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ABSTRACT

The potential coupling of translational and rotational motions of
 prefabricated panel systems under earthquake ground excitation is studied
for several 12-story-high apartment buildings. Placement of apartments
along the short end of these buildings and 1%mitinglthe number of apart-
ments along the long sides resulted in twelve different floor plans. The
foundation flexibility was captured mathematicatly through introduction

of a four-story-high "dummy story." Resonance and modal analyses were
performed indicating considerable coupling of the longitudinal transia-
tional and torsjona1 modal components. Under earthquake conditions both
uncoupled and coupled translational and rotational motions were identified.
The observed behavior was found to depend on both the degree of coupling
of translational and rotational modal components of the buildings at the
fundamental frequencies, as well as on the earthquake frequency response
spectrum. A hypothesis regarding the anticipated behavior under earthquake
excitation was developed and successfully tested against the analytical

predicted structural response.
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1. INTRODUCTION -

1.1 General

Modern multistory apartment buildings are often an assembly of pre-
fabricated wall and floor elements. Results of several forced and ambient
vibration studies of such buiidings indicate that these structures have
quite differunt dynamic characteristics than earthquake codes would tend
to imply [1.,2). Advanced computer technigues permit prediction of the
earthquake response provided that the computer model formulation is accurate.
In that respect, the formulation of the foundation stiffness is particu-
larly critical. Experimental results have shown a potentially dangerous
coupling of translational and torsional modes, a phenomenon that could
lead to serious earthquake damages. Hence, the paper focuses on the influ-
ence of the floor pTan Tayout on the basic dynamic characteristics of
typical panel-type structures.

Considering the overall floor plan of panel type structures: an often
rectangular shape can be noted. Invariably, the apartment layout along
the front and back of a building calls for structural walls and partitions
oriented in the short direction of the building. Furthermore, outside
walls along the length of the building are often non-structural. Longi-
tudinal structural walls are typically located along the interior central
corridor and also, as partitions between apartments, at either end of the
building. With such wall layouts, the stiffness in the shorter trans-
verse direction, contrary to normal expectations, is common]y found to
be larger than the stiffness in the longitudinal direction. In addition,
Tongitudinal motion‘seems to be particularly susceptible to rotational

coupling. Hence, the transverse story deflections at the end of the



building may become a predominant factor under earthquake excitation.
This phenomenon becomes particularly pronounced when the longitudinal
wall layout is non-symmetric with respect to the mass center of the
typical floors.

In order to study the potential coupling of translational and rota-
tional response of prefab systems as affected by the overall floor plan
configuration, several floor plans will be considered. The selected
variants will allow an assessment of the effect of the relative transla-
tional and torsional stiffnesses on the overall response of these struc-

tures under different earthquake ground excitations.
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2. DESCRIPTION OF THE ANALYZED STRUCTURES

Recently two apartment buildings, 12 and 8 stories in height, have
been tested under forced and ambient vibrations [1,2]. The structures
were of the "Forest City Dillon" prefab system. The_vertica1 and hori-
zontal load resistance was provfded by reinforced concrete shear walls,
oriented in both transverse and longitudinal directions. The wall dimen-
sions were constant over the entire height of these buildings. Both
structures were found on piles with lengths varying from 32 to 50 feet.

Incorporating the basic panel elements of the above prefab system,
three structural variants, Al, Bl, and C1, with different floor plans,
were formulated for this study (Fig. 2.1). The Al floor plan is very
similar to the two experimentally tested buildings. Considering the Al
variant and rotating the two extreme apartments, facing south by 90 degrees,
led to a floor plan with three apartments on either end of the building
(variant B1). This arrangement results in an increase in the longitudinal
stiffness and a reduction of the transverse and torsional stiffnesses.
Adding one more unit on either end of the building resulted in variant
Cl. This arrangement effectively increases, in comparison with Bl, both
the torsional and longitudinal stiffness.

In order to further evaluate the effect of the longitudinal stiffness
relative to the transverse and torsional stiffnesses, three more basic
Tayouts were considered. Two of these variations were developed by
eliminating transverse walls in the central portion of each of the three

basic floor plans Al, B1, and C1. Elimination of one set of transverse
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walls, or effectively removing one bay with two apartments, resulted in
variants A2, B2, and C2 (Fig. 2.2). These structures werevno longer
symmetric with respect to the Y-axis and thus would effectively exhibit
torsional coupling under both x and y excitation. A further reduction
of the transverse stiffness was introduced by eliminating a second set
of transverse walls. This resulted in variants A3, B3, and C3 (Fig. 2.3).
A further variation in layout, resulting in a reduction of both the
Tongitudinal and, because of the flange action in perpendicular oriented
walls, the transverse stiffness, was achieved by deleting four walls along
the interior corridor of structures Al, B1, and C1. Compared with
structures Al, B1, and C1, the resulting torsional stiffness of the
variants, identified as A1-D, B1-D, C1-D,and shown in Fig. 2.4, remained
basically unchanged because the deleted walls were positioned closely to
the center of rigidity of the floor layout.
- Typically, all structures studied in this investigation were 12 stories.
With heights of 9.67 feet for the first story and 8.67 feet for the other

stories, the overall building height was 105 feet.



3. MODELING OF THE STRUCTURES

Analytic computer models of the twelve different structurés shown
in Figs. 2.1 through 2.4 were developed to determine their dynamic charac-
teristics. The models were formulated using both a rigid and an flexible
base. TABS-77, a general purpose computer program [3], was used to
calculate frequencies and mode shapes, as well as the linear elastic
time-history response under earthquake ground excitation.

The program'considers the floors to act as rigid diaphragms with
zero transverse stiffness. A1l elements are assembled initia11y into

planar frames and then transformed, using the rigid-diaphragm assumption,

| to three degrees of_freedom (2 translational and 1 rotational) at the
center of rigidity of each story level. The assumption of a rigid floor
diaphragm for the subject studies was fully supported by the experimental
results of the forced vibration studies of two Forest Dillon type buildings.

The basic model of each building was formulated as a system of
frames and shear-wall elements interconnected by floor diaphragms which
were rigid in their own plane. A1l walls were treated as "wide columns.”
This required a reduction of properties (I, A) to the elastic centroid of
each wall. Where a wall is met by a perpendicularly oriented wall, a
portion of the latter wall is assumed acting as a flange and is thus
included in the moment of inertia calculation. For a "half-flange"
condition, where two panels form a single corner, the effective width is
taken as 1/6 of the overall building height, or 17.5 feet. In the case
of a "full flange" condition, the effective width is assumed to be 1/3 of

the height, or 35 feet. The above assumption is based on the fact that



the walls are effectively interconnected at each floor level. The resulting
dowel action over the height of the building seems to justify the assumed
wall coupling, particularly for relatively small displacement conditions.
A value of 4,000 ksi was used for the modulus of elasticity of the con-
crete. The reinforcing steel area was not included in calculating the
moment of inertia of the shear walls; thus, the wall properties were the
same for each of the 12 stories.
| Wherever shear walls were positioned in one line, parallel to the
direction of motion, it was assumed that those walls would be coupled by
a portion of the floor slab with a width of 18 times the thickness of
the floor. The effective span of the coupling girders was identical to
the clear distance between the walls. Also, the effective height of the
walls was taken as the clear height between two stories.

The masses, Tumped at each story level, were calculated neglecting
non-structural elements with a concrete weight of 0.15 kips/ft3. The
Tocations of the center of mass and the cenier of resistance, which 1is

calculated on the assumption that the wall panels are clamped at both ends,

are shown in Figs. 2.1 through 2.4.
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4. MODELING OF THE FOUNDATION

During the experimental building tests on the 12-story building,
significant horizontal motion--up to 10% of the top story displacement--
was recorded at the ground floor level. Therefore, it was considered
necessary to develop analytical building models which would praperly
reflect the observed flexible base condition.

Combining the forced vibration test measurements of the horizontal
ground displacements with the base overturning rotations, as estimated
from the mode shapes, the following approach was used to model the base
flexibility. The measured floor accelerations times the floor masses
gave the elastic forces for each floor level, from which the base shear
and the overturning moment could be computed. Comparing base shear and
moment with the experimentally determined displacement and rotation at
the ground floor allowed an evaluation of the translational and rotational
stiffness of the foundation for both directions.

The lateral and rotational foundation stiffnesses for the two apart-
ment buildings tested are presented in Table 4.1. In order to account
for the foundatfon flexibility, the TABS program permits the introduction
of a dummy story fixed at the base. The heights of these dummy stories
as based on the different experimental stiffness values for the two test
structures are also shown in Table 4.1. As the results were found to be
rather similar for these structures, a representative height of approxi-
mately 32 feet was selected for the 12-story-high buildings under investi-

gation, or, 30% of the structural height.

11



TABLE 4.1

ROTATIONAL AND LATERAL FOUNDATION STIFFNESSES

K x 109 | K x 107]  HEIGHT
BUILDING [C;S] Dgggg%?gN ® o Dummy Story

{(k.ft/rad) | (k/ft) [ft]
12-STORY | 2.18 | TRANSVERSE 4.54 1.31 32.3
12-STORY | 1.76 | LoNGITUDINAL |  3.29 1.73 23.9
12-STORY | 2.09 | LONGITUDINAL |  5.65 1.18 33.0
8-STORY | 3.41 | TRANSVERSE 3.70 0.87 35.6
8-STORY | 2.68 | LONGITUDINAL |  1.78 1.15 21.6
CURRENT | - | TRANSVERSE 4.54 1.32 32.2
ANALYSIS | - | LONGITUDINAL |  6.02 1.75 32.2

12

i



5. FREQUENCY AND MODE SHAPE ANALYSES

In the first part of the dynamic analysis, frequencies and mode
shapes for the twelve different structures were evaluated considering both
a rigid and flexible fbundation. Panel structures are quite rigid, and |
their seismic response is basically determined by the fundamental modal
responses. Hence, only three fundamental resonant freguences were consid-
ered; namely, fxo9,, fx6,, and fy. Of these three frequencies, two fre-
quencies exhibit significant coupling between the translational x-motion
and rotation (6). The frequency ét which the torsional effecf is most
pronounced has been termed the "torsional frequency."

A compilation of the mass and stiffness data for each of the tweive
structures is presented in Table 5.1, where the lateral and rotational
stiffnesses have been calculated for an 8.67-foot-high story on the
assumption that the wall panels are clamped at both ends. The resonant
frequencies for a flexible-base condition are also shown in Table 5.1.

The "torsional frequencies" are specifically identified in this table.
Also shown are the eccentricity distances e, and ey between the center
of mass (C.M.) and the center of rigidity (C.R.). The e, values are a
direct indication of the potential coupling of the longitudinal x-motion
and rotation. The small variations in the natural frequencies of the
twelve structures seem to indicate that the effect of the different lay-
outs is relatively small.

For each structure the three basic frequencies for both a rigid base
condition, disregarding any soil-structure interaction, and a flexible

base condition, are presented in Table 5.2. As expected, the frequencies

13



for the structures with a 32-foot-high dummy story, reflecting the
flexible base, are smaller than the rigid-base values. For each of the
structures the percentage change for the two fundamental x-6 coupled
frequencies and the y-frequency are presented in the same table. In
general, the frequencies for the flexible base condition are from 70% to
80% of those for the rigid base condition.

From these findings one can conciude that the effect of the dummy
story on the frequencies can be captured by introducing the height of the
dummy story as an addition to the total structural height of the building.
Considering that the height of the dummy story is 32 ft., or basically
four stories, the rigid and flexible base conditions represent structures
with 12 and 16 stories, respectively. With experimental results from
full-scale vibration studies carried out on prefabricated panel type build-
ings [1,2] indicating a proportionality between height and period, the
fundamental frequencies of a 16-story structure would be only 75% of those
of a 12;story structure with the same floor plan. This is in excellent
agreemeht with the noted percentages in Table 5.1.

The previously noted x-6 coupling at resonance can be observed most
clearly through normalized floor modes at the 12th floor level. The floor
modes for the 12th floor and the resonant frequencies for both the rigid
and flexible base conditions are presented in Tables 5.3, 5.4, and 5.5
for the x-, torsional-, and y-modes, respectively. Examples of such x-
and y-normalized mode shapes are shown in Fig. 5.1 for structures Al and
€C2. The results shown reflect the generally observed behavior of the
several structures considered in this study.

Because of the y-axis symmetry of the floor plan in the ABC-1, ABC-3,

and ABC-1-D type structures (see Figs. 2.1, 2.3, 2.4), these structures

14



-typica11y exhibit, as illustrated by structure Al in Fig. 5.1, a pure
translational y-mode. However, for these structures, the other two fre-
quencies typically show a significant coupling of the x and torsional
modal components. In this respect, the results shown in Fig. 5.1, as
well as the mode identification noted in Table 5.2, indicate that the base
flexibility may change the torsional contribution in the two x-6 counled
modes. In certain instances (A1, C1, A2, and C2), the flexible base
condition alters the torsional contribution to the extent that the first
fundamental frequency becomes the frequency with a preadominant torsional
modal component. In a few instances, such as for variants C1, €2, and
C3, the foundation flexihility also causes a reversal of the y and one
x-8 frequency. - This behavior is jllustrated by the floor-mode shapes for
structure C2 as shown in Fig. 5.1. This structure alsc illustrates the
torsional y-coupling effect typical for the ABC-2 structures. This
phenomenon is a direct result of the non-symmetric layout of these struc-
tures with respect to both the x and y axes {see Fig. 2.2).

The relative magnitude of the rotation of the x-mode with respect to
the rotation of the torsional mode at the 12th floor was computed for
each building. The resulting percentage values of the relative degree
of rotational coupling (C) for the twelve buildings studied on a flexible
base are presented in Table 5.6. The same table alsc shows the results
for the three buildings ABC-1 with an assumed rigid base condition. The,
percentages for the B-type structures, with consistently Tower torsional
stiffness (Table 5.1), are all smaller than 22%, whereas the A- and C-type

variants have all higher values, ranging from 26% to 82%. These values

15



seem to correlate also with the degree of eccentricity; e.g., the dis-
tance between the center of mass and the center of rigidity.

| The fundamental uncoupled y frequency and the Tower freqﬁency of the
coupled x-6 mode for the different structures with flexible base, thus
reflecting the appropriate foundation-structure interaction, are presented
in Table 5.7. Also shown for comparison are the fundamental translational
frequencies for by the x and y direction of these buildings using the
period T as given by the Uniform Building Code (T = 0.05 h/YD}. The
latter frequencies were calculated using the basic structural building
height of 105 feet as specified by the UBC. Also indicated are the
frequencies for a building with an effective height of 137 feet (structural
height plus height of dummy story). The results show poor agreement
between the analytical and UBC frequencies. In fact, in a total reversal
of the UBC derived fundamental frequencies, the analytical frequencies
are larger for resonance in the y-direction than for resonance in the x-

direction.

16



1

TABLE 5.1 STRUCTURE PROPERTIES AND RESONANT FREQUEMCIES FOR FLEXIBLE BASE CONDITION

M M. x 103 e e Koox 1070 Kox 1077 K x 1010 | fxsy | fxo, f

VARIANT ® X y & y ® y
(k-sec2/ft) | (k-ft sec?) | (ft)} ! (ft) (k/ft) {(k/ft) {(k-ft/rad) | {cps){ (cps) | (cps)

Al 55.44 135.56 C. 4,73 0.55 0.67 1.26 1.70%1 2.01 2.07
B1 57.00 153.10 g. -1.30 0.67 0.58 0.95 1.60% ] 2,13 | 2.01
C1 64.54 182.07 3. -2,84 0.75 0.684 1.39 1.83% 2.09 | 2.03
A2 46.94 89.55 0.43 1 6.89 0.44 0.58 .80 1.64% | 2.03 } 2.14
B2 A8.49 102.07 0.851-1.71 0.56 (.49 0.65 1.680% | 2.15 | 2.05
c2 56.03 126,80 0.80 | -3.56 0.85 0.54 1.00 1.76*%12.18 | 2.05
A3 38.39 55,54 0. 7.50 0.34 .48 0.47 1.50 | 2.10%] 2.18
B3 39.98 64.2% 0. -2.29 0.45 .39 0.43 1.66* | 2,22 | 2.01
C3 47.52 85.43 g. 42.39 0.54 0.45 0.81 1.77 12.27% 1 2.11
Al-D 51.96 127.05 0. 8.44 0.34 .67 1.25 1.41 1.91* | 2.68
B1-D 53.52 143.74 0. -1.70 0.45 0.58 0.95 1.517* [ 1.89 |1.92
C1-D 61.06 172.25 0. -5.72 0.54‘ 0.64 1.38 1.62 {2.03%]1.97

* = "torsional freguency"

- maximum torsional contribution




TABLE 5.2  FOUNDATION EFFECT

VARIANT | BASE CONDITION | 1(CPS) £2(CPS) £3(CPS)
Al RIGID 2.23 2.57% 2.90y
1.70% 2.01 2.07y
FLEXIBLE (0.76) (0.78) (0.71)
B RIGID 2.17% 274 2.78y
1.60% 2.01 2.13
FLEXIBLE (0.74) (0.72 (0.78)
c1 RIGID 2.53 2.86% 3.17y
1.83 2.03y 2.09
FLEXIBLE (0.72) (0.64) (0.73)
A2 RIGID 2.04 2 5% 2 .85y
1.64% 2.03 2,14y
FLEXIBLE (0.80) (0.80) (0.75)
B2 RIGID 2.07% 2.66y 2.72
1.60% 205y 2.15
FLEXIBLE (0.77) (0.77) (0.79)
C2 RIGID 2.37 2.78% 3.07y
1.76% 2.05y 2.18
FLEXIBLE (0.74) (0.68) (0.78)
A3 RIGID 1.79 2.49% 2,76y
1.50 2.10% 2.18
FLEXIBLE (0.84) (0.84) (0.79
B3 RIGID 2.06% 245y 2.75
1.66% 2.01 9.22
FLEXIBLE (0.81) (0.82 (0.81)
c3 RIGID 2.27 2.87% | 2.88y
1.77 2.11y 2.27%
FLEXIBLE (0.78) (0.73) (0.79)
A1-D RIGID 1.67 2,42+ 2.68y
1.41 1.91% 2.03y
FLEXIBLE (0.84) (0.79) (0.76)
B1-D RIGID 1.92% 2.35 2,45y
1.51% 1.89 2.45y
FLEXIBLE (0.79) (0.80) (0.78)
C1-D RIGID 2.11 2.6a% 2.79
1.62 1.97y 2.03*
FLEXIBLE (0.77) (0.75) (0.73)
y = transiational frequency fy * = "torsional frequency" fq
( ) = number between parentheses denotes % change

18




TABLE 5.3

FLOOR MODES FOR THE X-MODE

RESONANT FREQUENCIES (f,) AND

FLOOR MODES FOR THE 12th STORY

VARIANT | BASE CONDITION FR%8EE§CY
X-DIRECTION | y-DIRECTION | TORSION
Al RIGID 2.23 1.000 0. -0.0118
FLEXIBLE 2.01 1.000 0. 0.0111
B1 RIGID 2.74 1.000 0. ~0.0045
FLEXIBLE 2.01 1.000 0. -0.0040
el RIGID 2.53 1.000 0. 0.0114
FLEXIBLE 2.00 1.000 0. -0.0122
A2 RIGID 2.00 1.000 0.002 | -0.0142
FLEXIBLE 2.03 1.000 20.012 | 0.019
B2 RIGID 2,72 1.000 -0.241 | -0.0070
FLEXIBLE 2.15 1.000 -0.150 | -0.0069
c2 RIGID 2.37 1.000 -0.170 | 0.0188
FLEXIBLE 2.18 1.000 -0.875 | -0.0225
A3 RIGID 1.79 1.000 0. 0.0172
FLEXIBLE 1.50 1.000 0. ~0.0220
B3 RIGID 2.75 1.000 0. -0.0108
FLEXIBLE 2,22 1.000 0. ~0.0117
c3 RIGID 2.27 1.000 0. 0.0199
FLEXIBLE 1.77 1.000 0. 0.0209
AT-D RIGID 1.67 1.000 0. ~0.0060
FLEXIBLE 1.4 1.000 0. -0.0099
B1-D RIGID 2.35 1.000 0. ~0.0080
FLEXIBLE 1.89 1.000 0. ~0.0080
C1-D RIGID 2.11 1.000 0. 0.0101
FLEXIBLE 1.62 1.000 0. 0.0133
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TABLE 5.4  RESONANT FREQUENCIES (f*) AND
FLOOR MODES FOR THE TORSIONAL MODE

FLOOR MODES FOR THE T2th STORY
VARIANT | BASE conprTIon | PRI

x-DIRECTION | y-DIRECTION | TORSTON

AT RIGID 2.57 1.000 0. 0.0347
FLEXIBLE 1.70 1.000 0. -0.0354

B1 RIGID 2.17 1.000 0. 0.0809
FLEXIBLE 1.60 1.000 0. | 0.0910

o RIGID 2.86 1.000 0. -0.0299
FLEXIBLE 1.83 1.000 0. 0.0280

A2 RIGID 2.52 1.000 -0.010 | 0.0366
FLEXIBLE 1.64 1.000 0.003 | -0.0256

B2 RIGID 2.07 1.000 -0.332 | 0.0719
- FLEXIBLE 1.60 1.000 -0.477 | 0.0727
c2 RIGID 2.78 1.000 0.455 | -0.0213
FLEXIBLE 1.76 1.000 -0.479 | 0.0275

A3 RIGID 2.49 1.000 0. 0.0397
FLEXIBLE 2.10 1.000 0. 0.0301

B3 RIGID 2.06 1.000 0. 0.0561
FLEXIBLE 1.66 1.000 0. 0.0524

c3 RIGID 2.87 1.000 0. -0.0275
FLEXIBLE 2.27 1.000 0. -0.0262

AT-D RIGID 2.42 1.000 0. 0.0675
FLEXIBLE 1.91 1.000 0. 0.0384

B1-D RIGID 1.92 1.000 0. 0.0462
FLEXIBLE 1.51 1.000 0. 0.0461

¢1-D RIGID 2.64 1.000 0. -0.0346
FLEXIBLE 2.03 1.000 0. -0.0258
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TABLE 5.5

RESONANT FREQUENCIES (

FLOOR MODES FOR THE Y-MODE

fy) AND

FLOOR MODES FOR THE 12th STORY

VARIANT | BASE CONDITION FR%ESE?CY
¥-DIRECTION | y-DIRECTION | TORSTON

Al RIGID 2.90 0. 1.000 0.
FLEXIBLE 207 0. 1.000 0.

B1 RIGID 2.78 0. 1.000 0.
FLEXIBLE 2.01 0. 1.000 0.

c1 RIGID 3.17 0. 1.000 0.
FLEXIBLE 2.03 0. 1.000 0.

A2 RIGID 2.85 0.002 1.000 0.0001
FLEXIBLE 2.14 0.005 1.000 0.0002

B2 RIGID 2.66 0.252 1.000 0.0005
FLEXIBLE 2.05 0.183 1.000 0.0021

c2 RIGID 3.07 -0.128 1.000 0.0068
FLEXIBLE 2.05 0.742 1.000 - | -0.0037

A3 RIGID 2.76 0. 1.000 0.
FLEXIBLE 218 0. 1.000 0.

B3 RIGID 2.45 0. 1.000 0.
FLEXIBLE 2701 0. 1.000 0.

3 RIGID 2.88 0. 1.000 0.
FLEXIBLE 211 0. 1.000 0.

A1-D RIGID 2.68 0. 1.000 0.
FLEXIBLE 2.03 0. 1.000 0.

B1-D RIGID 2.45 0. 1.000 0.
FLEXIBLE 1.92 0. 1.000 0.

C1-D RIGID 2.79 0. 1.000 0.
FLEXIBLE 1.97 0. 1.000 0.
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TABLE 5.6

DEGREE OF TORSIONAL COUPLING

PERCENTAGE

VARIANT BASE CONDITION FATTO CF
Al RIGID 34.0%
FLEXIBLE 31.4%
B1 RIGID 5.6%
_ FLEXIBLE 4.4%
Cl RIGID 38.1%
FLEXIBLE 43.6%
A2 FLEXIBLE 76.6%
B2 FLEXIBLE 9.5%
c2 FLEXIBLE 81.8%
A3 FLEXIBLE 73.1%
B3 FLEXIBLE 22.3%
€3 FLEXIBLE 79.8%
A1-D FLEXIBLE 25.8%
B1-D FLEXIBLE 17.4%
C1-D FLEXIBLE 51.6%

* ¢ = ROTATIONAL COMPONENT OF THE X-MODE x 100
ROTATIONAL COMPONENT OF THE o6-MODE
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TABLE 5.7

ANALYTICAL AND

UBC FREQUENCIES

f_{CPS) f_(CPS)
VARIANT X Y
ANAL. | UBC-1051 | UBC-1371 | ANAL. | UBC-1051 | UBC-137!
Al 1.70 2.07 170 ! 30
B1 1.60 2.44 1.87 1 2.01
Cl 1.83 2.03 1.89 1.44
A2 1.64 2.14 1.70 1 30
B2 1.60 2.26 1.73] 2.05
c2 1.76 2.05 1.89 1.44
A3 1.50 2.18 1.70 1.30
B3 1.66 2.08 1.59 | 2.01
c3 1.77 2.11 1.89 1.44
A1-D | 1.41 2.03 1.70 1 30
B1-D | 1.89 2.44 1.871]1.92
C1-b  {1.62 1.97 1.89 1.44
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6. EARTHQUAKE TIME-HISTORY ANALYSIS

In order to gain information about the effect of Tongitudinal and
torsional coupling of panel-type structures during seismic excitation,
linear-elastic time-history analyses of the twelve structural variants
were performed by submitting the buildings to longitudinal (E-W) directed
ground excitation. In the Tirst instance all structures were subjected
to the N-S component of the 1940 E1 Centro earthquake with a maximum
acceleration of 0.35 g. Subsequently, in order to study the effect of
different ground excitations on the building resnonse, structures ABC-1,
with both flexible and rigid base conditions, were subjected to two
additional earthquake ground-motion records; namely, the S69E component
of the 1952 Kern County (Taft) earthquake with a peak acceleration of
0.18 g, and Pacoima Dam ST4W record of the 1971 San Fernando earthquake
with a scaled down peak acceleration of 0.35 g.

Selecting a linear-elastic time-history was considered to be justified
as it will capture the important initial phase of the structural response.
Another justification for the selected procedure was the notion that the
principally Tocalized nature of structural damages, short of collapse,
will not alter the general building behavior from the analytically
predicted response, particularly for the selected ground-motions. Admit-
tedly, the non-Tinear soil-foundation characteristics can alter drastically
the overall dynamic behavior.

The response of the structures for the first eight seconds of seismic
excitation of the El Centro earthquake and for the first 12 seconds of

the Taft and Pacoima Dam records resulting from an E-W excitation at the
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dummy story base level, was evaluated. The ground motion was assumed to

be constant over the length of the buildings, and no torsional earthquake
components were considered. Under those conditions, a structure with
coincident center of mass and center of resistance would not experience

any torsional motion during such ground-motion. However, because of uncer-
tainties in both the calculation of the mass and stiffness centers and

the load distribution, as well as a result of structural imperfections,
non-linear behavior, and other factors, it would be unreasonable to

assume that torsional motion under earthquake excitation could be prevented.

Although the response to the three fundamental modes is predominant,
“the contribution of the first fifteen modes was included in the analysis.
The damping ratios for the three fundamental modes were based on the
results of actual tests of a 12-story building; namely, 2% for the first
mode and 1.4% for the second and third modes. The damping ratios for
all other modes were taken at 2%.

The results of the time-history response studies under E1 Centro
earthquake ground motion are presented in Figs. 6.1 through 6.4. These
figures show for each of the variants the x and y displacements of the
center of resistance at the 12th-floor level and the associated floor
rotations versus time. Also indicated in these figures are the two
basically coupled resonance frequencies and the frequencies of the trans-
lational and torsional response during the earthquake. These response
frequencies were found by averaging the frequencies calculated from each
half-cycle of structural response over the entire time-history.

Of the two coupled structural resonance frequencies, the torsional
frequency fe is defined as the translational resonance frequency with the

highest degree of rotational coupling. Although also coupled, the other
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frequency is labeled as the translational frequency fx' Fundamental and
response frequencies for the structures with a flexible base subjected to
the E1 Centro ground-motion are compared in Table 6.1. Under the x-directed
excitation, the structures always responded in an x-motion with a frequency
close to the fundamental x-mode frequency. This was true even for
structures where the difference between the rotational contributions in
the x- and ¢6-mode was quite small (A2, C2, A3, and C3). However, the
torsional response of the structures to seismic excitation occurred at
a frequency close to either the fundamental torsional or the fundamental
translational (fx) frequency. In the first instance, the.trans1ationa1
and rotational motions would, in fact, be uncoupled. However, in case
the torsional motions occur at.the fundamental translational frequency
of the structure, the translational and torsional motions of the building
are, in fact, coupled.

Reviewing the time-history results for the structures on flexible
base subjected to the E1 Centro ground-motion, it can be observed that
each building during the first few seconds of the earthquake responds in
an uncoupled manner; i.e., the translational and torsional motions are
90° out of phase. For buildings Al, C1, A2, and C2, this uncoupled
response continues for most of the earthquake; only for a few cycles did
a temporary in-phase response develop. Contrary to this favorable behavior,
the initially uncoupled motion does not prevail for buildings Bl and BZ2.
In those two cases, a virtually total in-phase response develops after
a few seconds. However, fortunately the effect of the torsional response
for these two structures is small in comparison to the translational
response. This combined in-phase behavior is also supported by the two

response frequencies fx and fe of both buildings, as noted in the same
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figures. It is obvious that the tuning of both response frequencies with
the resonance frequency fx causes this coupled effect. In fact, the
uncoupled response frequencies for buildings Al, C1, A2, and C2, as noted
also in Table 6.1, seem to support the previocusly noted out-of-phase
response of the torsional and translational components of motion.

The above noted differences in response appear to be directly
related to the degree of torsional counling associated with the transia-
tional resonance frequency fx’ as compared with the maximum torsional
coupling associated with the so-called rotational resonance frequency fe.
For instance, for buildings Al, Cl1, AZ, and C2, which exhibit an out-of-
phase response, the torsional coupling (C) for the‘fx frequencies amounted
to, respectively, 31, 43, 77, and 82% of the torsional components of the
f, frequency (see Table 6.1). However, for buildings B1 and B2 these
percentages were on]& 4 and 9%, respectively. Hence., it seems that
significant torsional coupling at the translational resonance frequency
results in an uncoupled response under earthquake excitation. On the
other hand, a small degree of torsional coupling at resonance results in
a combined in-phase translational and rotational response under earthquake
conditions.

The above hypothesis is clearly supported by the in-phase response
of buildings B3 and B1-D for which the previously moted rotational
coupling percentages wére only 22 and 17 percent, respectively. Also,
for buildings A3, €3, Al-D, and C1-D, with rotational coupiing percentages
of 73, 80, 26, and 52 percent, resvectively, the hypothesis seems to hold,
as the response shows a predominantly out-of-phase behavior.

In order to investigate the general validity of the above hypothesis,

as it may be affected by the ground-motion input, buildings ABC-1 on flexible
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base were also subjected to the first 12 seconds of the Taft and Pacoima
Dam ground motion records. The resulting x diﬁplacements and rotations

at the center of the resistance at the 12th floor level are presented in
Figs. 6.5 and 6.6. The associated structural and response frequencies

are presented in Table 6.2. The uncoupled or couoled manner of response,
as determined by the comparfson of the fundamental fregquencies of the
structure with the response frequencies, as shown in this table, correlates
favorably to the observed response as shown in Figs. 6.5 to 6.6.

The results indicate that for both the E1 Centro and Taft ground-io-
tions, the buildings Al and Cl1 respond in an uncounied fashion, while
building B1 behaves in a coupled manner. However, in the case of the
Pacoima Dam ground excitation, the three structures under study showed a
coupled response, seemingly contradicting the above hypothesis. The reason
for this different behavior, which reflects, in effect, a lack of excita-
tion at the torsional resonance frequency, seems to be related to the
energy of the earthquake record at this particular frequency.

The response spectra for the E1 Centro, Taft, and Pacoima Dam records
are shown in Figs. 6.7 through 6.9, respectively. The fundamental x and
8 frequencies of the ABC-1 structures are rather similar, averaging
2.1 cps for the translational and 1.70 cps for the torsional modes
(Table 6.2). Considering the curves for 2% critical damping in each of
the spectra for the corresponding averaged modal periods of 0.48 and 0.60
seconds, respectively, the spectral accelerations for these two modes
are found to be approximately the same for the ET Centro and Taft earth-
quakes. However, considering the Pacoima Dam spectrum, there is a distinct
difference between fhe acceleration levels at these two fundamental

periods. In fact, the spectral acceleration at about 0.48 secs, reflect-

29



ing the x resonance peviod, is quite large. On the other hand, the accel-
eration level at about 0.6 secs. or the fundamental torsional period is

a distinct minimum. Hence, it seems reasonable to expect that this earth-
quake would fail to cause significant rotations in these structures.
However, instead, a predominantly translational, x-resonance, response
will result. As noted earlier, in such instances a building would respond
in a coupled fashion, with the maximum rotation occurring at the instant
of maximum transtation. This behavior under the Pacoima dam record is
clearly illustrated in Fig. 6.6.

Finally, Tables 6.3 and 6.4 summarize the maximum displacements and
rotations at the roof level for the 18 different combinations of structures
and earthquake records that were used in this analysis. Comparing the
maximum rotations for the A and C structures with those for the B variants
shows that the rotations developed in the B-tvpe structures are generally

Tower.
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TABLE 6.1  STRUCTURAL AND RESPONSE
FREQUENCIES FOR EL CENTRO RECORD

FREQUENCY (CPS)
VARIANT | C [%] | MODE MODE OF RESPONSE
FUNDAMENTAL | RESPONSE

Al 31 X 2.01 2.04 | UNCOUPLED
6 1.70 1.73

B1 a | X 2.13 2.14 | HIGHLY COUPLED
8 1.60 1.94

C1 a3 | x 2.09 2.08 | UNCOUPLED
6 1.83 1.88

A2 77 1 X 2.03 2.06 | UNCOUPLED
8 1.64 1.79
Y 2.14 .

B2 9 X 2.15 2.16 | COUPLED
0 1.560 2.01
Y 2.05 210

c2 g2 | x 2.18 2.17 | UNCOUPLED
8 1.76 1.85
Y 2.05 2.09

A3 73 | x 1.45 1.56 | UNCOUPLED
8 2.10 1.64

B3 22 | X 2.22 2.20 | COUPLED
o 1.66 2.04

c3 80 | X 1.77 1.78 | UNCOUPLED
o 2.27 1.92

A1-D 26 | X 1.41 1.48 | PREDOMINANTLY
8 1.91 1.67 | UNCOUPLED

B1-D | 17 X 1.89 1.87 | PREDOMINANTLY
o 1.51 1.73 | COUPLED

-0 | 52 | x 1.62 1.80 | PREDOMINANTLY
5 2.03 1.85 | UNCOUPLED

C = Torsional coupling percentage of fx versus fr
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TABLE 6.2

STRUCTURAL AND RESPONSE FREQUENCIES
(FLEXIBLE BASE) '

FREQUENCY (CPS)

VARIANT | C [%] | MODE MODE OF RESPONSE | EXCITATION
: STRUCTURE | RESPONSE
Al 31 X 2.01 2.04 | UNCOUPLED
) 1.70 1.73
31 4 X 2.13 2.14 | HIGHLY COUPLED
8 1.60 1.94 EL CENTRO
1 43 X 2.09 2.08 | UNCOUPLED
6 1.83 1.88
Al 3] X 2.01 2.03 PREDOMINANTLY
8 1.70 1.83 | UNCOUPLED
B1 4 X 2.13 2.17 | COUPLED
8 1.60 1.88 TAFT
1 43 X 2.09 2.06 | UNCOUPLED
o 1.83 1.97
Al 31 X 2.01 2.08 | COUPLED
9 1.70 1.94
B1 4 X 2.13 2.20 | COUPLED PACOIMA
8 1.60 2.02 DAM
1 43 X 2.09 2.10 COUPLED
) 1.83 2.03
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TABLE 6.3

MAXIMUM DISPLACEMENTS AND ROTATIONS AT
THE CENTER OF STIFFNESS OF THE ROOF

MAXIMUM DISPLACEMENT

) MAXTMUM

VARIANT X-DIRECTION Y_DIRECTION ROTATION EXCITATION
(ft.) t(sec) | (ft.) tlsec)| (rad) t(sec)

Al 0.286 (2.40) !0, 0.0044 (3.10)

B1 0.353 (5.10) | 0. 0.0023 (2.55)| EL CENTRO

C1 0.340 (5.15) {©. 0.0040 (6.05)

A2 0.279 (2.20) 10.090 (2.90) 0.0063 (2.85)

B2 0.353 (5.10) | 0.045 (6.90} 0.0034 (2.55)] EL CENTRO

c2 0.252 (2.15) | 0.159 (6.40)| 0.0040 (3.30)

A3 0.314 (6.30) | 0. 0.0085 (5.60)

B3 0.283 (5.05) | 0. 0.0053 (2.55)| EL CENTROQ

C3 0.387 (3.60) 0. 0.0070 (5.25)

AT-D 0.341 (6.10) { 0. 0.0054 (2.65)

B1-D 0.400 (5.15) 10 0.0045 (5.65)] EL CENTRO

Ci-D 0.324 (2.20) | 0. 0.0050 (2.8%)
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TABLE 6.4  MAXIMUM DISPLACEMENTS AND ROTATIONS AT
CENTER QF STIFFNESS OF THE ROOF

MAXIMUM DISPLACEMENT MAXIMUM
VARIANT [y o = [y oIREcTION ROTATION | EXCITATION
(ft.) t(sec) | (ft.) t{sec) | (rad) t(sec)
Al 0.286 ( 2.40) 0. 0.0044 (3.10)
B1 0.353 ( 5.10) 0. 0.0023 (2.55) | EL CENTRO
cl 0.340 ( 5.15) 0. 0.0040 (6.05)
Al 0.116 (11.10) 0. 0.0016 ({9.60)
BT 0.166 ( 8.10) 0. 0.0009 (6.25) | TAFT
cl 0.125 ( 6.75) 0. 0.0016 (7.65)
Al 0.165 ( 8.60) 0. 0.0018 (9.60)
B 0.153 ( 8.80) 0. 0.0010 (9.30) gﬁﬁOIMA
cl 0.142 { 8.60) 0. 0.0024 (9.30)
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7. CONCLUSIONS

Results of full-scale vibration studies of prefabricated panel-type
buildings indicated a considerable translational and rotational coupling
at resonance. Soi]-piie-structure interaction effects were found to
contribute significantly to the overall building response. This
phenomenon required the introduction of a sd-ca]]ed "dummy story" in the
computer model formulation of the structure.

In order to achieve an appropriate correiation.between experimental
and analytical results, a dummy story height of 30% of the overall
structure height was required. To assess the general dynamic character-
istics of panel type buildings, a total of twelve 12-story-high structures
with diffefent floor plans were studied in an analytical investigation.

The dummy story height for all buildings was selected as 30% of the overall
building height. The results of resonance frequency-and modal analyses
indicated considerable translational and rotational coupling at resonance.
Despite markedly different floor plans, the three fundamental resonance
frequencies were rather closely spaced. In general, the effect of the
foundation flexibility needs to be considered, as it affects not'only the
resonance frequencies but also the extent of the modal coupling. Analytical
results for both a rigid and flexible foundation constitution indicated
that the fundamental periods were directly proportional to the overall
structural height, including the dummy story. UBC derived periods were
found to be grossly different from computer analyzed values. This discrep-
ancy is a direct result of the code's inability to account for the actual

wall layout and associated lateral stiffness of panel buildings.
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Depending on the symmetry of the floor pjan, rotational coupling

was observed at two or possibly three fundamental resonant frequencies.

Two of these frequencies were invariably associated with x-normalized

modes. The resonance frequency exhibiting the most pronounced rotational,
or torsional, coupling was termed the "torsional" frequency. The other
frequency, although exhibiting a smaller degree of rotational coupling,

was termad the "translational" frequency. For the twelve structures studied,
the degree of torsional coupling at resonance was found to have a direct
bearing on the building response to earthguake excitation.

In case the torsional coupling at the translational resonance .
frequency was at teast 25% of the torsional component at torsional reson-
ance, the translational and rotational motions of the building under
earthquake excitation were found to be uncoupled, or 90° out of phase.

In the case of a smaller rotational coupling percentage at resonance, the
translational and rotational components of motion of the building under
earthquake excitation showed an in-nhase response. Fortunately, the
basically limited torsional contribution at resonance, as reflected by a
Tow rotational percentage value, will also 1imit the rotational excursions
of the building under ground excitations.

The above observation seems to hold, in general, orovided that the
earthquake acceleration at the fundamental structural periods is sufficient
to excite the different structural modes. This energy dependent behavior
was illustrated by the response of the buildings investigated under a
Pacoima Dam excitation. In that case, both the transtational and rotational
~motions occurred at the fundamental structural fx—frequency, or in a
coupled manner. The reason for this behavior was found in the frequency

related energy of the Pacoima Dam earthquake, which lacks significant
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acceleration pulses at a period close to the fundamental torsional period.
Hence, excitation in an uncoupled fashion was not possible.

The Tatter observation is particularly important as it may reflect
the dependence of earthquake induced excitation on the energy level of
the earthquake at specific fundamental periods, be it either torsional
or translational. Initial studies under rigid base conditions, even for
the E1 Centro and Taft earthquakes, seem to support their potential

behavior for at least Tow coupled systems.
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C.K. Chan and H.B, Seed - 1975 (Summarized in EERC 75-28}
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"The Seismic Behavior of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force," by M.B. Atalay and J. Pcnzien - 1975 (PB 258 842)All

"Dynamic Properties of an Eleven Story Masonry Building," by R.M. Stephen, J.P. Hollings, J.G. Bouwkamp &ua
. Jurukovsgki - 1975 (PB 246 945)A04

"State-of-the-Art in Seismie Strength of Masonry - An Evaluation and Review,” by R.L. Mayes and R.W. Clough
1975 (PB 249 040)A07

"Frequency Dependent Stiffrness Matrices for Viscoelastic Half-Plane PFoundations," by A.K. Chopra,
P. Chakrabarti and G. Dasgupta - 1975 (PB 248 121)AD7

"Hysteretic Behavior of Reinforced Concrete Framed Walls,” by T.Y. Wong, V.V. Berterc and E.P. Popov ~ 1975

"Testing Facility for Subassemblages of Frame-Wall Structural Systems,”™ by V.V. Bertero, E.P. Popov and
T. Endo - 1975

“Influence of Seismic History on the Liquefaction Characteristies of Sands,” by H.B. Seed, K. Mori and
C.K. Chan - 1975 (Summarized in EERC 75-28)

"The Generation and Dissipation of Pore Water Pressures during Soil Ligquefaction," by H.B. Seed, P.P. Martin
and J. Lysmer — 1975 (PB 252 048JA03

"Identification of Research Needs for Improving Ascismic Design of Building Structures," by V.V. Bertero
1975 (PB 248 136)A05

"Evaluation of Seoil Liquefaction Potential during Earthguakes,” by H.B. Seed, I. Arango and C.K. Chan = 1975
(NUREG 0026)Al3 '

"Representation of Irregular Strxess Time Histories by Equivalent Uniform Stress Series in Liquefaction
Analyses,"” by H.B. Seed, I.M. ldriss, F. Makdisi and N. Banerijee - 1975 (PB 252 635)A03

"FLUSH = A Computer Frogram for Approximate 3-D Analysis of Soil-Structure Interaction Problems," by
J. Lysmer, T. Udaka, C.-F. Tsai and H.B. Seed - 1975 (PB 259 332)A07

"ALUSH - A Computer Program for Seismic Response Analysis of Axisymmetric Soil-Structure Systems,” by
E, Berasr, J. Lysmer and H.B. Seed - 197%

"TRIP and TRAVEL - Computer Programs for Soil-Structure Interaction Analysis with Horizontally Travelling
Waves," by T. Udaka, J. Twsmer and 1.B. Seed - 1975

*Predicting the Performance of Structures in Regions of High Seismicity," by J. Penzien - 1975 (PB 248 130)aL7

"EBEfficient Finite Element Analysis of Seismic Structure -Spil - Direction," by J. Lysmer, H.B. Seed, T. Udzka.
R.N. Hwang and C.-F. Tsai - 1975 (FB 253 570)A03

"The Dynamic Behavior of a First Story Girder of a Three-Story Steel Frame Subjected to Earthguake Loading,
by R.W. Clough and L.-Y. Li - 1975 {PB 248 841)A05

"Earthquake Simulator Study of a Steel Frame Structure, Volume II -Analytical Results,” by D.T. Tang - 1275
(PB 252 926)al10

"ANSR-I General Purpose Computer Program for Analysis of Non-Linear Structural Response," by D.P. Mondkar
and G.H. Powell - 1975 (PB 252 286)A08

"Nonlinear Response Spectra for Probabilistic Seismic Design and Damage Assessment of Reinforxced Concrete
Structures," by M, Murakami and J. Penzien - 1975 (PR 259 530)A0S

"Study of a Method of Feasible Directions for Optimal Elastic Design of Frame Structures Subjected to Eari:-
quake Loading," by N.D. Walker and K.S. Pister - 1975 (PB 257 781)}A06

"An Alternative Representation of the Elastic-Viscoelastic Analogy,"
(PB 252 173)A03

by G. Dasgqupta and J.L. Sackman - 31475

"Effect of Multi-Directicnal Shaking on Liquefaction of Sands," by H.B. Seed, R. Pyke and G.R. Martin - 197¢
(PB 258 781)A03

"Strength and Ductility Evaluation of Existing Low-Rise Reinforced Concrete Buildings - Sereening Method," by
T. Okada and B. Bresler - 1976 (PB 257 9UA)AlLl

"Experimental and Analytical Studies on the Hysteretic Bshavior of Reinforced Concrete Rectanqgular and
T-Beams," by S.-Y.M. Ma, E.P. Popov and V.V. Berterc -1976 (PB 260 H43)AlZ

"Dynamic Behavior of a Multistary Triangular-Shaped RBuilding," by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G. Bouwkamp ~ 1976 (PB 273 279)R07

"Barthquake Induced Deformaticns of Earth Dams,™ by N, Serff, H.B. Seed, ¥.1. Makdisi & C.-Y. Chang - 1976
(PB 292 065)A08

53



EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

76-5

76-6

76-7

76-8

76-9

76-10

76~11

7612

76-13

76-14

76-15

76-16

76-17

76-18

76-19

76-20

76-21

76-22

76-23

76=-24

76-25

76-26

76-27

76-28

76-29

76-30

76-31

76-32

"Analysis and Design of Tube-Type Tall Building Structures,” by H. de Clercqg and G.H. Powell -~ 1376 (PD 232
Al0

"Time and Frequency Domain Analysis of Three=-Dimensional Ground Motions, San Fernando Earthquake," by T.
and J. Penzien {PB 260 S556)All

"Expected Performance of Uniform Building Code Design Masonry Structures," by R,L. Mayes, Y. Omote, S.W.
and R.W. Clough - 1976 (PB 270 09B}AOS

"Cyclic Shear Tests of Masonry Piers, Volume 1 - Test Results," by R.L. Mayes, Y. Omote, R.W,
Clough - 1876 (PR 264 424)A06 )

"A Substructure Method for Earthquake Analysis of Structure - Soil Interaction,” by J.A. Gutierrez and
A.K. Chopra - 1976 (PB 257 783)}A08

"Stabilization of Potentially Liquefiable Sand Deposits using Gravel Drain Systems," by H.B. Seed and
J.R. Booker - 197¢ {PB 258 820)}AC4

"Influence of Design and Analysis Assumptions on Computed Inelastic Response of Moderately Tall Frames.,"
G.H. Powell and D.G. Row - 1376 (PB 271 403)p06
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“Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applications,” by D. Ray, K.S. Pister and

E. Polak - 1976 (PB 262 859)A04

"Coupled Lateral Torsional Response of Buildings to Ground Shaking," by C.L., Kan and A.K. Chopra -
1976 (PB 257 9071209

"Seismic Analyses of the Banco de America," by V.V. Bertero, S.A. Mahin and J.A. Hollings - 1976

“Reinforced Concrete Frame 2: Selsmic Testing and Analytical Correlation," by R.W. Clough and
J. Gidwani - 1976 (PB 261 323}n08

"Cyclic Shear Tests of Masonry Plers, volume 2 - Analysis of Test Results,™ by R.L. Mayes, Y. Gmote
and R.W. Clough - 19876

"Structural Steel Bracing Systems: Behavior Undex Cyclic Loading," by E.P. Popov, K. Takanashi and
C.W. Roeder - }976 {pPB 260 715)A05

"Experimental Mcdel Studies on Seismic Response of High Curved Overcrossings,” by D. Williams and
W.G. Godden - 1976 (PB 269 548)a08

"Effects of Non-Uniform Seismic Disturbances on the Dumbarton Bridge Replacement Structure,"” by
F. Baron and R.E. Hamati - 1976 (PB 282 981}Alé

"Investigation of the Tnelastic Characteristics of a Single Story Steel Structure Using System
Identification and Shaking Table Experiments," by V.C. Matzen and H.D. McNiven - 1976 (PB 258 453)A07

"Capacity of Columns with Splice Imperfectionsg,” by E.P. Popov, R.M. Stephen and R. Philbrick - 1976
(PB 260 378)A04

"Response of the 0Olive View Hospital Main Building during the San Fernando Earthquake,” by 8. A. Mahin,
V.V. Bertero, A.K. Chopra and R. Cellins - 1976 (pPB 271 425)al14

"A Study on the Major Factors Influencing the Strength of Masonry Prisms,® by N.M. Mostaghel,
R.L. Mayes, R. W. Clough and 5.W. Chen - 1976 {MNot published}

"GADFLEA - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation during
Cyclic or Earthqueke Loading,"” by J.R. Booker, M.S. Rahman and H.B. Seed ~ 1976 (PB 263 947)A04

"Seismic Safety Evaluation of a R/C School Building," by B. Bresler and J. Axley - 1976

"Correlative Investigations on Theoretical and Experimental Dynamic Behavior of a Model Bridge
Structure," by K. Kawashima and J. Penzien - 1976 (PB 263 388)All

"Barthquake Response of Coupled Shear Wall Buildings," by T. Srichatrapimuk - 1976 (PB 265 157}AQ07
"Tensile Capacity of Partial Penetration Welds," by E.P. Popov and R.M. Stephen - 1976 (PB 262 899)A03

"Analysis and Design of Numerical Integration Metheds in Structural Dynamics," by H.M. Hilker - 1976
(PB 264 410)a06

“Contribution of a Floor System to the Dynamic Characteristics of Reinforced Concrete Buildings,” by
L.E. Malik and V.V. Bertero - 1976 (PR 272 247)Al3

"The Effects of Seismic Disturbances on the Golden Gate Bridge," by F. Baron, M. Arikan and R.E. Hamati -

1976 {PB 272 279)209

"Infilled Frames in Earthquake Resistant Construction,” by R.E. Klingner and V.V. Bertero - 1976
(PB 265 892)A13
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"PLUSH - A Computer Program for Probabilistic Finite Element Analysis of Seismic Soil-Structure Inter-
action,"™ by M.P. Romo Organista, J. Lysmer and H.B. Sced - 1977

"Soil~Structure Interaction Effects at the Humboldt Bay Power Plant in the Ferndale Farthquake of June
7, 197%," by J.E. Valera, H.B. Sced, C.F. Tsai and J. Lysmer - 1977 (DB 265 795)A04

"Influence of Sample Disturbance on Sand Response to Cyclie Loading,” by ¥, Mori, H.B. Seed and C.K.
Chan - 1977 (PR 267 352)A04

"Seismological studies of Strong Motion Records," by J. shoja-Taheri -~ 1977 {PB 269 655)Al0

"Testing Facility for Coupled-Shear Walls," by L. Li-Hyung, V.V. Berterc and E.P. Popov - 1977
"Developing Methodologies for Evaluating the Earthguake Safety of Existing Buildings," by No. 1 -

B, Bresler; No, 2 - B, Bresler, 7. Okada and D, Zisling; No. 3 - T. okada and B, Bresler; No, 4 - V.V.
Bertero and B. Bresler - 1977 (PB 267 354)A08

"A Literaturc Survoy -- Transverse Strength of Masonry Walls,™ by Y. Omote, R.L, Mayves, S.W. Chen and
R.W. Clough - 1977 (PR 277 933)A07

"DRATN~-TABS:
R. Guendelman-Israel and G.H.

4 Computer Program for Inelastic Earthquake Response of Three Dimensional wuildings," by
Powell - 1977 (PB 270 693)A07

"SURWALL: A Special Purpose Finite Flement Computer Program for Practical Elastic aAnalysis and Design
of Structural Walls with Substructure Option,” by D.Q. Le, H. Peterson and E.P. Popov - 1977
(rB 270 S67)R0S

"Experimental Evaluation of Seismic Design Metheds far Broad Cylindrical Tanks,”
(PB 272 280)Al13

by D.P. Cloughn

"Earthquake Engineering Research at Berkeley - 1976,% - 1977 {PB 273 507)A0°

"Automated Design of Earthquake Resistant Multistory Steel Building Frames," by N.D. Walker, Jr., - 1977
(PE 276 526)A09

"Concrete Confined by Rectangular Hoops Subjected to Axial toads," by J. Vallenas, V.V, Bertero and
E.P. Popov - 1977 (PR 275 165}A0D6

"Seismic Strain Induced in the Ground During Earthquakes," by Y. Sugimura - 1977 (PB 284 201)A04

"Bond Deterioration under Generalized Loading,"™ by V.V. Bertero, E.P. FPopov and 5. Viwathanatepa - 1977

"Computex Aided Optimum Design of Ductile Reinforced Concrete Moment Resisting Frames," by S.W.
Zagajeski and v.V. Bertero - 1977 (DB 280 137)A07

"Earthquake Simulation Testing of A Stepping Frame with Energy-Absorbing Devices," by J.M. Kelly and
D.F. Tsztoo - 1977 (PB 273 506)A04

"Inelastic Behavior of Eocentrically Braced Steel Frames under Cycliec itcadings,” by C.W. Roeder and

E.P. Popov - 1977 (PB 275 526)ALL

"A Simplified Procedure for Estimating Barthquake-Induced Deformations in NMams and Embankmonts,” by F.T.
Makdisi and H.B. Seed - 1977 (PB 270 $20)A04

"The Performance of Earth Dams during Barthquakes,™ hy H.B. Sced, F.T. Makdisi and P. de Alba - 1877

(PB 276 821)A04

"Dynamic Plastic Rnalysis Using Stress Resultant Finite Element Formulation,™ by P. Lukkunapvas.: and

J.M., Relly -~ 1977 (PB 275 453)A04

"pPreliminary Experimental Study of Seismic Uplift of a Steel Prame," by B.W. Clough and h.A. Huckelbridge

1977 (PB 278 769)A08

"Earthquake Simulator Tests of a Nine-Stovy Steel prame with Columns Allowed to Uplift,”™ by ALA.
Huckelbridge = 1977 (PB 277 944)A09

"Nonlinear Soill-Structure Interaction of Skew Highwav Bridges,™ by M.-C. Chen and J. Penzien - 1977

(PB 276 176)A07

"Seismic Analysis of an Offshore Structure Supported on Piie Foundations,”" by D.D.-N. Liou and J.
1277 (PB 283 180)A06

Stiftness Matrices for Homogeneous Viscoelastic Half-Planes," by G. Dasgupta and A.K. Chopra -
279 554)A06

“Dynamic
1677 (PB

"B Practical Soft Story Earthguake lsolation System," by J.M. Kelly, J.M. Eidingcr and C.J5. Dorlaw -
1977 (PB 276 B14}A07

"Seismic Safety of Existing Buildings and Incentives for Hazard Mitigaticon in San Francisco: An
Exploratory Study," by A.J. Meltsner - 1977 (pB 281 970)a0%

"Dynamic Analysis of Electrohydraulic Shaking Tables," by U. Rea, 8. Abedi-Hayati and Y. Takahashi
1977 (PB 282 569)A04

"o,

"An Appreach for Improving Seismic - Resistant Behavior of Reinforced Concrete Interior Joints,
B. Galunic, V.V, Berteroc and E.P. Popov -~ 1377 (FB 290 870)A06
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Eidinger and J.M. Kelly ~ 1978 (PB 281l 686)A04
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by 5.W. Zagajeski, V.V. Bertero and J.G. Bouwkamp - 1978 (PB 283 858)al3

"Inelastic Beam-Column Elements for the ANSR-I Program,” by A, Riahi, D.G. Row and G,.H. Powell - 1978
"studies of Structural Response to Earthquake Ground Motion," by 0.A. Lopez and A.K. Chopra - 1978
(PB 282 790)A05

“A Laboratory Study of the Fluid~Structure Interaction of Submerged Tanks and Caissons in Earthguakes,"
by R.C. Byrd - 1978 (PB 284 957)A08

"Model for Evaluating Damageability of Structures," by I. Sakamotc and B. Bresler - 1978
"Seismic Performance of Nonstructural and Secondary Structural Elements," by I. Sakamoto - 1978

“Mathematical Modelling of Hystercsis Ioops for Reinforced Concrete Columns," by 5. Nakata, T.
and J. Penzien - 1978
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"Damageability in Existing Buildings," by T. Blejwas and B. Bresler - 1978

"Dynamic Behavior of a Pedestal Base Multistory Building," by R.M. Stephen, E.L. W1lson, J.G. Bouwkamp
and M. Button - 1978 (PB 286 650)A08

“Seismic Response cof Bridges - Case Studics,
{PB 286 503)Al0

" by R.A. Tmbsen, V. Nutt and J. Penzien - 1978

"A Substructure Technigue for Nonlinear Static and Dynamic Analysis,” by D.G. Row and G.H. Powell -
1978 (PB 288 077)al0

"Seismic Risk Studies for San Francisco and for the Greater San Francisco Bay Area," by C.8. Oliveira =
1978

"Strength of Timber Roof Connections Subjected to Cyclic Loads," by P. Gﬁlkgn, R.L. Mayes and R.W.
Clough -~ 1478

"Response of K-Braced Steel Frame Models to Lateral Leoads,™ by J.G. Bouwkamp, R.M. Stephen and
E.P. Popov - 1978

"Rational Design Methods for Light kEquipment in Structures Subjected to Ground Motion," by
J.L. Sackman and J.M. Kelly - 1978 (FB 292 357)A04

"Testing of a Wind Restraint for Aseismic Base Isclation,” by J.M. Kelly and D.E. Chitty - 1978
(PB 292 833)A03

“APOLLO - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation in Horizontal
Sand Layers During Cyclic or Earthqguake Loading," by P.P. Martin and H.B., Seed - 1978 {PB 292 835)A04

"Optimal Design of an Earthquake lsolation System,” by M.A. Bhatti, K.S, Pister and E. Polak - 1978
(PB 294 7353706

“MASH - A Computer Program for the Non-Linear Analysis of Vertically Propagating Shear Waves in
Horizontally Layered Deposits," by P.P. Martin and H.B, Seed - 1378 (PB 2383 1l0L)A0S

“Investigation of the Elastic Characteristics of a Three Story Steel Frame Using System Identification,”
by I. Kaya and H.D. McNiven - 1978

"Investigation of the Nonlinear Characteristics ©f a Three-Story Steel Frame Using System
Identification,”™ by I. Kaya and H.D. McNiven - 1978

"Studies of Strong Ground Motion in Taiwan,"™ by Y.M. Hsiung, B.A. Bolt and J. Penzien - 1978

*Cyclic Loading Tests of Masonry Single Piers: volume 1 - Height t6 wWidth Ratic of 2," by P.A. Hidalgo,

R.L. Mayes, H.D. McNiven and R.W. Clough =~ 1978
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"Conservatism In Summation Rules for Closely Spaced
Modes,™ by J.M., Kelly and J.L. Sackman - 1979
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R.L, Mayes, H.D., McNiven and R.W. Clough - 1979
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Banerjee, H.B. Seed and C.K, Chan - 1979
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Walls,"” by J.M. Vallenas, V.V, Bertero and E.P.
Popov - 1979
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