



Horizontal displacements of each 
stOry are presenfed in Figs.lt to 13. 
They showed that the horizontal defor
mations were the most remarkable on 
the second story in all the specimens. 

Description of failure 

In all the specimen& the failure 
concentrated on the second story espe
ci a I I yon the sou t han dee n t r a I'll a I Is. 
Fig.14 shows the failure of the south 
wall in .the· Specimen C. Exterior 
plywood buckled at the compression 
side and were torn at the tension side 
around an opening, and the nail joints 
connecting plY~'ood and studs failed 
a Ion g the· ve r tic a I fa s ten e r s 0 f 
plywood. Similar failures were ob
served on the interior walls she~th~d 
with the gypsumboard. 

Effects of .floor stiffness and perpen
dicular walls 

The horizontal deformations of the 
floor in the Specimens B andC are 
presented in Figs.15 and 16 
respectiv'ely. These figures show that 
the floor of each story in the 
Specimen B turned remarkably accbrding 
to the increase of the horizontal 
deformation, while the torsional 
deformation of the floor in the 
Specimen C was very small in com
parison with the Specimen B. This 
proves that the torsional momen·t 
caused by the difference of the shear 
stiffness of the walls in the lon
gitudinal direction were supported by 
the 'II a 1 lsi nth e t r an BV e r sa l' d ire c t i on 
and it reduced the torsional deforma
t io n 0 f the floor. Figs. 1 5 and 1 6 s how 
also the shear deformations of th·e 

. floor of the Specimens Band C were 
very small. 

Distribution of shear forces 

Figs.l? and 18 show the ratio of 
the lateral forces supported by the 
continuous walls of each story in the 
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Specimens Band C. The distribution of 
forces to the walls in the Specimens B 
and C was obtained from the relation 
between the shiar deformation and the 
lateral load in each wall of t~e 
Specimen A. The parenthesized values 
in t~e figures are the ratio of the 
amount of the bearing walls. The 
amount of the bearing 'walls is 
defined by the products of the ial1 
coefficient and the SUm of the length 
of the bearing walls without openings. 
Tberatio of shear forces of each wall 
was almost constant regardless of the 
horizontal deformation, and close to 
the ratio of the amount of the bearing 
walls. This proves that the lateral 
load can be d'istributed according to 
the amount of the bearing walls in 
case of designing the lateral . stiff
ness and strength of the structure. 

Uplift of bearing walls 

Fig.19 shows vertical displacement 
of the bearing walls on the first 
story of the south 'II a I I. and Figs.20 
to 22 show drawing forces of the bear
ing walls at the end of each story in 
the Specimen C. Dra'lling force of ·the 
bearing watl on the third story 'lias 
very'small. and it became larger on 
the lower story than the higher story. 
Drawing force of the north wall was 
the I.argest on the first story, and 
that of the center 'lias the smallest 
and approximately a half of that of 
the north wall. 

Dynamic. characteristic) / 
:/ 

Forced vibration tests using a 
rotaling-mass vibration generator were 
carried out in order to evaluite the 
dynamic characteristics of the 
Specimens Band C: 

rig S'. 2 3 and 2 4 s how t y pic a I 
frequency response curves for EW-
direction (the longitudinal direction) 
in forced vibration tests, and Table 2 
summarizes the natural frequencies 
evaluated from. the response curves. 



Microtremor ~xited Jibrations of the 
completed house 'with the live load 
were also measured after finishing the 
exterior 'and interior: The natural 
frBQuencies of the com~leted house 
eyaluated from the fourier spectra of 
observed re~ords are summarized in 
Table 2. 

Th~ natural frequencies ,of tor
,~io~al mode of the Specimens Band' C 

were,'compared to evaluate the'effects 
of the walls in the transversal direc
t,ion on the torsional stiffness. The 
results were summarized that the 
natural - frequency was risen from 4.8 
t08. 8Hz 'by sheathing the walls in the 
transversal direction. This sug~ests 
that the fl~or of the specimen was 
s~1ficientlY rigid so that the perpen
dicular walls increased the torsional 
stiffness. 

.I nor de r to in ve s t i gat e rh e e f f e c t s 
of.damages of the bearing walls on 
dynamic characteristics, the natura1 
frequencies of translational mode 
before and after the static loading 
tests of the Specimen C were compared. 
The results were summarized that the 
damage decreased the natural frequency 
from 5.8 to 3.1Hz. The natural 
frequency of the completed house 
decreased from 5.8 to 4.8Hz comparing 
with the unfinished structure. It 
seems the natural frequency decreased 
because of the increase of weight of 
finish and live load. 

Comparison of the calculated values 
with the experimental results 

Horizontal displacements -of each 
story in the Specimen C were compared 
with the calculated values computed 
from the finite element model. frame 
model and Tuomi' s model. 

,In FEM model, walls were modeled 
with the triangular plates as shown in 
Fig.2S. The modulus of elasticity and 
the shear modulus of' elasticitr of 
wall elements were assum~d 

36,400kgf/cm 2 and 1,185kgf/cm 2 for ex
'terior walls and 30,OOOkgf/cm 2 and 750 
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kgf/cm 2 for interior walls ,respec
tively from the racking 'test of wall 
panel s. , 

In Frame model, shear walis, lintel 
walls and end joists were modeled with 
the beam element as shown in Fig. 26. 
The mod u Ius 0 f e I a s t i ci t y 0 f ,a c a I u m n 
element of 12-by IOcm in section cor
responding to the shear wall' of 
ninety-one centimeters in length was 

,assumed 1. 254, 300kgf/cm 2 for exterior 
walls and 812,800kgf/cm 2 for interior 
walls from the racking test of wall 
panels. The equivalent section of lin
tel .walls was assumed in consideration 
of the compos it e ac t ion between I umber 
and plywood. Rigid zone was also as
sumed at the joint of beams and 
col umns, 

Tuomi's model[2] based on the slip 
of nail jpint between lumber and 
plywood shee tin shear wa II (See 
Fi g.27) was applied to predict the 
shear deformation and . ultimate 
load[3J[4]. The slip modulus and 
strength of a nail joint was assumed 
691kgf/cm and 100kgf for plywood
lumber joints and 238kgf/cm and 38kgf 
for gypsumboard-Iumber joints from the 
racking test of wall panels .. 

Figs.28 to 30 show the comparison 
of the ~xperimental results in the 
Specimen C with the computed results 
from eacp model. For the computation 
of the shear resistance of each story 
in the Specimen C, the shear resis
tance of each wall was simply summed 
up neglecting the torsional 
deformation. The calculated results 
from each model had a tendency to un
derestimate the horizontal stiffness 
when the· horizontal displacement was 
very small (when ·7 is· approximately 
less than 0.03) but it seems that the 
calculation from these models are ,ap
plicable to the practical use. 

Table 3 shows the ultimate load of 
each story computed fro:ll Tuomi's 
model. The computed value of the 
second story was the smallast which 
coincides - wi th the fact that the 
second story was most damaged in the 
experiment, and the computed value of 



the second stor, showed relitively 
good agreement with the maximum load' 
in the experience. This proves that 
Tuomi's model is applicable to predict 
the ultimate properties of Wood-framed 
building. 

Conclusions 

To sum mar i z e . the' . res u 1 t s 0 f t his 
study, the following conclusions were 
1 ead. 

I. The shear resistance of the north 
wall of the specimen was approximately 
one and a half times ~s large as that 
of the south wall. However the dif
ference of shear resistance between 
the south ,~nd north walls affected 
very little on the"torsional deforma
tion of the structure in case it had 
sufficient lateral stifr~e;s in the 
transversal direction. 
2. The shear deformation of the diaph
ragm was small enoug~ to assume that 

,the diaphragm was rigid ~n caie of 
calculating the lateral resistance of 
the construction. 
3. The lateral forces distributed on 
the walls were approximately propor
tional to the amount of the bearing 
walls. 
4. Drawing forces at the end of the 
wall were the largest on the first 
story and the smallest on the third 
s t o'r y . T his s u g g est s t hat the d r a'll i n g , 
forc~s of the walls on the upper story 
should be considered to design those 
of the lower story. 
S. FEM model. Frame model and Tuomi' s 
model can be applied to the practical 
,use to predict the lateral resistance 
of Wood-framed building, and Tuomi's 
model is proper to predict the ul
timat~ properties or Wood-framed 
building. 
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Table 1- HORIZONTAL RESISTANCE. MAXHlUM LOAD AND 
DISPLACEiolENT RATIO FOR MAXIMU~1 LOAD 

(Unit: kgf) 

DISPLACEMENT. 1/600 1/300 1/200 1/150 1/120 1/60 Pmax 

. SOUTH: 2.050 3.190 3.890 4.500 5.090 6.450 8.700 
SPEC-
IME~! . CENTER: 1.750 2.350 3.240 3.450 3.550 3.680 4.160 

A 
NORTH: 3.870 5.610 6.800 7.660 8.550 11.310 13.590 

SPECIMEN B 6.240 9.080 10.650 12.690 13.980 16.660 16.700 

SPECIMEN C 6.970 9.900 11.520 13.570 14.890 17.970 18.670 

• Ratio of horizontal displa.cement to the height at the loading point ... Disp1a~ement ratio for the maximum load 

Table 2. NATURAL FREQUENCY OF SPECIMENS 

SPECHIEN FIRST MODE SECOND MODE 

Hz Hz 
SPECIMEN B BEFORE 4.8 6.5 

LOADING (TORSION) 

BEFORE 5.8 8.8 
LOADING (TORSION) 

SPECIMEN·C 
AFTER 3.1 7.0 
LOADING (TORSION) 

FINISHED 4.8 7.2 
HOUSE (TORSION) 

. Table 3. Ultimate Strength of each wall 
computed from the Tuomi's model(Unit:kgf) 

Wall South . Center North Total 

1F 6.110 5.104 10.837 22.051 

2F 6.902 4.246 9.807 20.955 
(18.670)* 

3F 8.170 4.248 10.577 22.995 

.. The parenthesized values represent the ultimate 
load of the experiment in the Specimen C. 
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Rmax·. 

0.032 

0.025 

0.032 

0.016 

0.026 
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I I I I I I I I I 
0.33 0.21 0.46 0.33 0.22 0.45 0.35 0.21 0.44 

(0.39) (0:22) (0.39) (0.39) (0.22) (0.39) (0.39) (0.22) (0.-39) 

I . I i I I I I I I 0.31 0.22 0.47 0.31 0.21 0.48 0.32 0.18 0.50 
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I I I I I I I I I 
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I I I I I I I I J 
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, 

rl~.18 Olstrlbutlon or the horizontal load In the Specimen C. 

11300 ll. J[ .-11 J.I 
o 03 181 0 97 2 14 . . . . 

1 24 0 88 1'.62 0 03 

11120 .J .. ..1. .. 1. . ..1. J .J--.J 
083 433 245 463 

" . . 
2 43 2 02 3.41 0 34 

II _ II .• 

1160 1..1 /., .... .1.. .. ' J .1.. .... ...1 .... [ 
o 79 7 2 4 78 7 73 . . 

3 68 .. 2 94 4 56 . o 57 . 
(Unit:mm) 

rlc.IS VcrLtcal displacements o( the souLh ~~\l on the first slory. 
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Dainage by the Chiba-ken Toho-Oki Earthquake 

by 
Yasushi SASAKI* 

ABSTRACT 

An earthquake of magnitude 6.7 occurred off 
the eastern shore of Chiba Prefecture dt 
approximately 11: a AM on Decem,ber 17, 1987. 

This earthquake took two human lives, when 
they were crushed to ~eath under fallen 
concrete block walls and a stone lantern, 
and caused damage to various civil 
engineering structures and buildings. 

Reports were already published on this 
earthquake, and studies are still being 
continued. In. this report, the author 
summarizes the damage of this earthquake 
based on the two papers l ) ,2) published 
previously. 

KEY WORDS: Earthquake, Disaster, Chiba~ken 
Toho-Oki Earthquake. 

1. OUTLINE OF EARTHQUAKE· 

According to the Meteorological Agency3), 
the epicenter of the earthquake has located 
at 35°21' north latitude and 140°29' east 
longitude with the hypocenter depth of 
58 km, and the magnitude of the earthquake 
was 6.7. 

Seismic intensity of V en the JMA scale was 
recorded.at Katsuura, Chiba, and Choshi, IV 

Fig. 1 Seismic intensity (JMA scale) 
at var ious places 
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at Tateyama, Tokyo, Yokohama, Mito, A)iro, 
Kumagaya and Kawaguchiko,.and III at 
Ohsh ima, Mish ima ,Utsunom iya, Ch ich ibu, 
Niijima, Maebashi, Nikko, Koufu, Onahama, 
Snizuoka, Shirakawa, Karuizawa, Iida and 
Hach i jou j im3 . 

Fig. 1 shows the 5eismi~ intensity at . 
various places. It also shows approximate 
boundaries between the seismic in~ensitles V 
and IV, between IV and III and between III 
and II. The range where the seismic 
intensity of V was observed was the area at 
the distance of less than 50 km from the 
epicenter within Chiba Prefecture. It was 
reported that.t~e intenSity of earthquake 
motion varied even within the range of 
seismic intensity of V in Chiba Prefecture 
shown in Fig. 1 according to the results of 
detailed survey. 

Jl'IA ... ~ III L:- 0 
lnttrulty ICll. NCI !uUn9 

ACe,L ... ~Lor'l o! .1I911t 
.uthqu..:_t('i!I!l 

l,. .... "III' ...... 
1II1e HIU",.\ti' 

IV 

Fig. 2 Distribution of Kawasumi's 
Intensity near epicenter 
(a f ter Har ukawa 3) ) 

• Head, Ground Vibration Division, 
Publ ic War ks Research Insti tute, 
Ministry of Construction 

12 



Haruka~a3) conducted a questionnaire 
survey by aSking questions of the residents 
in 47 cities, towns and villages in Chiba 
Prefecture and determined a seismic 
intensity distribution in Chiba Prefecture 
based on about 2,900 ans~ers obtained. The 
results of Harukawa's survey are Sho~n in 
Fig. 2. As nKawasumi~s seismic intensity" 
is used as indexes of seismic intensity in 
his survey, Kawasumi~s intensity is compared 
to the JMA scale in Fig. 2. 

According to the results of the survey, it 
can be known that there were areas near 
Tougane Ci,ty and O1ounan Town where the 
earthquake motion was locally stronger. 

From the study of earthquake mechanism, 
Mizone S) reported that this earthquake was 
caused by the strike slip fault in the 
northeast-southwest direction on P-axis 
(principal axis of maximum s'tress) which was 
created inside the plate in the Philippines 
Sea. One of nodal planes (potential shear 
plane) is almost directed toward north-south 
which is the .direction of distribution of 
aftershocks. 

By this earthquake, many strong-motion 
seismographs for engineering purposes 

Misato tnterchange 
c. L.. -5 II. 

were installed in Tokyo and O1iba Prefecture 
trigered. Recorded maximum values were 
summarized in the prompt report of the 
earthquake. 5 ) AtrQng these records, 
numerically processed and corrected for 
instruments by PWRI are shown in Fig. J 
which were obtained on ground and 
underground near ground surface. However, 
part of the records were not digitized 
since the maximum acceleration values were 
not large. Fig. 3 also shows the maximum 
acceleration 7) (maximum value of the 
resultant in two horizontal directions) 
Observed by the Tokyo Gas Co. 

Fig. 4 shows the relation between maximum 
acceleration and epicentral distance. 
Fig. 4 also shows the values for Class 1 
ground of the following regression 
equationS) which indicates the distance 
attenuation of maximum horizontal 
acceleration obtained from previous records 
of strong earthquakes: 

A max 

1

987.4 x 10°·216 M I (Class 1 ground) 
232.5 x 100.313 M (Class 2 ground) 
403.8 x 100.265 M (Class 3 ground) 

x (~+ 30)-1.218 .............. (1) 

"M 6.7 CIrI the 9round at Amatsu 
OverDe J.dqe ISMAC-Q) 

N-S E-W U-D 
44 58 40 

104 101 42 

~+----+-t4--..:::.~--------:;~-+'-135.00 

c: ():)setved value (resul t.nt ln 2 direct.!ons) by TOkyo Cas Co. 

0: Obs"erved values on the 9cound: (respectlve .... alues in t.....o 
directions before numer ical processinq inst.ru.ent. correction) by 
st:.ron9-111Otion &eisll'Oqr~pns insulled by the Minist.ry of 
Con.Uuction and others; unlt. in qal; value shown outaide f"iq. J 
1s the IMIIClIlUID acceleraUon after numerical pt"oce •• in9 lnst.rUlllent. 
cor[ect.ions. 

Fig. 3 Maximum acceleration at various places 
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Fig. 4 Epicentral distance and maximum 
acceleration 

where, M: .'lagnitude,6 
distance. 

epicentral 

Tendency of.the records obtained this time 
was almost similar to those of previous 
earthquakes, the size of acceleration was 
also similar to those of previous 
earthquakes, and the attenuation due to 
distance was greater compared to the 
regreSSion equation based on many previous 
earthquake records. 

As understandable from Figs. 3 and 4, large 
maximum acceleration values. "ere observed in 
part of the region. This occurred probably 
because of local variation in ground 
conditions. 

If the acceleration in two horizontal 
orthogonal directions and the acceleration 
in a vertical direction are observed at a 
certain observation point and are 
vector-synthesized, then it is possible to 
obtain the locus of acceleration vector at 
that point. This kind of locus is called 
the orbit of acceleration record. The orbit 
has a complicated shape but is normally 
distorted in a certain direction and the 
acceleration in that direction is large. 
This direction is called the principal axis 

of the acceleration of ~ar~lquake motion or 
the dominant direction of vibration. 9) 

The principal axis can be determined also 
relative to velocity or displacement. 
principal·axis of acceleration and the 
prin=ipal axis of displacement of the 
records obtained by the present earthquake 
are shown in Fig. 5. Earthquake motion is 
dominant in the direction of .the principal 
axis, and some dominant directions of 
earthquake motion at observation' points' 
shown in Fig; 5 are orthogonal to the 
epicentral direction but oth.rs are hot, 
thereby indicating the irregular ity. This·· 
seems to occur because the ear thquake motion 
is strongly affected. by. local topography or· 
ground. conditions near the observation 
points. 

(a) Acceleration records 

(b) Displacement ·records 

Fig. 5 Principal axis of earthquake .motion 
(projection of dominant pr in·cipal axi s 
to hor~zontal plane) 

2. OUTLINE OF THE DAMAGE 

The outline of the ~a~age caused by the 
earthquake is sho"n in Tables 1 and 2. 

Th'is ear thquake, took t"o human llves, when 
they were crushed to death under fallen 
concrete wall blocks (Ichihara City, Chiba 
Prefecture) and a stone lantern. (Mobara 



Table 1 General Aspect of damage (As of 
March 22, 1988, surveyed by the 
National Land Agency) 

Closs :/ Unlt I~:rountof 
d<!mag~ 

?e ~ sons Dead Persons 2 
pe C' sons 
.... ounded Persons 161 
persons 

n:lcses Totally HOuses 16 
collapsed 
Half Houses 102 
collapsed 
Par t lally Houses 72,580 
damal3ed 

Table 2 Damage' to facil ities (as of March 
22, 1988, partially as of February 
29, surveyed by Chiba Prefecture) 

FaCIlities 

Cll/il FacilitIes related to 
e,.,g.l.neennq Ministry of Construc-
facilitIes llon 

Facili:.ies related to 
MInistry of Age iculture, 
Forestry" Fishery 
(fisl''l.lng ports) 
Fae 111 ties reia I:ed to 
Ministry of TransfO.rt 
(ports 6. harbors) 

Subtot.a 1 

O:.:'e::- Farmland, ag:icultural 
~a:llltles, fdcillties 
'!:.c Agncultural COr.lmon use 

faCllitl~s 

r\grlcultwral crops 
Non-c::l::'lmOn use 
faCllitleS 
Devastation o~ foeest 
land 
Natlonal i"chool 
faCllities 
Pub!ic schoo! f~cil1ties 

Cu!~ural p[opec~ies 

Ch ildcen' S !ole I fare 
facillties 
The disabled rehabilita
tion s. welfaee facilities 
Werfa:-e facillties foe 
the &ged 

Subtot.al 

Total 

Number of Amount of 
places damac;e 

15J 

IJ 

10' 

lI6 

J90 

100 

5; 
2 

56J 

7 J9 

(mililon 
yenl 

2 I 781 

197 

2,98 J 

2,688 ' 

2J5 
) 

26 

10 

J,901 

6,884 

Clty, Chiba Prefecture), and 161 pers~ns 
~ere wounded. Among the damage to 'houses, 
broken ridge roofing tiles were remarkable. 
Rldge roofing tiles of many houses were 
broken at many places mainly in the eastern 
part of Chiba Prefecture close to th~ 
hypocenter. Among approximately 72,700 
damaged houses, most houses were reported to 
D~ partially damaged, and the contents,of 
jamag~ ~ere mostly broken ridge roofing 
: lles. 

Distribution of the damaged wooden houses is 
sho~n in, Fig. 6" Statistics of the total 
,nu~ber of houses were not available. so that 
th~ total number of households 1n cities, 
to~ns and villages at the ,end of February 
1988 was used instead. And ratio of the 

Fig. 6 

Dam.a<;le ratio (\J 

ce:ter 0 Less tiian 1 

illIJ 1 to less than 10 

~ 10 to less thdn 

8S3 20 to less than 40 

Q 40 to less than 60 

D 60 and over 

Distribution of damage ratios for 
houses by city, town and village 

number of damaged houses to the total number 
of households was determined as damage ratio 
for each city, town and village and is shown 
in Fig. 6, Damage ratios of houses in 
Tougane City and Chousei Village exceed 60%, 
and districts having large damage ratios are 
distributed mainly around both these 
districts. This'means that slightly larger 
,earthquake motions acted mainly, to both the 
districts during the earthquake. 

Cracks which might cause slope failure were 
noticed in slopes at 10 places (2 places in 
,Narutou Town, 3 places in Matsuo Town, 1, 
place in Isumi Town, 1 place in Chounah 
Town, 2 places in Tougane City, and 1, place 
in Ichihara City in Chiba Prefecture), so 
167 persons from 47 households in two Cities, 
and 4 towns evacuated to safe places, 

Damage to public and other facilities 
occurred at 739 places in both Ibaraki and 
Chiba Prefectures, and the total amount of 
damage was reported to be 6.88 billion yen. 

Among the damage to civil engineering 
facilities, the damaged facilities under the 
jurisdiction of the Ministry of Construction 
are shown by kind of facility in Table 3. 

Facilities which were relativeiy ¢amaged, 
will be explained later mainly with respect 
to the facilities, under the jurisdictlon of 
the Ministry of Construction. Damage given 
to river facllit'ies were the settlement and 
cracking of levees and revetments. Damage 
to r,oad facilities' under the jur isdiction of 
the Ministry of Construction were the 
settlement of fills and depression of road 
surfaces which occurr~d on National Highway 
No, 126 at Daikata in Tougane City. 
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Table 3 

Damage to the facilities undet jurisdlctlon of 
the Minntry of Construction (as of April 4, 1988, 
surveyed by the Disaster Prevention Section, Ministry 
of Construction) 

Ch .•• 

River. 
StU 51 
111051''' ...... 
Brldqn 

Pl:oj.c:CII •• 'Cl.lt,d p[O).~t. ' ••• euted 
by cent.ral by Locd (Pr,tec-
9OVflcl\.III'nc. t.uul) Ccvu'l"I.III.ent. 

(lIllilon 
yen) 

11 ." 
S • 

Number ot 
plicli 

" 1 

'0 
S 

Amount 

(MUllon 
YIn) 

1.0B2 , 
.29 
" 

Tc:It..,l 

MlCunt 

(million 
yen) 

S. 2,OU 
1 

H '8] 
S Il 

5 ..... 111'·9· '" '" 
Total 1> 1.015 I" :LOll 118 J ,029 

Facilities under the jurisdiction of the 
local government were damaged at 45 places 
in rivers, 5 bridges, 90 places on roads and 
5 places of sewerage. Damage to sewer 
facilities occurred in both Tougane and 
Mobara Cities; manholes and pi?e ducts were 
damaged (at 883 place~ in Tougane City & 61 
places in Mobara City), and the Choho pump 
station as well as water supply pipes and a 
sludge disposal yard of the Kawanakajima 
terminal treatment plant were damaged in 
Mobara City. Places of damage to rivers, 
bridges and road facilities related to 
subsidi2ed projects in Chiba Prefecture are 
shown in Fig. 7. It can be known in this 
Figure that more damage occurred also in the 
eastern part of Chiba Prefecture which is 
close to the epicenter. 

Fig. 7 

o c.amage to roads 

o Damage to rI .... ers 

.6 Dallldqe to be idge$ 

Places of damage to rivers, bridges 
and roads (related to SUbSldized 
projects ip Chiba Prefecture) 

In addition to the damage to facilities. the 
phenomena of sand boils were observed at 
various places. The places where sand boils 
were surveyed in detail by Chiba 
Prefecture 11 ) and Yasuda et a1. 11 ) Orie 
of the characteristics seen at the places of 
sand boils was that they occurred not only 
in reclaimed land, at beaches and lakes, but 
also in reclaimed land in mountainous 
regions. By comparing the epicentral 
distance of the places where liquefaction 
occurred to the limit epicentral distance 
explained by Kuribayashi and Tatsuoka,12) 
it can be known that the liquefaction 
occurred during the earthquake at the places 
having longer epicentral distances compared 
to previous experience. An example of the 
occurrence of liquefaction at a place 
farther than Kuribayashi-Tatsuoka's limit 
epicentral distance was also reported with 
respect to the Lake Hachirougata13 ), and 
the liquefactio seems to occur at the places 
exceeding the limit epicentral distance 
depending upon ground conditions or 
earthquake motion characteristics. 

As seen in the cases of Chounan Junior High 
School and the levee of the Tone River, some 
structures are considered to be damaged 
directly by the liquefaction. But 
structures located near the_ places of sand 
boils were not always damaged during this 
earthquake. Probably, the reason of this 
feature may be related to the depth an'd 
thickness of liquefied layer. Liquefaction 
in Urayasu City located along the coast of 
the Tokyo Bay will be explained later. 

3. DAMAGE TO RIVER FACILITIES 

In the main stream of the Tone River, the 
phenomena of sand' boils were Observed not 
orily in protected low land's and flood 
channels near th~ne River Lower Reach 
Construction Office, which manages the lower 
reach, but also at, other places. 

The places, where the phenomena of sand' 
boils was observed, were the areas which 
were considered to be old river courses or 
the crossing portions of old rivers in all 
cases; the ground seems to be easily 
liquefied in these areas. In a wide place 
such as flood channel, the sand boiling was 
Observed along continuous crack-shaped holes 
in the probable direction of the bank of the 
91d river. In an area along the levee, the 
sand boiling continued in the direction 
parallel to the alignment of the levee. 
Photo 1 shows the sand boil in the flood 
channel near 39 km of the right bank. 

Near the right bank of 47 km of the Tone 
River shown in Photo 2, the sand boil was 
obserVed in a paddy field at the protected 
low land side, at the toe of the slope at 
the protected land ,side, and ~~,the berm on 
the water side. In the berm,'a~ ,the 
protected low land side, several stripes of 
cracks 20 cm wide and approximately 160 cm 
deep were created. and the levee crown was 
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I Reproduced trom 
i best available copy, 
1_- _________ ~ _________ ' ' 

Photo 1 Sand boil in flood channel near 
39 km (Sawara City) at the 
r igh t bank of the Tone River 

Photo 2 Cracks in inner berm' near 47 km at 
the right bank of the Tone River 

settled. Though the amoun't 0 f settlemen,t 
was not accurately foun~, it looked 'about 
30 cm maximum during observation in field 
surveys. 

Transverse cracks were observ~d near the, 
places where the ~aximum settlement occurred 
during field surv~ys,' b~t thes~ cracks were 
not found immediately after the earthquake. 
Therefore, in some cases, cracks 'in levees 
seem to appear on the sur'face' with a time 
delay after the dispersion of pore water 

Photo 3 Depressed levee at the right bank 
upstream of Yokotone Gate 

Photo ,4 Depressed levee at the r'ight bank 
dOwnstream of the Yokotone Gate' 

pressure inside the liquef.ied"g~~und. This 
shou~d be noted during the survey after an 
ear thquake., 

Photos rand 4 show the situation of damage 
near the Yokotone River Gate' located at the 
confluence of the Yokotone River near 40 km 
at the left bank. 

Photos 5 and 6 and Fig. 8 show the situation 
of damage near 1.25 km at the left bank of 
the Hitachi Tone River. 
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Photo 5 Overall view of the damaged levee 
near 1.25 km at the left bank of 
the Hitachi ~one River 

Photo 6 Cracks in the levee near 1.25 km at 
the :eft bank of the Hitachi 

'Tone River 
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Fig. 8 Da~age to the le~ee near 1.2~ k~ at 
tne left bank of the Hitachi 
Tone River 

~he levee at chis place had been constructed 
in a tidal marsh previously, and the 
phenomenon of sand boiling was noC observed 
near the damaged place. The levee was 
relatively low with a height of about 2 m, 
and t~e rr~terial of the levee was sand of 
almos,t uniform grain size. Automatic Ram 
soundi:lg and' Dutch C~ne soundi;"\g we~e _ ' 
perfo:med here irrur,edlately after the :' " ... 
earthquake, and qc value of the le~ee was 7 
to 10 kg/c~ ~o thac, the material'was l~ose. 
Also" 'part of the levee ;;as so loose' that it 
se:tled by,itself. 

Immed:'a tely below the levee; ,loose sand of 
almost uniform gr~in.size, probablf having a 
similar grain .ize distribution to that of 
the,leve~, was located to ~ thickness'of 1.5 
to 2.0 m and, belo;; this sand, there ;;as'a 
sand layer ;;hich was relatively den~e. 

A~ the protected lew land side of the 
damaged place, private land filled to 1.0 to 
1.5 m above the original ground was located 
adjacent to the damaged place. There were 
~-shaped concrete gutters at the boundary 
between the private land and the river 
reservation. But;"\o damage to the private 
land ar.d the concrete gutters was noticed. 
O;"\e of the causes is considered :0 be the 
l~quefaction in the levee below the 
grou;"\dwater level and in a very thin portion 
0: t~e loose sand layer immediately below 
the levee. A;"\d one of the remote causes 
;;ill be the raised groundwater level inslde 
the levee by'the fill on ,the private land at 
the protected low land side as explai;"\ed 
above. 



4. D~~GE TO RO~D FACILITIES 

On the National Highway No. 126 at Daikata 
in Tougane City in Chiba Prefecture, a 
difference in level of about 7 cm was 
created on the fill at the connection with 
an overbridge above JR Tougane Railway Line 
by the earthquake, also a depression of 
about 20 cm deep, 4 m wide and 100 m long 
was created on the road surface of the 
National Highway No. 126 at Daikata. 

photo 7 Difference i~ level created at the 
connection with an overbridge on 
the National Highway No. 126 at 
Daikata 

Photo 8 A depression created on the road 
surface on the National Highway 
No. 126 at Daikata in Tougane City 
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Fig. 9 Depression of road surface on the 
National Highway No. 126 at 
Daikata, Tougane City (No. 10 point 
shown in Table 3 and Fig. 6) 

Photo 9 Damage to road surface on the 
jioka Ichinomiya Line of 
Prefectural Road at Ichinomiya 

photo 7 shows the situation of emergency 
repair of the fill at the connection to the 
Daikata Overbridge and the difference in 
level at the curb, and Photo 8 and Fig. 9 
shows a partially depressed road surface. 

The portion where a depression was created 
on the road surface was on a low earth fill 
which probably had been widened before the 
earthquake, and only the newly filled 
portion was settled resulting in a 
depression with the maximum level difference 
of 20 cm on the road surface. 

Photo 9 shows the situation of damage to 
roads on Iioka-Ichinomiya Line of the 
prefectural road at Ichinomiya. In this 
section, the road runs through pine forests 
on flat land, and the road surface meandered 
over a length of 400 m. On December 18, 
1987 when the field survey. was conducted, a 
level difference.of 4 to 5 cm created on 



part of the road surface had been already 
repalred by asphalt ?avin3 by e~ergency 
measures. 

~he meanderi~g in ~his section was created 
by the earthquake in such a manner that the 
road sJrface was waved u?Ward, downward a~d 
late:al~y so ~hat :he paved surface was 
separated fro~ ~he raised or lowered from 
the roadside gutters. At the furthest north 
end !?Ortion of the damaged section, 'JPward 
and downward wave on the roaa surface had 
the wavelength of 15 to 16 m, the wave 
heigh: of the s· .. ell was about B c:n, ar.d the 
swell with 5 to 6 waves continued. The 
difference l~ level between tr.e road surface 
and the top of roadside gut:ers was the 
largest at tr.e central part of the da:naged 
section, and :he ~ximum ~ifference 1n level 
was approximately IB cm. Gaps 0: about 5 c:n 
were observed between both :he ends of 
gutters and the road and private land, 
thereby indicating the trace of horizontal 
:novement of paved road relative to the 
adjacent natural ground. 

Photo 10 shows ~he situation of the collapse 
of cut-Slope at a road side on :he Nat~onal 
Hignway No. 128 at Katsuura. 

i ; i'o:-t~or "':"I.~r:e , __ -20m--l :',e Si?C::l~ ,-or:< 

"'T"--_.J..1_-,,-=_ Y .. ..IS cOf"'p~e':.ed 

! 
I 

:0 :-:l 

Sl..! .... ,H.ed ?='=- tlor. 
of Katsuura coil 

At the ti~.e of t~e occur renee 0: t.r.e 
earthqJa~e, the site for :he ~lghway was i~ 

the stage o~ spraying worcs with the top 
soil and plants excavated from :he face of 
s~c5pe as shown it, :ig. lao ;'.nd the sudac\! 
layer of weathered sandstone slope collapsed 
from the earthqua~e. According to the 
wor~ers wor~ing on the site at the time of 
the earthquake, the whole of the face of the 
slope collapsed in a :no~ent leaving a cloud 
of dust. No spri~g water from the slope was 
recognized. The first report of the ~a:nage 
indicated :he collapsed volume of about 
1,508 :n 3 .. Par t of collapsed ear th was 
scattered to the Sational Highway No. 128 
a~d :ne Katsuu:a toll road, bu: most of the 
co:lapsed earth was stopped oy, tr.e 
protection fences i~stalled for the slope 
works, causing al:nost no disturbance to road 
traffic. 
In addition to these damage, relatively 
:r,inor damage, such as cracks in road 
surfaces and differences in level, were 
caused also,on th~ roads in, Ibaraki 
Prefecture., Fig. 11 shows the situation of 
damage whicn occurred on the National 
Highway No. 125 near the boundary be~ween 
Sakuragawa Vil:age and Higasn1 Village. 
~his section is a fill section 2 to 3 m high 
crossing exit roads, and transverse cracks 
near the boundary between :ill and cut and 
roadside cracks 1n fill por,tion were caused. 

Photo IJ-/ :::amage to the 
National :ligh,.,ay 
No. 128 in 
Katsuura City 

Portion .... here spray work vas cOClp!.eted 

KatSl..uca 

Toil Road 
~ationaL H~:;h .... ay No. 128 

~tsuura 

:c) ?13:"1 o.:~e .... of the da.TLaqed ?Or:.lo .... 

Fig. 10 Damage to the National Highway No. 128 (Katsuura City) 
(No. 11 point in Table 3 and Fig. 6) 
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Fig. 11 Damage t6 National Highway No. 125 (at Sakuragawa) . 

5. SAND BOIL IN URAYASU DISTRICT 

Phenomena of sand boil were recognized after 
. the earthquake also in Urayasu City and 
Takasu in Chiba City located along the Tokyo 
Bay in Chiba Prefecture. 

Among. them, an example oE sand boil occurred 
near ~ihama in Urayasu City as shown in 
Photo 11. The sand boil occurred in a 
strip-like area at the south side of the 
Urayasu City Hall. Fig. 12(aj shows the 
range of sand boil summar ized by the city 
office, Fig. 12(b) shows the former coastal 
line .r.ead from an old tOp::lgraphic map 
(Surveyed in 1945) near the relevant area. 

'Ground in this area was formed by filling-up 
recently, and the whole neighboring area 
including the strip-like area where the sand 
boil occurred thls time has newly filled 
ground. 

Nevertheless, the phenomenon of sand boil 
occur~~d only in a part of the area along 
the Sakai River, and this seems to be 

Photo 11 Sand boiling in Urayasu City 
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(a) Range where sand boiled 

(b) Range of sand boil and the location of 
former coastal line based on partially 
corrected map in 1945 

Fig. 12 Places of sand boiling' in Urayasu 
City (NO, 25 point in Table 3 and 
Fig. 6) 



strange. The reason may not be found unless 
a detailed survey is made. However, the 
former coastal line coincides with t~e 
lagoon-shaped porr;on project1ng out in the 
form of a sand bar, so that there may be a 
thin earth layer containing relatively fine 
grained soil below and near the surface 
layer. Thus, it is possible that the 
groundwa:er level in the thin earth layer 
was locally higher than that in the 
surrounding portion. 

Fortunately, damage to structures in the 
sand boiling area as not reported except for 
cracks in road surfaces, houses were not 
deformed even one week later. Although 
occurrence of liquefaction in the grounc was 
apparent during this eart~quake, it did not 
cause da~ge,to st~uctures at some placed. 
The reason for this should be reviewed in 
detail based on the information concernins 
the magnitude of ground motion, ground 
conditions, groundwater levels, etc. 

6. DAMAGE TO BURIED STRUCTURES 

The earthquake caused damage not only to 
houses and fill structures such as 
embankments but also to sewer pipelines, 
manholes, water supply pipes and gas pipes 
which were buried underground as stated 
previously.14) 
According to the case studies of damage to 
buried structures by the earthquakes which 
occurred in the past, the direct causes of 
the damage are the liquefaction of the 
ground and the accompanied flow failure of 
the ground in many cases. Liquefaction of 
the ground and the flow of the ground often 
accompany the sand boil or cracks in the 
ground surfaces, so that these abnormal 
states on the ground are greatly helpful for 
detecting the location of damage to 
underground structures which otherwise 
cannot be found directly by visual 
observation. However, damage to underground 
structures will not cause any abnormal 
states on the nearby ground surface in some 
cases. This occurs because the mechanism of 
caUSing damage to the buried structures is 
very complicated. 

Therefore, it will be checked here whether 
the location of damage to buried structures 
by the present earthquake can be correlated 
to the ch~n~es in the nearby ground 
surface. This checking will be made with 
respect to the damage to water supply pipes. 
According to the data reported by the Chiba 
Prefectural Government, 652 cases of damage 
to the waterworks in the whole of C~iba 
Prefecture were reported. 15 ) Breakdown of 
these cases is: 122 cases in Keiyou 

'district, 11 cases in Kimitsu district, 16 
cases in Katori district, 3 cases in 
Youkaichiea district, 222 cases 1n Sanbu 
Gistrict, 257 cases in Chousei district, and 
21 cases in Isumi district. The number of 
cases of damage occurred ,in both Chousei and 
Sanbu amounts to 73% of the whole. 
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Table 4 Damage to water supply pipes and 
kinds of pipes 
(Un1t: ~~mber of places) 

Form of damage 

Kind of pipe 
Brok en ~tached Broken 

TOtal 

jOint joint pipe 

Asbestos 14 6 59 79 
pipe I 
vinyl pipe 4) 

I 10 28 81 I 
Steel pipe 14 ! 6 10 30 
Ductile cast 1 9 a 10 
iron pipe I 
Total 72 31 97 200 

Table 5 Damage to water supply pipes and 
pipe diameter 
(Unit: Number of places) 

For m of damage 

Pipe diameter I Broken Detached Broken 
TOtal 

joint joint pipe 

Less than 52 16 71 
100 mm 
100 to 16 iO 20 
200 m:n 
200 to 2 4 6 
300 mm 

More than - 2 1 a 
)00 m:n 

Total ! 72 )1 97 

::.amage :0 wat.er WOrk9 (O'\ousei 87, SanDY lLJJ 
camage to roads (O'Io.Jsei 37. Sanbu HI 
Hat.ched porticn shows mountainous a:ea. pully land). 

0: Areas where t.he da:Dage is concentrated. 

139 

,46 

12 

3 

200 

Fig. 13 Distributl:on of the damaged 
portions of water supply pipelines 
in Sanbu and Chousei districts 



Among the places of,damage to ~aterworks in 
both the district~, the restora'tion works 
were performed at 87 places in Chousei 
district and at 113 places in Sanbu 
district. Relations between the damage and 
the kind and'diameter of pipes in 200 places 
in total ar e shown in Tables 4 and 5. And 
the places of damage are shown in Fig. 13. 
Fig. 13 also'shows the places of damage in 
both Chousei and Sanbu districts, among the 
damage to roads indicated in Fig. 7. 

"Th'e kin'ds of pipes which were more 'damaged 
were asbestos pipes and vinyl pipes; 
conten~s .of damage were' broken pipe body in 
the case of asbestos pipes and broken joints 
in the case of vinyl pipes. Pipes with 
smaller diameters were more damaged, and 
most damage as broken joints and broken pipe 
bodies of small pipes with diameters smaller 
than 100 'mm., 

From Fig, 13 showing the distribution of the 
places 'of 'damage to water supply pipes, it 
can be known that the damage to wat,er supply 
pipe's is ,d is tr ibu ted in the por tions close 
to mountainous regions and mountainous 
portions along valleys at the ,western end of 
!(ujukur i lo,w land. ,This occurs because 

,villages are concentrated in these areas and 
thus the denSity of water supply pipes there 
is relatively high. On the other ha,nd, the 
damage to roads occurred more in the 
districts along valleys in mountainous areas 
and in the distr icts near the coast. MOst 
damage to these roads as made on earth'fills. 

Prom the situation of this distribution, it 
is difficult to find certain characteristics 
of the relation between the damage to roads 
and damage to water supply pipes. However, 
according to the damage distribution in a 
small range, damage a t more than 6 plac,es 
was concentrated in 13 circular ranges with 
the radius of 1 km. Topographic features of 
these 13 ranges (districts) are as shown in 
Table 6. 

Topographic features of the districts, where 
the damage as concentrated, were the change 
in the ground conditions. 

As shown in Table 6, some districts have 
damage to roads while other districts have 
damage to water, supply pipes but nO damage 
to roads among the 13 districts. Thus, ,the 
locati9n of damage to underground water 
supply pipes cannot be detected based on the 

Table 6 Characteris:ics of the districts where the damage to water supply pipes as concentrated 

Density of damdge Dens i ty of damalje 

Re;ion Distr iet name 
to .... ater .... orks: to roads: Character ist ies oE topographic out1;l.ne at 
l~umber "f cases . Number oE cases damaged place 
shown in ( ) sho .... n in ( ) 

Chousei ( I) [):Jwntowf'l. area in 4.1 (13) 0,3 11) Fill. and boundary bet.",een fill and other 
MobaraCity topog ,aphy (such as dune) 

(2) Ko~uruzel<i area in 2.9 ( 9) 0.6 ( 2) flat tened land, plain at the bottom of valley. 

.. Hebara Ci ty, 0' boundary between low position of dune and 
slope (steep slope) 

;(3) Central pat< i:"\ 3.5 (11) 2.2 (7) [Same as (2) above] + nigh fill 
O1ounan Town 

(,4) North area in 2.9 ( 9) 0 10 ) Natu'ral levee. sand bar, and boundary between 
Ichinomiya TOwn ~hese and other tOpo.}raphy (reclaimed land, 

plaln on coast) 

(5) Near Shinclchino:niy. 0,6 ( 2) 0.6 (2) N4~ural levee 
Br idge in' Ich inomiya 
Town 

(6) Totemi area In 1.6 ( 5) 1.0 (l) [Same as ( 2) abOve] + plain on coast 
IChinomiya Town ' . 

Sanbu (7 ) Built-up area in 4.1 (13) 0 (0 ) Fill, IHost Downtown area was developed after 
Toug4ne City 19H) 

(8 ) Y ..... guchi area in 2.5 ( 8) 0 (0) Boundary to low position or terrace in low 
'l'ougone City hinterland [Locally the same as (2) above] 

(9 ) Daizudani area in 2.2 ( 7) 0 10 ) [Same as 12) above) + fill. low hinterland 
Tougone City 

( 10) MatslJnokyo area in 1.9 ( 6) 0.3 ( I) (Same as (2) above) • fill 
'l'ougane Cl ty 

(11) Central part of 6.0 ( 19) 0.6 12) Fill, flattened land (,eclalmed land). 
Narutou TOwn boundary between natural levee and plain on 

coast 

112) West area ot Ohami 3.2 (10) 0 (0 ) [Same as ( 2) above I + fill 
Shi,asato TOwn 

( 13) East coast area or 0.3 I 1) 1.6 (5) Sand bat 
Ohami Shirasato Town 

Note: Density of da~ge • Number of damdge cases/km 2 
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abnormal states on ground surfaces alone, 
such as by damaged roads. However, if there 
are damaged roads and water supply pipe~ are 
located nearby, then the water supply pipes 
are' also damaged in many cases. 

Damage to structures buried relatively close 
to the ground surface are caused by the 
deformation of the ground such as settlement 
or cracks near the buried structures or by 
large strains in the ground created during 
the earthquake. Therefore, for detecting 
the location of damaged underground 
structur'es, it will be helpful to know the 
abnorma 1 states (res idual deforma t ion) 
occurring on the ground and also to find the 
traces of dynamic strains created during the 
earthquake. However, at present, it is 
difficult to clarify the proper traces 
capable of suggesting the places where large 
strains actually occurred in the ground 
during 'earthquakes. 

7. BEHAVIOR OF THE NAGARA DAM 

The Nagara Dam was under construction in 
Nagara Town, Chousei County, Chiba 
Prefecture by the Water Resources 
Development Public Corporation. And hair 
cracks were observed at several places on 
the crown of this darn body and a slight 
settlement was measured after the 
earthquake. Accurate records of anomaly and 
valuable acceleration records by 
strong-motion seismographs were obtained 
during the earthquake since the dam 
reservoir was in the stage of test 
f 111ing .16) 

The NagaraDam is a zone type earth fill 
dam (embankment dam) 52 m high. 
Construction work for the darn was started in 
January 1973; the embankment was built from 
October 1980 to May 1985, and test filling 
of water to the reservoir was started in 
Apr il 1986. Water level dur,ing the 
earthquake was near £1 = 57.0 m. 

Fig. 14 shows the plan of the Nagara Dam, 
and Fig. 15 shows its section. ACCording to 
the visual observation immediately after the 
earthqudke, no anomaly was recognized on the 
riprap work for the slope of the 
embankment. But it was reported that hair 
cracks were recognized at several places on 

the top asphalt and on the ?avement surface 
of a shifted road near the crown. Fig. 16 
shows the location of the hair crack. 
noticed. 

~lso, traces of several 6m,~f, settlement of 
embankment were found at the transitional 
par't between thesp~llway and dam body. ' 
Also, slightly increased gaps in concrete 
block joints of spillway were recognized at 
the top. 

On January 1988, a follow-up survey,was made 
of the cracks previously recognized at the 
crown of the embankment. 'The crown asphalt 
was peeled o'ft' and lime ,water was poured 
into the hair cracks. The maximum depth 
where the traces of li,me water were 
recognized was about 1 m. When the 
discontinuous surface was scraped with a 
planting trowel, the surface was peeled off 
to the depth of about 2 m maximum. The hair 
cracks were not continued from upstream side 
to downstream side, and it was verified that 
the permeability coefficie'nt of the 
embankment directly below the hair cracks 
satisfied the standard value of construction 
management, thereby assur ing impermeabili ty. 

Measuring points for' 'surveying were 
installed on the crown of the dam'and on the 
upstream and downstream slopes, and the 
measurements were made on December 14 before 
the earthquake. The results were compared 
to the results of surveying performed on 

Value of 
settlement 
is shown 
(Unit: mm) 

Fig. 14 plan of the Nagara Dam 
(including settiement) 

Counter-weight G-6, G-s(ns, SO,2) 

G-2(S9.0) 

I!II : Strong-motion seismograph 

Sandy soil 
Upper 

Basement Lower sand layer 

Note: Elevation (m) of strong-motion seismograph installed is shown' 
in ( ). 

Fig. 15 Cross section of the Nagara Dam (including the location of' 
strong-motion seismographs) 
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(-)Y (downstream side), 
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~(+)y (upstream side)' 

Displacement value before 
and after the earthquake 

4 Icm)O is shown in ( ). 

1~(cm) 
d !oad 

Sh~ft.e 

(J[) Hair cracks in crown asphalt' 

Fig. 16 Location of verified hair cracks and the distribution of 
horizontal displacements of dam body 

December 21 after the earthquake, and the 
settlement and horizontal displacement of 
the embankment were arranged as shown in 
Figs. 14 and 16. 

Settlement of the crown of the embankment 
was about 20mm, and also a maximum 
settlement of 30 mm was recognized at the 
toe of the upstream slope. The horizontal 
displacement occurred toward the downstream 
side at both the upstream and downstream 
slopes, and the maximum horizontal 
displacement at the downstream slope was 
abou t '23 rnm. 

The strong-motion seismographs were 
installed at 10 places within the dam and on 
natural ground on the Nagara Dam site. 
Location of the strong-motion seismographs 
installed is shown in Fig. 15. Among the 10 
strong-motion' seismographs, 7 of them were 
of electromagnetic type, and the remainder 
were popularizing type. Nine out of ten 
seismographs were trigered during the 
earthquake and the records of 27 components 
were obtained. 

Maximum acceleration values recorded are 
shown in Table 7. At the foundation surface 
(G-l) directly below the dam body, 262 gal 
was recorded in upstream-downstream 
direction and 138 gal in dam axis 
direction. At the crown (G-6), 369 gal was 
recorded in upstream-downstream direction, 
and 354 gal in dam axis direction. 
Horizontai acceleration in 
upstream-downstream direction was amplified 
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by 1.4 times approximately. 

In addition, pore water pressure gauges were' 
installed at the Nagara Dam; borehole' ·type 
at 15 places and placing during construction 
stage type at 41 places. Ear th pressure 
cells were also installed at 6 pl'aces. 

According to the pore water .pressure gauge 
installed near EL-46 m, a maximum rise of 
about O. OS kgf/cm 2 in pore water pr.essure 
was recognized in Zone III. 

At the upstream side of the embankment 
adjacent to Zone III, a counter-weight 
comprising loam and Narita sand was 
constructed up to EL = 59' m. 'Ill is 
counter-weight was not fully compacted, and 
thus a possibility of a rise in pore water 
pressure by the action of earthquake motion 
acted to the in~ide of counter-weight was 
considered. This possibility will be 
roughly examined hereinafter. 

The counter-weight about 20 m thick can be 
presumed to have almost homogeneous soils. 
Therefore, the shearing strain y (z;- t) due 
to the propagation of SH wave at t.he point 
with the depth Z in the soil layer can be 
expressed as shown below by using the 
velocity u (t) at the ground surface (Z = 0). 

y(z, t) = u (t + z/vs) 
- u (t - z/Vs) /(2'Vs) .• (2) 

where, vs is the shear wave velocity in.the 
counter-weight. 

Since an accurate value of vs is unknown, it 



Table 7 Maximum acceleration recorded on the strong-~otion 
seismographs installed at the Nagara Dam 

Instrument Meal;uring 
, Max Lnum 
acceleration 

Code direction (gal) 

G-l X 262 
G-l Y 138 
G-l Z 86 

G-2 X 270 
G-2 Y 208 
G-2 Z 124 

G-3 X 353 
G-3 Y 288' 
0-3 z 124 

G-4 X 180 
G-4 Y 151 
G-4 z 139 

G-5 X 382 
G-S Y 298 
G-S Z 180 

'.~ 

'-, 

is assumed to be vs = 200 mls based on t~ 
wet bulk density' (y t = 1.62 tf/m3). As 
the value of ~(t), a time history of 
velocity der~ed by integrating the 
horizontal acceleration at G-2 was used for 
calculating the shearing strain inside the 
counter-weight from equation (2), and the 
distribution of its maximum values in the 
depth direction is indicated in Fig. 17(a). 

ymax(%) 

5 10" 

~ l"-... ) ........ 

RI\ 

o 2 

U/av'o 
0,0 0,05 

0.0 
0,10 

S.O f---f-----' 

~ 10.( ) 

I~f\ 
] 10, a f--+---, 

~ 

1\ 

2(1,( ) 

III 

(a) Pu!sumed di.sttib~t.ion of Shearing (b) Dlstr!bution of poCe 

stz::ains in dept.h dLrectlon OoIater pressure cat lOS 

1n depth dlCectio!" 

c: Where the records in upstream-downstceam dUectlon were used. 
0: Whece the records in embankment a~lS d lcect Ion .. ere uSed. 

Fig. 17 Estimated maximum shear ing strain 
and estimated pore water, pressure 
inside the counter-weight fill 

Instrument ' Measur ing Maximum 
acct!lera tion 

Code direction (gal) 

G-6 X 369 
G-6 Y 354 
G-6 Z 324 

G-7 X 262 
G-7 Y 294 
G-7 Z 177 

G-8 X 497 
G-8 , Y 386 
G-a z 328 

G-IO X 281 
G-IO Y 148 
G-IO z 111 

* Measuring direction codes: 
X:' upstream-downstream 

direction 
Y: Dam axis direction 
Z: vertical direction 

Here, the pore water pressure rising 
characteristics in the saturated soil layer 
due to the repeated action,of shearing 
strain is needed, however the soil testing 
data is ,not available. Then, the following 
relation17 ) which was derived by the 
author et al for Sengenyama sand is used. 

['(Ya - O. 05) 
~ = (3 

1.076 l: (Y
a 

- 0.05) + 0.633 .• I avo 
where, Ya is the.amplitude (%1 of shearing 
strain. 

An example of the time history of the 
shearing strain which would have occurred 
inside the counter-weight'fi11 is shown in 
Fig. 18. POre water pressure ratio occurred 
inside the counter~weight was determined by 
using equations (2) and (3) and is shown in 
Fig.17(b). 

(?,) =STRAI:-; 
0,10 .. 0,0820 

Z =-\:iln 

O,Ojr-----~------~!~--~~~-----------------

" 

-0, 0,;:,--------------=---------~-----'----

'"IJ I 
IrJ 

Fig. 18 An example of time history of 
estimated' shearing strains 
(Z = -15 m) 
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From these results, the pore water pressure 
ratio at the depth of about 15 m inside the 
counter-weight becomes almost equal to 0.03 
to 0.05. From this, it can be known that 
the pore water pressure of about 
0.05 kgf/cm2 can be generated. 

8. CONCLUSION 

The earthquake reported above gave a feeling 
of relatively large earthquake motions to 
people in the metropolitan region. But the 
magnitude of the earthquake was 6.7 and the 
depth of the hypocenter was deep, at 58 km. 
Therefore, the damage to structures occurred 
only in local, limited areas where the 
ground conditions were poor, and the life of 
citizens was not greatly disturbed. Road 
traffic was restricted in some sections 
immediately after the earthquake but, in 
general, this did not cause traffic 
disturbance. However, there was a danger of 
the occurrence of slope failures in certain 
areas, and the residents had to evacuate to 
safe places. Also, roofing tiles of many 
houses damaged at the same time, and a long 
period of time was necessary for repairing 
the roofs due to the shortage of labor and 
materials. 

Places of boiling of sand and water were 
distributed in a wider range compared to the 
previous experience. This disclosed the 
possibly of dangerous places very 
susceptible to the earthquake on the new 
ground located near the metropolitan zone. 
This should be taken as a,lesson for the 
future. 
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Observations of Tsunamis on thle Wiest Coast oj[ tble 
United States 

by 

James F. Lander l 

ABSTRACT 

Although the recorded hi story extends back 150 
to 200 years for the United States .West .Coast 
the effect of tsunami s there has been studied 
1 ittle. Major harbors of Seattle and San 
Franci so are well protected by narrow entrances 
and the southern coast of California is 
protected by a broad continental slope and 
offshore i sl ands. Fourteen tsunami s wi th 
amplitudes of 1 meter or more or which were 
destructive have been reported. However, until 
1960 none caused more thana few thousand 
dollars in damage. The effects of the 1946 
Aleutian tsunami were stronger near Santa Cruz, 
Cal ifornia while the Chilean tsunami of 1960 
caused about $1, 000, 000 in damage to southern 
California. The 1964 Gulf of Alaska tsunami was 
by far the most severe causing $13,000,000 in 
damage and 16 fatalities, mostly in Crescent 
City, California. These different areas of 
principal effects probably relate to the 
different orientations of the source of the 
wave. The 1812 Santa Barbara, Cal i forni a 
tsunami, 1960 Chilean tsunami and 1964 Alaskan 
tsunami are considered as the design tsunami s. 
Future tsunamis from the Shumagin gap, in 
Alaska, and Peru-Chile gap are potentially 
damaging. Population growth, coastal and harbor 
development, increased recreational use of 
beaches, and increased number of small fi shing 
and recreational craft are increasing the risk 
of damage from future tsunamis. '. 

Keywords: Tsunami;. U. S. West Coast; Tsunami 
Hazard 

1. INTRODUCTION 

Permanent settlement of the WestCo.ast by 
Europeans began in 1769 with the 'establ ishment 
of the Spanish mission at San Diego, and by 
American and British t radersi n Washington and 
Oregon territories in the early 19th century. 
Thus, a period of 150 to 200 years or less in 
some areas is available for the historical study 
of tsunamis. Recording tide gages were put into 
permanent operation in San Franc i sco ,and San 
Diego, California and Astoria, Oregon, i'n 1854. 
These gages were probably the earl iest in 
operation in the Pacific. In .1854 these gages 
recorded unusual oscillations which ~ere 
i dent i fi ed as sea waves from the Toka i do and 
Nankaido, Japan, earthquakes. These may have 

I Preceding page blank" I 
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.been the first recorded tsunamis identified with 
earthquakes, and allowed the scientists of the 
time to calculate the average depth of the ocean 
between Japan and California. Despite this 
relatively long history, the study of West Coast 
tsunamis has received little attention. 

,.-t-
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Tsunami warnings for the West Coast are provided 
by the regional facility at Palmer, Alaska. Due 
to the response time they cannot provide 
warnings for locally generated tsunamis on the 
West Coast. Warn i ngs for remote sourced 
tsunami s are sent to each state government· and 
mi 1 i tary commands and rel ayed to county 
officials. Response to the 1964 warnings was 
mixed. Some officials succeeded in making 
evacuations and others did little. In fact, in 
response to the warning, people crowded the 
wharfs in San Francisco and Los Angeles to see 
the 1964 tsunami arrive. 

2. TECTONIC SETTING 

The West Coast owes most of its good fortune 
with respect to the tsunami hazard to geography 
and tectonics. The major popUlation centers of 
Seattle and the San Francisco Bay are well 
protected by large bays with restricted 
entrances. The coasts of northern California, 
Washington and Oregon are rugged and exposed to 
the sea. The communities there are small, 
seldom more than a few thousand people. 
Southern Cali forn i a is protected by a broader 
continental slope and a chain of offshore 
islands. 

Unlike most of the Pacific coasts, the West 
Coast of the United States does not have 
typical subduction zone tectonics. The 
principal earthquake faults including the famous 
San Andreas are strike-slip without notable 
vertical offset and occur mainly on land. The 
1906 San Francisco earthquake did not produce a 
tsunami even though port ions of the break were 
under water. Offshore areas in southern 
California do have normal and reverse faulting 

lUniverSity of Colorado, CIRES, Bould.er, 
Colorado, 80309. 
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and have caused small local tsunamis four or 
five times in historical times. Figure I shows 
the main tectonic features relative to tsunamis 
on the West Coast. 

3.:- 'LARGE AND DAMAGING TSUNAMIS OBSERVED ON WEST 
COAST 

Fourteen tsunamis have been observed on the West 
Coast with amplitud~s of one meter or more. 
Nine have caused some damage including one 
tsunami with an ampl itude of less than one 
meter (see Tabl e 1). Remote sourced tsunami s 
from Japan, Kamchatka" the Aleutian Islands, 
Gulf of Alaska, Hawaii, and Chile have all 
caused at least minor 'damage; Local tsunamis 
have been reported observed four or fi ve times 
but s om e 0 f the ear 1 i err ep or t s are 
questionable: The 1812 tsunami was once 
believed to have had a 15 m run up but now is 
believed to have had only a 3.5 m wave. The 
1927 California tsunami was the best documented 
1 oca 1 tsun(!,mi. Pri or to 1960 no tsunami caused 
more than a few thousand dollars of damage. The 
most destructive tsunamis were the 1960 tsunami 
from Chile and, th~1964 tsunami from the Prince 
William Sound, Alaska which was the most 
important. Even these two events which caused 
about $1,000,000 and $13,000,000 in damage 
respectively on the West Coast were overshadowed 
by the much more significant effects elsewhere 
which rece~ved most of the scientific attention. 
Due to the or i entat i on of the generat i ng zones 
these are' thought to be the most, hazardous 
sources possible for tsunamis and are the design 
tsunami s for remote sourced tsunami s for the 
West Coast. 

4. COMPARISON OF THE 1946. 1960 AND 1964 
TSUNAMIS 

Fi gure 2 shows the ampl itudes recorded -or 
observed on the West Coast of the United States 
for the 1946, 1960 and 1964 tsunami s. The 1946 
Aleutian tsunami was devastating to Hawaii and 
resulted in the establ i shment of the Paci fi c 
Tsunami Warning Center. ,O,n the West Coast it 
w,as observed widely but damage was 1 imited to 
the area north and south of the San Franci sco 
B~y.' A maximum amplitude 6f 2.7 meters was 
observed at Noyo, California, wherelOO fishing 
vessel~ were washed ashore. At Santa Cruz, 
Cal ifornia, one man was drowned and houses and 
sheds flooded. 

The 1960 Chile tsunami's greatest effects were 
in the Long Beach/Los Angeles, California, area. 
There was one fatality, and $500,000 to 
$1,000,000 damage there, mostly to small craft 
and floating boat slips. It caused minor damage 
elsewhere including $30,000 to two boats at 
Crescent City, California., 

The 1964 tsunami most strongly affected the 
Washington, Oregon, and northern California 
co a s t s wi t h m 0 s t 0 f the dam age ( abo u t 
$8,,000,000) at Crescent City. Another 
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$1,000,000 damage was done to small craft at San 
Rafael and Sausalito, California, marinas well 
ins i de the San Franc i sco Bay. Abundant loose 
logs from the lumbering industry contributed to 
the damage on the coasts of Washington, and 
Oregon. The waves tended to follow stream and 
ri vers concentrating damage there. Figure 3 
shows the effect at Seaside, Oregon. The 
e ff e c t s It! ere not a b 1 y 1 e s s,' ins 0 u the r n 
Cal ifornia. A total of 16 fatal ities and about 
$13,000,000 in damage occurred. One fatality 
occurred the following day at Klamath River, 
California, due to continued high wave activity 
in resonance with the continental shelf. 

5. RISK FACTORS 

The local tsunamis are small and 1 imited in 
effect~ The length of expected fault rupture is 
believed to limit the maximum wave heights to 4 
to 6 m, and the range of coastline affected to 
about 100 km. Also, there are no large rivers 
to create submarine deltas and deposits or steep 
sided trenches to give rise to a tsunami due to 
a submarine landslide. The history of local 
tsunamis may be too short to be fully ,confident 
that the ~Iorst has been observed. Thi sis 
particularly true for the area off the coasts of 
Washington and Oregon where there is evidence of 
subduction of the Juan de Fuca Plate but no 
history of earthquakes or tsunamis from the area 
of subduction. 

Seismic gaps in the Shumagin, Alaska, area and 
in the Peru-Chile area are potential source 
areas for remote sourced tsunami s damagi n9 to 
the West Coast in the future and may have 
effects similar to the 1960 and 1964 tsunamis. 

A particular hazard to the northern part of 
coast is damage caused by ,logs which litter the 
beaches. These act as battering rams, and al so 
end up as substantial debris on land. In the 
southern area much of the damage is caused to 
small craft insecurely berthed in floating 
slips. Currents set up by the tsunamis can 
dislodge the boats which became additional 
floating projectiles. 

The tsunami hazard is growi ng due to chang; ng 
demographics including: population growth, the 
increased use of beaches for recreation, 
increased numbers of small fishing and, pleasure 
craft, and increased development of harbor 
areas. 

6. CONCLUS IONS 

1. The West Coast probably has experienced its 
design tsunamis in the 1812,1960, and 1964 
events with the 1964 event being the most 
destructive. 

2. The West Coast is relatively protected from 
tsunami s due to protected coasts and harbors.' 
There is apparent 1 y on 1 y a mi nor 1 oca 1 tsunami 
risk. 



3. A significant current hazard probably exists 
from remote-sourced tsunamis from seismic gap 
areas in Shumagin, Alaska, and South America. 

4. The tsunami hazard is growi ng due to 
changing demographics with increased coastal 
development, recreation use of beaches, 
population growth, and numbers of small craft.' 

5. Logs on the beaches of the Northwest and 
small craft in floating slips add to the hazard. 

6. Several localities such as Crescent City, 
Half Moon Bay, Santa Cruz, and Avila, California 
report larger amplitude waves than other 
communities which may relate to the shape of 
their harbors or to their exposure to the open 
ocean. Tsunamis follow rivers inland affecting 
communities which also cluster near the river 
mouths. 

7., Variations in the tsunami height reported at 
locations along the coast and for tsunamis are 
probably related to the orientations of the 
tsunami source. 
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Fig. 1. Schematic of'major tectonic features 
relating to tsunamis on the west coast 

25Jl. 



Table 1. 

Date 

1812 

1859 

1862 

1868 (Aug. ) 

1868 (Oct.) 

1877 

1878 

1896 

1927 

1946, 

1952 
" 

1957 

1960 

1964 

1975 

Tsunamis Affecting the West Coast of the U. S. 

Damaging or at Least 1 Meter Amplitude 

AmplItude (M) Locality Most Affected Source 

3.5 Gaviota (S. Calif'.) S. Calif. 
Negligible Damage 

4.6 Half Moon Bay (C. Calif.) Unknown 
Schooner Damaged' 

1.2 San Diego (S. Calif.) S. Calif. 

1.8 San Pedro (S. Calif.) Chile 

4-5 . San Francisco (C. Calif.) N. Calif. 

3.6 ~aviota .(S. Calif.) Peru-Chile 

2.0 Wilmington (S. Calif.) Chile? 
Unspecified Damage 

1.5 Santa Cruz (C. Calif.) Japan 
Dike Destroyed, Ship Damaged 

1.8 Surf and Avila (S. Calif.) S. Calif. 

2.7 . Santa Cruz (S. Calif.) Aleutian Is. 
Some Damage, 1 Killed 

1.4 Crescent City & Avila Kamchatka 
(N. & S. Calif.) 

1.0 San Diego (S. Calif.) Aleutians 
Minor Damage 

1.7 Crescent City & Los Angeles Chile 

4.3 

0.4 

(N. & S. Calif.) 
. $1,000,000 in Damage, 1 Killed· 

Crescent City (N. Calif.) 
$12,000,000 in Damage, 16 Killed 

Catalina Island (S. Calif.) 
$2,000 in Damage 
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Figure 3. Location of major tsunami damage in Seaside, Oregon (from Spaeth and Berkman, 1972). 
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Present State of Tsunami Numerical Simulation. 

by 

Chiaki "Goto'! and Katsutoshi Tanimoto' 2 

SUMMARY 

Present state of tsunami numerical simulation 
which is generally carried out to predict 
tsunami hazard in Japan is briefly reviewed. 
As recent knowledge. simulations for. 
transoceanic propagation and soliton fission 
of tsunamis and behavior of spread materials 
due to tsunami are also introd~ced. Finally. 
through a knowledge of numerical error. 
remarks for computation are explaned. 

KEY WORDS: Tsunami. Distant Tsunami. Sol iton 
Fission. Behavior of Spread M~terials. 
Numerical COl1lputation. Numerical Error. 

1. INTRODUCTION 

Located in northwestern part of the Pacific 
Ocean seismic belt. Japan has been faCing to 
tsunami hazard and is widely known as the 
place where tsnamis often attack. Especially. 
the Sanriku Coast in northeastern coast of 
main island of Japan experienced crushing 
calamities caused by the Great Sanriku 
Tsunamis occured in 1896 and in 1933. Due to 
the two tsunami s. more than 30.000 people 
were killed and about 10.000 houses were 
lost. Thus. the Japanese term "tsunami' had 
a chance to become the international word. 

For the past twenty years. many tsunami ulls 
and breakwaters have been constructed along 
Japanese coast line as the tsunami protection 
works. However most of them Were constructed 
foi" the purpose tof the pretection against 
middle class of tsunamis and a few structures 
were designed against huge tsunamis. For 
countermeasures against huge tsunamis. the 
"total protection plan with the construction 
of defence structures. the management of 
hazardous area and tsunami warning system 
should be considered. From the reason and 
the limited data avilable on tsunamis. many 
research attempts for the prediction of 
tsunami hazard have been made by numerical 
simulation. 

2. NUMERICAL COMPUTATION OF TSUNAMI 

2. I Computation in deep sea region 

The finite difference and the finite element 
methods have been developed for reprodUCing 
the tsunami propagation based on the long 
wave theories. Here. a numerical simulation 
of tsunamis by using the finite difference 
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method which is usuallY carried out to 
predict tsunami hazard is introduced. The 
computation of tsunamis is generally carried 
out in tlllO separate parts: deep sea and 
shalla'll sea area. because of a I imi t of 
computer memory capacity and computation 
time. In deep sea. the computation area is 
covered with coarse grid and a coast line is 
approximated as "a vertical wall. However the 
grid length might be varied dependent on the 
length of tsunami source. general grid length 
is set so as to be about 5 km long and become 
gradually smaller approaching a shallow sea. 
Figure 1 shows a computation area on Sanriku 
Coast located in northern Japan i ). 

COMputation areas are divided four regions. 
region A to region D. the grid lengths are 
5.4 km. 1.8 km. 0.6 km and 0.2 km 
respectively. In this figure. tsunami sources 
reported by Hatori 2 ) are also presented. The 
numerals inidicate the occarence year of 
tsunamis. 

Generally. the Governing equations in qeep 

41 

183 40 

~' .... --~1------~----~~~'r-----r~3' 

31 

Fig.l Computation region 

.! Senior research engineer. Port and Harbour 
Research Institute. Ministory of Transport 

'2 Head of Hydraulic Engineering DiviSion. 
Port and Harbour Research Institute. 
Ministory of Transport 



sea are the linear long wave theory as 
follows, 

Qn 
+ 

aM 
~ 1J!= 0 

at ax, ay 
'a.\l' £n a 
at 

+ gh
ax 

2J!. + gh£n a 
at ay 

where 
(x, y) 

t 

g 

h 

n 

spa t i 21 coord ina tes. 
time; 
gravi ty, acceleration. 
st i II water depth. 
tsun3llli height. 

(l) 

(2) 

(3) 

(M, N) tsunami di scharge flux in the 
(x.y) direction. 

There are some cases which t~kes terms of 
the Coriolis and the bottom fri~tion into 
consideration. The' effects of the terms. 
however. are usually small because tsunamis 
attacking Japan islands travel only sbort 
distance in deep sea. 

The initikl"tsu~a~i'profile is assumed to be 
the same as crustal movement calculated on a 
fault model. The seabed deformation can be 
approximated as ,instantaneous change and the 
initial water surface can be also asuumed to 
have "the' same 'prof i I e as tbe deformated sea 
bot tom" by earthquake. 

Thec'ompu,tat ion for, the'deep sea; ment ioned 
above. arepr'im~'r i'ly pei"formed ',i th the 
purpose of cal~u,lating the'input condl tion 
for the'computation of shallow sea areas. 
In addition. the reliability of the 
computation, resul ts should be considered 
only for th~ sea of deeper than 200 m. 

Figure 2 shows a res~lt of computation in 
deep sea for Great Meiji Sanrlku Tsunami 
occured in 1896. 1 

I The vertlc,al scales of 
tbe figures shown ar~'exaggerated compared to 
the, horizontal ones, The maximum tsunami 
height at t = '0 's: is 'h. 

2.2Computation in shallow s,ea region 

The computation for a shallow se~ is carried 
out for the ~uipose of predicting tsunami 
behav'ior in the vicini ty of the coas,t and on 
the land. Generally the grid size Is leu 
than 50 m. Thegoverryirig equal ions used for 
the computation is the shalla,' water theory. 
which takes se~ bottom ,friction into 
cons i dera tIon. 'as' fa II OTIS. 

aM + all. = 0 Tx ay , 
a ~ a M1I. Tx«(j) + ay«(j} 
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t = 0 l11in, HOKKAIDO 

t = 6 min. 

1 2 min. 

Fig.2 Computation result for Great Meiji 
Sanr i ku Tsunam i ( in deep sea). 

where 
d 
n 

'2 

+ ~MJ M2 + N2 0 O} 

+ ~(MN) xc + gh~, 
a 

+ ~ NJ IIF + N2 0 (6) 

total water depth. d = h + n. 
Manning's roughness coefficient 31 . 

As the offshore boundary condition in shallo' 
sea region. the results 'of the computation in 
deep regions is given. H0I11ll13' s 'weir 
formula 41

• s' is usuallY applied to fhe 
estimation of overtopping rate or over flow 



- 4.0 m/s 

time = 40 min. 

(a) Computation r~sult with both 
effects of ' fun-ups on land and 

coastal structures. 

(b) With effct of run-up on land 
and without effect of coastal' 
structures. 

(c) Without both effects. 

l'ig.3 Computation results for the 1896 Great Meij i Sanriku Tsunami (in ~hallow sea area). 

YONESHIRO RIVER 

l'ig.4 Computation results for the 1983 Nihonkai-Cbubu Tsunni. 

rate on sea walls and breakvaters. As the 
boundary condition at the tsunami front on 
land. there are two methods. One is a method 
that assumed a weir formulaS) and the other 
is a metbod tbat a continuous topography is 
approximated by series of discontinuous 
horizontal steps7), Because the reliability 
of both methods are not clear from, a physical 
point view. we have to use the fine grid near 
shoreline. 

An example of computational resul ts is shown 
in Fig. 3. I) The computation is carried out 
f~r the Great Meiji Sanriku T~unami at Miyako 
bay. The computatioal results at 40 minutes 
after tsunami occurence are presented for the 
different conditions: i.e. with and without 
tsunami run-up and effects of structures. 
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The resul t which is taken both run-up on, Land, 
and structures into acco~nt is apparentl~ 
different with tsunami velocity distri.bution 
from those ,i't'hout consideration. 

I'ugure '( 8 ) show~ a result of computation of 
the 1983 t'sunami occured at Japan Sea. In 
this figure. tsunami run-up heights and 
inunda~ion ar~a are compared 'iih reco~ds. 
Since the grid size:or the ~omputatiori is 
30 m iong and is considered to be fine, 
enough. it seems that the results is Quit'e 
reliable, Aida 9 ) .Ie) proposed parameters 
denoted K and K to evaluate the accuracy of 
numerical resul t as follows; 

log K = (J/N) log K i 
and 



(a) Water height distribution at 15 
hours after tsunami occurence 

(b) Tsunami travel-t ime curve 

Fig.5 Computat"ion results of the 1960 
Chilean Tsun3llli. 

/( = J {tOg K;)2/N - (lOg kP. 
where 

N numbers of data. 

(8) 

Ki rat io of record to numerical resul t. 

The values of K and /( is 0.99 and 1. 28 
respectively in this computation. 

3. RECENT DEVELOPMENTS IN TSUNAMI COMPUTATION 

3.1 Distant tsunami 

Numerical computation of the transoceanic 
propagation of tsunamis generated on the 
Chilean coast to Japan can be carrired out by 
use of a super computer. 

Figures 5 and 6111.12) shol!l numerical results 
of the 1960 Chilean Tsunami. The governing 

MAXIMUM HEIGHT (D) RUN-UP HEIGHT (m) 
10 10 

SHALLOW ~ATER THEORY 
LINEAR LONG WAVE THEORY 

0, ~ OBSERVED RECORDS 

Fig.6 Computation results of ihe 1~60 

Chilean Tsunami ( tsunami height 
along Sanriku Coast). 

equations of the computation are the linear 
BoussinesQ equations with Coriolis terms 
described in the latitude-longitude 
coordinate system as follo~s : 

~ + ~[~(MCOSA} + ~ ] = 0 

~ + ~ ~ = -fN + k ~[ ~3F 1 

M + Rc~~X ~ = fM + rck:t: ~[ ~3F 
F = ~[ ~(UCOSA) + ~ 

where 
(A. 1\» latitude and longitude 

coord ina tes. 
r 

(M. N) 
Col ioris factor. 
tsunami di scharge flux in the 
(). .. ¢) di rection. 

(9 ) 

(10) 

(II) 



In the computation. grid length is set for 
1/6 degree. which corresponds to 20 km along 
the equator. 

Figure 5 shows distribution of tsunami height 
at 15 hours after tsuna~i occurence and 
travel-time curves drawn for every 1 hour. 
The difference between tsuna~i heights 
s i DIU I ated wi th the 1 i near long wave theorY 
and those simulated with shallow water 
theory are exhabited along the Sanriku coast 
in Fig. 6. Since the 1 inear long wave theory 
does not included sea bottom friction terms. 
the resulting tsunami heights are large 
compared with observed data. On the other 
hand. the res u 1 t wi t h the s h a I low ta t e r 
theory including wave nonlinearity and bottom 
friction shows good agreement with observed 
data. The CPU time to reproduce 30 real 
hours is 30 minutes wi th the aid of super 
computer NEC SX-l. 

3.2 Sol iton Fission of Tsunami 

The Nihonkai-Chubu earthquake which occured 
in the middle part of Japan Sea in 1983 
generated a great tsunami. Many accurate 
data of run-up heights. inundation areas and 
tide gauge records were obtained and 
collected. In addition. soliton fissions as 
a result of the interaction between the 
nonlinear and the dis~ersion effects during 
the tsunami propagation was observed and 
recorded at the front of tsunami. 

A tsunami formed in a solitary wave train is 
quite dangerous to protection works because 
of its rapid growth in height. Detai I of the 
soliton fission of tsunamis should be 
analized by numerical computation. 

Figure 7131 shows an example of numerical 
computation for evolution of solitons. The 
computation is carried out by the nonlinear 
dispersive long wave theory .ith bottom 
friction terms HI

. The result has small 
numerical ascii lations becase coarse grid 
size is adopted for the I imi tation of 
computer memory. Therefore, the simulation 
does not seem to be carried out relevantly. 
However we can recognize in the figure that 
run-up front of the first and the second wave 
have growing to solitary wave train. As 
described above, the numerical computation 
for soliton fission of tsunamis has been 
developed recently, but there are so many 
problems related to soliton behavior left 
unsolved. ' 

3.3 Spread Materials Due to Tsunamls 

As for the behavior of materials caused 
by a tsunami. only a few studies have been 
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Fig.7 Computation result· for tsunamis 
with sol iton fissions. 

made. They are limited to the numerical 
simulat ion for the spread of t imberand oi I. 

As for the timber spread. it is reported .. that • 
about (,000 timbers were floated away fro~ 

Miyako port on· North Sanriku coast wh~n the' 
Tokachi-oki tsunami hi t in 1968. Once 
floated and washed away by t~unamis,· timbers 
often beco~e destructive forces to houses and 
port facilities. 

The simulation model of the timber spread is 
developed' by Goto lSl . The mot ion of timber 
consists of two parts. a avereged motion and 
diffusion. The averaged mot ion is calcula'ted 
for the lIean current induced by tsunami. on 
combining the drag and added mass etfacts of 
timbers. The diffusion is estimated by a 
assumption that spread of limbers around 
their center of gravity follows a 'random 
process. 

Figure 8 shags a result of practical 
application for numerical simulation of 
timber spread. It is assumed that 6.000 
timbers are being stored and are washed away 
by tsunami. In the figure, black points 
indicate location of timbers at each time. 

For oi 1 spread, it is reported that oi I tank 
in Niigata city faced on the Japan Sea was 
damaged by the 1964 earthquake and oil was 
discharged and spread over the water: 

. , 
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Fig.8 Computation results for timber spre'ading. 
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Ryugau~ 1 
Brea~water 

fig.9 Computation results for oil spreading. 

UnfortunatelY. five houres after the 
earthquake the oi I caught on fire and fire 
continued 15 days. 

The spread of oil by tsunami was first 
computed by Goto 16 ). The method ~i thout the 
cap i II a r i t Y can. be a p p lie d tot he g r a v i t y
inertia and gravity-viscous regimes. In a 
large oil spill. the surface tension becomes 
important after several days. 'IIhi Ie a tsunami 
may continue for several hours. Therefore. 
the method is sufficient to predict the oil 
transported by tsunami. 

Figure 9 shows an example of the results. 
There are two tanks at points A and B. Each 
of· tanks contains 1. 000 m3 of oi I and is 
surrounded by dikes of 40 em high. It is 
assumed that the tanks are ruptured by an 
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earthquake and leaked oil is stored inside 
the dikes. When the tsunami ~ater level 
exceeds the sur rounded di kes. oi I begi ns to 
be floated and transported. 

4. NUMERI CAL ERROR AND REMARKS FOR 
COMPUTATION 

4. I Classification of Numerical Error 

Once the initial tsunni profi Ie is 
determined exactly. the accuracy of tsunami 
numerical simulation is closely related with 
the governing equations and the grid length 
used. Especially. aliasing and truncation 
errors related ~ith grid length is very 
important because the errors appear as the 
artificial dispersion or dissipation effects 
and causes the phase shift or the damping of 



tsunami height l7l , 18l. 

•. 2 Governing Equations 

Usually, the long wave theorY is used as a 
model represent ing the propagation of a 
tsunami. The theory is derived by the 
assumption which vertical acceleration of 
water particle is small as compared with the 
acceleration of gravity and the relative 
depth is sma II. The eQ.ua t ion is descr ibed 
the motion of long waves as follows 

(local term) + (.pressure term) 
+(nonl inear term) + (dispersion term) 0, 

If the dominant terms of ~he eQ.uation 
consists in the first tttO terms, it is called 
the I inear long wave theory, if three terlQS, 
tbe ~hallo'll !later theory. and if all terms, 
the nonlinear dispersive long _ave theory, 

For a tsunami occurred in the sea near Japan. 
the dominant terms of the eQ.uation can be 
considered as only a local and a pressure 
terms. And tbe nonlinear term is kept small 
whi Ie tbe tsunami is travel ing in deep seas 
and the dispersion term is knol1n as small in 
botb areas l9l , For on the reason, the linear 
long lItave theorY is used in deep sea. whereas 
the sballoli water theory is used in shallOt! 
seas. 

In conventional Simulations. there are some 
cases used by tbe linear long wave theory as 
governing eQ.uations even if in shalla\! seas. 
However the accurate ~ave celerity is faster 
than ones by the linear long wave theory and 
is described by the eQ.uation as follolls : 

C = rgn[ 1+ (3/2) (H/b) - (2 7th/L) 2/6 + ••• J 
(L 2) 

Where 
C tsunami celerity. 
H tsunami beight. 
L tsunami length. 

Therefore. tte have to pay attention to the 
difference of celerities tthich causes the 
pbase sift and gives serious influences to 
ma~imum, tsunami beight and velocity 
distributlon. 

4.3 Grid Length 

Aliasing and truncater errors of the 
numerical computation are very important. 
which causes calculated tsunami height to be 
suller. In order to keep error sull, grid 
length 6x should be proposed to satisfy the 
follo<:ling eQ.uation. 

CBT/6x l 30 (13 ) 

where 
C~ wave celeri tyof the liner long, wave 

theory. 
T period of tsunami. 

Wave celerity is proportional to the square 
root of sea depth, therefore, the computed 
grid length should be made gradually'smaller 
as the tsunami approachs shallower. 

To obtain more accurate results. ~e can 
use of the knoeledge of the artificial 
dispersion effects introduced by numerical 
scheme because the effects have the similar 
to the physical correct dispersion. The 
condition. that long wave theory Iii thout 
dispersion terms can give the same wave 
profile cOlllputed with the theory with 
dispersion effects, requires the relation as 
follo'lling : 

(tlX/h)'; 1-(cAt/6d 2, = 0,5 

Therefore. ttie grid length of numerical 
simulat ion should be determied so that the 
relation EQ.s, (13) and (10 are satisfied. 

Even if tbere are no brea.king \!laves, the 
boundary condition at the wave front on land 
has an illlportant influence on the accuracy of 
the numerical~results. Goto and Shuto l9l 

proposed a condition related with grid size 
~hich are successfully appl ied to the 
problem. as following 

tu/sgT 5. 10-' (15) 

'IIhere 
s : bottom slope from the shore line to 

the poin t of 100111 deep. 

5, CONCLUS ION 

In the paper. numerical simulation method for 
tsunaDi propagation and run-ups is briefly 
r.evietted. Recent ly. tsunallli numerical 
simulation for run-up on land and trans
oceanic propagation been developed and 
appried to practical problelils, But. even 
now, the atcurate velocity and \lave force 
distributions necessary to calculate 
satabilities of coastal structures are Q.uite 
difficult and there are so many ,problems 
which relllain unsolved. 
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SUMMARY 

In order to investigate the validity of the 
designcmethod and to know the total behavior of a 
RM building, static cyclic loading and pseudo 
dynamic tests of a five story full scale RM 
building was performed from mid-November, 1987 to 
the end of January, 1988. The test building in the 
extended service load range was very stiff with 
only minor structural distress. It was found that 
the characteristics of the test building in 
elastic range are very sensitive to the condition 
of foundation. The maximum lateral force capacity 
reached 968 ton, at an overall building drift of 
4/800 ( 0.5% ) in the yield load phase test. 

Response of the pseudo dynamic test using the 
Taft EW 1952 ( 300gal ) was within the hysteresis 
loop obtained from the yield load phase test. The 
ultimate deformation limit state was marked by 
rapid strength degradation at an overall building 
drift bf 7/800 ( 0.875%). 

The maximum shear carryi.ng capacity and load
deformation relationship of the test structure was 
simulated well by a non-linear frame analysis. 

(EY WORDS: Reinforced Masonry, Full Scale Test, 
Static Cyclic Load, Pseudo Dynamic Test, Non
Linear Frame Analysis 

1. INTRODUCTION 

Under the auspices of the UJNR on Wind and 
. Seismic Effects, both the U.S. and Japan are 
working since 1984 on a coordinated earthquake 
research program on masonry structures. The target 
of the Japanese program is the development of 
comprehensive design guidelines for medium rise RM 
structures, in particular, the five story 
apartment building, to meet the countrie's need of 
high density residential construction. Based on a 
detailed understanding of the structural behavior 
of RH building derived from analytic~l and 
experimental research programs on materials, 
components, sub-assemblages and planar frame 
structures, the design guidelines (draft) was 
developed. 

The five story full scale prototype test on a 
reinforced concrete masonry building was planned 
and carried out in order to experimentally verify 
analytical models which are assumed and dealt with 
in the draft of the design gui.delines. The main 
portion of the full scale test consisted of three 
static cyclic load phases, those were service load 
phase, yield load phase, and ultimate load phase ( 
see Table 1). The lateral load distribution was 
derived from the Japanese Building Code. Overall 
test plan, des"ign and construction, and brief test 
results were presented at the last (20th) UJNR 
meeting held in Washington D.C. Nay 1988 [Ref.l). 

265 

In this paper, adding to the review of tht 
test structure and loading method, results of eact 
static cyclic load phase test and pseudo dynamic 
test carried out just before the ultimate load 
phase test are discussed. Pseudo dynamic test was 
performed in order to simulate the resp~nse of the 
damaged building due to the secondary shock after 
the main shock of an earthquake. Finally, large 
amplitude of deformation was applied to the test 
structure in order to obtain the deformation 
capacity of the test structure and the deformation 
characteristics of the structural elements in the 
ultimate state. 

This paper also discusses on the reason why 
there is much difference between ultimate capacity 
calculated by the design guidelines and the one 
obtained from the test, as well as on the elastic 
behavior by mean of frame model analysis. A frame 
model analysis was applied because it is very 
simple and v~ry convenient for current design 
method. c 

2.GECJoIITRY AND LOADING OF TEST STRUCTURE 

Even though detailed reference on the 
geometry and loading of the five story test 
building should be made to [Ref.l], a brief 
iteration of the most important geometrical data, 
load application and reference notation is 
presented in Fig.1 to allow quick cross 
references • 

The five story full scale test specimen 
represented a module of a prototype apartment 
building with fo'ur parallel load bearing frames 
with openings (Frames Yl through Y4, Fig. 1) in 
the critical loading direction under 
investigation. The floor area is 13.79m (loadillg 
direction) x 15.19m (~ransverse direction, 
including 2.4m wide balcony) and the total 
building height is 14m from the top of foundation 
to the roof slab (each story is 2.8m in height). 
1ne standard and corner concrete units used in the 
test building are shown in Fig.2. Running ,bond was 
used in the test building. Both vertical and 
horizontal rebars were arranged in 20cm spacing 
module bsrically. Wall length ratios are 
15.20cm/m in the loading direction, .and 
23.30cm/m 2 in the transverse direction, 
--------------------------------------------------
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respectively. If the test building cons~sts of 8 
dwelling units per floor plan (4 of the test 
building ~odules side by s~de),those values are 
l4.89cm/m and l8.l5cm/m in each direction, 
respectively. 

Loads were applied to the cente'r line (X2) of 
the test structure by means of 11 servo-controlled 
hydraulic actuators depicted schematically in Fig. 
lea). For the cyclic load testing, floor level 
loads were applied, in forced control as a fraction 
of the roof level force as stipulated by the 
Japanese Building Code. Roof level loading was 
under displacement control to eliminate the 
torsional mode. For the pseudo dynamic seismic 
simulation test the five-story displacements were 
applied to one of the actuators at each floor 
level while the other servo-controlled actuator 
was force slaved to the first. Only at the roof 
level, where three actuators applied the lateral 
loading, see Fig.l(a), the two outside actuators 
were driven in displacement control again to 
eliminate the fundamental torsional mode. 

Wall and beam/girder components were 
denominated by W or G, respectively, followed by a 
number and letter sequence indicating the plan 
location: Preceding digits 1 to 5 denote the story 
level under consideration. Thus, e.g., 1 WlA 
denotes the first story wall labeled lA at t~e 
lower left hand corner in Fig.l(b) at the 
intersection of reference lines Yl and Xl, etc. 

3. SERVICE LOAD PHASE RESPONSE [Ref.2] 

Crack pattern development in selected frames 
in loading direction is shown in Figs. 3 and 4. 
Base shear versus displacement relationship 
obtained through static cyclic loading tests is 
shown in Fig. 5 and corresponding roof level 
displacement envelope is shown in Fig. 6 together 
with indications of the major events detected 
during loading. 

The service load phase coveis the loading u~ 
to a nominal base shear stress level of 8.0kg/cm 
which is approximately twice the nominal valu~ 
corresponding to the 0.2G service load level 
required by the Japanese Building Code. 

Up to the loading of 4.0kg/cm 2 nominal base 
shear stress level, the test structure sh~wed very 
little distress and a very stiff overall response 
(The first story stiffness was 3,237ton/cm). Very 
small flexural cracks in the lintel beams and a 
slight opening of horizontal bed joint cracks in 
first and second story wall elements were observed 
at this loading stage. Also, cracking at slab 
corner started from this load level. The response 
of the test building up to this load level can be 
classified as virtually linear elastic. 

Duri~g the loading between 4.0kg/cm 2 and 
S.Okg/cm nominal base shear stress level, 
flexural cracks at the horizontal bed joints of 
walls and the lintel beams in all stories 
developed, as shown in Fig. 3. Very small 
diagonal cracks starting from a corner of small 
rectangular openings located at the bottom of 
first and second story wall elements lW4A and ?W4A 

'-
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started to develop. Cracks at floor slabs, 
perpendicular to the loading direction, started to 
open due to flexural deformation of beams 
concerned. Almost no cracks were observed in the 
orthogonal walls Xl to X3. 

The first yield in any instrumented 
reinforcement was recorded in the flexural 
reinforcements of long wall elements lW 5 ?nd 1WS' 
and in the buil~ing corner reinforcement 1n 1~9B' 
all at S.Okg/cm nominal base shear stress level~ 
as shown in Fig. 7. 

The first story secant stiffness at this 
stress level decreased in 2,4l7ton/cm from initial 
elastic stiffness, 3,237ton/cm. 

4. YIELD LOAD PHASE RESPONSE [Ref. 2] 

Crack Development and Reinforcement Yield 
Development 

During the loading up to an overall building 
drift angle of 1/1,200 (0.083%), wall element 1W4B 
and a joint element located above the first story 
wall 1W2B exhibited diagonal cracking. At the 
loading of 9.0kg/cm 2 nominal base shear stress 
level, horizontal bed joint cracks of transverse 
wall elements were detected in the first story. 
Figure 7 shows flexural reinforcement yield 
development up to a building drift angle of 2/800 
(0.25%). According to this figure, the 
reinforcements in all first story wall elements 
along the base of the building yielded, up to a 
building drift angle of 2/S00 (0.25%). The 
flexural reinforcement arranged at lower side of 
most beam elements also yielded until this 
deformation level. The flexural reinforcements 
arranged ~t upper side of all beam elements except 
2G7B and 2G6B did not yield due to existence of RC 
floor slab. , 

At 2/S00 (0.25%) drift angle load level, the 
first diagonal cracks occurred in 'most of all wall 
elements in the first story and also in the second 
story long wall element 2WS. The stiffness of the 
building significantly dropped at this deformation 
level due to this diagonal' cracking as seen in 
Fig. 6. The first diagonal cracking in a beam 
element al~o was detect~d in the second story 
short beam 2G5B. Remarkable diagonal cracking 
from a corner of a small rectangular opening 
located at the bottom of the first story wall 
element 1 W4A occurred, and radiated cracking in 
floor slabs adjacent to wall edges (including 
straight cracking along with a beam face) occurred, 
as well at this deformation level. 

At a deformation level of 3/S00 (0.375%), 
diagonal cracks in first story wall elements 
increased in number: Face shell spalI'ing in the 
second story short beam 2G5B as well as toe 
crushing of the long wall elements 1 W 5 and 1 Ws, 
which indicate the onset of major structural 
deterioration, started at this deformation level. 
In the first story orthogonal walls" vertical 
cracking was detected at the place distant 1.0-1~2 
meters from the walls arranged in the loading 
direction, which is considered to be produced by 
excessive deflection of the walls in the loading 



direction. Lateral load still increased up to a 
deformation level of 4/800 (0.5%) drift angle at 
which the maximum lateral load (base shear) 
96Stons was recorded. This almost corresponds to 
the total building weight, 996tons. 

Change in Stiffness and Deflection Mode 

The two cycles service load level loading was 
held after the service load phase and the yield 
load phase responses in addition to the first 
service load level loading as shown in Table 1. 
Table 2 shows story stiffnesses of the test 

'building under various loading level. It is 
clearly understood from this table that all the 
story stiffnesses changed at almost same rate of 
stiffness degradation. This also indicates that 
the building was considerably damaged under the 
yield load phase response up to a deformation 
level of 4/800 (0.5%) drift angle. 

A plot of story drift percentage for each 
story, shown in Fig. S, indicates that the 
deflection mode did not significantly change 
through cyclic loading up to the maximum lateral 
load level. One can just notice that the first 
story drift percentage is slightly increasing with 
increasing building drift. 

Story rota~ion of the long wall element Ws is 
depicted in Fig. 9. It is clearly noticed that 
flexural deflection is de~~I!i.t~lY caused by the 
rotation at the foo>--o-I the first story wall 
element 1101 5 and that, among three stories above 
the 3rd story, the sign of the story rotation is 
just opposite to the corresponding one in the 
first story, even the magnitude of story rotation 
at upper three stories is small. The fact 
mentioned in the latter suggests existence of 
considerable flexural reaction by beam elements in 
these stories. The shear and flexural deflection 
percentages in the total deflection of the first 
story wall element 1 loiS are 40% and 60% 
respectively through' the building deformation 
level of the drift angles of 1/S00 (0.12S%)- 6/S00 
(0.75%). 

The shear deflection versus story deflection 
relationship in the first story wall elements 
1 W1B , J W2B and }W3' depicted in Fig. 10, also 
clarif1es that t~e shear deflection,is, roughly 
speaking, SO% or a little less in the total story 
deflectiori up to the building deformation level of 
4/S00 (O.S%) drift angle. 

Yield Hinge Development 

The consecutive yield hinge development is 
depicted in Fig. 11. This almost coincides with 
reinforcement yield development as shown in Fig. 
7. The difference between them is due to two 
kinds of difinition of yielding, that is, 
reinforcement yielding and structural element 
flexural yielding, as schematically shown in Fig. 
12. The point 1 in Fig. 12 just corresponds to a 
reinforcement steel yielding point (2,000 micro 
strain in this case), whereas the point 2 was 
determined as a point where sudden change in slope 
on stress-strain relationship was observed, at 
which the structural element concerned is 
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considered to have yielded. 

Based' upon Fig. 11, hinges were made at feet 
of most wall elemenis (6S% of total number of 
hinges whith were made finally) in the first, 
story, and at second and third story short beams, 
2GSB and 3GSB' until a building drift angle 
reached 1/800 (0.12S%). Among those hinges, the 
ones at feet of two first story long wall 
elements, bWS and 1 loiS' were first formed at 
1/1,200 (0. 83%) building drift angle. Up 'to 
2/800 (0.25%) building drift angle, all the first, 
story wall elements and some second story ones 
yielded at their feet. Beam elements, almost 60% 
of all, also yielded at their lower side 
throughout the entire building. 

Up to 3/800 (0.37S%) building drift angle, 64, 
- 66% of total number of hinges were made in wall 
and beam elements arranged in frames Yl and Y4, 
whereas 80% in those arranged in frames Y2 and Y3 
in which long wall elements were arranged. 

During the loading up to 4/800 (0.5%) 
building drift a~gle, another yield hinges were 
newly made mostly at those elements arranged in 
frames Y1 and Y4 so that hinges more than 80% 
were formed in these frames until this ,drift 
angle. Most of all beam elements (83%) yielded at 
their lower side by then. Upper side of beam 
elements did not yield throughout the testing, 
except second and fourth story beam elements in 

frame YI and two second story beam elements in 
frame Y4. This is considered to be caused -by 
existence of RC floor slab reinforcements. 

Strain Distribution in Reinforcing Bars 

Many strain gages were attached to surface of 
reinforcing bars vertically and horizontally 
arranged in walls, beams and RC floor slabs to 
measure effectiveness of those bars especially 
arranged in the orthogonal elements. All the 
vertical reinforcements in the frame Xl yielded at 
upper surface of building foundation(line H ), 
when a building deformation level reached I/l,~OO 
(0.083%) drift angle" and also yielded at line H2, 
90 centimeters above the line HI' under 1/800 
(0.12S%) drift angle loading. The first story 
vertical reinforcements in the interior frame Xi 
yielded under relatively large deformation as 
compared with those in the exterior frame Xl' 

, All those reinforcements in the frames Xl and 
X2 yielded at floor slab surface seimaltaneously 
when flexural reinforcements arranged in concerned 
wall ,elements in the loading direction yielded. 
The yielding of vertical reinforcements arranged 
in the walls which are located perpendicular to 
the loading direction, thus clearly showed 
effectiveness of all those reinforcements against 
la teral loading. 

Similar tendency was observed on floor slab 
reinforcement associated with beam flexural 
reinforcement. However, strain level through all 
the measurements of slab reinforcements were very 
low as compared with the one in vertical 
reinforcements arranged in orthogonal walls, such 
as the frame X l' 



5. PSEUDO DYNAMIC TEST [Ref.3] 

The objective of the subsequent five~degree-
,of-freedom pseudo 'dynamic test was twofold, namely 

to investigate the response characteristics', Le., 
natural frequency, mode of re'sponseand lateral 
force distribution, of the test structure after 
damage against l.OG level lateral load 
accum~lated, a~d to obtain the dynamiC response of 
the damaged building to an after-shock or a 
subsequent' seismic 'event with a 0.3G maximum 
acceleration. 

The earthquake record of the Taft EW 1952 
with a time window from 2.68 to 8.98 seconds was 
selected as the driving seismic motion for the 
pseud6 dynami~~est, since the first mode response 
was dominant with virtually equal amplitudes in 
both the positive and negative directions under 
preliminary computer 'analysis using the record. 

Th.~seudo dynamic floor le~el response of 
the dama*ed' test structure is depicted,in Fig. 13 
for the roof floor level displacement and base 
shear force' time histories. After 6.3 seconds 
passed in pseudo dynamic response, the free 
vibration response produced a nat~ral period of 
vibration of 0.5~ second, slightly lon~er than the 
measured forced vibration response (0.41 sec.) 
after the yield load phase test. 

,'Vi~~al inspection 6f the test structure, 
, Le., 'trace of crack propagation and damage area' 
assessment, did not indicate any additional 
structural damage or stiffness deterioration 
during the 300gals secondary seismic event. The 
obtained' hysteretic response (Fig. 1'~) to the 
secondary seismic event stayed well within the 
hysteresi~' envelope obtained unde~ the yield load 
phase test. Figurel4 again indicates that the test 
stru~ture can still perform in a stable manner 
witho~t increased loss 6f structural integrity. 

Finally, Fig. 15 depicts the variation of 
peak response of the test structure along the 
height. The dominance of'the first mode response 
is clearly visible as well as the limiting 
response envelope obtained at the ultimate lateral 
load limit state during the cyclic testing of the 
yield loa~ phase. Of partic~lar interest is the 
shape of the later~l load distribution over the 
building height, Fig. 15a, which is almost linear 
(inierse'triangular) as opposed to the shape of 
the imposed lateral force distribution for the 
cyclic load testing which was based on the 
Japanese Building Code; The straight line inverse 
triangular response is indicative of the formation 
of flexural mechanisms at the base of the first 
story lola 11 elements. This tendency is emphasized 
by almost straight lirie lateral displacement 
distributions along the building height, see Fig. 
15b, compared to the' displacement envelopes 
obtained during the cyclic yield load phase test. 

6. ULTIMATE LOAD PHASE RESPONSE [Ref.3] 

Subsequent to the maximum lateral load limit 
test and the pseudo dynamic seismic test, the test 
structure was subjected to increased cyclic 
lateral deformation levels, beyond the 4/800 
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(0.5%) building drift at maximum load, to 
investigate the strength degradation 
characteristics and to evaluate the ultimate 
failure mechanism. Overall building drift levels, 
of 5/800 (0.625%), 6/800 (0.75%) and 7/800 
(0.875%) were imposed in single load cycle with 
full reversal. At a total building drift of 7/800 
(0.875%) the ultimate deformation load test was 
terminated since a lateral load carrying capacity 
of less than 50% of the maximum lateral load level 
was obtained on the reverse deformation cycle. 

The base shear versus drift relationship for 
the overall building (roof level) and' the first 
story level are depicted in Fig.' 5. In the 
initial deformation cycle load levels of 98%, ,90% 
and 69% of the maximum lateral load were achieved 
at overall building drift levels of 5/800 
(0.625%), 6/800 (0.75%) and the 7/800 (0.875%), 
respectively. A comparison between the overall 
building drift and the first story drift shows 
first story drift levels of 1/102 (0.98%), 1/70 
(1.~3%) and 1/~2 (2.38%) for the corresponding 
overall building drift levels of 5/800 (0.625%), 
6/800 (0.75%) and 7/800 (0.875%). The cyclic 
ultimate deformation load test showed that 80% of 
the maximum lateral load capacity was still 
maintained at overall building drift of 1/120 
(0.83%) and first story drift of 1/60 (1.67%). 

The lateral deformation characteristics of the 
test building over the .building height is 
depicted in Figs. 16 and 17. Individual story 
displacements and story drifts are plotted over 
the height of the test structure for various 
overall building drift levels in Figs. 16a and 
16b, respectively. A significant increase in first 
story deformation and drift for o~erall building 
drift levels of 6/800 (0.75%) and 7/800 (0.875%) 
can be seen, with very little additional 
deformations in the upper stories t~o to five. 
The rapid increase in story drift without an 
increased rotational component is a clear sign 
for shear deformations and the development of a 
shear mechanism in the first story walls. This 
tendency is also depicted by 'the overall 
deformation modes for lateral load bearing frame 
Y2 in Fig. 17, where deformation states at 3/800 
(0.375%) and 7/800 (0.875%) radians are compared. 
The additional upper story deformations are 
negligible compared with the first story 
displacements. 

The above findings are confirmed by large 
diagonal cracks in all first story walls as 
depicted by the ultimate crack pattern of all four 
load bearing frames in Fig. 18. The opening of 
these diagonal cracks in the first story wall 
components occ'urred at deformation levels of 5/800 
(0.625%) and 6/800 (0.75%) building drift, which 
corresponds to the increased lateral deformations 
in the first story at these load levels. Fewof 
the cracks in the upper stories as well as the 
cracks in the floor slabs and in the transverse 
walls extended or widened during the ultimate 
deformation load phase test. Thus', the overall 
deformation mechanism encountered in the test 
structure clearly shifted from an overill flexurai 
behavior up to and at the ultimate load limit 
state (5/800 (0.625%) building drift) to a shear 



dominated mechanism in the first story during the 
ultimate deformation l?ad ph3se test. 

7. FRAME ANALYSIS [Refs. 4 and 5] 

Model 

, The test building. is idealized to be frames 
composed of beam members representing the wall and 
beam, components. In order to represent the 
nonlinearlity of members, walls and beams, one
component model consisting of flexural spring at 
the both edges of a member and a shear spring at 
the center ofa member .is considered. Beam model 
has rigid zones at both ends. Flexural spring 
characteristics' representing flexural behavior and 
shear spring character,istics representing shear 
behavior ·of a member are modeled to be a tri
linear one with cracking and yielding points. 

For flexural spring, .yield rotation angle( 
T ) is assumed to be 1/800 for 1m long wall and 
~p.am, 1/1,500 for 2m long wall and 1/3,000 for 4m 
long wall. Maximum flexural strength is 
calculated by the equation in Ref. 7. Those 
values are listed in Table 3. For shear spring, 
nominal shear cracking stress is .assumed to be 
15kg/cm 2• Therefore shear cracking deformation 
angle( Y c) becomes almost 1/4,000. 

The value of Young's Modulus (E) is defined 
from the prism. compressi ve test results. In 2 this 
analysiS ~ean values of E and Fm are 196t/cm and 
196kg/cm , r'espectively. Shear ·Modulus· (G) is 
gotten ~ssuming that poisson's ratio( \I) is 0.2 
(G=B6t/cm ). 

The joint part of wall and beam is treated as 
rigid zone in this. analysis. In the elastic 
analysis this rigid zone is assumed as illustrated 
in Fig. 19 and in the inelastic analysis full part 
of beam-wall joint is assumed to be rigid zone. 
The effective width of transverse members for 
elastic stiffness are determined by Ref. 7. 

Typical component and subassemblage test can 
be traced with this, beam model and the validity of 
an inelastic, beam (member) model used in this 
paper is verified [Ref~. 4 and 51. 

Foundation 

Test building is fixed to testing floor 
(depth = 2.00m). Test building is too rigid to 
consider the foundation be fixed. In th~s 
analysis foundation beam (I=121.67x10 Scm , 
A=10,S75cm 2 ) and testing floor (I=600xl0 5cm 4 , 
A=lB,000CIll 2) and the rotational stiffness (see 
Table 3 c ), due to prestressing bars are 
considered. 

Results,of Elastic Stage 

Four.cases listed in Table 4 are analized. 
Among Model 1 through Model 3, different effective 
width of transverse members to inertia moment is 
considered. In Hodel I, rectangular section 
without .taking acc.ount of transverse members is 
considered. In Hodel 2, the full width of 
transverse members are taken into each member's 
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inertia moment. The inertia moment of Hodel 3 is 
defined according to the design guidelines 

[Ref.7j. The design gUidelines recommend that 
incrementsl factor of inertia moment due 'to 
transverse members is up to 2.0, and inertia 
moment of almost all members with.~ransver~e 
members are limited to be .2.0 'times as that of 
rectangular section (1

0
). These three ca?es,' 

Modell through Model 3, are assumed tobe under 
fixed end condition. In Model 4 the effect of 
the foundation' is conSidered, othe.r conditions. 
besides the foundation are th~ same as 
corresponding ones in the Model 3. 

The vibration periods are tabulated in Table' 
5. Experimental results are, also ll~ted in this 
table. Experimental· resul ts are obtained from the 
flexural matrix gotten by the each floor unit load 
test. Model 4 gives the closest results to the 
test ones among these Models. The limitation .of' 
effecti've inertia moment up to 2*1 , 'is 
reasonable. The recommendation for effectiv~width 
of transverse· members in the design guidelines is, 
also reasonable. Vibration modes between. Model 3 
and Model 4, are different each other. It clearly 
shows the necessity to consider the effect of 
foundation condition in elastic stage. 

Overall Behavior in Inelastic Stage 

Monotonic loading analYSis is carried out. 
Inertia moment and foundation condition are the 
same as the Model 4. In thiscase, however, full 
part of the panel zone surrounded with walls and 
beams is taken into account as a rigid zone'. This 
is based on the fa'ct that the .purpose of 'this 
analysis is to predict the lateral load capaci ty, 
of the test building from the .component st rength. 
at their critical section, and· also that the. 
stiffness degradation of each member is so 
dominant to the total stiffness or" the test 
building that rigid zone of wall-beam panel is 
assumed not to affect on the total stiffness of 
the test structure. Maximum moment capacity of 
each member is calculated with conSidering the 
effect of all re-bars in transverse members. 

Figure 20 shows the each story shear force 
vs. story drift angle relationship. Go~d 
agreements between test results and this analysis 
are observed. This means that the effect of re
bars in transverse member on flexural strength and 
characteristics of flexural and shear sprin~s are 
evaluated properly in this analysis. These spring 
characteristics are defined based upon the 
component test results conducted in past years. 

Development £i Yield Hinges 

Test result shows that the yielding of wall 
Ws occurred at first .in the nominal shear stress 
of B,kg/cm 2 loading step. But it means that the 
extreme edge re-bar reached its yield strain at 
this loading level. The re-bars' strains in 
middle part of wall Ws increased ~apidly from. 
building drift angles of I/BOO-2/BOO (0.125%-
0.25%). This fact matches well to the analytical 
results. ' .. 



8. CONCLUSIONS 

Conclusions obtained from the seismic test on 
the five story full scale reinforced masonry 
building are listed as follows: 

Service and Yield Load Phase Tests 

1; The test building showed very little distress 
and a very stiff 02erall response against the 
loading of 4.0kg/cm nominal base shear stress 
level which corresponds to the 0.2G design load 
level. The first story drift angle of the 
test building against the 0.2G design load 
level was 1/4,530. Almost no crack was 
observed under this design load level loading. 
The test building certainly exceeded design 
requirements of carrying lateral load capacity 
corresponding to 0.5G base shear which is 
specified in a draft of a seismic design 
guidelines for medium rise RM buildings. 

2. The actual lateral load capacity obtained 
during the test at an overall building drift 
angle of 4/800 (0.5%) was 968tons which is 
almost equivalent to the weight of the test 
building (dead load + live load) or a. base 
shear coefficient of l.OG. 

3. The overall development of failure mechanisms 
was governed by formation of flexural yield 
hinges at the base of the first story walls, 
especially walls 101 3 , lois and 101 8, ,and also at the 
beam ends throughout the entire building. All 
first story walls clearly yielded in flexure 
long before the development of major diagonal 
cracks which ultimately dominated the first 
story wall limit behavior. 

4. Significant portions of the transverse walls 
contributed to the overall load transfer in the 
form of wide flanges to the four load bearing 

. frames. Activation of all the transverse wall 
reinforcement certainly contributed to the high 
maximum lateral load capacity. Large 
contribution of floor slab to beam strength 
can be considered from the observed 
transverse crack patterns in the reinforced 
concrete floors and also from strain 
distribution in the floor slab reinforcements 
associated with flexural reinforcements in the 
beams. ' 

Pseudo Dynamic Test 

5. In spite of the comparatively large magnitude 
of the input acceleration, 300 gals, response 
of the specimen was within the hysteresiS loop 
obtained from the yield load phase test, and 
there was no progress in damage of the 
specimen. The lateral force distribution was 
more similar to inverted triangular 
distribution than that imposed in the static 
loading test, and also the deflection mode 
was nearly linear compared with the one in the 
yield load phase test. The natural period of 
0.54sec. \'las obtained from the free vibration 
by means of the pseudo dynamic test method. 

,Ultimate Load Phase Test 

.6. Over 5/800 (0.625%) building drift angle, 
lateral load capacity decreased gradually and 
deflection started to. concentrate to the first 
story. Flexural deflection mode was changed to 
shear failure mode which was dominated by only 
the first story displacement. After, 6/800 
(0.75%) building drift angle, shear cracks at 
the first story walls expanded and lateral 
load capacity of the test building decreased 
rapidly with concentration of deflection to the 
first story. The overall building drift angle 
was approximately 1/120 (0.83%) when the 
strength decreased to 80% of the maximum 
strength .' 

Frame Analysis 

7. Total behavior of the test building was 
simulated by a non-linear frame analysis. In 
this analysis, wall and beam characteristics 
are assumed, based on a component test· and 
simple· beam theory. The elastic analysis 
showed that rigid zone recommended in the RM 
design guidelines is reasonable. And the 
ultimate analysis also showed that the lateral 
load capacity of the test building can be 
estimated by the flexural strength at critical 
section of each component. It is also 
important for discussing the elastic behavior 
of such a rigid structure to consider the 
condition of ,foundation. And in inelastic 
stage, all the reinforcing bars in ·the 
transverse members are effectiv~ on the 
ultimate shear ·carrying capacity. 

The five story full scale masonry test was 
carried out as a part of the U.S.-Japan 
coordinated earthquake research program under the 
auspices oI the UJNR on Wind and Seismic Effects . 
In Japan side, the program was promoted under the 
Promotion Committee for Masonry Research (PROCMAR, 
chaired by Prof. H. Umemura), the Technical 
Coordinating Committee for Masonry Research 
(TECCMAR, chaired by Prof. T. Okada) and the 
Building Construction Committee for Masonry 
Research (BLDCMAR, chaired by Prof. K. Kamimura). 
The writers would like to express their gratitude 
to these committees. The contributions of the 
U.S.-TCCMAR members, especially Prof. F. Seible, 
UCSD, in numerous discussions and joint meetings 
also are greatly appreciated. 

The writers would like to record the generous 
cooperation of Dr. H. Mizuno, Messrs H. Kato, 
H. Isoishi, T. Nishi, and M. Matsuno for 
performing the full-scale RM building test. 
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Table 1 Test and Loading Sequence 

Test 1. Static (cyclic) 2. 3. 4. 

Phase FORCED PSEUDO UNIT 
Service VI BRA- D'r'NA- LOADING 
Load Load Displ. TION HIe 
Level Tests Tests. 

Response 
[kglcm2] [kg/cm2] [rad] Level 

~- W/h! 
elastic L 3 J lcycle ! 

! I 4 Ilcycle 
J:'0jj 

cracking I 4 Ilcyele 

1 
~ 3~ycles 

B 3cycles 
.( 4 peycles 

~ 
1;:7~ 

yield I 9 12eycles 

1 
11~ 2cycles 

:~~: 2eycles 
3cyeles 

131800 3eydes 
ultimate 1

4/800 3eycles 
load I 4 peycles 

1 
1)'//11 

w/A 
r////.l 

ultimate ~ l~ycle 

displacement 6/800 leycle -= . 
~ lycle 

Table 2 Story Stiffness of 5 Story Full Scale Test Building 

[ton/em] 

~kg/cm2 Stress Level Bkg/em2 1/800 building 
story Stress Drift Angle 

Virginal After Service After Yield Level Level 
Loading Load Phase Load Phase 

5 1975 1660 230 1641 844 
(100) (84.2) (11.6) (83.1) (42.7) 

4 2520 1906 340 1978 1240 
(100) (75.6) (13.5) (78.5) (49.2) 

3 2763 2158 363 2180 1329 
(100) (78.1) (13.1) (78.9) (48.1) 

2 3237 2401 394 2464 1525 
(100) (74.2) (12.2) (76.1) (47.1) 

1 3237 2392 291 2417 1554 
(lOO) (73.9) (9.0) (74.7} (48.0) 
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Table 3 a) Characteristics of Member-Beam-

MYI 
889 

1,228 
1,355 
1,566 

MY2 
9,150 
9,589 

, 9,940 
9,,940 

MY1: Ultimate moment when lower side is in tention [t.cm] 
MY2: Ultimate moment when upper side is in tention [t.cm], 

including the, re-bars in slab (28DI0 and 8D13) 
Mc : Flexurgl 2racking moment = My/3 
I = 15.6*10 cm 
I < 2*1.0' 10 =bD3/12 (7.8*105cm4) 
Ly=1/80vrad. 
A : Area for shear stiffness = l,501cm 2*1.2, 1.2:effect of RC slab 
Qc= Strength of shear cracking = 15kg/cm *A = 27.0ton 
Foundation Beam. 1=721.67*10)cm , A=28,575cm 2 

Table 3 b) Characteristics of Member-Wall-

Member My 1"Qc, y,A 
5 10,544 

cm4' ' 4 8,178 1=249.55*105 

W4A 3 8,781 Qc=68.0 ton 
2 6,784 !y=1!l,500 
1 4,192 A=3,781 cm2 

5 31,301 
4 34,997 1=1164. 0~-105 

W5 3 43,395 Qc=143.3 
2 . 47,091 Ly=1!3,000 
1 '50,787 A=7961 

5 7,559 
4 11,555, 1=249. 55'H05 

W4B 3 16,200 Qc=68.0 
2 20,510 Ly=I!1,500' 
1 21,058 A=3,781 

My Ultimat'2 moment (t. cm] 
Ts = 15kg/cm 
Qc = Ts*A*1. 2. 1.2 : Effect of transverse wall 
A : Area for shear stiffness and'strength 
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Table 3 c) Characteristics of Rocking 

Location 
2m length wall 
4m length wall 

KT(t.~m) 
420*10 

1 700*104 
• 

KT=2* 32*Es*02/ l =10502 

Es=2.100t/cm2 32=8cm 2 
O:wall length 

l:length of PC-bar(320cm) 

Table 4. Analytical Condition of Hodel 1-4 

Nodel 1 Nodel 2 Hodel 3 Model 4 
Transverse Not considered Full width According to Same as the 
member considered the RM D.G17J Model 3 
Foundation Not considered Not considered Not considered Considered 

(Fix) (Fix) (Fix) 
Shear area Rectangular only 

E = 196 ton/cm2 G = 86 ton/cm2 

In the elastic analysis for Model-l to Nodel-4, rigid zone of wall-beam 
joint is assumed as shown in Fig. 19 (according to A.I.J. standard 
for RC structure [Ref.6]). 

Table 5 Natural Period (sec.) 

Model 
MODE M 1 M 2 M 3 M 4 M 5 TEST 

1 0.184 0.12 0.159 0.169 0.166 0.157 
2 0.055 0.039 0.048 0.052 0.051 0.049 
3 0.029 0.022 0.026 0.028 0.027 0.026 
4 0.020 0.016 0.018 0.019 0.019 0.019 
5 0.016 0.013 0.015 0.015 0.016 0.013 . 

FIX END CONDITION 

* note: It is very difficult to evaluate the proper rotational stiffness 
of foundation because of its pre-stressed PC barL Hodel 4 ignores the 
effect of this pre-stressed. In supplementary analysis, Hodel 5, 
rotational spring due to pre-stressed PC bars was changed to be 1,000 
times rigid as compared with Hodel 4. Natural period does not changed so 
much(Tl c O.169 sec in Hodel 4, Tl=0.166 sec. in Hodel 5). And the first 
vibration mode of Hodel 5 closes to the test results than that of Hod~l 
4. It is supposed that rotational stiffness assumed in Hodel 4 would be 
enough rigid. 
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Influence of Horizontal Reinforcement on ilie 
Shear Resistance of Maso:wry Walls 

(, . 

by 

Charles. W. C. Yancer 

Ten concrete masonry wall specimens ~re. tested 
to detenn:ire the effect of varying the anount 
and distribution of horizontal reinforcaJalt on 
in-plane shear resistance.. The walls ~re 
constructed with hollow concrete block· and 
varying annunts of bed joint reinforce.roont and 
reinforcing bars located in grooted bond. beams. 
They ~re subjected to. reversed cyclic, in
plane lateral loads and essentially a constant 
axial canpressive load. Results of the tests 
indicate that relatively 5rn9ll anounts of 
horizontal. reinforcing are effective in 
i.n:reassing post-cracking strength. In-plane 
shear strength did rot i.n:rease proportionally 
with increasing anvunts of reinforcing. 

KE'M::RDS: axial load; bon:I. beams; concrete 
rnssonry; cracking load; cyclic 
loading; energy absorption; 
horizontal reinforcement; shear 
failure; shear walls; ultimate 
strength 

1. INIROIlXTICN 

1.1 ~ourrl 

This senes of tests initiated the second phase 
of a masonry research program being corxIucted 
at the National Institute of. Standards and 
TecllIDlogy (fonnerly the National Bureau of 
Stairlirds). The primary objective of the 
research program is to gather data necessary in 
defining in-plane shear capacity and 
defonnation behavior of shear-daninated masonry 
walls. IAIring the first phase of the progl;'CiIll, 
unreinforced . rnssonry walls ~re tested to 
obtain a berrlJnark for carparison of results 
fran tests on reinforced walls. Variables 
investigated during the lliase I testing 
include: IMgl1itude of axial canpressive stress, 
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aspect ratio, masonry type, IlDrtar type, and 
grout strength. Phase II testing is divided 
into three series: 
horizontally-reinforced walls, vertically
reinforced walls, and walls with coubined 
vertical and horizontal reinforcaIEl1t. This 
paper reports the results fran tests 
conducted on ten horizontally-reinforced, 
masonry walls. 

2. TFSf SPECIMENS 

2.1 Materials 

The rresonry units were 8x8x16, hollow, t\oK)-. 

core, concrete blocks with a canpressive 
strength of approximately 1800 psi, based on 
gross cross-sectional area. The oortar was 
proportioned in" accordance with AS1M 
designation Type S. The water/caIEl1t ratio 
used for the grout was based on trial 
batches to prcxhJce a canpressive strength 
approximately equal to that of the block 
units. Bed joint reinforcaIEl1t consisted of 
9-ga, ladder- type , galvanized wire. Bond 
beam reinforcanent consisted of crnbinations 
of #3, #4 and #5 defonred bars. 

2.2 Wall Details 

The walls ~re fabricated in the laboratory, 
using running bond. cons~tion. They ~re 
48 in. long and. 7 5/8 in. thick, and had a 
net area of the horizontal cross section of 
196.5 sq. in. The heigpt of the walls was 
56 in., resulting in an aspect ratio 

1 National Institute of Standards and 
Tecln1ology, Gaithersburg, MD 20899 



(heigJ:lt/length) of 1.17. 1m. initial axial 
force of 39,300 lbf was applied to all walls. 
This force caused an axial stress of 200 psi on 
the net area. Based on results a series of 
test nm during !base I, this axial stress 
level was sufficient to promote a shear mode of 
failure. As shown in figure 1, t::hsre ~re t\IlO 

different bond beam configurations: l)a single 
bond beam at mid-heigJ:lt, and 2) two borrl beams 
at the secorrl and sixth courses. Table 1 
SLmDarizes the details of the ten specimens. 

3. TEST maI'ClO)L 

3.1 Test Setup 

The walls were tested in a structural test rig 
consisting of servo-controlled hydraulic 
actuators that are capable of applying arrJ 
ca1bination of forces or displacements in the 
six-degrees-of freedom at the top of a wall 
speciman. The six degrees of freedom are three 
translations along and three rotations about 
the three orthogonal axes. Vertical loads were 
applied t::hrougJ:l the use of four actuators wch 
were attached to the ends of the upper and 
lower crossheads. In-plane lateral load was 
applied by an actuator wch was aligned with 
the central plane of the wall. Upper and lower 
loading shoes VJere attached to the ends of the 
walls to sinulate a fixed-fixed bourrlary 
corrlition. 

3.2 Instrunentation 

The horizontal and vertical actuators VJere 
equipped with load and displ.acanent transducers 
to measure the overall . forces and moments 
applied to the upper crosshead and 
displacements of the actuator pistons as they 
n:vved the crosshead. The in-pl.ane horizontal 
disp1acement of the walls was measured by 
linear variable differential transfonners 
(LVDl's) wch were vertically spaced along the 
loaded edge as show in figure 2. Vertical and 
diagonal displacements were measured using four 
LVDl's wch were mounted on one face of the 
specimens. A 11I.IIber of specially designed 
strain gpge devices, called leaf spring 
transducers (ISI's) , were attached to one face 
to measure localized defomations in the block 
units. The ISI's were positioned such that they 
did not cross IIDrtar joints. Figure 3 gives 
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the locations of the ISI's deployed on wall 
specimen Rl. 

3.3. Test Procedure 

The test procedure was stamardized for all 
specimens except wall RB. The reversed, 
cyclic loading history illustrated 
schematically in figure 4 was used as the 
guide. First, the specified vertical 
coopressive load, 39,300 lbf, was applied. 
While maintaining this load at· in-plane 
lateral displacements were applied at the 
top edge of the walls. The first 
displacement excursion was 0.02 in. , or 
about 25% of the estimated displacement at 
first cracking. "A first cracking 
displacement of 0.08 in. was predicted based 
on test results fran Phase I . Three 
reversed cycles of lateral disp1acement were 
applied at each increment of 0.02" in. uP to 
the max:iIm..mt excursion of 0.06 'in. 
Thereafter, the displacement was irerea.s8d 
I.mtil a major crack fomed (Le. First Major 
Event or FME). The direction of the 
crosshead was then reversed to a 
displacement equal to that recorded at FME. 
The degradation and stabilization cycles 
in:li.cated in figure 4 were folloWed as the 
walls were subsequently loaded to failure. 
As the· lateral displacement magnitude 
increased, the axial load" gradually 
increased. Wall R8 was tested uroer load 
control in the vertical direction. 

4. TEST RESULTS 

All ten of the wall spec:inenS exhibited 
shear modes of failure as characterized by 
cracks propagating alOng each major 
diagonal. Table 2 presents a sumnary of the 
results for two limit states: 1) first 
cracking and 2) ultimate load. The steel 
content percentages given in colum 4 were 
CCIJllUted by dividing the area of the 
reinforcement (i. e. bars or galvanized me) 
by the product cif the wall's thickress and 
heigJ:lt. The total horizontal load at first 
cracking and the corresponding" lateral 
displacement at the top of wall," the 
magnitude of the ultimate load and the 
lateral displacement at ultimate load are 
listed in colums 5 througJ:J. 8. 



" 

The displ acarent values, referred to as 
"global in-place disp1.acaIents, " are th:lse 
oeasured by the displacement transducer located 
in the horizontal load actuator. 

Figure 5 presents load-disp1.acaIent curves for 
four walls with vm:ying aoDLn1ts am 
distrib.ltions of reinforcEm!llt: 1) wall Rl was 
unreinforced ani provides a berrhnaxk for 
cmparing response characteristics; 2) wall R4 
had ro borrl beam but contained joint 
reinforcing at every horizontal roortar joint; 
3) wall RS contained a mid-height bard 
beam,with 2 - #4 bars, but had ro joint 
reinforcing; ani 4) wall RlO had a mid-height 
borrl beam, with 2 - #4 arrl 1 - #5 bars, am 
j oint reinforcing at every crurse. The load 
ani deflection values at. FME am ultimate are 
roted on the curves. The bracketed rurbers 
iniicate the ruIher of loading cycles applied 
to the spec:inens at the time of occurren::e of 
the limit state. 

Figure 6 provides a qualitative carpari.son of 
behavior for the same four walls in the form of 
schematic drawings of the crack pattern at the 
en:i of testing. 

The energy absorbed during each cycle of 
loading was caIplted using the load
disp1acarent data. Bar charts quantifying the 
energy absorption magnitude per cycle are 
presented in figure 7 for walls Rl, R4, RS, am 
RlO. The vertical scale is the sane for all 
four bar charts to IOOre clearly illustrate the 
relative magnitu:les of energy absorption. 

5. DIsaJSSICN OF. RESUI.l'S 

The qualitative am quantitative results fran 
wall Rl provide a baseline of carpari.son for 
the other wall specimans. The majority of the 
cracks that existed in wall Rl at the en:i of 
testing were fonmd in the first few cycles of 
inelastic deformation ani progressed as testing 
contirued. Strength am stiffness degradation 
occurred as the result of griIrling of IOOrtar 
joints am crushing of block units along cracks 
in the bed am head joints. The FME arrl 
ultimate load, occurring in the direction of 
initial deflection, were of the sane magnitude. 
The n.nber of cycles of loading before reaching 
ultimate was 17. Referring to figure 7, it is 
observed that the maxim.m energy level in arrJ 

cycle. was .about 3 kip-in. Canparing the 
results fran walls R2 and R4 with th:lse of 
wall Rl, it was observed that cracks. fanned 
in the 0-'0 specimms with bed joint 
reinforcarent at about a}()% ~r"~ load 
than in the unreinforced wall. The· cracks 
tended to ranain closed, and there waS less. 
griIrling and crushing along cracks in walls 
R2 ani R4 than in wall Rl. As borne out by 
figure 6, cracking was IOOre unifonnl y 
distributed over the faces of R2 and R4 than. 
for Rl. Ultiniate load was ~reased by the 
presen:e of bed j oint reinforcement placed 
either at every course or every other 
crurse. The displacement and .Iil.IIDer of 
cycles at ultimate load for walls R2 and R4 
were apprrodmately double the corresponding 
value for wall Rl. CaIparison of results 
fran R2 with those from R4 indicate no . . 
signifiCant difference in wall response as a 
f'uretion of the spacing of the bed joint 
reinforcing. 

Referring to table 2, the comparative 
entries for wall Rl and walls RS or R6 
in:Iicate a significant iI1crease in the 
ultimate load levels as a result of using a 
reinforced borrl bean. The presence of the 
mid-height bond beam confined crack 
propagation to the lower half of the 
speciIrens for the first 20 cycles of 
loading. The final crack pattern for wall 
RS is presented in figure 6. There was 
considerable griIrling of DlOrtar joints and 
crushing and grinding of block units as t:i'l£! 
blocks JIDVed relative to each other. "-hen 
the test results fran walls RS and R6 are 
taken as a borrl beam set ani coupared to the 
joint reinforcing set fanned by walls R2 arrl 
R4, it is observed that the individual 
contribution of each form of reinforcement 
to an increase in ultimate load is about the 
same. Moreover, cooparable values were 
obtained for deflection at ultimate load, 
TB..I1ber of cycles at ultimate load and first 
cracking load fran each set. 

The disp1acarent at ultimate load was 
. between 3/16 arrl 1/4 in. for all reinforced 

walls except RlO (mid-heigpt bond beam am 
joint reinforcing every course).. The 
disp1acarent value for wall RlO was about 
1j2in. Its first cracking load level was 
significantly higher than arrJ other in this 
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series. l-breover. wall RlO had the secorrl 
highest ultin:ate shear stress in the series. 
When catparlng the ultin:ate shear resistance of 
this wall with that of walls R6 ani RB. well 
had aboot the same steel content. the 
significantly higher Values obt:aired by RlO may 
be at:t:ri.OOtable to the preserx:e of the bed 
joint reinforcing. 

The following observations sumnarize the 
prel:iminal:y results: 

1. Small amounts of horizOntal 
reinforcing are effective in 
in:reasing post-cracking strength .. 

2. In-plare shear strength does rot 
in:rease proportionally with 
:ircreaSing annmts of reinforcing. 

3. Bed joint reinforcing placed in 
alternating courses is as effective 
in in:reasing in-plare shear 
strength as ~ placed in every 
course. 
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TABLE 1 - TEST SPECIMEN DESCRIPTION 

SPECIMEN ASPECT NO. OF BOND BOND BEAM BOND BEAM JOINT JOINT 
NAME RATIO BEAMS LOCATION REINF. REINF. REINF. 

PATTERN AMOUNT 

R1 1.17 0 N/A N/A UNREINF. N/A 

R2 1.17 0 N/A N/A EVERY 9 ga @ 16" 
OTHER on center 
COURSE 

R3* 

R4 1.17 -O- N/A N/A EVERY 9 ga @ 8" 
COURSE on center 

R5 1.17 1 MID-HEIGHT 2 - #4 UNREINF. N/A 

R6 1.17 1 MID-HEIGHT 3 -#5 UNREINF. N/A 

R7 1.17 2 2nd & 6th 1 - #5 UNREINF. N/A 
courses 

R8 1. 17 1 MID-HEIGHT 3 - #5 UNREINF. N/A 

R9 1 .. 17 1 MID-HEIGHT 1 - #3 EVERY 9 ga @ 16" 
OTHER on center 
COURSE 

R10 1.17 1 MID-HEIGHT 2 - #4 EVERY 9 ga @ 8" 
1 - #5 COURSE on center 

Rll 1.17 2 2nd & 6th 1 - #5 UNREINF. N/A 
courses 

* Specimen broken before testing 
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Inelastic Behavior of Reinforced Concrete Bridge Pier- EtTect of 
Bilateral Loading and Circular Hollow Section 

by 
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and Takeshi Yoshida s 

ABSTRACT 

Dynamic loading tests using large specimens 
of reinforced concrete bridge piers have been 
conducted to study an effect of bilateral 
loading and circular hollow section on the 
nonlinear hysteresis behavior of reinforced 
concrete bridge piers. 

It was found from the tests that 
deterioration of load bearing capability is 
larger in the specimens subjected to the 
bilateral loading as compared with the 
specimen subjected to unilateral loading. It 
was also found that the specimen with hollow 
section subjected to a series of step-wise 
load reversals shows much significant failure 
than the specimen with solid section due to 
spalling-off of the concrete into the hollow 
spac~ as well as the spalling-off of concrete 
outside the specimen. 

KEYWORDS: Seismic design, reinforced concrete 
( RC ) bridge piers, highway bridges, dynamic 
loading tests, ductility 

1. INTRODUCTION 

A number of highway bridges has been damaged 
in the past earthquakes. Particularly as 
represented by the damages caused by the 
Miyagi-ken-oki Earthquake in 1978, 
significant damages of the RC bridge piers 
were likely to be developed by' strong ground 
shaking compared to the superstructure or 
foundation. Seismic design for' highway 
bridges has been made in accordance with the 
seismic coefficient method in which 
structural members are designed so that they 
would stay within elastic range against 
lateral force equivalent to the horizontal 
acceleration of 0.2 G to 0.3 G. It is 
important, however, to properly evaluate the 
dynamic characteristics of RC piers including 
energy dissipating capability. 

Many studies have been made on nonlinear 
hysteretic behavior of RC piers under various 
loading conditions such as static, dynamic 
and earthquake-like loadings. Ho~ever, in 
such loading tests conducted in the past, the 
loading was mostly made· only in one 
direction. The seismic force acting to RC 
piers during an earthquake comprises two
directional components. It is required to 
evaluate the effect of simultaneous loading 

in two horizontal directions. 

On the other hand, for high RC piers, hollow 
sections are often adopted for aiming to 
reduce the weight of pier. 

In the RC piers with hollow section, core 
concrete is not fully confined by the tie 
bars surrounding the outside of concrete 
since there is a hollow space inside the 
pier, so that it is anticipated' that the 
hollow section has less amount of ductility 
as compared with the solid section. Because 
few experiments have been made for the hollow 
sections, study for the nonlinear behavior of 
RC piers with hollow sections seems to be 
quite important for adopting the RC hollow 
cross sections for high bridge piers. . 

From the viewpoint described above, the 
bilateral loading in two horizontal 
directions 'was conducted by using two loading 
actuators. Loading tests were also conducted 
for RC pier models with circular h6llow 
section. Effect of the bilateral loading and 
hollow section on the nonlinear hysteresis 
behavior of RC piers was studied. 

2. TEST· SPECIMENS 
2.1 SpeCimens, for Bilateral Loading 

Three specimens were used for the bilateral 
loading. As shown in Fig. 1, the specimens 
have the rectangular section of 80 cm x 40 
em, and the height of 2.4 m from the base to 
the loading point. Thus, the shear span 
ratio defined as a ratio of the pier height 
to the effective width is 6.8 and '3.2 for 
weak axis and strong axis, respectively. The 
main reinforcement is of eleven SD30 with a 
diameter of 13 mm ( longitudinal 
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Public Works Research Institute, Mini'stry 
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2 Former Director, . Earthquake Disaster 
Prevention Department, Public Works 
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reinforcement ratio of 1.0· % ). It was 
placed only along the long side wall with 
covering thickness of 5 cm. All the axial 
reinforcements are arranged continuously from 
the footing to the top of the pier. Lateral 
ties are of SR24 with a diameter of 9 mm and 
placed at 20 cm interval, which is equal to 
the half of the thickness of 40 cm in short
side direction. 

High-early-strength portland cement with the 
maximum grain size of aggregate of 10 mm is 
adopted. Unconfined compressive strength on 
the day of loading test was 311 to 402 
kgf/cm 2

• 

2.2 Specimens for Circular Hollow Section 

Two specimens as shown in Fig. 2 were used to 
study the effect of circular hollow section. 
The specimens have the circular hollow 
section with the outside diameter of 800 mm 
and inside diameter of 518 mm, and the height 
h is 2.475 m from the base of the pier to the 
loading point. For the main reinforcement, 
fifty SD30 bars were placed for both 
specimens P-46 and P-47. Diameter of the 
main reinforcement was varied as a parameter 
to be investigated, i.e., ~ 10 mm for P-46 
and ~ 13 mm for P-47. Thus, the main 
reinforcement ratio is 1.2 % and 2.1 % for P-
46 and P-47 respectively. Main reinforcement 
was placed continuously from the footing to 
the top of pier. The lateral ties of SR24 
with ~ 9 mm were placed at the intervals of 
20 cm. 

High-early-strength portland cement was used 
for concrete with the maximum grain size of 
aggregates of 10 mm. 

3. LOADING PROCEDURE 

In the experiments for studying the bilateral 
loading effect, the specimen was anchored to 
the reaction floor with bol tsas shown in 
Fig. 4. Two dynamic actuators, which were 
installed to the reaction wall in such a 
manner that two loading directions became 
orthogonal to each other, were fixed to the 
head of the specimen. Although axial force 
of about 5 to 20 kgf/cm 2 acts to bridge pier 
due to dead load of superstructure, it was 
disregarded in this test because of the 
restrictions of the experimental equipment 
and its limited effect. 

Two loading directions were set equal to the 
blo principal axes of the section as shown in 
Fig. 5, in which the first and second loading 
directions are defined here as the direction 
normal and parallel, respectively, to the 
long side of the cross section. For 
comparison with the bilateral loading 
condition, unilateral loading was also made, 

in which loading 
loading direction. 

was made 
" 

in the first 

The yield displacement corresponding to one 
ductili ty factor was defined j 6 1" for the 
first loading direction and 62 for the second 
loading direction. It was defined as the 
displacement at loading point at which 
reinforcing bars at the extreme tension fiber 
firstly reached yield strain. When subjected 
to the loading in the relevant direction, the 
yield displacements 61 and 62 are 12 mm and 5 
mm, respectively. 

The specimens were subjected to a series of 
step-wise increasing symmetric displacement 
cycles as shown in Fig. 5. 

In the first loading direction, the loading 
amplitude was increased with the step-size of 
one ductility factor such that 16 1 , 26 1 , 36 1 , 

In the second loading direction, .the 
step-size for the loading amplitude was 
assumed one ductility factor (6 2 , 26 2 , 36 2 , 

) for P-49 and two times of ductility 
factor 62 for P-50 ( 26 2 , 46 2 , 66 2 I .".). 

Phase between the first and second loading 
amplitudes was shifted by 90 degrees as shown 
in Fig. 6, so that hysteresis between the two 
loading amplitudes becomes elliptic. Thus, 
the number of loading is 10 cycles in the 
first loading direction, but it is 10.5 
cycles in the second loading direction. No 
loading was made in the first and last 0.25 
cycle in second loading directions. The 
loading rate was determined in such a manner 
that the velocity amplitude in the first 
loading direction became constant with 10 
em/sec. 

In the experiments for studying the" effect of 
hollow section, the lateral force was applied 
with an actuator as shown in Fig. 7. 

The specimens were subjected to a series of 
step-wise symmetric displacement cycles. At 
each step, 10 cycles of" loading with the same 
displacement amplitude was carried out .. " The 
step-size was determined by increasing the 
displacement in each step by a displacement 
ductility factor of one. It should be noted 
here that due to malfunction of measurement 
system the yield displacement 6y used in this 
test was determined from the strain of main 
reinforcement at 10 cm above the base. 
Therefore, the yield displacement 6y used in 
this test is about 4 % larger than the 
correct value. 

The loading 
em/sec. The 
dead load of 
disregarded in 

velocity was assumed as 
axial force equivalent to 

the. superstructure was 
the test. 

25 
the 

also 
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4. EFFECT OF BILATERAL LOADING 
4,1 Failure Mode 

Failure mode after step-wise loading is shown 
in Figs. 8, 9 and 10, in which cracks, 
spa.ping-off of, concrete and buckling of main 
reinforcement normal to the first loading 
direction are presented. When flexural 
failure occurs at the base of the pier 
subjected to unilateral loading, the failure 
normally progresses in the order of 

a) horizontal cracks in concrete at the base, 
b)spalling-off of concrete near the base, 
c)outward b~ckling of main reinforcement,and 
d)rupture of main reinforcement. 

Even in the bilateral loading the same 
progress of the failure basically occurs. In 
the unilateral loading, the spalling-off of 
concrete occurs at a time on the Whole plane 
orthogonal to the first loading direction. 
In the bilateral loading the spalling-off 
begins from a corner and then spreads to the 
wilole, ,plane orthogonal to the first ' loading, 
direction as the loading progresses. 

Table shows the .progress of damages in 
terms of loading displacement at which 
spalling-off of concrete occurs and the 
number of main reinforcement ruptured. The 
~palling-off of concrete begins from 401 
loading i~ the unilateral loading. In the 
bilateral loading, the spalling-off begins 
from 401 and 30.1 loading in specimen P-49 and 
P-50, respectively. 

As to thE! rupture of main reinforcement., the 
rupture begins from 601 loading in the 
unila teral loading. . Four reinforcements are 
ruptured at this loading step. On the other 
hand, in ~-49, the rupture begins at 601 
loading"in which' 6 reinforcements are 
ruptured. In specimen P-50. the rupture 
begins . from the ,401 loading in which one bar 
is ruptured, and 7 bars are ruptured at the 
next loading step. 

From such. evidence, it can be said that the 
damages generally progress more promptly in 
bilateral loading compared to· unilateral 
loading. Number of main reinforcement 
ruptured significantly depends on.' loading 
pattern. This is certainly developed because 
the bars, specially at the corner,' are 
subjected to alternation of larger tension 
and compression in the bilateral loading than 
in the unilateral loading. 

4.2 Strength and Ductility 

Fig. 11 shows hysteresis loops between 
loading force and lateral displacement in the 
first loading direction. It is seen in Fig. 
11 that the hysteresis curves of P-49 and P-

50 have considerably round shapes compared to 
the unilateral loading. 

Fig. 12 shows the comparison of the envelope 
of the hysteresis loops in the first loading 
direction. 

It can be seen in Fig. 12 that envelope of' 
the hysteresis loop of P-49 is almost 
identical with that of P-37, while the 
envelope of the hysteresis loop of P-50 is 
much smaller than that of P-37. It seems 
that as long as the ratio between the loading 
displacement in the first and second 
directions is 02/01, the effect of bilateral 
loading is less significant. On the other 
hand, when the ratio is doubled to 202/01. 
the bilateral loading effect becomes 
considerable. 

Fig. 13 compares the hysteresis loops in the 
second loading direction. In both specimens, 
a projected loop can be observed at the 
beginning. This corresponds to the loading 
at the first 0.25 cycle in which loading was 
made only in the second loading direction. 

Table 2 summarizes the yield load Py" the 
maximum load Pu, yield displacement oy and 
ultimate displacement ou. Only averaged 
values d.eveloped between in positive and in 
negative loading directions are presented in 
Table 2. 

Although the ductility factor is 17 % smaller 
in P-49 than that in P-37, the yield load.Py 
and the maximum load Pu are almost the same 
between P-49 and P-37. However, the 
ductility factor and the maximum load Pu of 
P-50 are 25 % and 12 % smaller than those of 
P-37. Thus, the bilateral loading effect is 
significant,for P-50. 

4.3 , Energy Dissipating Capability 

The hysteresis loop generally has a curve 
presented in Fig. 14, and the area surrounded 
by the hysteresis loop, represents the energy 
absorbed by the pier during one loading 
reversal. Fig. 15 compares the amounts of 
energy absorbed during load reversals due to 
deformation in the first loading direction. 
Energy absorption increases up to 301 loading 
during which difference between the three 
specimens is less significant. Over 301 
loading, the energy absorption of the 
specimen P-50 significantly decreases due to 
rupture of the main reinforcements, while the 
energy absorption of the specimen P-49 takes 
the maximum at 401 loading and, then decreases 
thereafter. 

Energy absorption capability was aiso studied 
in terms of an equivalent hysteretiC damping 
ratio he which is defined as 
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he = _1_ 
2 ;r 

6. WW - - - - - - - - - - - - - - - - - - - - - (1 ) 

in which, W and t:.W ;'epresents an elastic 
energy and an energy dissipated during one 
load relTersal, respectively, as defined in 
Fig. 14. 

It is interesting to note that the hysteretic 
damping ratio is larger in P-50 than P-49, 
even' for the loading displacement up to 301' 
This is due to the hysteresis loop with round 
corner. 

5. EFFECT OF HOLLOW SECTION 
5.1 'Failure Mode 

The failure mode on the plane parallel to the 
loading direction after each load reversal is 
shown in Figs. 18 and 19. Flexural failure 
occurred in the three specimens at their 
bases.' Because the main reinforcement ratio 
is 0.9 % higher in P-47 than in P-46 by the 
tie reinforcement ratio being the same, the 
failure at the base is much significant in P-
47 than in P-46, i.e., after load reversal 
with 5cy, concrete at the base is completely 
crushed and distortion similar with the shear 
failure 'occurred. Three and six main 
reinforcements, were ruptured during 60y and 
70y load reversals, respectively, in P-46, 
while no rupture of the main reinforcement 
was developed in P-47 up to 60y loading. 
This clearly shows that the deformation 
developed at the base of p.47 is close to the 
shear failure rather than the flexural 
failure. 

Spalling-off of concrete into the hollow 
space occurred from 70y loading in P-47 and 
from 50y loading in P-48. This is greatly 
different from the failure mode developed in 
P-29 with solid cross section. 

5.2 Strength and Ductility 

,Fig. 20 shows the hysteresis loops between 
loading force and displacement of pier. Fig. 
21 compares the envelopes of the hysteresis 
loops presented in Fig. 20. 

In accordance with the difference of the 
failure mode described in the preceding 
section, there is a significant difference in 
the envelope of the;hysteresis loop. In the 
specimen P-29, the capability for supporting 
the lateral force decreases gradually as the 
number of 'mairi reinforcement' ruptured 
increases. Even in the specimen P-46, 
detel-:"oration of the load in accordance with 
the increase of loading displacement is not 
necessarily significant. However, in the 
specimen P-47, the load' significantly 

decreases after reaching the maximum, 
strength. In the hollow circular section, 
the concrete is confined at the outside by 
the main reinforcement as well as lateial' 
ties but not confined at the inside. This is 
considered to be related to the 'sudden 
decrease in the strength due to the spalling
off of concrete into the hollow space. 

5.3 Energy Dissipating Capability 

Fig. 22 shows the equivalent hysteretic 
damping ratio defined by Eq; (1). It should 
be noted'here that the yield displacement is 
not identical between the hollow and solid 
sections. It is seen in Fig. 22 that 
decreasing rate of the damping ratio after 
reaching the maximum value is much larger in 
hollow section than in solid section'; 

6. CONCLUSIONS 

In order to study the effect of the bilateral 
loading and of hollow section on the 
nonlinear hysteretic behavior of RC piers,' a 
series of dynamic loading tests was 
conducted. From the results presented 
he~ein, the following conclusions may be 
deduced: 
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(1) Effect of bilateral loading 

i) When the specimens are subjected to a 
series of step-wise increasing symmetrical 
bilateral displacement cycles with the step 
size of one ductility factor for the relevant 
directions, progress of the failure and 
deterioration of load bearing capability is 
approximately identical with the specimen 
subjected to the unilateral load reversals. 
However, the step size in the 'second 
direction is doubled ( 202/01 ), the progress 
of failure and deterioration of load bearing 
capability is substantially decreased as 
compared with the specimen subjected to the 
unilateral load reversals. 

ii) 'Amount of the energy dissipation 
during load reversals is smaller in the' 
specimen - subjected to the bilateral loading; 
in particular, ratio between the 'loading 
displacement in the first and second 
directions becomes 202/01' 

(2) Effect of hollow section 

i) In the circular hollow section, the 
conciete is confined at the outer side 'by 
main reinforcement and lateral ties. 
However, because there is an empty space 
inSide, spalling-off of concrete into tne 
inner space develops. 

ii) In consequence, 
specimen having a high 

especially in a 
main reinforcement 



ratio, the load bearing capability suddenly 
decreases after the spalling-off of the inner 
concrete. The final failure occurs without 
the rupture of the main reinforcement. 

iii) Decreasing rate of the equivalent 
da.mping ratio after reaching the maXimum 
value is much larger in hollo.... section than 
in solid section. 
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Table 1 Comparison of Failure Modes 

Loading Type Unilateral Loading Bilateral Loading 

Specimen P - 3 7 P - 4 9 P - 5 0 

Initiation of Spall ing of 
S te p 4 S t e p 4 S t e p 3 

Cover Concrete 

Stepl- 3, 0 0 0 

Nu mber of Main Reinforcement Step 4 0 0 1 

Cut during Loading Step 5 0 0 7 

Step 6 4 6 -

Table 2 Comparison of Load and Displacement Performance 

Loading Type Uni lateral Load i..u.g Bi lateral Loading 

Specimen P - 3 7 P - 4 9 P- 50 

Yield Load P, (t f) 7. I 7, 2 5. 9 

Load Maximum Load Pu (t f) 8. 4 8. I 7. 4 

PulP, 1 . 1 8 I. I 3 I. 2 5 

Yi e ld D i sp I a c eme n t 
O. 9 I 1 . 0 4 O. 8 8 o , (c m) 

Displacement Ultimate Displacement 
5. 5. o u (cm) 7 4 4. 1 

o ,Iou 6, 2 5. 2 4. 7 
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U.S. Coordinated Program for Masonry Building 
Research - A Fourth Year Status 

by 

James L. Noland l 

AElSTR1,.C'l' 

The U.S. Coordinated Program for 
Masgnry Building Research is 
comprised of 28 specific research 
tasks. The primary purpose is to 
support development of 'a limit state 
deiig~ standard f6~ masonry 
buildin~s. The. U.S. program has, in 
turn, been coordinated with a 
parallel program i~ Japan~ Overall, 
the U.S. program is approximately 50% 

'complete. Several individual U.S. 
research Tasks are. complete arid 
others well underway. Many technical 
reports have been published and 
sign{fi~ant technical ~ccomplishments 
made. ' 

KEYWORDS: Reinforced masonry; 
TCCMAR; Limit state design; status. 

1. - IN'rRODUCTION 

1.1 Overview 

The U.S. Coordinated Program for 
Masonry Building Research is an 
integrated set of specific research 
tasks being executed by the U.S. 
Technical Coordinating Committee for 
Masonry Research iTCCMAR/U.S.). The 
U.S. Program, in turn, is coordinated 
with a parallel program conducted in 
Japan to exchange information and 
concepts for tne mutual benefit of 
both countries. . 

The U.S. program addresses structural 
issues and ~s inten~ed to provide 
design & criteria iecommendations 
necessary to support limit state 
design techniques for reinforced 
masonry. The program consists of 
both analytical and experimental 
research tasks and is organized on a 
project basis as shown in Figure 1. 
The individual research tasks are 
coordinated and time-phased, as Shown 
in Figur~s 2 and 3, to a~6id 
duplication of effort and to transfer 
information between the task 

Atkinson-Noland & Associates 
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researchers on a timely basis. 
Research tasks which comprise the 
U.S. Coordinated Program are listed 
in Table 1 with a brief statement of 
purpose for each. This paper is an 
update of the previous status report 
(1) and is based upon a detailed' 
status report of November 1988 (2). 

1.2 Current Status 

By May 1989 the U.S. program will 
have been under way for approximately 
four years. This paper briefly 
reviews the activities, progress, and 
accomplishments of the program during 
that period. 

2. ADMINISTRATIVE CHANGES' 

Dr.- H.S. Lew of the'National 
Institute of Stand~rds and Technolo~y 
(USA) has replaced Dr. Scribner as ' 

TCCMAR/U.S.-UJNR Co-Liaison. Refer 
to Figure 1. 

Gregg Borchelt, Director of 
Engineering, Brick Institute of 
America has replaced G. Dalrymple on 
the Industry Participation Panel and 
Ro Whitlock on the Industry Observers 
Panel. Refer to Figure 1 .. 

3. PROG,RESS 

3.1 Individual Task Status 

The status of individual research 
Tasks in terms of percent completion 
is listed in Table 1. A more 
complete description of the progress 
and status of each task may be found 
in reference (2). The completion 
percentages are based upon the total 
time period of ea~h task as opposed 
to the time period of Fall 1985 to 
December 31, 1987 used in the 
previous report (1). 

3.2 Reports 

The number of technical reports 
published by TCCMAR/U.S.researchers 
continues to increase. Arrangements 
have been made'so that the reports 
are available to anyone from the 
Earthquake Engineering Library in 



Berkeley. The reports available are 
listed in Table 2. 

A large number of technical papers 
have been presented ,and/or published 
in various meetings and conferences 
including JTCCMAR meetings. These 
are listed in reference (2). 

3.3, d~si~n Standards Development 

A critical issue in the u.s. is, and 
has been the transfer of technology 
developed by research into practice. 
In the u.s. an important factor in 
implementing research into practice 
is the incorporation or provision for 
new technology by the design 
s tand'ards . 

,In the U.S., design standards are 
developed by non-governmental 
professional groups using various 
forms of consensus processes. Hence, 
the NSF-supported U.S. Coordinated 
Program for Masonry Building Research 
cannot develop standards, but will 
develop recqmmendations (Task 10). 

Discussions and negotiations over the 
last few months have served to 
establish mechanisms and processes 
for transfer of technology (i.e., 
research data and recommendations) to 
a consensus design standards 
develop'ment committee sponsored by 
U.S. professional societies. A one
year pre-standardization effort to 
collect and document background 
information pertinent to limit state 
structural design and to develop a 
draft limit state design standard for 
masonry has been organized. The pre
standardization work along with the 
technology developed by the 
coordinated masonry research will be 
uiilized by the national masonry 
standards commit~ee to produce a 
limit state design standard for 
masonry. The basics of the process 
are illustrated by Figu~e 4. 

4. TECHNICAL ACCOMPLISHMENTS 

The U.S. program is proceeding 
generally according to expectations. 
At this point in time, which is about 
the half-way point, technical 
accomplishments are beginning to 
become apparent. It must be 
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recognized, however, that the major 
technical results are yet to co"me. 

Because the primary objective of the 
u.S. progr~m is to provide a basis 
f~r l~mit state design and an 
a:ssociated generic modelJ..ng 
capability, the follo~ing se~m 
significant among the results 
~chieved to date: 

a. A finite element model 0FiM) has 
been formulated and implemented 
capable of post-peak strength 
response of reinforced shear 
walls. The material models have 
the capability to represent the 
reduction in peak compressive 
strength dtie to tensile cra~king 
and allow reorient'ation of ' 
initial cracks to a final c~ack 
state. The FEM is formulated 
such that Gauss points ~re 
essentially independent thereby 
allowing use of a coarser mesh in 
modeling. Correlation with 
experimental results has been 
very good. Work will continue in 
this area to verify correlation 
with experimental results. 

b. Structural component models (SCM) 
can now predict yield and maximum 
force levels f6r in-plane 
flexural reinforced masonry 
walls. Correlations with 
experimental results are very 
good. Studies have led to'the 
development of capacity reduction 
factors for 'inc-plane fiextiral 
masonry walls. Work will 
continue to develop a family of 
SCM's for system analyses. 

c. A non-linear lumped parameter 
model (LPM) has been developed to 
do time-history analyses of, 
masonry structur~s. A new non
linear "spring" el,emen't has be'en 
introduced to represent masonry 
shear walls in building system 
models. Studies have been done 
to, understand the dynamic 
behavior of masonry structu'res 
under ground motions with 
different via ratios. The LPM 
hai been extended and used to 
provide understanding of the 
dynamic behavior of masonry 
structures allowed to uplift. 



For future design applications 
and studies~' U.S. dround motions 
have been categorized with 
respect to via rates. 

d. A database has been developed for 
the, cyclic behavior of single
story r~inforced masonry shear 
walls with different in-plane 
compressive loads and 
reinforcement rates. Limit 
,states have been identified for 
application in the design 
re~qm~endationsto be made. 

e. Tests of two-story coupled 
masonry shear walls have revealed 
the need for high accuracy in the 
~odelini of the coupling beams. 
Limit states for this type of 
system were identified. 

f. Force-deflection characteristics 
of prestressed precast concrete 
plank fl~or diaphragms have been 
established experimentally both 
parallel and perpendicular to 
plank direction. Limit states 
have been identified. Data has 
been accumulated for other floor 
syste~s as well. This 
information will be the basis of 
spring elements for use in the 
lumped parameter models. 

g. Reinforced concrete and clay 
masonry walls responded 
elastically when subjected to 
out-of-plane dynamic load~ 
typical of design ground motion 
in soil ~yp~ 1 in the highest 
U;S.seismic zones, The walls 
had reinforcement ratios of 0.07 
balanced to 0.5 balanced, 
vertical loads of 0 to 80 psi 
(36.3kg) and slenderness ratios 
of 40 to 50. Under design 
motions, maximum lateral 
displacements were about 6 inches 
(2.4 em). For higher levels of 
ground motion, the walls 
sustained vertical loads, but 
some peimarient lateral defl~ction 
was noted. 

h. Tests of grouted hollow clay and 
concrete unit prisms in 
compression indicated that· 
masonry is a generic material; 
i.e~, that no unusual behavioral 
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traita are present to separate 
grouted clay and concrete 
masonry. The compressive tests 
established stress-strain 'curves 
including the post-peak 
descending branch and limit state 
values. Tests of prisms loaded 
in eccentric compression 
established strain gradient 
effects and K1, K2,K3 stress 
block values for strength design. 

5. RESOLUTIONS, OF, 'I'HE FOURTHJTCc:MAR 
MEETING 

1. The fourth meeting of JTCCMAR 
was held in San Diego, 
California, U.S.A. on October 
17, 18, ,and 19, 1988. The 
meeting was attended by 18 
researchers from the United 
States, 16 researchers from 
Japan, 7 observers from the 
United States and 10 observers 
from Japan. 

2. There was a successful exchange 
of information and ideas between 
the researchers from both 
countries on the subjects of 
masonry material behavior, 
behavior of assemblies, behavior 
of systems, testing procedures, 
analytical/modeling methods, 
results of the Japanese tests on 
a 5-story b~ilding, seismic 
design procedures and future 
work. 

3. It was recognized that, while 
progress has been made in 
developing an understanding of 
the behavior of masonry, there 

-is still an urgent need for 
additional information. The 
participants therefore recommend 
that sponsoring agencies take 
appropriate measures to continue 
support for masonry research. 

4. The participants recognize that 
both countries have many common 
research needs regarding masonry 
construction as well as 
mechanical properties of masonry 
units, components, and systems. 

5. It was recognized that 
continuous and in-depth effort 
is required to establish the 



seismic performance 
characteristics of masonry 
structures and to develop 
improved construction and design 
procedures. However, the 
participants realize that the 
research programs of both 
countries primarily address 
central issues. They recognize 
that, while the. knowledge 
developed~ill provide a basic 
foundation for improved masonry 
technology, many other important 
issues exist which should be 
addressed. 

6. Significant progress has been 
made by both sides in testing 
and modeling masonry materials, 
components, subassemblages, and 
prototypes which will lead to a 
better understanding of masonry 
structu'ral behavior and to the 
development of adequate seismic 
design procedures for masonry 
buildings. 

7. The participants recognized that 
th"e full-scale test carried out 
in japan has and will make a 
great contribution to the 
und~rstanding of the overall 
behavior and performance of 
masonry structural systems. 
They recommend that another 
full-scale test on a masonry 
structural syst~m be carried out 
in the united States. It is 
also recommended that 
information obtained from both 
full-s~~l~ ~ests be exchanged. 

8. The t~chnical communication 
which has been carried out by 
sub-groups and individuals of 
TCCMAR/U.S. and TCCMAR/Japan has 
been valuable and ~hould be 
continued. Researchers should 
be exchanged as required to 
enable a meaningful exchange of 
concepts and information between 
individuals and groups with " 
similar research interest. 

9. The participants from both 
countries agree that proper 
seismic performance of masonry 
structures requires 
consideration of damage control 
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and minimization of life safety 
threats. 

10. It was recognized that the joint 
project will result in an 
improved technological base for 
the design of RMbuildings .. 

11. It was recognized that the 
results of this cooidin~ted 
research 'prog"ram could al'so be" 
beneficial to other countries 
which have a seismic hazard, 
especially developing countries. 

12. Considering that the ~.S. 
program is planned to continue 
until 1993 and considering the 
benefits of the mutual exchange 
between the U.S. and Japanese 
programs, it is hoped that the 
joint relationship be continued 
so the mutual benefits may be 
maximized. 

13. The participants realized that a 
reinforced masonry building 
association should be 

"established in Japan as soon as 
possible to promote, by 
continuous effort, the 
development and promulgation of 
a more rational design procedure 
for RM buildings, including the 
low-rise category, so that the 
joint U.S.-Japan relationship 
may be continued. 

14. It was recognized, by both 
sides, that new concepts in 
masonry technology should be 
investigated to enhance economy 
and "reliability. 

15. The fifth meeting of JTCCMAR 
will be held in Japan in the 
fall of 1989. 
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Category 

1.0 

1.0 

1.0 

2.0 

2.0 

TABLE 1 - RESEARCH TASKS COMPRISING THE U.S. COORDINATED PROGRAM 
FOR MASONRY BUILDING RESEARCH 

Task 
(Researcher) 

1.1 
(Atkinson) 

1.2 
(Hamid) 

(Brown) 

1.3 
(Atkinson) 

2.1 
(Englekirk) 

2.2 
(Ewing) 

% 
Complete 

100 

95 

-0-

60 

65 

Title - Purpose 

Preliminary Material Studies -- To 
compare the behavior of clay and 
concrete unit masonry. To prov~de a 
basis for selection of the type or types 
of masonry to be used in subsequent 
tasks. To establish standardized 
materials test procedures for all the 
experimental tasks .. 

Material Models -- To measure the 
parameters required for development of 
the flexural compression. stress-block. 
To determine uniaxial and biaxial 
material properties for analytical 
models (Tasks 2.1 and 2.2) including 
post-peak behavior. To evaluate non
isotropic behavior. 

Material Tests -- To critically review 
and assess existing tests of masonry 
materials and assemblages to determine 
the usefulness of data produced with 
respect 'to the needs of analytical 
models and design methodology developed 
in the program. To revise existing 
tests as required and/or suggest new 
tests. The work will be done in 
coordination with Category 2 and 10 
Tasks to establish accuracy 
requirements .. 

Force-Displacement Models for Masonry 
Components -- To develop force
displacement mathematical models which 
accurately characterize reinforced 
masonry components under cyclic loading 
to permit pretest predictions of 
experimental results. To develop models 
suitable for parameter studies and 
models suitable for design engineering. 

Strain Analysis Model for Masonry 
Components -- To develop a strain model 
for reinforced masonry components in 
conjunction with Task 2.1. To identify 
regions of large strain thus assisting 
{n experimental .instrumentation 
planning. To develop a simplified model 
to be used to provide data for strength 
design rules and in-plane shear design 
procedures. 
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Category 

2.0· 

2.0 

2.0 

3.0 

3.0 

Task 
(Researcher) 

2.3 
(Kariotis) 

2.4 (a) 
(Porter) 

2.4(b) 
(Mayes) 

. (Sveinsson) 

3.1 (a) 
(Shing) 

3.l(b) 
(Hegemier) 
(Seible) 

% 
Complete 

65 

-0-

15 

90 

10 

TABLE 1 

Title-Purpose 

Dynamic Response of Masonry Buildings 
To develop a generalized dynamic 
response model to predict inters tory 
displacements using specified time 
histories. To correlate force
displacement models and to investigate 
force-displacement characteristics of 
structural components in the near
elastic and inelastic displacement 
range. To provide data for building 
test planning. 

Dynamic Response of Diaphragms -- To 
develop an analytical non-linear model 
of load displacement hiitory of 
horizontal diaphragms. Toprovide 
associated displacements and stiffnesses 
for an integrated dynamic spring model. 
This Task will provide a computer model 
extension using a lum~ed-parameter mass 
parameter spring of the experimental 
data collected from Tasks 5.1 and 5.2. 
This work will provide input for Task 
2.3. 

Dynamic Out-of-Plane Response of 
Reinforced Masonry Walls -- To develop 
analytical models based upon the results 
of Task 3.2(b) which can be used to 
predict out-of-plane response of masonry 
walls of various shapes, sizes, and 
internal construction. To conduct 
response studies based on independent 
variation of parameters. The models 
will interface with the models of Tasks 
2 . 3 and 2. 4 ( a) . 

Response of Reinforced Masonry Story
Height Walls to Fully Reversed In-Plane 
Lateral Loads -- To experimentally , 
establish the behavior of story-height 
walls subjected to small and large 
amplitude axial force, and bending 
moments considering various 
reinforcement ratios and patterns. 

Development of a Sequential Displacement 
Analytical and Experimental Methodology 
for the Response of Multi-Story Walls to 
In-Plane Loads -- To develop a reliable 
test methodology for investigating 
structural response, through integrated 
analytical and experimental studies of 
three-story reinforced hollow unit 
mason·ry walls. The methodology will be 
the basis of studying the response of a 
full-scale masonry research building in 
Task 9.4. To develop analytic models in 
conjunction with Tasks 2.1, 2.2, and 
2.3. 
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Category 

3.0 

3·.0 

3.0 

4.0 

4.0 

Task 
(Researcher) 

3.l(c) 
.(Klingner) 

3.2 
(Hamid) 
(Mayes) 
(Harris) 

3.2 
(Adham) 
(Mayes) 

4.1 
(Priestley) 

4.2 
(Hegemier) 

% 
Complete 

40 

95 

100 

20 

80 

TABLE 1 

Title-Purpose 

Response of Reinforced Masonry Two-Story 
Walls to Fullj Reversed In-Plane Lateral 
Loads -- To establish the behavior of 
two-story walls subjected to small and 
large amplitude reversals of in-plane 
lateral deflections, axial force and 
bending moments considering the effect 
of openings, floor-wall joint details, 
reinforcement ratios and coupling 
between shear walls. To develop 
analytical models in conjunction with 
Tasks 2.1, 2.2, and 2.3. 

Response of Reinforced Masonry Walls to 
Out-of-Plane Static Loads -- To verify 
the behavior of flexural models 
developed using material models, to 
evaluate the influence of unit 
properties, bond type and reinforcement 
ratios upon wall behavior. To provide 
stiffness data for correlation with 
dynamic wall test results [(Task 
3.2 (b) 1 • 

Response of Reinforced Masonry Walls to 
Out-of-Plane Dynamic Excitation -- To 
experimentally determine effects of 
slenderness, reinforcemen~ amounts and 
ratios, vertical load and grouting on 
qynamic response as needed for 
mathematical response models and the 
development design coefficients for 
equivalent static load methods. 

Response of Flanged Masonry Shear Walls 
to Dynamic Excitation -- To 
experimentally investigate the dynamic 
.behaviorof flanged shear walls, in 
particular, the behavior ofT-section 
walls and the significance of dynamic, 
as opposed to static or quasi-static 
testing, for in-plane loading. To 
develop analytical models to investigate 
the flange-web shear lag phenomena, and 
to identify the interaction between 
flange width, height, reinforcement 
content, and ductility level. (In 
conjunction with Tasks ~.1, 2.2, and 
2.3) . 

Floor-to-Wall Intersections of Masonry 
Buildings -- To determine the 
effectiveness of intersection details to 
.connect masonry wall components. To 
construct a nonphenomenological 
analytical model of intersection 
behavior for use in building system 
models. 
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Category 

5.0 

5.0 

5.0 

6.0 

6.0 

7.0 

8.0 

Task 
(Researcher) 

5.1 
(Porter) 

5.2 
(Johnson) 
(Porter) 

5.3 
(Porter) 

6.1 
(TBD) 

6.2 
(Tulin) 

7.1 
(Abrams) 

8.1 
(Hart) 

.' . 

% 
Complete 

85 

85 

-0-

-0-

100 

95 

TABLE 1 

322 

Title-Purpose 

Concrete Plank Diaphragm Characteristics 
-- To investigate experimentally 
concrete plank diaphragm floor 
diaphragms with stiff support~ to 
determine modes of failure and stiffness 
characteristics including yielding 
capacity in terms of distortion as 
needed for masonry building models. 

Assembly of Existing Diaphragm Data 
To assemble extensive existing 
experimental data on various types of 
floor diaphragms, to reduce to a form 
required for static and dynamic analysis 
models. 

Concrete Plank Diaphragm Characteristics 
Continuation -- To investigate 
experimentally the behavior of concrete 
plank floor diaphragms with flexible 
supports to determirie modes of failure 
and stiffness characteristics including 
yielding capacity in terms of distortion 
as needed for masonry building models. 

Grouting procedures for Hollow Unit 
Masonry -- To identify methods of 
grouting hollow unit masonry such that 
the cavity is solidly filled and 
reinforcement is completely bonded. 

Reinforcement Bond and Splices in 
Grouted Hollow Unit Masonry -- To 
develop data and behavioral models on 
the bond strength and slip 
characteristics of deformed bars and lap 
splices in grouted hollow unit masonry, 
as needed for building modeling. 

Small Scale Models -- To provide 
experimental test data on the dynamic 
behavior of three-story reinforced 
concrete masonry buildings built with 
1/4 scale hollow concrete units. To 
demonstrate the viability of 
constructing and dynamically testing 
reduced scale building system models for 
basic behavior studies. 

Limit State Design Methodology for 
Reinforced Masonry -- To select an 
appropriate limit state design 
methodology for masonry. To select and 
document a procedure to compute 
numerical values for strength reduction 
factors. To review program experimental 
research tasks to assure that 
statistical benefits are maximized and 
proper limit states are investigated. 



Category 

8.0 

9.0 

9.0 

9.0 

9.0 

10.0 

Task 
(Researcher) 

8.2 
(Hart) 

9.1 
(Kariotis) 

9.2 
(Hegemier) 
(Seib1e) 

9.3 
(Hegemier) 
(Seible) 
(Priestley) 

9.4 
(Hegemier) 
(Seib1e) 
(Priestley) 

10.1 
(Noland) 

% 
Complete 

15 

100 

75 

-0-

-0-

-0-

TABLE 1 

Title-Purpose 

Numerical Reliability Indices -- To 
develop numerical values of 
statistically-based strength reduction 
factors using program experimentally 
developed data, other applicable data, 
and jUdgment. To complete development 
of the methodology. 

Design of Reinforced Masonry Research 
Building - Phase 1 -- To develop the 
preliminary designs of the potential 
research buildings which reflect a 
significant portion of modern U.S. 
masonry construction. to select a 
single configuration in consultation 
with TCCMAR which will be used as a 
basis for defining equipment and other 
laboratory facilities using methods 
developed in Category 2 tasks and the 
associ~ted load magnitudes and 
distributions. 
Phase 2 - To prepare final drawings and 
specifications for construction of the 
five-story test specimen. 

Facility Preparation -- Define, acquire, 
install and check-out equipment required 
for experiments on a full-scale five
story reinforced masonry research 
building. 

Full Scale Masonry Research Building 
Test Plan -- To develop a detailed and 
comprehensive plan for conducting static 
load-reversal tests on a full-scale 
five-story reinforced masonry research 
building. 

Full Scale Test -- To conduct 
experiments on a full-scale five-story 
reinforced masonry research building in 
accordance with the test plan and 
acquiring data .indicated. To observe 
building response and adjust test 
procedures and data measurements as 
required to establish building behavior. 

Design Recommendations and Criteria 
Development -- To develop and document 
recommendations for the design of 
reinforced masonry building subject to 
seismic excitation in a manner conducive 
to design office utilization. To 
develop and document corresponding 
recommenda tio"ns for masonry structural 
code provisions. 
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Category 

11.0 

,'j " 

Task 
(Researcher) 

11.1 
(Noland) 

% 
Complete 

60 

TABLE 1 

Title-Purpose 

Coordination -- To fully coordinate the 
U.S. research tasks. To enhance data 
transfer among researchers and timely 
completion of tasks. To schedule and 
organize TCCMAR and Executive Panel 
meetings. To establish additional 
program policies as the need arises. To 
stimulate release of progress reports 
and dissemination of results. To 
coordinate with industry for the 
purposes of informing industry and 
arranging industry'support. To 
interface with NSF and UJNR on overall 
funding and policy matters. 
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TABLE 2 - RESEARCH TASK REPORTS 

Task No. Author/s - Title 

1.1-1: Atkinson and Kingsley, Comparison of the Behavior of Clay & .Concrete 
Masonry in Compression, September 1985. 

1.2(b)-1: Young, J.M., Brown, R.H., Compressive Stress Distribution of Grouted 
Hollow Clay Masonry Under Strain Gradient, May 1988. 

2.1-1: Hart, G and Basharkhah, M., Slender Wall Structural Engineering 
Analysis Computer Program (Shwall, Version 1.01), September 1987. 

2.1-2: Hart, G. arid Basharkhah, M., Shear Wall Structural Engineering 
Analy~is Computer Program (Shwall, Version 1.01), September 1987. 

2.1-3: Nakaki, D. & Hart, G., Uplifting Response of Structures Subject~d to 
Earthquake Motions, August 1987. 

2.1-4: Hart, G., Sajjad, N., and Basharkhah. M., Inelastic Column Analysis 
Computer Program (INCAP, Version 1.01) ,.March 1988. 

2.3-1: Ewing, R., Kariotis, J. EI-Mustapha, A., LPM/I, A Computer Program 
for Nonlinear, Dynamic Analysis of Lumped Parameter Models, August 
1987. 

2.3-2: Ewing, R., El-Mustapha, A., Kariotis, J., Influence of Foundation 
Model on the Uplifting of Structures, July 1988. 

3.1a-1: 

3.1b-l: 

4.1-1: 

4.2-1: 

4.2-2: 

6.2-1: 

6.2-2: 

8.1-1: 

9.1-1: 

9.2-1: 

9.2-2: 

9.2-3: 

11.1-1 : 

Scrivener, J., Summary of Findings of Cyclic Tests on Masonry Piers, 
June 1986. 

Seible, F. and LaRovere, H., Summary of Pseudo Dynamiq Testing, 
February 1987. 

Limin, H., Priestley, N., Seismic Behavior of Flanged Maspnry Shear 
Walls, May 1988. 

Hegemier, G., Murakami, H., On the Behavior of Floor-to-Wall 
Intersections in Concrete Masonry Construction: Part I: 
Experil)1ental 

Hegemier, G., Murakami, H., On the Behavior of Floor-to-Wall 
Intersections in Concrete Masonry construction: Part II: 
Theoretical 

Scribener, J., Bond of Reinforcement in Grouted Hollow-Unit Masonry: 
A State-of-the-Art, June 1986. 

Soric, Z. and Tulin, L., Bond Splices in Reinforced Masonry, August 
1987. 

Hart, G., A Limit State Design Method for Reinfor~ed Masonry 

Kariotis, J.C·., Johnson, A.W., Design of Reinforced Masonry Research 
Building, September 1987. 

Seible, F., Report on La~ge Structures Testing Facilities in Japan, 
September 1985. 

Seible, F., Design and Construction of the Charles Lee Powell 
Structural Systems Laboratory, November 1986. 

Seible, F., The Japanese Five-Story Full Scale Reinforced Masonry 
Building Test, January 1988. 

TCCMAR, Summary Report: U.S. Coordinated Program for Masonry 
Building Research,September 1985 to August 1986. 

325 





.': ,",,, 

Theme V 

Code DevelopDlent Process and 
C~ode Enforcement Responsibility 

I Preceding pagebfank I J~7 



.. ' 



Minister-of·Construction's Agreement System in the 
Building Standard Law of Japan 

by 

Tatsuo Murota 

ABSTRACT 

The Minister-of-Constructlon's Asreement 
System in the Buildins Standard Law of Japan 
is dlvided by five catesories. They' are 
concerned with the followings: 
(1) Special build.1ns materials or methods of 

construction unanticipated under the law. 
(2) Materials, buildins elements or 

equipments havins property equal or 
superior to that specjfled in the law or 
cabinet orders. 

(3) Structural design of tall buildings 
exceedins Sam in height. 

(4) Computer prosrams used for the structural 
calculation of buildinss. 

(S) The bearing capacity of wooden shear 
walls. 

- ThIS' paper describes the outline of those 
catesories of the Asreement Syste~ 

KEYWORDS 

Building Standard Law, Minlstry-of
'Construction's Agreement System 

1. INTRODUCTION 

The purpose of the Building Standard Law 
(hereinafter Law) is to safeguard the 11 fe. 
heal th and propertIes of the peop Ie by 
providing minimum standards concerning the 
site. structure. equipment and use of 
buildings. and thereby to contribute to the 
furtherance of the public welfare. 
The minimum standards are provided in Chapter 
II of the Law and they are suppl~mented by 
the Buildins Standard Law Enforcement Order 
(hereafter Cabinet Order) or notificatIons 
issued by the MInIstry of ConstructIon. . 
~(aj.or purposes of the Minister-of
Construction's Agreement System (hereinafter 
Asreement System) are to make the minimum 
standards responslble to technolosy 
development and to supplement the 
imperfection of the minimum standards. 
The Agreement System are diVided Into five 
categories according to the purposes: 

(1) Recognition of special buildlng materials 
or methods of construction unantiCipated 
under the Law. 

In Chapter II of the Law. mInimUm standards 
are provided concerning the site. structural 
and equipment of buildings. Article 38 in 
the Chapter refers to special materials or 
methods of construction as: 
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Article 38. The provislons of this Chapter 
or those of orders or ordinances based 
thereon shall not apply to buildings usins 
special building materials or methods of 
construction deems that the said building 
materials or methods of constructlon are 
equal or superior to those specified in the 
said provisions. . 
The purpose of this Article 1s to correspond 
to technology development by recognizing new 
materials. new types of structures or 
construction methods'. etc. that are not 

- anticipated un'derthe 'Law. The first 
category of Agreement System is based on this 
Article. and has played an' important role in 
promoting technology develo~ment. 

(2) Recognitlon of materials. building 
elements or equioments having property 
equal or superior to that specified In the 
Law or Cabinet Order 

Minimum standards concerning materials. 
building elements or equlpment,s in the Law or 
Cabinet Order are provided in two ways: (1) 

by showing examples or (2) by describing 
minimum requirements. Either of the ways 1s 
not perfect to provide minimum standards 
correctly. and it is necessary to s4Ppiement 
the imperfection by using the expression 
"equal or superior to". 
A typical example of the former is seen in 
Cabinet Order Article 108: 

(Fire Preventive Construction) 
Article 108. Fire preventive construction in 
Article 2 item (8) of the Law shall be as 
described in each of the following items: 
(1) Regarding walls whose studs and beds are 

made of non-combustible ·materials. the 
said fire preventive construction shall be 
as described in any of the following (a) 
through Cel: 
(a) Metal lath with mortar finish of l.Scm 

or more in thickness: 
(b) Cemented excelsior boar,d or gypsum 

board with mortar or plaster finlsh of 
lcm or more in thickness: 

(c) Cemented excelsior board with metal 
board over morta~ or plaster coating: 

(2) ----------
(3) ----------
(4) In addition to those mentioned in the 

preceding items. the said fire preventive 
construction shall be that designated by 
the Minister of Construction upon hearing 
the opinion of the Director General of the 



Fire Defense Agency as having ·fire 
preventive property equal or superior to 
that of the above-mentioned. 

Article 108-2 is an example of the latter: 

(Non-combustible Materials) 
Article 108-2. Building materials having 
non-combustibility as speclfled by Cabinet 
Order under Article 2 Item (9) of the Law 
shall be those which are designated by the 
Minister of Construction as having the 
property described in each of the following 
I tems (excluding I tern (2) in the case of 
those used for external finish of buildings). 
against the heat of normal fire~ , 
0) Materials which neither burn nor develop 

deformation. melting. cracking or other 
hampering fire protection: 

(2) Materials which do not generate smoke or 
gas hampering fire protection. 

The second category of Agreement System Is 
concerned with the recosnltion of materials. 
buildings elements or eQulpments having 
property equal or superior to that specified 
in the Law or Cabinet Orde~ 

(3) Recognition of structural design of 
. bUildings exceeding 60m in height 

Article 20 in the Law prOvides that the 
safety of structure shall be confirmed 
through structural calculation for buildlnss 
exceeding a certain limit of scala 
In Cabinet Order Article 81-2. it is provided 
that "Structural calculation for buildings 
exceeding 60m In height shall be: made by 
those methods which are recosnized by the 
Minister of Construction as being valId In 
confirming the structural safety of the 
building concerned". . 
The third category of Agreement System is 
concerned with the prov isi·:>n. , 

(4) Recognition of computer programs used for 
the structural calculation of buildings· 

In cases where a building owner intends to 
construct any building as specified in Law. 
he shall submit an application to the 
building official for confirmation that the 
plan conforms to the provisions of laws. 
Article 1 of the Building Standard Law 
Enforcement Regulations provided the form of 
application for confirmations. and 
also provides that the building 
administrati ve agency may establish. by 
regulations. provislOns that. if the building 
is designed by a Qualified architect. all or 
some of the drawings and documents necessary 
for confirmation may be omitted. 
The fourth category of Agreement System is 
conceded with the evaluation of computer 
programs for· structural calculation. If a 

330 

computer programs are recognized to be valid 
by the Minister of Construction. some parts 
of structural calculation sheets prepared by 
a Qualified architect using the computer 
program can be omitted In case of application 
for confirmation. 

(5) RecognitiOn of the bearing capacity of 
wooden shear walls 

Cabinet Order' Article 46 requests wooden 
buildings to be provided With shear walls of 
a certain extent of total she.ar strength, A 
method for calculation of the shear strength 
Is also prOVided In the article. 
According to the method. value of 
• Mul tiplier" Is necessary for calculation. 
Multiplier is a physical Quantity which is 
determined by experiments as function of 
shear strength and rigidity of bearing walls. 
The fifth category of Agreement System is 
concerned with recognltlon of the value of 
Mul tipller for bearing walls. 

2. PROCEDURE OF APPLICATION FOR MINISTER-OF
CONSTRUCTION'S AGREEMENT 

Procedures of application for the Minlster
of-constructlon's Agreement differ with the 
categories. Details of the procedures are 
described In. Reference 1), and so the 
procedures only for category land 2 will be 
touched upon here. 

(1) Procedure of Apolication for Category ·1 
Agreement System 

The flow ofappllcatlon Is as follows (see 
Fig. 1). The period from the beginning of 
procedure 2 to the end of procedure 3 is 
about four months. In general. 
CD Prior consultations 

The applIcant Is suggested to have prIor 
consul tat Ions with the Building GUidance 
DIVision of the Ministry of Construction. 
regarding the application.' . . 

® Appl1cation for technical examination 
The applicant Is then required to apply to 
the BUilding Center of Japan, for 
technical examination on the proposed 
technology. 

G) Application for recognition 
Subsequently the. applicant is required to 
apply to the Minister of Construction for 
recognition. In this case. the applicant 
shall attach a document Issued by the 
BuildIng Center of Japan certIfyIng the 
result of the technical examination In 
procedure 2 . 

(2) Procedure of ApplicatIon for Category 2 

The flow of application for Category 2 
Agreement System is as follows (see Fig. 2). 
The period from the beginning of procedure 2 



to the end of procedure 3 is about three 
months. in seneral. 
CD Implementation of tests 

Pr10r to the application. tests requIred 
for the applicatlon shall be conducted at 
the testing institutions desisnated by the 
Min1ster of ConstructiOn. 

@ Applicat10n for technical examination 
Those materials which have passed the 
above tests shall be subjected to 
technical examination at the Bulldins 
Center of Japan. . 

@ Appllcation for recognition and 
designat 10n 
Followins the above technical examination. 
the applicant is required to submIt the 
document certifying the result of the 
examination above to the 1>!1nister of 
Construction to apply for recosnitlon and 
desisnatlon. Those materials which have 
been recognized to satIsfy the specified· 
requirements. will be deslsnated by the 
MInister of Construction as· materials 
havins specific property. 

3. NU~tBER OF AGREE;'lENT ISSUED BY THE MINISTER 
OF CONSTRUCTroN 

Table 1 shows the number of Agreement's 
Issued by the Minister of Construeticn for 
last five years (1984 to 1988 Fy). 

4. REFERENCES 

1) OUTLINE OF THE APPROVAL & CERTIFICATION 
SYSTEM UNDER THE BUILDING STANDARD LAW. The 
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Table 1 Number of Agrement's issued by the Minister of 
Comstruction in last five years 

FIELD 1984 1985 1986 

l. High-rise Construction 24 31 42 

2. RC Construction 35 52 58 

3. Steel Construction 29 40 62-

4. Wooden Construction 0 3 9 

5. Foundation 34 38 ·38 

6. Computer Program 32 15 25 

7. Base Isolation System 0 4 6 

8. Membrane Structure 5 12 12 

9. Elevatory and Playing 60 66 50 
Equipment 

10. Plumbing 0 0 17 

11. Fire Preventive 384 392 370 
Construction-

12. Fire Compartment 81 98 76 

13. Separa tion Wall 11 6 11 

14. Prefabricated Housing 154 132 85 

TOTAL 849 889 861 

1987 1988 

-
71 87 

68 60 

85 85 

5 6 

48 -61 

20 21 

8 14 

19 13 

122 173 

3 3 

336 451-

81 108 

18 17 

138 158 

1022 1257 



Fig.l Appl ication procedure for Category 1 Agrement System 
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Fig~2 Application procedure for Category 2 Agrement System 
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History of Structural Regulations in Japanese Building Codes and 
Outline or W.ind-Resistant and Seismic Regulations 

Yuji ISHIYAMA'! 

SUMMARY 

This paper presents a outline of Build
ing Standard Law which prescribes the basic 
building restriction of Japan and brief 
histroy of Japanese building restriction 
after Meiji-Restoration when Japan set 
course for modern natipn. And this paper 
presents histories and current codes of 
seismic design method and wind-resistant 
design method. Opinions on the current codes 
are also summarized. 

KEY WORDS: Bui lding Res'trict ion. 
Standard Law. Seinic Design 

Building 
Metbod. 

Seinic Force. Urban .Building Law. 
Wind Force. Wind-Resist~nt Design Method 

I. OUTLINE OF JAPANESE BUILDING RESTRICTION 

I. I Feature of the land and cities of Japan 

Japan 
lying to 
earthquake 

is an earthquake-prone country 
the ,est of the circum-Pacific 
belt. Approximately. 70% of the 

land is either hilly or mountainous and the 
remaining 30% is alluvial land that con
tains most of the urban areas. and is 
subject to the influence of earthquakes. 
Japan. therefore. has sustained much damage 
due to earthquakes. throughout her long 
history. 

Japan 
typhoons 

is also situated 
and lilany buildings 

typhoons every year. 

in the path of 
are duaged by 

Most of the urban areas in Japan can be 
regarded as a continuation of old to'ns 
~h~re 'ooden buildings are densely packed. 
In such areas. dry air in winter. seasonal 
strong 'inds and foehn phenomena that arise 
in certain areas because of the mountainous 
land. produces a very large degree of danger 
of the occurence of fires and conflagrations. 

The urban areas in Japan have been sub
ject to the attack of conflagrations in the 
pas t. 

The cause of conflagrations is not only 
accidental fires but also the silultaneous 
outbreak of fires in many places due to 
a large-scale earthquake. The Great Kanto 
Earthquake (1923) was typical of the latter. 
,i th approximately 450. 000 bui Idings being 
destroyed by fire. and sOlie 140. 000 persons 

By 
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dead or missing. 

Thus. it is highly necessary that bui ld
ings in Japan be able lo safely withstand 
attacks of earthquakes. typhoons and fi res. 

1.2 Purpose and constitution of Building 
Standard Law 

Building Standard Law was enacted in 1950 
considering the abovementioned conditions. 
and since then has been subject~d to many 
revisions in accordance with the advances in 
technology and the conditions of building 
disasters that have occurred. 

The building standard statute consists of 
Building Standard La'. Building Standard 
La, Enforcement Order as cabinet order. 
Building Standard La' Enforcement Regula
tions as Ministry of Construction Order. 
and Notifications of the Minister of 
Construction based on these regulations. 

The objective ,of the statute is to "safe
guard the I ife. heal tho and propert ies of 
the people by providing minimum standards 
concerning the site. structure. equipment. 
and use of buildings. and thereby to con
tribute to the furtherance of the public 
welfare." 

The statute comprises the "general pro
visions on procedures for building con
struction. the "building codes" on standards 
for safety and hygiene of all buildings in 
the whole country. and the "zonin-g codes" on 
standards fo~ ensuring the safety and appro
priate environ.ents in urban areas to be 
applied to city planning areas based on 
Cit)' Planning Law. as well as penal HO
visions. 

• i Dr. Eng .. 
Dispatch Staff. Ministry of Construction. 
Peru Office. J leA. ( Japan Internat ional Co
operation Agency) 
Av. Salaverry 3150. San l~idro. 

Lima. Peru (Apartado No.1104171) 
.2 Senior Research Engineer. 
Structural Engineering Department. Building 
Research Institu~e. Ministry of Cnsiruction 
Tatehara-l. Tukuba-Ci ty. lbaraki, Japan 



1.3 Outline of the regulations of Building 
Standard Law 

1.3. I General pro~lslons (Procedures for 
bultdlng construction) 

CD Building confirmation 
'G e n era I I yin the cas e II her e 'a b u i I din g I s 

to be constructed. the building client must 
receive the coflrmatlon of a building offl
c lal of lhe lIIunicipal Ily. as to whether the 
plan for the building is In conformity with 
the laws relating to the site an~ structure 
of lhe building. and the building equipment. 

® Design and supervision by architect 
The design and the supervision of con

slruclioi works of buildings exceeding a 
certain scale must be perfor~ed by qualified 
archi'tects. 

@ Inspection after the completion of con
struction 

Once the construction lork have been 
completed. the building client must submit 
a notification of this effect. to the build
ing official. The said building must receive 
an inspection by a building official. as to 
whether the building is In conformity lith 
the law relating to the building site. 
structure and lhe building equipment. A 
certificate of inspeclion is then granted 
when it is confirmed. 

@ Periodic inspection and periodic report 
system· 

The owners of certain buildings such.as 
hospitals. hotels. departlllenl stores. thea
lers. collective d~ellings and offices el
ceeding certain scales. and the ooners of 
escalators and elevators and 6ther bul)ding 
equipments lust have' a qualified person 
inspect lhe conditions of such buildings and 
building equipments. every 1 to 3 years. and 
lust report the results of investigations to 
the municipality. 

1.3.2 Building codes 

Building codes stipulate standards for 
structural safety. fire prevention and sani
tat ion. 

Regarding structural safety. 't~e codes 
lay do,n the standards for detailed struc
tureon wooden construction. masonry con
struction. reinforced masonry construction. 
steel-fraae construction. reinforced con
crete construction. steel encased reinforced 
concrete construction and no reinforcing bar 
construction and structural calculation. 

In Building Standard Law. the basic 
idea concerning structural strength 'Is that· 
structures lIIust be safe against loads and 
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external forces such as fixed load. imposed 
load. snow load. wind force. soi I pressure. 
!later pressure. ~eismic force. etc. 

In order to ensure the safety, of a 
bui Idlng. Bui Iding Standard LaI! Enforcelllent 
Order determines minimum standards according 
to the structural type. It also provides 
that structural calculations ~ust be per
formed to confirm the s·afet'y of large build
ings. The range of building for which struc
t~ral calculations must be perfor~ed i~ as 
fo II OlliS. 

type of construction scale 
1lI00den structure n~3 or A~500m' 
o the r s n ~ Z 0 r 'A ~ ZOO m' 
(where n: number of s tor les of the b,u ild i ng 

A:total floor area of the .buildlng) 

The method of the structural calculation 
was rev i sed in 1980. and ha·s been in force 
since June 1. 1981. Adding' to th·e conven~ 
tional allol1able stress design lIIethod for 
elastic range. this new lIIet'hod.of structural 
calculation determines design lIIethod consid
ering ultl~ate stress Including the stress 
flithin a plastic range. In addition. story 
drift. rigidity factor and eccentricity 
factor should be checked to ensure a bal
anced structural ~Ian. 

Th~ Enforceillent 
loads. the external 

Orde~ prescribes the 
forces. the allouble 

stress of building materials necessary for 
structural calculation. and also the me~hods 
of calculation that are necessary for struc
tural safety In accdrdance with the height 
and structure of buildings. 

Reg~rding the struct~ral calculat;on. \0 
cofirm structural safety. at least five 
kinds of loads and external forces must be 
checked. naCiely, fixed load. 'Imposed load. 
sno, load.' .ind force an~ seismic force. 

Values of allo,able stress are provided 
ror the comDon ~aterials such as timber. 
steel. concrete. etc. Dual a 110 ubI e stress 
systell is 'adopted. nuely. allowable stress 
for permanent loads and allol1able stress for 
temporary loads ·are provided. 

Values of allo~able stress ror permanent 
loads are half to one third of ultimate 
stress of materials. values of allol1able 
stress for temporary loads are equivalent 
to yield levei or elastic limit of ma
terials. 

The stress generated in each of the el
ements by the cocblnatlons of loads and 
external forces. does not exceed the allolj-
able stress. 



The coebinations of loads and elternal 
forces are shown in table 1. 

Regarding seismic design. adding to the 
allowable design method. lie,itations on 
story ~rift. rigidity factor. eccentricity 
factor and ultie~te lateral shear strength 
of each story are provided. 

As for fire prevention. the codes stipu
late that roofs and external walls of build
ings In a specified area be ~ade fire 
preventive construction. that departillent 
stores and other buildings for special use 
be lade fireproof construction. and that 
fire cOlpartlents be created in large scale 
buildings according to a specified floor 
space. Standards for eAergency facilities. 
including hallways. staircases. sloke-exhaust 
equ'iplent. etc. are also stlpui"ated. 

To secure sanitation. the codes lay down 
standards for natural lighting and ventila
tion of rools. structure of lavatories. 
structure of elevators and e~calators. etc. 

1. 3. 3 Zoning codes 

The zoning codes prescribe relationship 
betleen sites and roads. land use designated 
districts. ratio of total floor area to site 
area. belght of a building. restrictions on 
buildings in fire protection districts. etc. 

2. HISTORY OF BUILDI~G RESTRICTION OF JAPAN 

2.1 Before Building Standard Law 

With the end of the Edo Period and the 
Meljl Restoration. Japan set the course for 
a lodern nation. Abolishing tbe Insulation 
policy of tbe Edo Era. tbe nelly establlsbed 
Meljl governlent carried out various meas
ures to open the country and catch up vitb 
lestern advanced nations. 

Along tbem was restructuring tbe capita1 
city of Tokyo. At that tile. liIost,houses in 
Tokyo were of wooden construction and. 
therefore vulnerable to disasters. espe
cially fires. The government took various 
steps to lake housing In Tokyo fireproof and 
renovate tbe old urban structure In Tokyo. 

One of tbe initial actions was the "Ginza 
Brick 'Construction PrograA" in the ,ake of 
the 1872 large fire in Ginza. The program 
was designed to lake housing in Glnza flre~ 

resistant through the brick construction 
introduced frol Western Europe and to re
consruct streets. 

In the further effort for full'-fledged 
restruction of Tokyo. Tokyo City and Ward 
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Revision Ordinance. the rirst city plann
ing legislation in Japan. was enforced in 
1888. 

Meanllhile. in 1886. prefectural govern
mGnts which have ports established regula
tions on hygiene of Nagaya apartment houses 
against the background of the spread of 
infectious diseases. such as cholera. 

Around 1900. bui Iding 
hygiene and flreproofness 
lany prefectures. 

restrictions on 
were set up in 

In these restrictions. there 'ere few 
structural, regulat Ions. 

With the outbreak of World War,l. the 
Japanese econo.y lade outstanding progress. 
causing concentration of the population:and 
industries in urban 
necessary to establish 
building regulat[ons 
than Tokyo. 

areas and making it 
urban planning and 

In big cities' other 

In 1919. CI ty Planning Law and Urban 
Building La, was enacted, f6r SiK major 
cities. The two lals served as the starting 
point of iodern building regulations in 
Japan. 

The tuo [.11'5 provided for such systels 
as build[ng lines regulations and zoning 
systels. They also stipulated standards for 
buildings In terls of fireproofness. safety 
in structural strength. and guarantee of 
hygiene. 

Regarding structural safety. the codes 
laid down the standards for detailed struc
ture on wooden construction. masonry con
struction. steel-rrne, construction. rein
forced concrete construction and no rein
forcing bar construction and structural 
calculation .. Fixed load and ilposed load 
vere provided in regulations of structural 
calculation. 

In accordance ,ith progress in con
struction technology. and econolic and In
dustrial growth. Urban Building Law under
went several revisions. In 1923. the Great 
Kanto Earthquake rocked the Kanto Area. 
destroylnga huge nUlber of buildings. Fires 
caused by the earthquake, burned do,n ~ooden 
houges in· the region. ki 11 ing more than 
[00.000 peopl e. 

In reflection on the massive damage. 
Urban Building La' set up seismic force and 
ude it oblig8toryto calculate the seismic 
strength of building. Regulations on safety 
of buildings in Japanese legislation have 
since centered on fireproofness and earth
qua ke-proofness. 



In the 1930s. the Japanese econolllY was 
subject to the military policy. As a result. 
building restrictions through Urban Build
ing Law were suspended in 1943. excepting 
sOllie on fire-proofness. and the ,ar-tlllle 
standards on building structures were estab
I ished to conserve goods and materials. 

After the World War D. Urban Building 
Law was restored. But In accordance wi th the 
enactlent of the Constitution of Japan. 
Bui Iding Standard Law was enforced. abol
ishing Urban Building Law. (Technically 
speaking. Bui Iding Standard Law was bas-
ically the extension of Urban Building 
La" Regarding structural calculations. 
revised standard of the war-tile standard 
was adopted.) 

The application area of Building Stand
ard La' is the ,hole nation. not lillted 
districts as in Urban Building Law. City 
Planning La,. a sister la, of Urban Building 
La,. remains unchanged after,the war. 

2.2 Changes in building restrictions by 
Building Standard Law 

Nearly 40 years have passed since 
Building Standard Law .as enacted in 1950. 
During the period. Japan has lIIade reillarkable 
progress in economy and building tech'nolog)'. 
And Building Standard L'u has been revised 
several tiles. Following are lajor revisions 
in the structural codes. 

The codes under,ent major revisions. 
'hile taking into account progress in build
ing technology and dalages, to buildings 
caused by earthquakes. 

The Tokachi Earthquake In 1968 inflicted 
heavy damage on reinforced concrete build
ings. considered highly earthquake-resistant. 
leading to review of earthquake-proofness of 
reinforced concrete buildings. 

As a resu I t. the 
Building Standard Lal 
of buildings ,Ith the 
ment for shearing of 
concrete buildings in 

structural· codes of 
stipulated ductiilty 

revision of reinforce
pillars of reinforced 
1971. 

At that time. the developlent of cOlllputer 
technology also proilloted structural analysis 
knowhow, Through cOlllputerlzed seisillic analy
sis. construction technology of hlghrlse 
buildings was developed around 1970. 

Against the background of these factors. 
the Ministry of Construction led the devel
opment project for new seismic design lethod 
frol 1972 to 1977 with a viel to thorough
going revisions of seismic design method in 
Building' Standard Ln. 
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In 1978. the Miyagikenoki Earthquake 
caused eKlensive duage to buildings. making 
it urgent to revise seismic design method in 
the law, 

And in 1981. the drastic revision took 
effect ,ith dynaillic considerations on sel's
lIIic calcuiation. For instance. the seismic 
force. which bad been set at more than 0.2 
of seislllic coefficient. was fixed in accord
ance with natural periods of buildings, The 
revision also called for tlo-stage designing 
-designing against the seislic force equiva
lent to self weight of a building. in addi
tion to the conventional aliowable stress 
designinl against seiSlic force of 20% of 
the self ,eight of the building. Moreover. 
retained uitilllate lateral shear strength was 
to be calculated with consideration for duc
tility of a building. not allowable stress, 

Revisions and addition have been lIIade to 
standards for detailed structure in accord
ance with prOlress In structural iaterials. 
such as steei products. and development of 
new structuralforlllS. including .ood frallie 
construct ion. 

3. OUTLINE OF SEISMIC DESIGN AND ITS HiSTORY 

3.1 Rlstory of seislllic design method 

After the Melji Restoration in 1868. the 
governlent abandoned the 230 year isolation 
frolll foreign countries and ~esu.ed overseas 
trade .. The lovernillent invited lany research
ers. scientists and engineers to Jipan in 
order to develop Japanese' Industries as well 
as to absorb Western culture as soon as 
possible. 

Tbe IlIIperlal University of Technology 
liS founded In 1877. Education of building 
enll~eerlnl started then. 

The Yokohna Eartbquake (101-5.4) occurred 
In 1880 and caused loderate dalale. The 
earthquake .as not very severe. but ,as 
stronl enoulh to frllhten resident research
ers frolll overseas countries. In the same 
year the Selsillololical Society of Japan .as 
founded by the effort of Dr. John lIIi Ine .ho 
,as a lIIineralogist frol England. 

The 
(A I J) 

Archl tectural 
liS founded In 

Institute 
1886. 

of Japan 

in 1891. the Nobl Earthquake (101-7.9) 'oc
curred and caused very severe dalage. In the 
nelt year(1892) the Earthquake Invesligation 
COlllllttee was founded and research on seis
lology ,as accelerated. Tbe San Francisco 
Earthquake (101-8.3) occurred in 1906. in 1914 
Rlkl Sano proposed the concept of seismic 



coefficient. 

The 1923 Great Kanto Earthquake occurred 
near Tokyo and ki lied more tha~ one 100.000 
people. Most of the deaths occurred because 
of the fires which spread after the earth
quake. Nen year (1924). one article was 
supplemented into Urban Building Law which 
had been already enforced at that time. The 
article says.' -Horizontal seinic coeffi
c ient shall be more than 0.1.- That lIIeans 
each building· shall be designed and const
ructed so that it can resist a lateral force 
of at least 10 ~ of its weight. In 1925 the 
Earthquake Investigation Coa.ittee was re
chartered as the Earthquake Research Insti
t ute. 

After the adoption into law of the horl
zonial seismic coefficient. aany researcbers 
tried to develop a practical ~ethod for cal
culating stresses in the structure caused by 
seiseic forces. There were only a fe' engi
neers ~ho could analyze the stresses of 
a structure subjected to the horizontal 
forces. In 1933. the year when Sanrlkuokl 
(M-8.4) and Long Beach (M-6.25) earthquakes 
occurred. Klyoshi Muto proposed the well
knotn Muto' s D value ,"ethod -to solve this 
proble;. 

There had been only one allo,able stress 
for each ~aterlal which corresponded to 
allo'able stress for per~anent load or about 
one-third of the yield level of the iaterial. 
During the World War I I. because of the 
shortage of construction materials. a dual 
allowable stress system was introduced Into 
Japan. That Is. tbe stress caused by perl8-
nent loads vas to be less than tbe allowable 
stress for perIDanent loads. and tbe stress 
frolll teGporarY loads was to be less than the 
allowable stresses for temporary loads. 

In 1950. after the Viorld liar [I. Build[ng 
Standard Lav and its enforcement order re
placed the old regulations. At that tile the 
horizontal seluJic coeffl,clent becne 0.2 
and the allovable stress for tesporary loads 
beca~e t,lce the allowable stress which had 
been used. 

The height lliJitatlon of buildings had 
been 31 ~eters or about 100 feet since adop
tion of Urban Building La,. The objective 
of the.helght 11~ltation was to restrict 
the volune of the bu'ldings In urban area. 
[n 1963 the 11191'dtlon us abolished. In 
19U. the !lll.sata ~arthquakeOia7. 5) occurred 
• hlch caused the tilting of buildings 
because of liquefaction of saturated sand. 
In 1968. \(asuliligasekl Building. the first 
hlghrlse building In Japan. ~as cospleted. 

Arter the San Fernando Earthquake (M a 6.4) 
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in 1971. a five year national research proj
ect for estabtishlng a net seismic design 
method was carried out from 1972 to 1977 by 
the Ministry of Construction. with the co
operation of the Building Research Institute, 
Publ ic Works Research Inst i tute. univer
sities. private companies and many other 
organiZations. The new seismic design method 
was proposed in 1977. 

In 1978. the Miyagikenoki Earthquake 
(M a 7.5) hi t the Sendai area and its occur
rence accelerated adOPtion of the new 
seismic designlethod. The new seismic design 
lethod. 'hich had already been proposed. was 
reviewed and evaluated for use as a prac
tical design lethod. The new seismic design 
aethod has been Included in Building 
Standard Law Enforcement Order. Notifi-
cations by the Minister of Construction. 
etc. which constitute the current seismic 
design code since 198\. Though the code 
introduced lOst of up-to-date knowledge of 
earthquake eng[neerlng. there still remain 
many Itels to be improvedas the damage 
by the Mellco Earthquake In 1985 (M-8. I) 
suggested. 

3.2 Outline of the current seinic design 
code 

The purpose of the current seismic design 
code is that buildings should withstand 
moderate earthquake lotions ,ith almost no 
dalage. and should not collapse nor harm 
hUlan lives during severe earthquake mo
tions. In order to satisfy the purpose. 
buildings are to be designed using one or 
iore of thefollorlng design procedures. 

I) Structural requlrelents : Buildings shall 
leet the relevant structural requirements 
specified by Bulld!"g Standard Law En
forcnent' Order. Notifications of the 
Minister of Construction. Specifications of 
the Architectural [nstltute of Japan .. ~tc. 

2) Stresses: The stresses caused by the 
lateral seismic shear for moderate earth
quake lotions shall not exceed the allowable 
stresses for te,porary loads. 

3) Story drift: The drift of each story of 
the building caused by the lateral seismic 
shear for moderate earthquake motions shall 
not exceed 1/200 of the story he i IIhl. Th is 
can be Increased to 1/120. If nonstructural 
lelbers IIII have no severe damage at the 
Increased story drift . 

4) Eccentricity. stiffness. etc.: The stiff
ness eccentricity Re(see note of Table 3) of 
each story· aha II be less than 0.15. The I a t
eral stiffness ratio Rs(see note of Table 4) 
of each story shall be greater than 0.6. 



5) Ultimate lateral shear strength: 
The ultimate lateral shear strength of each 
story shall not be less than the specified 
ultimate lateral shear. 

The above design procedures are applied 
to eac'h bu(lding ,according to ,i ts structural 
type. floor area, height, etc. 

The .Iateral seislllic shear QI of i-th 
storY is determined by 

Q i = C i Wi (1) 

,here Ci is 
efficient of 

the lateral selslic shea~ co
the i-th story and Wi is the 

weight of the building above the, i-th story. 

Lateral seismic shear coefficient of the 
i-tb story is given by 

C I • Z R t A i Co 

.here Z is the sei.slic hazard ~onlng co
eJficient(Flg.I), Rt is the 'design spectral 
co e r fie i en t ( Fig. 2 ), and . AiLs t he la t era I 
'shear di s t r i but'i on factor ('n Sn. The stand-

• ,I •• 

'ard sh.ear coefficient Co, is 0.2 for loderate 
earthquake 1II0tions and I.] f~r severe earth-
qua k e II 0 t ,i O."..S. • 

For bu i Idj ngs higher, than 31 I" ,or ',i th 
irregularities exceeding the specified lil
I ts, the calculated ultllate lateral shear 
strength of each sto r.r . us t not- be' less than 
~he s~~cified uitimate'lateral shear Qun ~ 

Qun = Ds Fes Q . ( 3,) 

,here Ds is the structural coefficient, Fes 
is. the shape f a ~ tor , and QI s the s h ea,r . for 
severe earthquake. lotions 'h.lch.ls given by 
Eqs. (1) and (2) I e't t i ng Co • 1. O .. , 

The S t r u c t u r a, I c.o e ff I c len t D s ,Is de t e r-
lined by the energy absorbing capae! ty ,of 
the structure (Table 2). The shape factor 

. Fe sis the pro due t oJ the fa c tor, Fe (Ta b 1 e 3) 
and the factor Fs (Table 4'). " 

3;3 Opin)ons on current seislic design code 

3.3.1 Favorable opin~ons 

Generally speaking,(~~ curre~t seislic 
~esign code has been favorably accepted by 
iost engineers, I13lnly be'cause or the,f~l-
10.lng reasons: 

<D Architects as ,ell a se n lin e e r s" h a v e 
cOle to rec6gn1ze the i.porlance of ~t,uc~ 
tural planning and many buildings have been 
designed so they are in good~st~uctural 
balance., 
(2) Many bu i Id i ngs have been desllned,. con-
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sidering not only strength but also duct.i I
i t y , be c a use at, 0 s t e p de si g n. i. e '. , a I I ow
able stress design and ultimate strength 
design, has been· introduced, 

3.3.2 Unfavorable opinions, 

In spite of the above favorable opinions 
on the current design code, . there are sev
eral demeri ts or items to be illproved as 
follows: 

.,A. Shape factor Fes; 

<D In order to satisfy the requirements 
related to. the shape factor, engineers 'are 
apt.to intentionally elililinate shear ,ails 
and braces .hich have been proven to be very 
effectIve against earthquake mo~ions., 

(2) 1ft he r e qui rei e n t for s li rr n e S5 e c c en -
tricity Re Is not satlsfied,·the "ult'llI3te 
lateral shear strength should not merely be 
increased but should be increased so that 
the torsional' vibrati'on 'ill be reduced. 

.CD ' ·Current 'procedure for est illating , Fes 
doe s not see ItO "r e r I e c t t h.e rea I. be h a v io r 
of bulldinlS. Fes. s'ould bedet,ermined not 
on·ly by the el,asUc'stiffness but a'iso by 
the behavior after yielding. 

<!)" E val u a t i n'g 5t iff n e s S 0 f part i. t ion WI I I s 
and othe,r nonstructur.al 'lIellibers ,.lis 'ver)' 
d·i fficul t, ,so thatFes est il8'ted using 'such 
s t i r In e s s 18 Y no t ,i n d i cat e 'r e al c h'ar act e r
istics of tbe buildings . 

(5) In·. order. to' only satis'fy the. require
lents lor stiffness eccentricity ·and for 
lateral stiffness ratio, engineers are apt 
to. u nne c e s sa r I I yin c rea se s' iz e s .0 f col u. n s . 

" 

® I n order to control· .the .st i,(fness; . s I,i t S 

along colulns and walls are often provided, 
,hlch 181 not Ilprove the total' behavior'. of 
the building . 

B, S t r.u c t u ra I· co e rr iei en t· D s : 

.<0 Ultil8.te latera'l sh.ear strength isonly 
evalua'ted as the sue of. late~ral strength of 

,colullnsi" walls, braces, etc. The deforma-
.tlon at 'h,lcb the.latera!..strength is at-
tained, ho,ever ... shou·la be considered.' 

(2) Structural. beha.vlor of·' the building can 
not ·be expressed only by the unique, value of 
D s. 

. <ID Ds is ev,a luated a.t each s tory~. bu tit 
should, be evaluated. as .. ' a' ,un·ique value for 
the building" considering tlle'total behavior 
of the bul.ldlng',· ' .. 



Cil The 'I)' to deterline the structural co
efficient Os depends lainly on analyses for 
single degree of freedol sY5tels. Therefore 
Os evaluated by the current lethod does not 
necessarily express tbe real bebavior of 
buiidings which should be r~garded as multi 
degree of freedol systels. 

C. Other i teu: 

aD The seismic bazard zoning coefficient Z 
ranges bet,een 1.0 and 0.1 It does not 
sufficiently reflect selsllclty in Japan 
,bicb seels to be lore diversified. 

<2> ·Not included Is the Ilportance factor 
,bicb is considered In lost selsllc regula
tions in tbe ,orld. eTbe factor sbould be 
inc I uded. 

(3) Regulations for substructure are not 
sufficiently provided. cOlpared to super 
structure. 

Cil Dauie by earthquakes sbon that non
s-tructural lubers. building equlpunt. fur
n i ture" fences. etc. IU be lore bazardous 
tban lain structure ,bicb Is already de
signed against eartbquakes. Tberefore lore 
provisions for nonstTuctural Ite~s sbould be 
provided. 

(5) Consideration < of dynulc bebavlor of 
buildings is -ull covered In tbe code. but 
nonlinear bebavior of structures ~fter 

yielding is not sufficientlY covered. 

$ Dynuic analysis/design letbod. e.g .• 
lodal an~lysis and tile bistory analysis. 
sbould be included. 

CD 'In tbe case of extension for old build
ings. there is difficulty In satisfying tbe 
current requirelents. 

D. Overall concept: 

In addition to tbe above cOllents. tbere 
seels to be a lore crucial ~oint concerning 
tbe overall concept for tbe current design 
code. Tha-t is "Tbe cu-rrent des Ign code bas 
stipulated too'lucb in detail." Tbls bap
pened i~ spite of tbe fact tbat at tbe 
beginning stage· of drafting tbe current code 
it ,as conlirled tbat design phllosopby 
shouid be clarified. and design detail 
should-not be specified In tbe code so tbat 
it could be deterllned by eacb engineer. 
SOle related opinions are as folio,s: 

aD Regulations in detail uke lOst engl-
-neers just fo110, the stipulated design pro
cedures ,Ithout - considering the overall 
structural design. Many engineers are apt 
to rely too luch on cOlputer prograls ,blch 
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can bandle any design routes from the begin
ning to tbe end of the structural design 
,ithout lan-machine interaction. 

<2> Factors such as Ai. Os. and Fes should 
not b~ specified in the code but be appro
priately deter.lned by engineers. 

<3> An Ideal case may be tbat the code 
should only ,clarify the criteria of prob
ability of dalage by earthquakes and experts 
on structural designing 'ould then just 
report to building officials that the cri
teria Is satisfied. in order to get building 
peril t. 

~ Current desisn procedures require much 
lore tile for designing buildings and also 
for checking doculents for building permit 
than tbe previous code. 

3.3.3 Closure 

. Tbe current selslle design code. 'hic~ is 
often called" the new selSlic d'esign lIIethod. 
bas been ~nforced since 1981 and has be~n 
accepted favorably by lany engineers ~nd 

building officials. The above mentioned 
opinions. bouver. indic-ate _ lany useful 
sugseatlons not only to ilprove the current 
code In Japan but also to consider in de
veloping ~e, codes in ot'er countries. 

1. OUTLINE OF WIND-RESISTANT DESIGN AND ITS 
HISTORY 

(. L HistorY of ,Ind-resistant regulation 

In 1886. tbe Architectural' Institute of 
Japan (AIJ) 'as founded. In 1890 .. Tatsuzo 

,Sone Introduced translated paper 'on 'ind
reaistant design of Elffel-To,er. In 1906. 
ilkl Sano presented paper on ,Ind force. 
Tbose ,ere tbe first papers on ,ind-resist
ant design of buildings in Japan. 

In Talsyo-Era. several typhoons struck 
Japan.and did considerable dalases to ,ooden 
buildings. Consequently SyoZO Uchida and 
otber'a,- proposed draft re'gulatlon for wooden 
buildinl8. 

Urban Building La,. ,blch had been 
already enforced at that tile. bad structural 
calculation regulation.· But it didn' t have 
'Ind.for~~ regulation. 

Because of dalages by typhoon. wind 
torce re.ulation ,a~ provided as folio's in 
Enforcelent Reg~lation of Urban Buildins·Law 
of Tokyo. 
,Ind force 

15kg/nf 
100kg/nf 

(h~ 61) 
(h> &I) 

(,here h: height 
from ,-round) 



In 1934. the Muroto Typhoon. 'hich had 
the largest magnitude. struck Kansai dis
trict. western part of Japan. A lot of 
bui Idings suffered very severe damages. and 
ther~ were heavy casualties. These dalages 
p~o~olid reseach on wind-resistant design 
of buildings. 

Yosikatsu Tsuboi. Kiyosi Muto and others 
introduced foreign research papers on wind
resistant design. Hantaro Hagaoka"who was a 
famous physicist criticized ,ind-resistant 
design method of buildings. 

Japan-China War occurred In 1937. and 
Japan becale under ,ar codition. 

AIJ proposed draft standard of structural 
calculation for steel structures. In this 
d.rart standard. wind force reg'ulation was 
provided as fol~ows. 

It'=CXqXA 
W wind force (kg) 
C coefficient of .ind force 
q velocity-presser (kg/ •• 2 ) 

he ig h t q . for b u i I din g' 
h:;; 1511 100 

151<h:i!3011 130 
30.< h:i! 50m 160 
50m< h 200 

where A ac t i on area (nO 

for to.er 
200 
260 
320 
400 

h height frol ground (a) 

Our i n g the II' 0 rid \fa rD. Y,o s b I r 0 fa n i g u c b i 
researched into wind resistant design of 

'h an g e r 5 for air p I an e s: 

Because of the shortage ~( construction 
lllateriais. war-time standards on. building 
structure las provided. I~ this stand~rds. 

wind force las as follows. 

q 

h 
velocity-presser (kg/ •• 2 ) 

heigbtfroll ground (.) 

After the World War D. Japan Standard 
3001. which las the regulation of structural 
calculation and was, revised standard of 
, a r - till est and a rd. wa s pro v i.d e d. In, t his 
s tan dar d. vel 0 cit y p res s e r q bee aile 60 r h. 

Building Standard La, .as provided, 
instead of Urban Building Law. in 1950. 
Japan Standard 3001 las adopted' as 1he 
regulation of structural calculation in 
Building Standard La. Enforce.ent Order. 

Notification by the Minister of Con
struction on reduction coefficient for 'Ind 
force las provided in 1952. 

AIJ proposed "Technical Recommendation 
for Hi g h r i s e Building" in 1964. 'In this 
reconendation. velocity-presser q was p,ro-
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vided nearly equivalent to 120'rh, This 
recoillendation ,as not compulsory, 

Research on dynamic effect of wind had 
been done. "Draft Standard of Loads for 
Buildings". which was proposed by AIJ in 
1975. presented data for 'dynamic effect of 
,i nd. 

The 
t ion 0 f 
Order 

regulations of s·tr'uctural cal'cula
Building Standard La' Enforcement 

,as revised in 1981. At that tile. 
velocl ty-presser q was revi sed as follows. 
q = 60 rh (h li!i 16m) 

120'rb (b :> 161 ) 

In 1981. All proposed' " Recollllllendat ion of 
Loads for Bui Idings". in which dynnic effect 
of ,ind and statistics ,ere introduced. This 
reco •• endation also was not cOlpulsory. 

4. 2 Pre sen t r e 8 u I a t ion 0 f ,i n.d for c e 

L 2. I Regulation of Bui Iding Standard Law 
Enforcement Order 

Th~ regulation of structural calculaiion 
of Building Standard La, Enforcement Order 
adopts allowable stress method, Concerning 
the wind resistant design. the regulation 
says that the stress caused by the com
'bination of permanent stresses and temporary 
stress by ,ind force shall be less [han the 
allowable stresses for temporary load. The 
allo'able stresses for tesporary load are 
equivalent to yield level or elastic limit 
of IIterials. 

!find fo rc e, Is provided as follows, 

P C x q x A 
P ,Ind force, (kg) 
C coeff i c i en t of 'ind force 
q velocity-presser (kg/11 2 ) 

q = 60 rh ( h li!i 16! ) 

120'rh ( h > 1611 ) 

A act Ion area (nO 

4. 2. 2 "Recollendat ion of Wind Force for 
Buildings" by AIJ 

Regarding the 'ind force. "Rec01lllllendat ion 
of Loads for Buildings" by AIJ says as 
fo II 011 S. 

P q x 
p 

C, x ar XA 
,I nd force (kg) 

q velocity-presser (kg/11 2 ) 

Cr 
a, 
A 

coefficient of lind force 
gust influence coefficient 
action.area (nn 

,here 
q (1/2)2" P" V,2 

p density of air 
V' ; design wind velocity 



v: = vil . E • R 
V0 ; normal ~ind velocity 

see fig.4 (mean return period 
of 50 years) 

E wind velocity distribution 
coefficient 
see table 5. 

R return period conversion 
coefficient of wind velocily 

R'· 0.51-0. 1010g. (log. (t/(t-.I))J 
: return period 

Cr is 'g'iven by wind tunnel le,st. 
Gr is given from table 6 or 

by precise analysis. 

(. 3 Opinions on current 'lind resistant 
des i gn code 

4 . 3. lOp i n i on s 

Opinions on current ~ind resistant design 
code are as follows. 

CD Currerit wind resistant design code, is 
pro v ide d for t he b u i I din is, are a 0 f .. hie b 
exposed to wind are comparatively sma.!l. and 
r'igidity of which are cOlparatively high. 
Conside~alion to dynamic effect of 'ind is 
necessary for buildings, area of which ex-

posed to wind are large. and rigidity of 
which are low. 

® Currenlwind resistant design code. is 
provided unifor.ly fo'r allover country, and 
isn't based upon statistic data,. and the 
roughness of th~ ground of Ih. conslructio~ 
site of building isn't consi'de'~ed.' 

@ F'orlilula 'of velocity pressure' changes a,t 
height qf I~m. That is irrational, 

@ A 1.t hough d nage s of substructure by 
strong wind were larger than super-st.ruclure 
regulat i'on's for substru'ct,ure are- not su,f
fieLently provided. 

qv. Current wind resistant design code is 
based on the allowatU e st ress me t hod, bu lit 
i s nee e s s a r,y to inc Iud e f a I i g u e 'd e s i g n. 
defonation design, rigidity design, etc. 

4. 3. 2 C 10 s,u r e 

Current lind resistant design code ~s 

provided ba~icalIY, forty year~ ag~ and have 
not adopted"results of later studies. It is 
necessary to introduce res~nt studies of 
wind force in code. 

Table 1 Combination of stresses for structural calculation 

Kind of Stress Conditions estimable General case Case of heavy 
regarding loads and snow district 
external forces 

Permanent stress Normal time G+P G+P+S 

Temporary stress Snow season G+P+S G+P+S 

Storlll G+P+W ,G+P+S+W 

Earthquake G+P+K G+P+S+K 

where, G,P,S,W and K represent respectively the followings,tresses 
(stresses combined of axial stress,bending monent,$hear and others): 

G stresses caused by fixed load 
P stresses caused by imposed load 
S stresses, caused by snow load 
W : stresses caused by wind force 
K: stresses, caused by seismic force 
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Table 2 Structural Coefficient OSl!! 

Type of Frame 

Behavior of (1) OucH le (2) frame other than (3) (1(1 

Members lIIIoment frame I isted in (1) .& (3) 
A. Members of 0.3 0.35 0.4 
excellent ductility 

B. Members of 0.35 0.4 0.45 
good ductility 

C. Members of 0.4 0.45 0.5 
faj r duct i li ty 

D. Members of 0.45 0.5 0.55 
poor ductility 

III Values can .be decreased by 0.05 for steel encased reinforced concrete 
buildings and for steel buildings. 

ICI* Frame with shear walls or braces for reinforced concrete and steel encased 
reinforced concrete buildings, and frame with compressive braces for steei 
buildings. 

Table 3 Shape Factor Fe and Stiffness Eccentricity Re 

Fe 

Kess than 0.15 1.0 

0.15 ~ Re ~ 0.3 1 inear interJl)olatfion 

more than 0'.3 1.5 

'* Re =e/re 
where e is the. eccentricity of the center of 
stiffness from the center of mass, and re is the 
elastic radius. i. e. square root of the torsioillal 
stiffness divided by the lateral stiffness. 

Tab!e 4 Shape factor Fs and Lateral Stiffness Ratio lRs 

Rslt! Fs 

more than 0.6 1.0 

0.3 ~ Rs ~ 0.6 linear interpolation 

ness than 0.3 1.5 

I) IRs = 11"/ if 
where r is the lateral stiffness. which is defined 
as the value of the story height divnded iby the 
story drift caused by the lateran sensmnc shear forr 
moderate eaD"thquake motions •. and! f is the mean 
value of r. 
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Height 

Table 5 (a) Class of roughness of ground surface . 
Class of roughness Condition.of ground surface near the construction 
of ground surface si te of the building 

flat ground with almost no obstacles 

IT district with some obstacles like crops or 
with thin trees and low rise buildings 

m district with dense trees and low buildings or 
with thin middle or high rise buildings 

IV district wi th dense lIIiddle or high rise buildings 

Table 5 (b) Distribution coeficient E 

Class of roughness 
of ground surface I IT m 

from ground 

Z:ii Zb' 1.12 1 0.87 

Zb <Z~ZG 1.20 (ZllO) o. I (ZllO)o' 15 0.80 (ZllQ) o. z 

Z, < Z 1.62 

Table 5 (c) Zb , Z, 

Class of roughness of I IT m 
ground surface 

ZI> 5 1 0 1 5 

ZG 200 250 350 

Table 6 Gust influence coefficient (}, 

Class of roughness G f 
of ground surface 

I 2.1 
IT 2.2 
m 2.4" 
~ 2.8 
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N 

0.72 

0.52 (ZllO) o. a 

N 

3 0 

450 
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Fig. 3 Lateral Shear 
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fig. 2 Design Spectral Coefficient, Rt 

Soli Profile Type 3 
(Soft) 

Soli Prome Type 2 
(Medium) 

Soli Profile Type 1 
(Hard) 

Through the precise analysis of the structure, the foundation, 
the soil, etc •• the value of Rt can be reduced to 0.75 of the 
value given by this figure. But the value shall not be less 
than 0.25. " 
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Development and Enforcement of U.s. Building Regulations 

by 

Jares G. Gross arrl Richard N. Wrigptl 
:'. 

u. S. practices for deVe10pIerit arrl 
eriforcemmt of building starrlarcls arrl 
codes are described for the guidan::e of 

'those' ~ 'seek to develop' or apply 
'inproved building prcd.lcts or practices. 
Tren::Is, such as mitigation of effects of 
natural hazards, conservation oferergy, 
'waterarrl 'envirorment; arrl efforts to 
reduce barriers to bemficial, i.nriJva.t::i.a 
or trade, lead to demarrls for changes in 
lidlding prcd.lcts arrl practices. 

Urrlerstarxting of 'the U. S . building 
regUlatory' systan arrl the roles 'of 
participating organizations is' essential 
'tb int:ioduction of reW produCts or 
practices aid to !Dprovemmtof the 
building regulatory system. ' 

~ : Accreditation; Building; 
Building Code; 'Certification; 'ProdUct 
Approval; Regulation; Starrlard. 
. ~ - . 

1. BUTIDmi AND' BUIIDmi RmJIATICNS 

1. i Introduction' 

Historically, building regula.tions were 
created am" enfol:ciid to satisfy ,the 
objectives of protecting the 'heldt" a-rl 
"Safety" 'of building' occUpants ' arrl the 
public in get'Eral' [1]. In recent years, 
a third objectiVe '~lfare"" has " been 
c:idcIed' 'am has 'received ircrM.sed 
enphasis. F\.trtheIJD)re, during recent 
Years, bUilding regulations havebeOOre 
IIDre st:ririgent. ' New: provi..sUn; ~ 00a1 
added, 'with' Vel:y _few' deletiOns. 
Fmorcemmt of IIDre st:ringEint regilatim; 
raIsescoreerns for adverse effects on 
tne' Cost 'of builcling~t:ruCtion [2]. 

The, ~titution of 1::he United States 
1Mves~ 'authority to regu1.ate ~ 
design arrl construction to the, sta~. ' 
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In the past, this authority usually has 
been exercised by political juris1:i.ct::ims 
at the local level, such as cities ,and 
crunties. Recently, there has been a 
broad IlDV'SIlEIlt by the in::Iividual states, 
as described in section 2, to reclaim 
~rity for the' ,deVelop:oont and 
~lE:m:mtation of, statewide building 
codes. International efforts tD in:reage 

trade in building products arrl services 
seek elimination of use of starrlards arrl 
certification systems as barriers to 
,international trade, byre5tablishing a 
frauework of camPn rules: [3]. ~ are 
expected to lead to international 
hanoonization of building starrlards, 
regulations, product approval systems, 
and 'requirements for professional 
licensing. These efforts are likely to 
require ~ in U. S. Wilding 
regulations arrl regulatory practices. 

niis paper begins with a description of 
the building process, its pI"ireipal 
actors, arrl the role of Stan:lards in the 
building regulatory systan arrl in the 
building process. Interfaces betwsen tie 
b.dldlng regulatory systan am the 
building process are described. 
TeChnical and policy trerds leading to 
changes in building regulations arrl 
regulatory processes are mted. 

1.2 Building Process 

Asinplified, schimitic diagram of the 
building process is sh::Ml in figure 1. 
The early p-w;es, feasibility study am 
program analysis, deci~ nre the 
building will be located, heM ID..ICh space 
will be provided and \ohatchara::t:erlst::ics 

1 Nationa.l, Institute of S~ ani 
Teclu"nlogy, Gaithersburg, MD 20899 



are required for the space. The 
principal actors in this activity are the 
owner and the architect. It is inplLtall: 
to obtain adequate, professiorm irpb; in 
programming. Specialists, such as the 
engineering geologist and the structural 
engineer, rrs:y guide in site select::im a-d 
in selectian of a structural scheme 1Nell 
adapted to the site canditions, 
respectively. 

'lhg design phases, sc.hsnatic design am 
design deve1.opm2nt, are con.::erned with 
the idantiflcatlon and elaboration of a 
'solution meeting the requfrements 
developed - iIi ' programning. Prireipal 
participants' in design include the <J!I"el", 

architect I structural engineer, 1JEChBn
,ieal engineer, foundation erig:ineer, etc. 

'The contracting' phase, involving 
preparation of contract doo:ments an::l 
bidding or regotiation for selecting the 
contractor, requires preparation of 
detailed working drawings and 
specifiCatiOns by the design t.ean or 
potential contractors, and the 
preparation and evaluation 'of 
contractors' offers. The construction 
phase involVes the· actUal construction 
and its review for CClJIipliance with the 
plans and 'specifications by tile ~, 
as t:h8owner' s agent, and the building 
regulatory aUthority: 

The final part of the building process, 
occupancy, has as prirlcipal actors, the 
persons using the building, and t:ln.e \\h) 

maintain or remodel it. 

1. 3 Builc1ing Regulato;y s,yst.em 

Major interactions of the bUilding 
regulatory system with the building 
process are also sb:Iwn in figure 1. The 
principal elsllents of the' building 
regulatory system are: (1) the building 
regulations denoted as ncodes," and (2) 
the regulatory agercy or agern::ies \Vhich 
enforce and'interpret the codes. 

The regulatioris speak directly to certain 
aspects of the building and the building 
process: 
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o Lm:l use, defining the natural 
am man-made envi.rormmts, 

o Design, controlling the perlar
~ of the building in the 
natural aID h.mm enviroma1ts, 

o Construction, controlling heM 
.the design, is ~lemented, am 

o Oco JPBrlCY, controlling. hCM the 
building is used,malntained, 
rE!Il:ldeled, or I'eIJDVeCl. ' 

The. usual . int:eracti~ of .. the· building 
regulatory System am , the' building 
process are shown in fi&D:e 1. 'nE.arls 
themselves are referred to bY the 
pl.arnrrs am designers during the 
programdng am design stages to assure 
that these regulations are cooplied with. 
The building regulatory system reviews 
the plBming am deSign litbm appropriate 
docurents describirig the designer's 
Corx:.eption are made available to. ,the 
building regulatory system. This 
interaction is demted "plan review" in 
figure 1. FolloWing approval, after atrj 
necessary. modifications, fie,ld 
enforcement by the building 'regulatory 
system pramtes cmpliance _ with, ~ 
design dUring construction. ' A' view of 
interactions am roles in the building 
regulatory system is slnm. in figure 2. 

1.4 ~'of Mlding Regulation 

standards ard codes may beei~r 
performance or. prescriptive in nature 
[~l . A performance starrlard' expresseS 
the desired at:t:rib.ltes of. the prciduct or 
process in question: Brrj.scheoe ~ch 
results in' achievement . of theSe 
attributes meets the. stBrrlard. This 
apprqach pramtes econ:my am '~tion 
s:iree it fOcuses on the users' 
reqi.drem:mts. A prescriptive ,stmrlard is 
a ~ific definition of an accePtable 
process . or product. The desired 
attributes often are unstated:· the 
proCess or prochlc't may uieetthe standard 
but IIiay not meet the tJSers' neEids'. 
PrescriptiVe st.!n'rlaids have the '~ 



that they are objective. It is 
relatively straigJttforward to evaluate 
and detennine t..hether or rot: tre st:an:Iard 
is cmplied with. However, prescriptive 
standards do not assure satisfaCtion of 
the users' needs , let a.l.one in an q>t:iIml. 
fashion. Perfonna:nce standarcls have the 
diSadvantage that it is conceptuill.y DCt"e 

diffirult to evaluate ether they are . 
caq>lied with. As in::Iicated in fi&.1re 3, 
a laboratory-type activity may be 
required to evaluate cmpli.an:E. Effi::n:ts 
have been made to stsndarize the process 
of evaluation of perfOlll!al1Ce standards 
[5). 

PerfO:tJDarX:e st:.arrlards shruld not be seen 
as the antithesis . of prescriptive 
staIrlards. BOth have' their place. 
PerfO:tJDarX:e standards are essential for 
description of desired attributes of the 
b.rl.lding. It is most meaningful to the 
user to say: "the building IlliJSt have 
less than one percent probability of 
unserviceability _ fran. earthquake per 
year. n Prescriptive st:.m:1ari:E are Uge.ful 

statements to the designer or to the 
b.rl.lder of exactly \>.hat is wanted. 
Ideally, prescriptive standards will be 
related to perfOIlll8:OCe standards so that 
the perfomance interrledis explicit. . 

land use regUlationS may be interrled for 
protection fran natural hazards or 
protection of property values. 'fre IlBjor 
elementS of lard use regulations are: 

o The general plan, which is a 
preScriptive st:.arrlard for a 
geographical area describing 

. row- land use is to develop. 

o Zoning regulations j wch 
describe the conditions for 
lan::l use for various ?JIPOses. 

. One set of zoning regulations 
may be applied to a variety of 
gereral plans. 

o Slbdivision . regulations pre
scribe in detail lIM 1srl is tD 
be USed ~ subdivided for a 
specific purpose. Applic:at::ic:n; 
of 1arid use regulations for 
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natural hazards mitigation are 
described .:I:il [6): economic 
consequences of overly 
stringent land use regulations 
are discussed' in' [2) . 

Design and construction st:a:ndards and 
codes deal with the' vartous physical 
systems of the building, such as the 
structure, mechanical systems,' plU!llb~. 
and electrical, or with speci£ic aspects 
of parfonnance such as fire safety. 
Section 2 provides a detailed c:escrlpdm 
of the dsvelopment of building codes. 
This'is representative of development of 
other standards and codss. 

Housing codes control the conditions of 
occupancy of build:ings. These codes 
generally are coocemed with ptblic 
health urrler nonnal . cooditions of use, 
rather than mitigation of natural 
hazards. 

Mobile hames, housing units built on 
pennanent chassis, are uniquely SlIDject 
to Federal building regulations. 
Originally mobile homes were considered 
to be often-transported. hcusing am 
regulated under transportation 
authorities of the various states. 
Ho\.1ever, it became CC!IlIIIlOn for a mbile 
home to be transported an1 y ,once to a 
building site Where it remained 
througJ.1out its useful li£e as l!JW2I'-than- . 
mnml cost housing. In recognition of 
their pUblic importance, Congress 
established a national system of 
regulation for mobile homes in 1974 [7]. 

Other marufactured homes are factory
built, in search of iDi>roved quality Bid 
economy, but are similar to conventional 
houses when erected on site. Effcrts are 
continuing [8] to create a regulatory 
system for factory-built housing that 
will provide a national marl<et to 
marufacturers ~le imposing consistent 
requirements on conventional and factmy-
built housing. . 

Rehabilitation of existing buil~ and 
preservation of historic build:ings pose 
special regulatory requirements. First, ' 



current building standards and codes may 
not apply to the materials snd syst:ans of 
older, existing bui1~.Second, it 
may be urd.U.y expensive to require the 
same perfollDBOCe level of existing 
bui.1d.ing1; as is required of new ones. 
Teclmical studies of the National. Bureau 
of Stardards in cooperation with the 
National Conference of States en Build:irg 
Codes Brd Stsrldards [9) led ,to the 
development of :ilIIproved teclmica1 bases 
for regulations, improved regulatory 
process, new technology and evaluation 
tools, and cost-effective decision 
met:bJds. 'Jhg National Institute of 
&.rl.1ding Sciences developed rehabili
tation guidelines [10) ireorporating this 
wot:k: these guidelines, in turn, are 
referenced in state and local building 
codes. 

Ucensing for professionaJ. services in 
the building process also is a state 
responsibility in the United States ~ 
Such licensing includes design services 
of architects and engineers, and 
licensing of contractors. Professiona1. 
licensing in the U. S. requires gnri mticm 
from an accredited, professional srademfc 
program, experience under the supervision 
of a 1 icensed professional, and 
successful 00I!ip1etion of a written 
exanination. '!he 1988 U.S. -Canada free 
trade agreement, and similar, anticipated 
agresnmts with the &1ropean Community 
[11) have caused the National Society of 
Professional E'llgineers [12), and similar 
organizations for other licensed 
professionals. to explore national 
Syst.ems for professional licensing. 

2. llUIIDIN; <DOES' 

2.1 Introduction 

There are many types of codes that fall 
into the broad category of building 
codes . The various types are te\7i.aoad in 
section 1. For purposes of illustration 
am discussion, this section will deal 
only with building codes. M'ucll of the 
discussion relativa to the dgvalopDlf!l1t 
am administration of buildirg oodes als> 
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applies to the other building-related 
codes .. 

2 . 2 StatllS 

There are now 39 states that have 
statewide building codes, in various 
forms, ~eb are iJq>lane:nted in different 
ways [13). Thirty-five are based upon 
one of three model codes, and four are 
state written. Some states allow 
entirely voluntary use at the local' 
level, w1e twenty-two others require 
IJIBIldatory usage for the entire state 
(Alabama, Alaska, California, 
ConrectiOlt, florida, Indiana, Kentucky, 
Massachusetts, Michigan, Minnesota, 
tb1tana, New Jersey, New Mexico, New 
York, North Carolina, Chio, ~ Ph:xIe 
Island, Utah, Washington, West Virginia, 
Wisconsin) . Eleven states (Arkansas, 
Idaho, Illinois, Iowa, Kansas, MaIyland, 
Mississippi, Nevada, New Haupshire, 
Oklahoma, Sooth Carolina) require 
mardatory application of the state code 
only for state build.infll. Five states 
have legi,slation urioor consideration to 
adopt statewide, codes. 

Building regulation Bl1d. enforcement have' 
been widely cited in the literature [2) 
as "adding significantly to the cost of 
building construction." The two 

principal constraints web have been 
identified Bl1d cited for increasing the 
cost of construction are: (1) same 
building codes have requirE!illE'l1tS that am 
excessive, or are so prescriptive as not 
to pennit alternate designs ~ch would 
satisfy the regulatory objective; am (2)· 
the time delay i.nvolved to carry out the 
building regulatory process. The first 
.deals primarily with the technical 
content of the building codes, am the 
second deals primarily with th2 process 
of administering building codes. 

Several national organizations have been 
folllEd to inl>rove both the code content 
and the, process for building code 
enforca:nent.' Three of these organiza
tions, are associations of building 
officials; each prarulgates a JIDdel 
building code (Le., the' Mlding 



. Officials and Code Adadnistrators 
International (BXA),' the National 
Building Code; the Southern ~ CaE 
Congress International (SBOCI) , the 
Standard Mlding Code; am. the 
International Confereree of Building 
Officials (ICBO) i . the Unifonn Building 
Code). These "m:xIel" axPs are rot, in a 
strict . sense, . a code. A code is a 
stan::lard or other set of corrlitions arrl 
requiiements Mrlch is made man:latoty by 
goverm:ent . bodies, either ~ direct 
legislation or ~ adninisttative 
regulation,' baSed on authority gnI1IEd by 
a: legislatiVe body. A m:x:Iel code is a 
stardard or" other' set of corxIitions arrl 
requitements that is recarman1ed for use 
as· a code orregulatiat It is ~ 
an1 prarulgated with the iritent that it 
be adopted for regulatory application. 

The '., Goun:il of Almrican Building 
Officials (CAPD) is a consort!un' of the 
three m:x:Iel code organ:iz.ations, with" its 
offices'in the Washington, IX:: netropol
itsn area. It praoilgates the CXle am 
Two Family ])"lelling Code an1 the Model 
Energy Code. . The CXle am Two Family 
IMelUng Code is widely used for the 
regulation of single fanily attached an1 
detached a..ellings. I t is also used by 
IDaI"o/ states as the basis for regulating 
IrPdul.ar lnIsing. Modul.at lnIsing is 
lnIsing wch is made up of prefibricatEd 
voltunetric boxes prod.ced in a 
marufacturing plant am IIlM!d to tI-e site 
nre the boxes are arranged an attah:d 
to each other so as to fonn a cooplete 
structl.lre. ." The Model Energy Code 

represents a codifIcation of tha Im!:ri.ca1 
Society of Heating, Refrigerat:1is a-d Air 
Gorrli.tioning Fngineers. (PSHRAE) st:arlm:is 
addreSsing - enargy " conservation for 
b..dlclings. It is 'Used as the basis for 
erergy conservation in the m:xhl ~. 
codes as ~ll as onSt of the states of 
the NatiOn. 

The m:x:Iel b..dlding codes cited abOve are . 
gaining in accept:sn:e' arrl use by state . 
an1 local -gaverm:ents. '. Of the 39 states 
with '. stat:e.rlde b..dlding codes, 35 are 
based on either the National, Starrlard, 
or . Unifomi. m:x:Iel codes. Tha DBjor cities 

352 

of the United States also appear to 00 
moving toward the adoptim Bfld tee of the 
three' IIDdel codes. The Association of 
Major City Building Officials (AMGBO), 
made up of the 31 cities of over 500,000 
population, reports that' 80 Percent of 
these cities txJW' usc the mxlel codes as 
the' basis for their regUlatiO'lliS, alti1ou,j1. 
IDaI"o/ of these cities amend the IOOdels. 
The m:x:Ie1 btdlding codes are not unifqtm 
iri. format, scope, or content; h:owaver , 
there is a great deal of similsrity :in 
scope arxl teclmical content. 

A rna j or advantage of model buil.c:Iirg codes 
is that each of the prom.llgating 
organ:iz.ations, BOCA, IGBO, ani SBOCl, has 
~ll or~' code revision procedures 
for keeping the riDdel CXlde up to date ad 
responsive to the latest advances in 
techrology. A ~ char"I€J9 cycle takes a 
year, so it is \ n:lCE!ssaiy for proposed 
code changes to be suh:nitted nearly a 
year ahead of the time that a final 
decision is made. to. ~ the cede. 'Ihe 
process includes b.u public hea:ringg. M: 
the first, an appointed code c.hanse.s 
camd.ttee hears testimony and stu:ti.es the 
doo.mmtation submitted with ~ p:cqxsed 
change. Following this hearing, the cede 
changes c:aunittee makes recaIIIllendations 
for approval J approval as modified, or 
disapproval. These recommandad.ons are 
plblished and distributed to the 
IIBIhership and other interested parties . 
krjore may challenge the reronrnendatians 
in writing with supporting docl.martm:ian. 
<lla.l1enges are hecird at the flnal ~ 
before the full meubership and there 
finally acted upon. Unchall~ 
I'eCallDmdations of the code ~ 
camd.ttee are autanatical1y ratified by 
the Dalbership. The model codes. are 
issued in !:heir entirety on a t:hre2-year 
cycle with supplements issued <jlldng 
interveirlng years. . . The latest ~lete 
edition is 1988 for the Standard and 
UnifODD Model Codes and 1987 for t:he .. 
National Model Code. The last COOlplete' 
!Ale arrl 1Wo Family ~lliiig Model 
M1ding Code was issued :in 1989. It, 
too, is printed on a three-year cycle .. 



2.3 Adninistration ani Fnforcanent 

The efficient application of Wilding 
regulations' requires technically sourrl" 
clear, ani correct doo rrents, ant 
efficient processes for applying these 
regulations. It is the opinion of many 
experts that the inefficient emorCE!lEllt 
of Wilding codes cont:ri1:xJtes DDre 
urD:!CeSS8.IY costs to buildings than do 
ineffectual technical constraints. The 
essential elements' of an effective 
regulatory process :irelude: 

o Clear goverrmmtal aI..1t:h>rity, 
responsibility, am accoont
ability 'with little or m 
canflict or duplication, 

o Efficient process to eliminate 
cOnflicts, oVerUips, duplica
. tion ani delays, 

o Q.Jalified' adninistrative an::! 
technical personnel, 

o Certification and training 
programs for building code 
enforCaJJeIlt perSOR1el, ani 

o Sufficient furrling to provide 
for the above. 

The building code enfOrcaJlleIlt process 
gererally includes three major steps: 

o 'Plan review and permit 
issuance, 

o Inspection d.Jring cOnstruetlm, 
arrl ' 

o Approval for occuparq an Uge. 

In additioo, activities web do rot 
affect each b.rl.lding rut am essei-dal to 
the overall b.rl.lding code adninistration 
ani· enforcanent :irelude: 

o Pre-pennit consultation, 

o Procedures for appeals, arrl 
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o Adoption ani change proca:U:es. 

These < elen:ents of, the· process, " if 
ClIlbersmely arrl inefficiently .adDin
istered, can cause excessive ccst tD lD:h 
the aPPlicant ani enfOI'CE!llElt official. .. 
Excessive tine delays in corrllct of the 
process ~fect the overall time for 
construction, ani t:hJs total c:onst:ru:ti.m 
cost. \\lUle pre-pennit consultation is 
rot a man::la.tory part of the enfOt"eEm9nt 
process, it is receiving.':irereased 
attention as an opportunity early in the 
design process to resolve differen:es:'in 
urrlerstarrling the building code require
mantsani as, a ueans to significantly 
SDDOth .out ani reduce '.the time required 
for plan revt~. , , 

A recent develOJlD'!l1t is one-stoo 
pemitting. This idea is being eJIbraced 
by, designers am. b.rl.lding ,officials alike· 
to, : siDl>lify. the, pennit ,process.' 'The 
fo'llairing benefits accrue: to the 
participants . 

o 1m applicant goes toanly one' 
location for seJ,Vices, 

CI Dupl kate requirem:mts. are 
reduced, which ,avoids 
umecessary confusion, 

o Tine is saved. by both code 
users and the building , 
department staff, ,ani, 

o User ureertainty ani IDisurdar-
stan::l:ings are recU:ed . or 
eliminated. 

In 1982, the, President's' Cannissian, on 
lbJsing Report [2] called for "develop-. 
ment. of IOOdels, of efficient b.rl.lding 
~t adninistration. appropriate, to 
various size States. " The National. 
Conferen::e of States on Building Codes 
ard ,Starrlards ~BCS), .urxler cuttl':rt tD 
the Federal Trade . CaImission, has , 
deVeloped" four IOOdeI . adninistrative 
procedures for. ef~ective· state building, 
code ,adninistration of ,residential.· 
Wildings. ,ard.a "DDdeI, one~stop. ·pennit 
processing for one ani ~ family 



dwellings. " 00)p,a; has developed DDdel 
processes for n:Jl1reSidential const:ru:t::im 
as well. 

A recent st:u::ly by the Business 
Rourrltable, arrl reported in their report 
E-l, "Mninistration arrl Fnforcamnt of 
Pcilding Codes arrl Regulations," p1'U'Jidas 
excellent backgrourrl dealing with n:Er!f of 
these issues [14]. 

3.1 Introduction 

St:arx:Iards, wch are referen::ed or 
in::orporated, provide the bases for DDSt 
of the technical requirE!lrel1ts in ~ 
codes . lrhile DDSt of these sta"I:Iards at'e 

materials specifications or testueth:xis, 
there are nmlI'9US design st:arx:lards, 
particularly structural design starrlal.'ds, 
wch are referen::ed in the codes. Many 
of these sane stan:lards are widely used 
as a basis for design contracts ard 
construction specifications as well as 
building regulations. Bera lse of this 
broad regulatory arrl contractual use, 
st:arx:lards provide the pritx:ipal vclrl.cle 
for the transfer of advaocements fran 
research in building t:ecl'n-ology. 

3.2 Stardards Used in Pcilding Codes 

There are nearly. 2,1XX) st:arx:lards 
referen::ed in U. S. building codes. A 
typical U.S. building code reiett!lu:s ]X) 

to 400 prinBIy st:arx:lards. In a National 
Bureau of St:arx:Iards report [ 15 ] these 
stardards are listed for major city arrl 
state codes. Alth:JUgh this report is 
IOOre than ten years old, tte si1:l.ladm is 
DI.ICh the sane t:odsy, with the exception 
that IIDre states arrl major cities row 
rely on the mxlel building codes. The 
codes studied :in:luded the three mxlel 
building codes (National Pcilding Code, 
Starrlard Pcilding Code, arrl Unifonn 
Pcilding Code), 20 state building codes, 
arrl the building codes of the 30 largest 
cities. 'nle starrlard referen::ed roost 
often was the Anerican Corcrete ImtibJte 
Starrlard 318, Buildi.ng Code ReguirE!lrel1ts 
for Reinforced Corcrete, wch was. 
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referenced 123 times in 36 codes. The 
second DDSt referenced standard was the 
Im!rican Institute of Steel Construction 
Specifications for the Design. 
Fabrication. ani Erection of Structural 
Steel for Buildings, which was t:efe:nrcecl 
62 times in 34 codes. Both of these 
standards are structural design 
stan:lards, which indicates the widespr:&:d 
rel:Lm::e on such standards for n=s 11 atrry 
purposes. Approximately 2,000 st:arx:lards 
were referenced by one or IIDre of the 
codes st:JJdi.ed. FUrt:her, these priIImy 
stan:lards in turn refererx:e maI'o/ 
secondary and tertiary standards. 
Carpliance with a referenced starrlard 
often is mandated by the building code. 

There is a heterogeneous array of 
stan::lards developnent organizations in 
the United States ~ in stan:lards
making activities. The standards 
referenced in. build.i.ng codes referred to 
alJOve were developed by 91 different 
organizations. 

The American Society for Testing arrl 
Materials (ASIM), the largest U.S.· 
standards organization, develops 
approximately 8,500 starrlards. Six types 
of standards are developed: "test 
methods, " "specifications," "practices," 
"terminology," "guides," and 
"classifications. " AS'IM publishes a 3-
volume carpendiun of 663 standards [16] 
specifically for building regulatmy \Be. 

3.3 Standards DevelQJl1!IDt Processes 

Most natiorial standards in the United 
States are produced t:hra.Wt a "voluntaIy 
system" made up of goverrm:m.t arrl 
industry, producers arrl consuners, 
institutions arrl individuals. 'nE systan 
is called "voluntary, " since 
participation of interested part::i.e.s is en 
a voluntary basis; am the stan:lards 
produced are available for voluntaIy use 
in ¥lding regulation:; ani in ~ 
contracts. lbm so used, cmpl..iarm with 
the standard is mandatory. 

The voluntary standards are prochJced by 
two general processes, . leading to 



lirdJstry" stan:1ards am "consensus" 
stan:1ards. "Ird..Jst:ry" standards are 
those prarulgated by a given 1rdJstry or 
inilstrial grCA..Ip. 1m:lrd1st:ry stamard 
reflects an agreaJEl1t by the· pmnllW¢i~ 
irdlstry .m:l is controlled by that 
in:hstIy. Such stan:1ards are·· often 
prodJced urner limited participation 
processes. Frequently, ~r, the 
starrlard reflects the view of SCIIe 

affected parties as well. 

"Consensus" stan:1ards are IIDSt often 
developed by standards organizations 
devoted to stan:1ards writing. Scm:! 
professional. societies am :industly tnide 
associations also. develop consensus 
standards as part of their activities 
ani, in doing, ensure the O(plI.1:lrIity fur 
broad representation am participation. 
Consensus standards reflect the view of 
all interested am careened parties. 

Due to the rigorous p~al 
requiranents am broad participation. in 
the process, consensus standards 
generally receiw the hiEJ:lest level of 
recognition by regulators am others 
:involved in the building process. They 
are mre readily accepted am used than 
are irdJstry stan:1ards developed urder 
limited participation processes. 

The I!merican National Standards Inst:ibi:e 
(ANSI) serves as the coo~tfug 00dy 
for consemus standards prod.Ded by otter 
recognized, autroritative organizations. 
It en:ourages thedevel~t of 
standards through the consensus process, 
and it is careemed with the well-being 
of the U.S. standards generating systan. 
It also coordinates U.S. activities 
re lated to international standards 
participation, particularly the 
Intemational Org;mization for Standards 
(IS) am International Electroteclmical . 
Camnission (IEr;). The principal 
criterion for An2rican National StadmE 
is the c.cn:ept of nconsensus" ~ch lIUSt 
be used ~ develop:nent. <l:Jrsen:us is 
defined by ANSI as: 

"SlbstBntial agreement reached by 
ccn::erred interests accordirg to th! 
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judgplent of, a dJ.ly appointed 
authority, after a concerted 'attBlpt 
at resolving objections. Consensus 
ilqllies IllllCh lIIDre than the concept 
of a . simple majority· but rot', 
necessarily unanimity. II 

A standards developer may beaccrcdited 
by ANSI ,to use one or lIIDre recognized 
methods of developing' evidence ,of 
consensus. These are (1) Accredited 
Organization Method, (2) AcCredite(i' 
Standards Ccmnittee Method, and (3) 
Accredited Sponsor Using Canvass Method .. 
Each of these methods is further defined 
am has as' a guiding principle the· 
developnent of consensus for approval, 
revision, reaffinnation, and withdrawal 

. of ANSI standards. .American National 
Standards are produced' under a due' 
process, .wch means that any parson, 
organization, company, goverrrnent'~" 
or in:iividual with a direct and material . 
interest has a ri!?J:1t to participate. . Ile 
process, allows for equity am fair play.' 
Hin:inun due process requirements :lnr:JUde: 

o Openness 

Participation shall be open to 
all parsons \Vho' are . directly 
and materially affected by the 
activity in question. Timely: 
and adequate notice shall be 
provided of the initiation and 
dffiIelopment ofa new standard 
or a substantively revised 
standard. 

o Balance 

The . standards development 
process shall have a balsme of 
interest and shall not be 
dominated by any single 
interest category. 

o Interest categories 

The interest categories 
appropriate to the developDEnt. 
of a consensus in' arr.! given 
standard activity are a' 
function of the nature of the. 



stan:iard being developed,but 
III.ISt :in:ltrle at least prcdrer, 
'user, arxl general interest. 

Written Procedures 

Written procedJres shall ~ 
the uethods used for' starrlards 
develOIJIElt arxl shall be 
available to any interested 
person. 

An identifiable, realistic, .nl 
'readily B;vailable appeals. 
, IlEChanism for the inpartlal 
han:ll.ing of substantive and 
proCedUral crnplaintS' III.ISt 'be 
in the written procedures. 

Notification of S~ 
DevelOIJIElt 

Stan::Iards activities shall be 
, ~ in suitablem:rl:ia, as 

appropriate, 'to da:innstrate 
prOvision of opportunity for 
partici.pation by all directly 
and materially affected 
persons. 

ConSideration of Views arrl 
Cbjections 

Pra:q:>t consideration shall be 
given to the written views arrl 
objectiOns of all participnts. 

Cons ideration of Starrlards 
'Proposals 

Pra:q:>tconsidera~on shall be 
given to propOsals for 
developing new stardards or 
revising or withdrawing 
existing starnards ~' ' 

Records 

RecOrds shall be prepared arrl 
maintained 'to provide evideral 
of crnpli.cn:e with the written 
procedures . 
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4. PRODUCI' APPROVAL 

4.1 Introduction 

Prod.Ict approval and prodJct acceptan::e 
have different ~ to different 
users. Product ,acceptance, On ,the part 
of designers, cOntractors, and mvners, 
suggests the need for assurance that the 
product will perfonn as expected urxJer 
conditions of intended use. Regulators 
of build.:iDg construction,' on the other 
hand, look at product approval from the 
viewpoint of assurance that the 
regulatory needs of the juri sdicticn will 
be complied with. ~t approval, in 
response to regulatory ,needs" is the use 
for 'which' the following discussion 
generally applies. 

There is no coherent nationa1. product 
apprOval. system in the United States. A, 
recent study of the Natiqnai furt:itute of , 
Building Sciences, [l7]!' describes the 
current procedures. Product, apprmal, by 
and large, is dependent upon the final 
judgJnent of the building official. 
Taking into account the seriousness of 
the consequ:enre of a potential failure, 
he makes his j~t based upon the 
information available. Building 
officials' in the United States rely on 
others to provide assistance in 
evaluating products for their cooPliance 
with the intent of the building code. 
The 'essential elements" contributing to 
product: approval are ~tandards, testing, 
and certification that the product or 
service supplied meets the applicable 
standard or Ot:h!:!r criteria. In the case 
of conventional products neetiqg 
recognized standards, the prOblem ,is 
samewhat less ,difficult than approval of 
imovat1.ve products for wch stardards 
have rot been developed. The regulator 
relies on laboratory reports, experien:e 
and certification, be it self
certification or certifiCation by another 
third party, and evaluation, systems of 
oth2rs. The model building code 
organizations and, their umbrella 
organization, CABO,' provide evaluatioo 
services which are widely relied upon by 
the buiidfng officials. Al.~ there, 



is a lack of uni£onnity in approval of 
Conventional products wch are produced 
to a standard, it is in the area of 
:i.nrovative procl!cts ore standards do 
not exist that t:he most difficulty lies. 
L9ck of starr:Jards and perfomance 
criteria d:i.ScoJrages irn:Jvation an:i 
places the regulatory official in a 
difficult position of accepting or 
rejecting :irnJva.tion. If the:x:e is da..bt, 
he I!IJSt primarily bra concerned for the 
regulatory requi.rerDents and health an:l 
'safety of t:heoco !p8I1ts. 

4.2 Evaluation Services 

Evaluation systemS of each of the model 
codes and the National Evaluation System 
(NES) of CAll) are hiftUy regarded and 
widely relied upon by building officiBls 
for'making 'j~t relative to the 
caIlp1ian::e of carNelltional products with 
the model building codes and for 
evaluation of innovation. These 
organizations evaluate subnissions of 
proponmts describing prod.lcts with 
Sllp?)rting doo IIIf'Iltation. Based upon 
infonnation Slbnitted and' addit:iaml. data 
wch may be called for, det:E!l:1Idml:ian is 
made as to the COlJll1iance with specific 
requirements of the model rodes. Pep::lrts 
~ issued are dist:ril:luted to the 
tnerlbership of the respective model code 
organizations and are available to other 
interested parties upon req..est. Eadl of 
the model code organizations issues 
trurrlreds of reports ire1uding those 
developed under the NE5 of ('AID. A brood 
range . of conventional ani unusual 
prcxilcts are covered. In recent years, ' 
evaluation' services have beeri fonnalized 
and are gaining, in credibility am 
accept:.aree. The model code orgpni.zat:i.a"s 
are developing acCeptance criteria for 
use by proponents of building prodJcts 
am systems to provide guidelines on 
required perfonnance to meet the code 
intent. As of Jan.Jary 1989, ICBO has 
is~ 17 sets of acceptarx:e criteria 
addressing such broad subjects as 
criteria for expansion anchors in 
corerete, criteria for quality control 
maruals, am criteria for residential 
chinnay liners. These criteria are 
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developed and adopted ,:h-t ~j~ with 
p.blic hearings condUcted ,by the 
evaluation ccmnittees' 'of' ICBO. '!hey may 
be revised fran time to time t::hrouWt the 
sane ~lic hearing process: 

4.3 . LaboratotY Accreditation 

It 'is recogrii.zed generally,' tnat national 
consensus standards provide for the 
essential qualities of the products 
falling under the scope of the standard. 
Testing, however. does not have the same 
credibility, particularly testing by 
laboratories l.acldng recOgnized 'qualifi
cation for the testing. 'U!boratory 
accreditation, has. come into ~ to IDBet 
the need of further validation and 
assurance of a laboratory's capability. 
There are IDaI'if different programs 
available for the caJtlete:nce of testing 
laboratories in the United States. 
Laboratory accreditation serves to meet 
the needs of: 

o UIboratories seeldng indepen
dent evaluation of teclmical 
proficiency and national 
recogniti,on 'of their 
cc:opetence , 

o Industry requiring the serviDes 
of competent. testing 
laboratories, , 

o GoveniDental regulatory agen
cies requiring evaluation of 
public safety, 

o Purchasing authorities requir
ing assurance of product 
confonnance to specifications 
(standards), and 

o 'Consumers seeking assurance of 
product safety and perfonmnce. 

Alt::hougJ:l there are many laboratory 
accreditation prograrrs in the United 
Sta~, only a few are n;ational in scope 
that relate to construction. TIte three 
major national. programs are briefly 
discussed beloW. 



NVI.AP 

The National Voluntary l.!iboratory 
ACcreditation Progran (NVI.AP) was 
established in 1976. It is adninistered 
by the National Institute of StarxIards 
arrl Teclm:>logy am is available on a 
voluntary basis to all laboratories be 
they p.b1ic or private. In the area of 
construction techmlogy, NVI.AP currently 
has programs .that address thennal 
insulation, carpeting, construction 
testing services, solid-fuel roan 
heaters, acoustical testing servi.a!s, an 
seals arrl sealants. 

A2lA 

The Almrican Association for laboratory 
Accreditation (A2IA) Progran was 
established by the I\nerican ea..n:il of 
Irr:ieperoent laboratories, in 1978, by a 
groop of c:cn=emed irrlivicbals to ~ 
a manageuent system to verify a'· wide , 
variety of testing lllbOratories. . A2lA 
grants accreditation in a field of 
testing arrl, in sooe cases, on speCific 
stamards. Fields of testing curreritl y . 
recognized wch relate to. construction 
regulation are construction materials, 
geotechm1ogy, ani thennal testing. 

MSHID 

In 1988, the ADErican Association of 
State Highway and Transportation 
Officials (MSHID) initiated their 
laboratory accreditation progran. This 
progJ;'an addresses soils, ~rete ani 
asphalt materials. It is stamards 
speCific an:i :lnp1euents ASIM Stamards 
E994 [18] an:i E548 [19]. The criteria 
for the evaluation of laboratories in 
speCific fields of construction IIBterlals 
testing· are based on the following ASIM 
standards : 

ASIM.E3666-83 Standard Practice fur 
Evaluation of In.spec
tion arrl Testing 
Agencies for 
Bitunirous Pavem:!l1t 
Materials 

ASIM 04561-86 Standard Practice fur 
Quality Control 
Systems for an 
Inspection and 
Testing Agert::y for 
BituJdnous Pavement 
Materials 

ASIM D374O-80 Standard Practice fur 
Evaluation . of Agen
cies ~ in the 
Testing and/or 
Inspection of Soil 
arrl Rock as Used in 
Engineering Design 
arrl Construction 

ASIM Cl077-87 Standard Practice fur 
laboratories Testing 
Concrete ani Corct:ete 
Aggrer;'ltes fer lBe in 
Construction and 
Criteria for 'labora
tory Evaluation 

These ASIM standards in:1ude criteria on 
the quality assuran:e syStem of the 
laboratory, qualifications an:i training 
of laboratory persorne1, evaluation of 
laboratory equirmmt, ani evaluation of 
the ability of laboratory personnel to 
corrlJct tests according to the standard 
methx:ls of test for wch accreditation 
has been requested. 

4.4 Certification 

Certification programs play an inportant 
part in quality control/quality assmme 
programs of the United States as related 
to building products ani related 
services. The extent of these services 
is rot well ko:Jwn ani the effectiveness 
of certification in assuring quality ani 
carp1iance with standards has rot been 
analyzed carprehensive1y. Sam certifi
cation programs appear .to be well run, 
well docI.m:!nted, arrl very reliable. 
Others appear to provide little that 
contributes to quality control an:i 
quality assuran::e. Certification is a 
process by "*dch a given product is 
asserted to meet a speCific standard or 



other specific criteria. Certification 
gererally takes one of two fonns, either 
certification by a third :lrr:Ieperdent 
party or se1£-certification by the 
prodJcer or propon:mt of the procb::t. 

NBS Special Pl.blication 703 [20] 
identifies 109 private sector organiza
tions in the United States web engage 
in procb::t certification activity. The 
directory :in::ludes organizations \\hlch: 
adninister programs arxl certify that 
prodJcts meet sane criteria; adninister 
programs using an :lrr:Ieperdent thin! pn:ty 
certifier; or serve as an :lrr:Ieperdent 
third party certifier. This report 
identifies only prodJct-related p~. 
It does rot address programs certifying 
services or professional skills, mr ekes 
it :in::lude programs wch do not specify 
criteria or stardarcls wch a procb::t 
IIL\St meet in order to be approved. 1m 
extensive effort was made to make this 
docl.o2nt cooplete ~ it WiS pmpmd in 
1985. It is int.erestirg tD rote that 73, 
rut of a total of 109, of the organiza
tions identified are agereies \\hlch 
certify constru::tion prodJcts. Fmn this 
infonnation, it appears that the 
constru::tion in:hstty is the sector mst 
depen:lent upon certification p~ fur 
regulatory coopli.arce arxl quality 
assuran::e . 

The Auerican National Stardards Irstibie 
has two relevant stardards: Z34.l, 
covering third party certification 
programs, arxl Z34.2, covering se1£
certification. ANSI also has a progran 
for accrediting certifiers. 'Ihis ~ 
for accrediting certifying ~ies had 
only two agereies in the progran at the 
ern of 1988. both constru::tion procb::t 
certifiers. As of April 1989, a third 
or~tion has been accreditai, .!nl tltI:I 

JD)re certifying agereies have awl.i.ed .!nl 
are being processed for accreditation. 
All five of these agereies are primarily 
~. with constru::tion procb::ts. 

5. ~ FtR QIAN';E 

5.1 Int:rodJction 
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Mlding regulations arxl regulatory 
practices are urrler steady pressure to 
in::orporate advaoces in krx:Iwledge fran 
research. In areas Strh as earth::(uake 
arxl wini engiooering, erergy conserva
tion, arxl. :in:Ioor air quality, provisiOns 
are updated to iro>rporate reoert: :res.U.ts 
arxl. enfOrcEm!I1t procedn:'es are mxlified 
to test arxl. assure coopli.arce. lbwever, 
two additional main tren:is. are causing 
major changes in building regll1BtiCI'B .!nl 
regulatory practices. One is the effect 
of advan::ed ccuputation arxl autaDation -
changing nt ~ build arr:i haIo1 ~ build 
to take advantage of the growing 
infonnatlon-processing capabilities b3sed 
on microelectronics. TI1e other is 
international hanmnization of building 
regulations arr:i regulatory practices, 
stim..ll.ated by the EiIropean Camunity 
effort to create a single El..lrqleEn m:n:iet 
by the ern 6f 1992, arxl. JD)tivated by an 
international desire to reciJce ron
tariff barriers to beneficial trade in 
constru::tion prodJcts arxl services. 

5.2 Adyarced Ca!pJ.tation ani 
Autanation 

Advara!d CCIIp.ltation arr:i autanation will 
provide great changes in ..nat ~ build 
arr:i haIo1 ~ build [21]. Pcl1ding stan
dards arr:i codes, written en pgper, cal be 
replaced by ccuputer programs that will 
in::orporate the requirE!lJEI'lts of tre axE, 
provide autanatic data processing 
capabilities in applying the code in 
specific instan::es, ani guide tre reg.Ua

. tor in evaluating the building material, 
~t or system urrler consideration 
[22]. Traditional, printed stadmi:l .!nl 
codes can be replaced by "1<rP1~b3sed 
expert syst.ans. n These t.echnitp!s £rl1-
itate updating stardards am codes to 
introciJce new techro1ogies. l-breaver, 
they facilitate checking revisions for 
consist:.erq with other provisions. . 

Es tablishment of a cmp.1ter-based 
infonnation system for: a project, .!nl tre 
developnent of infonnation interface 
t:ec.hro1ogies al100.ng autaDatic exchange 
of data betMgen the project infonnation 

_ system arr:i the infonnation system of the 



"regulator, will allow re~tory 

evaluation of a project witin.rt: Iftysical 
exchange of plans am speci£ications 
between the des:igr¥!rs arrl the regulatory 
autb:>rity. 

IIdvarees in ccU:puters, making then . 
smaller, faster arrl cheaper, al1~ ID.JCh. 
:iJq>roved ueasurEllEIlts of the properties 
of building materials, crnponents arrl 
systems in the fac~ or in tiE field to 
assist in the enforcemmt of building 
re~tions. 

lobst of the above efforts presently are 
at the research stage, but :iJq>roved 
textual. representations of stan:lards arrl 
building codes are already available in 
caIp.1ter-based infonmtion systems. 

5.3 International Hanmnizatian 

b EiIropean Camunity (EC) has wrk 
urxIetway to permit free fl~ of goods, 
services, capital, arr:i people within 
~tem EUrope by t:m errl of 19J2. Plals 
to ~lE11EIlt this objective are urxIerway 
in Furopean c:onstruction; The EC is 
aCtively developing a progran for 
stan:lards, regulations, certificatim an 
testing wcb will make proc:llxts arrl 
services acceptable in all of the EC 
cruntries. 

This action was b~t abOut by the 
Single Eilropean k.t ~ in~. ne 
basis for the k.t is that Brrf prcx:b:t 
legally marufactured in an EC IIIE!IIber 
state DUSt, in prin:::ip1e, be adnitted to 
the markets of all the other uemers. 
This requires unification arr:i accept:.m:e 
of various systems of building st:arrlards, 
building regulations, prod.lct test:lrg ad 
certification. The existing Furopean 
national. st:an:lardi.zation bodies have 
urxIetway an :inm:mse effort to hanmnize 
existing stardards arrl develop ne\o7 ones 
so the construction prod.lcts will be 
acceptable to all the cruntries. The 
stardards being developed will be" 
Furopean Camdttee for Stardardiz.ation 
(em) st:arr:lards, rot International 
Organization for St.an::lardization (ISO) 
stardards [11]. 
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In all of this effort there is little 
U.S. involvemnt or input. lbwever, a 
profourrl effect on U.S. 1:ci1ding regula
tions an:! regulatory practices can. be 
anticipated. The" Gereral Agreanent· on 
Tariffs ani Trade arrl bilateral 
agresrents, such as the U. S. -Canada free 
trade agreEmmt of 1988, call for the 
elimination of ron-tari£f barriers to 
trade. Therefore, U. S. b..dlding 
st:arr:lards, building re~tions, am 
prodJct approval. systans DUSt be 
hanoonized to a1l~ trade bebleen the 
United States arrl other cruntries in 
b..rl.1ding prod.lcts and services. 'Ibis 
process will lead to procilcts an:! 
services JD:!eting U. S. requireDents being 
eligible, without further testing or 
approval, for international. trade, am 
CXJlllBrable access of foreign pt'tXi.ct:E an 
services to the U. S. market. 

6. stJt.fARY AND ~ 

Health, safety ~ lIlelfare re~tions 
for, 1:ci1~ ~ fr~ted am vary 
greatly, both in teclmica1 requirements 
arrl their adninistration. There is 
widespread interest in inproving the 
regulation of bui1~," with ID.JCh. 
attention given to this stbject by 
b..rl.1ding officials, design professiasls, 
govemrent at all levels, ali tiE p.blic. 

6.1 Build.in& Code Develoarent am 
IIOOption 

o Adoption of m:xiel building 
codes' 

Many national organizatias an 
cannissions have reccmtElded 
the adoption of one of the 
three major m:xie1 building 
codes - - National., Starlmi, or 
Unifonn. These IlXldal. ax:Ies are 
technically similar, are 
updated anrually, am reissued 
every three years. The 
adoption of IJDde1 building 
codes without amu::DBt::, to tiE 
extent feasible, is en::6uraged 
by many building iniIsay 
organizations . 



o Develop unifoDD. fomat for 
m:xJel codes 

The National Institute of 
Stamards and Technology and 
the National Institute of 
Building Sciences, among 
oth!rs, have studied the 
developIeIlt of a unifcm fanat 
for use in the IJDdel building 
codes. The Americm Scrl.ety of 
Civil . Engineers and the 
American Institute of 
Arch! tects have re:caIIIe'"ded 
that the roodel code organiza
tions develop a unifoDD. fomat 
to facilitate IIDdel code usage 
and updating so as to be 
technically and adninistra
tively hanmnioos and as 

. uni£oDD. as is practicable. 

o Adoption of state'Wide building 
codes 

A task force, caIpOSed of the 
National Association of lbne 
Builders, ~1lCS, and ~ mx:hl 
code organizations, has 
proposed that each state adopt 
consistent building regulation 
on a statewi.cIebasis with 
enforcenent at the local. !EMU. 
This is envisiored as a IIE8l'lS 

of improving· construction 
p~tivity. 

o Rerrmrerd changes for updating 
building codes 

\hen potential iDpI'OVBlE!llts in 
the teclmical content of b.II..ld
ing codes and their usage are 
mted, architects, enginlers, 
contractors, and owners are 
being en::ruraged to Sl..i:mi.t 
proposed changes to the IJDdel 
code prarulgating body to 
update code content and to 
facilitate its use. 

6.2. Code IIdn:i.ni.stration ani BoxfurOOJsJl: 

Architects, engi.reers, and contractors 
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are ccn::erned with the Ploasses lEIE'Ci :fur 
admirdstration· and enforcetIE!Ilt of 
buil~ regulations at the local level. 
Particu1 ar items of ccn:em irelude tima 
required to receive pennits, recognition 
of pre-peDDit counseling, one-stop 
pennitting, and proced.lre for appeals 
fran the building official's decision. 

o Model administrative ani 
enforcenent processes 

lbiel processes fran toKS are 
available for hq>lElDE!lltation. 

o Appeals boards 

Design professionals are being 
en:ouraged by,. their profes
sional societies to seek 
DBJbership on code appeals 
boards. 

o Training of building· officials 

Training and certi£ication of. 
building officials at all 
levels is being iDplemmted by 
m:xJel code organizations and 
states with support by 
contractors and professionals. 

o Use of caIplters am otter aids 

Autanation of the building 
ad:ninistration am enforcenent· 
process to inprove the quality 
am redx:e the t.in2 required 
for building regulation is 
rapidly growing. 

6.3 Product Approval 

State, local, and Federal goveunaJts lDi 
the private sector are stu1ying the 
develOIJIElt of a national prOO..lct 
approval systan 1J2eting the requi.reDEnts 
giVen in section 4. A product approval, 
based on nationally or international.ly
recognized stamards, should be avai.ltb1e 
locally for accept.aoce of products in 
national or international trade. This 
will require: (1) develOping an active 
u. s. advocacy role in international 



starrlards activities, aI¥i (2) establish
ment of a cd1erent system for accept:aoce 
of inoovative b..rl.lding prod.x:ts (those 
for ~ch there are m naticrsl stadmls 
or prodJcts for ~chrnnstarrlard use is 
proposed) aI¥i inpI'OValEllt of the 
accept.arx:e aI¥i "quality assurarx:e of 
prod.x:ts for ~ch there are applicable 
international starrlards. 

6.4 Autanated Exchange of 
Const:i:uction Wonnation for 
ReguJptoxy Review 

Machine representation of starrlards aI¥i 
codes is tn:Jerdevelqmmt to allow 
efficient, aut:aIated review of cmpl.ia're 
of designs. fobreover, these techniques 
could be used to assure consisten:y lJlen. 
starrlards or codes are mxlified to 
inprove provisions. The fanily of 
national aI¥i international starrlards 
required for aut:aIatic exchange of con
struction clata (drawing<;, specificat:ias, 
etc.) between the diverse c:aqJUting 
systans of owrers, designers, arrl 
regulators is being developed to inprove 
the econcmy, acc::uracy aI¥i timeliness of 
plan review. These capabilities also 
will facilitate transmittal of plans arrl 
specifications to manufacturers" 
fabricators at the construction site, or 
the transmittal of changed corditions 
fran the site to engineering ard 
reguI.a:tory offices. 
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Report of Task Committee on 

(A) STRONG-MOTION INSTRUMENT ARRAYS AND DATA 

Date: . May 18, 1989 

Place: Public Works Research Institute 
Ministry of Construction 

.1, Asahi, Tsukuba-shi, Ibaraki 305 

Attendees: Japan Side - H. Tsuchida (Chairman) 
K. Ohtani 
M. Seino 
T. Kuwabara 
K. Tamura 

U.S. Side - A. G. Brady (Chairman) 
J. F. Lander 

(PHRI) 
(NRCDP) 
(MRI) 
(PWRI) 
(PWRI) 

(USGS) 
(Univ. of Colorado) 

Following the request in item 8 of the Final Resolutions adopted at 
the 20th Joint Meeting held in Gaithersburg in 1988, the "Mission 

- Statement" of this Task Committee was drafted for adoption· by the Panel as 
follows; 

MISSION STATEMENT 

1. Objective 

The objective of the task committee is to coordinate the prOVl.Sl.on of 
strong-motion earthquake data to researchers and to the practicing 
engineering community. Task committee members are invol ved with 
instrumentation; recording, processing, and analyzing strong-motion data; 
research directed to ensuring high-quality data. disseminated to users; and 
the analysis of ground motion and structural motion in dynamic response to 
earthquakes. 

2. Scope of Work 

The TIC coordinates strong-motion related research, processing 
strong-motion data, and disseminating information on the recorded behavior 
of structures. In addition to regular exchange of data and publications, 
the TIC's technical approach includes: 

* Plan and conduct TiC workshops and meetings, held generally in 
conjunction with UJNR joint meetings; often with IASPEI/IUGG 
conferences and with World Conferences on Earthquake Engineering. 

* Conduct related. technical sessions at professional society 
meetings. 
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* 

* 

* 

Create a procedure for the dissemination of significant 
strong-motion digital data wi th regar~ for the rights and 
expectations of the owner, the users of data, and the earthquake 
engineering community. 

Create an up-to-date information, exchange on computer processing. 
procedures and related research so all users of processed data are 
aware of valid ranges and practical limitations. 

Develop a . research program for appropriate instrumentation and 
dynamic analysis of structure~ with base isolation or other 
response-reducing systems, .under earthquake exc.i tation.· 

Develop a research program using temporary arrays and data derived 
to study site response. 

3. Accomplishments 

* 

* 

* 

* 

* 

* 

A workshop on strong-motion earthquake recording was held at· USGS 
in Menlo Park, CA,August 1987~. 

The US side presented the Japanese side with a ma:nual and floppy 
disks containing a global strong motion .data catalog and an access 
program prepared by NOAA's National Geophysical Data Center .in May 
1989 . 

. A Workshop .was held in Tokyo on 6 August 1988 on the Processing of 
.Strong-Motion Records, under the sponsorship. of IASPEI, and 
International Association of Earthquake Engineering (IAEE). . The 
workshop was scheduled to coincide with the 9th World Conference on 
Earthquake Engineering (9WCEE)., 2-9 August 1988 in Tokyo- and Kyoto. 
Task Committee. chairmen and. members were responsible for the 
organization and review .of preparatory processing results. by 
participants. A pre-proceedings containing these results was ready 
for the workshop; . a . final Proceedings of. the ,workshop. has been 
published, A total of 52 attended; 31 Japanese, 21 others; 

A Workshop was held on 1 August 1988 in Tokyo on the effects of 
surface geology; Tic members provided significant involvement. 

All Japanese TIC membe.rs and several US m!,!mbers attended .. the9WCEE 
in Tokyo and Kyoto ,1988. Many ,papers addressing the objectives of 
the TIC were presented. 

Dr. A. G. Brady lectured to three groups of Japanese earthquake 
engineers, including PWRI and BRI,during his stay in Japan for the 
9WCEE. 
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* ' Data tapes and reports on the Whittier Narrows, CA earthquake of 1 
October 1987 were delivered to the Japanese TIC at the 9WCEE. 

4. Future Plans 

* The' TIC Chairmen' will, investigate funding sources for- a' :3rd 
"Workshop on' Processirig Strong Motion' Records, concentrating on 
array data. 

*' Coordinate the analysis of records from arrays: downhole 3-D arrays 
(geophysics a.rid earthquake engineering) and structural arrays 
(structural engineering). 

*Th~ T/Crecbgniies the efforts of the International Working Group 
on the Effects of Surface Geology and, encourages wider 
participation by Panel members. 

5. Information Exchange 

* will' be performed wi thin the domestic community through technical 
meetings, conferences, seminars, and workshops. 

*wiH 'be performed through participation in post-earthquake field 
investigations' with concentration in areas where strong-motion 
stations have recorded data. 

* 

* 

will be performed with th~ counterpart iide through'T/Cwork~hopsi 
visi tor exchanges, seminars, lectures; and participation in: annual 
Joint Panel meetings. 

The most crucial information ,exchange is rapid description of 
recovered strong motion (and' subsequently 'd'igi tal strong-motion 
data on tape or disk)' from significant" earthquakes, 'for example 
Whittier Narrows"CA of 1 October 1987, M5.9; Supersition HillS', CA 
24 November '1987 ,M6. 6; EasternChiba Offshore, 17 December 1987, 
Me 6.0; ,South Coast of Honshu, JAPAN, 18 March 1988, ME 5.5. 

6. Impact 

* Most managers who process strong-motion recordings use techniques 
'based on, or closely associated with; the work 'of this T/Cand its 
members. Foreign networks fitting thi's category include: 

AUSTRALIA Australian Seismological Center, Bureau of Mineral 
Resources, PO Box'378, Canberra ,ACT 2601. 

CANADA "'Pacific Geoscience ' Center, PO Box 6000, Sidney,' BC.' V8L 
4B2. 

ITALY - The Italian National Commission for Research and Development 
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* 

* 

on Alternative Energy Sources (ENEA), Rome. 

TURKEY- University of Bogagici, 80815 Bebek, Istanbul. 

YUGOSLAVIA - Institute of Earthquake and Engineering Seismology, 
Skopje., 

Use of seismological and strong-motion data, in convenient form, in 
,countries other than where recorded. 

Dissemination of digital data from significant earthquakes 
increases the research data bas~; application of this' data ~n 

design practice aids in reduction of earthquake hazards. 

7. Barriers 

* 

.* 

Difficulty of funding for TIC joint endea~ors. 

Joint research efforts with close interaction between participants 
are difficult unless visiting research appointments can be made. 

370 



Report of Task Committee on 

(B) LARGE-SCALE TESTING PROGRAM 

Date: May 17, 1989 

Place: Public \"1orks Research Institute 
Ministry of Construction 
1, Asahi, Tsukuba-shi, Ibaraki-ken 305 

Attendees: Japan Side - K. Ohtani (Chairman) 
Y. Yamazaki 
S. Nakata 
H. Yamanouchi 
Y. Koga 
K. Yokoyama 

u.S. Side - H. S. Lew (Chairman) 
G. R. Fuller 

(NRCDP) 

(BRI) 
(BRI) 
(BRI) 
(PWRI) 
(~I) 
(NIST) 
(HUD) 

Following the request in item 8 of the Final Resolutions adopted at the 
20th J.oint Meeting held in Gaithersburg in 1988, the "Mission Statement" of this 
Task Committee was drafted for adoption by the Panel as follows; 

"MISSION STATEMENT" 

1. Objective 
The objective of the Task Committee is to develop performance data of 

full-scale dynamic properties of structures to better resist wind and seismic 
loads through both laboratory testing of prototype structures and field testing 
of structures in situ. Improved full-scale test data will validate the results 
of small-scale model tests and substantiate the results of computer analyses of 
structural behaviour. 

2. Scope of Work 
The Task Committee develops its research agenda in coordination with other 

appropriate TICs, such as TIC C. and 0, for full-scale evaluation of buildings, 
and other structures except bridges. 

* 

* 

Plans and conducts workshops and joint meetings to identify research 
topics and develops joint test programs. 

Coordinates research projects carried out by various laboratories 
the u.s. and Japan. Facilitates publication of research results 
implementation of findings in codes and standards. 

Facilitates exchange of research personnel, technical information 
available testing facilities. 

in 
and 

and 

3.Accomplishments 

* The second phase of the U.S.-Japan Coordinated Program for Masonry 
Building Research has been funded by the National Science Foundation 
for U. S. researchers. Both analytical and experimental research, 
including component .and subassemblage tests are being carried out at 
several u.S. universities. 

The Japan side published the technical document entitled "Design 
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* 

* 

* 

* 

* 

Guidelines for Medium Rise Reinforced Masonry Buildings II •• Taking the 
opportunity of the publication of the document, the Reinforced Masonry 
(RM) Building Promotion Society of Japan was established in May 1989 
to further theRM building systems and disseminate technical 
informations. 

The 4th Joint Technical Coordinating Committee on Masonry Research 
(JTCCMAR) was held in October 1988 at San Diego, CA. 'Progress on 
individual research projects were presented by principal investigators 

'and future coordination. of the Joint Program was discussed. 

The results of a full-scale 5-story masonry building' ~est performed 
in Japan were published in the .Journal of the Masonry Society in 1988. 

Precast seismic structural systems was selected as the fourth topic in 
the Joint U. S. -Japan Program on Large-Scale Testing during the 20th 
Joint Panel Meeting. A meeting of the U.S. Planning Group was held at 
the University of California at San Diego on July 1988. The scope of 
precast structure research program in the U. S .. and the planning for a 
TIC workshop were discussed. 

The first workshop of the Precast Seismic Structural Systems (PRESSS) 
was held on November, 1988 at San Diego, CA. The purpose of the 
workshop was to develop a comprehensive U.S .res.earch agenda for 
PRESSS. Over, 35 research. ideas were presented; they. are being 
evaluated· by the. executive committee to develop a comprehensive 
multi-year research program. On the U.S. side, the proposal- will be 
submitted to the National science Foundation for funding in 1990. 

On the Japan side, two preliminary meetings were held to discuss the 
research program for precast seismic structural systems. The 
Government of Japan approved funding for the PRESSS research program 
to begin in 1989. 

~. Future Plans 

* 

* 

* 

* 

The testing of a five-story full-scale masonry structure will be 
car,ried out a·t the University of California at San Diego beginning 
October .1989. The U.S. Technical Coordinating Committee on Masonry 
Research will be held during the first week of July 1989. 

The 5th meeting of the JTCCMAR is scheduled in Oc·tober 1989 at 
Tsukuba, Japan. The joint masonry program will be reviewed including 
the testing requirements for a full-scale 5-story masonry structure 
in the U.S. 

A Joint u.S.-Japan PRESSS Program Coordinating Meeting is planned 
for October 1989 in Japan. The scope and schedule of the Joint 
Coordinated Program of Precast Seismic Structural Systems will be 
discussed in detail during this meeting. 

Continue exchange of information of the following topics 
appropriate U.S. and Japan organizations. 
a. Seismic performance of composite and mixed construction; 

a u.S.-Japan Joint Workshop is being 
b. Application of high strength 'construction materials, 

concrete and steel, to structures in high seismic zones, 

between 

planned, 
such as 

c. Application of base isolation and active controlled systems to 



.. 
critical structures located in high seismic .and wind zones, and 

d. Testings of large-scale structures other than buildings and 
bridges. 

Exchange of information on large-scale testing 
large-scale testing programs should be encouraged. 

facilities and 

5. Information Exchange 

'* T~chnical reports and research documentation were exchanged with 
participating organizations in both c~untries. 

'*. The results of the 5-story,( full-scale1rest of masonry structure in 
Japan were published by t.he Journal of the Masonry Society thereby 
widely disseminating the Tic's research. 

6. Impact 

• . The results of' the past joint,_research projects on reinforced concrete 
and steel structures have been'published in U.S. technical journals. 
A number of key findings have b~en incorporated into U.S. and Japanese 
building codes and design guidelines. 

As a results of joint research projects, the state 
understanding in earthquake engineering has been 
countries. The results from the joint program have 
research in both countries. 

Facilitate joint research projects utilizing 
facilities in both countries. 

of practice and 
improved in both 

further stimulated 

available testing 

7.Barriers 

• 

There are no major technical barriers for the attainment of the Task 
Conuni ttee mission. However, different building practices and needs 
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 researcher 
exchanges and joint research programs. 
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Report of Task Committee on 

(C) REPAIR AND RETROFIT OF EXISTING STRUCTURES 

Date: May 18, 1989 

Place: Public Works Research Institute 
Ministry of Construction 

'. 1, 'Asahi, Tsukuba-shi, Ibaraki 305 

Attendees: Japan Side - M. Hirosawa (Chairman) 
M. Fujiwara 
S. Nakata 

U.S. Side - H; S. Lew (Acting Chairman) 

(ERI) 
(PWRI) 
(ERI) 

(NIST) 

Following the request in item 8 of the Final Resolutions' adopted at 
the 20th Joint Meeting held in Gaithersburg in 1988, the "Mission 
Statement" of this Task Committee' was drafted for adoption by the Panel as 
follows; 

Mission Statement 

1. Objective 

The objective of the Task Committee is to encourage research an~ provide 
technol6gy transfer activities in materials, components, and total building 
systems related to evaluating the performance of existing building 
subjected to environmental and earthquake forces. The research topics 
provide data and information for the repair and retrofi t of existiI'lg 
buildings. 

2. Scope-of-Work 

The TIC work includes information exchanges and p'lanning' and hosting 
workshops and seminars. Workshops are generally held in conjunction with 
the annual Panel's meeting.. They provide TIC members with an opportunity 
to review related research and to direct plans for future research, share 
and implement results. The TIC conducts related technical sessions at 
professional society's' meetings. The TIC studies new materials and methods 
to accomplish repair and retrofit operations on buildings e.g., fiberglass' 
reinforced plastics, 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. 

3. Accomplishments 

Several accomplishments were achieved during the past two years: 

* Held the 4th Workshop on Repair and Retrofit of Existing 
Structures at the 19th Joint Meeting, JAPAN, 1987. 
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* Held a workshop ,to develop a res.earch agenda for repair and 
retrofit of different types of buildings, September 1987, in San 
Francisco. Th~ workshop proceedings were published. 

* FEMA published cost data for various methods of repair and 
retrofit of existing buildings. 

4. Future Plans 

* A joint workshop is being planned on the design approaches and 
construction methods for repair and retrofi t of buildings, May 
1990 in the U.S. The workshop will focus on the use of newly 
developed methods for repair and retrofiting of buildings. 

* 

* 

In the U.S., F:EMA will publish methods to strengthen existing 
buildings. 

In Japan, the Guidelines for Evaluating and Strengthening Existing 
Buildings will be revised, and the Guidelines' for Evaluation of 
Earthquake Damage and Repair Methods of Buildings will be 
published. 

5. Information Exchange 

if Publications of TIC workshops were widely distributed' and made 
available to the design professionals through technical 
presentations at workshops and at other national meetings of 
professional societies. 

.. ,Exchange of' information with the JAPAN-side has been achieved 
using the published workshop reports and individual's research 
papers. 

6. Impact 

if 

* 

* . 

Contributed to development of US and Japan design criteria for 
repairing reinforced concrete, steel, and other buildings. 

TIC recommendations were incorporated' .into building codes and 
professional practices as illustrated by rehabilitation programs 
used by the. City of Los, Angeles to upgrade existing masonry 
buildings to resist earthquake forces. 

Infl uenced U ~ S. and Japan design practi ces 
structures. 

-
to upgrade existing 

7. Barriers 

* Greater progress need be made to implement available research 
resul ts. One approach is to create' a central coordinating group 
who would be in. contact with researchers, professionals, and 
decisionmakers. This group would maintain a liprary of the TIC 
activities and of researchers participating in relatedll)eetings 
and workshops. A data bank of reports could be established and 
made available by electronic methods and accessed by personal 
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* 

computers. This barrier would be eliminated when sufficient funds 
are identified to support this endeavor including the 
identification of appropriate person/organization to lead the 
effort. 

Securing funding to support the workshop participants is difficult 
in both countries. 
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Report of Task Committee on 

(D) EVALUATION OF STRUCTURAL PERFORMANCE 

Date: May 18, 1989 

Place: Public Works Research Institute 
Ministry of Construction 
i, Asahi, Tsukuba-shi, Ibaraki 305 

Attendees: Japan Side - T. Murota (Acting Chairman) (BRI) 
(BRI) 
(MRI) 

H. Yamanouchi 
K. Kurashige 

U.S. Side - G. R. Fuller (Chairman) (HUD) 
K. C. Mehta (Temp. Member) (Texas Tech. Univ.) 

Following the request in item 8 of the Final Resolutions adopted at 
the 20th Joint Meeting held in Gaithersburg in 1988, the "Mission 
Statement" of this Task Committee was drafted for adoption by the Panel as 
follows; 

MISSION STATEMENT 

1. Objective 

Thousands of structures in each country are considered inadequate to 
resist probable high winds or earthquakes. An important aspect of disaster 
mi tigation is determining the capacity of existing structures to resist 
wind and seismic forces, so necessary repair, strengthening, and retrofit 
·can be planned. To provide adequate performance evaluation, each country 
must coordinate development of condition assessment, screening, and 
structural analysis methodologies. Structures must 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 complex 
structural analysis of wind and seismic resistance and capacity of 
structures in each country. 

Develop advanced sensor technology, instrumentation, and "expert" 
systems to provide condition assessment of existing structures. 

Evaluate masonry and precast concrete 
seismic-isolation systems, and include these 
country's catalog of "benchmark" structures 
performance evaluation. 

buildings, and 
findings in each 
for post-disaster 

Plan and conduct workshops at future UJNR Joint Panel Meetings, 
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cooperatively with Task Committees "C" and "B". 

3. Accomplishments 

* 

* 

* 

* 

* 

* 

* 

* 

Exchanged several post-earthquake investigation reports prepared by 
each' country, such as Japan Sea, Mexican, and. Whi ttier Narrows 
Earthquakes. 

Presented Applied Technology Council ATC-14 Report on "Evaluating 
the Seismic .Resistance of Existing Buildings," which enables 
engineers to analyze the seismic resistance of existing buildings 
and to identify structural weaknesses and areas needing 
strengthening (7/88). 

Exchanged documents on "Measurements of High Winds on High Towers 
at Kashima Coast (3/87) , and "Report of Observation at 
Meteorological· Observation Tower No.2" by Meteorological Research 
Institute in Japan. 

Received Japanese MOC first and second year reports on state-of-art 
and catalog of buildings with seismic isolation or wind· damping 
systems. The U. S. Side is exploring ways to have the documents 
translated into English (5/89). 

The U. S. Side sponsored an "International Workshop, on Sensors and 
Measurement Techniques for Assessing Structural. Performance." A 
research agenda for sensor technology and measurements related to 
structural performance was developed (9/88). 

A research workshop sponsored by NSF and coordinated ,by UJNR Panel 
members was held in Washington, DC to develop aU. S. re&earch 

. agenda for masonry. A working group was related to structural 
performance of masonry buildings. Evaluation techniques, 
nondestructive testing, and condition assessment were identified as 
'priority research needs (8/88). 

As a part of the U.S.TCCMAR 
"Nondestructive Evaluation· of 
Williamsburg, VA (6/88). 

Program, completed a project 
an Existing Masonry Building" 

on 
in 

Meetings of U.S. TCCMAR and The Masonry Society (TMS) was held in 
Sal t Lake City, Utah ,in January 1989. Discussed nondestructive 

'testing methods and analysis of masonry buildings for resistance to 
wind and earthquake forces. 

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 
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* 

* 

agencies involved in the instrumentation, evaluation, and condition 
assessment of existing structures. 

Encourage each country to develop sensor technology and 
instrumentation of structures, for making condition assessments and 
for determining the long term' environmental and aging effects on 
building components and materials. . 

Translate and disseminate two Japanese MOC Reports on seismic 
isolation systems and wind damping systems into English. 

* . Plan with TIC· "C" a workshop to be held in conjunction with 22nd 
UJNR Panel Meeting in US and ASCE Structures Congress in Baltimore, 
MD in May 1990. 

5.Information Exchange 

* 

* 

* 

* 

* 

* 

* 

* 

Exchange methodologies for evaluation of structural performance and 
reports of actual post disaster evaluations of structures. 

Provide updated data of 
instrumented. 

structures evaluated and 

Continue the collection of related technical papers and literature, 
and encourage development of an annotated bibliography of 
information for periodic exchange. 

Prepare papers and reports for annual UJNR Joint Panel Meetings and 
associated workshops. 

Exchange reports on U.S. ASCE Structures Congress held in San 
Francisco, CA, in May 1989, Sixth U.S. Conference on· Wind 
Engineering held in Houston, TX in March, 1989, and similar 
meetings in the U .. S. and Japan dealing with evaluation of 
structural performance of existing structures. 

Obtain and evaluate the Texas Tech Report by Dr. Kishor Mehta on 
structures damaged by tornadoes and hurricanes. 

Obtain -and exchange documents 
developed under a US-NSF project. 

and tornado probability maps 

Obtain complete information on California Division of Mines and 
Geology (CDMG) instrumentation of approximately 130 structures (90 
to 100 buildings, plus bridges and other structures.). 

6. Impact 

* Enables the development· of . revised standards and bupding code 
provisions to prevent destruction from high winds and earthquakes. 

Provides engineers with the capability to conduct condition 
assessme'lt of existing structures for the purpose of developing 
cost effective repair, retrofit, strengthening or demolition 
programs. 
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* Will increase theto~fidence level of' th~ public, regulators, 
policy makers and engineers,' to be assured that the majority of 
major structures' 'will perform adequately' to resist high 'wind and 
earthquake forces. 

7. Barriers 

* Difficulty in identifying priori ties 'and inadequate resources to: 
document load carrying capacity of existing buildings subjected to 
highly probable extreme winds and earthquakes. 

* Difficulty in developing probabill ty . risk maps for' tornadoes" 
typhoons, and hurricanes. 

* Limited resources for instrumenting buildings, for conducting 
post-disaster evaluations, and for participating in foreign travel 
for coordination of activities. 
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Report of Task Committee on 

(E) NATURAL HAZARD ASSESSMENT AND MITIGATION THROUGH LAND USE PROGRAMS 

Date: May 17, 1989 

Place: Public Works Research Institute 
Ministry of Construction 
1'" Asahi, Tsukuba-shi, Ibaraki 305 

Attendees: Japan Side - K.Kawashima, (Chairman) 
s. Noda: 

U.S. Side 

K. Yokoyama 
K. Tokida 
K. Hasegawa 
H. Matsumoto 

A.G. Franklin (Acting Chairman) 
N. Raufaste 
A.G. Brady 

(PWRI) 
(PHRI) 
(PWRI) 
(PWRI) 
(PWRI) 
(PWRI) 

(WES) 
(NIST) 
(USGS) 

Fo1lo~ing the request in item B of the Final Resolutions adopted at 
the 20th Joint Meeting held in Gaithersburg in 1988, the "Mission 
Statement" of this Task Committee was drafted for adoption by the Panel as 
follows i 

Mission Statement 

1. Objective 

Natural hazard assessment and mitigation activities represent the analysis 
and application of a broad range of geological, seismological, and 
engineering research to the problems of the earthquake resistant design of 
buildings, land use planning and zoning, disaster preparedness, and 
mi tigation of damage and life loss. The Task Committee emphasizes the 
improvement of methods for natural hazard assessment and techniques for 
applying these assessments. Specific technical areas of concern are: 

1. Probabilistic Earthquake Hazard Assessment 
2. Attenuation of Seismic Waves 
3. Prediction of Strong Motion 
4. Seismic Zonation 
5. Earthquake Losses 
6. Delineation of Seismotectonic Elements 
7. Application of Hazard Assessment to Seismic Provisions of Building 

Codes 

Estimation of natural hazard losses are important to the Committee because 
these establish, in part, the quantitative bases for mitigation activities. 

2. Scope of Work 

* Plan and conduct Tic workshops and meetings. These meetings and 
workshops are generally held in conjunction with annual Panel on 
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Wind and Seismic Effects joint meetings. 

* Conduct cooperative resear.ch programs. 

* Exchange research personnel. 

* Exchange information on a timely basis. 

3. Accom~lishments 

* 

* 

Papers have been presented at Panel on Wind and Seismic Effects 
technical meeting during the past several years. 

Exchanged publications throughout the year. 
exchanged per year. 

About 20-30 papers are 

4. Future Plans 

* 

* 

Organize a workshop in Japan during 1990, for the purpose of 
discussing and exchanging ideas on the state-of-the-art knowledge 
and practice on earthquake hazard and risk (loss) assessment. 

Improve knowledge about researchers exchange programs by 
disseminating information about fellowship programs andabput other, 
financial assistance; and by exchanging of', information on 
institutions, research programs, and related laboratory facilities 
where opportunities for visiting researchers exist. 

5. Information Exchange 

* Between _ Uni ted States and Japanese sides through annual joint 
meetings, Tic meetings and workshops. 

* Visits by researchers and joint investigations of earthquakes. 

* With the U.S. and Japanese communities through publications, 
technical meetings, conferences, seminars and wo~kshops. 

6. Iinpact 

* Increased public - awareness of the importance of hazard and risk 
assessment. 

* Improved public safety through implementation of result::; reported 
at Panel on Wind and Seismic Effects meetings and workshops. As an 
example of implementation is the use of probabilistic ground motion 
maps in U. S. in Applied Technology Council and Building Seismic 
Safety Council seismic design studies. 

7. Barriers 

* Lack of available funds for Tic workshops -and travel to annual 
meetings of Panel on Wind and Seismic Effects. 
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Report of Task Committee on 

(F) DISASTER PREVENTION METHODS FOR LIFELINE SYSTEMS 

Date: May 17, 1989 

Place: Public Wo~ks Research Institute 
Ministry of Construction 
1~ Asahi, Tsukuba-shi. Ibaraki 305 

Attendees: Japan Side - Y. Sasaki (Chairman) (PWRI) 
T. Murata (SRI) 
K. Tokida (PWRI) 
K. Tamura (Observer) (PWRI) 
T. Kuwabara ( " ) (PWRI) 
H. Sugita ( " ) (PWRI) 

U.S. Side - A. G. Brady (Acting. Chairman) (USGS) 

Following the request in i tern 8 of the Fin-al Resolutions adopted at 
the 20th Joint Meeting held in Gaithersburg in 1988, the "Mission 
Statement" of this Task Committee was drafted for adoption by the Panel as 
"follows; 

MISSION STATEMENT 

1. Objective 

Lifeline systems such as gas, oil, water, and sewage pipelines; and power, 
communication, and transportation systems are crucial to -the survival and 
heal th of a city or communi ty. Earthquakes affecting such systems cause 
sev:ere social and economic disruptions to communi ties and cause human 
suffering to the residents. Tic "F" focusses on improving 1) the behavior 
of lifeline systems during earthquakes and 2) engineering and other seismic 
countermeasures' such as damage estimation techniques and inspection 
procedures. These technologies will provide users with improvements to 
existing standards of practice for safety and serviceability of - lifeline 
systems. 

2. Scope of Work 

* Plan and conduct Tic workshops and meetings; they generally are 
held in conjunction with the annual UJNR Joint Meeting. The 
purpose is to exchange the state-of-art knowledge and practice, and 
to- identify cooperatively key opportunities for exchange and 
studies which effectively implement research resul~s. 

* Conduct related technical 
meetings. 

sessions at professional society 

* Create a research program on a selected lifeline system (similar ih 
concept to the Large-Scale Testing Program). For example, through 
a j oint demonstration, produce criteria for emergency evaluation 
an~ on-line monitoring systems for lifeline operation. 
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Conduct special activities such as translating,. printing, and~ 

distributing MOC PWRI's publication, Manual for Repair Methods for 
. Civil Engineering Structures Damaged by Earthquakes. 

Develop performance standards and a manual on repair, restoration, 
and retrofit of lifelines. 

3. Accomplishments 

.* 

* 

* 

* 

* 

Researchers of both sides presented more than ten papers on 
lifeline systems at past Joint Panel meetings and discussed the 
state-of-art and identified research needs. 

A U.S. -Japan Joint Workshop on lifeline earthquake engineering 
was held in Ma~ of 1989 in Japan. 

Exchanged technic:<al reports on disaster prevention for lifelines, 
such as buried pipeline systems, and relevant specifications. 

Translated the MOC documen~ on repair methods. 

NIS.T (formerly NBS) and PWRI have carried out cooperative research 
. on. seismic loading effects on structural components of li feline 

systems such as column-like structures and buried pipes using 
large-scale models. 

PWRI instrumented ductile pipes··. in soft ground at· Sodegaura in 
Chiba and started observation as one of the U.S. Japan 
cooperative research program. 

4. Future Plans 

* 

* 

* 

* 

* 

Instrument ductile pipes at different orientations to faults at 
Parkfield, CA (sponsorship by NSF & NCEER) .............. , ...... 5/89 

Continue observation of instrumented buried pipes and exchange data 

Distribute to US engineering community the English version of PWRI 
Manual on Repair Methods for Civil Engineering Structures Damaged 
by Earthquakes .............................................. 10/89 

Develop a knowledge base for seismic disaster mitigation ..... 5/90 

Develop an engineering manpower database ..................... 5/90 

Conduct Joint Workshop on Disaster Prevention for Lifeline Systems 
in the U.S. .................................................. /91 

5. Information Exchange 

* 

* 

Domestic community: through technical 
sessions, seminars, and workshops. 

meetings, conference 

Between U.S. and Japan: through T/C workshops, and annual Joint 
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Panel meetings. 

Visits by researchers 
as NCEER-sponsored 
investigations by EERI. 

and participation in technical meetings such 
activi ties and post-earthquake field 

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 

* 

* 

Increased public awareness of problems with lifeline earthquake 
engineering using results from workshops e.g., "Abatement of 
Earthquake Hazards to Lifelines", Denver CO, Nov 1986. 

Contributed to increase field engineers' technical knowledge on 
repair methods, through Seminars with lectures by Tic members using 
the MOC Manual, in nine major cities in Japan including Tokyo and 
Osaka; more than two thousand participants attended seminars. 

Contributed to the assessment of design and operating standards for 
lifeline systems through Tic member participation in the Building 
Seismic Safety Council.' 

Contributed to the technical development program of the Technical 
Council on Lifeline Earthquake Engineering (TCLEE/ASCE) via Tic 
members participation in the committee'work. 

7. Barriers 

Insufficient funds to conduct annual Task Committee Workshops and 
to publish reports. 

Lack of participation by U.S. industrial organizations and 
utilities in research or in implementation of findings due to 
caution on taking risks and a reluctance to adopt new technologies 
and practices. . 
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Report of Task Committee on 

(H) SOIL BEHAVIOR AND STABILITY DURING EARTHQUAKES 

Date' :' May 18, 1989 

Place:: Public Works Research Institute, 
Ministry of Construction 

Attendees 

1, Asahi, Tsukuba-shi, Ibaraki 305 

Japan Side - K. Tokida(Chairman) 
T. Iwasaki 
Y. Koga 
T. Matsumoto 
S. Noda 
M. Okahara 
Y. Yamaz~ki 
H. Matsumoto (Observer) 
J. Koseki (Observer) 

U.S. Side - A. G. Franklin (Chairman) 
W. E. Roper 
C. E. Smith 

(PWRI) 
(PWRI) 
(PWRI) 
(PWRI) 
(PllRI) 
(PWRI) 
(BRI) 
(PWRI) 
(PWRI) 

(WES) 
(CORPS) 
(MMS) 

Following the request in item 8 of the Final Resolutions adopted at 
the 20th Joint Meeting held in Gaithersburg in May, 1988, the work of this 
Task Committee was drafted for adoption by the panel as follows; 

Mission Statement 

1. Objective 

To enhance technology for predicting the dynamic behavior of soils, 
for establishing procedures to analyze dynamic soil-structure interaction 
and for modifying the dynamic behavior of foundations and earth 
structuies, to assure their safe performance during earthquakes. Government 
agencies with responsibility for public works have a duty to the public to 
provide for public safety and to make economical use of public' funds. 
Consequently, they have a need for more accurate methods of predicting soil 
behavior, and for impioved, economical methods of controlling soil 
behavior, to assure the seismic safety of public works and to minimize the 
costs of pconstruction by aVOiding unnecessary over-design. 

2. Scope of Work 

* At the annual joint panel meetings, present technical papers 
describing technological developments and the state of the 
art and practice related to soil behavior and Stability during 
earthquakes. 

* Exchange relevant information and technical data relating to field 
performance, research and methods of practice. 

-1:- Plan and conduct TIC workshops in coordination' with proposed or 
ongoing cooperative research programs. 
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* The task committee will plan and conduct programs of cooperative 
research, by means of coordination of research tasks, exchange· of 
researchers between U.S. and Japanese government laboratories, 
exchange of results, and technology transfer through joint 
publication of research results and recommended practice. By 
bringing greater resources to bear on problems of mutual interest, 
and by· coordinating research tasks to make the best use of the 
respective strengths of the two sides' research capabilities, the 
benefits realized from available research funds can be amplified. 

* Exchange visiting researchers. This may be done in connection with 
cooperative research programs, and independentli of them, while will 
further the aims of the cooperative research programs, technical 
information exchanges, familiarization with methods of practice on 
the respective. sides, and mutual understanding and cooperative 
relationships between workers on the two sides. 

3. Accomplishments 

* U;S. researchers presented 4 papers, and Japanese researchers 
presented 10 papers, on soil behavior and stability during 
earthquakes, at the 20th and 21st joint panel meetings ..... 5/88;5/89 

* Mr. Yoshitake Hachiya, of the Port and Harbor Research Institute, 
completed a one-year visit as a guest researcher in Pavement 
Systems at the U.S. Army Engineer Waterways Experiment Station .. 3/88 

* A T/C (H) Workshop on Remedial Treatment of Potentially 
Liquefiable Soils was held at Jackson Lake, Wyoming ............ 5/88 

* Mr. Osamu Matsuo, of the PWRI, completed a one-year guest researcher 
assignment, performing research in Dynamic Behqvior of Offshore. 
Structures, at Southern California University ................... 8/88 

* Mr. Nario Yasuda of the PWRI is a guest researcher at the U.S. 
Bureau of Reclamation, working on Seismic Behavior of 
So.ils ............................................................ 1/89 

* 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 me~ting for cooperative research on preventive 
measures against soil liquefaction was held prior to the 21st joint 
meeting ......................................................... 5/89 

4. Future Plans 

* Identification of 
soil liquefaction 
the results of the 

research tasks on preventive measures against 
that are of common interest, in accordance with 
planning meeting ............................ 9/89 

* Develop plans for a cooperative research program to verify soil-pile 
interaction models for marine structures subject to earthquakes, 
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measurement of sea floor earthquake motions. and the stability of 
gravity based structures during seismic events .........•........ 9/89 

* Initiate research tasks on the development of in-situ assessment 
methods for soil liquefaction. under the cooperative research 
program .............•.............. ~ .................•.......... 1.0/89 

-r Hold the 1990 U.S. Japan Workshop on Design and . Treatment 
Methods for Mitigating Liquefaction Induced Damage, in Japan ... 10/90 

5. Information Exchange 

* T/C workshops. exchange of visitors, and participation in annual 
joint panel meetings. including presentation of technical papers. 

* Exchange of researchers between U.S. and Japanese government 
laboratories. 

* Visits by researchers and participation in technical activities 
. such as post-e~rthquake field irivestigationS. 

* With the professional community in the U. S.· and Japan; by 
publication of papers in journals; publication of research reports 
by the respective agencies; participation in professional 'society 
meetings and conferences; seminars; and workshops. 

6. Impact 

Through the exchange of researchers and the diffusion of earthquake
related techniccil data, e~perience. and information on methods of practice. 
the state of technology in geotechnical earthquake engineerin~ has b~en 
raised on both sides. Through the cooperative research program on in-situ 
testing of soils which .was carried out after the 1983 Nihonkai-Chubu 
Earthquake, improved and more ~ccurate ~et60ds' of using in-situ tests for 
evaluating the liquefaction potential of soils were achieved;ihese have 
been in general use in the United States since 1985. 

7. Barriers 

* Insufficient funds allocated to earthquake engineering research. 

* Administrati~e iestriction~ on foreign iravel. 
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Report of Task Committee on 

(I) STORM SURGE AND TSUNAMI 

Date: May 17, 19.89 

Place: Public Works Research Institute 
Ministry of Construction 

· .. .Tsukuba, Ibaraki. 305 

Attendees: Japan Side - T. Uda (Chairman) (PWRI) 
K. Tanimoto (PHRI) 
K. Kurashige (MRI) 
M. Okada (MRI) 
N. Oyagi (NRCDP) 

U.S. Side - J. F. Lander (Acting Chairman) (Univ. of Colorado) 
W. E. Roper (COE) 

Following the request in item. 8 of the Final Resolutions. adopted- at 
the 20th Joint Meeting held in Gaithersburg in 1988, the "Mission 
Statement" of this Task Committee was drafted for adoption by the Panel as 
follows; 

MISSION STATEMENT 

1. Objective 

Both storm surge and tsunami are hazards capable of inflecting damage of 
disastrous proportions. Storm surges are associated with _ hurricanes. and 
typhoons where high winds and the mounding of water under the low 
barometric pressure of the storm's eye can cause extensive flooding and 
severe wave action. Tsunamis are predominately caused by underwater 
earthquakes and, to a lesser extent volcanic activity. Depending on the 
distance from the source tsunamis arrive wi thin minutes to up to a day 
after gener~tion. 

The main objective of this TIC is to mitigate these hazards through shared 
technologies, research, information, and cooperative work. 

2. Scope of Work. 

* 

* 

Exchange results of research on storm surge and tsunamioccurr~nce, 
generation, propagation, and coastal 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 important planned and ongoing projects 
_ relating to storm surge and tsunamis. 
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* 

* 

Exchange information on development of technologies such as 
computer programs to predict travel times, run-up heights, and wave 
characteristics and analysis; improved instrumentation, and use·of 
satellite communications for detection and warning. 

Facilitate dissemination through exchange of literature, technical 
reports at joint meetings, special workshops, joint projects, and 
direct interaction among participants. 

3. Accomplishments 

* 

* 

* 

Exchanged digital bathymetric data with the Japanese side j US side 
received a computer program to calculate tsunami travel time 
~harts. 

Exchanged computer program forecasting storm surge run-up. 

Exchanged technical reports on related subjects. 

4. Future Plans 

* 

* 

* 

* 

* 

* 

Develop exchanges of data and information on activities related to 
deep ocean tsunami measurements. 

A Second Tsunami Workshop (proposed location, Hawaii in October or 
November 1990) to address advances since the first Workshop and to 
bring together computer modelers and potential users of modeling 
results is planned. 

Explore and promote joint undertakings such as instrument testing, 
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 se~t to the Japanese 
side. 

The activity area of the Task Committee will be expanded to include 
members with strong interest on the engineering aspects of storm 
surge and tsunamis iri U.S. side. 

The U. S. side has compiled detailed information on all tsunamis 
affecting the U. S. and possessions. It is being printed and will 
be exchanged this summer. 

5. Information Exchange 

• Continue exchange of publications, bibliographic data, technical 
reports, and personal contacts. 

6 Impact 
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* Increased cooperation among scientists' working in these fields. 

*- Hasten implementation of techniques developed from the US to Japan 
and vice versa 

* Facilitate wider dissemination of information and technology. 

7. Barriers 

* 

* 

* 

Insufficient funding for 
organizations to participate 
annual joint meetings. 

government and 
in Tic workshops 

private sector 
and the Panel's 

The tsunami problem is less serve in the US than in JAPAN which 
leads to a smaller community of researchers. There are fewer US 
researchers focusing on tsunamis at any or several locations j- thus 
highlighting the importance of TIC periodic meetings and workshops. 

There are different approaches and degree of significance in 
dealing with problems in the US and JAPAN e.g., in US the hazard is 
from a remote source which leads to emphasizing developments of 
warning and evacuation schemes while in JAPAN the engineering 
approach is favored due to more locally generated tsunamis. 
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Report of Task Committee on 

(J) WIND AND EARTHQUAKE ENGINEERING FOR TRANSPORTATION SYSTE~S 

Date: May 18, 1989 

Place: Public Works Research Institute, Ministry of Construction 

I-barichi Asahi, Tsukuba-shi; Ibaraki-ken 305, Japan 

Attendees: Japan Side - S. Saeki(Chairman) (PWR I) 

T. Fujitani (HR I) 

T. Iwasaki (PWR I) 

Y. Sasaki . (PWRI) 

M. Fujiwara (PWR I) 

K. Yokoyama (PWR I) 

H. Okahara (PWRI) 

K. Kawashima (PWR I) 

K. Tokida (PWR J) 

K, Hinosaku(Observer) (PWRI) 

l.S. Side - H. R. Bosch(Acting Chai rman) (FHWA) 

A. G. Franklin (wES) 

. , 

Fol lowing the request in item 8 of the Final Resolutions adopted at 

the 10th UJNR Joint Panel Meeting held in Gaithersburg in 1988, the 

"Mission Statement" of thrs Task Com~ittee was drafted for: adoption by the 

Panel as follows; 

[Missi6n Statement] 

1. Object i ve 

The objectives of this Task CommitLee are to plan, promote, arid foster 

resear~h on ~he behavior of highway bridges when subjected io wind and 

seismic forces and to disseminate research results and provide 

specifications and guidelines based on the task committee's findings. 

Surface transportation systems for movement of goods and people playa 
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vital part of commerce and intercou-rse 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 d~signs; 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 

* Conducted coordi~ated research stddies on the s~ismic performance of 

bridge piers and columns. Details of this work involved determing the 

performance of reinforced concrete piers and columns subjected to dynamic 

cyclic loading, performing model tests on the failure of reinforced 

concrete piers, testing full-scale concrete columns and for the behavior of 

concrete fili~d ste~l tube~. 

* Held the fourth bridge workshop in San Diego, U .. S. in 1988 and the fifth 

bridge workshop in Tsukuba, Japan in 1989, dealing with the deter~inat.ion 

and evaluation of the performance and strengthening of bridge structures, 

structural monitoring, repairs, safety and non-destructive evaluation. 

Special attention was given to the seismic and wind loadings of modern c~ble 

-stayed bridges, vibration suppression, base isolation and dynamic control 

techniques. 

* Both sides presented technical papers .aL lhe CJNR Joint Heeting and 

participated in technical study tours such as faclories, construction sites, 

and instrumenled Slructures. 

4. Fullire Plans 

* Conduct the 6th bridge workshop just prior to the 22nd Joint Panel 
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meeting in the u.S .. 

* Continue the coordinated. experimental research study on the seismic 

performance 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 bridges with emphasis on cable 

inspection, vibration and corrosion protection. 

* Develop a coordinated research study to compare the seismic design 

criteria for bridg~s in JAPAN and the U.S. 

* Develop a coordinated research study on seismic response control, system 

identification techniques, and non-destructive evaluation of bridge 

structures. 

5. Information Exchange 

* Exchanged technical reports, research program documentation, consrruction 

logs, design plans, and assorted photographs and TV videos. 

* Mr. S. Cnjoh from PwRI worked in University of Southern California and Mr. 

Ray Zelinsky from Transportation Bureau of California State worked in PwRI 

to engage in research studies relating to this Task Committee. 

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 

technology transfer, as an example, in the area of cable protection and 

vibration suppression of cable-stayed bridges. 

'" loii th respecL Lo Lhe earthquake protection of bridges, the free exchange 

of literature, inSLrumentation technology, and earthquake response data has 

led to the i mprovemen t of des i gn and re t rof itt i ng gu ide lines and to 

calibration and verification of specifications. 

'" A set of priorities for research need~d from a more international 

vie~point were established. 



7. Barriers 

There are no ~ajor technical barriers to achieve the Task Committee mission. 

However. finan~ial barriers. especially funding needed to participate in 

workshops and panel meetings and for conducting actual bridge tests ~nd 

large scale model tests. limit the effectiveness of the work in this Task 

Committee's work. 
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