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Abstract The structural response of buildings sub-
jected to seismic loads is affected by local site
conditions and the interaction between the structure
and the supporting soil media. Seismic centrifuge
model tests were conducted on two layered clay soil
profiles at 80 g field to investigate soil-structure
interaction and dynamic response of foundation.
Several earthquake-like shaking events were applied
to the models using an electro-hydraulic shaking table
to simulate linear and nonlinear soil behavior. Results
showed that the foundation input motion was signif-
icantly amplified in both models, especially for weak
earthquake motions. Seismic soil-structure interaction
was found to have an important effect on structure
response by increasing the amplification of foundation
input motion. A 3D finite difference numerical model
was also developed to simulate the response of
centrifuge model tests and study the parameters that
affect the characteristics of earthquake at the base of
the structure. The results indicated that the stiffness
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and stratification of the soil profiles had a significant
effect on modifying the foundation input motion.

Keywords Soil-structure interaction - Soil layering -
Centrifuge test - Numerical model

1 Introduction

Local site conditions have a significant influence in the
distribution of damage associated to earthquake.
Recent earthquakes like Kobe (1995), Northridge
(1994), and Loma Prieta (1989) have depicted the role
of local site conditions in changing the characteristics
of the strong motion data. Site conditions influence the
seismic response of structures by soil amplification/
attenuation in which the bedrock motions are modified
during transmission through the overlying soil. Local
site conditions may generate large amplifications and
significant spatial variations of seismic ground
motion, and cause substantially different amounts of
structural damage in the same general area (Sanchez-
sesma 1987). On the other hand, soil-structure inter-
action (SSI) can significantly change the free field
ground motion at the foundation level and the dynamic
response of the structure (Veletsos and Prasad 1989).

High amplification of ground motion and severe
damage to buildings in the 1989 Loma Prieta earth-
quake sequence suggested that the configuration,
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thickness, and composition of the natural materials
had a strong influence on shaking (Bonilla 1991).
Ground failure at Malden Street in Los Angeles during
the 1994 Northridge earthquake, which broke water
lines and damaged foundations, is another example
where the localised weak soils affected the overall
dynamic response of the ground, probably by dynamic
shear in weak clay (Holzer et al. 1999).

In the 1995 Kobe earthquake, the ground motions
were amplified by a factor of 1.5-2 times in the heavily
damaged areas within deep sedimentary layers,
whereas in the reclaimed areas widespread liquefac-
tion occurred and the measured peak accelerations
were the same as those in the rock. This was attributed
to the isolation effect of liquefied soil. This led to the
conclusion that local site effects including those
resulting from soil liquefaction was responsible for
reducing the damage to superstructures particularly
located near coast lines (Tokimatsu et al. 1996). It
shows that having a liquefiable layer trapped between
dense soil layers could be a possible remediation
method against such amplification (Ghosh and Mad-
abhushi 2003).

The effects of soil-structure interaction (SSI) and
nonlinear site response (SR) on the Northridge main
shock and aftershock motions recorded at two build-
ings in the Jensen Filtration Plant were investigated by
Crouse and Ramirez (2003). Nonlinear SR and
kinematic SSI were identified as the main reasons
for the differences observed in the three sets of
building earthquake records, each with clearly distinct
amplitude and duration characteristics. However,
models of inertial SSI, calibrated to the vibration test
data, demonstrated that this phenomenon was of
secondary importance, even when adjusted for non-
linear behavior of the soil and structure.

Aviles and Perez-Rocha (1997) investigated site
effects and SSI during the Mexico earthquake of 1985.
Based on their study, significant effects of SSI have
been identified for medium and long period structures
founded on soft soils. Interaction effects were found to
be larger for tall and slender structures than for short
and squat structures of the same period, and they
decreased as the foundation depth increased.

Most code provisions recommend simplified model
for SSI problem, which ignores significant character-
istics of SSI and local site effect including nonlinear
response and soil layering and inhomogeneity. How-
ever, they acknowledge the need for site specific
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studies for structures on soft soils subject to strong
levels of shaking.

The objective of the research described in this paper
is to evaluate the effect of soil stratification on the
transmission characteristics of the ground motion and
dynamic structural response. Seismic centrifuge test-
ing of layered soft soil deposits was performed using a
geotechnical centrifuge at the C-CORE testing facil-
ities in Newfoundland. Numerical modeling verified
by the centrifuge test results were used to study
stratification effects on amplification of the foundation
input motions. Seismic soil-structure interaction anal-
ysis was performed for earthquakes with different
excitation levels and frequency contents through
different soil profiles.

2 Centrifuge Modeling

Dynamic centrifuge model tests were conducted at
80-g on the C-CORE 5.5 m radius beam centrifuge
located at Memorial University of Newfoundland. An
electro-hydraulic earthquake simulator (EQS) was
mounted on the centrifuge to apply a one-dimensional
prescribed base input motion. A rigid shear beam
model container with inner dimensions of 0.73 m in
length, 0.3 m in width, and 0.57 m in height was
employed to simulate shear beam boundary conditions
for the soil. The centrifuge models comprised two
layered soft to medium soil profiles with different
configurations (RG-03, RG-04). The results were
presented in prototype units unless otherwise noted.

2.1 Centrifuge Model Configuration

Model configuration of both soil profiles in centrifuge
container is shown in Fig. 1. Model RG-03 soil model
consisted of an intermediate medium stiff clay with
shear strength of about 60 kPa with upper and lower
layers of soft clay (S, = 30 kPa). Model RG-04
consisted of lower and upper layers of medium stiff
clay (S, = 60 kPa) and an intermediate layer of soft
clay (S, = 30 kPa). The system models included a
rigid structure and a mat foundation slightly embedded
in the soil. The total thickness of the soil model was
approximately 0.375 m, which simulates 30 m on
prototype scale, based on scaling analysis proposed by
Kutter (1194). The stress and strain have a scaling
factor of ‘1’ (Kutter and al 1994). Therefore, using the
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Fig. 1 Centrifuge model configuration in prototype scale
Table 1 Index properties of glyben samples
Liquid limit Plastic limit Plasticity index Specific gravity Density (kg/m®) Glycerin content (%) Void ratio

50 39.5 10.5 2.73

1770 39 0.94

same material in the model and prototype and placing
the model in centrifuge acceleration field 80 times
normal terrestrial gravity results in the same stress and
strains at homogeneous points. The resulting average
bearing stress at 80 g beneath the structure model is
95 kPa. This stress represents a reasonable simulation
for the load applied by a ten-storey building. All
models were instrumented to measure free field and
foundation accelerations, free field displacements, and
local deformations on basement walls and foundation
slabs. The models were subjected to earthquake
excitations with different accelerations.

Glyben clay with glycerin ratios of 45 and 42.5%
with undrained vane shear strengths of about
30-60 kPa was used here to simulate soft and medium
stiff clay behavior in model tests. Table 1 presents the
physical properties of optimum compaction glyben
clay (Rayhani and El Naggar 2008a). Glycerin and
bentonite were mixed at a ratio of 45%/55% for soft
clay and 42.5%/57.5% for medium stiff clay. The
models were prepared by tamping the soil in layers to
obtain the desired void ratio (90% of maximum dry
density). The homogeneity of each clay layer was
checked by conducting vane shear tests at depth
intervals of 50 mm. The variations of shear strength
were less than 5% for each layer, which shows
reasonable uniformity in samples.

Accelerometers were used to measure the soil
acceleration at different depths and the structure
accelerations. The accelerometers were placed within
the soil bed by tamping the glyben to the required
level, placing the instrument in the desired position
and then adding more soil to the required level. There
were also accelerometers on top of the structure and on
its walls. The system model was also instrumented
with Linear Variable Differential Transducers
(LVDTs) to measure the settlement of the soil surface
and the vertical displacement of the model structure.
For measurement of free field settlements, the extend-
ers from the core of LVDTs rested against tin disks,
approximately 10 mm in diameter.

Estimating the soil shear strength profile is very
important in site response and soil-structure interaction
analyses, especially for large strain and nonlinear soil
response. In the model soils, the applied seismic and
structure loadings could be expected to generate
undrained stress—strain soil response, and it was there-
fore necessary to evaluate the undrained shear strength
of the model soil. T-bar tests were performed at 80 g to
determine a continuous profile of the deposit undrained
shear strength, S,. The T-bar was 31 mm wide and
7.9 mm in diameter and was pushed into the soil at a rate
of approximately 3 mm/s. The results were interpreted
using the plasticity solution for the limiting pressure
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acting on a cylinder moving laterally through purely
cohesive soil, which gives the limiting force acting on
the cylinder as (Randolph and Houlsby 1984):

where P is force per unit length acting on the cylinder,
dis the diameter of cylinder and N, is the bar factor. The
factor N, of the T-bar was considered equal to 10.5 in the
interpretation of the results (Rayhani and El Naggar
2008a). Figure 2(a) shows the T-bar results in the
centrifuge container at 80 g for both test models. The
shear strength for model RG-03 were measured about
40-50 kPa and 60-65 kPa for soft and medium stiff
clay, respectively, and for model RG-04 about
48-52 kPato 6075 kPa for soft and medium stiff clay,
respectively. The shear strength increased slightly with
depth (i.e. with confining pressure) wihthin each layer.

The shear wave velocity profile at different depths
was estimated using established relation between
shear strength and shear wave velocity for glyben
clay (Rayhani and El Naggar 2008a). This relation was
proposed based on the measured undrained shear
strength, S,, and measured shear wave velocity in
resonant column tests. As it can be seen from
Fig. 2(b), the shear wave velocity gradually increased
with depth, within each layer, in both models. The
shear wave velocity varied between 60 and 70 m/s for
soft layers and between 75 and 85 m/s for medium
stiff layers in both models. The mean shear wave
velocity was estimated about 65 and 73 m/s for
models RG-03 and RG-04, respectively.

Three levels of earthquake excitation were desired
for the soil-structure scale model tests. Two low level

Fig. 2 Shear strength and
shear wave velocity profile

Shear Strength (kPa)

accelerations with a PHA of 0.07-0.1 g were targeted
to ensure that response remained in the elastic range.
Two mid range signal with a PHA of about 0.18-0.22 ¢
were desired to impart an intermediate level excitation.
Finally, two strong shaking record with a PHA
0.39-0.54 g were sought to induce nonlinear site and
structure response, typical of design level events in
regions of high seismicity. The earthquake motions
were applied using the electro-hydraulic simulator
described by Coulter and Phillips (2003). Table 2
shows the input excitations, i.e. scaled versions of an
artificial Western Canada Earthquake (Seid-Karbasi
2003) and the actual recordings of the Port Island
downhole array —79 m record north-east component
from the Kobe earthquake. The test data was collected
using a high-speed data acquisition system.

2.2 Test Results

Table 2 lists peak accelerations at different locations
for all shaking events (see Fig. 1): Peak accelerations
generally increased from base to surface. The peak
horizontal acceleration near the surface ranged from
0.12 to 0.57 g for model RG-03 and from 0.14 to
0.56 g for model RG-04. This range of peak acceler-
ation covered both linear and nonlinear response
scenarios. The peak accelerations of the structure were
10-30% greater than the values measured at the soil
beneath the structure. The free field accelerations were
slightly less than those beneath the structure in both
models.

The settlement of soil surface was measured using
LVDTs attached to the model racks and extended
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Table 2 Shaking events and peak accelerations (units in prototype scale, g)

Model Event Base acc. A2 A3 A4 A5 A6 A7 A8 Al2

RG-03 WCL 0.1 0.12 0.12 0.13 0.135 0.15 0.17 0.18 0.19
WCM 0.18 0.21 0.21 0.2 0.21 0.23 0.26 0.27 0.29
WCH 0.36 0.36 0.36 0.36 0.356 0.39 0.41 0.415 0.45
KL 0.07 0.09 0.09 0.1 0.1 0.12 0.14 0.15 0.165
KM 0.22 0.25 0.25 0.26 0.28 0.3 0.34 0.35 0.38
KH 0.49 0.5 0.53 0.47 0.495 0.53 0.57 0.575 0.62

RG-04 WCL 0.1 0.12 0.12 0.155 0.17 0.16 0.175 0.175 0.18
WCM 0.18 0.2 0.2 0.24 0.255 0.235 0.275 0.275 0.29
WCH 0.36 0.35 0.34 0.375 0.36 0.37 0.4 0.42 0.46
KL 0.07 0.1 0.09 0.14 0.145 0.14 0.16 0.17 0.18
KM 0.22 0.27 0.24 0.32 0.33 0.33 0.37 0.38 0.39
KH 0.49 0.53 0.54 0.56 0.59 0.56 0.64 0.66 0.74

WCL Western Canada (weak), WCM Western Canada (moderate), WCH Western Cnada (strong), KL Kobe (weak), KM Kobe

(moderate), KH Kobe (strong)

Fig. 3 Settlements curves RG-03 RG-04
from 1-80 g, before shakin, 0 N 0 -
! g, g g S (N, e Free field-Left
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downward to pads placed at the soil surface. In order to
measure structural settlement, an LVDT was used on
top of the structure. Figure 3 depicts the swing-up
settlement curves from 1 to 80 g for the free field and
structure in prototype scale. The maximum settlement
of the clay models varied from 70 to 90 mm for RG-04
and up to about 140 mm for RG-03 models, which is
similar to those recorded for natural soft clays (e.g.
Fox et al. 2005). However, the vast majority of
settlement occurred as the model swung up from 1 to
80 g. This initial (almost immediate) settlement is
attributed to compaction of glyben. The settlement
measured as the model spun at 80 g until testing
started was negligible and was attributed to consoli-
dation. The rate of consolidation, however, was much
smaller than for natural and artificial clays (e.g.
Bransby et al. 2001) such that consolidation during
testing was negligible and the stress—strain behavior
was considered to be undrained.

Radial Acceleration (g)

3 Experimental Data Analysis
3.1 Amplification of Free Field Motion

Amplification of free field motions were evaluated
from three accelerometers placed along a vertical
plane far from the structure, and a similar setup was
used to evaluate the amplification beneath the struc-
ture. Figure 4 shows acceleration amplification with
depth for all shaking events. The amplification factors
were obtained by normalizing the peak recorded
acceleration at a given elevation by the corresponding
peak acceleration of the base excitation. It can be
inferred that the soil stiffness and layering greatly
impacted the characteristics of the ground motion
through the soil profile. For model RG-03, the surface
amplification factor was 1.7-1.07 for events KL
(amax = 0.07 g) and KH (a,,.x = 0.49 g), respec-
tively. For model RG-04, this factor varied from
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1.03 for KH to 2.0 for event KL. It is interesting to note
that most of the amplification occurred in the soft clay
layers, especially for low earthquake motions. This
observation underscores the importance of consider-
ing the soil layering when evaluating the free field
motion and not just the average of shear wave velocity
in the top 30 m of the soil profile. This is also
highlighted by the low amplification in the KH and
WCH events, which is attributed to softening of the
soft clay as the stress level increased. The amplifica-
tion factor decreased for stronger shaking events in all
soil profiles. This reduction was attributed to nonlinear
soil behaviour in higher amplitudes of motions. Also,
higher peak amplitude of the ground acceleration and
strain levels in the soil is associated with higher
material damping which further reduces the response.

3.2 Seismic Soil-Structure Interaction
Three  piezo-resistive  accelerometers  (model

3022-005g) were located beneath the structure along
a vertical plane; one accelerometer was placed beside

RG-03
0r
sF / /
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Fig. 4 Free field amplification with depth for all shaking events
in both models
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the structure in foundation level; and one accelerom-
eter attached to the building wall to study the soil-
structure interaction effect on ground motion. Spectral
analysis was employed to characterize the frequency
content of the input motion imposed on the structure
and establish the predominant frequency of the
earthquake loading. The transfer function of the site
response (RRS) was used to assess the ground motion
amplification and seismic hazard associated with
different period earthquakes. Figure 5 shows the ratio
of response spectra (RRS) curves or transfer functions,
obtained by normalizing the acceleration response
near the ground surface by those of the base. In
general, the maximum values of RRS for beneath the
structure were higher than those for the free field. This
relative increase was about 10-20% for all earthquake
events, which could be due to the structure feedback
and strong interaction (kinematic) between the soil
and foundation during shaking.

The variation of maximum RRS with base shaking
amplitudes is shown in Fig. 6. The maximum RRS
decreased in both soil models as the earthquake
intensity increased. The peak RRS beneath the struc-
ture was higher than those for the free field, which
shows the strong soil-structure interaction effects on
foundation input motion. The difference between
these values in model RG-03 was higher than RG-
04, indicating more significant effect of SSI in softer
layers. The reduction in maximum RRS for stronger
shakings is attributed to the soil nonlinear response
and its limited ability to transfer stresses to upper
layers as the strength of the soil was reached. The
progressive degradation of soil stiffness due to the
cyclic shear strain amplitude could soften the soil
(Ghosh and Madabhushi 2003). Thus, the system may
undergo resonance at lower shakings while the higher
shakings is being attenuated. Furthermore, at high
strain levels the soil material damping increases as the
earthquake amplitude increases, further reducing the
response.

The inertial soil-structure interaction was evaluated
by comparing readings from accelerometer Al2
(attached to the structure wall) with accelerometer
A8 (adjacent to the foundation). It is noted that A12
experienced higher acceleration (10-20%) compared
to both A14 and A8 for both models, suggesting the
effect of inertial SSI on structural behaviour (Table 2).
The relative increase of structural acceleration was
larger for stronger earthquake events (KH) which
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Fig. 5 Ratio of surface response to the base response spectra
during the WCM event

could be due to the structure feedback and strong
interaction between the soil and structure during
shaking.

3.3 Structural Behaviour

The structural response was recorded by horizontal
accelerometers A8 embedded in soil adjacent to the
structure and A12 attached to the building wall.
Vertical accelerometers were also attached to the
structure top on both sides to measure possible rocking
behavior. Absolute displacements of different points

were obtained by integrating the measured accelera-
tions, and relative movement of different points were
obtained by subtracting their respective absolute
displacements. The maximum relative lateral displace-
ment of the structure is plotted in Fig. 7 for all shaking
events. It can be noted that the movement of structure
was negligible, but increased with the level of shaking.
For example, for the KL event it was about 0.1 mm
(prototype scale) for both models, and for the KH the
calculated values were 1.3-1.8 mm. The relative
lateral movement for RG-03, at stronger shaking
levels, was higher than that for RG-04, which could
be attributed to high nonlinearity in top soft layer.

Permanent settlement of the structure was evalu-
ated from LVDT measurements at the end of each
earthquake loading and is shown in Fig. 8. The
maximum settlement during the earthquake excita-
tions varied from 39 mm for RG-04 to about 41 mm
for RG-03, in prototype scale. This settlement could be
due to yielding of clay layers during earthquake
excitations.

4 Numerical Modeling
4.1 Numerical Approach and Model Properties

A 3-D finite-difference-based program, FLAC3D
(Itasca Consulting Group 2005), was used to develop
the numerical model for the centrifuge model tests and
to simulate their response under seismic loading. The
Mohr—Coulomb plasticity constitutive model was
used to simulate the nonlinear soil behavior. The
failure envelope for this model corresponds to a
Mohr—Coulomb criterion (shear yield) with tension
cutoff (tension yield function). The modeling effort
was focused on matching the observed test results.
Therefore, the model parameters were defined to allow

Fig. 6 Peak RRS for all RG-03 RG-04
shaking events in both 3.5 45 - -
models . ——Free field +gree Ifrlld -
» S * ---a---Beneath structure %) A ---+---beneatn structure
[an o 35¢
o
25 ’i
© % 7
s Ll S 25
15 ‘ ‘ ‘ ‘ 15 : ‘ ‘ ‘ ‘
0 0.1 02 03 05 06 0 0.1 0.2 03 04 0.5 0.6

Peak base acceleration (g)

Peak base acceleration (g)
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Fig. 8 Permanent settlement of structure for all shaking events

for a numerical response representative of that
observed in centrifuge tests.

The soil profile was modeled with continuum
zones, and the building was assumed to be rigid,
which modeled the rigid aluminum foundation in the
centrifuge model tests. Figure 9 shows the finite
difference grid used in the FLAC model for the soil-
structure system. The mesh size and the maximum
unbalanced force at the grid points (i.e., error toler-
ance) were selected on the basis of a series of
parametric analyses to concurrently optimize accuracy
and computation speed. A fixed boundary condition in
the vertical and y directions was assumed at the
numerical grid points on the soil side boundaries,
representing the centrifuge container that was used to
contain the soil at the sides of the model test.

Dynamic soil properties calculated from the cen-
trifuge test results and verified by the resonant column
tests (Rayhani and El Naggar 2008a) were used to
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match with hysteretic damping parameters for nonlin-
ear analysis in FLAC. Adequacy of the matching
process was based on inspection of the recorded and
computed shear modulus and damping at all shear
strain ranges. Table 3 lists the main model parameters
for both soil strata. The interfaces between the
foundation and soil were modeled as linear spring—
slider systems, with interface shear strength defined by
the Mohr—Coulomb failure criterion. The preliminary
interface stiffness components were estimated based
on recommended rule-of-thumb estimates for maxi-
mum interface stiffness values given by Itasca Con-
sulting Group _2005 (ten times the equivalent stiffness
of the neighbouring zone), and then these values were
adjusted by refining the magnitude of k, and & to avoid
intrusion of adjacent zones (a numerical effect) and to
prevent excessive computation time. A reduced value
of the soil cohesion was used for the interface cohesion
(i.e., cgp = 30 kPa in Table 3).

4.2 Simulation Results

Representative simulation results of the WCM event for
model RG-03 at different depths are shown in Fig. 10, in
terms of acceleration time histories and the correspond-
ing response spectra (5% damping) along the soil
profile. The numerical model shows an overall satisfac-
tory match to the experimental results at all accelerom-
eter locations, both in the time and frequency domains.
This confirms that the overall damping of the model
(hysteretic plus Rayleigh) represented the experimental
damping behavior. Similar to the observed behavior in
experiments, the computed response indicated that the
seismic waves were amplified as they propagated from
the bedrock to the surface. However, the calculated
response spectra for periods ranging from 0.2 to 0.5 s
were slightly less than the measured response spectra,
for the region close to surface in both free field and
underneath the structure. This may be attributed to the
approximate modeling of the rigid boundaries (i.e.
container) around the soil mass, and the soil-foundation
interface parameters. The effect of boundary condition
on dynamic response of structure has been presented by
Rayhani and El Naggar (2008b).

4.3 Numerical Parametric Analysis

The characteristics of the foundation input motion are
affected by the properties of the underlying soil
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Fig. 9 Numerical grid and
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Table 3 Major modeling properties of soft and medium stiff
clay

Model parameters Soft clay  Medium stiff clay
p, Mass density (kg/m’) 1,575 1,595

k, Bulk modulus (kPa) 5.7 x 10 9.37 x 10*

G, Shear modulus (kPa) 8.4 x 10° 159 x 10°

v, Poisson’s ratio (kPa) 0.43 0.42

E, Elastic modulus (kPa) 24 x 10* 45 x 10*

¢, Cohesion intercept (kPa) 45 90

Interface properties

cgp, Cohesion (kPa) 30 45

k,, Normal stiffness (kPa/m) 4.5 x 10* 7.6 x 10*
k,, Shear stiffness (kPa/m) 5 x 10> 8 x 10?

through soil amplification and soil-structure interac-
tion phenomena. Parametric studies were performed to
evaluate the effects of soil layering and SSI on
earthquake motion at the base of a structure, consid-
ering different soil profiles and different types of
earthquake input motions.

4.3.1 Effect of SSI on Foundation Input Motion
The effect of soil-structure interaction (kinematic) on

foundation input motion is assessed by comparing the
free field motion and the foundation input motion

(FIM). The deviation of the foundation input motion
from the free-field motion is dependent on the stiffness
and geometry of the foundation and soil properties.
This deviation is expressed by a transfer function that
represents the ratio of foundation and free-field
motions in the frequency domain. Figure 11 shows
the response spectra ratio of underneath the structure
to the free field (SA gni/SA Free field) in model RG-03.
As it can be seen, the foundation accelerations are up
to 27 percent higher than the free field over the
frequency range of 2 Hz to 6 Hz. This behaviour is
similar to estimated soil-structure interaction effects
which have been identified by Aviles and Perez-Rocha
(1997) for structures located on soft soils in Mexico
City during the Mexico earthquake of 1985. These
differences are most pronounced for the WCL and
WCM shaking events. The difference between the free
field ground motion and the foundation input motion
(at the same level) is not significant at frequencies less
than 2 Hz (5-9%). The parametric analyses indicated
that the seismic soil-structure interaction, for the range
of soil parameters considered here, has unfavorable
effects on horizontal ground motions for frequencies
between 2 and 6 Hz.

In order to investigate the effect of layering on
seismic soil structure interaction, a series of analysis
was performed on uniform soil profile with average
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shear wave velocity of 70 m/s and compared with
those layered models. Figure 12 shows the response
ratio of the foundation input motion (FIM) to free field
(FF), in terms of acceleration, for all model during
earthquake WCM (@) = 0.18 g). It is noted that
the response ratio for the uniform soil profile is much
higher than those for layered profiles. It means that the
foundation input motion demonstrates less amplifica-
tion for layered profiles compared with uniform soil
strata with the same average shear wave velocity. This
indicates that soil layering could modify the unfavor-
able effects of SSI at the base of structure in
earthquake prone area. Such behaviour was reported
by Tokimatsu et al. (1996) for Kobe earthquake, in
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which the local site effects reduced the damage to
superstructures located near coast lines.

The effect of inertial soil-structure interaction on
structural response was assessed by comparing the
structural response spectra to the response adjacent to
the foundation. The deviation of the structure motion
from the foundation motion is expressed by a transfer
function that represents the ratio of structure and
foundation motions in the frequency domain. Fig-
ure 13 shows the response spectra ratio of the structure
to the response adjacent to the foundation in all models
during the WCM event (dguqy) = 0.18 g). It can be
seen that the peak response ratio for the structure is up
to 34% higher than that of foundation input motion,
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different models

which could be due to the effect of inertial SSI on
structural response. Results also indicate that soil
layering probably has negligible effect on modifying
the inertial soil-structure interaction.

A series of analyses was also performed on fixed-
base structure and its response was compared with
response of the structure on different soil profiles to
evaluate the effect of SSI (both kinematic and inertial)
on structural response. As it can be seen from Fig. 14,
SSI amplified the fixed-base structural response up to
1.6 g in uniform soft soil during the shaking event of
WCM  (agnayy = 0.18 g). Soil-structure interaction
also increased the natural period of the structure from
about 0.15 s for fixed-base to about 0.3 s for structure
on soil profiles. It is also noted that, as discussed
earlier, the soil layering modified the peak structural
response from about 1.66 g to about 0.95 g at the
frequency range of 2—6 Hz by reducing the unfavor-
able effects of seismic SSI. This observation
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Fig. 13 Response spectra ratio of structure to foundation in all
models for WCM event
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Fig. 14 Response spectra of structure on fixed-base and on
different soil profile

underscores the importance of considering the soil
layering when evaluating the foundation input motion
and site response analysis.

5 Conclusions

Seismic centrifuge model tests were conducted on two
layered clay soil profiles to investigate soil-structure
interaction and dynamic response of foundation.
Layered soil profiles were used to trace the transmis-
sion of earthquake input motions through the soil. It
was seen that, in general, there was higher amplifica-
tion in soil of weaker stiffness, especially for low
earthquake input motions. The structural response was
greatly influenced by the soil stratification and soil-
structure interaction. The amplification and the pre-
dominant frequency of the surface accelerations
decreased with an increase in earthquake intensity.
These effects were attributed to the reduction in soil
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stiffness and increase in its material damping as the
earthquake amplitude increased.

A numerical model was also developed using a
fully coupled nonlinear finite difference program
(FLAC) to predict the seismic response of the
centrifuge tests. The numerical model was verified
by comparing its predictions with the measured
responses of two centrifuge model tests on layered
clay. Comparison of results demonstrated a good
agreement between the numerical simulations and
centrifuge model recordings. The validated model was
then used to study the effects of layering on earthquake
amplification and soil-structure interaction.

The peak accelerations of soil beneath the structure
increased due to strong interaction between the soil
and the foundation. The seismic soil-structure inter-
action increased the horizontal ground motions at
frequencies 2-6 Hz.  Soil-structure interaction
increased significantly both peak response and natural
period of the fixed-base structure.

Soil layering was found to have a significant effect
on foundation input motion. Soil layering modified the
foundation input motion by reducing the unfavorable
effects of SSI. These observations demonstrate the
importance of considering the soil layering when
evaluating the foundation input motion. However,
inertial SSI analyses on different soil profile showed
that soil layering has negligible effect on modifying
the inertial SSI.
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