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E~rthquake Response of 30-Story Building During the loma Prieta
Earthquake
T. Kagawa and M. A. AI-Khatib
Wayne State University, College of Engineering, Detroit, Michigan

·
• The
SYNOPSIS A 30 story building supported by 828 piles had been subJected
to t h e Loma Prieta earthquake
d
t d in
and1989
recorded
building was heavily instrumented by strong-motion devices.
This study analyzed and compare . compu :io
Computed
responses of the building by using the state-of-the-art techniques for dynamic pile-group J..nterac
n.
results were in good agreement with recorded ones.

INTRODUCTION
This paper presents observed and computed responses
of a pile-supported building in Emeryville, California to the Lema Prieta earthquake.
The building is a 30-story ductile moment resisting
frame structure with a 5-ft.-thick concrete mat
supported by 828 14-in.-square prestressed concrete piles. The plan and section of the building
are shown in Fig.1.
The building was equipped
with the U.S.G.S. strong-motion instruments that
were successfully triggered by the earthquake
(Maley, et al., 1989). The peak accelerations of
these recorded motions ranged from 0.17g on the
ground-floor to 0.39g on the 30th floor.
The
strong-motion instruments were also located at two
free-field locations. Dynamic responses of this
building have been studied by a few research7rs
in the past (Stephen, et al., 1985). No extens~ve
analyses of this building, however, have been made
with state-of-the-art techniques for soil-pilestructure interaction.
Therefore, this study
provided a unique opportunity for generating a
well-documented case history on seismic responses
of a pile-supported structure.

Fig.1

north west from the center of the building, and
the free-field south motions were recorded about
497 ft south west from the center of the building,
Fig.2. The free-field north instrument recorded
a peak acceleration of 0.232g in the 260-degree
direction and the free-field south records showed
a peak acceleration of 0.. 2 60g in the 2 60-degree
direction. The acceleration time history of the
free-field south record in the 260-deg. direction
is reproduced in Fig.3.
The building was instrumented at four levels;
ground, 13th, 21st and 30th floors.
The strongmotion instrumentation scheme and orientation
within the building are shown in Fig •. 4.
Five
strong-motion instruments were placed on the 13th,
21st and 30th floors that recorded horizontal
accelerations. The ground floor was equipped with
six devices, two for horizontal and four for
vertical acceleration measurements.
The peak
horizontal acceleration was 0. 390g on the 30th
floor and 0.220g on the ground floor.

DESCRIPTION OF THE CASE
Loma Prieta Eyent
The magnitude 7.1 Loma Prieta earthquake occurred
at 5:04p.m. Pacific standard Time on October 17,
1989. This was the largest earthquake to strike
the san Francisco Bay area since the great San
Francisco earthquake in 19 06. The earthquake was
reportedly felt over an area of approximately
400, 000 square miles, from Los Angeles on the south
to the Oregon-California State line on the north,
and to the western Nevada on the east.
Within
about 13 seconds of seismic shaking of the region
extending from Monterey Bay to northern San
Francisco Bay, the Lema Prieta earthquake resulted
in over $6 billion property damage.

Building Characteristics
The building is a 30-story ductile llloment resisting
frame structure ~ith a total height of approximately.3~2 ft., !~g.1. The building contains 583
condom~n~um
un~ts.
The
building
plan is

Reco.rded Motions
The strong-motion recordi~g instrument at . the
Emeryville site was operat1onal. The free-f~eld
north instrument was located approximately 158 ft
Third International Conference on Case Histories in Geotechnical Engineering
Missouri University of Science and Technology
http://ICCHGE1984-2013.mst.edu

Plan and Elevation of the Building
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of the garage area consisted predominantly of these
clean sands. However, the upper several feet of
fill encountered in most of the borings drilled
in the southern half of the garage area were more
heterogeneous, clayey and gravelly. The thickness
of the fill layer is also greatest in this southerly
garage area. For improved seismic performance of
the site the medium dense sand fill in the building
and gar~ge areas was densified by the vibroflotation method.
The fill is generally underlain by several feet
of highly compressible, soft, recent Bay Mud. The
base of the Bay Mud layer typically occurs at about
elevation -10 ft. in the area of the building and
the northern 300 ft. of the garage, and about
elevation-15ft. in the southern area of the site.
The very stiff, silty and sandy clays and dense
sand and gravel strata below the Bay 1-Iud generallyhave high strengths and low compressibilities.
However, occasional layers of a moderately compressible silty clay, known as Old Bay Mud, are
found to depths of about 70 ft. beneath the site.
Ground-water table underlies the site at an average
depth of about 5 to 6ft. below the original surface
grade, or at about elevation 3 to 4ft ••

Site and Soil Boring Plan

axisymmetric with three wings of 12 o degrees apart
connected together by a central core. The central
core contains two elevator shafts and each wing
contains a stairwell.
A five-level parking
structure is non-structurally attached to the West
Wing of the building, Fig.2.
Site Cbaracteristics
The site is located in an area which was developed
by placing fill over a former tideland of the San
Francisco Bay. Historical shore-line maps for the
site vicinity indicate that the original bay
shore-line was located approximately 1500 ft. east
of the site. Filling in the area east of the site
began around 1900.
Fill placed from the late
1800's to the mid 1930's gradually pushed the
shore-line westward; the fill material consisted
of soil containing considerable amounts of trash
and rubble waste products. However, beginning in
the mid 1930's, during construction of the existing
Eastshore Freeway, a relatively clean sand fill
was placed by hydraulic pumping to raise those
areas which had not yet been filled with the mixture
of soil and waste products.
The subsurface soil data, including soil borings,
trenches and laboratory soil test results for the
site were available from the geotechnical studies
by Woodward-Clyde Consultants (Woodward-Clyde
Consultants, 1979, 1981). The soil borings were
drilled to depths ranging from 22 to 126 feet.
The laboratory tests included moisture content,
dry density, unconfined compressive strength and
grain-size analyses.
Figure 5 shows the interpreted soil profiles at
the site. These profiles show the soil stratification along the cross section that runs nearly
north-south. The fill layer at the site ranges
from about 10 to 20 feet in thickness, and consists
predominantly of clean, medium dense, fine sands,
with occasional lenses and thin layers of soft
silty and sandy clays, and only minor amounts of
rubble, roofing paper, linoleum, bricks and concrete chunks.
These sands correlate with the
hydraulically placed sand fill described above.
The fill encountered in most of the soil borings
drilled in the building area and the northern half
Third International Conference on Case Histories in Geotechnical Engineering
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Foundation Characteristics
The building is founded on a 5-ft. -thick reinforced
concrete mat that is supported by 828 14-in. -square
prestressed concrete piles. The foundation for
the adjacent parking garage is supported by
12-in.-square prestressed concrete piles, but the
garage foundation is structurally separated from
the building foundation by expansion joints. The
base of the foundation is located at elevation 5
ft., which is above the seasonal average of the
ground-water table.
The foundation plan and the locations of structural
column and foundation piles are shown in Fig.6.
Each column is supported by a pile group with the
number of piles ranging from 10 to 29.
The
center-to-center spacing between two adjacent
piles is approximately 3 times the pile width.
The pile length is typically 70 ft., and the piles
are tipped into the very dense silty clayey sands
and gravel layer at elevation-70ft ••
SOIL-PILE-STRUCTURE MODELING
Wmped-Mass Model of the Building
The basic model of the building was constructed
as a system of three-dimensional frames inter548
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connected by floor diaphragms which are rigid in
their own planes and fixed at the ground-floor
level. Frame axes are perpendicular to each other
and the three-dimensional properties of each column
were captured by both the intersecting frames.
The structural joints where columns and beams
intersect are assumed to be rigid. The rigid ends
were measured from the intersecting member center
line to the face of that member. The structure
was modelled so that the beam center lines of a
floor were all in the same plane and column lines
all unstaggered throughout the building. The west
wing base level is lower than the level of the
core and other wings.
The general-purpose computer program PATRAN was
used as a pre- and post-processor and the computer
code ABAQUS was used for structural analysis.
There were 2304 nodal points in total, with 5500
beam columns and wall elements. All elements were
assembled into planar frames.
The internal
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Soil Parameters

stiffness at such frame was then transformed to
the three degrees of freedom; 2 translational and
1 rotational at the center of stiffness at each
floor level.
A lumped-mass model was developed from the
structural model. In the model, element properties
were based on the gross concrete areas of beams
and columns. The elevator shafts and the staircase
were neglected, since they were considered to be
secondary components that act independently from
the floor diaphragm.
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The weight of the building was calculated separately for the wings and the core at each floor.
The beam and column dimensions were obtained from
the building blue prints. The weight of the bare
structure of each story was computed. The dead
load precast concrete claddings, glass material
and partitions, a three quarter inch masonry finish
on top of the concrete were also added to the dead
load. The translational mass was lumped by summing
all the components of the respective floor. These
individual floor translational masses were then
lumped at the lateral degrees of freedom at 4th,
7th, lOth, 13th, 15th, 18th, 21st, 24th, 27th and
30th floor.
Dynamic Soil Parameters
The major soil parameters required for this study
included the dynamic stiffness and damping factors
of soils.
Available soil boring data were compiled and
interpreted to establish a representative soil
boring profile of the site, Fig. 7. Available soils
data included only soil descriptions, SPT blow
counts, water content data, consistency information
and unconfined compressive strengths.
Therefore, the shear-wave velocities of soils were
first estimated from available static test results,
descriptions of soils and SPT blow counts, N:

be determined by separately evaluating 1) the
inertial interaction between the structure and its
foundation and 2) the kinematic interaction between
the foundation piles and surrounding soils.
The
inertial interaction represents the soil-structure
interaction due to the inertial properties of the
superstructure. The inertial interaction may be
determined by representing the pile foundation by
a set of discrete springs and dashpots and then
by subjecting the structure supported by these
springs and dashpots to seismic input motion. The
seismic input motion to be used in this assessment
is the motion of the pile foundation, computed in
the kinematic interaction analysis.
The discrete foundation springs and dashpots were
estimated first for the 5-ft foundation mat only
and then for the 828 piles only.
The numerical values of the springs and dashpots
for the 5-ft mat were estimated from the lumpedparameter analogs based on elastic half-space
theories.
Textbook spring and dashpot formulae
for circular surface foundations were used for
this purpose (Richart, Hall and Woods, 1970). The
representative shear modulus of the soil was
determined from the average of the converged shear
moduli of the top 30 ft. of the soil column in
our site-response analysis.
The shear modulus
thus estimated was 1000 ksf. The Poisson's ratio
of the soil layers was chosen to be 0.4.
The dynamic stiffness and damping of the 828 piles
were determined next by the computer programs PAPGV
{Kagawa, 1991a) and PAPGH (Kagawa, 199lb). These
methods are based on superposition of ring-loading
solutions for the thin-layer, dynamic finiteelement method.
The shear moduli and damping
values for this analysis were the converged ones
in our site-response analysis.
The dynamic
stiffness and damping values of the 828 piles for
the lateral and rocking vibrational modes are
normalized by corresponding static group stiffness
values and are shown in Figs.9 and 10.
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The shear-modulus reduction and damping curves for
sandy soils used in this study were those proposed
by Seed, et al. (1986). These curves represent
typical average trends for many sandy soils. For
clayey soils the ones compiled by the senior author
were used (Kagawa, 1992). These clay curves are
based on a number of resonant-column and cyclic
simple-shear tests on normally to lightly overconsolidated marine clays.
The mean trends of
these compiled data are shown in Fig.8, together
with those for sandy soils.
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Inertial Interaction Models
Seismic response of a pile-supported structure may
Third International Conference on Case Histories in Geotechnical Engineering
Missouri University of Science and Technology
http://ICCHGE1984-2013.mst.edu

4.0

2.0

8
Frequency, Hz.

12

Fig.10 Rocking Stiffness and Damping
550
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Kinematic Interaction Models
The kinematic interaction represents modifications
of a free-field motion due solely to the existence
of piles.
Due to the difference in stiffnesses
of soils and piles, the motion of the pile will
be different from the free-field motion.
our
experience shows that the kinematic interaction
is usually small for seismic problems and it has
small effects on structural responses.
This is
because most foundation piles are sufficiently
flexible in the lateral directions and piles follow
the movements of surrounding soils at the frequencies of interest in seismic problems.
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The foundation involves a 5-ft. mat supported by
a pile foundation. Therefore, an attempt was made
to approximately modify the recorded free-field
motions for the effects of the kinematic interaction. A series of dynamic pile-group analyses
were made first to assess the effects by the program
PAPGH. This analysis revealed negligible kinematic
interaction effects for the pile foundation for
frequencies up to about 5 Hz. A series of siteresponse analyses were made next to estimate the
kinematic interaction between the 5-ft mat and the
foundation soils.
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The soil parameters used in our site-response
analyses ·by SHAKE are summarized in Fig.7.
The
soil profile at the project site was represented
by 28 soil layers underlain by a visco-elastic
half space representing the base rock. The depth
to the bed rock at this site was considered to be
about 300 ft .•
The total thickness of the soil
layers excluding the elastic half space was 280
ft .. The elastic half space was assumed to have
a shear-wave velocity of 8000 ft. jsec. and a total
unit weight of 150 pcf.

260

350

260

North

North

South

350
South

0.232
0.152
0.231

0.182
0.125
0.185

0.260
0.161
0.248

0.211
0.088
0.201

Table 1 Results of site-Response Analysis
computed peak accelerations are nearly identical
to those of the recorded free-field motions, but
the computed seismic input motions have slightly
lost short-period amplitudes and gained longperiod amplitudes due to the kinematic interaction
effect.

A deconvolution analysis was first made to estimate, from the recorded free-field surface motions,
profiles of ground motions at the site. Computed
motions at depth (at the top of the elastic half
space) were then input to the same soil column,
but now the stiffness and the mass properties of
the top 5 ft. of the soil column were replaced by
those of solid concrete to approximate the existence of the 5-ft. mat. The interaction effects
in the computed seismic input motions are of course
overestimated, but this evaluation method is
expected to yield reasonable results when the
method is used in a parametric study to identify
the significance of the kinematic interaction
effects.
The predominant periods of the recorded free-field
motions were 0. 78 sec. and o. 69 sec. for the 260and 350-deg. south components.
The computed
fundamental periods of the soil column were 1.04
sec. and 0.98 sec. for the 260- and 350-deg. south
components. The peak accelerations of the recorded
free-field motions and of the deconvoluted motions
at the top of the elastic half space (at a depth
of 280 ft.} are summarized in Table 1.
Table 1
shows relatively small site amplifications. This
is due to the reasonably stiff soils deposited at
the project site.
With the deconvoluted motions at the top of the
elastic half space, the next series of siteresponse analyses was made to approximately obtain
the kinematic interaction effects.
The peak
accelerations of the motions at the top of the
solid concrete layer are summarized in Table 1
and the acceleration response spectra of the
computed seismic input motions and the recorded
free-field motions are compared in Fig.11.
The
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COMPARISONS WITH OBSERVED RESPONSES
Introduction
The following four cases were first selected to
compare computed and observed responses of the
building:
The foundation was approximated by a circular
mat. The recorded free-field motion was used as
input motion (Model 1). The modified free-field
motion was used as input motion (Model 2),
The foundation was represented by 828 piles. The
recorded free-field motion was used as input
motion (Model 3). The modified free-field motion
was used as input motion (Model 4).
In addition to Models 1 through 4, Models 5 through
8 were established and analyzed. These additional
cases involved the two foundation models as in
Models 1 through 4 and the free-field motions
generated from the outcrop motions recorded at
rock sites in the Bay area that are located about
the same distance (approximately 95 km} from the
epicenter as the Emeryville site. The conditions
for Models 5 through 8 are summarized below:
The foundation was approximated by a circular
mat.
The free-field motion estimated from the
San Francisco Cliff House record was used as
input motion (Model 5). The free-field motion
estimated from the Yerba Buena record was used
as input motion (Model 6).
The foundation was represented by 828 piles. The
free-field motion estimated from the San
Francisco Cliff House record was used as input

551

motion (Model 7). The free-field motion estimated
from the Yerba Buena record was used as input
motion (Model 8).
Since the discrete foundation springs and dashpots
for the inertial interaction are frequencydependent,
our
soil-pile-structure response
analysis was made in the frequency domain.

Peak Acceleration, g
21st
13th
1st
30th
Model1 0.576
Model2 0.373
Model3 0.640
Model4 0.397
Model5 0.500
Model6 0.339
Model7 0.503
ModelS 0.341
Observ. 0.378

Frequency Responses
The frequency response of the soil-pile-structure
system was estimated by taking the ratios of Fourier
amplitudes of recorded motions.
This analysis
showed resonant frequencies at 0.15 Hz, 0.35 Hz,
1.0 Hz and 1.65 Hz. our analysis indicated that
0.15 Hz is for the rocking vibration of the system
and the remaining frequencies are related to the
lateral translational modes of the building.
We confirmed that the dynamic structural properties
used in this study reproduced the above resonant
frequencies for the lateral translational modes
(0.35, 1.0 and 1.65 Hz). The rocking frequency
of the soil-pile-structure system was mainly
controlled by the rocking stiffness of the foundation system, and the frequency was reproduced
reasonably well in our models.

0.124
0.094
0.200
0.230
0.138
0.164
0.221
0.165
0.244

0.347
0.211
0.414
0.262
0.247
0.152
0.279
0.160
0.259

0.264
0.313
0.283
0.305
0.181
0.179
0.199
0.184
0.213

Table 2 Computed and Recorded Responses

30th Floor, 260 deg.
10~--------~--------~--------~

Time-History Responses
Computed and observed peak acceleration profiles
of the building in the 260-deg. direction are
summarized in Table 2. Models 3 and 4 are shown
to yield profiles that better approximate observed
results than Models 1 and 2 •
Use of recorded
free-field motion as input motion resulted in
overestimation of peak accelerations at the 30th
floor.
The peak acceleration profiles computed
by using the estimated free-field motions (from
the San Francisco Cliff House and the Yerba Buena
records) give very reasonably results.
Figure 12 compares the acceleration response
spectra of computed and observed motions at the
30th and the ground floors for Models 1 through
4.
The comparison indicates that the modified
free-field motion yielded too much long-period
amplification at the ground floor and that the
overall spectral shapes for the 30th floor from
Models 3 and 4 agree well with observed results.
The peak base shear was also computed. The peak
base shear was 1.26e+7 lbs for Model 1, 0.577e+7
lbs for Model 2, 1. 46e+7 lbs for Model 3 and 1. 71e+7
lbs for Model 4. These correspond to base-shear
coefficient values of 0.07, 0.03, 0.08 and 0.10,
respectively. The mat approximation resulted in
significant underestimation of base shear.
The
results are shown to be sensitive to input motion.
The peak base-shear values for Models 5 through
8 were consistent with those for Models 1 through

O.Q1 +----r---r-r-......,-n+--.---.--,....,-r-rnrl----r--,.--.-,...,...,.,..M

0.01

0.1

1

10

Undamped Natural Period, sec.
Ground Floor, 260 deg.

0.01 +----r---r--r-.,-,rn+---r---r-r-r-TTTrl----r---r-r-TTT-rrJ

0.01

0.1

1

10

Undamped Natural Period, sec.

CJ

Recorded +
Model-3
x

Model-1
Model-4

*

Model-2

4.

Fig.12 Computed and Recorded Responses
SUMMARY AND CONCLUSIONS
This study yielded several important conclusions.
A relatively simple foundation model (i.e., mat
approximation) provided reasonable predictions of
seismic responses of the building when the foundation springs and dampings were realistic. Also
correct assessment of inertial interaction and of
kinematic interaction was required to obtain
accurate predictions of responses of the building.
It should also be noted that the computed peak
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base shear was sensitive to inertial interaction
and to the characteristics of the input motion for
response analysis.
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