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ABSTRACT: A series of dynamic centrifuge tests were performed to investigate the performance of a rocking shallow foundation 
embedded in sandy silt with varying groundwater table conditions. A single-degree-of-freedom, elastic structural-foundation system, 
representing a slender mid-rise prototype building, was embedded in the soil. The physical model was designed to capture a rocking 
foundation behavior. The specimen was tested under a suite of scaled earthquake motions of varying intensities. The experimental 
program consisted of tests on dry and fully saturated soil and tests in which the groundwater table was lowered to a certain depth 
below the soil surface. A parametric system identification procedure was employed to determine the influence of the underlying soil 
condition on the nonlinearities induced by soil-structure interaction. As the elevation of the groundwater level reduced, the amount 
of period lengthening and foundation damping reduced. Therefore, the system behaved stiffer as the water table was lowered from 
the fully saturated condition. The stiffer response led to increased motion amplifications throughout the superstructure, but reduced 
foundation deformations, compared to the response when the structure was founded on a saturated, and, in some cases, a dry soil. 

RÉSUMÉ : Une série d'essais dynamiques par centrifugation a été effectuée pour étudier la performance d'une fondation peu profonde 
basculante noyée dans du limon sableux avec des conditions de nappe souterraine variables. Un système de fondation structurelle 
élastique à un degré de liberté, représentant un bâtiment prototype élancé de hauteur moyenne, a été enfoncé dans le sol. Le modèle 
physique a été conçu pour capturer un comportement de fondation à bascule. L'échantillon a été testé sous une série de mouvements de 
tremblement de terre à l'échelle d'intensité variable. Le programme expérimental comprenait des essais sur un sol sec et complètement 
saturé et des essais dans lesquels la nappe phréatique était abaissée à une certaine profondeur sous la surface du sol. Une procédure 
d'identification du système paramétrique a été utilisée pour déterminer l'influence de l'état du sol sous-jacent sur les non-linéarités 
induites par l'interaction sol-structure. À mesure que l'élévation du niveau des eaux souterraines diminuait, la durée de l'allongement de 
la période et de l'amortissement des fondations diminuait. Par conséquent, le système s'est comporté de manière plus rigide lorsque la 
nappe phréatique a été abaissée à partir de l'état complètement saturé. La réponse plus rigide a conduit à une augmentation des 
amplifications de mouvement dans toute la superstructure, mais a réduit les déformations de la fondation, par rapport à la réponse lorsque 
la structure était fondée sur un sol saturé et, dans certains cas, sec. 
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1  INTRODUCTION  

Conventional seismic foundation design schemes limit the ability 
of a foundation to mobilize its strength, isolating plastic 
deformation to above-ground superstructure locations. Housner 
(1963) investigated the performance of structural-foundation 
systems during earthquakes and found that under strong seismic 
excitation, mobilization of foundation strength may not only be 
unavoidable but even advantageous. Under new foundation 
design guidelines, termed “foundation rocking” or “rocking 
isolation”, a non-linear response at the soil-foundation interface 
is exploited which limits the seismic energy transmitted to the 
superstructure. The rocking foundation design promotes a 
rocking mode of deformation at the soil-foundation contact 
interface, allowing the foundation moment-rotation response to 
dissipate seismic kinetic energy. Benefits of this design come at 
the cost of permanent foundation settlements and rotations which 
may reduce the design life of the system. These deformations 
may be curbed when the foundation factor of safety against static 
bearing capacity failure, 𝐹𝐹𝑆𝑆𝑉𝑉 , is sufficiently large. In this 
condition, the response of the system is uplifting dominated. In 
contrast, for lower 𝐹𝐹𝑆𝑆𝑉𝑉 values (less than about 8) the response 
of the system is considered sinking dominated and ground 
deformations may be substantial, increasing the risk of 
permanent and intolerable settlements and rotations.  

  Past studies have highlighted the effectiveness of various 
methods to reduce ground deformation generated by foundation 
rocking. These studies have investigated remediation measures 
to increase the 𝐹𝐹𝑆𝑆𝑉𝑉  through techniques such as ground 
densification, foundation designs incorporating underlying 
unconnected piles, and the installation of additional concrete 
pads around foundation corners. Compared with the unmitigated 
alternative, these foundation designs typically lead to lower 
residual foundation deformations, highlighting the reliability of 
a rocking foundation to be used in practice. However, 
guaranteeing a sufficiently large 𝐹𝐹𝑆𝑆𝑉𝑉  to promote an uplifting 
governed response may not always be technically or 
economically feasible. 
  Unsaturated soils, which are commonly found in the natural 
environment in zones above the water table, may pose a viable 
solution to this problem. Soils in shallow ground are typically 
unsaturated, except in regions of the world where the water table 
is at the ground surface. For soils in zones between the water 
table, and the soil surface, water and air fill the void space in the 
soil. The matric suction generated in this zone creates suction-
induced apparent cohesion, changing the effective stress and 
increasing the soil shear strength. Changes in the soil strength 
characteristics directly influence the seismic response of the 
system. For example, recent work by authors such as Mirshekari 
and Ghayoomi (2017) and Borghei et al. (2020) showed that 
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unsaturated soils reduce seismically induced soil and foundation 
settlements compared to the fully saturated and, in some cases, 
the dry soil condition. However, unsaturated soils may come at 
the cost of greater seismic motion amplifications and an overall 
stiffer seismic response, which also needs to be considered in the 
foundation design. Most foundation design procedures ignore the 
influence of suction, assuming that the underlying soil is either 
fully saturated or completely dry. While these design procedures 
may be conservative for static loading, the response of soil-
foundation systems when subjected to seismic excitation requires 
further scrutiny. 
  Consequently, the effects of unsaturated soils on ground and 
foundation response under seismic loading must be investigated 
to reliably predict soil-foundation deformations and to estimate 
superstructure seismic demands. While unsaturated soils may 
reduce seismically induced deformations, a stiffer soil and soil-
foundation interface may lead to amplified motions transmitted 
to above-ground superstructure locations. As water table 
elevation can fluctuate both seasonally and yearly, the issue of 
incorporating the impacts of unsaturated soils on foundation 
design schemes becomes even more relevant. 
  This study presents parts of the results from a series of 
dynamic centrifuge experiments performed on a building model 
designed with a rocking foundation, shallowly embedded in a 
sandy silt. To investigate the effects of the water table on the 
seismic response of the system, four experiments were 
performed: a completely dry, a fully saturated, and two mixed 
unsaturated-saturated experiments (with the saturated zone 
located below the water table). The discussion begins with a 
review of a system identification procedure which can be used to 
derive experimental flexible-base modal parameters of the soil-
structure system when subjected to seismic loading. This 
procedure is applied to the experimental records to compute the 
flexible-base system period, 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 , and damping ratio, 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆 . 
Values of 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆  and 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆  are compared with their fixed-base 
counterparts to evaluate the influence of the soil saturation 
condition on system nonlinearities stemming from soil-structure 
interaction (SSI). Flexible-base modal parameters are then used 
to estimate superstructure demands using elastic response spectra 
computed from free-field acceleration time-histories. Estimated 
superstructure demands are compared with experimental records. 
Analysis is then provided to highlight the influence of the water 
table depth on the seismically induced ground deformations in 
terms of foundation settlements and rotations. The goal of this 
research is to highlight the potential trade-offs of placing a 
rocking foundation on partially saturated soil, where ground 
deformations may be reduced, while superstructure seismic 
demands may be increased, compared with the dry and fully 
saturated conditions. 

2  TEST SETUP AND EXPERIMENTAL CONDITIONS 

Experiments in this research were conducted at the Geotechnical 
Centrifuge located at the Disaster Prevention and Research 
Institute (DPRI), Kyoto University. The centrifuge has a 5 m 
diameter. Samples were prepared in a laminar box of length, 
width, and depth equal to 500 mm, 200 mm, and 325 mm, 
respectively. After the specimen preparation, the container was 
positioned on the centrifuge platform and spun to the target 
acceleration. 
  A silty sand, known as Silica Sand No. 9, was chosen for the 
soil material in this research. The grain size distribution of this 
material can be seen in Figure 1(a), showing the fines content of 
the soil is about 64 %. The soil is classified as silty sand, 
according to the Unified Soil Classification System (ASTM 
2487-11). Furthermore, the drying path of the soil water retention 
curve (SWRC) can be seen in Figure 1(b). 
 
  Sample preparation involved pluviating the silty sand from a 
calibrated drop height in uniform lifts of about 2 cm, to achieve 

a uniform dry density of 1463 𝑘𝑘𝑘𝑘/𝑚𝑚3 . Pluviation was 
momentarily paused to place instruments and to position the 
physical model of the building-foundation system. The test 
layout, shown in Figure 2, highlights the locations and depths of 
these instruments. Instrumentation included laser displacement 
sensors, accelerometers, pore pressure transducers, and dielectric 
sensors (moisture probes). For unsaturated and saturated 
experiments de-aired water was introduced to the specimen 
through valves located on the baseplate of the laminar container. 
The inflow water pressure was carefully monitored to avoid a 
sand boiling condition. After raising the water table elevation to 
the soil layer surface, specimen saturation was ceased, and the 
laminar container was bolted to the shake table platform. Then 
the centrifuge was spun to the desired acceleration and the water 
table was lowered in-flight, by opening and closing the valves 
remotely, allowing water to drain from the specimen. After 
achieving the desired water table elevation (estimated using the 
array of pore pressure transducers), the valves were closed. Once 
hydrostatic conditions were confirmed, the sample was subjected 
to a series of seismic input motions. 
 

Figure 1. (a) Grain size distribution; and (b) Soil water retention curve 

drying path of the Silica No. 9 Sand used in this research. 

 

 
Figure 2. Test layout showing locations of various instruments used to 

record the system response. Also shown are the initial water table 

elevations for the saturated and unsaturated experiments. 

 
  A total of four centrifuge experiments were performed in this 
test series. These tests consisted of a dry, saturated, and two 
mixed saturated-unsaturated experiments. For the saturated 
experiment, the water table was located at the surface of the soil 
layer. During the mixed saturated-unsaturated experiments the 
water table was located at a certain depth below the soil surface, 
with capillary rise controlling the degree of saturation above the 
water table elevation. Mirshekari et al. (2018) showed that 
capillary height in soil is governed by the length scaling law 
under the increased gravity in a geotechnical centrifuge. 
Therefore, the SWRC shown in Figure 1(b) can be used to 
reliably assess matric suction and soil degree of saturation 
throughout the soil profile. 

1460



 

 

  Table 1 describes the experimental conditions prior to the 
application of the first seismic input motion along with the test 
identifiers for use when referencing the experimental conditions. 
For the saturated and unsaturated experiments, tests are 
referenced based on the depth of the water table elevation below 
the surface of the soil layer, 𝐷𝐷𝑤𝑤, as a function of the width of the 
structural foundation, 𝐵𝐵  ( 𝐵𝐵 = 4.6 𝑚𝑚 ). For example, test 
Ex_0.24B denotes the experiment performed when the water 
table was initially about 1.1 m below the soil surface.  
 
Table 1. Description of the experimental conditions prior to application 

of the first seismic motion along with the test identification. 

Test Identifier 𝑫𝑫𝒘𝒘/𝑩𝑩 𝑭𝑭𝑺𝑺𝑽𝑽 

Ex_Dry N/A 2.97 

Ex_0B 0 2.25 

Ex_0.24B 0.24 2.52 

Ex_1.00B 1.00 3.95 

2.1.  Design of physical model 

  An elastic mid-rise prototype structure resting on a shallowly 
embedded mat foundation was modeled. The design of the 
physical model was controlled by the desire to elicit a settlement, 
rather than an uplifting response of the foundation-structural 
system when subjected to seismic loading. This criterion was 
chosen as a current limitation to the use of rocking foundations 
in practice is that excessive settlements may be experienced 
during dynamic excitation. Deng and Kutter (2012) found that 
when 𝐹𝐹𝑆𝑆𝑉𝑉 < 8  residual foundation rotations may be 
intolerable, and settlements may be greater than 0.01B. To 
highlight the influence of the water table depth on seismically 
induced settlements and for use as a possible settlement 
mitigation strategy, a foundation system with an 𝐹𝐹𝑆𝑆𝑉𝑉 < 8 was 
a controlling factor in the design. Values of 𝐹𝐹𝑆𝑆𝑉𝑉 were computed 
for the physical model across all soil saturation conditions and 
are displayed in Table 1, showing that 𝐹𝐹𝑆𝑆𝑉𝑉 < 8 regardless of 
the soil saturation condition. For a detailed discussion of the 𝐹𝐹𝑆𝑆𝑉𝑉 
computations incorporating unsaturated soil mechanics, the 
reader is referred to Turner et al. (2021). Furthermore, to promote 
a rocking, rather than a translation mode of deformation during 
seismic loading, a structural-foundation system with a moment-
to-shear ratio greater than about 1.0 was desired. Gajan and 
Kutter (2009) showed that when this criterion is met the 
translational mode of deformation reduces the foundation 
moment capacity by less than 20%, and the system can therefore 
be classified as having a rocking foundation. The moment-to-
shear ratio is equivalent to the ratio of ℎ𝑐𝑐/𝐵𝐵, where ℎ𝑐𝑐 is the 
height of the structure’s center of gravity above the base of the 
foundation. The value of ℎ𝑐𝑐/𝐵𝐵 for the physical model designed 
for this experimental campaign was computed as 1.13. 
  Additionally, an iterative design approach was taken to 
generate significant SSI effects based on several dimensionless 
factors relating the soil to the structural system which are defined 
by Velestos and Nair (1975) and Bielek (1975). Parameters 
involved in computing these dimensionless factors include the 
area of the foundation (𝐴𝐴𝑓𝑓), the fixed-base fundamental period of 
the structure (𝑇𝑇), the foundation embedment depth (𝑑𝑑𝑒𝑒), the mass 
of the superstructure (𝑚𝑚𝑠𝑠), the mass of the foundation (𝑚𝑚𝑓𝑓), the 
shear wave velocity of the soil (𝑉𝑉𝑠𝑠), and the fixed-base system 
damping ratio (𝛽𝛽). 
  Therefore, the prototype structure was simplified as a single-
degree-of-freedom (SDOF) system constructed entirely of 
stainless steel. The overall height (𝑃𝑃) and 𝐵𝐵  of the physical 
model in prototype scale, when subjected to 46-g centripetal 
acceleration at the soil layer surface, were 8.05 and 4.6 m, 
respectively. A photograph of the physical model can be seen in 
Figure 3. The foundation bearing pressure, 𝑞𝑞 , was 188 kPa. 
Additional parameters describing the physical model can be seen 
in Table 2. 

 

Figure 3. A photograph of the physical model. 

 

Table 2. Parameters describing the physical model in the prototype scale. 

Parameter Value Units 𝑃𝑃𝑐𝑐 5.21 m 𝑇𝑇 0.54 s 𝑑𝑑𝑒𝑒 0.46 m 𝑚𝑚𝑠𝑠 307 Mg 𝑚𝑚𝑓𝑓 98 Mg 𝛽𝛽 2.68 % 

Note: Values of 𝑇𝑇 and 𝛽𝛽 were obtained through a modal hammer 

analysis, with 𝛽𝛽 computed using the logarithmic decrement 

method. 

 

2.2.  Input ground motions 

A series of input ground motions were applied to the specimen 
using an in-flight hydraulic shaking table. Motions were applied 
at the base of the laminar container and travelled unidirectionally 
through the soil to the soil layer surface. A total of four motions 
were applied and analyzed in this research. Input motions 
consisted of scaled time histories from recorded, historic, seismic 
events. These events included the 1994 Northridge, California 
earthquake and the 1999 Chi-Chi, Taiwan earthquake. The order 
of applied motions can be seen in Table 3 along with several 
descriptive ground motion parameters.  
 
Table 3. Order of motions used throughout the experimental campaign 

along with several descriptive ground motion parameters computed from 

the BMs recorded during experiment Ex_0B and Ex_Dry. 

  Ex_0B/Ex_Dry 

Motion 

No. 

Motion 

Identifier 

PGA (g) Arias 

Intensity 

(m/s) 

Mean 

Period (s) 

1 WPI1 0.09/0.084 0.24/0.24 1.00/0.99 

2 TCU1 0.10/0.11 0.30/0.29 0.74/0.73 

3 WPI2 0.15/0.15 0.78/0.81 0.99/0.97 

4 WPI3 0.29/0.30 2.17/2.25 1.00/1.00 

 
  The presented achieved ground motion parameters were 
computed from the base motions (BMs) recorded during 
experiment Ex_0B and Ex_Dry and include the peak ground 
acceleration (PGA), Arias intensity, and mean period. BMs were 
recorded on the accelerometer placed on the base of the soil layer 
as shown in Figure 2. WPI and TCU motions were derived from 
motions recorded during the Northridge and Chi-Chi seismic 
events, respectively. Table 3 indicates that the recorded BMs 
were about the same regardless of the soil saturation condition 
and specimen weight. Thus, comparisons can be made between 
the response of the soil-structural system across the range of 
experimental conditions, irrespective of the differences in the 
achieved BMs. Figure 4 shows the response spectra (5% 
damped) of the BMs recorded during experiment Ex_0B, further 
highlighting the diverse characteristics of the input motions 
across a wide range of the periods.  

𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆

𝑘𝑘𝑘𝑘/𝑚𝑚3
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Figure 4. 5% damped acceleration response spectra of BMs recorded 

during experiment Ex_0B. 

3  PARAMETRIC SYSTEM IDENTIFICATION 
PROCEDURE 

As a structure vibrates, due to dynamic excitation and its own 
inertial forces, base shear and overturning moments are 
generated at the foundation. Compared to the fixed-base 
condition, inertial SSI effects generate an increased system 
period, denoted period lengthening, and an introduction of 
foundation damping, 𝛽𝛽𝑓𝑓. Velestos and Meek (1974) suggested 
that maximum superstructure seismic demands of a SDOF 
structure can be computed from the flexible-base system period, 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 and damping ratio, 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆. The term “flexible-base” stems 
from the fact that a structure, resting on a compliant soil layer, 
may translate and rotate about its base. Meanwhile, for the same 
structure, in a fixed-base condition, these soil-foundation 
deformation modes are prohibited. The period lengthening ratio, 
denoted 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆/𝑇𝑇, is commonly employed to describe the increase 
in the system period, with respect to the fixed-base condition. 
Meanwhile, 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆, can be computed from the expression derived 
by Velestos and Nair (1975), shown in Equation 1. 
 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆 = 𝛽𝛽𝑓𝑓 + 𝛽𝛽/(𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆/𝑇𝑇)3                                                         (1) 
 
  The value of 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆  has contributions from three sources 
including hysteretic and radiation damping stemming from the 
interaction between the foundation and the soil as well as viscous 
damping stemming from the structure (Stewart et al. 1999). 
Because the physical model used throughout these experiments 
was observed to behave within its elastic range, the value of 𝛽𝛽 
was assumed constant, regardless of the soil saturation condition. 
Therefore, the main influence on 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆  throughout this test 
series is associated with changes in the foundation-soil 
interaction related to the soil saturation condition. 
  Characterization of 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆  and 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆  can be performed 
analytically (Velostos and Nair, 1975; Bielek, 1975), 
experimentally (Chen et al. 2013), or from recorded full-scale 
strong motion data sets (Stewart and Fenves, 1998).  In this 
study, the parametric system identification procedure defined by 
Stewart and Fenves (1998) was adopted. A parametric, rather 
than a non-parametric system identification procedure was 
chosen, as determination of damping ratios from the latter 
procedure is known to be problematic (Stewart and Fenves, 
1998). System identification is a means to estimate unknown 
system parameters using known input and known outputs to the 
system of interest. Input and output motions necessary to 
estimate the flexible-base modal parameters in the parametric 
system identification procedure include the horizontal motion 
recorded in the free-field, far from the structure, and the 
translational motion recorded on the superstructure (Chen et al. 
2013; Stewart and Fenves, 1998). The free field motion is termed 
FFM while the superstructure motion is termed SHM; 
accelerometers used to record these motions are shown in Figure 
2.  
  The parametric system identification procedure involves 
computing a transfer function between the input and output 
motions in the Laplace domain. A numerical model is then fit to 
this transfer function. The error between the model output and 

recorded output is minimized using a least squares technique in 
the time domain. Defining the numerical model of the transfer 
function is an iterative process, which requires two user inputs. 
The necessary inputs include the time delay between the input 
and output signals and the order of the model. After minimizing 
the model error, the surface of the transfer function is defined. 
Modal frequencies and damping ratios can be computed from the 
positions of the highs and lows of the transfer function surface. 
 

3.1.  Example 

In this section, an example application of the abovementioned 
system identification procedure is provided to identify the 
flexible-base modal parameters during Ex_Dry when subjected 
to WPI01 input motion. The parametric system identification 
program, written by Tileylioglu (2008), was adapted for use in 
this analysis.  
  Figure 5(a) and (b) show the deviation of the time delay and 
number of modes with respect to the error of the transfer function 
model in prototype scale. According to the figure, the model 
error is minimized for a time delay of 0 seconds, while the model 
error does not change above a model order of about 10. 
Therefore, the time delay and model order are selected as 0 and 
10, respectively. Based on these chosen inputs, the surface of the 
transfer function is computed and shown in Figure 6. Flexible-
base system frequencies, 𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆 , and damping ratios can be 
computed from the locations of the highs and lows in the transfer 
function surface. According to the figure, the 𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆 is equal to 
1.49 Hz, while 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆  is equal to 12.6%. Note that, 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 =1/𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆 = 0.67  𝑠𝑠. 
 

 
Figure 5. Variation of model error with respect to: (a) Prototype time; 

and (b) model order. 

 
Figure 6. Transfer function surface and contour line determined for 

Ex_Dry when subjected to WPI01 input motion. 

 

4  EXPERIMENTAL RESULTS AND DISCUSSIONS 

Analysis of the experiments was performed to evaluate the 
influence of the soil saturation on the seismic response of the 
soil-structure system. The following results and discussions are 
presented in the prototype scale.  

4.1.  Flexible-base modal parameters 

Figure 7 shows the variation of 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆/𝑇𝑇  with respect to the 
normalized depth of the water table, 𝐷𝐷𝑤𝑤/𝐵𝐵, across all four input 
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motions. Similarly, Figure 8 shows the variation of 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆  and 𝛽𝛽𝑓𝑓(computed with Equation 1) with respect to 𝐷𝐷𝑤𝑤/𝐵𝐵 across all 
four input motions.  
 

 
Figure 7. Variation of period lengthening ratio, 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆/𝑇𝑇, with respect to 

the normalized depth of the groundwater table across all four input 

motions. Results from Ex_Dry are indicated with the dashed line. Note: 𝑇𝑇 = 1.85 𝑠𝑠. 

 

Figure 8. Variation of system damping, 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆 , and foundation 

damping, 𝛽𝛽𝑓𝑓, with respect to the normalized depth of the groundwater 

table across all four input motions.  

 
  Results suggest that as the depth of the water table increased 
from the fully saturated condition, values of 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆/𝑇𝑇, 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆, and 𝛽𝛽𝑓𝑓 reduced. Therefore, higher water table elevations correlate to 
increased system nonlinearities. The observed trend can be 
explained by the presence of matric suction in the zone above the 
water table, which is generated during the unsaturated 
experiments. Matric suction increases the effective stress in the 
unsaturated soil, leading to a stiffer seismic response compared 
with the fully saturated condition. As the water table elevation 
was lowered, the response of the system approached that of 
Ex_Dry. As expected, results also indicate that the characteristics 
of the input motions influenced the amount of system 
nonlinearities. For the same soil saturation condition, relatively 
higher intensity input motions led to an increase in 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆/𝑇𝑇 , 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆, and 𝛽𝛽𝑓𝑓. 
 

4.2.  Correlation of expected spectral accelerations to 
recorded acceleration on superstructure 

As the primary purpose of determining flexible-base modal 
parameters is to predict superstructure seismic demands, values 
of 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆  and 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆  were used to compute the expected 
superstructure spectral accelerations, 𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 . Predicted spectral 
accelerations were determined using the elastic response spectra 
developed from FFM recordings. Figure 9 compares predicted 
spectral accelerations to peak horizontal superstructure 
accelerations, 𝑃𝑃𝑃𝑃𝐴𝐴𝑠𝑠𝑠𝑠 . Values of  𝑃𝑃𝑃𝑃𝐴𝐴𝑠𝑠𝑠𝑠  were determined 
using SHM records. According to the figure, across almost all 
motions and soil saturation conditions, there is a nearly 1:1 linear 
correlation between values of 𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆  and 𝑃𝑃𝑃𝑃𝐴𝐴𝑠𝑠𝑠𝑠 . This suggests 
that elastic response spectrum results can be used to predict the 
response of SDOF structures, regardless of the underlying soil 
saturation condition. It is worth noting that these results are 
highly dependent on the ability to accurately characterize the 
stiffness and damping of the underlying soil, which enables 
reliable estimation of 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 and 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆 for use when estimating 𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆. 
 

 
Figure 9. Peak superstructure accelerations versus predicted spectral 

accelerations. A 1:1 reference line is shown. 

 
  Figure 9 also suggests that the motion experienced on the 
superstructure showed an increase as the water table elevation 
was lowered from the fully saturated condition. A few factors 
could be attributed to this phenomenon. In the free-field, far from 
the structure, Borghei et al. (2020) observed that motion 
amplification increases as the water table is lowered from the 
fully saturated condition, a result of a reduction in pore water 
pressure generation. Furthermore, as highlighted in Figure 8, the 
stiffer response of the soil-foundation interface in unsaturated 
soil limits the amount of foundation damping. Less damping at 
the foundation level leads to further amplification of the seismic 
motion as it travels to the superstructure.  

4.3.  Deformations at the soil-foundation interface 

Figure 10(a) plots the permanent seismically induced foundation 
settlements, ∆𝑆𝑆𝑆𝑆 , normalized by ∆𝑆𝑆𝑆𝑆  experienced during 
Ex_0B, versus the normalized depth of the groundwater table for 
a representative input motion (WPI1). Foundation settlements 
were computed by averaging the settlements recorded on 
opposite sides of the foundation using the laser displacement 

𝛽𝛽𝑓𝑓
𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆

𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆/𝑇𝑇𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆
𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆 = 𝛽𝛽𝑓𝑓 + 𝛽𝛽/(𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆/𝑇𝑇)3                                                         (1)𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆

𝛽𝛽𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆
𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆

𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆 𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 =1/𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆 = 0.67  𝑠𝑠

𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆/𝑇𝑇𝐷𝐷𝑤𝑤/𝐵𝐵
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sensors shown in Figure 2. As expected, as the water table was 
lowered from the fully saturated condition, foundation 
settlements were mitigated. Notably, the foundation experienced 
less settlements in the unsaturated experiments than the 
settlement experienced during Ex_Dry.   
  Furthermore, Figure 10(b) shows residual foundation 
rotations, 𝜃𝜃𝑅𝑅 , normalized by 𝜃𝜃𝑅𝑅  experienced during Ex_0B, 
determined after the application of the WPI1 seismic motion. 
Again, the foundation deformations were found to reduce with a 
reduction in water table elevation. For the deepest water table 
depth, corresponding to Ex_1.00B, the foundation rotation was 
less than that experienced during Ex_Dry. This figure highlights 
the potential benefits of considering the influence of unsaturated 
soils during foundation design, where foundation deformations 
may be less than those predicted when designing for a completely 
saturated or, in some cases, a dry soil condition. 
 

Figure 10. Variation of foundation deformations normalized by those 

experienced during Ex_0B determined during WPI1. Results are plotted 

with respect to the normalized depth of the water table. (a) Permanent 

seismically induced settlements; and (b) Permanent seismically induced 

foundation rotations. Results from Ex_Dry are indicated with the dashed 

line. 

5  CONCLUSIONS 

A series of dynamic centrifuge experiments were conducted to 
evaluate the influence of the soil saturation condition and water 
table depth on the performance of a structural system designed 
with a rocking foundation. The structure was shallowly 
embedded in a sandy silt and was subjected to a series of scaled-
historic ground motions consisting of various seismic intensities. 
A total of four experiments were conducted, with each 
experiment having a unique water table condition. Experiments 
consisted of a dry, saturated, and two mixed saturated-
unsaturated tests. During the saturated-unsaturated tests, the 
water table elevation was lowered to the desired elevation prior 
to shaking the specimen, with capillary rise controlling the 
degree of saturation above the water table depth. Results suggest 
that the water table condition had a clear influence on the seismic 
response of the foundation-structure system. As the water table 
was lowered from the fully saturated condition, period 
lengthening and foundation damping were found to reduce, thus 
the system behaved stiffer and experienced less nonlinearities 
due to SSI in the unsaturated tests. The stiffer response generated 
in the unsaturated conditions increased the superstructure 
seismic demands, leading to greater superstructure accelerations. 
Meanwhile, foundation settlements and rotations were reduced 
compared to the saturated, and in some cases, the dry soil 
condition. This study highlights the potential trade-offs of 
founding a structure with a rocking foundation on an unsaturated 
soil layer. Compared with the response of the structure founded 
on a saturated or dry soil, the unsaturated soil may lead to 
increased superstructure demands, while reducing the 
deformations experienced at the foundation level.  
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