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ABSTRACT 

This report describes e2e.~i~.~}:l~.~.9J,:tt

l\=.~L~§!\J.Qj§§~.\2.L1~~.~2.il!?,.mic J2.~b~'i.i.Q.L .o.Lthe.Eilst 
~~~!.~.~~_s.U~r:,Q.~.!ve;~lJ&Jli<?l..~,.ll~ 
J:As:2ls£J! .f.~n.!~r--2L~'~.rl.l.r:.~~r.!s!2£2l-~2!.!.!s:.c~ 1 t 
also describes experimental tests conducted on 
the East Building's mechanical service tower and 
on an adjacent elevator tower. 

Experimental tests on the East Building were 
conducted in the summers of 1964 and 1965. 
Vibrations were produced by eccentric-mass
type vibration generators. Frequency responses, 
time responses, and mode shapes were observed. 

In the summer 1964 tests, the first mode 
east-west had 2% of critical damping and the 
first mode north-south had 1.8%; the values of 

damping for the higher modes lay in the range 
0.4% to 0.9% of critical In the summer 1965 
tests, the damping capacity measurements were 

mostly in the range 5 to 10% of critical. The 
cause of this increase in damping capacity was 

investigated in the fall 1965 tests. 
The fall 1965 tests showed that although the 

East Building was designed as free-standing, it 
was dynamically coupled to its adjacent build
ings The relatively large damping capacity of 
this coupled system has been attributed to the 
Coulomb damping provided by non-structural 
connections between buildings 

An analytical model of the East Building was 
formulated to provide behavior corresponding to 
the summer 1964 test results. A standard open
frame-type model was found capable of repre
senting the dynamic behavior of the real struc
ture. The analytical model was subjected to the 
El Centro earthquake ground acceleration record 
in a digital computer analysis. With 5% critical 
damping in the first few modes, no members of 

the frame yielded, but when the intensity of the 
earthquake was increased by a factor of 1.3, 

some members did yield. 
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1 . 1 

CHAPTER 1 

INTRODUCTION 

1.1 GENERAL 

High-speed digital computers and matrix alge
bra analytical techniques have made feasible the 
computation of the response of complex struc
tures to earthquake loading. The analytical and 
computational techniques have been refined to 
the point where confidence in the design is 
limited only by a lack of accuracy in basic input 
data. (For example, the damping capacity of a 
structure cannot be calculated in the design 
stages, and values of damping capacity must be 
assumed for any refined analysis.) The main 
purpose of this research program has been to 
increase the state of knowledge about the basic 
dynamic properties of multi-story frame and 
trussed steel buildings. 

American I ron and Steel Institute recognized 
that this lack of basic experimental data was 
hampering further refinements in design 
techniques, and they agreed to sponsor a re
search program to investigate the dynamic prop
erties of three multi-story buildings of the new 
structural complex at the University of Cali
fornia's Medical Center in San Francisco. The 
new complex consists of two multi-story build
ings, a service tower associated with each, and an 
elevator tower. Of these structures, the east 
multi-story building, its service tower, and the 
elevator tower were tested. There were numer
ous reasons why these buildings were suitable 
for this test program: 

r. The buildings are of modern design, and 
the results will be applicable to similar 
buildings which will be constructed in 
the future. 

ii. All the buildings had two axes of 
symmetry, which meant translational 
and torsional modes could be excited 
independently. 

iii. The University of California was willing 
to grant permission to conduct the tests. 

IV. The location of the buildings was con
venient to the Berkeley Campus. 

The scope of the investigation embraced both 
an experimental study and an analytical study. 
The experimental study consisted of measuring 
the resonant frequencies,mode shapes and damp
ing capacities of the buildings. In the analytical 
study, the experimental results for the East 
Building were used in the formulation of a 
model which would behave in a manner dynam
ically similar to the real structure. Such a model 
is of great value in aseismic design because it can 
be subjected to known earthquake ground accel
eration records, and the response of the real 
structure under similar earthquakes can be 
predicted. 

1.2 ACKNOWLEDGMENT 

The authors of the report would like to thank 
the following organizations and individuals for 
their contributions to the project: 

The Committees of Structural Steel and Steel 
Plate Producers of American I ron and Steel 
Institute, New York, for funding the research 
project. 

The University of California for its permission 

to test the buildings. 
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Reid, Rockwell, Banwell and Tarics, Archi
tects and Engineers, San Francisco, for their 
help in planning the tests. 

The Office of Architects and Engineers of the 
University of California, San Francisco, for their 
cooperation in arranging the tests. 

The Dinwiddie Construction Company, San 
Francisco, for its assistance with practical prob
lems during the experimental work. 

1.2 

The Office of Architecture and Construction, 
Department of General Services State of Cali
fornia, for making available the vibration 
generators. 

The California Institute of Technology for 
lending four accelerometers. 

The following students who worked on the 
project at various times: R. Engelhart, I. King, 
D. MacKenzie, N. Mostaghel and J. Nadherny. 



2.1 

CHAPTER 2 

DESCRIPTION OF FACILITIES 

2.1 GENERAL 

The new structural complex at the Medical 
Center of the University of California in San 
Francisco consists of two multi-story buildings, 
two mechanical service towers and an elevator 
tower. One mechanical service tower is asso
ciated with each multi-story building and the 
elevator tower serves all buildings through a 
connecting corridor as shown in Fig. 2.1. The 
Main East Building and its service tower are 
identical in plan to their West counterparts, 
although the West Building is one story higher 
than the 15-story East Building. In this test 
program the East Building, its associated service 
tower, and the elevator tower were tested, and 
these buildings are described individually below. 
In addition, the connections between these 
buildings are also described because they were 
found to have considerable effect on the dynam
ic response of both the East Building and its 
service tower. 

2.2 EAST BUILDING 

The East Building is 195ft. ( 15 stories) high, 
and its outside plan dimensions are 107 ft. by 
107 ft. The steel columns of the moment
resistant steel frames (see Fig. 2.2) are placed 10 
ft. in from the perimeter of the building and are 
located on center distances of 30 ft. 1 Y2 in., 33 
ft. 4 in., and 30ft. 1% in. along each side. The 

schedule of the interior columns and the story 
heights is shown in Fig. 2.3, and the schedule of 

the corner columns is shown in Fig. 2.4. The 
girder-to-column connections have been de
scribed by Bouwkamp ( 1 965), and the steel 
layout of a typical floor is shown in Fig. 2.5. 
The reinforced slabs were cast in situ using 
lightweight concrete. 

2.3 SERVICE TOWER AND ELEVATOR 
TOWER 

The mechanical service tower and elevator 
towers are constructed of vertical steel trusses 
stiffened by encasing them entirely in concrete. 
Fig 2.6 shows the bare steel truss of the east 
service tower, and Fig. 2.7 shows the completed 
service tower of the West Building. The height of 
both the east service tower and the elevator 
tower is approximately 200ft. The plan of these 
buildings is also shown in Fig. 2.1, the elevator 
tower being 30 ft. x 30 ft., and the service tower 
20 ft. X 36 ft. 

The central section of each mechanical service 
tower is occupied by a stairwell, and the spaces 
on either side of the stairwell by piping and 
ventilation ducts. 

The elevator tower contains 6 elevator shafts 
for vertical traffic flow. It serves both main 
buildings through a connecting corridor which 
leads into corridors around the central core of 
each main building. The connecting corridor also 
provides access to the previously existing build
ings, as shown in Fig. 2.1. 

2.4 CONNECTIONS BETWEEN BUILDINGS 

Although the buildings have been designed as 
free-standing structures, there are two types of 
non-structural connections which exist on every 
floor level at points of access from one building 
to another. First. bellows-type aluminum ducts 
run the whole height of the buildings for 
weatherproofing purposes (Fig. 2.8); secondly, 
in order to permit traffic between buildings, 
steel plates bolted to ledges on the service tower 
and to the floor slabs of the connecting corridor 
span the gap to the East Building, where they 
rest freely on the floor slabs (see Figs. 2.8 and 
2.9). 
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Furthermore, structural connections between 

the East Building and its service tower are 

present at the ground floor level (labeled floor 

2.4 

no. 2, as in Fig. 3.6), and at the foundation 

level. These connections consist of reinforced 

concrete beams and slabs as shown in Fig. 2.10 



3.1 

CHAPTER 3 

EXPERIMENTAL TESTS 

3.1 EXPERIMENTAL APPARATUS 

3.1.1 Vibration Generators. 
Forced vibrations were produced by two 

vibration generators or shaking machines, one of 
which is shown in Fig. 3.1. These machines were 
developed at the California Institute of Tech
nology under the supervision of the Earthquake 
Engineering Research Institute for the Office of 
Architecture and Construction, State of Cali
fornia. Each machine consists of an electric 
motor driving two pie-shaped baskets or rotors, 
each of which produces a centrifugal force as a 
result of the rotation. The two rotors are 
mounted on a common vertical shaft and rotate 
in opposite directions so that the resultant of 
their centrifugal forces is a sinusoidal rectilinear 
force. When the baskets are lined up in the 
position shown in Fig. 3.1, a peak value of the 
sinusoidal force will be exerted. The structural 
design of the machines limits the peak value of 
force to 5,000 lbs. This maximum force may be 
attained at a number of combinations of eccen
tric mass and rotational speed, since the output 
force is proportional to the square of the 
rotational speed as well as the mass of the 
baskets and the lead plates inserted in the 
baskets. The maximum force of 5,000 lbs. can 
be reached for a minimum rotational speed of 
2.5 cps when all the lead plates are placed in the 
baskets. At higher speeds the eccentric mass 
must be reduced in order not to surpass the 
maximum force of 5,000 lbs. The maximum 
operating speed is 10 cps, and the minimum 
practical speed is approximately 0.5 cps. At 0.5 
cps with all lead plates in the baskets, a force of 
200 lbs. can be generated. The relationship 
between output force and frequency of rotation 
of the baskets for different basket loads is 
shown in Fig. 3.2. 

The speed of rotation of each motor driving 
the baskets is controlled by an Electronic 
Amplidyne housed in a control unit (see Fig. 
3.1). The control unit allows the machines to be 
synchronized or operated 180° out-of-phase. 
This makes it convenient to excite, in structures 
with a line of symmetry, either pure torsional or 
pure translational vibrations without changing 
the position of either machine. A complete 
description of the vibration generators is given 
by Hudson ( 1962). 

3.1.2 Accelerometers. 
The transducers used to detect horizontal 

floor accelerations of the buildings were Sta
tham Model A4 accelerometers. In the 1964 
tests ± 1-g accelerometers had sufficient sensi
tivity to give large traces on the recording paper, 
but in all subsequent tests ± 0.25-g acceler
ometers were required because the vibration 
amplitudes had become much smaller 

3.1.3 Equipment for measurement of 
frequency. 

Vibration excitation frequencies were deter
mined by measurement of the speed of rotation 
of the electric motor driving the baskets. A 
tachometer attached to a rotating shaft driven 
by a transmission belt from the motor, gene
rated a sinusoidal signal of frequency 300 times 
the frequency of rotation of the baskets. The 

maximum accuracy of frequency measurements 
was thus ± 1 count in the total number of 
counts in a period of 1 second (the gating 
period), i.e.,± 1/3 of 1% at 1 cps and± 1/9 of 
1% at 3 cps. 

11 
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3.1.4 Equipment for measurement of phase 
angles. 

In order to determine the phase relationship 

between the excitation and response, it was 
necessary to obtain a signal indicating the basket 
position This signal was obtained by attaching a 
small magnet to one basket and a coil of wire to 
the stationary structure supporting the baskets 
so that the magnet's circular path passed close to 
the coi I. Each time the magnet passed the coi I, a 
small electrical pulse was generated which was 
recorded alongside the acceleration traces on the 
oscillograph The pulse signal could be generated 
for whatever instantaneous basket position was 
desired by proper positioning of the magnet on 
the basket 

3.1.5 Recording equipment. 
The electrical signals from all accelerometers 

and the pulse indicating the basket position were 
fed to amplifiers and then to a Honeywell 
Visicorder ultraviolet recorder with 6"-wide 

chart In frequency-response tests, the counter 
reading was observed and recorded manually on 
the chart alongside the associated traces 

3.2 EXPERIMENTAL PROCEDURE AND 
REDUCTION OF DATA 

3.2.1 Frequency response 

Experimental data for frequency-response 
curves were collected for a number of basket 
load combinations over their effective frequency 
ranges For each value of eccentric mass, the 
rotational speed of the baskets was increased 
until the acceleration traces on the chart were 
large enough for measurement. Above this fre
quency the excitation frequency was increased 
in steps until the speed limit of the machines for 
that eccentric mass was reached. Near resonance, 
where the slope of the frequency-response curve 
is changing most rapidly, these steps were made 
as small as the speed control system would 
allow, but were relatively large in regions away 
from resonance. Each time the frequency was 

set at a particular value, the vibration response 
was given sufficient time to become steady-state, 

and then the acceleration traces were recorded. 
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At the same time, the frequency of vibrations as 

displayed by the digital counter was observed 
and written on the chart with its corresponding 

traces. 
These experimental data are displayed in this 

report in the form of normalized acceleration 

responses from which both resonant frequencies 

and damping capacities were derived. The re
cording acceleration amplitudes were normalized 

by dividing them by their corresponding fre

quency squared, which for the case of linear 
stiffness and damping, makes the frequency 
response equivalent to one that would have been 

obtained for a constant exciting force. In the 

summer and fall of 1964 the frequency re
sponses were normalized with respect to 1 cps, 
but in the summer and fall of 1965, for reasons 
of arithmetic convenience, they were normalized 

with respect to 1000 counts (3.33 cps). This 

means the 1964 normalized acceleration fre
quency responses are equivalent to the accele

ration frequency responses that would have been 

obtained by a constant exciting force of magni
tude equal to that which occurred at 1 cps. 

Similarly, the 1965 acceleration frequency re

sponses are equivalent to those for a constant 
force of magnitude equal to that which occurred 

at 3.33 cps. Resonant frequencies (frequencies 

corresponding to maximum responses) were read 
directly from these curves. 

The damping capacity was calcuiCJll]U from 
the resonance curves by means of the followincJ 
formula: 

where ~=damping factor 

f = resonant frequency 

Af= difference in frequency of the 

two points on the resonant curve 
with amplitudes 1jV2 times the 
resonant amplitudes (sec Fig. 
3.3). 

The above expression for ~ is applicable to the 
displacement resonance curve of a linear, single 
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degree of freedom system with a small amount 
of viscous damping. The error in applying it to 
acceleration frequency responses instead of dis
placement frequency responses is small and 
comparable to errors in other violations of the 
basic assumptions for which the expression was 
derived. Some displacement resonance curves 
were calculated, and the difference in damping 
capacity as measured from displacement or 
acceleration curves was at most 1 0%. 

A few frequency responses are also shown in 
the form of Kennedy and Pancu plots (Kennedy 
and Pancu, 1949). In Kennedy and Pancu plots 
the phase angle between the excitation and 
response is plotted as argument, and the ampli
tude of vibration as modulus in an Argand 
diagram (see Fig. 3.4). The phase angles were 
calculated from the relative positions of the 
peaks in the acceleration traces and the pulses 
indicating the basket position. The damping 
ratio~ is again given by 

where f = resonant frequency 

llf= difference in frequency of the 
two points lying at arguments of 
45° and 135°. 

3.2.2 Time response. 
Time responses were obtained by vibrating 

the structure at a resonant frequency and 
recording the transient vibration when the ma
chines were switched off. Theoretically, only 
that part of a transient after the baskets had 
stopped rotating should be used in calculating 
the damping capacity, but often the vibration 
itself had ceased by that time. Therefore, it was 
assumed that the frequency of the exciting force 
decreased sufficiently from the resonant fre
quency during the beginning of the transient so 
that the latter part was nearly a free vibration. 
The damping capacity was estimated in the usual 
manner as described below. 

The experimental data are shown in the form 
of logarithmic decay curves, Fig. 3.5, where the 
logarithm of vibration amplitude is plotted 
against the number of elapsed cycles. The slope 
of this curve is equal to the logarithmic decre
ment, o . If the damping capacity is independent 
of vibration amplitude, the logarithmic decay 
curve will be a straight line and o may be 
calculated from: 

1 Yo o =- loge--
n Yn 

Yo =amplitude of first cycle 

Yn =amplitude of nth cycle 

n = number of cycles between Yo 

and Yn. 

The damping ratio (~) is related to the logarith
mic decrement as follows: 

0 
~=-

27T 

3.2.3 Mode shapes. 
The method of measuring mode shapes in the 

summer of 1964 differed from that employed in 
all subsequent tests. In the summer 1964 tests, 
two accelerometers were placed on the roof and 
one on each of the 14th, 11th, 8th, and 5th 
floors. The building was vibrated at each reso
nant frequency in turn and the accelerometer 
readings were recorded. This method had to be 
modified in the 1965 tests because only four 
accelerometers were available (see section 3.1.2). 
Also, it was decided that more displacement 
amplitudes were necessary in order to describe 
the mode shape to the desired accuracy. 

Because only four accelerometers were avail
able in the 1965 tests, it was necessary to stop 
the machines after the first four measurements 

had been recorded. Three accelerometers were 
then moved to three different floors, while the 
fourth one was kept at a convenient floor to 
serve as a "control" accelerometer. The building 
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was vibrated at resonance once more and the 
decelerations at the new positions recorded. This 

procedure was repeated until a sufficient num
ber of floor accelerations had been recorded. 

The accelerometers were cross-calibrated 

dynamically before and after the determination 
of each mode shape. The cross-calibration con

sisted of putting all the accelerometers together 
in one place and in the same direction, so that 
they would all record equal accelerations. Any 
difference in magnitudes of the recorded traces 
were attributable to differences in the calibra
tion factors of the accelerometers. Absolute 
calibration was not required, so the acceler
ometers were calibrated statically only approxi
mately, by tilting them through a known angle. 

The control nccelerometer enabled adjust
ments to be made to the recorded accelerations 
to compensate for any differences in the magni
tude of vibrations between measurements for 

eCJch set of three floors. The cross-calibration 
en<lbled differences in calibration factors 
between accelerometers to be eliminated. Both 
of these adjustments were made to the readings 
of acceleri::ltions measured from the chart. The 
mode shape was then normalized by making the 
drnplitude of the roof equal to unity. 

3.3 EXPERIMENTAL RESULTS 

l11 this section the experimental results are 
described in chronological order. 

3.3.1 Summer 1964 

The Main East Building was tested for the 
first time in the summer of 1964. At this time 
the concrete floor slabs had been cast in the East 
Building, and the steel frame of the east mechan
ical tower had been erected but was not yet 
encased in concrete. 

Two vibration generators were mounted on 
the roof of the East Building as shown schemati

cally in Fig. 3.6. The machines were run in 

phase, first in the N-S direction, and then in the 
E-W direction. Finally, by running the ma

chines 180° out-of-phase, torsional vibrations 
were induced in the building. 
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During the N-S vibration, four of the six 1-g 

accelerometers used in this test series were 

placed on the roof of the building above the 

column caps on the south side of the structure 

(numbers 1, 2, 3 and 4 in Fig. 3.6). The two 
remaining accelerometers (numbers 5 and 6) 

were placed along the center line of the roof. 

The latter two transducers were removed after 

the initial tests, since their traces were affected 
by secondary motions due to vertical slab 

vibrations. Information for several acceleration 

frequency-response curves was obtained with 

results shown in Figs. 3.7 through 3.11. 

Fig. 3.7 is a plot showing the N-S normalized 
acceleration response of the building from 0.5 to 

7.5 cps, and Figs. 3.8 through 3.11 are indivi
dual (non-normalized) acceleration resonance 

curves for the first few modes. 

Non-norma I i zed frequency-response curves 

for the first three modes of translational vibra

tions in the E-W direction are shown in Figs. 

3.12 and 3.13. Torsional frequency responses 

are shown in Figs. 3.14 and 3.15. 

The resonant frequencies and damping capaci

ties of all modes were found from the resonance 

curves. The resonant frequencies for E-W and 

N-S translational modes as well as for torsional 

modes are presented in Table 3.1. Table 3.2 
shows the damping capacities of the same 
modes. 

TABLE3.1 

Resonant Frequencies of East Btlildin~J, 
Summer 1964 

Resonant Frequencies (cps) 

Mode 
Direction 

1 2 3 4 5 

E-W 0.85 2.25 3.90 5.55 7.20 
N-S 0.85 2.25 3.90 5.55 7.20 

Torsion 1.3 2.9 4.9 - --
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TABLE3.2 

Damping Capacities of East Building as Measured 
from Resonance Curves, 

Summer 1964 

Damping Ratios(% Critical) 

Mode 

Direction 

1 2 3 4 5 

E-W 2.0 0.9 0.6 - -

N-S 1.8 0.7 0.4 0.5 0.4 

Torsion - 1.3 0.7 - -

After the resonant frequencies were estab

lished, the mode shapes at resonance were 

determined. In this case, the amplitudes at the 

roof, 14th, 11th, 8th and 5th-floor levels were 

measured; the resulting mode shapes are pre

sented in Figs. 3.16 through 3.19 for both N-S 

and E-W vibration. In these figures the fre

quency (w) at which a mode shape was meas

ured and ~.he acceleration double amplitude of 
the roof ( Y) are also recorded. 

Some vibration decay curves for the East 

Building were also observed at this time. They 

were obtained by vibrating the building at 

resonance, stopping the exdter quickly, and 

then recording the subsequent free vibrations. 

The results are plotted in the form of logarith
mic decay curves in Fig. 3.20 ( E-W vibrations) 

and Fig. 3.21 (N-S vibrations). The curves 

indicate the damping is nearly independent of 

amplitude, and the values of damping capacity 

as measured from the initial straight portions are 

shown in Table 3.3. 

In the summer of 1964 transient vibrations of 

the bare steel frame of the service tower were 

also recorded. Vibrations were produced by men 

standing in the East Building and shaking the 

service tower frame by hand. After a suitable 

amplitude was reached, the shaking was stopped 

and the subsequent free vibrations were re-

TABLE 3.3 

Damping Capacities of East Building as Measured 
from Decay Curves, 

Summer 1964 

Damping Ratios(% Critical) 

Mode 

Direction 
1 2 3 4 5 

E-W - 0.7 1.0 - -

N-S - 0.6 0.7 - 0.9 

corded. A logarithmic decay curve is shown in 

Fig. 3.22. The damping capacity was highly 

dependent on amplitude, varying from 0.8% to 

3.2% of critical over the range tested. The 

resonant frequency was measured from the 

decay curve and found to be 0.2 cps. 

3.3.2 Fall 1964 
The mechanical service tower and the elevator 

tower were tested in the fall of 1964 after their 

steel frames had been encased in concrete. 

The response of the service tower to forced 
vibrations was complex and the results were not 

satisfactory. One vibration generator was bolted 

to the 17th floor of the service tower, and it was 

planned to vibrate the tower in both the N-S 

and E-W directions. However, it was found that 

the service tower would only vibrate in a 

torsional mode and that the Main East Building 

vibrated as well, indicating that some link 

existed between these buildings. Fig. 3.23 shows 

the response of the 17th floor of the service 

tower to N-S excitation and the simultaneous 

N-S response of the East Building. From this 

graph, the resonant frequency of the first mode 

was found to be 1.18 cps and its damping 

capacity 6% of critical. Fig. 3.24 shows the 
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vibration amplitudes of different service tower 
floors near the first mode resonance. The damp
ing capacities measured from these curves are 

CJbout 5% of critical. 
The forced vibration results for the elevator 

tower were also unsatisfactory. In the N-S 
direction, the first two resonant frequencies 
were found at 2.2 and 3.8 cps (see Figs. 3.25 
and 3.26). In the E-W direction there was a 
resonant frequency at 3. 7 cps (see Fig. 3.27). In 
the N-S direction the resonance curves yielded 

an average value of 5% for the damping capacity. 

3.3.3 Summer 1965 
The Main East Building was tested for the 

second time in the period July-August 1965. 
The following work had been done since the 

summer of 1964 
1. The windows had been installed in the 

East Building; 
ii Floors 4 through 8 of the East Building 

had been equipped with ventilation 

ducts and some partitioning; 
111 Piping had been installed throughout 

both the East Building and the mechani

cal service tower; 
1v. The steel frame of the mechanical service 

tower had been encased in concrete 
(between summer and fall of 1964). 

For the summer 1965 test series, the vibration 
generators were bolted to the 16th floor of the 
East Building in order to protect them from the 
weather, because when the machines were on 
the roof during the previous summer, moisture 
in the electrical connectors had caused "short
ing". The exciter positions on the 16th floor in 
the summer of 1965 are shown in Fig. 3.28. 

As soon as this series of tests commenced, it 
was apparent that the response of the building 
was much smaller than it had been the previous 
summer. Another vibration generator was in
stalled in the center of the building midway 
between the other two, but even with 3 ma
chines, the maximum trace on the chart pro
duced by the original 1-g accelerometers was 
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only about 1 inch with full amplifier gain. 

Therefore, two ± 0.20-g anrl two ± 0.25-g 

accelerometers were borrowed from the Cali
fornia Institute of Technology. These acceler

ometers gave traces of sufficient size for accu

rate measurement. 

The building was tested first in the E-W 

direction, and the resu Its for E-W translational 
vibration are shown in Figs. 3.29 through 3.35. 
Fig. 3.29 shows the acceleration measured at 
column B (Fig. 3.28) on the 16th floor for the 

cases of empty baskets, and basket loads L -1, 
L-2 and L-4. The normalized form of this plot 

is shown in Fig. 3.30. In this graph, the recorded 

accelerations have been divided by the square of 

their corresponding count number (proportional 
to frequency squared), regarding 1000 counts as 

unity, as described in Section 3.2.1. Those 

portions of the normalized frequency responses 

close to a resonant frequency are reproduced to 

a different scale in Figs. 3.31 through 3.35. In 

particular, Fig. 3.31 shows the frequency re

sponses measured at three columns of the west 

line of columns normal to the direction of 

excitation. Fig. 3.32 shows the normalized 

acceleration frequency responses of column B 
on the 16th-floor level for different vibration 

amplitudes. Figs. 3.33 through 3.35 are reso
nance curves for the 2nd, 3rd and 5th modes, 

respective I y. 

The East Building was tested also in the N-S 
direction, and the resulting frequency responses 
are shown in Figs. 3.36 through 3.40. Fig. 3.36 
shows the acceleration frequency response in the 

range 1-5 cps for a variety of loads, and Fig. 

3.37 is the normalized version of this plot. Figs. 
3.38 through 3.40 show the normalized reso

nance curves for the first three modes. 

The values of resonant frequPncies and damp
ing capacities derived from the above; graphs are 

shown in Tables 3.4 and 3.5, respectively. 

Some of the resonance curves described above 

are shown in Figs. 3.41 and 3.42 in the form of 
Kennedy and Pancu plots. 
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TABLE3.4 

Resonant Frequencies of East Building, 
Summer 1965 

Resonant Frequencies (cps) 

Mode 
Direction 

1 2 3 4 

E-W 1.0 2.4 4.5 -

N-S 1 . 1 2.6 4.3 -

5 

7.7 
-

The mode shapes at frequencies close to the 
resonant frequencies for the first two E-W 
modes are shown in Fig. 3.43 and for the first 
three N-S modes in Fig. 3.44. 

A logarithmic decay curve for the first mode 
is shown in Fig. 3.45, giving a value of 6.7% 
critical for the damping capacity at higher 
amplitudes. Decay curves for modes other than 
the first were affected by some first-mode 
response excited when the speed of rotation of 
the baskets passed through the first resonant 
frequency as the speed was being reduced to 
zero. 

3.3.4 Fall 1965, Tests I and II 
The summer 1965 tests showed that a signifi

cant increase in both damping and stiffness of 
the East Building had occurred since the first 
tests in the summer of 1964. The fall 1965 I and 
II test series were carried out in an attempt to 

discover the cause of these increases. The only 
changes in the building from the summer of 
1965 were the addition of more partitions and 
facilities in floors 3 through 8 of the main 
building. Furthermore, the installation of venti
lation ducts in the service tower was almost 
complete. The vibration generators were placed 
again on the 16th floor as in the summer of 
1965, and the ± 0.25-g and ± 0.20-g acceler
ometers were used to measure accelerations. 

It was suspected that one cause of the 
increase of damping between the summers of 

TABLE 3.5 

Damping Capacities of East Building, 
Summer 1965 

Damping Ratios(% Critical) 

Mode 
Direction 

1 2 3 4 

E-W 7 8 13 -

N-S 9 7 7 -

5 

5 
-

1964 and 1965 was the frictional energy losses 
which occurred in relative movements between 
the main building and its adjacent buildings. In 
relative movements of the buildings, the steel 
plates spanning the gaps between buildings and 
resttng on the floor slabs of the East Building 
slid over the floor slabs, and energy was dissi
pated by a Coulomb friction mechanism. An 
attempt was made to reduce this energy loss by 
inserting small grease plate sandwiches beneath 
the steel plates. The grease plate sandwiches 
consisted of two small steel plates 3/4" x 3/4" x 
1/16" with a layer of grease between them. In 
the case of the three 1 0-ft.-long plates spanning 
from the service tower at every floor level, a 
sandwich was placed at each end and one in the 
middle of every plate. A sandwich at each end of 
the plates spanning from the connecting corridor 
was sufficient, since these plates were only 5 ft. 
in length. It was hoped that all relative move
ment of the buildings would take place by a 
shearing action at the greased interface where 
the coefficient of friction was small. 

The East Building was tested first without the 
grease plate sandwiches (test series I) and then 
with them in position (test series II) to see if any 

change in response could be detected because of 
the reduction in the coefficient of friction. The 
results obtained in the fall of 1965 are presented 
in Figs. 3.46 through 3.61. Figs. 3.46 through 
3.51 are frequency responses for E-W vibration, 
and Figs. 3.52 through 3.57 are frequency 
responses for N-S vibration. The mode shapes 

17 



of the East Building and the vibration shapes of 
the service tower measured at the same resonant 
frequency are shown in Figs. 3.58 through 3.61 
(E-W direction) and in Figs. 3.62 through 3.65 
(N-S direction). The results obtained in the fall 
of 1965, series II (with grease plates) are 
presented in similar fashion in Figs. 3.66 
through 3.83. 

Torsional frequency responses of the East 
Building with the grease plates in place are 
shown in Figs. 3.84 through 3.86. Fig. 3.87 
shows the vibration amplitudes at col. J (Fig. 
3.6) in both the N-S and E-W directions when 
the building was vibrating in its first torsional 
mode in the fall 1965 test series 1. Figs. 3.88 and 
3.89 are similar to 3.87, except that they are for 
the 1st and 2nd torsional modes in the fall 1965 
test series II. 

The resonant frequencies and damping capaci
ties of the East Building were measured from the 
above resonance curves. The resu Its are shown in 
T<lbles 3.6 and 3.7. respectively. Table 3.6 
compares the resonant frequencies obtained in 
the fall 1965 test series I and II, and Table 3. 7 is 
a comparison of the damping values obtained in 
these tests. 

TABLE 3.6 

Resonant Frequencies of East Building, 
Fall 1965 

Resonant Frequencies (cps) 

Mode 
Direction 
and test 1 2 3 4 

I 1.0 2.5 4.5 -
E-W 

II 0.95 2.3 4.5 -

I 1 . 1 2.5 4.5 -
N-S 

II 1.0 2.4 4.4 -

Torsion II 2.6 4.6 6.3 -

··-~ 

5 

7.7 

7.6 

7.7 

7.6 

-
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TABLE 3.7 

Damping Capacities of East Building, Fall 1965 

Damping Ratios(% Critical) 

Mode 
Direction 
and test 1 2 3 4 

I 5 * * -

E-W 

II 7 6 * -

I 12 10 * -

N-S 

II 12 9 9 -

Torsion II - 7 4 -

* DAMPING LARGE NO "RESONANCE CURVE"" 
MODE NOT EXCITED 

3.4 DISCUSSION OF EXPERIMENTAL 
RESULTS 

5 

* 

* 

3 

4 

-

The experimental results obtained for the 
East Building were mode shapes, resonant fre

quencies and damping capacities. These results 
are discussed below. In addition, the trans
mission of energy from the East Building to 

other buildings is also discussed, since this factor 
affected the resu Its considerably. 

3.4.1 Mode Shapes 

Experimental mode shapes of the East Build
ing for the tests in the summer of 1964 are 

shown in Figs. 3.16 through 3.19. For the 

summer of 1965 the mode shapes are shown in 
Figs. 3.43 and 3.44; for the fall of 1965 they are 

shown in Figs. 3.58 through 3.6t) i::Hld in Figs. 
3.78 through 3.83. 

The most striking feature of thesu trans
lational mode shapes was the constancy in the 

position of the nodal points. It was found that 

the nodes in the shape of a particular mode lay 
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at very nearly the same height regard less of the 
test series during which they were measured, or 
whether the vibration was N-S or E-W. The 
nodal points of the second, third and fifth mode 
shapes were as follows: 

1. For the second mode shape, the node 
was close to the 13th floor; 

ii. For the third mode shape, one node was 
close to the 9th floor and the other 
midway between the 14th and 15th 
floors; 

111. In the case of the fifth mode shape, the 
nodes were close to the 6th floor, 
midway between the 9th and 1Oth 
floors, slightly above the 13th floor and 
slightly above the 16th floor. 

It was expected that the nodes for corres
ponding N-S and E-W mode shapes would be 
at similar heights because of the geometry of the 
building; however, some changes in nodal point 
positions might have been expected between the 

summer 1964 tests and subsequent tests because 
of the significant increases in resonant fre
quencies and large increases in damping capaci

ties between the summer of 1964 and the 
summer of 1965. 

The constancy in the position of the nodal 
points was further illustrated by the fact that 
during the 1965 tests when the machines were 
operated on the 16th floor, the fourth mode in 

neither the N·-S or E-W direction could be 

excited (see Figs. 3.29, 3.36 and 3.52). This 
indicates that during the summer 1965 and fall 
1965 test series I and II, a node point of the 4th 

mode shape was located at the 16th-floor level. 
A node point of the 4th mode was also found to 

lie close to the 16th floor during the summer of 
1964 when the machines were operated on the 
roof (see Figs. 3.17 and 3.19). 

Although the node points remained very close 
to the same positions for each determination of 
a particular mode shape (either N-S or E-W 
vibration), there were, except in the case of the 

first mode, considerable differences in the nor

malized amplitudes of floor displacements close 

to anti-nodes. In general, such differences may 
be caused by two factors: 

1. errors in the measurement of the accele

ration amplitudes; 
ii. sensitivity of a mode shape to changes in 

forcing frequency near resonance. 

The measurement of mode shapes does not 
require absolute calibration of accelerometers. 
and the cross-calibration procedure and subse
quent adjustments to the recorded data kept 
errors due to calibration within a few percent. 
The only error the cross-calibration did not 
compensate was the efficiency of fixing the 

accelerometers to the floors. However, any 
errors from this source must have been quite 
small, because a 50-lb. weight was set on the 
base plate of each accelerometer, which kept 
any relative movement between accelerometer 
and floor very small. 

Since the measurement of accelerations was 
accurate, only the sensitivity of mode shapes to 
changes of forcing frequency can explain the 
differences in normalized amplitudes of floors 

near anti-nodes. Figs 3.51 and 3.57 show that 
the maximum amplitudes of the top floors and 
roof of the 5th resonant frequency did not 
occur simultaneously. Thus, the shape of the 5th 
mode of vibration depended on the frequency at 
which it was measured. Since the modes were 
measured at slightly different frequencies on 
each occasion (N-S and E-W, in summers 1964 
and 1965, and fall 1965 I and II), this accounts 
for the discrepancies between various deter
minations of a particular mode. The rate of 
change of mode shape was greatest near the 5th 

resonant frequency and negligible at the first, so 
that the experimental mode shapes become less 
meaningful as their resonant frequencies in

crease. This problem is well known in resonance 

testing and is discussed in detail by Gauzy 
( 1959) and Bishop and Glad well ( 1961). There

fore only a brief explanation will be given here. 

Normal modes were not being excited in the 

structure, and hence the maximum amp I itudes 
of each floor did not occur at the same 

frequency. This resulted in inaccurate mode 

shapes as described above. The excitation of 
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damped normal modes requires: (see, e.g., 

Gauzy) 
1. The damping matrix for the structure to 

be of a type that does not couple the 

modes, and 
ii. The excitation to be such that it bal

ances the damping force at all times at 
all points of the structure. 

Nothing can be done about the first require
ment except to hope that the damping does not 
couple the modes, or that if it does, it will be 
too weak to do so effectively. 

Requirement (ii) implies employing the same 
number of exciters as degrees of freedom of the 
structure. Gauzy points out that this require
ment is not essential in practice if the locations 
of the exciter stations are chosen judiciously. He 
suggests that if it is desired to excite a particular 
mode, the exciters should be deployed to feed a 
maximum input of energy to this mode, and a 
minimum energy input to its neighboring modes, 
since only these will affect appreciably the 
response of that particular mode. This last 
consideration has considerable bearing on the 
results of a test with only one excitation point, 
as was the case in this project. 

3.4.2 Transmission of energy from East 

Building to its adjacent buildings. 
During the forced vibration tests on the 

service tower in the fall of 1964, it was noticed 
that the East Building was vibrating also. At this 
time the vibration generators were installed on 
the 17th floor of the service tower (see Fig. 3. 6). 
In Fig. 3.23 the responses of the 17th floors of 
both the service tower and East Building at this 
time are shown. Similarly, during the summer of 
1965, when the vibration generators were on the 

16th floor of the East Building, the service 
tower was found to vibrate. However, the service 
tower vibrations were not recorded. Because it 
was felt that the service tower may have caused 
either the increase of damping or the increase of 
resonant frequencies, or both, which occurred 
between the summers of 1964 and 1965, a more 

detailed study of the service tower vibrations 
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was made in the series of tests conducted in the 

fall of 1965. 
S i nee it is at resonance that the interaction of 

the buildings would have greatest effect on each 
other, the vibration shape of the service tower in 
these tests was observed when the East Building 
was at resonance. The vibration shape of the 
service tower and the simultaneous mode shape 
of the East Building were measured both with 
(Figs. 3.58 through 3.65) and without (Figs. 
3.78 through 3.86) the grease plate sandwiches 
inserted beneath the steel plates spanning the 
gap between the buildings. The grease plate 
sandwiches did not affect appreciably the re
sponse of either building except in the case of 
the 2nd resonant mode in the N-S direction. 
This and other results from these tests are 
described below: 

1. In the first resonant modes, in both E-W 
and N-S directions, the service tower 
vibrated mainly in the same direction as the 
East Building. However, there was also 
vibration in the direction at right angles to 
the exciting force direction (see Figs. 3.58, 
3.62, 3.78 and 3.81). The vibration of the 
service tower in the direction of the main 
building vibration was in phase with, and of 

approximately the same amplitude as, the 
vibration of the main building. The first 
torsional resonant frequencies of the serv

ice tower must be approximately equal to 
the first translational resonant frequencies 
of the East Building. 

2. In contrast to the first resonant frequency, 

the interaction between the East Building 

and its service tower near the second 

resonant frequency was complicated, and 
the behavior in the N-S direction differed 
from that in the E-W direction. In addi
tion, the grease plate sandwiches appeared 
to alter the behavior for both directions. It 
is not certain that the grease plate sand

wiches were responsible for the changes in 
vibration shapes which took place after 

they were inserted, because in both direc

tions the tests were conducted at slightly 
different frequencies. 
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Without grease plates the vibrations of 
the two buildings were in-phase or 180° 
out-of-phase (depending on floor level) for 
N-S vibration, but goo out-of-phase for E-W 

vibration In both cases, the magnitude of 
the service tower vibrations was much 
smaller than, and almost entirely of the 
same direction as, the corresponding vibra
tions in the East Building (see Figs. 3.5g 
and 3.63). After the grease plates were 
inserted beneath the steel plates, the magni

tude of the E-W vibrations of the East 
Building increased, those of the service 
tower decreased, and the vibrations of the 
buildings were still goo out-of-phase (see 
Fig. 3.7g)_ In this second case (with grease 

plates) the amplitudes of vibration of the 

East Building also increased for N-S vibra
tion, but the vibrations of the buildings 
became goo out-of-phase (see Fig. 3.82). 

The tests without grease plates were con
ducted at 2.6 cps and 2.5 cps for E-W and 
N-S directions, respectively. The corres

ponding frequencies with grease plates were 
2.4 cps and 2.4 cps. 

3. In the third resonant mode, in both E-W 
and N-S directions, the only appreciable 
vibration of the service tower was again in 
the same direction as the East Building's 
vibration. The results before and after 
inserting the grease plate sandwiches were 
similar. The magnitudes of the service 
tower amplitudes, E-W, were much smaller 
than, and, depending on the floor, either 
in-phase or 180° out-of-phase with the 

vibration of the East Building (see Figs. 

3.60 and 3.80). In this case, the service 

tower vibrated in its second mode. In the 
N-S direction the amplitudes of vibration 
of the service tower were extremely small 
and goo out-of-phase with the East Build

ing (see Figs. 3.64 and 3.83). Clearly, the 

3rd resonant frequency of the East Build

ing was not close to a resonant frequency 

of the service tower in this direction. (The 
service tower is rectangular in plan [see Fig. 

21] and hence its N-S and E-W resonant 
frequencies are different). 

4. When the East Building was vibrating in its 
fifth resonant mode, the vibration shape 
was measured only for the case when no 
grease plates were beneath the steel plates 
(Figs. 3 61 and 3.65). For vibrations in 
both the N-S and E-W direction, the service 
tower vibration was small and in-phase or 
180° out-of-phase with the East Building's 
vibration. The service tower vibrated in its 
third mode N-S and its second mode E-W. 

It is now clear that a different system was 
tested in the summer and fall of 1g65 to that 
tested in the summer of 1964. In the summer of 
1964 the steel frame of the service tower had 
not been encased in concrete and its first 
resonant frequency was very low -- 0.2 cps. So, 
although the steel frame was connected to the 
East Building at the foundation and ground 
floor levels, it was not capable of exercising 
much influence on the dynamic behavior of the 
East Building. Thus, the East Building was tested 
virtually in isolation. However, after the steel 
frame of the service tower had been encased in 
concrete, the mass and stiffness of the service 
tower were large enough to influence the be
havior of the East Building. Therefore, in the 

summer and fall of 1965 a new system, consist
ing of the East Building coupled to its service 

tower, was tested. 
Initially, it was thought that the steel plates 

spanning the gap between the service tower and 

the main building may have contributed to this 
coupling. In any relative motion between the 
buildings, a frictional force exists which would 

tend to excite vibrations in the service tower. 
However, it may be seen in Figs. 3.58 through 
3.65 and Figs. 3.78 through 3.83 that in all cases 
where it was possible to measure the amplitudes 
of vibration of the bottom few stories of the 
service tower, these amplitudes were in-phase 
with the amplitudes of the corresponding floors 
in the main buildings. In the upper floors, 

however, the vibrations of corresponding floors 
were in-phase for some modes but out-of-phase 
for others. This would suggest that the steel 
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plates did not couple the buildings, but that the 
reinforced concrete beams and slabs at the 2nd 
floor and foundation levels provided the coup
ling. Fig. 3.90 is a diagrammatic model of the 
new system tested in the summer of 1965 and 
afterwards. 

Not only did the service tower vibrate while 
the East Building was being vibrated, but other 
adjacent buildings vibrated also. The vibrations 
in the elevator tower and connecting corridor 
were small and more of a random nature than 
harmonic. However, there were harmonic vibra
tions in the Main West Building which are of 
some interest. 

The vibrations in the West Building were 
mainly in the same direction (for both E-Wand 
N-S vibrations) as the source vibration in the 
East Building. They were measurable only in the 
frequency range 1.8 - 2.0 cps. They were in 
phase with, and of approximately the same 
amplitude as, the vibration in the East Building. 
Evidence of this resonant mode may be seen in 
Fig. 3.46, where a small resonance peak appears 
to occur just below the second resonant fre
quency The source of the coupling between the 
East Building and the West Building is unknown 
also, but energy may have been transmitted 
through the ground, or alternatively through the 
intervening buildings to the West Building. 

3.4.3 Resonant frequencies. 

The Main East Building was tested on three 
occasions. First in the summer of 1964, then in 

the summer of 1965, and finally in the fall of 
1965. The final test series was in two parts; first, 
the building was tested as it was designed (fall 
1965 I), and second, with grease plate sand
wiches inserted beneath the steel plates connect

ing the service tower and the connecting corri
dor to the East Building (fall 196511). Table 3.8 
shows the resonant frequencies of the first 5 
modes in the E-W direction obtained in each test 
series. Table 3.9 shows the corresponding reso
nant frequencies for the N-S direction. Before 

dra~ing conclusions from these tables, a dis
cussion of the errors in the determination of the 
resonant frequencies is pertinent. 

Table 3.8 
E-W Resonant Frequencies of 

East Building for All Tests 

Resonant Frequencies (cps) 

Mode 

Test 

fl !2 f~ f~ 

Summer 

1964 0.85 225 3.90 5.55 
Summer 

1965 1.00 2.4 4.5 --

Fall 

1965 I 1.00 2.5 4.5 --

Fall 

1965 II 0.95 2.3 4.5 --

Table 3.9 

3.4. 2 

fs 

7.20 

7.7 

7.7 

7.6 

N-S Resonant Frequencies of East Building for 

All Tests 

Resonant Frequencies (cps) 

Mode 
Test 

fl 12 !3 f~ fs 

Summer 

1964 0.85 2.25 3.90 5.55 7.20 
Summer 

1965 1 . 1 2.6 4.3 -- --

Fall 
1965 I 1 . 1 2.5 4.5 -- 7.7 

Fall 
1965 II 1.0 2.4 4.4 -- 7.6 

There were numerous difficulties in assigning 
values of resonant frequencies to the vibration 

modes, and each of these led to some error. 

These difficulties were caused by (a) heavY 
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damping, (b) nonlinear stiffness, and (c) com
plex vibration modes. Their effect on the reso
nance curves is discussed below: 

a. Heavy Damping 
In the summer 1964 tests, the damping 

was small, resulting in sharp resonance 
curves from which resonant frequencies 
could be read accurately. However, in 
subsequent tests, the damping capacity in 
all modes had increased greatly so that the 
resonance curves were blunt. In some cases, 
resonance curves of the usual type did not 
even exist. Thus, estimating resonant fre
quencies from the summer and fall 1965 
resonance curves involved considerable per
sonal judgment. 

b. Non I i near Stiff ness 
The decrease of resonant frequency with 

vibration amplitude in the 2nd mode E-W, 
summer 1965, is clearly seen in Fig. 3.32. 
This spring softening non-linearity was evi
dent to a lesser extent in several other 
modes of the summer and fall 1965 tests 
and was even slightly evident in the test 
results of the summer of 1964. Thus, values 
of resonant frequencies depend on vibra
tion amplitude, and for modes excited at 
more than one amplitude, the values refer 
to some average peak vibration amp I itude. 

c. Complex Vibration Modes 
Figs. 3.51 and 3.57 show that normal 

modes were not excited at the 5th resonant 
frequency N-S and E-W, and that the 
maximum amplitudes of the top floors and 
roof occurred at different frequencies. 
Thus, again it was necessary to estimate 
some mean value of resonant frequency. 
The errors caused in exciting a mixture of 
modes instead of a normal mode were 
greatest in magnitude for the 5th mode, 
and decreased with the order of the mode 
to the first mode, where it was negligible. 

These considerations show that the values of 
resonant frequencies given in Tables 3.8 and 3.9 
are not very precise. It is probable, however, 
that resonance occurred within a range of± 0.05 
cps of the values in Tables 3.8 and 3.9 for the 

summer 1964 tests. and within a range of ± 0.1 
cps for tests at other times. Despite the lack of 
accuracy in the values of resonant frequency, 
the following conclusions may be drawn: 

1. In the summer 1964 tests the value of 
the resonant frequency for any E-W 
mode was equal, within the limits of 
experimental error, to the value for the 
corresponding N-S mode. 

ii. The resonant frequencies of all modes 
both E-W and N-S increased between 
the summer of 1964 and the summer of 

1965. The percentage increase is shown 
in Table 3.10. (The value of the 4th 
resonant frequency was not obtained in 
the summer and fall 1965 tests for 
reasons given in Section 3.4.1). 

Table 3.10 

Perce11tage Increases in Resonant Frequencies 
Between the Summers of 1964 and 1965 

Mode 

Direction 

fl !2 !3 !5 

E- W 18 7 15 7 

N-S 29 16 10 7 

iii. In the summer and fall tests of 1965, the 
value of the first resonant frequency 
N-S was slightly greater than the first 
resonant frequency E-W. Although the 
difference in resonant frequency lies 
within the limits of experimental error 
given above, the experimental error is 
smallest for this first mode. Therefore, 
since this result was obtained in three 
tests, it is considered correct. 

1v. The values of resonant frequency for 

most modes in the fall 1965 II tests are 
slightly smaller than the corresponding 
values for the fall 1965 I and summer 
1965 tests. The decrease I ies we II within 
the range of experimental error, and it is 
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not thought attributable to the grease 
plate sandwiches. If the grease plate 
sandwiches had been responsible for the 
5-10% decrease in frequencies, it would 
imply that they had decreased the stiff
ness of the system of 10-20%. Since this 
is inconceivable, it is probable that this 
decrease of frequency was caused by a 
systematic type of error in the data 
reduction. 

There are two possible explanations for the 
increase in resonant frequencies between the 
summers of 1964 and 1965: 

a. As described previously in Section 3.4.2, 
the structure tested in the summer of 1964 
differed from that tested in 1965. It is thus 
possible that the virtually isolated East 
Building tested in the summer of 1964 had 
lower resonant frequencies than the 1965 
system, composed of the East Building 
coupled to its service tower. There is one 
piece of evidence supporting this theory. 
When vibrating the service tower in the fall 
of 1964, it was found that the East 

Building was vibrating also. This means that 
the test in the fall of 1964 was on the 
coupled system with the point of excita
tion in the service tower. The first resonant 
frequency was found at 1.16 cps (Fig. 
3.23), which agrees fairly well with the 
value of 1.1 cps found in 1965 with the 
machines on the East Building. 

b. Alternatively, the increase in stiffness in 
the East Building could be attributed to the 
stiffening effect of the steel window frames 
and the glass. The stiffness of the windows 
was estimated and a value for the effective 
stiffness of the glass was taken from the 
test data presented in a report by Skid
more, Owings and Merrill ( 1958). The total 
increase in stiffness was distributed as an 
increase in the moment of inertia (I) of the 
columns, but in no case was I increased by 
more than 1%. It was, therefore, concluded 
that the installation of the windows could 
not account for the observed increase in 
resonant frequencies. 

3.4.3 

Table 3.11 

E-W Damping Capacities of East Building for All 
Tests 

Damping Ratios(% Critical) 

Mode 
Test 

1 2 3 4 5 

Summer 1964 2.0 0.9 0.6 -- --

Summer 1965 7 8 13 -- --

Fall 1965, I 5 * * -- --
Fall 1965, II 7 6 * -- --

*RESPONSE AMPLITUDE DID NOT DECREASE SUFFI· 

CIENTLY BEYOND RESONANCE FOR DAMPING TO BE 

MEASURED. 

Table 3.12 

N-S Damping Capacities of 
East Building for All Tests 

Damping Ratios(% Critical) 

Test Mode 
1 2 3 

Summer 1964 1.8 0.7 0.4 
Summer 1965 9 7 7 

Fall 1965, I 12 10 * 
Fall 1965, II 12 9 9 

4 5 
0.5 0.4 
-- --

-- 3 
-- --

*RESPONSE AMPLITUDE DID NOT DECREASE SUFFI

CIENTLY BEYOND RESONANCE FOR DAMPING TO BE 

MEASURED. 

3.4.4 Damping Capacities. 

The damping capacities of the East Building 
are shown for E-W and N-S vibration in Tables 
3.11 and 3.12, respectively. 1 n the summer of 
1964, the first mode E-W had 2% of critical 
damping and the first mode N-S had 1.8%. At 
this time, the values of damping for higher 
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modes were in the range of 0.4% to 0.9% of 
critical. In the tests in the summer and fall of 
1965, the damping capacity of every mode was 
in the range 3-13% of critical. Thus, a large 
increase in damping capacity of all modes 
occurred between the summers of 1964 and 
1965. Also, in Tables 3.11 and 3.12, it can be 
seen that a smaller, but distinct, increase in 
damping occurred between the summer and fall 
of 1965. 

The exact causes of the increase in damping 
capacity between the summers of 1964 and 
1965 are unknown. However, possible sources of 
energy loss present in the summer 1965 test, but 
absent in the first test, are listed below and 
subsequently discussed: 

1. The coupled system of the East Building 
and its service tower may have inherently 
greater damping capacity than the isolated 
East Building. In a sense, since the coupling 
is somewhere at the lower floors, the 
service tower may be regarded as an energy 
sink for the East Building's vibrations. 

2. The relative displacements of adjacent 
floors must have been accommodated by 
movement of the glass panes relative to 
their frames. If this movement involved 
slippage between the glass and its neoprene 
gasket (see Fig. 3.91 ), then considerable 
energy may have been lost by Coulomb 
friction. 

3. Shrinkage cracks in the floor slabs, running 
N-S and E-W between columns, had 
developed between the summers of 1964 
and 1965. When the building was vibrating, 
the floor slabs vibrated vertically, opening 
and closing the shrinkage cracks-a process 
which could result in considerable dissi
pation of energy. 

4. The steel plates spanning the gaps between 
the East Building and its adjacent buildings 
rested on the East Building's floor slabs, 
and in relative movements of corresponding 
floors energy was dissipated by Coulomb 
friction. 

5. Ventilation ducts, partitions, pipes, etc., 
installed in the East Building between the 

summers of 1964 and 1965 may have 
increased the damping capacity of the 
building. 

The only source of energy loss amenable to 
test variation was the frictional damping of the 
steel plates. It was attempted to reduce the 
coefficient of friction by inserting grease plate 
sandwiches between the steel plates and the 
floor slabs. The coefficient of friction was then 
due to greased steel on greased steel, instead of 
steel on concrete. The fall 1965 II series of tests 
refers to the tests conducted on the main 
building with the grease plates in place, and the 
fall 1965 I series of tests refers to the tests 
conducted without the grease plates. Any differ
ence in these two test series should be attribu
table to the reduction in the coefficient of 
friction. 

The largest difference in these two test series 
was in the damping capacity of the 2nd mode 
E-W. In test series I the response continued to 
increase after the exciter frequency passed the 
second resonant frequency and there was no 
resonance curve from which to measure damping 
(see Fig. 3.49). But in test series II there was a 
resonance curve which yielded a value of 6% 
critical (Fig. 3.68). In the 2nd mode N-S, the 
damping reduced from 10% to 9%critical (Figs. 
3.55 and 3.74, respectively), and in the 3rd 
mode N-S it was 9% with the grease plates in 
place, when previously without grease plates 
there was not a resonance curve from which 
damping could be measured (Figs. 3.75 and 
3.50, respectively). It is, therefore, concluded 
that the grease plate sandwiches caused a small 
decrease in damping in the 2nd and 3rd modes. 

The effect on the damping capacity of a 
reduction in this coefficient of friction was 
estimated also. The results are summarized in 
Table 3.13 for the first 3 modes in both N-S 
and E-W directions. 

The relative accelerations of corresponding 
floors of the East Building and the service tower 
were measured from the mode shapes shown in 
Figs. 3.58 through 3.65. The sum of these 
relative accelerations for each mode is shown in 
column (2) of Table 2.13, and the relative 
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displdcements (accelerations divided by circular 
fn;quency squared) are shown in column (3}. 
Columns (4) and (5) are the generalized accele

rdtions and velocities, respectively, of each 
mode, tdking the displacement of the roof as the 
ucrH~r<ili;cd coordinate. Column (6} shows the 

Lwrwr;lli;cd mCJsses calculated from: 

' M n * c= ~ M i cf> fn 

amplitude of i th floor in 
the n th norma I ized mode 

shape. 

mass of i th floor. 

CoiLrllH1 ( 7) is the energy stored in the steady

std tc vitlr<ltiorl, 

The er1er~JY dhsorbed per cycle (~ Wf) by Cou
lumb friction is: 

wllr;rr; coefficient of friction 

F normal reaction 

x displacement amplitude 
(sum of relative 
displacements of all floors) 

The damping capacity~ is given by: 

~ c= 

4 rr ( Jt'FB + 1\~'iT) 

~Win + ~Wf 
4rr (lj! + WST) EB 

vvlwru ~It' m energy absorbed by East 
Building 

~wf energy absorbed by friction 

WEB energy stored in East Build-
mg 

Wsr energy stored rn service 
tower 

3.4.4 

Assuming the vibrational energy stored in the 

service tower (Wsr) is small in comparison with 

the vibrational energy stored ill the East Build

ing (this is true for all modes except the first, in 

which the amplitude of vibration of the service 
tower and East Building were approximately 

equal), then: 

where ~EB damping capacity of iso

lated East Building 

change in damping capacity 

caused by a change in the 
coefficient of friction be
tween the steel plates and 

floor slabs. 

The values of ~~f for a change in magnitude of J.l 

of 0.5 and a normal reaction (F) of 500 lbs. due 
to the weight of the plates are shown in column 

( 8) of Table 3.13. (In estimating (F), the weight 

of the plates from the connecting corridor to the 

East Building was neglected, since this weight is 

small in comparison to the weight of the plates 

from the service tower.) 

The values of ~~ f (Table 3.13) show that the 
large increase of damping between the summers 
of 1964 and 1965 may have been caused by the 
steel plates rubbing on the concrete floor slabs. 
An increase in the coefficient of friction during 
the period between the summer and fall I tests 
of 1965 would then explain the slight increase 
of damping which occurred at this time. This 

increase in the coefficient of friction may have 

been caused by an accumulation of grit between 
the plates and concrete slab. Finally, the inser
tion of the grease plate sandwiches could have 

reduced the value of the coefficient of friction 

and caused the decrease in damping between the 
fall 1965 I and II tests. 

An attempt was made to determine if there 
vvas any slippage taking place between the 
neoprene gaskets and window panes. A layer of 

stress coat was sprayed over the junction of the 

gasket and glass at different points of several 
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TABLE 3.13 

Estimated Increase of 
Damping Caused by Steel Plates 

( 1 ) (2) (3) (4) 

L rei. ace. L rei. displ. Yn 
MODE amplitudes amplitudes 

(x 10-3g) (ins) (x 1 0·3g) 
-

E-W 

1 0.7 .0066 0.83 

2 27.2 .0406 3.40 

3 16.2 .0066 5.20 

N-S 

1 1.3 .0086 0.84 

2 24.3 .0378 2.70 

3 24.0 .0124 4.33 

windows. No cracks were formed in the stress 
coat, which indicates any relative slippage must 

have been very small. The energy loss at this 

source is assumed to have been correspondingly 
small. 

No attempt could be made to estimate the 

energy loss caused by the shrinkage cracks in the 
floor slabs, or energy absorbed in the vibration 

of ventilation ducts, partitions, etc. 

It is therefore concluded that there were two 
main sources of energy dissipation responsible 
for the large increase of damping between the 
summers 1964 and 1965. These were: first, the 

energy dissipated in Coulomb friction between 

(5) (6) (7) (8) 

Yn M* 1l Wn 6~f 

ins/sec (x 103) lbs in. (% crit) 

.052 16.1 21.8 2.4 

.080 14.5 46.0 7.0 

.066 5.1 9.4 5.6 

.042 13.6 12.1 5.6 

.066 21.6 46.7 6.4 

.067 6.9 15.4 6.4 

the steel plates and floor slabs, and second, the 
energy dissipated in the service tower itself. The 
relative importance of these two mechanisms is 

unknown, but it is thought that together they 

account for most of the increase in damping. In 
the first mode (both for N-S and E-W vibration) 

the amplitudes of vibration in the service tower 
and East Building were comparable, and it could 

be expected that the dissipation of energy by 

the service tower affected the first modes 

considerably. In higher modes the vibration of 

the service tower was small and it is probable 

that the Coulomb friction between the steel 

plates and floor slabs played the more important 

role. 
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CHAPTER 4 

FORMULATION OF ANALYTICAL MODEL 

4.1 GENERAL 

The analytical model of the East Building was 
formulated from the experimental results ob
tained during the summer of 1964. The formu
lation consisted of adjusting the stiffness, mass, 
and damping characteristics until the model's 
response to harmonic excitation matched that of 
the real structure. Since resonant frequencies 
depend primarily on mass and stiffness prop
erties, and resonant amplitudes primarily on 
damping properties, it was possible to develop 
the model in two stages. First, the estimated 
mass and stiffness were adjusted in order to 
match the resonant frequencies of the model 
and prototype, and then the damping capacities 
of the first five modes were varied until the 
model's resonant amplitudes equalled those of 
the real structure for equivalent excitation. 

All computations in the formulation of the 
analytical model were performed by an IBM 
7090/7094 Direct Coupled System using the 
programs FRMDYN, DINFRA and NONLIN, 
which were developed in the Division of Struc
tural Engineering and Structural Mechanics, De
partment of Civil Engineering at Berkeley. The 
programs were used for the following purposes: 

FRMDYN To compute the translational vibra
tion mode shapes, natural fre
quencies and steady-state response 
of the model in the various stages 
of its formulation. Also, to com
pute the linear response of the 
model to ground acceleration rec
ords. 

DINFRA To compute torsional mode shapes 
and natural frequencies of the 
model. 

NON LIN To compute the nonlinear transla
tional response of the model after 
yielding had occurred in some of 
the members. 

These programs are restricted to structures 
composed of a number of parallel rectangular 
frames with horizontal girders and vertical 
columns. They assume: 

i. The geometry of the structure is defined 
by center-line to center-line dimensions, 

11. The mass of the structure and lateral 
forces are concentrated at the floor 
levels. 

The input data concerning the structure are 
similar in all three programs. The first set of data 
cards describes the structure generally, and 
subsequent sets give the properties of the girders 
and beams in each frame. In the case of 
FRMDYN and NONLIN, the load data which 
follow next were in these particular compu
tations presented in the form of ground accele
ration records. 

The output differed considerably between 
programs, and a list of the printed output for 
each program is given below: 

FRMDYN 1. Input data 

DINFRA 

2. Mode shapes and frequencies 
3. Maximum values and their distri

bution versus time for 
a. Lateral displacements 
b. Total story shears 
c. Total story moments 

4. Maximum values for 
a. End moments in all girders 
b. Top and bottom moments, 

shear and axial forces in all 
columns 

1. Input data 

2. Mode shapes and frequencies 
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NON LIN 1.1nputdata 
2. Maxi mum lateral story dis

placements and the time of their 
occurrence 

3. Girder and column moment 
ratios; a comparison of the maxi
mum moment to the yield capac
ity of the element 

4. Maximum axial force in each 
column 

5. Girder and column ductility 
ratios; the maximum ratio of 
plastic rotation to elastic rota
tion capacity of each element. 

4.2 MATCHING RESONANT FREQUENCIES 

Resonant frequencies of a structure are deter
mined primarily by its stiffness and mass charac
teristics, and most of the data required to 
assemble the stiffness and mass matrices of the 
building were known to a high degree of 
accuracy; e.g., the geometry of the structure, 

flexural rigidity and mass of structural members, 
etc. However, there were some quantities which 
were not known to sufficient accuracy, and 
errors in their assigned values might have signifi
cant effect on the resonant frequencies. These 
were: 

i. Effective length of columns, 
ii. Width of floor slab acting compositely 

with the girders, 
iii. Density of the lightweight concrete in 

floor slabs. 
The first two quantities affect the stiffness 
matrix, and the third affects the mass matrix. 
The changes in resonant frequencies resulting 
from variations in these quantities were com
puted by means of FRMDYN and these changes 
are discussed below. 

4.2.1 Effective Length of Columns 

Table 4.1 

The 42"-deep girders increased the column 

stiffness over the girder depth, reducing the 
effective length of the columns to some length 
less than the story length of 13', and it was 

Effect on Resonant Frequencies of 
Changes in Column Lengths 

Natural Frequency (cps) and 
(Percent of Difference) 

Description Remarks 

fl !2 !3 !4 fs 

h = 11 ft. 
b* = 8ft. .811 2.34 4.07 5.88 7.90 Control Model 

w = 107 p.c.f. 

h = 9ft. at .830 2.38 4.15 6.00 8.11 Slab unchanged 
base fixity 

Jst floor only ( 2.2) ( 1.7) ( 2.0) ( 2.0) ( 1.9) Influence 

.765 2.20 3.78 5.41 7.25 h = 13ft. = 
h = 13ft 

(-5.7) (-5.1) (-7. 1) (-8.0) (-8.2) Story Height 
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therefore necessary to consider the column 
length as a parameter in the model's formu
lation. However, the column lengths could not 
be varied directly since any variation in column 
lengths would alter the center-line geometry of 
the structure and the dynamic forces, as well as 
the column stiffness. Therefore, the column 
length parameter was varied by introducing 
equivalent changes in the flexural rigidity of the 
columns (inversely proportional to the effective 
length cubed), always maintaining the column 

length of the model as 13'. 
The control for investigating the effect on the 

resonant frequencies of changes in column 
lengths was a model having effective column 
length of 11 ft., slab width of 8' ( 16t where t = 
slab thickness= 6") acting with the girder, and a 
concrete density of 107 lbs/cu. ft. The results of 
this investigation are shown in Table 4.1. The 
natural frequencies decreased by 5 to 8 percent 
for a change in effective column length from 11 

to 13ft. 

4.2.1 

4.2.2 Effective Slab Width 
The flexural rigidity of the steel girders was 

increased by composite action with the floor 
slab, and the effect of this composite action on 
the resonant frequencies was investigated by 
assuming various widths of floor slab to act with 
the girders. The control model was the same as 
that used to investigate the effective column 
lengths. Table 4.2 shows that a reduction in 
effective slab width from 8ft. to 4ft. resulted in 
a decrease of natural frequencies of 4 to 5%; an 
increase in effective slab width from 8 ft. to 16 
ft. increased the natural frequencies from 3 to 

4%. 

The elastic modulus of the lightweight con
crete in the floor slabs was not known accu
rately, but was assumed to be 2.9 x 106 lbs/in 2 

(modular ratio of 10). Any variations in the 
modulus, however, are equivalent to changes in 
effective slab width and may thus be considered 

incorporated in the slab width parameter. 

Table 4.2 

Influence of Composite Action 
Between Floor Slabs and Girders 

Natural Frequency (cps) and 
(Percent of Difference) 

Description Remarks 

f/ fz ~~ ~~ ~~ 

L = 11 ft. 

b = 8ft. .811 2.34 4.07 5.88 7.90 Control model 
w= 107 p.c.f. 

b = 4ft. 
.776 2.24 3.87 5.64 7.62 L = 11 ft. 
(-4.3) (-4.5) (-4.8) (-4.1) (-3.5) w= 107p.c.f. 

b = 16ft. 
.845 2.43 4.21 6.05 8.11 L = 11 ft. 

( 4.1) ( 3.9) ( 3.4) ( 2.9) ( 2.8) 107 p.c.f. w= 



4.2.2 

Table 4.3 

Influence of Concrete Density 

Natural Frequency (cps) and 
(Percent of Difference) 

Description 

fl !2 

L == 11 ft. 
b == 8ft. .811 2.34 
w== 107 ft. 

.858 2.48 
Hi == 100 p.c.f. 

( 5.8) ( 6.0) 

.760 2.19 
w== 130 p.c.f. 

(-6.3) (-6.3) 

4.2.3 Density of Concrete 
The density of the lightweight concrete in the 

floor slabs was not known exactly, and it was 
also treated as a parameter. Using the same 
control model as previously, a decrease in 
density from 107 to 100 p.c.f. increased the 
natural frequencies by about 6%, and an increase 
in density from 107 to 130 p.c.f decreased the 
natural frequencies by about 6% (see Table 4.3). 

4.2.4 Final Choice of Model 
Clearly, there is no unique combination of 

values for effective length of columns, effective 
slab width, and concrete density for which the 
resonant frequencies of the model wi II match 
those of the real structure. Thus, a number of 
combinations of these parameters was found to 
match the experimental resonant frequencies 
equally well. In matching the model's resonant 
frequencies to the experimental resonant fre
quencies, particular attention was paid to the 
2nd and 3rd resonant frequencies, since these 

!3 

4.07 

4.33 
( 6.4) 

3.82 
(-6.2) 

Remarks 

!4 fs 

5.88 7.90 Control model 

6.25 8.40 L == 11 ft. 
( 6.3) ( 6.3) b == 8ft. 

5.55 7.46 L == 11 ft. 
(-5.6) (-4.3) b == 8ft. 

were considered the most accurate. The final 
choice of values for the parameters is a matter 
for engineering judgment and the combination 

chosen was: 
effective column length for all stories= 11 ft. 
effective slab width== 8ft. 
density of lightweight concrete= 120 p.c. f. 

Table 4.4 compares the resonant frequencies of 
the model and real structures. 

Table 4.4 

Comparison of Resonant 
Frequencies of Model and Prototype 

Resonant Frequencies (cps) 

fl !2 !3 !4 

Prototype ( N-S) 0.85 2.25 3.90 5.55 
Model (N-S) 0.78 2.25 3.92 5.68 

Prototype ( E-W) 0.85 2.25 3.90 5.55 
Model (E-W) 0.79 2.25 3.92 5.68 

!~ 

7.20 
7.62 
7.20 
7.64 
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4.3 MATCHING RESONANT AMPLITUDES 

The second phase in the formulation of the 
analytical model consisted of adjusting the 

values of damping capacity in the first 5 modes 
to give equal resonant amplitudes in the model 
and prototype for equivalent sinusoidal excita
tion. The exciter force was simulated in the 
model by applying a horizontal force w 2 P sin wt 
to the roof. In the first trial, the damping 
capacity of the first 5 modes of the model was 
made equal to the corresponding experimental 
values found in the building in the summer of 
1964. The circular frequency w was increased 
from zero to a frequency above the 5th resonant 
frequency, then the model's resonant amplitudes 
were compared with those found experimentally 
in the summer 1964 tests. The damping values 
were adjusted; the resonant amplitudes re
computed, and compared with the experimental 
results. This process was continued until the 
resonant amplitudes of the model matched the 
experimental resonant amplitudes of the bui !d
ing to the required degree of accuracy. Table 4.5 
compares the value of damping capacity derived 
for the model with those found in the building 
in the summer 1964 tests. 

Table 4.5 

Comparison of Model's Damping Ratios 
with Those Found for the East Building 

in the Summer 1964 Test 

N-S E-W 

Mode 
Model Exp. Model Exp. 

1 1.70 1.8 1.05 2.0 
2 0.35 0.7 0.40 0.9 

3 0.38 0.4 0.40 0.7 
4 0.50 0.5 0.45 -

5 0.75 0.7 -

4.3 

4.4 CHECKING MODEL AGAINST EXPERI

MENTAL RESULTS 
The shape of the resonance curves and vibra

tion modes were not used to formulate the 
model. They thus provide a means of checking 
the model's accuracy. Experimental points of 
the resonance curves of the real structure are 
plotted on the resonance curves of the first 3 
E-W modes of the model in Figs. 4.1 through 
4.3. The first two E-W mode shapes of the 
model and prototype are compared in Figs. 4.4. 
The discrepancy between the computed and 
experimental mode shapes is attributable to 
inaccuracies in the experimental results as dis

cussed in Section 3.4.1. 
Similarly, a comparison of the computed and 

experimental torsional resonant frequencies 
serves to check the accuracy of the model. The 
torsional resonant frequencies of the model were 
computed by means of DINFRA, and they are 
compared with the experimental torsional reso
nant frequencies in Table 4.6. The agreement 
between the computed and experimental results 

is considered satisfactory. 

Table 4.6 

Comparison of Computed and Experimental 
Torsional Resonant Frequencies 

Resonant Frequencies (cps) 
Mode 

Computed Experimental 

1 1.36 1.32 
2 3.22 2_92 
3 5.39 4.89 

Overall, the analytical model was considered 
to simulate the behavior of the prototype 
realistically, and hence the response of the real 
structure to earthquake ground accelerations 
could be predicted reliably from this analytical 
model. 



4.5 

4.5 RESPONSE OF ANALYTICAL MODEL 
TO GROUND ACCELERATIONS 

The analytical model for the N-S direction 
was subjected to ground acceleration records in 
order to assess the behavior of the real structure 
in an earthquake. A linear analysis was em
ployed at first, but since it was found for certain 
cases of damping that the yield moments of 
some members was being exceeded, a nonlinear 
analysis was also conducted. 

4.5.1 Linear Analysis 
The computer program FRMDYN was used 

for the linear analysis. This program employs the 
mode superposition procedure, and in this case 
the first 6 modes were considered. The response 
of the model was computed for two earth
quakes: El Centro of May 18, 1940 (N-S 
direction), and Taft of 1952 (N69W). Figs. 4.5 
and 4.6 show, for the first 15 sec. of El Centro 
and Taft, respectively, the variation with time of 
roof displacement, base shear and base over
turning moment. 

The stresses generated in the model by the 
ground acceleration are compared with those 
predicted by the Uniform Building Code in 
Table 4.7. As has been found in many previous 
analyses, the U.B.C. stresses are much smaller 
than these calculated theoretically. It should be 
remembered, however, that the values of damp
ing employed in the computer calculations are 
experimental values for very small amplitudes. It 

is reasonable to expect, therefore, that in the 
larger stress amplitudes that would occur in an 
earthquake, the values of damping capacity 
would be substantially larger than the ones used 
in this calculation. 

Table 4.7 also shows that for an earthquake 
of El Centro intensity, yielding should be 
expected to occur if the damping values were of 
the same magnitude as measured in the summer 
1964 tests. Yielding would occur first in the 
flanges of the intermediate columns around their 
weak axes. On increasing the values of damping 
capacity to 5% of critical in all modes, yield 
stresses were not reached in any part of the 

structure. The yield mechanism of the structure 
under earthquake loading was studied by means 
of the program NON Ll N. 

4.5.2 Nonlinear Analysis 
The response of the model to ground accele

ration when yielding of the members occurred 
was computed by means of NONLIN. This 
program employs a step-by-step numerical inte
gration procedure to solve the differential equa
tions governing the motion of the structure. 

It was necessary to consider only one quarter 
of the model structure in the analysis since the 
structure has two axes of symmetry. The quarter 
structure analyzed is shown in Fig. 4.7(a). and 
for the purposes of this analysis, the two frames 
AB and CD were linked to form an equivalent 
plane frame shown in Fig. 4.7(b). 

The equivalent plane frame of the East 
Building with zero damping was subjected to the 
El Centro ground acceleration. The resulting 
yield mechanism is shown in Fig. 4.8. The 
ducti I ity ratio shown beside each yielding mem
ber is defined as: the maximum ratio of plastic 
rotation to elastic rotation capacity of that 
element. Yielding was severest between floor 
levels 11 and 13 around the weak axis of the 
interior columns. 

When the damping was increased to 5% of 
critical in the first mode, the yield moment of 
no member was exceeded. 

In order to cause yielding with 5% of critical 
damping in the first mode, the acceleration 
ordinates of the El Centro record were all 
increased by a factor of 1.3. Under these 
conditions, the maximum lateral story dis-

placements were approximately equal to those 
for the case of zero damping described above (a 
maximum roof displacement of approximately 8 
ins). However, the maximum story-to-story dis
placements were substantially reduced from the 
zero damping case; the maximum ductility 
factors were associated with the interior col
umns between floor levels 11 and 13 (see Fig. 
4.9). 
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Table 4.7 

Maximum Response Values for Vertical and 
Horizontal Loads, East Building 

l Vertical Horizontal (N-S) 
Dynamic 

U.B.C. El Centro 
Description Static (earthquake) Case I* Case II** 

-----

M1x. Roof Displacement (in.) - 1.45 7.09 5.53 
M1x. Overturning Moment (k-in) - 1.22x 1 06 6.80x1 06 5.52x106 

Milx. 8ClSf~ Shear (k) - 934 6760 3760 
r--

(/) 

Corner Column 1.93 5.23 31.8 20.3 (lJ 
(/) 
(/) 

(Stronq Direction) (lJ ...._ ...., 
Intermediate Column U) :::::- 2.91 3.39 23.4 13.5 cn_Q 
(Stron~J Direction) c-

""0 
Intermediate Column 3.24 6.39 c 46.2 25.8 (lJ 

co (Weuk Direction) 

(/) Corner Column 0.01 0.68 18.2 10.0 (lJ 
(/) (Strong Direction) (/) 
(lJ ...._ ·- Intermediate Column 1.00 
...., 

2.16 15.9 8.8 (J) :,., 
..:..: 

'- (Strong Direction) :1:) 
(lJ 

Intermediate Column ..c 0.06 2.30 6.0 3.3 (f) 

(Wf-oak Direction) 

4.5.2 

Taft 
Case I 

4.44 
4.05x106 

4595 

1 70. 035. 0.38, 0.58, 0.75% CRITICAL 

DAMPING IN FIRST 5 MODES. 
**Case II: 5%CRITICAL DAMPING IN FIRST 5 MODES. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

5.1 GENERAL SUMMARY 

The experimental results from dynamic tests 
conducted on the new buildings at the Univer
sity of California's Medical Center in San Fran
cisco have been presented in Chapter 3. The 
results obtained for the East Building were used 
in the formu I at ion of a model of that building, 
and this analytical work has been described in 
Chapter 4. In this chapter, the experimental 
work, the interaction of the buildings which had 
considerable effect on the experimental results, 
and the analytical work are discussed. Finally, 
the conclusions are summarized. 

5.2 EXPERIMENTAL WORK 

The experimental work consisted of three test 
series conducted on the East Building over a 
period of 18 months, and some tests on the 
mechanical service tower and the elevator tower 
conducted mainly in the fall of 1964. 

The experimental equipment was found to be 
completely satisfactory for measuring the prop
erties of the first two modes of vibration. 
However, it was found that one exciter station 
was not sufficient to excite good approxima
tions to normal modes in the higher modes of 
vibration; the structure did not respond as a 
single degree of freedom system in the 3rd, 4th 
and 5th modes. Such a multi-degree of freedom 
system could only be excited satisfactorily in its 
higher modes by deploying more vibration gen
erators over the height of the building. However, 
in future testing, if more vibration generators are 
not available, then consideration should be given 
to testing each mode individually with the 
vibration generators placed at the optimum 
position for that mode. 

Resonant frequencies were obtained by read
ing the frequencies at which maximum responses 
occurred in the frequency-response curves. In 
general, this method in itself was satisfactory 
and did not impose a limit to the accuracy of 
the resonant frequencies. Instead, the precision 
of the resonant frequencies was I imited by two 
other factors: 

1. The structure behaved nonlinearly as a 

spring-softening system with a weak non
linearity. The resonant frequencies thus 
decreased with amplitude so that the 
values which have been quoted are for an 
average of the amplitudes at which the 
tests were conducted. 

11. In the case of higher modes of vibration, 
the excitation was not suitable for excit
ing good approximations to normal 
modes. The resonant peaks of different 
floors occurred at slightly different fre
quencies, thus reducing the precision of 
evaluating the resonant frequencies. 

The method of measuring mode shapes de
scribed in Chapter 2 was found to be satisfac
tory. The first two mode shapes were deter
mined accurately, but the lack of appropriate 
excitation for the higher modes led to inaccu
racies in their mode shapes. Because the struc
ture was not behaving entirely as a single degree 
of freedom system in the higher modes, these 
mode shapes varied rapidly with frequency near 
resonance. Hence, the mode shape depended 
considerably on the frequency at which it was 

measured. 
Damping capacities were measured by both 

the bandwidth method and the logarithmic 
decay method. 

The bandwidth method was found to be 
applicable over the complete range of damping 
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capac1t1es and frequencies investigated. How
ever when the damping capacity was below 1% 
of critical, some difficulties were encountered in 
observing sufficient points on the resonance 
curve to define it accurately. These difficulties 
arose because of insufficient control of the 
motor speed when the damping capacity of the 
structure was small. Above 8% critical damping 
capacity, the resonance curves became ill
defined, and in some cases resonance curves in 
the normal sense did not exist. Some Kennedy 
and Pancu plots were drawn but, since the 
resonant frequencies were well separated, this 
method had no advantage over the normal 
bandwidth method. 

In the summer 1964 tests when the damping 
was small, the logarithmic decay method was 
found to be convenient and accurate, and could 
be used for a II the modes. In the 1965 tests this 
method could be employed only for the first 
mode. By 1965 the damping had increased so 
much that when the vibration generators' rota
tional speed was being turned down to zero 
from the resonant frequency of a higher mode, 
the first mode would be excited and interfere 
with the higher-mode response. 

The experimental results of the first two 
modes of vibration for the East Building were 
determined to a satisfactory accuracy. Although 
the results for the higher modes of vibration 
were not so accurate, they are still of significant 

value. The experimental results, however, will 
not be of as much value in the design of this 
type of building as was hoped originally because 
of the interaction of the East Building with its 
adjacent service structures. This interaction be
tween the buildings is discussed in the next 
section. 

5.3 INTERACTION OF BUILDINGS 

The large change in dynamic properties of the 
East Building which occurred between the sum
mers of 1964 and 1965 is one of the most 
striking features of the experimental results. In 
the summer of 1964, the damping capacities 

5.2 

were in the range 0.4 to 2.0% of critical. 
However, in subsequent tests, they were in the 
range of 5 to 13% of critical. In the same period 
the resonant frequencies of all modes increased 
by amounts varying from 7 to 29%. At first it 
was thought that these changes had been caused 
by the insertion of windows and partitions in 
the building. But, after the detailed study of the 
behavior of the service tower in the fall 1965 
tests, it was realized that the changes had 
occurred because of the interaction between the 
East Building and its service tower. 

The tests in the fall of 1965 showed the East 
Building was coupled to its service tower in 
some complex manner. The coupling was caused 
by the reinforced concrete beams and slabs at 
the ground floor and basement levels. Thus, a 
different system was tested in 1965 from that 
tested in the summer of 1964, and it is therefore 
reasonable to expect a difference in dynamic 
properties between the 1964 and 1965 tests. 

It was not surprising that the coupled system 
had somewhat higher resonant frequencies than 
the isolated East Building; however, it was 
difficult at first to understand the causes of the 
large increase in damping capacity. But it has 
been shown that this increase in damping capac
ity is mainly attributable to the energy dissi
pated in Coulomb friction between the concrete 
floor slabs of the East Building and the steel 
plates which span the gaps at every floor level to 
both the service tower and the connecting 
corridor. 

This unforeseen dynamic coupling of the 
buildings had a number of effects on the 
research program: 

1. The schedule of testing had to be modified 
after the fall of 1964, when it was no 
longer possible to test the mechanical 
service tower and the elevator tower in 
isolation. The effect and cause of the 
connections between the buildings then 
became important and had to be fully 
investigated. 

2. The damping capacity of the connected 
system of buildings was much larger than 
that of the isolated East Building as tested 
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in 1964. The response of the system was 
small and hence was more difficult to 
measure. It was also necessary to monitor 
the response of many points in the con
nected system of buildings in order to 
understand the system's behavior. Thus, 
after the buildings became connected, the 
experimental work was more difficult and 
laborious. 

3. The damping capacity results from the 
1965 tests were for a system of connected 
buildings, and they were influenced greatly 
by the type of connection which existed 
between the buildings. Thus, the measured 
damping capacities are only of direct appli
cability to systems with this type of con
nection and wi II not be as useful in design 
as those from the isolated buildings would 
have been. Therefore, in choosing buildings 
for testing in future, attention should be 
paid to any such peculiarities in construc
tion which might limit the applicability of 
the damping capacity results. 

5.4 ANALYTICAL WORK 

The formulation of the analytical model was 
quite straightforward. The main difficulties en
countered were in determining the effective 
column lengths and effective slab widths. The 
values of both these parameters were estimated, 
and then adjustments were made to these values 
until the resonant frequencies of the model 
coincided with the experimental resonant fre
quencies The damping capacity of the model 
was adjusted until the resonant amplitudes of 
model and prototype were equal for the same 
excitation. The standard open-frame model 
formulated in this way was found to reproduce 
accurately the dynamical behavior of the real 
structure. 

The model of the building was subjected to 
both the E I Centro ( 1940) and Taft ( 1952) 
earthquake ground accelerations. This linear 
model indicated that yielding would occur in the 

intermediate columns around their weak axes in 
an earthquake of El Centro intensity if the 
damping was of the same magnitude as in the 
summer of 1964 ( 1. 70, 0.35, 0.38, 0.58, and 
0.75% critical in the first 5 modes, respectively). 
However, when the damping was 5% in all 
modes (corresponding approximately to the 
damping capacities in the summer of 1965). no 
yielding occurred at all. In the Taft earthquake, 
yielding did not occur even in the case of the 
lower damping capacities. 

The yield mechanism of the model as caused 
by the El Centro earthquake record was studied 
in a nonlinear analysis. For zero damping capac
ity yielding was quite severe. The highest duc
tility ratios were found at the 11th and 12th 
floors (2.43 and 2.11, respectively), in the 
interior columns resisting bending around their 
weak axes. With 5% damping in the first mode, 
yielding did not occur in any member. To cause 
yielding in the 5% damping case, the accelera
tion amplitudes of El Centro were increased by a 
factor of 1.3. In this case, the highest ductility 
factors were found in the same members as 
before, but yielding was not so severe or 
widespread. 

This nonlinear analysis illustrated the impor
tant role of damping in enabling structures to 
withstand earthquakes. 

5.5 SUMMARY OF CONCLUSIONS 

1. The experimental equipment was found to 
be capable of exciting the first 5 transla
tional modes of the East Building. How
ever, because there was only one exciter 
station, the excitation of the higher modes 
of vibration was not entirely satisfactory. 

2. The experimental techniques of measuring 
the dynamic properties of the structure did 
not, in themselves, impose a limit on the 
accuracy of the results. Instead, the quan
tities being measured were often of an 
imprecise nature due to the characteristics 
of the structure, and in the case of the 
higher modes, this effect was accentuated 
by a lack of proper excitation. 
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3. The logarithmic decay method of measur
ing damping was found very convenient 
and accurate if the damping capacities were 
small-less than 1% of critical. For higher 
damping capacities, this method lost some 
of its advantages, and when the damping 
capacity was between 1% and 5% of criti
cal the bandwidth method was found more 
suitable as a method of measuring damping. 

4. The steel frame of the service tower had 
very little effect on the dynamic behavior 
of the East Building in the summer of 
1964, and the East Building was tested 
virtually in isolation. However, when the 
steel frame had been encased in concrete, 
the service tower did affect the behavior of 
the East Building; in fact, both buildings 
then formed a new structural system. This 
interconnected system had much larger 
damping capacity than any of the isolated 
buildings, and it was correspondingly more 
difficult to test. 

5. The increase of damping after the summer 
of 1964 was caused mainly by the connec-

5.5 

tions between buildings. Thus, the resulting 
damping capacity, as measured in 1965, 
can only be applied directly to buildings 

with similar connections. In selecting build
ings for future testing, consideration should 
be given to any such peculiar features 

which, although they may be ignored for 
design purposes, have a large influence on 

the building's dynamic response. 

6. A standard open-frame model was found to 

reproduce accurately the dynamical behav
ior of the East Building. This model was 

subjected to the ground acceleration record 
of the E I Centro earthquake. It was found 

that the amount of damping in the model 
played an important role in determining 

the extent to which yielding occurred. 

7. More resonance tests of the type discussed 
in this report should be conducted in order 

to accumulate data on the damping capac

ity and other dynamic properties of all 
types of structures. 
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FIG. 2.2 - UPPER FLOORS OF EAST BUILDING 
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FIG. 2.6 - STEEL TRUSS OF EAST MECHANICAL SERVICE TOWER 
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FIG. 2.7 - COMPLETED WEST MECHANICAL SERVICE TOWER 
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FIG. 2.10- REINFORCED CONCRETE CAISSONS, COLUMNS, WALLS, 
BEAMS AND SLABS BETWEEN EAST BUILDING AND SERVICE TOWER 



53 

FIG. 3.1 -VIBRATION GENERATOR 
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