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This paper describes the ground motion selection process and reports observed seismic site response and SFSI effects during a dynam-
ic centrifuge test (Test-1). The centrifuge test is the first in a series of tests examining the effects of SFSI in dense urban environments.
The objective of Test-1 is to examine SFSI effects for two structures that are located a significant distance apart and essentially iso-
lated. The model structures represent a three-story building founded on spread footings and a nine-story structure founded on a three-
story basement. The structures are sited on a dry, dense bed of Nevada Sand. The centrifuge model is subjected to a series of shaking
events that represent near-fault and “ordinary” ground motions at a site in Los Angeles. Results show that site periods degrade as
ground motion intensity increases with more pronounced degradation observed for near-fault ground motions as compared with ordi-
nary ground motions. Additionally, the results indicate the importance of kinematic effects of embedded structures when considering

SFSI effects.

INTRODUCTION

Dense urban environments are composed of city blocks that
contain clusters of closely spaced buildings. During earth-
quake events, seismic waves propagate through the ground
and interact with the foundations of the buildings, and the
foundations then in turn interact with the superstructures. Soil-
foundation-structure interaction (SFSI) is the term used to
describe this phenomenon. It is common to split SFSI into two
mechanisms — inertial interaction and kinematic interaction.
The seismic-induced structural vibrations interacting with the
foundation and soil cause inertial interaction. Kinematic inte-
raction is caused by a stiff foundation in the soil, which causes
the earthquake motions to deviate from those remote from the
structure. SFSI has received much attention in the literature
for individual structures. For example, Stewart et al (1998)
summarize inertial interaction SFSI analysis methods for indi-
vidual structures, which are repeated in FEMA-440 (FEMA
2006). Kim and Stewart (2003) provide a method for analyz-
ing kinematic interaction SFSI effects.
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Notably, for structures located in dense urban environments,
the assumption of buildings being isolated from each other is
invalid, and can lead to erroneous results. Therefore, consider-
ation of the interaction of soils, foundations, and structures
requires a more holistic approach. The phenomenon of adja-
cent structures interacting with each other through the ground
supporting their foundations is commonly referred to as struc-
ture-soil-structure interaction (SSSI). Described in this paper
is the first in a series of dynamic centrifuge tests designed to
examine the effects of SSSI in dense urban environments. The
paper summarizes the ground motion selection process for the
test as well as observed geotechnical responses and SFSI ef-
fects. A primary objective of Test-1 is to examine SFSI effects
for two structures that are located a significant distance apart
and essentially isolated. A companion paper by Chen et al
(2010) describes important structural details of Test-1 and
observed structural response.

For earthquake engineering, the term free-field is often used,
and we define it here to avoid confusion. The term is often
reserved to describe sites located a significant distance from a



structure that causes wave scattering. Trifunac (1972) found
that for an accelerometer to be considered in the free-field, it
needs to be located a distance of at least an order of magnitude
larger than the characteristic foundation dimension (B). For
Test-1, achieving a free-field condition by the Trifunac (1972)
criteria is impossible given the size of the two structures and
the size of the centrifuge soil container (i.e., the distance be-
tween the two models is 30 m, which is about three times the
basement foundation size). Thus, the term “free-field,” as used
in this paper, represents: “as free-field as possible given the
modeling constraints.”

LITERATURE REVIEW

In the early to mid-1970s, researchers investigated the effects
of SSSI for shear walls and developed analytical expressions
for foundation-level displacement amplitude and base shear.
For example, Luco and Contesse (1973) found that SSSI ef-
fects need to be considered in the case of a small shear wall
founded nearby a large shear wall. Wong and Trifunac (1975)
conducted similar studies while examining the influence of
non-vertically incident SH-waves and additional shear walls.
Both studies concluded that SSSI effects are important when
considering the normal frequency range of earthquake ground
motions and the arrangements of structures found in dense
urban environments. Simplifying assumptions required to de-
velop the analytical procedures used in these studies included:
the foundations are rigid and semi-circular; the soil is an elas-
tic, homogeneous, isotropic half-space; the foundations are
perfectly bonded to the soil; and the direction of the shaking is
perpendicular to the plane of the building array.

Recent studies have employed analytical procedures with less
restrictive assumptions. Qian and Beskos (1995) developed a
boundary element method (BEM) model for considering inte-
raction between adjacent, massless foundations. Mulliken and
Karabalis (1998) developed a lumped mass model to consider
ground-motion induced interactions between adjacent, mass-
less foundations. More recently, other researchers have ex-
panded the analytical methods to include pile foundations
(e.g., Padron et al 2009). Other researchers (e.g., Wirgin and
Bard 1996, Clouteau and Aubry 2001, Ghergu and lonescu
2009) have considered how certain arrangements of typical
structures in dense urban environments affect ground motion
propagation. These researchers developed analytical tools for
evaluating how seismic waves scatter in dense urban environ-
ments. These studies found that neglecting the wave scattering
effects of the urban environment, and only considering free-
field ground motions, can lead to erroneous results, especially
for soft soil sites. Although these studies have developed im-
portant insights, their applicability in practice is hampered by
the lack of observational data to validate the underlying theo-
ries and calibrate the analytical procedures.

RESEARCH PROGRAM

As part of this research program, a series of geotechnical-
structural centrifuge tests are being used to provide measure-
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ments of SSSI effects. The results and insights gained from
these tests will be used to evaluate current SSSI procedures. A
goal is to then develop and calibrate improved, robust numeri-
cal models, which after calibration, can be used to generalize
the results from the centrifuge experiments. Eventually, these
generalized experimental results can be employed to develop
simplified analytical procedures for incorporating SSSI effects
into earthquake engineering hazard analyses.

The authors recently completed two centrifuge tests at the
Center for Geotechnical Modeling (CGM) located at the Uni-
versity of California at Davis (UCD), which is one of fourteen
Equipment Sites in the George E. Brown Jr. Network for
Earthquake Engineering Simulation (NEES, www.nees.org).
Test-0 is used to develop an appropriate suite of earthquake
ground motions for the project. Test-1 is the baseline test for
the series. The goal of Test-1 is to understand the seismic re-
sponse of two "isolated" structures that are located far enough
apart that interaction is minimal. The structural models
represent a three-story frame-braced structure on spread foot-
ings (MS1F_SF80) and a nine-story frame-based structure on
a three-story basement (MS3F_B). Both Test-0 and Test-1
employ dry, dense Nevada Sand, which is placed at an initial
relative density equal to approximately 80 percent.

Although centrifuge testing is widely accepted in geotechnical
engineering, it is employed less in structural engineering re-
search. Centrifuge experiments are invaluable for capturing
effects in problems with materials that have stress-dependent
engineering properties such as soil. Kutter (1995) states that
the overarching objective of geotechnical centrifuge testing
“...is to establish in a reduced scale model identical strength,
stiffness and stress as that which exists in a much larger proto-
type.” The size of the SSSI model is small (i.e., the actual
measurements of the soil model used in Test-1 are 1652 mm
long, 790 mm wide, and 536 mm thick). The prototype scale is
what the increased gravitational field of the centrifuge creates.
Test-0 and Test-1 were spun to achieve 55 g (i.e., a scale fac-
tor of 55). Length is scaled linearly with the scale factor;
therefore, the dimensions of the soil deposit in prototype scale
are 90.9 m long, 43.4 m wide, and 29.5 m thick. Table 1 pro-
vides a summary of important scaling factors for centrifuge
testing. With properly scaled stresses in the soil model for a
prototype soil deposit that is 29.9 m thick, realistic stress-
dependent soil and SSSI responses can be captured in the cen-
trifuge. All measurements in this paper are presented in proto-
type scale, unless otherwise noted.

Table 1. Important Scaling Factors Test-1

Model Dimension/

Quantity Prototype Dimension
Density 1

Dynamic Time 1/55

Force 1/552
Frequency 55

Length 1/55

Mass 1/55°

Period 1/55

Strain 1

Stress 1




GROUND MOTION SELECTION

Centrifuge researchers have noted the importance of using a
suite of realistic ground motions when studying dynamic phe-
nomena (e.g., Kutter 1995). The use of simplified sinusoidal
base motions with limited frequency content can overemphas-
ize some results and underemphasize others; therefore, this
project utilizes a suite of modified recorded earthquake ground
motions. This section describes the details of the process used
to select ground motion for this study.

Ground motions are selected from the PEER ground motion
database (www.peer.berkeley.edu) using design response
spectra that were created following guidelines presented in the
upcoming 2010 ASCE Standard 7. The 2008 probabilistic
seismic hazard analysis (PSHA) tool developed by U.S. Geo-
logical Survey (http://eqgint.cr.usgs.gov/deaggint/2008/) and
deterministic seismic hazard analysis (DSHA) using the Next
Generation Attenuation (NGA) relationships (Power et al
2008) are used. The project emphasizes near-fault, forward-
directivity ground motions (Somerville et al 1997) because a
dense urban area of Los Angeles was selected for the project
location (N34.082 W118.224). “Ordinary” ground motions
(i.e., those that occur at distances greater than 15 km from the
site and do not show signs of forward-directivity) are also in-
cluded as they too are potentially damaging and expected at
the site. The design response spectrum is updated to include
near-fault effects from reverse faults by using guidance from
Somerville et al (1997), Spudich and Chiou (2008), and
Huang et al (2008). The near-fault ground motions are defined
based on their pulse-like qualities, as described by Bray et al
(2009) and Baker (2007). Researchers at the CGM use the
term “desired motions” to refer to the ground motions chosen
at this stage.

The desired ground motions are converted into target ground
motions that are safe to use in the centrifuge by filtering out
potentially damaging frequencies (resonant frequencies of the
centrifuge equipment). In the case of the UCD centrifuge, da-
maging frequencies are 5 Hz and 18 to 20 Hz. Additionally,
for the more intense near-fault ground motions, frequency
content in the range between 100 and 110 Hz were removed
because this range excited another mode of the centrifuge
equipment. A fifth-order high-pass Butterworth filter with a
corner frequency of 10 Hz filters out the damaging first mode
frequency band, and a fifth-order notch Butterworth filter with
corner frequencies of 14 to 24 Hz filters out the damaging
second mode frequency band. When necessary, a similar notch
filter is also used for the 100 to 110 Hz frequency range. The
resulting motion’s acceleration values are multiplied by 55
and the time values are divided by 55 to convert them to mod-
el scale to produce the target motions, which become the
command motions for the shaker once converted to voltage.

A frequency-domain transfer function must be applied to the
command motion to boost the high-frequency content (which
the shaker has the most difficulty producing) and ensure that
the achieved motion matches the target motion within a rea-
sonable tolerance. For these purposes, a generic transfer func-
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tion is usually employed based on experience with the centri-
fuge shake table. For this project, however, an initial calibra-
tion centrifuge test (Test-0) was performed to create a suite of
target motions that match the achieved motions using three
iterations of motion-specific transfer functions. This well-
calibrated suite of eight ground motions have been used by
other researchers performing tests at UCD at or near 55 ¢
(Brandenberg, personal communication, 2009). Figure 1
shows the difference between the desired, target, and achieved
motions obtained from Test-0 for two different motions. The
JOS desired motion is well captured by its achieved motion;
whereas the high-period energy of the SCS desired motion is
reduced somewhat in its achieved motion.
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Fig. 1. Comparison of Different Types of Centrifuge Ground
Motions: Desired, Target, Command and Achieved for the (a)
1992 Landers Joshua Tree motion; and (b) 1994 Northridge
Sylmar Converter Station motion (5% damping)

The order of ground motions is chosen based on expected
damage to the structures. In this case, an estimate of maximum
ductility demand and associated number of inelastic cycles is



used as a proxy for tracking the expected structural damage
(Chen et al 2010). A finite element model of the two struc-
tures used in Test-1 is created using the finite element pro-
gram OpenSees (Mazzoni et al 2009). Each building responds
differently; therefore, the maximum ductility demand is esti-
mated for both structures and the maximum of these two val-
ues is used to determine the ground motion order. Strain gaug-
es as well as cameras aimed at the hinges monitored the struc-
tural integrity of the beams during centrifuge testing. The
damaged beams were replaced with new beams before damage
became too severe to render the results meaningless (Chen et
al 2010).

The OpenSees analyses require free-field surface acceleration-
time series. Many of the Test-0 motions were found to be too
intense, so they needed to be deamplified for use in Test-1.
The equivalent-linear seismic site response program
SHAKE2000 (Ordonez 2008) is used to help create the deam-
plified time series. Using the input base motions and recorded
surface motions from Test-0, a deconvolved shear wave veloc-
ity profile is created such that the surface acceleration re-
sponse spectra predicted by SHAKE2000 matches what is
recorded in Test-0 within a reasonable margin. The Seed and
Idriss (1970) modulus reduction (upper bound) and damping
(lower bound) curves for sand are used and the unit weight is
assumed to be 16.7 kN/m®. The bedrock is assumed to be a
linear half-space, and thus has no modulus reduction or damp-
ing. Figure 2 shows the deconvolved shear wave velocity pro-
file and Fig. 3 shows the comparison between SHAKE2000
results and recorded Test-0 results for two motions.

Shear Wave Velocity (m/sec)

0 100 200 300 400

” L

1 o

20 1

Depth{m)
)

25 1

30

Fig. 2. Assumed Shear Wave Velocity Profile for SHAKE2000
Modeling

Input motions from Test-0 are scaled down using a linear scal-
ing factor and then run through the calibrated SHAKE2000
model. The linear scaling factors are changed until the surface
peak ground acceleration (PGA) predicted by SHAKE2000
match reasonably well. Another scaling factor is determined
by dividing the PGA predicted by SHAKE2000 for the surface
motion by the PGA recorded at the surface in Test-0 for the
same motion. This scaling factor is then applied to the ground
motions recorded in Test-0, and it is these ground motions that
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are used for the OpenSees analyses. The decision was made to
use free-field recorded ground motions for all OpenSees ana-
lyses primarily because this is common in structural engineer-
ing practice. Additionally, the hinge model used in the Open-
Sees analyses is simplified and not yet well calibrated; there-
fore, the predicted maximum ductility demand is a relative
index of damage. For more details about the OpenSees analys-
es, see the companion paper by Chen et al (2010).
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Fig. 3. Acceleration Response Spectra (5% damping) of Sur-
face Motions Achieved in Test-0 versus the SHAKE2000 Pre-
dictions for (a) the 1992 Landers Joshua Tree Motion, and (b)
the 1994 Northridge Sylmar Converter Station Motion

Table 2 shows the final order of the ground motions used in
Test-1. Table 3 shows the PGA and peak ground velocity
(PGV) recorded at the base for the ground motions, and their
“type."” The ground motions are divided into four bins based
on whether the motion is near-fault (NF) or ordinary (Ord) and
whether the motion is of lower-intensity (LI) or higher-
intensity (HI). Motions are categorized according to these bins
throughout this paper to help understand seismic response.



Table 2. Ground Motion Sequence for Ground Motions Used

in Test-1

GM # 1D Earthquake Station
1 JOS L 1 92 Landers Joshua Tree 090
2 TCU_L 99 Chi Chi TCUO078 270 (E)
3 RRS 94 Northridge Rinaldi R Sta 228
4 PTS 87 Sup Hills Parachute T S 315
5 SCS_L 1 94 Northridge Sylmar Conv Sta 052
6 LCN 92 Landers Lucerne 260
7 JOS L_2 92 Landers Joshua Tree 090
8 SCS_L_ 2 94 Northridge Sylmar Conv Sta 052
9 WVC_L 89 Loma Prieta Saratoga WV Col 270
10 SCS_H 94 Northridge Sylmar Conv Sta 052
11 JOS_H 92 Landers Joshua Tree 090
12 WPI_L 94 Northridge Newhall W Pico C 046
13 JOS L 3 92 Landers Joshua Tree 090
14 WPI_H 94 Northridge Newhall W Pico C 046
15 PRI 95 Kobe Port Island-Mod-79 m
16 TCU_H 99 Chi Chi TCUO078 270 (E)
17 WVC H 89 Loma Prieta Saratoga WV Col 270

Table 3. Important Test-1 Ground Motion Parameters

Base Base
ID PGA (9) PGV (cm/s) Type
JOS L 1 0.06 8.7 Ord, LI
TCU_L 0.11 11 Ord, LI
RRS 0.39 34 NF, HI
PTS 0.10 14 Ord, LI
scs L1 0.18 20 NF, LI
LCN 0.26 44 NF, HI
JOS L_2 0.06 8.8 Ord, LI
SCS_L_2 0.19 18 NF, LI
WVC_L 0.24 33 NF, HI
SCS_ H 0.57 52 NF, HI
JOS H 0.31 32 Ord, HI
WPI_L 0.37 44 NF, HI
JOS L_3 0.06 8.4 Ord, LI
WPI_H 0.46 49 NF, HI
PRI 0.62 41 NF, HI
TCU_H 0.27 18 Ord, HI
WVC H 0.33 46 NF, HI

" Ord = ordinary, NF = near-fault, LI = lower-intensity, HI =
higher-intensity

TEST-1 EXPERIMENTAL SETUP AND RESULTS

Model Description

The model is constructed with dry Nevada Sand that has a
relative density (D,) of approximately 80%. The sand is un-
iformly graded, fine, and angular with a coefficient of unifor-
mity (C,) equal to 1.06 and a mean grain diameter (Ds,) of
0.15 mm. Phalen (2003) found that Nevada Sand at relative
density of 80% typically has a friction angle between 37° and
42°,

Nevada Sand is mined, and thus its soil properties change with
each batch delivered to the CGM. Importantly, the maximum
and minimum void ratios change; therefore, it is important to
calculate relative density using lab data updated for each
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batch. Cooper Labs performed tests on the Nevada Sand at the
CGM on January 2, 2008. They determined that the specific
gravity (Gg) is 2.65, the minimum void ratio (eyin) is 0.510,
and the maximum void ratio (ena) is 0.748. Based on these
soil properties, the target void ratio to obtain a relative density
of 80% is 0.558, which corresponds to a target unit weight of
16.7 kN/m3. This target is used to calibrate the pluviater to
create the model with a target relative density of 80%.

The soil instrumentation includes vertical arrays of accelero-
meters, which measure the achieved acceleration during the
earthquake motions. The accelerometers are oriented in both
the horizontal (in the plane of shaking) and vertical directions.
Additionally, the soil contains arrays of displacement trans-
ducers. Figure 4 shows an elevation and plan view of the cen-
trifuge model for Test-1 with all the sensor locations marked.
This figure also shows the locations of the foundations and
superstructures. For superstructure details, the reader should
consult Chen et al (2010).
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Fig. 4. Centrifuge Model Used for Test-1 (red circles = hori-
zontal accelerometers; green triangles = vertical accelerome-
ters; blue lines = displacement transducers). All measure-
ments are in meters (prototype scale).

Observed Seismic Site Response

Figures 5 and 6 show the free-field velocity-time series as a
function of depth for the JOS_L 1 motion (lower-intensity,
ordinary) and the SCS_H motion (higher-intensity, near-fault),
respectively. Figure 7 shows the velocity-time series for the
LCN motion recorded at the base. The LCN motion is also a
higher-intensity, near-fault ground motion though notably, it is
somewhat less intense than the SCS_H motion. Correspon-
dingly, Figures 8, 9, and 10 show the free-field pseudo-



acceleration response spectra for the JOS L 1, SCS_H, and
LCN motions, respectively.

Figures 5 and 6 demonstrate expected wave propagation cha-
racteristics; namely, the velocity-time series amplifies as it
moves up through the soil column. Near-fault forward-
directivity (FD) motions typically exhibit distinguishable ve-
locity pulses (Bray et al 2009; Baker 2007). The SCS_H mo-
tion shown in Fig. 6 contains some pulse-like characteristics,
but the higher frequency content introduced by the transfer
function required to replicate the long period aspects of this
record makes its FD pulse less apparent. The FD pulse is bet-
ter seen in the LCN motion shown in Fig. 7.

Figures 8, 9 and 10 present relevant pseudo-acceleration re-
sponse spectra. For the less-intense motion (JOS_L_1), the
PGA increases as the motion approaches and reaches the sur-
face, and for the more intense SCS_H motion, the PGA de-
creases as the motion moves up through the soil profile. For
the medium-intensity LCN motion, the PGA generally in-
creases as the motion propagates through the soil. At longer
periods for the SCS_H motion (i.e., larger than 0.5 sec), the
spectral values increase as the motion propagates to the sur-
face, which is contrary to what is observed for shorter period
responses.
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Fig. 5. Velocity-Time Series in the Free-field as a Function of
Depth (Bottom to Top: Base Elevation, Basement Elevation,
Sixth-Depth Elevation, Surface Elevation) for JOS_L 1
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Figure 11 shows a plot of the recorded free-field surface PGA
versus the input base PGA for the seventeen ground motions.
These plots show how seismic site response changes as a func-
tion of ground motion intensity. For motions with a lower
PGA at the base, a higher PGA is expected at the surface, due
to the soil amplifying the motion. For more intense base mo-
tions, however, soil nonlinearity reduces the soil PGA amplifi-
cation factor, and the surface motion can actually be less in-
tense than the base motion due to the complex effects of ma-
terial damping and other factors. A curve based on the intensi-
ty-dependent short-period amplification factors utilized in the
2006 International Building Code (IBC 2006) is also plotted
on Fig. 6 for comparison. The 2006 IBC curve is developed
using the F, values found in Table 1613.5.3(1) of the code
assuming site class D. The Sg values in this table are divided
by 2.5 in order to “convert” them to input PGA values. Note
that for values of PGA > 0.5 g, the 2006 IBC curve follows the
1:1 line, which is inconsistent with the results from other stu-
dies that indicate that soil nonlinearity should continue to re-
duce the short-period site amplification factors with increasing
ground motion intensity (e.g., Seed et al 1997).

Figure 12 shows a plot of the recorded free-field surface PGV

versus the input base PGV for the seventeen ground motions
used in Test-1. PGV has been recognized as an important
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ground motion parameter when considering near-fault, for-
ward-directivity ground motions (e.g., Bray et al 2009). PGV
values generally fall between the 1:1 line and 2:1 line. Addi-
tionally, a curve created using guidance from the 2006 IBC is
plotted on this figure. The 2006 IBC curve is developed using
the F, values found in Table 1613.5.3(2) of the code assuming
site class D. The S; values in this table are converted to PGV
by multiplying them by a factor of 100 cm/sec-g (i.e., S; = 0.1
g converts to PGV = 10 cm/sec). This scaling factor is devel-
oped by converting the S; value — which represents a spectral
acceleration value at 1 sec — to a spectral velocity (S,) value at
1 sec and then dividing by an S/PGV ratio of 1.65 as sug-
gested by Newmark and Hall (1982). Examining Fig. 12, it
can be seen that the 2006 IBC curve and the data recorded in
Test-1 are in good agreement, though on average, the 2006
IBC curve is slightly conservative.
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Fig. 11. PGA Recorded at the Surface (Free-Field) versus
PGA Recorded at the Base for Test-1 Motions Divided into
Ground Motion Bins. Dotted Line Represents the Line Creat-
ing Using 2006 IBC Guidance (IBC 2006).

80

o ~0

- B0
% e [
2 fLE o
S /
S a0
P
T 20
-

0

0 20 40 60 50

Base PGV (cmysec)

®NF, LI ONF HI ®0rd, LI ©0Ord, HI

Fig. 12. PGV at the Surface (Free-Field) versus PGV at the

Base for Test-1 Motions Divided into Ground Motion Bins.

Dotted Line Represents the Line Creating Using 2006 IBC
Guidance (IBC 2006).

Figure 13 shows the ratio of spectral ordinates between the
surface and the base for the free-field case. The site period (Ts)
of the soil can be estimated based on the peaks in this figure.
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With the exception of the near-fault, lower-intensity ground
motion bin, this figure portrays expected response. Namely,
the site period increases as the ground motions become more
intense. This effect is referred to as a "degrading site period,”
and it is caused by soil nonlinearity. Ignoring interaction be-
tween the shaking apparatus and the specimen, the one-
dimensional site period (T;) can be estimated as 4H/V;, where
H is the thickness of the soil deposit and V; is its equivalent-
shear wave velocity, which is strain-dependent. As the soil is
strained cyclically, its dynamic stiffness decreases, which in-
creases the site period.

The site period degrades on average more for the near-fault
ground motions as compared to the ordinary ground motions.
This response is due to the intense pulse-like quality of the
near-fault motions, which pushes the soil farther into the non-
linear regime. The peak values of the ratio of spectral ordi-
nates also decrease with increasing intensity, and are lower for
the near-fault motions versus the ordinary motions. This is the
same response shown in Fig. 11. It should be noted that the
exceptional ground motion bin (NF, LI) contains only two
motions, which are the same ground motions performed at the
same intensity (SCS_L_1 and SCS_L_2). Therefore, the peak
in response observed at the low period (Ts = 0.17 sec) for the
NF, LI bin is likely not indicative of a larger, more representa-
tive suite of lower-intensity, near-fault ground motions. In
addition, it is noted that the NF, LI curve is tri-modal, and that
the longer-period spike (at a period of around 0.9 sec) follows
the expected trend.
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Fig. 13. Ratio of 5% Damped Spectral Acceleration Ordinates
(Surface/Base) for Four Different Bins of Ground Motions for
the Free-Field Case

Soil-Foundation-Structure Interaction

In this paper, SFSI effects of the two “isolated” structures are
examined by using velocity-time records measured in the soil
adjacent to structures and in the free-field. Figures 14 and 15
show the velocity-time records as a function of depth for the
soil accelerometers located adjacent to the basement of the
MS3F_B structure for the JOS L 1 and SCS_H motions, re-
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spectively (refer to Fig. 4 for instrumentation plan). Figures 14
and 15 can be compared to Figs. 5 and 6 to assess kinematic
interaction effects due to the 3-level basement foundation of
Structure MS3F_B.

Examining Figs. 14 and 15, one may observe that the charac-
teristics of ground shaking are similar at all depths within the
soil but noticeably different than those of the input base mo-
tion. The velocity-time records are similar in shape and ampli-
tude for both the lower-intensity, ordinary JOS L 1 motion
and the higher-intensity, near-fault SCS_H maotion. There are
also subtle yet discernable differences in the amplitude of the
free-field velocity-time records (Figs. 5 and 6) and the veloci-
ty-time records measured near structures (Figs. 14 and 15).
The ground shaking at the surface of the soil adjacent to the
structure with the relatively stiff embedded basement is large-
ly controlled by the shaking characteristics of the basement.
Further, the shaking measured next to the basement is differ-
ent than that measured in the free-field.

Stewart (2000) notes that kinematic interaction is most pro-
nounced at higher frequencies, and thus PGA may be a good
indicator of the amount of kinematic interaction observed.
Table 4 presents PGA values at different soil depths for both
the free-field and near-field cases. Additionally, this table con-
tains values of the ratio between the near-field and free-field
PGA. Note that near-field, in this case, refers to a location
directly adjacent to the structure. As observed in the velocity-
time series, the kinematic interaction effects are less pro-
nounced for the lower-intensity JOS L_1 motion. For the
SCS_H motion, the PGA is slightly amplified near the surface
for the near-field case. However, the PGA is significantly
deamplified for the near-field motion recorded at the bottom
of the basement compared to the free-field, which is expected.

It is easier to distinguish near-fault effects on velocity-time
records, which is why they are the preferred in this paper.
However, since kinematic interaction is more pronounced at
high-frequencies, the acceleration-time records are useful to
compare. There is a practical difficulty with this approach,
however. Because of the higher-frequency content of the acce-
leration-time series, it is harder to distinguish subtle differenc-
es by eye. An alternative is to use the acceleration response
spectrum. Figures 16 and 17 show the acceleration response
spectra for the JOS_L_1 motion and the SCS_H mation, re-
spectively. From these acceleration response spectra, it can be
seen that the SFSI effects are more pronounced at lower pe-
riods, especially for the surface motion. The SCS_H motion
shows more SFSI effects than the JOS_L_1 motion across a
wider period range. Additionally, the SCS_H motion shows
SFSI effects at the bottom of the basement, whereas the
JOS L _1 motion does not. These findings are in line with
findings obtained by examining the velocity-time records, as
discussed earlier.

Importantly, representative buildings in the Los Angeles basin
are normally low-rise to mid-rise with periods between 0.2
and 2.5 sec (Ganuza 2006). Therefore, from Figs. 16 and 17,
we expect SFSI effects to be important for the Los Angeles



building stock — especially the lower-rise buildings. This ob-
servation matches previous experience — which indicates that
stiff (lower-period) structures founded on soft soil experience
the most significant SFSI effects (Stewart et al 1998).
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Fig. 14. Velocity-Time Series in the Near-Field (Adjacent to
MS3F_B) as a Function of Depth (Bottom to Top: Base Eleva-
tion, Basement Elevation, Sixth-Depth Elevation, Surface Ele-
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Fig. 15. Velocity-Time Series in the Near-Field (Adjacent to
MS3F_B) as a Function of Depth (Bottom to Top: Base Eleva-
tion, Basement Elevation, Sixth-Depth Elevation, Surface Ele-

vation) for SCS_H
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Table 4. Free-Field versus Near-Field PGA Response (JOS =
JOS_L_1,SCS=SCS_H;all PGA in g)

Near-field/
Free-field Near-field Free-field
Depth JOS SCS JOS SCS JOS SCS

Surface (0 m) 014 061 | 014 064 | 098 104
Sixth-depth (4.9m) | 0.13 048 | 013 051 | 101  1.06
Basement (11.1m) | 011 049 | 011 044 | 099  0.90
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Fig. 16. Acceleration Response Spectrum (5% Damping) for
the JOS_L_1 Motion Comparing Motions Recorded in the
Free-Field (F-F) versus Motions Recorded in the Near-Field

(N-F).
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Fig. 17. Acceleration Response Spectrum (5% Damping) for
the SCS_H Motion Comparing Motions Recorded in the Free-
Field (F-F) versus Motions Recorded in the Near-Field (N-F).



CONCLUSIONS

Soil-foundation-structure  interaction and  structure-soil-
structure interaction effects in dense urban environments with
closely spaced structures are being investigated. In this paper
we discuss the ground motion selection procedure for the test-
ing program and preliminary results from a recently completed
centrifuge test (Test-1). The importance of the ground motion
selection process for centrifuge testing cannot be overempha-
sized as the input ground motions greatly impact the seismic
site response, the dynamic response of the structures, and re-
sulting SFSI/SSSI effects. Many previous centrifuge testing
programs have employed sine waves or a limited number of
commonly used earthquake motions. Through this study, a
relatively large set of near-fault and ordinary ground motion
records have been developed which can be used in this and
other centrifuge studies at the UCD NEES Equipment Site.

Using these results, seismic site response is studied. As ex-
pected, the site period lengthens as the input ground motions
become more intense and soil nonlinearity increases. Greater
lengthening of the site periods are observed for the intense
near-fault ground motions relative to the ordinary ground mo-
tions. Additionally, amplification of the ground motion as it
propagates from the base to the surface decreases as intensity
of the ground motion increases.

Preliminary near-field versus far-field results are also analyzed
in this paper. The differences between ground response in the
near-field of the nine-story structure and the free-field are in-
vestigated. Comparing the near-field and free-field ground
response highlights the kinematic interaction effects caused by
the deeply embedded basement. The ground shaking at the
surface of the soil adjacent to the building with the embedded
stiff basement was largely controlled by the shaking characte-
ristics of the basement. Importantly, the shaking was different
than that in the free-field. Thus, SSSI effects could be impor-
tant when a smaller structure is situated adjacent to a larger
structure with an embedded foundation.

In Test-2, the same two structures used for Test-1 will be
placed adjacent to one another. This will more accurately
mimic the location of two structures in a typical dense urban
environment. A comparison of Test-1 and Test-2 will shed
light on the differences between SFSI for isolated structures
and SSSI for the more realistic case of adjacent structures. The
reader is encouraged to track the progress of this project at the
project website: http://www.nees-cityblock.org/.
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