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ANALYTICAL AND EXPERrr~ENTAL INVESTIGATION OF STRUCTURAL RESPONSE 

THE IMPERIAL COUNTY SERVICES BUILDING 

Background 

The success or failure of a structural design depends, to a great extent, 

upon the formulation of the appropriate conceptual and mathematical representa­

tion of the structure's characteristics. Inasmuch as the structure's analytical 

model dictates a significant part of the overall design, it is imperative, part­

icularly in a high seismic area, that the model accurately represent the full­

scale structure. One means of validating analytical procedures is to perform 

experimental studies of full-scale structures and compare these results with 

those of the analytical model. 

This research effort was devoted to an in-depth experimental and analytical 

study of the Imperial County Services Building in El Centro, California. The 

Imperial County Services Building offered an unusual challenge due to its arch­

itectural features, its location in a highly seismic region, and the breadth of 

the strong motion instrumentation in the near vicinity. The investigation of 

this building entailed specific experimental and analytical tasks. The experi­

mental tasks involved the ambient and forced vibration testing of the building 

and the subsequent data reduction effort whereas the analytical tasks involved 

an accurate modeling of the building for dynamic response. 

An ambient vibration survey consists of measuring the microtremors in the 

structure caused by wind, people, cars, machinery, and other culturally induced 

excitations. Inasmuch as some of the most-significant wind conditions in El 

Centro occur in February and r~arch, the ambient vibration survey was conducted 

in February 1979. A subsequent ambient vibration survey was conducted in 

May 1979. 
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A forced vibration test represents another important approach to the 

dynamic testing of structures. During these tests the structure is excited in 

a steady-state vibration with one or more eccentric mass vibration generators in 

which the shakers can be oriented so as to produce either of the two lateral or 

one torsional mode. The forced vibration tests of the Imperial County Services 

Building were conducted during the latter part of July and early part of August 

1979. Two eccentric mass shakers from UCLA's Earthquake and Wind Laboratory 

were mounted on the penthouse's foundation in such a manner that, with proper 

synchonization, the two lateral and torsional motions were excited. 

The analytical modeling of the buiding entailed the development of a finite 

element model that represented the building's dynamic response due to the low 

level ambient and forced vibration motion produced by the wind and eccentric 

mass shakers. Inasmuch as these levels of excitation and response were assumed 

to be linear, then a series linear elastic dynamic analyses were performed. In 

order to assess the effects of strong motion, the finite element model was modi-

fied to accommodate the nonlinear, elastic-plastic behavior associated with 

earthquake motion. 

Although the correlation of an analytical model with the low level forced 

vibration experimental results is not new, the Imp.erial County Services Building 

did offer some amenities that were unique and attractive. Consider the follow-

ing characteristics of this site: 

1. This particular 6-story building had been instrumented by the Calif­
orni a Department of ~1i nes and Geology in accordance with its buil di ng 
instrumentation criteria for the California Strong Motion Instrumenta­
tion Program. The instrumentation in this reinforced concrete frame 
and shear wall building consisted of a triaxial package of accelero­
meters at ground level, four single axis horizontal accelerometers at 
the second floor level, one at the fourth floor, and four at the roof 
level. In all, the building is instrumented with 13 accelerometers. 
Lateral forces \'iere resisted by shear walls in the N-S direction and 
by frame action in the E-W direction. There was a shear wall dis­
continuity at the second floor. 
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2. Approximately 340 feet east of the building was a IIfree field" acceler­
ograph maintained by USGS. The location of this accelerograph vias 
particularly significant when one considers the potential characteri­
zation of the ground motion in soil-structure interaction. 

3. El Centro is in a highly seismic region. In November 1976, a swarm of 
more than 400 earthquakes occurred near Calipatria in the Imperial 
Valley. A total of 18 strong motion records were recovered from 7 
accelerograph stations located within 32 Km of the epicenter. These 
instruments are owned by the U. S. Geological Survey (USGS), the 
California Division of Mines and Geology (CDMG), and the Earthquake 
Engineering Research Laboratory of the California Institute of Techn­
nology (CIT). This cooperative effort includes the development of a 
specialized strong motion network in the Imperial Valley to fulfill 
such specific research needs as source-mechanism and ground-motion at­
tenuation studies. The relatively dense instrumentation coverage in 
this region of recurring small - to moderate-size events provided an 
ideal situation in which those data necessary to implement studies can 
be accumulated. It should be noted that the Imperial County Services 
Building's instruments had been triggered no less than a half dozen 
times since November 1976. 

4. The candidate building had the unusual architectural feature of havinq 
the shear walls discontinuous at the second floor level. This feature 
offered some analytical modeling challenges in correlating the analyti­
cal and experimental results. 

5. The candidate building was instrumented with an anemometer and its 
associated hard copy recording devices. 

While these items indicate a justification for conducting an analytical and 

experimental study of the Imperial County Services Building, it is of interest 

to review the projects research objectives as enunciated in the 1978 proposal to 

the National Science Foundation: 

liThe pri ncipal research project objective will be to further 
develop the analytical procedures necessary for characteriz­
ing the earthquake respoonse of structures based upon both 
experimental and analytical studies. The Imperial County 
Services Building offers an unusual challenge due to its 
architectural features, its location in a highly seismic 
region, and the breadth of the strong motion instrumentation 
in the near vicinity. Some of the activities which are re­
lated to accomplishing the research include -

1. Develop a structural dynamic information base for a 
building that has as much potential as probably any other 
instrumented building in the U. S. of being subjected to an 
earthquake. This information base includes the response due 
to ambient (primarily wind induced), forced (low level ex-
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citation), and earthquake (strong motion excitation) induced 
vibrations as well as the results of an analytical model. 

2. Develop the fundamental vibration characteristics of 
frequency, an estimate of damping, and mode shapes for the 
two lateral and one torsional mode due to the low level 
forced and ambient vibration excitation. 

3. Assess the difference in measured vibration character­
istics determined from the ambient and forced vibration ex­
periments and attempt to quantify the application of the re­
sults from these low level excitations to the strong motion 
characteristics. 

4. Develop an analytical finite element model that correl­
ates the building's response due to low level forced vibra­
tion. 

5. Extend the current linear elastic finite element models 
to include the nonlinear effects of strong motion on the 
three dimensional model." 

As is well kno\'In within the earthquake engineering community the Imperial 

County Services Building has been and continues to be the source of many in-

vestigations following the October 15, 1979 Imperial Valley earthquake. This 

event was notable since, for the first time, a building instrumented with strong 

motion recorders suffered major structural failure and the response can be in-

terpreted in the light of well defined dynamic response data. The damage was so 

extensive that the building was razed in 1980 and a completely new facility has 

since been constructed. 

Results 

The results of the research project have been dissemenated in a variety of 

technical reports, technical papers, and oral presentations to various audi-

ences. Table I presents a summary of the disseminated research results whereas 

Appendices A through F contain the technical reports and papers. 
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IMPERIAL COUNTY SERVICES BUILDING 

Technical Publications and Presentations 

1. .IIImperial County Services Building - Ambient Vibration Test Results ll
, 

Department of Civil Engineering, University of Canterbury, Christchurch, 
New Zealand, 79-14, December 1979. 

2. IIImperial County Services Building - Elastic and Inelastic Response 
Analyses", with A. J. Carr, P. J. Moss, Department of Civil Engineering, 
University of Canterbury, Christchurcrl, New Zealand, 79-15, December 1979. 

3. Seismic Behavior of the Imperial County Services Building in El Centro, 
California during the Imperial Valley Earthquake", with G. C. Hart, 
ASCE National Convention, Hollywood, Florida, October 1980. 

4. "Earthquake and Ambient Responses of El Centro County Services Building ll
, 

with G. C. Hart, B. T. Bunce, ASCE/EMD, Dynamic Response of Structures: 
Experimentation, Observation, Prediction, Control, 1981, pp 164-174. 

5. "Ambient Vibration Test Results of the Imperial County Services Building", 
accepted for publication in Bulletin of the Seismological Society of 
America. 

6. "Elastic Analysis of the Imperial County Services Building", with P.J.Moss, 
A. J. Carr, accepted for publication in Bulletin of the Seismological 
Society of America. 

7. "S; gnifi cance of the October 1979 Imperi al Valley Earthquake", presentati on 
at annual meeting of New Zealand Institute of Engineers, Earthquake 
Engineering Branch, Dunedin, New Zealand, November, 1979. 

8. "Elastic and Inelastic Results of the Imperial County Services Building ll
, 

presentation at annual meeting of Earthquake Engineering Research Institute, 
Santa Barbara, California, aanuary 1980. 

Table I 
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Conclusions 

As proposed, the research investigation conducted ambient and forced vibra­

tion studies as well as analytical investigations of the Imperial County Ser­

vices Building. The low level response characteristics provided a means of 

comparison for various elastic computer models which, in turn, were useful in 

interpreting the post-earthquake condition of the building. 

The research project presented predictions of the structural response of 

the Imperial County Services Building due to several static and dynamic load 

excitations using elastic analysis techniques. Seven representative load condi­

tions were considered in which a numerical as well as comnentary summary are 

pr"ovided. While it is recognized that the strong motion of the 1979 Imperial 

Valley earthquake precludes elastic behavior of the lCSS, the fact remains that 

elastic analyses clearly playa useful role in post-earthquake "post mortems" by 

clarifying structural action. In particular the elastic analyses clearly pin­

poi nted the eas t end column weaknesses \,/hi ch were subsequently confi rmed by the 

damage sustained. These computed response results of the lCSB, which is des­

tined to become one of the most thoroughly investigated structure in earthquake 

engineering history, help explain the catastrophic failure of the building 

during the October 15, 1979 earthquake. 
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(iii) Input/Output Boards-these boards allow for the transfer 

of data to and from devices such as the DMS, Tektronix 

terminal and, potentially, an acoustic coupler linked to 

a mainframe computer. 

The version of the DMS which includes local FFT processing 

capabilities also requires Random Access Memory (RAM) boards to 

store the computed data. 

3. Tektronix Terminal. This device serves as the "control center" 

4. 

for the DMS. It permits the user to display data in graphic and/or 

numeric form. The display screen itself is a storage-type screen. 

The terminal also includes an alphanumeric keyboard for the entry 

of system commands. 

Hard Copy Unit. Provides permanent paper record of data displayed 

in the terminal screen. The hard copy processes requires a few 

seconds, and is useful for documentation pu~poses. 

The software portion of the DMS is composed of two major sub­

systems: 

(i) The basic local software which permits communication with time­

sharing and extended local software which allows Fourier 

analysis without timesharing. 

(ii) The timesharing software is a family of programs, called the 

Mechanical Design Library (MOL), owned and maintained by 

Structural Dynamics Research Corporation. Comshare, Inc., 

offers the international timesharing network which contains 

those programs accessed by the OMS. 

Presently the DMS is being linked to the PDP 11/34 minicomputer 

) . 



List of Figures 

Figure 1 - Imperial County Services Building - View Looking Northeast 

Figure 2 - Imperial County Services Building - East Shear Wall 

Figure 3 - Imperial County Services Building - West Shear Wall 

Figure 4 - Imperial County Services Building Strong-Motion Instrumentation 

Figure 5 - Strong Motion Stations In the Imperial Valley Area 

Figure 6 - Techniques For Calculating Damping From Random Response 

Figure 7 - Random Decrement Signature For N=2 And N=lOO 

) . Figure 8 - Random Decrement Signature For Linear Systems 

Figure 9 - E-W Power Spectrum Responses At Location B 

Figure 10 - N-S Power Spectrum Responses At Location D 

Figure 11 - N-S Power Spectrum Responses At Location B 

Figure 12 - Exponential Curve Fit To Autocorrelation Envelope 

Figure 13 - Exponential Curve Fit To Autocorrelation Envelope 

A-I Aliasing - Sampling of Different Frequency Sinusoids Gives the same 

Sampled Values 

! : 
/ i 



IMPERIJl.j, COUNTY SERVICES BUILDING 

Ambient Vibration Test Results 

Background 

The success or failure of a structural design depends, to a great 

extent, upon the formulation of the appropriate conceptual and mathematical 

representation of the structure's characteristics. The design success or 

failure is particularly accentuated in an active earthquake zone. Success 

can be measured in terms of a cost effective, efficient, aesthetically 

pleasing design that meets or exceeds a demanding client's need while 

maintaining the structural integrity under severe seismic loading. Failure, 

on the other hand, may include overdesign, with its inherent increased 
) . 

costs, due to ignorance or uncertainty in order to meet severe seismic 

design loads or catastrophic structure failure resulting in injuries or 

fatalities. Inasmuch as a structure's analytical model indicates a signifi-

cant part of the overall design, it is imperative, particularly in a high 

seismic area, that the model accurately represent the full-scale structure. 

One means of validating analytical procedures is to perform experimental 

studies of full-scale structures and compare these results with those of 

the analytical model. 

Presently a research effort is being devoted to an in-depth experi-

mental and analytical study of the Imperial County Services Building in 

El Centro, California (see Figure 1). This research project is being 

sponsored by the National Science Foundation under its Research Initiation 

in Earthquake Hazards Mitigation Program. The experimental component of 

the research project has been devoted"to low level structural excitations 

(ambient and forced vibration); however, the potential for experimental 

results (and the structure's inherent nonlinear behaviour) due to strong 

motion exists since the candidate structure is in a highly seismic area 
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and is instrumented under the California Strong Motion Instrumentation 

Program. On 15 October 1979 this earthquake potential become a reality 

when a powerful earthquake jolted Southern California and northern 

Mexico causing extensive damage to the Imperial County Services Building. 

The earthquake, which measured 6.4 on the Richter scale, was centred on 

the Imperial Fault near the US - Mexican border. The analytical component 

of the research project is being devoted to developing a valid mathematical 

model to accurately represent the low level forced vibration while 

investigating methods and techniques needed to represent the nonlinear 

structural behaviour due to the strong motion records of 1934, 1940, and 

new 1979. 

This report, one of several related to the Imperial county Services 

Building, is devoted to the presentation of the data resulting from the 

ambient vibration tests conducted during February and May 1979. In light 

of the 15 October 1979 earthquake these results are being disseminated to 

the engineering community as rapidly as possible. However the complete 

investigation of the ambient vibration survey results is still an ongoing 

project so one should view this report as a preliminary one. 

Significance of the Imperical County Service Building 

Although the correlation of an analytical model with the low level 

forced vibration experimental results is not new, the Imperial County 

Services Building does offer some amenities that are unique and attractive. 

Consider the following characteristics of this site: 

1. This particular 6-storey building has been instrumented by the 

California Department of Mines and Geology in accordance with its 

building instrumentation criteria for the California Strong Motion 

Instrumentation Program. The instrumentation in this reinforced 

concrete frame and shear wall building (see figure 2 and 3) consists 

I~ 
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Figure 3 - Imperial County Services Building - West Shear Wall 
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of a triaxial package of accelerometers at ground level, four single 

axis horizontal accelerometers at the second floor level, one at 

the fourth floor, and four at the roof level. In all the building 

is instrumented with 13 accelerometers (see Figure 4). Lateral 

forces are resisted by shear walls in the N-S direction and by frame 

action in the E-W direction. There is a shear wall discontinuity at 

the second floor. 

2. Approximately 104 meters east of .the building is a "free field" 

accelerograph maintained by USGS. The location of this accelero-

graph is particularly significant when one considers the potential 

characterization of the ground motion in soil-structure interaction. 

3. El Centro is in a highly seismic region (see Figure 5). The earth-

quakes of 1934 and 1940 severe as benchmarks for scientists and 

engineers throughout the world. More recently , in November 1976, 

a swarm of more than 400 earthquakes occurred near Calipatria in 

the Imperial Valley. A total of 18 strong motion records were 

recovered from 7 accelerograph stations located within 32 Km of the 

epicenter. These instruments are owned by the U.S. Geological 

Survey (USGS), the California Division of Mines and Geology (CDMG), 

and the Earthquake Engineering Research Laboratory of the California 

Institute of Tecnology (CIT). This cooperative effort includes the 

development of a specialized strong motion network in the Imperial 

Valley to fulfill such specific research needs as source-mechanism 

and ground-motion attenuation studies. The relatively dense 

instrumentation coverage in this region of recurring small- to 

moderate-size events provides an ideal situation in which those data 

necessary to implement studies can be accumulated. It should be 

noted that the Imperial County Services Building's instruments have 
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been triggered no less than a half dozen times since November, 1976, 

with the last strong motion prior to the 15 October 1979 earthquake 

occurring on May 5, 1978. 

4. The candidate building has the unusual architectural feature of 

having the shear walls discontinuous at the second floor level. 'I'his 

feature should offer some analytical modeling challenges in correlating 

the analytical and experimental results. 

Test Apparatus 

The apparatus associated with the ambient vibration tests consists 

of data acquisition and data reduction equipment. 

The data acquisition equipment includes: 

Kinemetric SS-l Ranger Seismometers (4)- The Ranger, an excellent 

short-period seismometer, is a highly sensitive, portable vibration 

sensor for structural dynamic applications. Mechanically, the Ranger is 

a "moving coil type" (velocity) transducer adaptable for either vertical 

or horizontal operation. Because of its high sensitivity, rugged 

construction and compact size, it is ideally suited for ambient and low 

level forced vibration of buildings. 

Kinemetric SC-l Signal Conditioner - The SC-l is a wide band, low 

noise amplifier system, designed with filters for use in low level 

structural vibration and microseismic measurements. Four input channels, 

each having its own attenuator and adjustable low-pass filter, provide 

isolated circuitry for a normal, integrated, and/or differentiated output 

signal (i.e., velocity, displacement and/or acceleration output using a 

velocity sensor). All outputs are simultaneously or independendly avail­

able for recording. The power supply is by internal rechargeable 
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batteries with an internal battery charger. The unit is contained in a 

portable, weather-tight, aluminum case, with a removable cover, and 

weighs approximately 20 pounds. 

Hewlett Packard 3960 Instrumentation Tape Recorder - This rugged 

four-channel, three speed instrumentation device, which uses ~-inch 

magnetic tape, is capable of FM recording and reproducing over a band-

width from DC to 5 kHz, or direct recording and reproducing over a 

frequency range between 100 Hz to 64 kHz. The FM mode was used for the 

ambient vibration tests. 

The data reduction equipment, includes: 

Zonic Technical Laboratories DMS 5003 - The Data Memory System, 

which is used to manipulate the recor~ed ambient or forced vibration 

data, is composed of five major subsystems: 

1. A multi-channel digital data acquisition system, called the Data 

Memory System (DMS), which serves as the "front end" to the system. 

2. A microcomputer which has been preprogrammed to perform various 

DMS functions. 

3. A Tektronix 4006 graphics display terminal. 

4. A Tektronix 4631 hard copy unit. 

5. A dual cassette tape drive system for storing and retrieving user 

programs, raw data, and processed data. 

A more complete description of the data reduction system and its 

capability is provided in Appendix A. 

I 
I 
I 
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Test Procedure 

The ambient vibration tests were conducted on three separate days in 

1979: 26 February, 27 February and 17 May. with the exception of the late 

evening of 26 February, all three days were characterized by light prevai1in9 

winds. Apart from the 5 minute calibration runs in the N-S and E-W directions 

at the beginning and end of the test sequence, all ambient vibration tests were 

conducted for approximately 18 minutes. The approximate 18 minute time frame 

was chosen so that there would be sufficient data to perform the spectral 

analyses of 100 "snapshots" of time data of 10.24 seconds each. 

The ambient vibration tests were conducted by placing the seismometers in 

strategic locations throughout the building on both the N-S and E-W directions. 

With the exception of the torsion tests the seismometers were usually located 

at a common point in a plan view but at different elevations, or floors, 

throughout the building. In all cases at least one seismometer remained at 

roof level. The torsion tests were conducted by placing the four seismometers 

at the roof level with each seismometer located in a particular corner of the 

building. The seismometers were oriented in a "pinwheel" fashion for torsion 

tests, i.e. the seismometer in the NE corner was pointed north, the seismometer 

in the I~ corner was pointed west, the seismometer in the SW corner was pointed 

south, and the seismometer in the SE corner was pointed east. 

Apart from one ambient vibration test that was conducted by "tapping" into 

the accelerometers of the California Division of Mines and Geology, velocity data 

was acquired and recorded for the ambient tests. By using the manufacturer's 

calibrated values for the velocity transducers, it was a relatively routine matter 

to obtain absolute magnitudes of velocity rather than just relative values. 

Data Reduction - FOurier Transform Method 

The principal objective of the ambient vibration tests is to determine 

estimates of fundamental frequencies and the associated mode shapes as well as 

an estimate of structural damping. With the implementation of the Fast 

Fourier Transform (FFT) on hardwired microcomputers the effort in calculating time 

and frequency domain functions related to these fundamental vibration 
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characteristics has been tremendously decreased. Modern FFT analyzers, 

such as the Zonic DMS 5003, work on the principle of a fast and efficient 

calculation
l 

of the so-called Discrete Fourier Transform (DFT). 

While no attempt will be made to discuss the background of the DFT and 

FFT, some review of Fourier Series, the Fourier Transform and the Discrete 

Fourier Transform is advantageous. Specifically the discussion will identify 

those significant calculations which are used to determine the structure's 

vibrational characteristics such as the power spectrum, auto correlation, 

cross spectrum, cross correlation, frequency response, and coherence function. 

More detailed discussions on the Fourier Transform and the applications of 

digital signal processing can be determined from various references such a3 

2-5. 

FOURIER SERIES 

It is well known that time functions are often interpreted conveniently 

by the analysis of the frequency content. This approach is derived from 

the work of the French Mathematician Jean Baptiste Fourier who: discovered 

that _periodic time functions can be decomposed into an infinite sum of 

properly weighted sine and cosine functions of the proper frequencies. The 

mathematical statement of this discovery is 

x(t) a + 
o 

00 

E 
n=l 

a cos 
n 

2TInt 

T 
+b sin 

n 

where T is the period of x(t), that is,x(t) 

2TInt 

T 
(1) 

x(t+T) 

When the coefficients a and b are calculated using the equations derived 
n n 

by Fourier, the amplitude of each sine and cosine wave in the series is 

known. Equivalently, when the coefficients a and b are known, the magnitude 
n n 

and phase at each frequency in x(t) is determined, where 
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is the amplitud.e at the frequency f 
n 

(niT), and tan -l(b la ) is the 
n n 

corresponding phase. 

FOURIER TRANSFORM 

While the Fourier series is a useful tool for determining the 

frequency content of a time varying signal, it does require that the signal 

~e periodic. To overcome this short-coming, Fourier evaluated this series 

as he let the period of the waveform approach infinity. The function which 

resulted is known as the Fourier transform and the Fourier transform pair 

is defined as 

ro 

x (f) J -i27Tft 
x(t) e dt 

(Forward Transform) (2) 
ro 

x(t) 
ro 

(Inverse Transform) (3) 

X(f), the Fourier transform of x(t), contains the amplitude and phase 

information at every frequency present in x(t) without demanding the 

x(t) be periodic. 

DISCRETE FOURIER TRANSFORM 

In order to calculate the Fourier transform using a digital computer 

it is useful to examine the results of digitally computing the forward 

Fourier transform given in equation (2). In order to implement the 

Fourier transform digitally, one must convert the continuous input signal 

into a series of discrete data samples. This is accomplished by sampling 

(measuring) the input waveform, x(t), at certain intervals of time. 

Assume that the samples are spaced uniformly in time, separated by an 

interval 6t. In order to perform the integral (2) the sampleS must 

separated by an infinitesimal amount of time (i.e., 6t+dt). Due to 
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possible. Thus a discrete form of the Fourier transform results. 

n=-t= 
X(f) L: x (nt.t) 

n= 

-i2TIfnt.t 
e 

where x(nt.t) are the measured values of the input function. 

(4) 

Equation (4) states that, even though one deals with a sampled version 

of x(t), it is still possible to calculate a valid Fourier transform. 

However, the Fourier transform as calculated by (4) no longer contains 

accurate magnitude and phase information at all of the frequencies 

contained in X(f). Rather, X(f) accurately describes the spectrum of 

x(t) up to some maximum frequency (F ) which is dependent upon the sa~pling 
max 

interval, t.t. 

POWER SPECTRUM, AUTO CORRELATION 

The power spectral density function is a very useful parameter that 

basically determines the power distribution as a function of frequency for 

a signal. It gives a measure of energy distribution of the signal. It 

is defined for a single record of length T by: 

G (f) 
xx 

where 

G (f) 
xx 

x (f) 

X* (f) 

~ X* (f) • X(f) 
T 

f>O 

power spectral density function 

Fourier transform of x(t) 

complex conjugate of X(f) 

(5) 

Note that G (t) is defined for positive values of frequency only. The 
xx 

auto correlation function is defined for a single record of length T by: 

T/2 

I (T)= l. J 
xx T 

x(t)x(t + T) dt (6) 

-T/2 

It can be readily shown that the power spectral density function is the 
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determine the autocorrelation function is to calculate the power spectral 

density function and take the inverse Fourier Transform. 

CROSS SEPCTRUM, CROSS CORRELATION 

The cross spectral density function is very similar to the power 

spectral density function except that it is calculated from two different 

signals from a system. It is defined as: 

where 

G 
yx 

(f) = ~ X*(f) 
T 

Y(f) f>O 

G cross spectrum between y(t) and x(t) 
yx 

Y(f) Fourier transform of y(t) 

(7) 

X*(f) = complex cQnjugate of X(f), the Fourier transform of x(t) 

The cross correlation function is simply the Inverse Fourier transform 

of the cross spectral density function. 

FREQUENCY RESPONSE 

The frequency response can be defined as the ratio. of the Fourier 

transform of the output of a system divided by the Fourier transform of the 

input. If the following system is considered: 

x (t) 
System 

Input 

then the frequency response is 

Y(f) 
H(f) = X(f) 

y(t) 

Output 

(8) 

where X(f), Y(f) are the Fourier transforms of x(t), y(t), respectively. 

The frequency response for a system will be unique if the system is 

linear. If it is nonlinear the frequency response will be a function of 
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input to the system must exist. It makes no difference if the input is 

periodic, random or transient, but it must have frequency content in the 

range of interest. If it does, then the frequency response can be determined 

by measuring the input and output response of the system, Fourier 

transforming the input and output, and then taking the ratio of the two 

transformed values. 

However, an important point concerning the determination of the 

frequency response is that frequently both the measured input and output 

signal from the system will have a noise component. Therefore, the Fourier 

transform of the input and output will include the transform of the noise 

components which will cause an error in the estimation of the frequency 

response. In order to reduce this error, the frequency response can be obtained 

from the following equation: 

H(f) 
EY (f) 

= Ex (f) 

• X* (f) 
X* (f) 

EG (f) 
yx 

EG (f) 
xx 

(9) 

The terms G and G are the cross spectrum and power spectrum functions, 
yx xx 

respectively. These values can be summed for independent records of data 

and the cross spectrum sum divided by the power spectrum sum to determine 

the frequency response. This technique is particularly useful when 

considering the random data that is obtained from the ambient vibration 

tests. 

COHERENCE 

The coherence function is defined as 

where 

T 
xy 

2 
= 

G (f) 
yx 

G (f) 
xx 

2 

G (f) 
yy 

(10) 
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coherence function 

average cross spectrum between input and output 

G 
xx 

= average power spectrum of input 

G 
..xL 

The quantity 

average power spectrum of the output 

/G (f) I is the absolute value of G (f). xy xy 

If the coherence function is equal to one at a given frequency then the 

output at that frequency is entirely due to the input. If it is less than 

one, then the output signal also has a noise component or it is due to some 

non-linear behavior of the system and can be used to determine how many 

averages must be made to determine the frequency response of the system. 

The coherence function measures how coherent the output signal is with the 

input signal. 

Note that the above equation states that the quantities used to calculate 

the coherence function must be averaged values. Coherence functions taken 

from single records of the above quantities are meaningless since the 

coherence function will always be calculated as one in that case. 

Data Reduction - Random Decrement Technique 

In addition to the Fourier Transform methods for determining a 

structure's vibrationa.l characteristics, an alternative technique, the 

random decrement method, was implemented. Previously the random decrement 

technique
6 

has been used successfully for failure detection and damping 

measurements of structures in single station, single mode response cases 

whereas its present application is to determine estimates of frequency and 

7 
damping from a building's ambient vibration response. More recent development 

has extended the technique to multiple station response. 

In general, the experimental identification of structural modes of 
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vibration is conducted by measuring the input to the structure under test 

and the resulting responses due to the input. Some vibration testing 

) techniques, in order to simplify the identification procedure, use the free 

response of structures. In such cases, although the input excitation need 

not be measured, some initial excitation is applied to the structure and 

free responses are measured immediately after the excitation force is 

removed. As a practical matter the free response of a multistory building 

may be difficult to achieve. 

There are many practical situations Where controlled excitation or 

initial excitation cannot be used. For example, if the structure to be 

tested is in operation, applying any kind of external force may cause 

undesirable interruption. Another example is the case of wind and microtremor 

excitation of a building in which the complete knowledge of the input 

excitation is not known. In such cases, the use of the random decrement 

technique (a special averaging procedure that is used to determine the steps 

and/or impulse response from the random responses) in order to obtain the 

free vibration response may be attractive. 

A typical random response of transducer, such as a Ranger Seismometer, 

is shown in Figure 6. The random response curve is so complicated and 

variable that little information can be gleaned from the time history itself -

usually various analysis techniques must be performed on this time history 

in order to condense the meaningful information. One well known technique 

showm in Figure 6 is the spectral density which may be obtained directly from 

an ensemble average of the absolute amplitude squared of the Fourier transform 

of N segments of the time history. The resulting signature has a peak 

for each structural mode; and for well-separated peaks, the damping ratio of the 

mode may be obtained by measuring the width of the peak at half the peak value. 

This so-called bandwidth of the half-power point is equal to 2 § f Also 
n 

the integral of the power spectral density is equal to the mean square value. 
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DAMPING MEASUREMENTS 

GIVEN:- Random Response (Input Unknown) 

y(tJ y, Yo" 

o "i 

FIND:- Damp(ng Ratio (~) 

SPECTRAL DENSITY 

AUTOCORRELA T/ON . 

r 
~ (t) = lim 1-f y ( t) y (t + t J d t 

o 
T-oo 

RANDOM DECREMENT 

N 

6 (r.) = _,_ L Yo (tn + t J 
YsN n= 1 

with condition 

tn = t when Yo = 0 

-2 
Y 

c ~ _1 (1- Y.? ) 
2n Y, 

~~_' BfP) 
2Tt 

. Figure 6 - Techniques For Calculating Damping From Random Response 
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the frequencies of the structural modes, the energy in the modes and the 

approximate damping of isolated modes. However, the main problem of its use 

in detecting frequency and damping is that it is very dependent on the input 

as shown by the following equation 

z 
G (f) 

y 
IH(f)IG(f) x 

in which H (f) is the transfer function of the structure and G (f) is 
x 

the spectral density of the input forces. It may be seen that the amplitude 

and form of the output spectral density G (f) 
y 

are dependent on the 

amplitude and form of G (f) which in most building vibration cases is unknown. 
x 

Hence, G (f) is only truly representative of the structure if G (f) is a 
y x 

constant or white noise. 

Another dynamic signature shown on Figure 6 is the autocorrelation for 

isolated modes, the signature has the same form as the vibration decay curve 

of a structure with an initial displacement and may be interpreted as such 

31 

to obtain period and dampfng of the mode. The autocorrelation is less sensitive 

than spectral density to variations in the spectral form of the input. 

The autocorrelation function may be used for measuring damping of isolated 

modes for multi-mode applications. 

The random decrement signature shown on Figure 6 has an appearance 

similar to autocorrelation, but it has many properties which make it more 

useful. The first is that the signature has a constant amplitude, Y , which 
s 

represents a calibrated displacement of the structure. This is important 

because it fixes the level of the signature and makes it independent of 

changes in intensity of the input. Also, if the structure has nonlinear 

damping with amplitude, the fixing of amplitude stabilizes the form of the signaturE 

Another property is that the signature has the same dimensions as the original 

time history since the multiplications are performed. Consequently, in 

multimode applications troublesome cross products of modes are avoided; and 
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in applications where the input spectral density is not flat, the signature 

distortion is considerably less. 

Although the equation on Figure 6 describes the process, a better feel 

for the extraction of the signature is obtained by graphically performing 

the process as shown on Figure 7. First, the selection level, Y , is set. 
s 

Each time the curve passes through Y (t) = 0, a segment. of the curve 
o 

is placed in summation. The first two segments are shown on the figure, one with 

and initial condition of a plus slope and one with an initial condition of 

a minus slope. The average of these two is the signature 0(.) for N 2. 

As more samples are taken, the signature converges to a form as shown for 

N = 100. For a single-degree-of-freedom system the value t = P would be 

the period of oscillation. 

The hypothesis of the random decrement signature for linear systems 

is shown in Figure 8. This figure shows the process as the linear 

superposition of a step, an impulse and random response for each segment of 

the time history selected. In other words, the step represents the homogeneous 

sclution to an initial displacement, the impulse represents the homogeneous solution 

to an initial velocity, and the random response represents the particular 

solution to random inputs which occur during the sample segment. It may be 

seen that all of the step responses are the same, whereas the impulse responses 

have initial slopes with alternate plus and minus values of varying magnitued. 

The random responses tend to average to zero. From this signature one can 

obtain an estimate of frequency and damping of the structure from its 

random response without needing to know (or assume) the input spectrum. 

Test Resul ts Frequency 

Using the aforementioned Fourier Transform and Random Decrement procedures 

the frequencies of the Anyslrial County Services Building were determined 

and are summarized in Table 1. 
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) 
, I 

1 

configuration Seismometer Direction Seismometer Locations . Method Frequency 
: 

I 

East B-7,B-6,B-4,B-2 
) 

1 Power Spectrum 1.54 Hz 
Auto ~orrelation 1.56 Hz 

I Random Decrement * , 

) North D-7,D-6,D-4,D-2 

Power Spectrum 2.24 Hz 
2 

Auto Correlation 2.25 Hz 
Random Decrement 

\ 
* 

) 

North B-7,B-6,B-4,B-2 I 

Power Spectrum 2.81 Hz; 

I 3 Auto Correlation 2.85 12 
Random Decrement * 

I 
) 

Table I - Frequencies From Ambient Vibration Tests 

The power spectrum results reflecting the three basic test configurations 

are depicted in Figures 9, 10 and 11. Each power spectrum curve represents 

the average power spectrum resulting from 100 "snapshots" of time data. The 

letter - number code denoting the seismometers locations refers to both a plan 

view and story level position - the letters A to H refer to specific plan 

view locations whereas the numbers refer to the story level ( 7 roof, 

6 = 6th floor, etc). 

A few points are worth noting. First, if the building were truly 

responding as a single degree of freedom subjected to white noise then bhe 
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frequency determined from the power spectrum and auto-correlation would be 

identical. The frequency deviations indicate departures from these assumptions. 

A second point is the discrepancy in frequency when the seismometers are 

oriented the north direction. With the seismometers positioned at points 

D-7, D-6, D-4, and D-2 the response energy is concentrated near 2.24 Hz 

whereas with the seismometers positioned at points B-7, B-6, B-4, and B-2 

the response energy is concentrated near 2.81 Hz. This apparent discrepancy 

was resolved by investigating the response of the torsional tests in which 

the seismometers were oriented in a "pin wheel" fashion at roof locations A 

(seismometer pointed South), C (seismometer pointed East), H (seismometer 

pointed North), and F (seismometer pointed West). By comparing the response 

of the diametrically opposite seismometers via the frequency response function, 

o it was found that the seismometers were 180 out of phase up until a frequency 

of 2.8 Hz at which point they became in phase. Thus the response energy 

concentrated near 2.24 Hz is attributed to the N-S lateral vibration whereas 

the response energy concentrated near 2.81 Hz is attributed to the torsional 

vibration. 

Tests Results - Damping 

The damping values associated with the ambient vibration tests of the 

Imperial County Services Building were computed by various means and are 

summarized in Table 2. 
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Configuration Method Damping (% Critical) 

Power Spectrum 6.42, 6.42, 6.42, 5.50 
1 Auto Correlation 4.38, 4.78, 5.54, 5.54 

Random Decrement * 

Power Spectrum 12.86, 11. 96, 12.86, 17.22 
2 Auto Correlation 7.67, 5.00, 7.14, 11. 71 

Random Decrement * 

Power Spectrum 9.15, 9.15, 9.15, 8.24 
3 Auto Correlation 7.05, 8.83, 7.31, 6.48 

Random Decrement * 

Table 2 - Damping Values From Ambient Vibration Tests. 

Using the power spectrum curves the damping ratio of the appropriate 

mode of vibration was obtained by measuring the width of the peak at half 

the peak value. This so-called bandwidth of the half-power point is equal to 

2 § f . 
n 

Using the autocorrelation function curves the damping ratio of the 

appropriate mode of vibration was obtained by fitting an exponential curve 

to the auto correlation envelope and evaluating the appropriate curve fit 

8 
parameters. The curve fit parameters are depicted in Figure 12 whereas 

Figure 13 denotes the implementation of this curve fit procedure for 

seismometer 3 of test configuration 3. 

! 
l 
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The damping value from the random decrement technique is obtained by 

measuring the curves' decay 8 (P). It should be noted that the ambient 

vibration velocity data was integrated once to obtain the displacement data 

for the random decrement technique. 

From the results it is quite apparent that it would be misleading 

to attribute a single damping value for a particular mode of vibration. In 

fact one purpose of computing the damping value by these various techniques 

was to indicate the range of potential values and the variability according 

to the technique used. 

Test Results - Mode Shape 

The mode shape amplitudes were obtained by extracting the appropriate 

values of the transfer or frequency response function. For convenience the 

transfer function was defined as the ratio of the Fourier transform of a 

particular story level seismometers output divided by the Fourier transform 

of the roof level seismometer. In actuality since an averaging process 

was used the numerator ,consisted of the averaged cross spectrum of the 

seismometers whereas the denominator consisted of the averaged power spectrum. 

The mode shape data is summarized in Table 3. 

Test Configuration Mode Shape Amplitudes 

Roof 6th 4th 2nd 

1 1.00 .62 .24 .15 

2 1.00 .77 .60 .37 

3 1.00 .93 .67 .28 

Table 3 - Mode Shape Amplitudes From Ambient Vibration Tests 
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Although other ambient vibration tests were conducted no attempt is 

made here to fill in the amplitudes at the other story levels because it is 

felt that the ambient vibration tests may not be a good means of determining 

, } mode shape data. In the absence of a clearly defined input spectrum for each 

of the seismometers it is dangerous to put much credence in the mode shape data 

obtained by rationing the appropriate Fourier Components. Specifically the mode 

shape amplitudes may be misleading unless one could be assured that all 

seismometer locations were subjected to white noise or band limited white noise. 

The transfer function is of most help for determining the in-phase and out-of-phase 

relationships of the transducers rather than asa vehicle for computing the 

amplitude ratios. 

Conclusion 

The ambient vibration test results summarized in this report reflect one 

phase of the data base related to the Imperial County Services Building. 

Although these results reflect very low level excitation they do provide a 

means of comparison for the harmonic shaker and 15 October 79 earthquake results. 
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APPENDIX A 

Data Reduction System Description 

The Zonic Technical Laboratories OMS 5003 system is the heart of 

the data reduction system. When used to process ambient or forced 

vibration data the OMS 5003 performs the following tasks for 2 channels 

of input data: 

(a) Filters and converts the analog signals to digital form at 

prescribed sampling rates. 

(b) Manipulates the digitized time data with a hard wired FFT micro­

computer in order to calculate frequency domain functions such as 

autospectrum, cross spectrum, transfer function, etc. 

(c) Displays up to 35 functions of processed data on the CRT. 

(d) Provides a permanent copy of the processed data by 

(i) displaying results on the CRT and making a hardcopy or 

(ii) storing the results on a magnetic cassette tape. 

The OMS 5003 is comprised of five major subsystems: 

1. Data. Memory System. The OMS is actually a modular stand-alone 

instrument generally known as a digital waveform recorder. Its 

purpose is to capture, store and playback time varying signals to 

a multitude of data display/analysis devices ranging from oscil­

loscopes to computers. These signals may have a duration from a 

few milliseconds to several seconds. 

One key to capturing data with the OMS is first estimating 

what digitization rate is necessary to properly define the waveform. 
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This rate is normally two to three times the highest frequency 

component in the data, although a rate of ten to twenty times 

may be desirable for high quality visual presentation. The Memory 

Control is the DMS module which allows the selection of sampling/ 

digitization rates. This module also contains the circuitry which 

determines when data are captured relative to a triggering event. 

Another important consideration in digital data acquisition 

is duration of signal captured. This in turn determines the 

quantity of digital memory which must be allocated for signal 

storage. The Data Memory is the other main DMS module which 

contains the necessary storage. Data Memories, which are connected 

in parallel to the Memory Control, also contain individual signal 

conditioning, sample and hold, analog to digital convertor and 

digital to analog convertor. Although a Data Memory module may 

contain up to 4096 digital words, the DMS will utilize a maximum of 

1024 words per Fourier transform. 

The standard DMS utilizes a Memory Control and two Data 

Memories, because most structures analysis problems require a 

minimum of two simultaneous inputs. Due to the DMS' multichannel 

modularity, however, it is quite straightforward to configure an "n" 

channel FFT system. This approach may be taken to reduce data 

aquisition time, or when trigqing occurs only once and analysis 

requires multi-location inputs. 

A third DMS module, the Anti-Aliasing Filter is generally not 

required for conventional uses of digital wave-form-recorders. When 

the data captured will be analysed for frequency content, however, 

it is necessary to assure that the phenomenon known as aliasing 

does not introduce errors in the analysis. Aliasing refers to the 

fact that high frequency components of a time function can impersonate 
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low frequencies if the digitization rate is too low. Figure A-I 

below demonstrates this phenomenon by showing that a relatively 

low frequency can share the identical sample points as the sampled 

or higher frequency. 

The Anti-Aliasing Filter is actually a dual change low pass 

filter device which attenuates the magnitude of any signals higher 

than a settable cutoff frequency. The attenuation is such that 

any possible aliasing, or "frequency foldback", has been reduced 

below the dynamic range of the Data Memory modules. These filters 

are also phase-matched so that the phase-lag introduced by the 

filtering process is equal for each channel. This is a necessary 

condition for dual channel analyses. 

2. Microcomputer. The microcomputer is evolving rapidly in the 

electronic instrument field. It is being used to both replace 

existing technology, ego minicomputers, as well as open new 

application areas. Its wide range of applicability, configuration 

and cost has convinced a number of equipment manufacturers to exploit 

this resource. 

The DMS utilizes particular configurations of the Zonic 

Microcomputer, depending on the user's needs. All DMS microcomputers, 

however, require the following basic elements: 

(i) CPU Board-the microprocessor chip is located on this printed 

circuit board and has the function of receiving, operating on, 

and outputting data. In this context, data may be viewed in 

its classical meaning or as program instructions. 

(ii) Program Board (s)-instructions which determine the specific 

functions of the DMS are located on these boards. These 

instructions are physically "burned in" to an integrated circuit 

chip known as a Programmable Read Only Memory, or PROM. 
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time and frequency domain analyses without the need for timesharing. 

5. Dual Cassette Tape Drive. The dual cassette drive provides a 

convenient and economical mass storage device for the DMS 5003 

system. The tape unit supports storage and retrieval of averaged 

and unaveraged test data, batch routines (user keyboard programs), 

animated mode shapes, discrete point data, and epecutable machine 

code. 

,) 
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IMPERIAL COUNTY SERVICES BUILDING 

Elastic and Inelastic Response Analyses 

Background 

The success or failure of a structural design depends, to a great extent, 

upon the formulation of the appropriate conceptual and mathematical 

representation of the structure's characteristics. The design success or 

failure is particularly accentuated in an active earthquake zone. Success 

can be measured in terms of a cost effective, efficient, aesthetically 

pleasing design that meets or exceeds a demanding client's need while 

, ) 
maintaining the structural integrity under severe seismic loading. Failure, 

on the other hand, may include overdesign, with its inherent increased costs, 

due to ignorance or uncertainty in order to meet severe seismic design loads 

or catastrophic structure failure resulting in injuries or fatalities. 

Inasmuch as a structure's analytical model indicates a significant part of 

the overall design, it is imperative, particularly in a high seismic area, 

that the model accurately represent the full-scale structure. One means of 

validating analytical procedures is to perform experimental studies of full-

scale structures and compare these results with those of the analytical 

model. 

Presently a research effort is being devoted to an in-depth experimental 

and analytical study of the Imperial County Services Building in El Centro, 

California (see Figure 1). This research project is being sponsored by the 

National Science Foundation under its Research Initiation in Earthquake 

Hazards Mitigation Program. 

The experimental component of the research project has been devoted to 

low level structural excitations (ambient and forced vibration); however, 

the potential for experimental results (and the structure's inherent nonlinear 

behaviour) due to strong motion exists since the candidate structure is in a 

highly seismic area and is instrumented under the California Strong Motion 
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Instrumentation Program. On 15 October 1979 this earthquake potential became 

a reality when a powerful earthquake jolted Southern California and Northern 

Mexico causing extensive damage to the Imperial County Services Building. 

The earthquake, which measured 6.4 on the Richter scale, was centred on the 

Imperial Fault near the US-Mexican border. A brief, but informative report 

(see Appendix A) on the strong motion data of the 15 October earthquake was 

flled by Professor Paul C. Jennings of the California Institute of Technology. 

A more detailed report is given in Reference 1 by EERI reconnaissance team. 

The analytical component of the research project is being devoted to 

developing a valid mathematical model to accurately represent the low level 

forced vibration while investigating methods and techniques needed to represent 

the nonlinear structural behaviour due to the strong motion records of 1934, 
) 

1940, and now 1979. 

This report, one of several related to the Imperial County Services 

Building, is devoted to the presentation of the computer model results for the 

elastic and inelastic analyses. In light of the 15 October 1979 earthquake 

these results are being disseminated to the engineering community as rapidly 

as possible. However the complete investigation of the computer model results 

will, no doubt, be an ongoing project for engineers and researchers in the 

years to come. 

Significance of the Imperial County Services Building 

Although the correlation of an analytical model with low level forced 

vibration experimental results is not new, the Imperial County Services 

Building does offer some amenities that are unique and attractive. Consider 

the following characteristics of this site: 

1. This particular 6-storey building has been instrumented by the 

California Department of Mines and Geology in accordance with its 
, ) 

building instrumentation criteria for the California Strong Motion 

Instrumentation Program. The instrumentation in this reinforced 

concrete frame and shear wall building (see Figures 2 and 3) consists 
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Figure 3 - Imperial County Services Building - West Shear Wall 
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2. 

of a triaxial package of accelerometers at ground level, four single 

axis horizontal accelerometers at the second floor level, one at the 

fourth floor, and four at the roof level. In all the building is 

instrumented with 13 accelerometers (see Figure 4). Lateral forces 

are resisted by shear walls in the N-S direction and by frame action 

in the E-W direction. There is a shear wall discontinuity at the 

second floor. 

Approximately 104 meters east of the building is a "free field" 

accelerograph maintained by USGS. The location of this accelerograph 

is particularly significant when one considers the potential 

characteristics of the ground motion in soil-structure interaction. 

3. El Centro is in a highly seismic region (see Figure 5). The earthquakes 

of 1934 and 1940 serve as benchmarks for scientists and engineers 

throughout the world. More recently, in November 1976, a swarm of more 

than 400 earthquakes occurred near Calipatria in the Imperial Valley. 

A total of 18 strong motion records were recovered from 7 accelerograph 

stations located within 32 km of the epicenter. These instruments are 

owned by the U.S. Geological Survey (USGS), the California Division of 

Mines and Geology (CDMG), and the Earthquake Engineering Research 

Laboratory of the California Institute of Technology (CIT). This 

cooperative effort includes the development of a specialized strong 

motion network in the Imperial Valley to fulfil such specific research 

needs as source-mechanism and ground-motion attenuation studies. The 

relatively dense instrumentation coverage in this region of recurring 

small - to moderate - size events provides an ideal situation in which 

those data necessary to implement studies can be accumulated. It 

should be noted that the Imperial County Services Building's instruments 

have triggered no less than a half dozen times since November 1976, 

with the last strong motion prior to the 15 October 1979 earthquake 

occurring on May 5, 1978. 
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STRONG-MOTION STATIONS IN THE IMPERIAL VALLEY AREA. 

Figure 5 - Strong Motion Stations In the Imperial Valley Area 
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4. The candidate building has the unusual architectural feature of 

haying the shear walls discontinuous at the second floor level. 

This feature does offer some analytical modeling challenges in 

correlating the analytical and experimental results. 

Old 0 0 to 1 Bu~ ~ng DeScr~p ~on 

The Imperial County Services Building (ICSB) serves as an office building 

for Imperial County. It was designed in 1968 (using the 1967 edition of the 

Uniform Building Code) and was completed in 1971 at a construction cost of 

$1. 87 million. The building is 136 feet 10 inches by 85 feet 4 inches in 

plan and is founded on a Raymond step-taper concrete pile foundation (see 

Figure 6). The piles are interconnected with reinforced-concrete link beams; 

they extend 45 feet to 60 feet into the alluvium foundation material composed 

primarily of sand with interbeds of clay to 60 feet (based on logs from 4 soil 

borings at the site). 

Vertical loads are carried by reinforced-concrete floor slabs (5 inches 

thick at the second floor and 3 inches thick at the upper floors) supported 

by reinforced-concrete 5 1/2 inch-wide by 14 inch-deep pan joists spanning in 

the north-south (transverse) direction; the joists are supported by four 

longitudinal reinforced-concrete frames at 25 feet on center. The frame columns 

are typically 2 feet square, and the beams vary in size. Beams in the two 

interior frames are 2 feet wide by 2 feet 6 inches deep at all levels; those 

in the two exterior frames are 2 feet by 2 feet 5 inches at the second-floor 

level, 10 inches by 4 feet 5 inches at the third-floor through sixth-floor 

levels, and 10 inches by 4 feet 2 inches at the roof level. 

Lateral loads are resisted by the four reinforced-concrete frames in 

the east-west direction and reinforced-concrete shear walls in the north-

south direction. The shear walls are discontinuous at the second-floor 

level. Below the second floor are three interior and one exterior I-foot 

thick shear walls, and above the second floor, shear walls exist only at the 

east and west ends. Between the second and third floors, the walls are 7 



10 

1,7 J 

PILE AND FOUNDATION LAYOUT 
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Figure 6 - Pile and Foundation Layout 
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1/2 inches thick, and above the third floor, they are 7 inches thick. 

According to the design calculations, the design "K" factor was 1.33 for 

the north-south shear walls, 0.67 for the east-west interior frames, and 

) 1.0 for the east-west interior frames. 

Scope of Analyses 

With the unique opportunity of having ambient, forced, and earthquake 

response data of the lCSB, no doubt the lCSB is destined to become one of 

the most thoroughly analysed structures in earthquake history. This report 

documents the elastic and inelastic analyses conducted for the ICSB's 

analytical model due to several loading conditions. 

The elastic analysis considers the ICSB as a three dimensional shear 

wall and framed structure subjected to the following loading conditions: 

A) The 1967 uniform building code's implementation of psuedo dynamic 

forces by considering equivalent horizontal static loads for both the N-S 

and E-W directions. 

B) The N-S component of the 18 May 1940 Imperial Valley earthquake 

assumed as input for both the N-S and E-W directions. 

C) The N-S and E-W components of the 15 oct 1979 Imperial County 

Earthquake recorded by the free field accelerograph located adjacent to 

the lCSB. 

The inelastic analysis considers the E-W lateral load resistance of the 

lCSB with a planar frame model subjected to the following loading conditions: 

A) The N-S component of the 18 May 1940 Imperial Valley earthquake. 

B) The E-W component of the 15 Oct 1979 Imperial Valley earthquake. 

A further study will consider the two dimensional inelastic response 

of the lCSB due to the above and other loading conditions. 
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Description of the Elastic Model 

While the exact three dimensional structural analysis is required for 

only a limited number of buildings, the ETABS computer code (see Appendix B) 

makes two assumptions that greatly simplify the preparation of input data 

and significantly reduces the computational effort while retaining the 

inherent characteristics of a 3-D model. 

The assumption that the floors of a typical building are rigid in their 

own plane is a realistic approximation for most buildings v Although the 

floors are rigid in their own "plane, the bending deformations in the horizontal 

beams and in the floor slabs can be included (see Figure 7). The second 

simplification assumes that the horizontal lateral loads act at the floor 

levels. Thus the lateral loads are transferred to the columns and shear 

wall elements through the rigid floor diaphragms. These assumptions reduce 

the computational complexity of the analytical model to that of three degrees 

of freedom at each floor level - translations in the horizontal plane and a 

rotation about the vertical axis. 

In defining the analytical model of the ICSB for the ETABS code, the 

complete building is assumed to be composed of structural elements which can 

be separated into a series of rectangular frames of arbitrary plan. Isolated 

shear walls, such as those which extend from the ground level up to the 

second floor level of the ICSB are considered to be frames consisting of a 

continuous column line (having the associated shear wall properties) and a 

dummy column line in order to define the principal axis of the shear wall. 

Each frame of the building is treated as an independent substructure in which 
) -

the complete structure stiffness matrix is then formed under the assumption 

that all frames are connected at each floor level by a diaphragm which is 

rigid on its own plane. 

Each joint of the structure has six degrees of freedom (displacement in, 

and rotation about, each coordinate axis). within each frame thr€e of these 
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TYPICAL FRAf'..1E AND SHEAR WALL BUILDING 

Figure 7 - Typical Frame and Shear Wall Building 
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degrees of freedom (the two horizontal translations and the rotation in -/ I 

the floor plane) can be transformed, using the assumption of the rigid 

in plane floor diaphragms, to the frame degrees of freedom at that floor 

level (see Figure 7). The three remaining degrees of freedom are eliminated 

by static condensation before each frame stiffness is added to the total 

structural stiffness matrix. Thus the final structural stiffness matrix 

corresponds to the three degrees of freedom per floor level. 

Some of the significant aspects of the ETABS model of the leSB include: 

A) The North exterior frame, the South exterior frame, as well as the 

East and West discontinuous shear walls, are assumed to act as a single 

continuous structural unit. This unit is designated as Frame I for the 

ETABS model. The East discontinuous shear wall is sectioned to account 

for the fire escape (see Figure 8). 

B) The North interior and South interior frames are assumed to be 

identical. The structural properties representing these frames are 

designated as frame 2 (see Figure 8). 

e) The single story shear walls at column lines B,D, and F are denoted 

by the frame 3 properties (see Figure 8) • 

D) The single story shear wall at column line E is denoted by the 

frame 4 properties (see Figure 7). 

E) Since deformations within joints are neglected, the effective length 

of both the beams and columns are reduced by the 'rigid end zone' lengths 

associated with each structural component (see the shaded areas of Figure 9). 

The 'rigid end zones' for the beams are calculated to be equal to half the 

width of the columns below. The top 'rigid end zone' for the columns are 

taken as the average depth of the girders on either side whereas the bottom 

'rigid end zone' for the columns are taken as zero. 

F) The concrete strength of the columns is taken as 4000 psi whereas 

the concrete strength of the beams and shear walls is taken as 3000 psi. 

The basic sectional properties of the beams and columns are given in Table 1. 

Note the frame numbers refer to the RIC frames shown in Figure 10 and not the 

frame numbers of the analytical model shown in Figure 8. 
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) G) The second floor,slab thickness is 5 inches whereas the slab 

thickness for the remaining floors is 3 inches. The roof slab thickness 

is nominally 3 inches except for the Penthouse area which has a thickness 

of 6 inches. 

H) The shear walls have a thickness of 7.5 inches from the second floor 

to the third floor and a 7 inch thickness elsewhere. 

Assumptions of the Elastic Model 

In addition to the inherent capabilities and limitations of the ETABS 

computer code certain stiffness and mass assumptions are associated with the 

IeSB analytical model. These assumptions include: 

A)An uncracked concrete cross section is used for all beam, column, 

and shear wall properties. 

B) Section properties are based solely upon the concrete, i.e., no 

transformed section properties are used to account for the reinforcing steel. 

e) The center of mass for each floor is assumed to be at the geometric 

centre. 

D) The rotational inertia of each floor is assumed to be based upon a 

uniformly distributed mass on a rectangular area. 

E) The weight of the Penthouse structure is assumed to be 20 kips 

whereas the weight of the Penthouse machinery is assumed to be 50 kips. 

Inasmuch as the mass properties are probably the most variable 

quantities in modelling the IeSB by different researchers, the detailed mass 

property calculations are offered in the spirit that other researchers can 

confirm or deny these mass property assumptions. See Appendix e for details. 

In addition to the aforementioned stiffness and mass property 

assumptions, there is still enough latitude in modelling assumptions that 

one can "fine tune" the analytical model to achieve certain response 

characteristics. As such the analytical model developed for the ETABS 

computer code was the one which most nearly represented the experimentally 



. 3 
derived frequenc1es • Specifically the fundamental frequencies 

predicted by the analaytical model depicted in Figure 8 and those derived 

experimentally were 

Direction Analytical Experimental 

N-S 2.27 Hz 2.25 Hz 

E-W 1.49 Hz 1.54 Hz 

As a measure of the analytical model's sensitivity to reasonable 

modelling assumptions, one need only consider the effect of the exterior 

frames' columns on the fundamental frequency. The reinforced concrete 

columns from the ground level up to the 2nd floor are 2 feet square 

in cross section whereas the columns from the 2nd floor level up to the 

roof are somewhat trapazoidal shaped. The bases of the trapazoid are 

approximately 10" and 18" whereas the depth is approximately 70" (see 

Figure 11). For such a cross section one might be tempted to consider 

an "effective depth" of the column for resisting bending about the 

x-axis. For instance does one choose h = 70" or some smaller 

dimension such as h = 40" (as the original ICSB design calculations 

indicate)? While it is recognised that certain local discontinuities 

would occur near the junction of the two different column cross sections 

at the 2nd floor level, it is felt that h = 70" probably represents the 

bending rigidity of the columns above the 2nd floor level and, as such, 

is the cross sectional property used in the analyses. Nevertheless 

one can see from the table of frequencies in Figure 11 that there is 

a certain degree of response sensitivity due to just the exterior 

column modelling assumption. 

Additional stiffness parameters could equally alter the 

fundamental frequency results. For instance, the original design 

concrete strengths of 4000 psi and 5000 psi were specified for the 

20 
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beams and columns respectively. However after 8 years of construction 

one could expect these 28 day strengths to be easily 20% higher which 

would affect the elastic modulus by about 10% which, in turn, would 

effect the fundamental frequencies by about 5 %. In an effort to 

avoid a plethora of analytical models, one "base line" model was 

chosen in order to interpret the different responses due to different 

input loads. Thus no sensitivity analysis of the analytical model due 

to a single load condition is reported within this document. Certainly 

the trends from the different load conditions should still be apparent 

for analytical models which deviate somewhat from the "base line". 

Thus the ETABS analytical model representing the ICSB is depicted in 

Figure 8 and is charaoterized by the stiffness parameter in Table 1 

and the mass properties in Appendix C. For completeness a card image 

of the ETABS data deck representing the ICSB is given in Appendix D. 

This appendix should be useful to those who chose to compare elastic 

and inelastic results reported within this report. 

Description of Load Conditions 

The ETABS analyses of the ICSB consists of 7 load conditions -

3 static and 4 time history analyses. The static analyses reflect the two 

lateral load conditions due to the 1967 Uniform Building Code requirements 

and a vertical load condition due to the structure's dead weight. The 

time histories reflect the appropriate components of the 1940 and 1979 

Imperial Valley earthquakes considered in the N-S or E-W directions of 
) 

the ICSB. 5% critical damping is assumed for all time history analyses. 

The 1967 UBC
4 

requires a static analysis to be conducted for the 

building due to the effect of a force applied horizontally at each floor 
, ) 

or roof level above the foundation. The force should be assumed to 

come from any horizontal direction. The code requires that the lateral 

force at the jth level be determined from 
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n 

F. (V - F
T

) w. h . / L w. h . (1) 

where 

J J J i=l 1 1 

F. force at jth level 
J 

V base shear 

portion of V considered concentrated at the top o.f the 

structure (equal to 0 for the ICSB) 

w. = portion of the total dead load which is located at level j 
J 

h. height (in feet) above the base to the level j 
J 

n number of levels to the uppermost level in the main 

portion of the structure. 

The base shear has had an interesting evolutionS since seismic and 

wind effects were first included in the 1924 Los Angeles building code. 

In 1967 the base shear was defined by UBC as 

V ZKCW (2) 

where 

Z = zone factor 

K ductility factor 

C numerical coefficient 

T building period 

W = total dead weight of the structure 

Inasmuch as the period T and ductility factor K differ for the 

N-S and E-W directions of the ICSB, then there is a base shear V which 

corresponds to the N-S direction and a different one corresponding to 

the E-W direction. The lateral forces were derived from the following 

basic data: 

Z 1.0 

K 1.0 for E-W direction; 1.33 for N-S direction 

C .0577 for E-W direction; .0655 for N-S direction 

T (1/1.54 Hz) for E-W direction; (1/2.25 Hz) for N-S direction 

W 10420 Kips (from Appendix C) 
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?/ 
Thus the base shear for the E-W direction is V = 601 Kips and the 

base shear for the N-S direction is V = 907 Kips. Implementation of 

equation (1) gives the distribution of lateral forces for the N-S and 

E-W directions as 

Storey Level j F. F
E

_
W 

F
N

_
S J 

!' 

Roof 6 .2280 V 137.0 K 206.9 K 

6th Floor 5 .2529 V 152.0 K 229.4K 

5th Floor 4 .2030 V l22.0K 184.3 K 

4th Floor 3 .1532 V 92.1 K 139.0K 

3rd Floor 2 .1038 V 62.4 K 94.2 K 

2nd Floor 1 .0591 V 35.5 K 53.7 K 

The vertical load condition consists of approximating the dead load 

of each storey with a uniformly distributed load on the beams at each 

storey level. 

The time histories considered were the first 15 seconds of the 

6,7 8 
1940 (N-S component) and the 1979 (E-W and N-S components) Imperial 

Valley earthquakes. These three time histories are depicted in 

Figures 12 - 14. It should be noted that the 1979 records represent 

the free field accelerograph response which was located approximately 

100 meters east of the leSE. 

Discussion of Elastic Analyses Results 

The elastic analyses results provide one with some general insight 

into the building's macroscopic response due to the various load 

conditions as well as denoting those structural components which can be 

expected to experience inelastic behaviour due to severe seismic loading. 

In general the internal force resultants of the beams, columns, and 

shear walls are of primary interest with the deformation quantities' 

being of secondary interest. While no attempt will be made to tabularize 

the force resultants for all structural members due to all load 

conditions, attention will be devoted to the significantly loaded 
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members due to any particular load condition. However due to the 

catastrophic failure of the 4 columns along column line G (see 

Figure 10), particular attention is given to the ground level columns 

due to the various load conditions. 

In determining the moment carrying capacity of the beams for the 

IeSB one must consider the steel reinforcement pattern throughout the 

building. In general the ultimate bending moment capacity of the 

beam can be found from9 

M 
u 

.8Sf'ab (d - a/2) + A'f' (d - d') 
c s s 

where the appropriate dimensions are detailed in Figure 15 with 

M ultimate moment 
u 

f' concrete compressive strength 
c 

a fraction of distance to centroid 

b beam width 

d distance of tension steel from beam surface 

d' distance of compression steel from beam surface 

A' area of compression steel 
s 

f' stress in compression steel at ultimate moment 
s 

The ultimate moment cannot be found explicitly by direct 

(3) 

substitution into Equation (3) because the neutral axis is undefined. 

Assuming a·maximum strain of .003 in the concrete and a stress in the 

tension and compression steel no greater than its yield strength 

enables one to determine the magnitude and location of the concrete 

and steel force resultants shown in Figure 15. Using f' = 4000 psi 
c 

concrete, the ultimate bending moment for the girders of the IeSB 

were determined and are displayed in Table 2. Note that for each 

end of the beam there are two moment values - one corresponding to 

a positive and negative moment. It should be noted that the ultimate 

moment values in Table 2 reflect the implementation of Equation (3) -

no attempt has been made to account for the in-situ concrete strength 

28 ~ 
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of the beams (probably somewhat greater than 4000 psi) nor for a 

capacity reduction factor ~ to allow for variations in material 

strengths, workmanship, and dimensions. The compression and tension 

steel quantities used in Equation (3) reflect the steel distribution 

at the probable plastic hinge points of the beam. 

Whereas the axial forces within the, girders are assumed to be 

negligible and thus do not affect the load carrying capacity of the 

beams, one must consider the combination of axial load and moment for 

the columns. The resultant moment M and axial load P can always be 
u u 

replaced by an eccentrically loaded column at a distance e = M IP u u 

(see Figure 15). For a cross section, with uniaxial bending reinforced 

with n bars, the force and moment equilibrium equations are 

P 
u 

P e 
u 

= .85f' ab + 
c 

n 
r f . A . 

i=l S1 S1 

n 
• 85f' ab (h - a) 12 + r f . A . (h/2 - d.) 

c i=l S1 61 1 

(4) 

(5) 

Figure 16 reflects the implementation of Equations (4) and (5) 

into an interaction curve for the ground floor level columns of the 

ICSB. Although the curve assumes bending about the N-S axis (e.g. 

due to horizontal E-W forces), the curves should suffice for the 

other principal direction of bending as well as for columns of other 

storey levels. Again no attempt is made to account for an in-situ 

concrete column strength greater than f' = 5000 psi nor for a capacity 
c 

reduction factor. 

Inasmuch as the ground level columns are of particular interest, 

Appendix E is provided in order to summarize the internal column forces. 

The results provided in Appendix E reflect the internal force resultants 

at ground level for each of the 24 columns due to the 7 elastic load 

conditions. Whereas the sign convention for the internal force 

-'J. 

v' ,\:," 
(j ',./ 
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resultant is given in Figure 10 it should be noted that no algebraic 

signs are provided for the time history results - only maximum values 

of a particular time history are reported. 

The following comments reflect the elastic analysis results. 

a) All girders respond elastically due to the 1967 UBC and dead 

load conditions (including the appropriate load factors). 

b) All girders of the tWCl interior f:cames respond elastically 

when the 1940 N-S record is considered in the N-S or shear wall 

direction. Plastic hinges are predicted for all exterior frames, 
) 

2nd floor girders as well as for all girders framing into the shear 

walls. The exterior bay girders of the ezterior frames indicate 

possible hinging at the 3rd - 6th floor levels whereas the 3 interior 

bay girders of the exterior frames indicate elastic reSDonse at these 

floor levels. Additionally all roof level girders of the exterior 

frames indicate elastic response. 

c) Although the predict~d internal force resultants for the 

girders due to the 1979 N-S rEecord are obviously different from the 

predicted force resultants due) to the 1940 N-S record, the plastic 

hinge pattern for the girders is similar to that noted above in b). 

d) All girders, except possibly thoE,e at the roof level, of the 

interior and exterior frames \liould probably respond inelastically if 

the ICSB were subjected to the, 1940 N-S record in the E-W direction. 

The same macroscopic behaviou could be e~rpected of the ICSB' s girders 

when subjected to the E-W record of the 1979 earthquake. At this 
, ). 

"" h 1"" "l,lll,ll t f th 1979 wr1t1ng t e pre 1In1nary reCOn'la1SSance repor s 0 e 

earthquake tend to substantia,e these predictions. 

e) The combination of a;dal force alld moment for all ground level 
, ) 

columns lie within the intera,;tion curve envelope defined in Figure 16 

due to the combination of the 1967 UBC and vertical load cases (with 

appropriate load factors). It. should be noted that the reinforcing 

pattern for the columns are ar, follows: 
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Interior Frames - Columns B, C, D, F, G - 8 # 9 Bars 

Interior Frames - Column E - 8 # 10 Bars 

Exterior Frames - Columns C, D, E, F - 8 # 11 Bars 

Exterior Frames Columns B, G 10 # 11 Bars 

As expected the columns in lines Band G carry the lateral 

x-direction forces whereas only the 4 corner columns carry the lateral 

y-direction forces. Thus for an earthquake consisting of significant 

x- and y-direction components such as the 1979 event one would expect 

the 4 corner columns to be severely loaded. 

Superficially the ICSB appears to be a simple, rectangular, 

symmetrical structure and, as such, one would expect the 4 corner 

columns to react on a symmetrical fashion. However, inspection of the 

first floor plan in Figures 8 and 17 indicates the unsymmetrical distri-

bution of first story shear walls which account for the difference in 

column behaviour for those at the east end from those at the west end. 

Reference 10 provides an excellent background which describes the differ-

ence of east and west end column behaviour which is reflected on the 

numerical results in Appendix E as well as the catastrophic column failure 

at the east end during the 1979 earthquake: 

"Reference to the building plans, sections and elevations (Figure 17) 
shows that at the West elevation the shear wall from roof to second floor 
is offset horizontally some five feet at the second floor level before 
continuing to the foundations (in the center bay only). At the East 
elevation a similar shear wall stops at the second floor: shear forces are 
then transferred through the second floor diaph~agm some thirty feet to 
a center bay shear wall that runs from the second floor to the foundations. 

Detailed study of the building damage shows that the four free­
standing columns at the East end of the building failed by overturning, 
since the outer pair of columns show more distress than the inner. At 
the same time the end shear wall, the floor diaphragm, and the inner shear 
wall show no signs (on superficial inspection) of shear distress. 

OJ 
I i 

Thus the major difference in damage between the West and East ends of 
the building are paralleled by a major difference in architectural configur­
ation. It should be noted that the center pair of first floor columns at 
the West end of the building represent the only place where a perimeter 
shear wall occurs. It should also be noted that the floor to floor height 
for the first floor height at 14'-6" is only one foot greater than the 
typical floor. It should be noted that the open first floor is not of any 
significance in itself: if it were enclosed with a light curtain wall its 
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structural performance would be essentially similar. 

The condition at the East end represents a classic instance of shear 
wall discontinuity, in which an abrupt change of strength and stiffness 
occurs at the point where the shear wall, weighting approximately 300 
tons, terminates at the second floor. Its vertical - overturning - loads 
must be brought down through four slightly offset columns, while its 
shear forces must be transferred to the smaller shear wall at the next 
bay. 

Figure 18 schematically indicates the East end's two horizontal load 
paths: to resist translation, shear stresses can be carried in the plane 
of the second level floor structure in to an interior ground level wall. 
However, rotational (overturning) forces (which are perpendicular to the 
second floor) are not transferred across in this manner, and only the 
columns beneath the end wall can supply the tension-compression couple 
required to resist the overturning moment. The corner columns take the 
bulk of these alternating axial forces. 

At the west end, the stiff ground level shear wall beneath the upper 
wall prevents large axial forces from reaching the columns. While there 

'IS 
( .' 
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is a five foot "kink" in the load path from upper portion of West wall to 
ground level wall, compared to the East end this is more nearly a continuous 
shear wall. Holes in the upper West end wall comprise another geometric 
irregularity or discontinuity. At the force levels experienced in this 
particular moderate-sized earthquake, however, these holes at stairway 
landings did not apparently affect behaviour. 

It should be made clear that the Uniform Building Code in force when 
the building was designed permits discontinuous shear walls: and the Code 
in force at present also permits such a condition. No mention was made of 
such configurational issues until the 1973 UBC when a clause was inserted 
(2312-C-3) that now reads: 

"3. structures having irregular shapes or framing systems. 
The distribution of the lateral forces in structures which 
have highly irregular shapes, large differences in lateral 
resistance or stiffness between adjacent stories or other 
unusual structural features shall be determined considering 
the dynamic characteristics of the structure". 

This clause in effect makes the designer responsible for evaluating 
the dynamic characteristics of the structure and using judgement in his 
design response (note that this clause carefully does not mandate a dynamic 
analysis). 

In passing it should be noted that the Field Act uses a slightly 
stronger language that the UBC: 

"When the design of a structure or parts of a structure result 
in unusual configuration or irregular distribution of lateral 
stiffness, evidence shall be presented to show that equivalent 
safety to that established by these regulations is provided or 
the office shall withhold its approval". 

In SEAOC's 1975 Recommended Lateral Force Requirements and Commentary, 
the discontinuous shear wall problem is specifically identified in the 
commentary in section 1(E)3, Buildings with abrupt changes in Lateral 
Resistance: 
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"the practice of providing open or "soft" lower. levels by 
discontinuous shear walls or otherwise making certain levels 
weaker than the adjacent levels both for shear and overturning 
has frequently shown poor performance. The anticipated large 
distortions and energy absorption occurring in the weaker 
level make the proper distribution of design forces by dynamic 
analysis desirable. The new SEAOC Code Requirement only 
specifies a distribution of forces in accordance with the 
structures dynamic properties. It is realised that this 
distribution may not, by itself, indicate excessive energy 
absorption requirements". (underline added) 

The experience of the Imperial County Services Building suggests that it 
may be timely to review the way in which the code deals with configuration 
issues". 

(f) the combination of axial force and moment for all ground floor 

columns lie considerably outside the interaction curve envelope defined 

in Figure 16 due to the combination of the vertical dead loads and either 

the 1940 or 1979 records. However if the ICSB were subjected to say 25% 

levels of the 1940 or 1979 records then the combination of axial force and 

moment for all ground floor columns would lie within the interaction 

envelope. These 25% levels represent a design basis for performing a 

dynamic analysis in which the structure should be expected to respond 

elastically and that sufficient ductility could be incorporated to enable 

the structure to absorb higher earthquake loads. 

One interesting item relates to the ductility of the east end ground 

floor columns. Figure 6 denotes a typical column detail in which column 

reinforcement ties are provided up to a point near the top of the soil. 

However a concrete slab encases the interior frames' columns near the top 

of the reinforcement ties so that at least half the columns do not have 

sufficient ties above the rigid slab. Thus a further explanation of the 

east end's column failure is that the corner columns (G-l, G-4) are 

sufficiently loaded due to the significant E-W and N-S records whereas the 

interior columns (G-2, G-3) failed due to insufficient ductility at the base. 
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Description of the Inelastic Model 

Though a three-dimensional structural analysis may be required for a 

limited number of buildings, such inelastic time-history analyses are, in 

general, prohibitively expensive. As a result, most inelastic dynamic 

analyses are limited to equivalent plane or two-dimensional models of the 

structure. 

In the East-west direction of the Imperial County Services Building 

there are four parallel frames and for the inelastic dynamic analyses it was 

proposed to take one interior and one exterior frame and impose a coupling 

so that the horizontal displacements at corresponding floors in each frame 

were to be the same. In the real structure, such coupling would be imposed 

) 
by the floor diaphragm which is relatively stiff in its own plane. This 

model is shown in Figure 19. The coupling here is achieved by equivalent 

rigid links and rather than impose common horizontal displacements to all 

nodes on each floor level, only the ends of the frames were inter-connected 

so that the bandwidth of the stiffness matrix was minimised. This model 

has 108 nodes and 176 members. The disadvantage of this particular model 

is the large number of degrees of freedom and high expected computational 

cost and it was therefore set aside in favour of a further simplification. 

This simplified model is shown in Figure 20 where one half of each of 

an interior and an exterior frame is coupled at the centre. This model 

would require two analyses to cover the variations in the column axial 

forces, depending on whether the excitation was in the West to East direction, 

or vice versa; however, the low, squat nature of the frame is such that 

these variations should be small and the assumption of anti symmetry at the 

centre under lateral loading seemed justifiable. It later transpired that 

the horizontal roller support at the centre, which could not be removed for 

the initial static analysis and then reimposed for the lateral time-history 

analyses, led to its removal altogether leaving only the mid-span hinge 
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since the effect of girder shear on column axial loads appears to be minimal. 

The effect of roller support on the initial gravity load analyses led to 

peculiar moment patterns in the girders which, in turn, led to bizarre hinge 

formation patterns during the dynamic analysis. 

Each joint of the structure has three degrees of freedom (being the 

x- and y- displacements and the z- rotation). The mass model may be a 

consistent mass or a lumped mass model, the latter having been generally 
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used in analyses at the University of Canterbury was used for these analyses 

also. In the first attempts at analysing this structure, the only masses 

used were those associated with the horizontal degrees of freedom of each 

floor and these were taken to be acting at the joint connecting the two half­

frames. However, after initial difficulties in obtaining a stable inelastic 

time-history integration the lumped mass model was modified to associate 

mass with the vertical and horizontal degrees of freedom of each node together 

with a representative rotational inertia obtained from equivalent terms from 

the consistent mass matrix. This was done in order to give the joint some 

enhanced capacity to absorb moment overshoot effects associated with a hinge 

forming during a given time-step. After a careful study of the apparent 

instability in the analysis, it was found that the problem was caused by 

machine accuracy and word length difficulties associated with the use of 

inches and kips as units, where the member lengths are of the order of 300 

inches. Upon conversion of the dimensions and weights to metres and Kilo 

Newtons, the numerical stability problems immediately vanished. 

The damping model chosen for the analyses was that of Rayleigh damping 

where the damping matrix was a linear combination of the mass matrix and the 

initial elastic stiffness matrix. The fractions of damping prescribed were 8% 

of critical damping in natural modes of free vibration one and six. This ensures 

sub-critical damping in the higher modes of vibration, with damping in the 

second and third modes being approximately 4% of critical damping. 
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The members in the model were such that the stub beams supporting the 

end walls, the end wall members and all the columns above the ground floor 

were assumed to remain elastic while the remaining members (that is all the 

interior beams of both frames and the ground floor columns of both frames) 

were assumed to have bilinear moment curvature relationships where the 

post elastic stiffness was 3% of the elastic stiffness. The columns used 

an axial force - moment interaction curve as similar to that shown in 

Figure 16 but where the actual curves were approximated by a straight line 

from the axial tension yield point to the pure moment yield point, a central 

section representing a cubic variation of moment with axial compression and 

a final straight line segment to the axial compression yield point. For the 

) 

beams, the positive and negative yield moments for each end of the members 

are given in Table 2. 

The analyses were carried out using the two dimensional frame analysis 

program "RUAUMOKO" (described in Appendix F) which has been developed at the 

University of Canterbury for the earthquake analysis of planar building frames. 

The joint regions of all members were treated as rigid end blocks and 

the floor displacements determined by the analysis are those at the centroidal 

axis level of the girders at each floor level. This is different to the 

ETABS program since it is stated on P.14 of the ETABS manual [2] that the 

displacements are those of the floor level and goes on to recommend using zero 

length rigid end blocks at the base of each column even though there is no 

lateral offset of the girder nodes to provide a consistent model. In this 

respect, ETABS should use half the girder depth as the rigid end blocks at 

each end of the columns with the displacements therefore being those at the 

level of the girder centroidal axes. 

The end shear wall members were treated as wide columns for the analyses 

and caused no modelling difficulties. 

All the analyses carried out with the RUAUMOKO program used a time-step 

of 0.01 seconds with Newmark constant average acceleration (8 = ~) method 
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since this had been shown to be satisfactory in many previous analyses 

carried out [12 - 15). Elastic and inelastic dynamic analyses of the building 

were carried out, the former to provide a comparison with the results (elastic) 

from the ETABS program. 

Discussion of Elastic and Inelastic Plane Frame Analyses 

A total of four analyses were carried out, two each for the first 14 

seconds of the N-S component of the May 1940 El Centro record and the E-W 

component (on the E-W frames) of the October 1979 free-field record at the 

Imperial County Services Building site; one of these analyses was carried 

out assuming an elastic structure while the other used the inelastic model. 

The purposes of the elastic analyses were to confirm the agreement between 

the ETABS analyses and that of the RUAUMOKO program and also to obtain a 

measure of the time-wise variation of the building response since the ETABS 

program only produces a response envelope. 

(i) Elastic Analysis 

The moments and shear forces appear to be in good agreement between 

the ETABS and RUAUMOKO analyses but differences occur in the predicted column 

axial forces. In order to compare the column forces, it is necessary to 

combine the dead load and earthquake axial forces derived from the ETABS model. 

The column forces in the exterior frame as determined by the plane frame 

analysis are lower than those from the ETABS analysis whereas for the interior 

frame, the plane frame axial forces were higher in the exterior column but 

lower in the interior columns than those determined by ETABS. The trends were 

the same under both earthquakes. This discrepancy in predicted column axial 

loads is probably accounted for by the fact that ETABS does not ensure compat­

ibility of vertical deflection and rotation of joints about horizontal axes 

for intersecting frames. 

The maximum displacement at the roof level was found to be 3.29 inches 

under the 1940 El Centro earthquake record and 2.69 inches under the 1979 
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earthquake record. Time history plots of the displacements under the two 

earthquake records are shown in Figure 21. 

Time-history plots of the bending moments in the end columns of the 

exterior and interior frames at the ground level as determined using the 

RUAUMOKO analysis are illustrated in Figures 22 - 23. Here, the solid lines 

," represent the moment at the bottom of the column while the dotted lines 

represent the moment at the top. These are also summarized in Appendix G. 

(iiJ Inelastic Analyses 

Under the 1940 and 1979 earthquake records, the deflection at the roof 

level was found to be 2.36 inches and 2.85 inches respectively. On the 

basis of the elastic results where the 1979 earthquake produced a displace-

ment response that was only some three-quarters of that of the 1940 earth-

quake, it is somewhat surprising that for the inelastic analyses the 

displacement response was greater under the 1979 earthquake. Comparing 

the time-history plots for the inelastic analyses (Figure 24) with those 

from the elastic analyses (Figure 21) it can be seen that for the 1940 

earthquake the plots are similar for both analyses; however, for the 1979 

earthquake the inelastic analysis shows that the acceleration peak just 

before the time of 8 seconds (see also Figure 13) produces sufficient 

plasticity in the frames that significant permanent deformation occurs. 

Time history plots for the column bending moments at the top (dashed 

line) and bottom (solid line) in the end columns of the exterior and 

interior frames are shown in Figures 25 and 26. From these Figures and 

Appendix G, it can be seen that, as would be expected, the bending moments 

from the inelastic analysis are considerably lower than the comparable values 

from the elastic analysis. For the 1940 earthquake, it can be seen that the 

behaviour of the end columns of the two frames are slightly different. In 

the case of the exterior frame, it can be seen that after the first inelastic 

excursion at 1.9 seconds, the bending moments in the columns remain 
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essentially in the same direction. For the interior frame, the moment at 

the top of the column maintains the same direction after first yield but 

the bottom moment continues to alternate in direction. The 1979 earthquake 

produces moments in the end columns of both frames that fluctuate in direction 

generally in a manner similar to the elastic analysis. Diagrams showing 

the plastic hinge formation and floor deflection profiles at various times 

through the 1979 earthquake record are shown in Figure 27. 

Under both earthquakes, the member ductility demand in the ground floor 

columns of both interior and exterior frames was found to be low being a 

maximum of 2.6 under the 1940 earthquake record and 3.1 under the 1979 record. 

The girder ductility demand was a maximum of 7.2 under the 1940 earthquake 

record and 7.4 under the 1979 record. 

Conclusions 

For elastic analyses, the ETABS program facilitates a reasonably economic 

analysis tool for three dimensional structures. However, for the leSB 

difficulties were caused by the end shear walls which did not continue to 

the ground floor and hence required modelling along with other frames into 

a single frame. The model chosen here, which included these shear walls into 

an external box frame, is not necessarily the optimum model but did enable 

the ETABS program to incorporate these unusual structural elements. A major 

shortcoming of the program for a research orientated analysis is that a 

time-history of deflections and moments is not available whereas for design 

purposes the provided envelopes of the results are satisfactory. Further, if 

a fine time step is required for more accurate envelopes, the consequence is 

a greatly increased demand for computer memory. 

Reasonable agreement between computed deflections and moments for the 

three dimensional ETABS and the two dimensional elastic analyses was obtained. 

This shows that for loading in a single direction, the two dimensional model 

is perfectly adequate. However, should it be desired to analyse the building 

under simultaneous earthquake components in the N-S and E-W directions,then 
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a full three-dimensional analysis would be required particularly if inelastic 

effects in the corner columns were.to be taken into account. It should be 

noted in this respect that ETABS can only consider a single earthquake 

component in any single analysis. 

It is interesting to note that whereas the elastic analysis indicate 
)' 

that the 1940 earthquake places a more severe demand on the building than 

does the 1979 earthquake, the reverse is indicated for the inelastic analyses 

and also that in the inelastic analyses the 1979 record leads to a small 

permanent drift in the building whereas no significant displacements are 

evident from the 1940 record. 

For the 1979 earthquake comparisons with deflection histories for various 

floors have not been made because an investigation of the recorded ground flow-

accelerations are significantly different from the "free field" record used 

in these analyses. Though some foundation-structure interaction effects on 

the ground flow motion were to be expected the ground floor accelerations 

appear to be considerably larger than the "free field" though with a similar 

time-wise variation. Further analyses are to be carried out using this 

measured ground flow acceleration as the input motion with a view to carrying 

out further comparisons. 

The inelastic deflections and the member ductility demands for both the 

1940 and 1979 earthquake in the East-West direction appear to be small and 

would not indicate the level of damage observed in the building after the 

1979 earthquake. The greater ground floor accelerations, mentioned above, 

will raise these somewhat but a large increase in the corner column axial 

forces will come from the overturning moments in the end shear-walls resulting 

from the North-South component of the earthquake. These effects together 

with the unfortunate placing of the ground level slab. above the detailed 

column hinge reinforcing probably led to the failure of these corner columns. 
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APPENDIX A 

strong Motion Data - Paul C. Jennings 

The records of strong ground motion during the Imperial Valley earthg.uake 
of October 15 are a uniquely valuable contribution to earthquake engineer~ng 
and seismology. Most of the data comes from the programs of the USGS 
Seismic Engineering Branch and the State of California's Office of Strong­
Motion Studies. Several records were also obtained from a U.S.-Mexico 
cooperative program operated by the University of California, San Diego. 
The first two organizations have already issued preliminary reports 
describing the records, as listed below: 

"Preliminary Sununary of the U.S. Geological Survey Strong-Motion 
Records from the October 15, 1979 Imperial Valley Earthquake", 
Open File Report 79-1654. U.s. Geological Survey, 345 Middlefield 
Rd, Menlo Park, Calif. 94025. 

"Preliminary Data - Partial Film Records and File Data - Imperial 
Valley Earthquake of 15 October 1979", Office of Strong-Motion 
Studies, California Division of Mines and Geology, 2811 0 Street, 
Sacramento, California 95816. 

The accelerograms obtained by these two agencies in the main shock are 
expected to be available in processed, digital form in approximately three 
months. Significant aftershock data will probably be processed over a 
longer time. The data from the array operated by the university of 
California, San Diego, which is almost all from digital accelerographs, 
will also be made available in the course of the research project. 
James Brune is the principal u.s. investigator for the project. 

Significant accelerograms were obtained from approximately fifty sites 
in the Imperial Valley, including five special arrays. 

1. A l3-accelerograph array transverse to the Imperial fault at 
El Centro. The instruments are spaced at about 3 km intervals 
at distances from about one kilometer up to 12 km from the 
fault (USGS). 

2. A l3-transducer array in the Imperial County Services Buifding. 
This set of data is the first response ever measured in a 
building that received major structural damage (CDMG). 

3. A 26-transducer array at the Mellowland Freeway OVerpass on 
Interstate 8. The freeway structure, apparently undamaged by 
the earthquake, is approximately 4 km from the fault (CDMG). 

4. A 6-instrument, linear array of digital accelerographs spanning 
1000 ft. This array, which is near El Centro, is intended to 
measure the lateral variation of strong ground motion (USGS). 

5. An array of fourteen strong-motion accelerographs located in 
Mexico. These instruments are in the Mexican portion of the 
Imperial Valley from the border south to near the Gulf of 
California (UCSD). 



, » 

The measurements obtained from instruments 10 kID or more from the 
fault resemble those obtained from other earthquaKes of this magnitude 
range. The records obtained nearer the fault, however, show several 
unusual features. These include a high-frequency, vertical peak 
acceleration of 1.7g from an instrument one kilometer from the fault~ 
a large, unusually shaped pulse in the horizontal motion at another site 
also at one kilolneter from the fault; generally stronger shaking in the 
vertical direction than the horizontal at some near-field sites; and 
large amplitude high frequency components on some of the records obtained 
in Mexico. 

The records obtained from the Imperial County Services Building show 
the initial, linear response of the building, the large elongation of period 
in the E-W direction that is associated with hinging in the first floor 
column; and high frequency pulses that probably record the point when 
failure of the easternmost bay of columns occurred, and this end of the 
building settled approximately a foot. These records therefore represent 
unprecedented data of earthquake response and will be of great value in 
both research and practice. 

The records of strong ground motion and structural response obtained 
in this earthquake represent a major advance in our efforts to understand 
earthquakes and their effects. The quantity and quality of the data is 
truly exceptional and shows convincingly the value of the basic 
instrumentation programs in earthquake engineering . 

• 
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Program Name: 

Developed by: 

Program Date: 

Summary: 

Data Preparation: 

Output: 

APPENDIX B 

ETABS ..... EXTENDED THREE-DIMENSIONAL ANALYSIS OF BUILDING 
SYSTEMS. 

E.L. Wilson, J.P. Hollings, and H.H. Dovey 
Department of Civil Engineering 
University of California 
Berkeley, California. 

April 1975. 

ETABS is designed to perform linear structural analysis of 
frame and shear wall buildings subjected to both static 
and earthquake loadings. The building is idealised by a 
system of independent frame and shear wall elements 
interconnected by floor diaphragms which are rigid in their 
own plane. Frame and shear wall elements of arbitrary plan 
may be specified, within which full kinematic compatibility 
is enforced. Bending, axial, and shearing deformations are 
included within each column. Beams, girders, and vertical 
diagonal braces may be non-prismatic, and bending and 
shearing deformations are included. Special panel elements 
allow discontinuous shear walls to be modelled. Finite 
column and beam widths are included in the formulation. 
Nonsymmetric, non-rectangular buildings that have frames 
and shear walls located arbitrarily in plan can be 
considered. Axial deformations of common column lines of 
different frames are treated as uncoupled by the program. 

Three independent vertical and two lateral static loading 
conditions are possible. The static loads may be combined 
with a lateral earthquake input that is specified either as 
an acceleration spectrum response or as a ground acceleration 
record. Three dimensional mode shapes and frequencies are 
evaluated. 

The program is written in FORTRAN IV with dynamic storage 
allocation for major arrays in blank COMMON. 

Frame and shear walls are considered as substructures in 
the basic formulation; therefore, for many structures 
input data preparation can be minimised and a significant 
reduction in computational effort can result. 

In addition to a printout of all input data, the following 
output is given by the program: storey displacements, 
mode shapes and periods, lateral frame displacements, 
frame member forces at each level of the frame. Results 
can be printed for as many modes under consideration as 
are desired. 

Machine Versions Available: CDC 6400, IBM 370. 

Reference: Wilson, E.L., Hollings, J.P. and Dovery, H.H. (1975), 
"Three Dimensional Analysis of Building Systems (Extended 
Version) ," Earthquak~ Engine~ringResearch Center, Report 
No. EERC 75-13, University of California, Berkeley, 
April 1975. 

NISEE Program Number: 24-675 
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APPENDIX C 

MASS CALCULATIONS FOR 

IMPERIAL COUNTY SERVICES BUILDING 
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ETABS INPUT DATA 
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APPENDIX E 

COLUMN FORCES AT GROUND LEVEL 

ELASTIC ANALYSES 
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IMPERIAL COUNTY SERVICES BUILDING 
j}7 

z 

COLUMN DESIGNATIONS 

GROUND LEVEL COLUMN ~CES 

1967 UBC CODE--LATERAL FORCES IN X-DIRECTION 

COLUMN FORCES AT GROUND LEVEL 

FRf'%ME COLUMN LINE F·· .. X F··,y F .... z: ~'i·· .. X t/j"" Y ti .. "Z 

:1. B ~:.~ :I. 1 o "'/ '''It::' D ~:) :I. :I. , .. :1, (1' ;,~:~ ,( :I. .0 • . , •••• .1" .. ,J ,. • '" ",,' 
j, C ;0) l i. () . ~.:; ,.:1 :I. "~ .. ~ 4 .. ::? 2 ~.:.~ (:. • ::? :I. .c A .... (.) oQo ~) ~'. ...J I " 

:l [I 26 ") 0 "r 0.3 ") "of, '"' .... ;;.~:?OB \\ '? 1 0 0(0 ~ •• ... ) .-: ........ ? ., 
:I. r 2 f.> .~ 2 o. :I. .". () "j 

-l' ,. ... :1.0.0 .... ::.~ .:.:.~ O.S \\ ',? :1 ., (I 

:I. F 26.0 0.0 .... ~:.:j (0 () · .. ·3.6 .... ::.~ ::.~ :'5 :.:.1 
" :? :1. ., 0 

:l (" :1 19. !'.'j _. 0 • ~:~ '70.9 " .. :I. 7. 3 .... :l.IB:·~;(? • () :I. .0 

") 
,': .. B 2:1. • :I. o • ~;) ····!:S3 + 2 :'5 :I. • :1. .... :1. 9:?7 .4 :I. • 0 
,") (" 2D. :1. () . ~.~ :I. .6 ""') ,:;- ",,23:1.4 • . ''', :I. .0 ... : .. 

" "' ......... ~ • ... J :~:. 

''') ..,. D 27.4 O. J .. .. () . :I. :1.·4.3 .. ') ,/") .... ' ,(, , 
....... -.."',, / ... ) + ti :I. .('1 

2 r 27.4 O. :I. O. :I. (~) . :I. · .. ·22·.?6 + 6 1 .0 
'') 

"" F 2B. :1. 0.0 .... :1 . • 6 •••• ::.~ (0 ~~ · .. ·23:1.4.2 I. (0 () 

r) G 2:1. :I. .... 0. 1. ~.:j ~5 
,., · .. ·:1.0> D ····:l.S)2?4 1 .0 "" • (. ~:. 

:3 I! 2:1. ;0) 

."" o • ~5 .... ~::i 3 • :'5 3:1. • :I. .... :1.9~5B.2 :l .0 
:3 C ;;'~f.I. ;3 o. :? :I. .6 /')/') r.~ _. ;;.~ :'; :2l) ~ ~:5 :1. 0 A',. J/o',. + ",.J • 
~5 It ~?? • 6 O. J .... 0. J :I. -4. ~5 ·-2:'?BB ~ "l :I. .0 
~5 E 2'7.6 o. :I. o. :I. 6. :I. ·<~2f.1B. '/ :I. .0 
:3 F 2D. ~~ 0.0 .... :I. .6 .... ::.~ + ::.~ _. ::.~ :~ :~ f., + ~::; :I. to 
:3 f' .1 2:1. r) 

to A',. .... 0. :1. ::;;3.3 ",,:1.0. B · .. ·:l.93B.~.~ 1 .0 

4 B 20. :? 0.'7 ·-6~5. 6 ~5 :I. • :I. .... 1.BB6.9 :I. f .0 
4 C 27.2 0.5 ~::j • El 37.4 .... ~.~~.~'?::.~ ~ 4 :I. .0 
4 It 26.7 O. ;'5 () + ;.~ ;.~:3 • '7 ·-<'?243.4 :1 . .0 
-4 E :?6 • '7 O. :1. .... 0. :'5 :to.O .... :~~ ::.~ -4 ::.~ + ~;~ :I. .0 
4 .. r ~~7 + ::? 0.0 .... ~:.:j .0 .... 3. f.> -,22'73. D :I. .0 
4 r .1 20.0 .. .. 0.2 7:1 . • ~3 "":1.'7.3 .... lEI'7:·5. 2 :1. .0 

** NOTE ** FClF~CES IN KIP~;, MOMEN'H) IN I<Ip·- IN 
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IMPERIAL COUNTY SERVICES BUIWING 

z 

, ) 

, } 

COLUMN DESIGNATIONS 

GROUND LEVEL COLUMN FmCES 

r;'F:{lj'''i[ CDl.Ui'1N I. I t,IE r· .. x F .... y r .. · .. ·z j\'j, .. ;< i"j'" y M· .. l. 

:I. D 1::.:; .;. \;.) .... ? • 4 ..•. 153 • :3 ····'}B<7' . :. ~~ .... :I.:~::' a , . \~; .. . BO ., U 
:I C :1 H " 

") 
A',. t') ,. f' Y ... 2. • C) , .... ;5D~'5 ., '3 .... 143-:;;' • "J '··eo ., ~:: 

1 :0 1B . :. ~;.;.i 21 ., :I C , . f; :I. (~) 5j ~:~ • :I .... 'I. l} ~~.l6 " 
:':) .. ··B() • (.) I,,' 

1 r 1 p I::' 3!::i -4 :I /', :>:??;t 0 .... :1. 4')3 fl ····E:<) C) • "',1 ,. , ': .. .. .; . .;. ~ ... 
:L r :I. n .") 49 'l · .. ·1 '7 36'03 \'!:) 1 43~1 ",'J ... ~:~ 0 D .. ,. 0': .. " 

,. / (0. ,; 
..,. • " ' •• J 

:l. Fi ::,~9 3 64 0 ···2f34 .,'!. <lB7B :3 "<!.Oll9 (/ .... ~:~ () ,"', ,. .. · , ,. • c 

~:.:: J-) r;; 
• , • .1 · -4 -.. :~ · '? .. L:. ~5 .. ··1.E::". ~. 

"1. 
.:;J ""445 • ?; ····GO .. n 

.") C l) /, ''I.'' ~~~ .. () .'\ .. :.~ o;~ 0 .... J::' ., '\ 1 · .. ·HO F: 1.-,. ,. ~.) oJ ,. .,'" •• J .I . ... ~' . • • 

.... j 11 £ 4 .. () 2 n () r (J56 · :';) ····~:.:i ()3 ? .... ;::!O H J>,:. ' •• 1 • I. (. o' .I. <- • 
~:.~ F {) 4 :1. ~~j :~ . :) 0 1 JOE: t) ... 1"" .. ~ ..... '7 · .. ·co (j , . , , • '.J ,:-.o~) .:l • .. !:,:'! 

. ) :2 I::' /) .. 6 ;! :.':; < !:s .... () .:. ;.:.~ 2~~,;()3 I ... , ~:s 'I. :2 :I. · .. ·BO 8 , .:. ,. • 
.") 
:: .. C :.1 i::' 

" . .,/ , -4 30 • ? :1 ., !:.:; ;')(l4B ., >~ .... 4·4:.'5 , ~:~: · .. ·GO · E~ 
:':~; n •... ~:.:; () .... 3 '" ?~y 0 ····:?B:3 ,. .3 4 t .<'~ • () ····GO • B • • / 

3 C ·,,·6 • :I. :3 • :'5 .. 0 ,. 2 'lO:? ,. .', 
1 ••.• 1 4?'S · ~::; · .. HO • g 

", It ·· .. 6 .. 0 :1. 0 • '2 (') • () :I. (}~5,;S " 3 4(:1 <- B .... no • g ',.J II) 
'7- I" · .. ·6 () 1 /) B () 0 :I.?OB C) 46~~· U .... i;) () -:-'8 ,.J .. ,. ,. • .;. \,,' · 
3 F' ·,,·6 :I. ~:,~:3 !;:.i 0 "'J 2],6:~. 1 4'.'/'5'.:. t.:' ···BO 8 .. • • < ,': .. .. J · 3 Fi .. ··!.:5 :. 0 ;.~(, 

" 
:;.~ , ... :.~ ,. .', 

',J ;:~04B • ::~; -4 :I. i~ · () .... DO (0 ;;:l:: 

, ) ·4 B , .. , 1 :1 • I.> .... )' If :I. ()~) ~) .... ,tWS) /') :!.O6:?; 1 .... BO 1"1: • · I: .. • • 
4 C .... :1. H :3 .... ! <;' · .. ·0 ., :I. 5B~:.:.i ':r 1 430 I:;; .... BO t:~ • • ...• · • 
4 V , .. ;1. B ,. 0 21 • :1. · .. 0 • 4 :I 6~~.:;B <- :I. :1.4 :1 H • () .... no • i1 
.4- r' ····lB • :t. 3~:j ,. -4 ... :I. ,. J 27 :5 :1 ,. 0 :I. 4 :I. D ., (l .... DO + 

C) .... , 
-4 r .... 1J n 4 rv "/ :I. 6 3B03 c' 1404 :3 · .. ·DO H " • , • · I • • 
4- (" :J .... 29 • () 64 .. () ~:,~.8 ~~): . : . 0 40'70 , 3 2() 1 ~~ , . n · .. ·BO • f;.t 

*:>1< NOTF ** ~ORCES IN KIPS~ MOMENTS IN KIP-IN 
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IMPERIAL COUNTY SERVICES BUILDING 

z 

) 

) 

COLlMN DESIGNATIONS 

GROUND LEVEL COLUMN FalCES 

VERTICAL DEAD WEIGHT LOADING 

COLUMN FORCES AT GROUND LEVEL 

FI:~AME CDI ... UMN L.INE F .. ··X F'-Y F····Z 1·1····)( M····Y i"I"'?: 

:I. E! '''' 4 • ::.~ .... :1. .4 ::::}30 • 0 
'.J .... :I. () f.; . ,0 2 ~:.~ 2 (o \~., .... :1. + :::~ 

:I. C 0<-4 ····:1. :I. 4HB.0 ",03. -4 ~:) ::~ 
. •.. , ... ,:/. ·;.:3 ,. 

" / 

:I. Ii O. ;'5 .... (). B 4<?2 '''j ····60 1 "")4 ~::, ... :1. CI 
't' • .: •• f , \ .. ' • ..... 

:1. r 0.4 ····()~~:5 492. J. ····:.S6 {O"'/ .... ;.~ :I. "X ···1 (:"-
{o ... 1 .;. \.1 

:I. r' ,-,0. 2 ''''0.2 4B<) .:::. ····:1.3.4 :I. ,::' .... :/. .B .. • -:- ... ~ 
:I. ("' :,1 B. :I. O. :I. 333. :I. :1. () .0 .. ··4~;,)2 ~ 0 ""1. (oB 

") ,,',. B ·--:7. -4 .... (). "7 32().,O · .. ·6"7 ,,6 40"7.9 .... :1. {", (on 
2 C 0.6 ····0 , !::j 4/(:) C) 

. , I .... ~5 :~:.~ .. ~ !5 ····3 .... ,~ , .. B , ... :1. .B 
2 D 0.0 ····0.4 4BO.B ····;~B., () .... () . 4 ····1 • t) ~ •• 1 ,., r O.::? .... () • ::? 41:::0.D ····~)3 ,. 6 ..•• :1. O. .... ' .... :1. 1":-.,':' I ~ ".J 
~~ roo ····0.4 .. -0. :l 4//). <I "-9 :I. ~.:.~ :~~ ~ ,::' .... :1. · ~:~ .. , ,.! 

. ) 

"") ... G "7.6 () . :1. ::5~.~() ,. () c') .;. () ···-41"7.B .... :1. ,.B 

3 B ·-:7."7 ._() • 7 ~52()., 0 .... f.)? " 6 42"7.() ..•. :1. ,.B 
;3 c 0.3 _ .. () . ~.) 4"76.9 ····~:S2 (o ~:5 .... :l :1. C) ····:1. .n 0;' ' •• ,' 

:3 n -,,0. :5 .... (). if 4BO.B ·· .. 3B.O :~ :I. ')I 

• '.J 
·· .. t .n 

;'5 r' · ... 0. :I. .•.• () + ::.~ 4BO.G .. ··2:3 • 6 :1. :1. .0 . ... :1. (', 
,~ '.J 

;3 r .. ····0. "7 -0. :l 4"76,.9 ",9. :l 44.6 ... :I. .B 
::5 G "7.:3 o. :I. :3~.~O • 0 6.0 ····:3 ,:; n .? •... :1. .0 

" ) 4 B ····n .2 .. - :1. .4 :33/'.2 ····:1.06 .l:l 46~5. 9 ••• :1. "B 
4 C 0.0 .. - :I. • :I. 49:1. .0 .... iB.4 <"I. ? ...• :1. .D 
4 II .. ··().6 "-0. n 49:?O ····t,o. :I. 4:L .. , 

• I 

.•.• :1. .8 
4 r "-0.4 .. -0 • ~) 49~!'. 0 ····:?i6. "7 :31 • 9 -., :I. .0 
4 F •.•• :1. .0 · ... ().2 4B9.? -oo;L:'5. 4 6?() .... :1. (;) 

oQo \.} 

4 G "7.5 O. :I. :~:52 • :I. :1.0.0 "-40:1. .El ····:1. tEl 

** NOTE ** FORCES IN KIPS, MOMENTS IN KIP-IN 
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IMPERIAL COUNTY SERVICES BUILDING 

) 

COLUMN DESIGNATIONS 

GROUND LEVEL COLUMN FrRCES 

:1. <j>40 I jVl PE I:;: I (.11 ... Vi~I ... I...EY [(~F~'r H(ll.J(~t\E (i\!····G COt'lPilNENT) IN )( .. ··DIr([C·T ION 

COI ... UMN FOr<CE~:; {=IT GF.:DUND 1...[1..,1[1... 

FFMME COLUMN LINE F· .. · X F····y F .... :z. ,'1"" X j"l .. ··y jvj .... :z. 

:I. B )00.4 Ci.E! '7?3. :I. ::.)()}.4 :1.822'7·, :1. El • () 
:I. C 2!5:1. .0 !:.:jo> 4 3B".B 40!::j, ... ) 

,': .. 21.00(;>.4 U .:.0 
:I. II 24B. :I. 4. 1. :3 "'j 303. :,:.: 201:35:1 ~. ~::j B ~ () <- .... ,. 

:I. E 24'7.'/ I') ""J 
A".. oGo I 

''') ,'0) 
.-,: .. + .. ,: .• 20:1. .,,) 

l' ,',' •. 20B31 .i:j B.O 
:1. F ::.~ !':j ;'5 • () :L .3 ·4"? i- :I. 99. ::.l 2 :1. :I. ::~ ::.~ <- I:,;) 0,0 
:I. G :I. B~.). ;'5 2.() 6'/:1. • :I. :1.47.0 :I. '/3<';;:1. .'.7 B.O 

") 
",',. B :1.99.2 :.3 -> ~~ ~:j02 • )' 30'7.6 lB:l.B4. i:l IL () 
;.~ C 26~:j ->2 "') r.:' 

",,',. -> "J :l.4.B ~:.~ ·4 :3 -> (~':I 2:LB:I.)'. ? El.O 
") 
",,',. [I 2:5B. B :L • <j> O.B 1.B2.!:) 2:L46·<'{.. ::5 B.O 
.") 
...... F 2~:;B. B ':L ") 

0001\,' .. 0.0 :1.2:1. 0[0 If) '/:l.4t:.A. ~5 n .0 
2 F 2b:5.2 O.b :l.4.B 60,.!::j 2:1.B:l.l.9 0.0 
.") 
",',. r :1 :1.99.2 :I. .0 !:.'i0:? • '7 90.2 :l.B:l.n4. i:1 B.O 

3 B :200.2 :3 t ~~ ~.:j() 3 • ~::.; 30'7.6 :I. B264. () B.O 
"1 , .. C 2.1>1.) • -4 ... ) I::' 

A .... 00- ",J :1.4.B 243.6 2:1. S)O<,).) fLO 
3 D 2~:i9. 9 :1 . . <, 0.13 :I. tl2 • ~:.i 2 :1. ~::.i ~.!i 4 • .!~ B.O 
3 E' 2!7j9 • 9 :1. ") 

-001( .. O.B :1.2:1. .,1.:, ~:~:l.544.4 B.O 
:3 F 21.>6.4 0.6 :l.4.B 60. ::.:j :,:.~ :I. (? () <,iI • ) D.O 
3 G ~.~OO • ::.~ :I. .0 ::5 () 3 • ::.:j ?O.2 :I.S2{.·4 j} (:) iLO 

4 B :1.90.'7 6.B 60;'5. '7 ~.:jOl + 4 :1.'7'769. :I. B.O 
4 C :~~ ~:,5 6 ~ ~~ ::.). -4 54.B 40 !:,:,i ~ ::,~ ~:!.1~5?'/. ~:.) B., () 
-4 D ~~!:,:j :I. .3 4. :I. :I. n . ) 3()~L 2 21.:l.0::.:j.B lLO 
4 E 2~5:L "j 

00-",: •• 2.'7 ::.~ ,) ~:5 20:t. ") .,. ~: .. 2:L099.B B.O 
4 F 2!7j6 to ~.:.i :I. .3 -4'7.:~ 99.:? :;~:1.3?~5. :1. 8.0 
4 G HP.9 ~.~ + 0 6B:I. .::5 :1.4'7.0 ;1.'16:1.'7.2 EL () 

** NOTE ** FClRCEf:l IN KIPS, MOMENTS IN I(IP-IN 
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IMPERIAL COUNTY SERVICES BUILDING 

COLUMN DESIGNATIONS 

aROUND LEVEL COLUMN RRCES 

1940 IMPERIAL VALLEY EARTHQUAKE (N-S COMPONENT) IN Y-DIRECTION 

FI:~AME COLUMN LINE F .. ··X F""Y f' .... Z. i·1· .. ,:r.: t1·· .. Y 1·1····:1.. 

:I. B :1. :1.1- .B :3 ~:.~ ~ ~:) (:)42.7 ;~:.()],:? (;:0 
,. ' ... 1 90t~9 • () ~.:5 ~:.:J ;,:.:: 0)0 (::. 

1 C 123.7 6!:'j. D :I. ~S , ~;5 ~'.'i;344 • :I. Slj'4? B ~::j ~::.i : .. ::: .~ l ,., 
:I. n L:~4. "7 :1.6:·~. -4 ;:),9 :1.26B:I. .0 97 1:;)9 "X 

f ... 1 ~:; ~:5 ~\:.~ .} 6 
1 E 124.!~j 2cl:l. .0 ~ "7 

'oJ ~ .' )00:1. "1 '7 
-l- / 9"7'):1. .0 ~::j !!5 :::.~ I 

-0-0 

:1. r"' .. :1.22.4 J!'.'ji:!. Cl "7 
I (0 t) ;?73~:'i4 • (;, (1 c) 7:3 <. :.~ ~::.i~:':;2 ,: 

~. I ••• ~ 

1 G 196.4 4~:j6. 4 :lCjtl~.'j.3 ::5470~.~ • :1. :I.~5747 , ~::j ~:5 !:,ij ::; 
" I~~ 

") ...... Ii :?;~). 4 l}<-:~~ :I. !:i .~:; :I. :l'i!::i. !:'j :,;~ ') :I. B .,. ;.~ ~::j ~:.:,i :::.~ .6 
~~ C 4:3.2 :'~2 + !:.:j :I. .4 3!'.'j:l.:I. .0 :?;:3:'50" :I. ~7j !:,=j :~~ • c) 
'1 n 4::.~ v 2 7B. :1. O • ..... 7(1B6. :I. :32(j>~:j .6 ~5~::.i2 · (~) "-. .-::. 
") 
~ .. E 42.2 :1.23 + !:.=.; 0.2 :1. :~.~44B. :;:' 329~5 ,.6 ~5 !::; :~:.~ .6 
'" r 4:'5.2 :I.,~i<). :I. .I. -4 :I. 6·:Y::.~:·~ • ? :3 :'5 ~.;.:j () y I. 1::'1:;',"') (. 
",':. .. <, ,.J ... J .' .• " (.) 
~) 

"-. G 3~.'i. -4 2HI.tl :1. ~:.) (0 ~!S 2:1.6:1.0.0 :;.~<)Hl. ") 
.. : .. ~:5 !:s ::.~ • 6 
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APPENDIX'F ) "1- 'I· 
RUAUMOKO ... INELASTIC DYNAMIC ANALYSIS OF TWO DIMENSIONAL 

BUILDING FRAMES 

A.J. Carr and R.D. Sharpe 
Department of Civil Engineering 
University of Canterbury 
Christchurch, New Zealand. 

January 1980. 

RUAUMOKO (Maori God of Fire and Earthquakes) is designed 
to perform non-linear dynamic time-history analyses of 
frame and shear wall type plane structures. The building 
is idealised as an assemblage of beams, columns and shear 
wall elements connected to form an arbitrary two dimensional 
structure. The beams and beam-column members may have 
different yield properties at each end. Elasto-plastic, 
bi-linear, Ramberg-Osgood and Degrading stiffness models 
are available and Taylor's shear wall model is also 
incorporated. viscous damping members may also be 
included in the structure. 

Five different structural damping options are available and 
consistent or lumped mass matrices may be used. Further 
options include non-linear geometric effects or a. simplified 
P-delta model. 

The analyses may include an initial static analysis as well 
as a modal analysis to obtain all natural frequencies and 
mode shapes. Both vertical and horizontal earthquake 
excitation is possible and the program has a restart option. 

At specified time steps selected results may be printed as 
well as stored on magnetic tape for post-processing and at 
every time step wher~ a change in yield state of any member 
of the structure changes a picture is produced showing the 
location and sign of every plastic hinge or yield state in 
the structure. 

At the end of the analysis a complete summary of all 
enveloped results is presented. 

The program is written in FORTRAN 4 with dynamic storage 
allocation for major arrays. 

Data Preparation: All input is in a free-format and data interpolation is 
used wherever possible. 

Output: In addition to a printout of all input data, the following 
output is given by the program: approximate line printer 
picture of the structure, all natural frequencies of the 
structure and the amount of damping associated with each 
initial elastic mode, mode shapes as required, results of 
static loading. For specified time steps, displacements 
of selected nodes, together with damping and inertia forces, 
for selected members, moments, axial forces and plastic 
displacements. At every change of state of structure a 
picture showing all plastic hinges and axial yield of 
members. One completion of the analysis, envelopes of 
member forces, nodal displacements, member plastic 
displacements and ductilities are computed. 
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Machine Versions Available: B6700, Program largely machine independent. j;',5' 

References: (1) Sharpe, R.D., "The Seismic Response of Inelastic 
Structures", Research Report 74-13, Department of 
Civil Engineering, University of Canterbury, 
November 1974. 

(2) Taylor, R.G., "The Non-Linear Seismic Response of 
Tall Shear Wall Structures", Research Report 77-12, 
Department of Civil Engineering, University of 
Canterbury, November 1977. 

(3) Carr, A.J. and Moss, P.J., "The Effects of Large 
Displaqements on the Earthquake Response of . 
Tall Structures", paper submitted to the 7th 
World Conference on Earthquake Engineering, 
Istanbul, Turkey, 1980. 
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IMPERIAL COUNTY SERVICES BUILDING 
Response Analyses 

Elastic and Inelastic 

Athol J. Carr, Peter J. Moss and Gerard C. Pardoen 

ABSTRACT: The Imperial County Services Building is 
described and the analyses carried out on it are out­
lined. The model considered for an elastic analysis 
and the assumptions involved are outlined. Adifferent 
model was used for carrying out inelastic analyses. 
The results of these two analyses are discussed and 
compared. The earthquake records from El Centro 1940 
and the 1979 "free field" record were used in the 
dynamic analyses. 

Department of Civil Engineering, University of Canterbury 
Civil Engineering Research Report No. 79/15, December 1979. 



Seismic Behavior of the Imperial County Services 

Building in El Centro, California during 

the Imperial Valley Earthguake 

Gerard C. Pardoen* 

The full scale ambient and forced structural dynamic measure­
ment of buildings has been an ongoing research activity for the past 
two decades, whereas the last decade has seen the emergence of strong 
motion data recorded by a number of building's seismographs due to 
significant seismic events. Recently the response of the Imperial 
County Services Building (ICSB) due to the 15 October 1979 Imperial 
Valley earchquake, has stimulated interest within the earthquake 
engineering community because the structures response represents 
the first response measured in a building that has received major 
structural damage. This paper is devoted to the pre- and post­
earthquake dynamic response data of the ICSB as well as providing 
an explanation for the structure's significant damage. 

The Imperial County Services Building serves as an office 
building for Imperial County. It was designed in 1968 (using the 
1967 edition of the Uniform Building Code) and was completed in 1971 
at a construction cost of $1.87 million. The building is 136 feet 
10 inches by 85 feet 4 inches in plan and is founded on a Raymond 
step-taper concrete pile foundation. The piles are interconnected 
with reinforced-concrete link beams; they extend 45 feet to 60 feet 
into the alluvium foundation material composed primarily of sand 
with interbeds of clay to 60 feet (based on logs from 4 soil borings 
at the site). 

Vertical loads are carried by reinforced-concrete floor slabs 
(5 inches thick at the second floor and 3 inches thick at the upper 
floors) supported by reinforced-concrete 5-1/2 inch-wide by 14 inch­
deep pan joists spanning in the north-south (transverse) direction; 
the joists are supported by four longitudinal reinforced-concrete 
frames at 25 feet on center. The frame columns are typically 2 
feet square, and the beams vary in size. Beams in the two interior 
frames are 2 feet wide by 2 feet 6 inches deep at all levels; those 
in the two exterior frames are 2 feet by 2 feet 5 inches at the 
second-floor level, 10 inches by 4 feet 5 inches at the third-floor 

*Assistant Professor, Civil Engineering, UC Irvine, Irvine,Calif. USA 
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Table 1 PRE A.'lD POST EARTIiQUAKE »-18 I E~T VI BRA TI ON PERIODS 

Date of Test Frequency Period (sec) Direction 

February 1979 1.55 .65 E 

February i979 2.24 .45 N 

February 1979 2.81 .36. Torsion 

March 1980 1. 20 .83 E 

March 1980 1.92 .52 N 

March 1980 2.32 .43 Torsion 

Note: Building was shored up when ambient natural frequencies 
were measured in March 1980 
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'When the design of a structure or parts of a structure result 
in unusual configuration or irregular distribution of lateral 
stiffness, evidence shall be presented to show that equivalent 
safety to that establishment by these regulations is provided 
or the office shall withhold its approval.' 

"In SEAOC's 1975 Recommended Lateral Force Requirements and 
Commentary, the discontinuous shear wall problem is specifically 
identified in the commentary in Section 1(E)3, Buildings with abrupt 
changes in Lateral Resistance: 

'the practice of providing open or "Soft" lower levels l:2Y 
discontinuous shear walls or otherwise making certain levels 
weaker than the adjacent levels both for shear and overturning 
has frequently shown poor performance. The anticipated large 
distortions and energy absorption occurring in the weaker level 
make the proper distribution of design forces by dynamic analy­
sis desirable. The new SEAOC Code Requirement only specifies 
a distribution of forces in accordance with the structures 
dynamic properties. It is realized that this distribution may 
not, by itself, indicate excessive energy absorbtion require­
ments. ' (underline added) 

"The experience of the Imperial County Services Building suggests 
that it may be timely to review the way in which the code deals 
with configuration issues." 

One interesting item relates to the duc£ility of the east end 
ground floor columns. Figure 7 denotes a typical column detail in 
which column reinforcement ties are provided up to a point near the 
top of the soil. However a concrete slab encases the interior 
frames' column near the top of the reinforcement ties so that at 
least half the columns do not have sufficient ties above the rigid 
slab. Thus a further explanation of the east end's column failure 
is that the corner columns (G-l, G-4) are sufficiently loaded due 
to the significant E-W and N-S records whereas the interior columns 
(G-2, G-3) failed due to insufficient ductility at the base. 

Con.c.£.u,o"ton. 

This note presents an in-depth analysis of the predicted 
structural response of the Imperial County Services Building due 
to several static and synamic load excitations. Seven represent­
ative loat conditions were considered in which a numerical as well 
as a commentary summary are provided. These computed response 
results of the ICSE, which is destined to become the most thoroughly 
investigated structure in earthquake engineering history, help ex­
plain the catastrophic failure of the building during the 15 October 
1979 earthquake. 

1. Arnold, C., "Architectural Implications", EERI Reconnaissance 
Report - Imperial County, California, Earthquake, October 15, 
1979 - Feb 1980, pp 111-138. 
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in itself: if it were enclosed with a light curtain wall its 
structural performance would be essentially similar. 

"The condition at the East end represents a classic instance 
of shear wall discontinuity, in which an abrupt change of strength 
and stiffness occurs at the point where the shear wall, weighing 
approximately 300 tons, terminates at the second floor. Its 
vertical - overturning - loads must be brought down through four 
slightly offset columns, while its shear forces must be transferred 
to the smaller shear wall at the next bay. 

"Figure 7 schematically indicates the East end's two horizontal 
load paths: to resist translation, shear stresses can be carried 
in the plane of the second level floor structure in to an interior 
ground level wall. However, rotational (overturning)forces (which 
are perpendicular to the second floor) are not transferred across 
in this manner, and only the columns beneath the end wall can supply 
the tension-compression couple required to resist the overturning 
moment. The corner columns take the bulk of these alternating axial 
forces. 

"At the west end, the stiff ground level shear wall beneath the 
upper wall presents large axial forces from reaching the columns. 
While there is a five foot "kink" in the load path from upper 
portion of West wall to ground level wall, compared to the East 
end this is more nearly a continuous shear wall. Holes in the upper 
West end wall comprise another geometric ir~egularity or discontinu­
ity. At the force levels experienced in this particular moderate­
sized earthquake, however, these holes at stairway landings did 
not apparently affect behavior. 

"It should be made clear that the Uniform Building Code in force 
when the building was designed permits discontinuous shear walls: 
and the Code in force at present also permits such a condition. No 
mention was made of such configurational issues until the 1973 UBC 
when a clause was inserted (2312-C-3) that now reads: 

'3. Structures having irregular shapes or framing systems. 
The distribution of the lateral forces in structures which 
have highly irregular shapes, large differences in lateral 
resistance or stiffness between adjacent stories or other 
unusual structural features shall be determined considering 
the dynamic characteristics of the structure.' 

"This cause in effect makes the designer responsible for 
evaluating the dynamic characteristics of the structure and using 
judgment in his design response (note that this clause carefully 
does not mandate a dynamic analysis) . 

"In passing it should be noted that the FieHl. Act uses a slightly 
stronger language than the UBC: 
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A more probable, but tentative, explanation subject to a 
detailed nonlinear dynamic analysis of the four column's failure 
is due to overturning since the outer column pair showed more 
distress than the inner pair while the east end shear wall, the 
floor diaphragm, and the inner shear wall showed no signs of dis­
tress. The major difference in damage between the east and west 
ends of the building is due to the shear load and overturning 
moment resistance. The west end ground level shear wall beneath 
the upper wall prevents large axial forces from developing on the 
columns. However, the east end ground level shear wall is offset 
by some 30 feet from the upper wall requiring that the four slightly 
offset columns must resist the vertical and overturning loads. 

Superficially the IeSB appears to be a simple, rectangular, 
symmetrical structure and, as such, one would expect the 4 corner 
columns to react on a syrr~etrical fashion. However, inspection of 
the first floor plan indicates the unsymmetrical distribution of 
first story shear walls which account for the difference in column 
behavior for those at the east end from those at the west end. 
Reference 1 provides an excellent background which describes the 
difference of each and west end column behavior which is reflected 
in the catastrophic column failure at the east end furing the 
1979 earthquake: 

"Reference to the building plans, sections and elevations 
(Figure 6 ) shows that at the West elevation ~he shear wall from 
roof to second floor is offset horizontally some five feet at the 
second floor level before continuing to the foundations (in the 
center bay only). At the East elevation a similar shear wall 
stops at the second floor: shear forces are then transferred 
through the second floor diaphragm some thirty feet to a center 
bay shear wall that runs from the second floor to the foundations. 

"Detailed study of the building damage shows that the four 
freestanding columns at the East end of the building failed by 
overturning, since the outer pair of columns show more distress 
than the inner. At the same time the end shear wall, the floor 
diaphragm, and the inner shear wall show no signs (on superficial 
inspection) of shear distress. 

"Thus the major difference in damage between the West and East 
ends of the building are paralleled by a major difference in archi­
tectural configuration. It should be noted that the center pair 
of first floor columns at the West end of the building represent 
the only place where a perimeter shear wall occurs. It should also 
be noted that the floor to floor height for the first floor height 
at 14'-6" is only one foot greater than the typical floor. It 
should be noted that the open first floor is nob of any greater 
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to second floor inter-story motion information. Similarly, the 
accelerometers at the ground floor, second floor, fourth floor, 
and roof levels in the more flexible east-west (frame) direction 
(accelerometers 4,5,6 and 13) provide east-west translational 
response, mode shape, and inter-story motion information. The 
two north-south-oriented accelerometers at ground level (accelero­
meters 10 and 11) are intended to identify collectively the extent 
to which differential horizontal ground motion has occurred, and 
the vertical accelerometer at ground level (accelerometer 12) 
provides information on vertical motion at this location. There 
are no vertically oriented accelerometers above ground level. 

P~e- and Po~t-Ea~thqua~e Ambient Vib~ation Te~t~ 

Ambient vibration tests were performed on the building prior 
to and after the 15 October 1979 earthquake. The results of these 
tests, which were conducted as part of a cooperative effort of the 
Los Angeles and Irvine campuses of the University of California, 
are depicted in Figs. 2a,b,c and tabularized in Table 1. It should 
be noted that the post earthquake results reflect the building on 
its shored up configuration. 

Analy~i~ 06 Ea~thquake Reco~d~ 

By manipulating the appropriate traces of the strong motion 
records, one can obtain an approximate horizontal plane movement 
time history such as those depicted in Figures 3,4 and 5. Figure 3, 
for instance, represents the second floor to ground relative dis­
placement time history during the 6-12 second duration of the 
earthquake. The time history curve in Figure 3 was obtained by 
plotting the E-W motion (the difference of traces 6 and 13) and 
the N-S motion (the difference of traces 8 and 11) at each time 
interval of the digitized earthquake response records. These fig­
ures are of particular interest when one considers the relative 
motion of the ground level to second floor and its effect on column 
failure. 

Consider, for example, the effect of this interstory drift on 
the flexural behavior of the columns. Using standard structural 
engineering code calculations it can be shown that the ductile 
frames experienced E-W deflections of approximately 7 times that 
of the code allowables and yet these columns performed without 
flexural collapse. Frame flexural failure of the 4 easternmost 
columns must be ruled out since a flexural failure due to the 
interstory drift would have caused most, if not all, columns to 
fail. The lack of apparent frame flexural failure suggests that 
there was sufficient frame ductility despite the fact that com­
paring the moment developed by such interstory drift with column 
interaction diagrams was much greater than that needed to pro­
duce collapse. 
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through sixth-floor levels, and 10 inches by 4 feet 2 inches at 
the roof level. 

Lateral loads are resisted by the floor reinforced-concrete 
frames in the east-west direction and reinforced-concrete shear 
walls in the north-south direction. The shear walls are discon­
tinuous at the second-floor level. Below the second floor are 
three interior and one exterior I-foot thick shear walls, and 
above the second floor, shear walls exist only at the east and 
west ends. Between the second and third floors, the walls are 
7-1/2 inches thick, and above the third floor, they are 7 inches 
thick. According to the design calculations, the design "K" factor 
was 1.33 for the north-south shear walls, 0.67 for the east-west 
interior frames, and 1.0 for the east-west interior frames. 

I Vl.J.dJr. ume.Vl.taLi..o VI. 

This particular 6-story building has been instrumented by the 
California Division of Mines and Geology in accordance with its 
building instrumentation criteria for the California Strong Motion 
Instrumentation Program. In all the building is instrumented with 
13 accelerometers as well as having a triaxial "free field" acce­
lerograph located approximately 100 meters east of the building. 

The 13-channel CRA-l system in the building consists of 9 FBA-l 
single-axis force-balance accelerometers located at various loca­
tions throughout the upper stories of the structure, as east-west 
oriented HS-O horizontal starter at roof level, and one FBA-3 
triaxial force-balance accelerometer package, one FBA-l accelero­
meter, one 13-channel central recording unit, and a VS-l vertical 
starter at ground level. The FBA accelerometers have a natural 
frequency of approximately 50 Hz and are connected by low-voltage 
data cable to the central recording unit. The recording unit is 
battery powered, is triggered by horizontal or vertical motion that 
equals or exceeds .01 Q, and records on 7-inch (178-mm) light­
sensitive film. The system is designed to record acceleration with 
frequency components in ~he 0 to 50 Hz range and wi-h maximum ampli­
tudes of 1 Q (980 cm/sec ). Real time is provided by a HWVB receiver 
and time-tick generator system; the recorder is not connected with 
the SMA-l accelerograph located east of the building. 

The FBA accelerometer location (Figure 1) were selected in 
order to provide information on overall building response as well 
as ground input motion. The primary purpose of the three north­
south oriented accelerometers at the roof and second floor levels 
(accelerometers 1,2,3,7,8 and 9) is to obtain and isolate north­
south translational, torsional, and in-plane floor bending response .. 
In conjunction with the north-south oriented accelerometers at 
ground level (accelerometers 10 and 11), these accelerometers pro­
vide translational and torsional response, mode, shape, and ground 

')". .. 
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Table 2 INTERSTORY DISPLACEMENTS (CM) AT MAXIMA TIME: (2ND FLOOR TO GROllND) 

Max i mum TR7 - TRIO TR8 - TRll TR9 - TRll TR6 - TR13 
Time (01) (On (eM) (01) (CM) 

All Absolute 
-2.648 -1.071 - 3.442 -8.904 

(@6.58 sec) (@6.58 sec) (@9.24 sec) (@10 .. >4 sec) 

('.2R TR9=14.50 -2.40 -0.98 1.49 -2.57 

('.37 TR8=-17.06 -2.45 -1.02 1.63 -2.34 
TRlI =-16.04 

(, .38 TR7=-16.98 -2.46 -1.03 1.64 -2.30 TRIO=-14.S2 

6.58 (TR7-TRIO)=-2.65 -2.65 -1.07 1.63 -0.76 
(TR8-TRll}=-1.07 

6.71 TR13=-27.41 -2.34 -0.92 2.18 71.06 

6.72 TR6=-28.68 -2.29 -0.90 2.25 -1.07 

9.24 (TR9-TRll)=-3.44 0.20 -0.02 -3.44 -2.24 

10.34 (TR6-TRI3)=-8.90 -0.28 -0.54 0.15 -8.90 
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AMBIENT VIBRATION TEST RESULTS OF THE IMPERIAL COUNTY SERVICES BUILDING 

Gerard C. Pardoen 

SUMMARY 

The ambient vibration test results conducted on the Imperial County 

Services Building prior to the 15 October 1979 Imperial Valley earthquake are 

presented. These results are of significant interest because the Imperial 

County Services Building has been the source of many investigations following 

the 1979 earthquake. This event was notable as for the first time a building 

instrumented with strong motion recorders suffered major structural failure 

and the response can be interpreted in the light of well defined dynamic 

characteri sti cs. 

Background 

The success or failure of a structural design depends, to a great extent, 

upon the formulation of the appropriate conceptual and mathematical representa-

tion of the structure's static and dynamic characteristics. Inasmuch as a 

structure's analytical model represents a significant part of the overall 

design, it is imperative, that the model accurately represent the full-scale 

structure. One means of validating analytical procedures is to perform 

experimental studies of full-scale structures and compare these results with 

those of the analytical model. The ambient vibration test results conducted 

on the Imperial County Services Building (IC8S) prior to the 15 October 1979 

earthquake, provide a data base of particular value in interpreting the 

subsequent behavior of the structure. 

Significance of the Imperial County Service Building 

Some of a structural and instrumentation characteristics of the building 

are: 

1. This particular 6-story building had been instrumented by the California 

Department of Mines and Geology in accordance with its building instrumentation 



criteria for the California Strong Motion Instrumentation Program. The instru­

mentation in this reinforced concrete frame and shear wall building (see 

Figure 1) consisted of a triaxial package of accelerometers at ground level, 

four single axis horizontal accelerometers at the second floor level, one at 

the fourth floor, and four at the roof level. In all the building was instru­

mented with 13 accelerometers (see Figure 2). All 13 accelerometers were 

triggered by the 15 October 1979 event. 

2. Approximately 104 meters east of the building is a "free field" acceler­

ograph maintained by USGS. The location of this accelerograph has proven to be 

particularly significant when one considers soil-structure interaction. All 3 

"free field" accelerometers were also triggered. 

3. The ICSB resisted E-W lateral forces by 4 reinforced concrete frames while 

resisting N-S lateral forces by massive end shear works discontinuous at the 

ground floor. Additionally there were 4 unsymmetrically placed N-S shear walls 

extending from the ground level up to the second story. 

Test Apparatus 

The apparatus associated with the ambient vibration tests consists of 

data acquisition and data reduction equipment. 

The data acquisition equipment includes: 

Kinemetric SS-1 Ranger Seismometers (4) 

Kinemetric SC-1 Signal Conditioner 

Hewlett-Packard 3960 Instrumentation Tape Recorder 

The date reduction equipment includes: 

Zonic Technical Laboratories OMS 5003 - The Data Memory System, which is 

used to manipulate the recorded ambient or forced vibration data, is composed 

of five major subsystems: 

1. A multi-channel digitial data acquisition system, called the Data Memory 

System (OMS), which serves as the "front end" to the system. 
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2. A microcomputer which has been pre programmed to perform various time and 

frequency domain fuctions. 

3. A Tektronix 4006 graphics display terminal for communicating to the OMS 

as well as displaying graphical results. 

4. A Tektronix 4631 hard copy unit. 

5. A dual cassette tape drive system for storing and retrieving user programs, 

raw data, and processed data. 

Test Procedure 

The ambient vibration tests were conducted on three separate days in 1979: 

26 February, 27 February and 17 May. With the exception of the late evening of 

the 26 February, all three days were characterized by light prevailing winds. 

Apart from the 5 minute calibration runs in the N-S and E-W directions at the 

beginning and end of the test sequence, all ambient vibration tests were con-

ducted for approximately 18 minutes. The approximate 18 minute time frame was 

chosen so that there would be sufficient data to perform the spectral analyses 

of the 100 "snapshots" of time data of 10.24 seconds each. 

The ambient vibration tests Vlere conducted by placing the seismometers in 

strategic locations throughout the building on both the N-S and E-W directions. 

With the exception of the torsion tests the seismometers \'1ere usually located 

at a common point in a plan view but at different elevations, or floors, 

throughout the building. In all cases at least one seismometer remained at 

roof level. The torsion tests vlere conducted by placing the four seismometers 

at the roof level \'1ith each seismometer located in a particular corner of the 

building. The seismometers were oriented in a "pinwheel" fashion for torsion 

tests, i.e. the seismometer in the NE corner was pointed north, the seismometer 

in the NW corner was pointed west, the seismometer in the SW corner was pointed 

south, and the seismometer in the SE corner was pointed east. 

_____ , ___________ ~·r --_._--_. __ . 



Apart from one ambient vibration test that was conducted by "tapping" 

into the accelerometers of the California Division of Mines and Geology, 

primarily velocity data was acquired and recorded for the ambient tests. 

By using the manufacturer's calibrated values for the velocity transducers, 

it was a relatively routine matter to obtain absolute magnitudes of velocity 

rather than the relative values. 

Data Reduction - Fourier Transform Method 

The principal objective of the ambient vibration tests was to determine 

estimates of fundamental frequencies and the associated mode shapes as well 

,-/ 
, i 

as an estimate of structural damping due to low level excitation. With the 

implementation of the Fast Fourier Transform (FFT) on hardwired microcomputers, 

such as the Zonic OMS 5003, the effort in calculating time and frequency 

domain functions related to these fundamental vibration characteristics has 

been tremendously decreased. 

Test Results -Frequency 

Using the Fourier Transform procedure the frequencies of the Imperial 

County Services Building were determined and are summarized in Table 1. 

Configuration Seismometer Seismometer Method Frequency 
Direction Locations 

1 East B-7,B-6,B-4,B-2 Power Spectrum 1. 54 Hz 
1.56 Hz 

2 North D-7,0-6,D-4,0-2 Power Spectrum 2.24 Hz 
2.25 Hz 

3 North B-7,B-6,B-4,B-2 Power Spectrum 2.81 Hz 
2.85 Hz 

Table 1 - Frequencies From Ambient Vibration Tests 

------------ ... --- ... _-
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The power spectum results reflecting the three basic test configurations 

are depicted in Figures 3, 4, and 5. Each power spectum curve represents the 

average pOIller spectrum resulting from 100 "snapshots" of time data. The letter-

number code denoting the seismometers locations refers to both a plan view and 

story level position - the letters A to H refer to specific plan view locations 

whereas the numbers refer to the story level (7 = roof, 6 = 6th floor, etc.). 

A few aspects should be stressed. First, if the building were truly re-

sponding as a single degree-of-freedom subjected to white noise then the 

frequency determined from the power spectrum and auto-correlation would be 

identical. The frequency deviations indicate departures from these assumptions. 

A second point is the discrepency in frequency when the seismometers are 

oriented the north direction. With the seismometers positioned at points 0-7, 

0-6, 0-4, and 0-2 the response energy is concentrated near 2.24 Hz whereas with 

the seismometers positioned at points B-7, B-6, B-4, and B-2 the response energy 

is concentrated near 2.81 Hz. This apparent discrepancy was resolved by inves-

tigating the response of the torsional tests in which the seismometers were 

oriented in a "pin wheel" fashion at roof locations A (seismometer pointed 

South), C (seismometer pointed East), H (seismometer pointed North), and F 

(seismometer pointed West). By comparing the response of the diametrically 

opposite seismometers via the frequency response function, it was found that the 
a 

seismometers were 180 out of phase up until a frequency of 2.8 Hz at which 

point they become in phase. Thus the response energy concentrated near 2.24 Hz 

is attributed to the N-S lateral vibration whereas the response energy con-

centrated near 2.81 Hz is attributed to the torsional vibration. 

Tests Results - Damping 

The damping values associated with the ambient vibration tests of the 

Imperial County Services Building v/ere computed by var'ious means and are 

summarized in Table 2. 

-----------------_ ......... _. 



Configuration Method Damping (% Critical) 

1 Pov'ler Spectrum 6.42, 6.42, 6.42, 5.50 
Auto Correlation 4.38, 4.78, 5.54, 5.54 

2 POirier Spectrum 12.86, 11.96, 12.86, 17.22 
Auto Correlation 7.67, 5.00, 7.14, 11.71 

3 Power Spectrum 9.15, 9.15, 9.15, 8.24 
Auto correlation 7.05, 8.83, 7.31, 6.48 

Table 2 - Damping Values From Ambient Vibration Tests 

j 
l 

Using the pm'Jer spectrum curves the damping ratio of the appropriate mode 

of vibration was obtained by measuring the width of the peak at half the peak 

value. The four damping values given per line correspond to the damping 

obta i ned from each of the four channels. 

Using the auto correlation function curves the damping ratio of the appro­

priate mode of vibration was obtained by fitting an exponential curve to the 

auto correlation envelope and evaluating the appropriate curve fit parameters. 

The curve fit parameters are depicted in Figure 6 as well as denoting the 

implementation of this curve fit procedure for seismometer 3 of test configura-

tion 3. 

From the results it is quite apparent that it would be misleading to attri-

bute a single damping value for a particular mode of vibration. In fact one 

purpose of computing the damping value by these two techniques was to indicate 

the range of potential values and the variability according to the technique 

used. The discrepancy in damping values is particularly accentuated in 

configuration 2. Although the power spectrum curves displayed in Figure 4 

suggest a single degree of freedom system near 2.20 Hz, the broadband response 



gives almost unrealistically high damping values \vhen using the half power point 

method. 

Test Results - Mode Shape 

The mode shape amplitudes were obtained by extracting the appropriate values 

of the transfer or frequency response function. For convenience the transfer 

function was defined as the ratio of the Fourier transform of a particular story 

level seismometer's output divided by the Fourier transform of the roof level 

seismometer. In actuality since an averaging process was used the numerator 

consisted of the averaged cross spectrum of the seismometers whereas the 

denominator consisted of the averaged power spectrum. The mode shape data is 

summarized in Table 3. 

Test Configuration 

Roof 

1 1.00 

2 1.00 

3 1. 00 

Mode Shape Amplitudes 

6th 

.62 

.77 

.93 

4th 

.24 

.60 

.67 

2nd 

.15 

.37 

.28 

Table 3 - Mode Shape Amplitudes From Ambient Vibration Tests 

Although other ambient vibration tests were conducted the amplitudes at 

the other story levels is not assessed because, in the absence of a clearly 

defined input spectrum for each of the seismometers, it is not fully 

just ifi ed to put too much credence in the mode shape data obta i ned by 

ratioing the appropriate Fourier components. Specifically the mode shape 

amplitudes could be misleading unless one could be assured that all seismometer 
• 

locations were subjected to a reasonable approximation of white noise or band 



limited white noise. The transfer function was of most help for determining 

the in-phase and out-of-phase relationships of the transducers rather than as 

a vehicle for computing the amplitude ratios. 

Conclusion 

The ambient vibration test results summarized in this note reflect one 

phase of the data base related to the Imperial County Services Building. 

Although these results reflect very low level excitation they do provide a 

means of response comparison for the 15 October 1979 earthquake and various 

analtyical model results of the Imperial County Services Building and will be 

of particular value in the verification of elastic computer models which, in 

turn are useful in interpreting the post-earthquake condition of the building. 
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ELASTIC ANALYSIS OF THE IMPERIAL COUNTY 

SERVICES BUILDING 

Gerard C. Pardoen 
Peter J. Moss 
Athol J. Carr 

SUM~1ARY 

This paper presents the results of an elastic structural analysis 

of the Imperial County Services Building (ICSB) in El Centro, California. 

This analysis is of particular significance because the lCSB suffered 

major structural damage during the October 1979 Imperial Valley earthquake 

and the building's response was recorded on permanently installed strong 

motion accelerographs. 

Background 

The Imperial County Services Building (ICS8) has been and continues 

to be a topic of structural engineering research and investigation. The 

cause calibre for these investigations is the unique circumstances that 

the building was instrumented under the California Strong Motion 

Instrumentation Program and this instrumentation recorded the building's 

motion during the 15 October 1979 Imperial Valley earthquake. Additionally 

the free field motion of a triaxial accelerograph recorded the strong motion 

enabling researchers to perform soil structure interaction studies. 

This paper presents the results of an elastic structural analysis of 

the ICSB undertaken to provide a basis of comparison for those examining 

the experimentally recorded response and for those conducting inelastic 

analyses. 



Buil ding oescri pti on 10 

The Imperial County Services Building (ICSB) served as an office 

building for the governmental services provided by Imperial County (see 

Figure 1). It was designed in 1968 (using 1967 edition of the Uniform Building 

Code) and completed in 1971 at a construction cost of $1.87 million. Due to 

the extensive damage it suffered during the October 1979 earthquake, the ICSB 

., , 
f ( 

\vas demolished in 1980. The building was 136 feet 10 inches by 85 feet 4 inches 

in plan and founded on a Raymond step-taper concrete pile foundation (see 

Figure 2). The piles were interconnected with reinforced-concrete link beams; 

they extended 45 feet to 60 feet into the alluvium foundation material composed 

primarily of sand with interbeds of clay to 60 feet (based on logs from 4 soil 

borings at the site). 

Vertical loads v/ere carried by reinforced-concrete floor slabs (5 inches 

thick at the second floor, 3 inches thick at all the upper floors except 

6 inches thick in the Penthouse area) supported by reinforced-concrete 5 1/2 

inch-wide by 14 inch-deep pan joists spanning in the north-south (transverse) 

direction; the joists were supported by four longitudinal reinforced-concrete 

frames at 25 feet on center. The frame columns were typically 2 feet square 

whereas the beams varied in size. Beams in the two interior frames were 2 feet 

wide by 2 feet 6 inches deep at all levels; those in the two exterior frames 

were 2 feet by 2 feet 5 inches at the second-fl oor level, 10 inches by 4 feet 

5 inches at the third-floor through sixth-floor levels, and 10 inches by 4 feet 

2 inches at the roof level. 
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Lateral loads were resisted by the four reinforced-concrete frames in 

the east-west direction and reinforced-concrete shear walls in the north-

south direction. The shear walls were discontinuous at the second-floor 

level. Below the second floor were three interior and one exterior I-foot thick 

shear walls, and above the second floor, shear walls existed only at the 

east and west ends. Between the second and third floors, the walls were 

7 1/2 inches thick, and above the third floor, they were 7 inches thick. 

According to the design calculations, the design "K" factor used was 1.33 for 

the north-south shear walls, 0.67 for the east-west interior frames, and 1.0 

for the east-west interior frames. 

Scope of Analyses 

The elastic analysis herein considers the ICSB as a three-dimensional 

shear wall and framed structure subjected to either N-S or E-W loading (never 

concurrently) for the following loading conditions: 

A) The 1967 Uniform Building Code 1s6 lateral forces for both the N-S and 

E-W directions. 

B) The N-S component of the 18 May 1940 Imperial Valley3,4 earthquake 

assumed as input for both the N-S and E-W directions. 

C) The N-S and E-W components of the 15 October 1979 Imperial 

Valley Earthquake recorded by the free field accelerograph located adjacent 

to the lCSB. 

Description of the Elastic Model 

Whereas a three-dimensional structural analysis model of the lCSB is 

inherently complex, the ETABS12 computer code, which was used in these 

analyses, makes two assumptions that greatly simplify the preparation of 

input data and significantly reduces the computational effort while retaining , 

the significant characteristics of the building1s 3-D model. 



The assumption that the floors of the Iess are rigid in their own plane 

is a realistic approximation for most buildings. The second simplification 

assumes that the horizontal lateral loads act at the floor level s. Thus 

the lateral loads are transferred to the columns and shear wall elements 

through the rigid floor diaphragms. These two assumptions reduce the computa­

tional complexity of the analytical model to that of three degrees of freedom 

at each floor level--translations in the horizontal plane and a rotation about 

the vertical axis. 

In defi ni ng the analyti cal model of the IeSB for the ETABS code, the 

complete building is assumed to be composed of structural elements which can 

be separated into a series of rectangular frames of arbitrary plan. Isolated 

shear walls, such as those which extend from the ground level up to the second 

floor level of the leSS, are considered to be frames consisting of a continuous 

column line (having the associated shear wall properties) and a dummy column 

line in order to define the principal axis of the shear wall. Each frame 

of the ICSS is treated as an independent substructure in which the complete 

structure stiffness matrix is then formed under the assumption that all frames 

are connected at each floor level by a diaphragm which is rigid on its own 

plane. 

Some of the significant aspects of the ETABS model of the lCSB include: 

A) The North exterior frame, the South exterior frame, as well as the 

East and West discontinuous shear walls, are assumed to act as a single con­

tinuous structural unit. This unit is designated as Frame 1 for the ETABS 

model. The East discontinuous shear wall is sectioned to account for the 

fire escape (see Figure 1). 



B) The North interior and South interior frames are assumed to be 

identical. The structural properties representing these frames are designated 

as Frame 2 for the ETABS model (see Figure 3). 

C) The single story shear walls at column lines B, D, and F are denoted 

by the Frame 3 properties for the ETABS model (see Figure 3). 

D) The single story shear wall at column line E is denoted by the Frame 

4 properties for the ETABS model (see Fi gure 3). 

E) Since deformations within joints are neglected, the effective length 

of both the beams and columns are reduced by the 'rigid end zones' lengths 

associated with each structural component. The 'rigid end zones' for the 

beams are calculated to be equal to half the width of the columns below. 

The top 'rigid end zone l for the columns are taken as the average depth of 

the girders on either side whereas the bottom 'rigid end zone' for the 

columns are taken as zero. 

F) The concrete strength of the columns is taken at 5000 psi whereas 

the concrete strength of the beams and shear walls is taken at 4000 psi. The 

basic sectional properties of the beams and columns are given in Table 1. It 

should be noted that the frame numbers refer to the RIC frames shown in Figure 

4 and distinct from the frame numbers of the analytical model shown in 

Figure 3. 

G) The ground floor columns are assumed to be fixed at the ground level 

and not at the pi 1 e cap. It shoul d be noted that some of the ICSB I S ground 

level columns could be considered fixed at the ground (those interior columns 

tied in with the ground floor slab) and the others fixed at the pile cap 

(those perimeter columns encased in soil). 

------------- -----------------



Assumptions of the Elastic Model 

In addition to the modeling choices imposed by use of the ETABS computer 

code certain stiffness and mass assumptions are selected for the ICSB 

analytical model. These assumptions include: 

A) An uncracked concrete cross section is used for all beam, column, 

and shear wall properties. 

B) Section properties are based solely upon the concrete, i.e., no 

transformed section properties are used to account for the reinforcing steel. 

C) The center of mass for each floor is assumed to be at the geometric 

center. 

0) Th'2 rotational inertia of each floor is assumed to be based upon a 

uniformly distributed mass on a rectangular area. 

E) The weight of the Penthouse structure is assumed to be 20 kips whereas 

the weight of the Penthouse machinery is assumed to be 50 kips. 

In addition to the aforementioned stiffness and mass property assumptions, 

the justifiable latitude in modeling assumptions allows one to "fine tune" the 

analytical model. The analytical model developed for the ETABS computer code 

was the one which most nearly represented the experimentally derived 

frequencies. Specifically the fundamental frequencies and mode shapes derived 

experimentally7 and those predicted by the analytical model depicted in 

Figure 3 after "fi ne tuni ng" are compared. 

---- ------ -------------------



ANAL YTICAL EXPERIMENTAL 

Direction N-S E-H N-S E-W 

Frequency 2.27 Hz 1. 49 Hz 2.25 Hz 1. 54 Hz 

Mode Shape 
Amplitudes 

Roof 1. 00 1. 00 1.00 1. 00 

6th .94 .95 .77 .62 

4th .79 .70 .60 .24 

2nd .58 .28 .37 .15 

As a measure of the analytical model's sensitivity to reasonable model­

ling assumptions, the effect of the exterior frames' columns on the fundamental 

frequency may be examined. The reinforced concrete columns from the ground 

level up to the 2nd floor are 2 feet square in cross section whereas the 

columns from the 2nd floor level up to the roof are somev/hat trapezoidal shaped. 

The bases of the trapezoid are approximately 10" and 18" whereas the depth is 

approximately 70" (see Figure 5). For such a cross section one might be 

tempted to consider an "effective depth" of the column for resisting bending 

about the x-axis. For instance does one choose h=70" or some smaller dimension 

such as h=40" (as the original ICSB design calculations indicate)? While it 

is recognized that certain local discontinuities would occur near the junction 

of the two different column cross sections at the 2nd floor level, it is , 



felt that h=70" probably represents the bending rigidity of the columns above 

the 2nd floor level and, as such, is the cross sectional property used in the 

analyses. Nevertheless one can see from the table of frequencies in Figure 5 

that there is a certain degree of response sensitivity due to just the exterior 

column modeling assumption. 

Additional stiffness parameters could equally alter the fundamental 

frequency results. For instance, the original design concrete strengths of 

4000 psi and 5000 psi were specified for the beams and columns respectively. 

However after 8 years of construction one could expect these 28 day strengths 

to be easily 20% higher which would affect the elastic modulus by about 10% 

which, in turn, I'lould effect the fundamental frequencies by about 5%. In an 

effort to avoi d a p1 ethora of analytical model s, one "base 1 i ne" model was 

chosen in order to interpret the different responses due to different input 

loads. The trends for the different load conditions are apparent for 

analytical models which deviate somewhat from the "base line." Thus the ETABS 

analytical model representing the ICSB is depicted in Figure 3 and is 

characterized by the stiffness parameters in Table 1 and the mass properties 

in Table 2. 

Description of Load Conditions 

The ETABS analyses of the ICSB cover 7 load conditions--3 static and 

4 time history analyses. The static analyses reflect the two lateral load 

conditions due to the 1967 Uniform Building Code requirements and a vertical 

load condition arising from the structure's dead weight. The time histories 

reflect the appropriate components of the 1940 and 1979 Imperial Valley 

earthquakes considered in the N-S or E-W directions of the ICSB. Five percent 

critical damping is assumed for all time history analyses. 

- ,-~'., 



The 1967 UBC required a static analysis to be conducted for the building 

due to the effect of a force applied horizontally at each floor or roof level 

above the foundation. The lateral force at the jth level is was 

w.h. 
1 1 

The 1967 UBC-defined base shear was
S 

V=ZKCW 

(1 ) 

(2 ) 

Inasmuch as the period T and ductility factor K differ for the N-S and E-W 

directions of the ICSS, then there is a base shear V corresponding to each of 

the N-S and E-W directions. The laterial forces \'1ere derived from the following 

basic data: 

Z 1. 0 

K = 1.0 for E-W direction; 1.33 for N-S direction 

C = .0577 for E-W direction; .0655 for N-S direction 

T = (1/1.54 Hz) for E-W direction; (1/2.25Hz) for N-S direction 

W = 10420 Kips (from Table 2) 

Thus the base shear for the E-W direction is V = 601 Kips and the base 

shear for the N-S direction is V=907 Kips. Implementation of equation (1) 

gives the distribution of lateral forces for the N-S and E-W directions as 



Story Level j F FE_W FN_S 

Roof 6 .2280 V 137.0 K 206.9 K 

6th Floor 5 .2529 V 152.0 K 229.4 K 

5th Floor 4 .2030 V 122.0 K 184.3 K 

4th Floor 3 .1532 V 92.1 K 139.0 K 

3rd Floor 2 .1038 V 62.4 K 94.2 K 

2nd Floor 1 .0591 V 35.5 K 53.7 K 

The vertical load condition was approximated by adding the dead load of 

each story to a uniformly distributed load on the beams at each story level. 

The time histories considered were the first 15 seconds of the 1940 (N-S 

component) and the 1979 (E-W and N-S compoments) Imperial Valley earthquakes. 

It should be noted that the 1979 records represent the free field accelerograph 

response which was located approximately 100 meters east of the ICSB. 

Discussion of Elastic Analyses Results 

The elastic analyses results provide a general insight into the building1s 

macroscopic response due to the various load conditions as well as denoting 

those structural components which can be expected to experience inelastic 

behavior due to severe seismic loading. In general the internal force re­

sultants of the beams, columns, and shear walls are of primary interest with 

the deformation quantities being of secondary interest. No attempt is made 

to tabularize the force resultants for all structural members due to all load 

conditions, but attention is devoted to the signficantly loaded members and, 

in view of the catastrophic failure of the 4 columns along column line G 

(see Figure 4), particularly the ground level columns. 
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The moment carrying capacity of the beams in the leSB is determined 

. 9 uSlng 

Mu = • S5f ~ ab (d - a/2) + A~ f ~ (d - d I ) 

where the appropriate dimensions are detailed in Figure 6. 

" 

(3) 

Ho~"ever the ultimate moment cannot be found explicitly by direct substitu­

tion into Equation (3) because the neutral axis is undefined. Assuming a 

maximum strain of .003 in the concrete and a stress in the tension and com-

pression steel no greater than its yield strength, the magnitude and location 

of the concrete and steel force resultants can be determined. Using f = 

4000 psi concrete, the ultimate bending moment for the girder of the leSB 

were determined and are displayed in Table 3. Note that for each end of the 

beam there are two moment values--one corresponding to a positive and a 

negative moment. It should be noted that the ultimate moment values in 

Table 3 reflect the implementation of Equation (3)--in which neither the 

in-situ concrete strength of the beams (probably somewhat greater than 

4000 psi) nor the normal capacity reduction factor is included. The com­

pression and tension steel quantities used in Equation (3) reflect the steel 

distribution at the probable plastic hinge points of the beam. 

Whereas the axial forces within the girders are assumed to be negligible 

and thus do not affect the load carrying capacity of the beams, for the 

columns the combination of axial load and moment is included. For a cross 

section with uniaxial bending reinforced with n bars, the force and moment 

equilibrium equations are 

-/ 



n 
Pu = .85f~ab + I 

i=1 
f . A . 

S1 S1 

n 
P e 
u = .85f' ab(h - a)/2 + If. A . (h/2 - d.) 

c i=1 S1 S1 1 

where e is the eccentricity of applied axial load. 

(4) 

(5) 

Figure 6 reflects the implementation of Equations (4) and (5) into an 

interaction curve for the ground floor level columns of the ICSB. Although 

the curve assumes bending about the N-S axis (e.g. due to horizontal E-W 

forces), the curves are valid for the other principal direction of bending 

as well as for col umns of other story level s. 

Detailed numerical results have been presented in Reference 8 and are 

summarized as follows: 

a) All girders respond elastically due to the 1967 UBC and dead load 

conditions (including the appropriate load factors). 

b) All girders of the two interior frames respond elastically when the 

1940 N-S record is considered in the N-S or shear wall direction. Plastic 

hinges are predicted for all exterior frames, 2nd floor girders as well as 

for all girders framing into the shear walls. The exterior bay girders of 

the exterior frames indicate possible hinging at the 3rd-6th floor levels 

whereas the 3 interior bay girders of the exterior frames indicate elastic 

response at these floor levels. Additionally all roof level girders of the 

exterior frames indicate elastic response. 



c) Although the predicted internal force resultants for the girders 

due to the 1979 N-S record are obviously different from the predicted force 

resultants arising from application of the 1940 N-S record, the plastic hinge 

pattern for the girders is similar to that noted above in b). 

d) All girders, except possibly those at the roof level, of the interior 

and exterior frames would probably respond inelastically if the ICSB were sub-

jected to the 1940 N-S record in the E-W direction. The same macroscopic 

behavior could be expected of the ICSB's girders when subject to the E-W record 

of the 1979 earthquake. The reconnaissance reports of the 1979 earthquake 

tend to substantiate these predictions.
2 

e) The combination of axial force and moment for all ground level columns 

lie within the interaction curve envelope defined in Figure 6 due to the com-

bination of the 1967 UBC and vertical load cases (with appropriate load 

factors). It should be noted that the reinforcing pattern for the columns 

are as follows: 

Interior Frames - Columns B, C, 0, F, C - 8 # 9 Bars 

Interior Frames - Column E 8 #10 Bars 

Interior Frames - Columns C, 0, E, F 8 #11 Bars 

Interior Frames - Columns B, G - 10 #11 Bars 

As expected the columns in lines Band G carry the lateral x-direction 

forces whereas only the 4 corner columns carry the lateral y-direction forces. 

Thus for an earthquake consisting of significant x- and y-direction components 

such as the 1979 event on the basis of these elastic analyses one would expect 

the 4 corner columns to be severely loaded. 

o­
J 



Superficially the lCSB appears to be a simple, rectangular, symmetrical 

structure and, as such, one would expect the 4 corner columns to react on a 

symmetrical fashion. Hm'lever, inspection of the first floor plan in Figure 3 

indicates the unsymmetrical distribution of first story shear walls which 

account for the difference in column behavior for those at the east end from 

those at the west end. Arno1d 1s
1 

contribution to the EERl reconnaisance re-

port describes the difference of east and west end column behavior which is 

reflected on the numerical results in Reference 8 as well as the catastrophic 

column failure at the east end during the 1979 earthquake. 

f) The combination of axial force and moment for all ground floor columns 

lie considerably outside the interaction curve envelope defined in Figure 6 

due to the combination of the vertical dead loads and either the 1940 or 1979 

records. However if the lCSB were subject to say 25% levels of the 1940 or 

1979 records then the combination of axial force and moment for all ground 

floor columns would lie within the interaction envelope. These 25% levels 

represent a design basis for performing a dynamic analysis in which the 

structure should be expected to respond elastically and that sufficiently 

ductility could be incorporated to enable the structure to absorb higher 

earthquake loads. 

With respect to the ductility of the east end ground floor columns 

it may be noted that figure 2 denotes a typical column detail in which 

column reinforcement ties are provided up to a point near the top of the 

soil. However a concrete slab encases the interior frames I columns near the 

top of the reinforcement ties so that at least half the columns do not have 

sufficient ties above the rigid slab. Thus a further explanation of the 

east end1s column failure is that the corner columns (G-1, G-4) are 

--------------------------- -
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sufficiently loaded due to the significant E-W and N-S records whereas the 

interior columns (G-2, G-3) failed due to insufficient ductility at the base. 

Note that the elastic analyses considered the column height from the slab to 

the 2nd story rather than from the pi 1 e cap to the 2nd story. 

Conclusion 

Thi s paper presents predictions of the structural response of the 

Imperial County Services Building due to several static and dynamic load 

excitations using elastic analysis techniques. Seven representative load 

conditions are considered in which a numerical as well as commentary summary 

are provided. While it is recognized that the strong motion of the 1979 

Imperial Valley earthquake precludes elastic behavior of the ICSB, the fact 

remains that elastic analyses clearly playa useful role in post-earthquake 

"post mortems" by clarifying structural action. In particular the elastic 

analyses clearly pin-pointed the east end column weaknesses which were sub-

sequently confirmed by the damage sustained. These computed response 

results of the IeSB, which is destined to become the one of the most 

thoroughly investigated structure in earthquake engineering history, help 

explain the catastrophic failure of the building during the 15 October 1979 

earthquake. 



STIFFNESS PROPERTIES - IMPERIAL COUNTY SERVICES BUILDING 

BEAM PROPERTIES 

Floor Rigid End Zone 
Frame Level Iyy at Each erid 

1 & 4 2 54000 9 

1 & 4 3 + 6 124064 9 

1 & 4 Roof 104167 9 

2 & 3 2 + roof 54000 12 

COLUMN PROPERTIES 

Story Top Ri gi d 
Frame Level A Ixx Iyy Erid ·Zone 

1 & 4 1 576 27648 27648 30 

1 & 4 2 + 5 1028 420917 20177 53 

1 & 4 6 1028 420917 20177 50 

2 & 3 1 576 27648 27648 30 
2 & 3 2 + 5 576 27648 27648 53 
2 & 3 6 576 27648 27648 50 

(Units: A = in Ixx,Iyy = in Rigid End Zone = in) 

TABLE 1 



MASS PROPERTIES - IMPERIAL COUNTY SERVICES BUILDING 

Floor Level M = WIg I =W/g (a + b )112 

2 5. 071 1. 492 x 10 6 

3 4.614 1. 348 x 10 6 

4 4.597 1. 343 x 10 6 

5 4.597 1. 343 x 106 

6 4.597 1. 343 x 10 6 

Roof 3.476 9.493 x 105 

(Units: M = K-Sec 2 Ii n I = K-in-Sec 2) 

TABLE 2 



MAXIHUM POSITIVE AND NEGATIVE ULTIMATE BEAM BENDING MOMENTS 

FRAME FLOOR BEA.l1 BC BEAt'! CD BEA..M DE COHMENT 

EXT ROOF 8.70 8.70 5.81 5.81 5.81 5.81 SYMMETRIC 
4.74 4.74 4.74 4.74 4.74 4.74 

EXT 6TH 8.53 8.53 6.18 6.18 6.18 6.18 SYMMETRIC 
5.05 5.05 5.05 5.05 5.05 5.05 

EXT 5TH 8.53 8.53 6.18 6.18 6.18 6.18 SYMMETRIC 
5.05 5.05 5.05 5.05 5.05 5.05 

EXT 4TH. 8.72 8.72 7.00 7.00 7.00 7.00 SYMMETRIC 
5.05 5.05 5.05 5.05 5.05 5.05 

EXT 3RD 9.44 9.44 7.73 7.73 6.18 6.18 SYMMETRIC 
5.05 5.05 5.05 5.05 5.05 5.05 

EXT 2ND 8.59 8.26 8.26 7.67 7.67 7.67 SYMMETRIC 
4.45 4.17 4.17 4.17 4.17 4.17 

****************************************************************************** 
INT ROOF 5.09 5.09 5.09 6.73 6.73 6.73 SPAN EF MOMENTS 

3.67 3.67 3.67 3.67 3.67 3.67 6.38 & 3.88 

INT 6TH 6.73 6.73 6.73 6.73 6.73 6.73 SYMMETRIC 
3.67 3.67 3.67 3.67 3.67 3.67 

INT 5TH 6.73 6.73 6.73 6.73 6.73 6.73 SYMMETRIC 
3.67 3.67 3.67 3.67 3.67 3.67 

INT 4TH 7.38 7.38 7.38 7.38 7.38 7.38 SYMMETRIC 
4.09 4.09 4.09 4.09 4.09 4.09 

INT 3RD 8.59 7.65 7.65 7.98 7.98 7.98 SYMMETRIC 
4.09 4.09 4.09 4.09 4.09 4.09 

INT 2ND 10.00 9.18 9.18 9.18 9.18 9.18 SYMMETRIC 
4.92 4.59 4.59 4.59 4.59 4.59 

****************************************************************************** 
NOTE: All TABULAR MOMENT VALUES TO }illLTIPLIED BY: 1000 KIP-IN 

B END I N G MOM E N T S I G N CON V E N T I 0 N 

8_( ~6 

I I 
4.~ ~17 

BEAM BC, 2ND FLOOR, EXTERIOR FRAME 

TABLE 3 



NOTATION 

a fraction of distance to centroid 

A' area of compression steel s 

b = beam width 

d distance of tension steel from beam surface 

d' distance of compression steel from beam surface 

Fj = force at jth level 

f~ = concrete compressive strength 

f' stress of compression steel at ultimate moment s 

FT portion of V considered concentrated at the top 

the structure (equal to 0 for the leSB) 

hj height above the base of the level j 

K ductility factor 

Mu = ultimate moment 

n = number of levels to the uppermost level in the main 

portion of the structure 

T building period 

V base shear 

Wj = portion of the total dead load which is loaded at level j 

W total dead weight of the structure 

Z = zone factor 
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