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ABSTRACT

Soil-pile-structure interaction and its effects on overall response of infrastructure have been an active area of research
over the last several decades. However, focus has been mostly on developing methods of quantification for structures
interacting with soils in dry or saturated conditions. In this study, a series of seismic centrifuge tests were conducted in
an attempt to characterize the effects of degree of saturation on lateral response of soil-pile-structure systems. The
scaled physical model tests were carried out on a single pile-mass system embedded in a 11-m layer of Ottawa sand
with D, of about 45%. A steady state infiltration technique was used inside a laminar box mounted atop an inflight shake
table to provide uniform suction profiles through the sand layer during shaking. In this paper, the model development and
construction procedure are explained followed by comparison of lateral deformation at different levels. Overall,
unsaturated soil layers resulted in lower lateral deformation due to the presence of suction and higher shear modulus in

soil. This difference was more significant at the superstructure level where more deformations were introduced.

1 INTRODUCTION

Seismic performance of pile-supported structures (e.g.
bridges, elevated highways, tall buildings on weak
ground) is a complex phenomenon, which requires
consideration of the coupled behavior of soil-pile-
superstructure system. As seismic waves propagate
through the soil layers, the pile foundation tends to modify
the transmitted motion due to the soil-pile stiffness
contrast and the incoherent deformations of the pile and
the surrounding soil; i.e. kinematic interaction.
Simultaneously, the vibration of the superstructure causes
additional deformations and stresses in the pile and the
surrounding soil, resulting in inertial interaction. The
induced interactions may alter the structural response of
the pile-supported systems including superstructure
lateral deformation, pile bending moments, and frequency
content of the motion.

In the past few decades, well-documented physical
modeling and field monitoring data have demonstrated
the significance of soil-pile interaction effects on seismic
performance of pile-supported structures (Makris et al.
1997, Boulanger et al.1999, Wilson et al. 2000, Abdoun
et al. 2003, Tokimatsu et al. 2005, Dobry et al. 2005).
The focus of these studies, however, has been on
evaluating the seismic performance of pile foundations
embedded in dry or liquefying grounds. In many real field
scenarios, as in arid or semi-arid regions, soil becomes
partially saturated, with degree of saturation profiles
varying seasonally due to changes in the groundwater
level. In these scenarios, understanding the effect of
partial saturation on soil-structure interaction may result in
a more precise assessment of the performance of pile-
supported structures in different times.

The impact of soil's degree of water saturation on soil-
pile interaction and the overall seismic response of a pile-
supported structure can be significant. Presence of both
air and water inside a void of an unsaturated soil may
result in generation of some inter-particle contact forces in
soil, generating suction and increasing effective stress
(Lu and Likos 2006). These changes in soil’'s state of
stress may affect soil's dynamic characteristics including
shear wave velocity, shear modulus, and damping ratio
(Wu et al. 1984, Qian et al. 1991, Yang et al. 2000,
Mancuso et al. 2002, khosravi et al. 2010, Khosravi and
McCartney 2011, Khosravi and McCartney 2012,
Ghayoomi and McCartney 2011, Ghayoomi et al., 2011,
Hoyos et al. 2015, Khosravi et al. 2016a, Khosravi et al.
2016b, Khosravi et al. 2016c), as well as its seismic
response (D’'Onza et al. 2008, Ghayoomi and Mirshekari
2014, Mirshekari and Ghayoomi 2017).

Previous studies have addressed the seismic
response of partially saturated soils through analytical and
physical modelling. However, the effect of partial
saturation on seismic soil-pile interaction has not been
fully investigated through a systematic experimental
program and only few studies have considered or
discussed the mechanisms involved in soil-pile interaction
with unsaturated soils (Weaver and Grandi 2009,
Ravichandran et al. 2012, Ravichandran et al. 2013). For
example, Ravichandran et al. (2013) conducted a series
of centrifuge tests to evaluate the effect of degree of
saturation on the static and dynamic response of pile
foundations. The obtained results, however, could not
represent any noticeable effect as a narrow range of soil’s
saturation degree was selected for the tests.

The objective of this research is to present a physical
modeling program, aimed to investigate the effect of
degree of saturation on seismic soil-pile-structure



interaction. The experimental program and seismically
induced lateral deformation of a pile-supported structure
under various degrees of saturation is explained in this
paper. A series of seismic centrifuge tests were
conducted where a single pile with a concentrated mass
on its top as the superstructure was embedded in a
uniform layer of sand. The steady-state infiltration
technique was used to develop a relatively uniform
degree of saturation profile along the specimen where
different degrees of saturation were obtained by varying
the discharge velocity. The results from these tests were
compared with the observed response of the system in
dry soil to provide insight on the effect of degree of
saturation on the seismic behavior of the system.

2 EXPERIMENTAL SETUP
21 Centrifuge facility

A mid-size 5-g ton geotechnical centrifuge, available
at the University of New Hampshire was used to perform
the physical modelling in this study. The centrifuge has a
1-meter radius and is equipped with an in-flight 1-D
shaking table driven by a servo hydraulic actuator. A
laminar container with inside dimensions of 35.6 cm long,
17.8 cm wide, and 25.4 cm deep was used to effectively
reduce boundary effects. The laminar container was
modified for experiments on unsaturated soils by
replacing the base laminate with an outflow aluminum
plate providing a network of drainage holes to allow free
water drainage during the experiments. All the tests were
conducted at the centrifuge acceleration of 50g measured
at the middle of the soil specimen. All dimensions
referenced in this report are in prototype units unless
noted otherwise.

2.2 Infiltration Setup

The infiltration setup used in this study is similar to that of
Mirshekari and Ghayoomi (2017). A pressurized tank
placed outside the centrifuge supplied the inflow water. A
set of eight nozzles were mounted on two steel brackets

above the container to spray water over the soil layer.
Spray Nozzles

Pressurized water

Outflow Tanks
Figure 1. Schematic of the infiltration set up.

A solenoid valve was employed to control the inflow of
water during the centrifugation, while the rate of inflow
was adjusted by using an ultra-precision needle valve
before spinning. The nozzles and the holding brackets
were located at two sides of the pile-supported system
within a safe distance from the pile system to avoid any
collision during the shaking event. The superstructure was
designed to stay higher than the brackets to avoid
interfering with the cone of mist generated by the nozzles.
Four miniature solenoid valves were used to control the
outflow water through the drainage ports to four outflow
tanks mounted on the centrifuge platform at each side of
the container. A 3D schematic of the infiltration setup is
illustrated in Figure (1).

2.3 Model Descriptions

An 11.43 m layer of F-75 Ottawa sand was modeled in
this study. This sand has enough fine particles to retain
water up to 10 kPa of matric suction, and a relatively high
permeability to allow for steady state infiltration. The
geotechnical properties of the material are summarized in
Table (1). Soil Water Retention Curve (SWRC) of the
sand measured by Mirshekari and Ghayoomi (2015)
along with the fitted van Genuchten equation (van
Genuchten 1980) are shown in Figure (2).

Table 1. Soil properties.

Parameter Value

C., Cy 1.71,1.01
Dso 0.182
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Figure 2. SWRC of Ottawa Sand.

The pile-supported superstructure model used in the
tests was equivalent to a prototype Flexible steel pipe
(based on the criteria by Tomlinson and Woodward 2014)
with the properties given in Table 2. The system was
instrumented with a LVDT, accelerometers, and dielectric
sensors to measure displacement, acceleration, and
volumetric water content, respectively. The
instrumentation layout is shown in Figure (3). A series of
six accelerometers were located on the superstructure



and at different depths to record acceleration time
histories throughout the soil specimen, pile, and the
structure. Four dielectric sensors were used at different
depths to measure the degree of saturation profile
through the sand layer and also to assure its uniformity
prior to the shaking. The LVDT was mounted on top of the
container to measure the surface settlement of the sand
layer during different processes of water saturation,
desaturation, and shaking.

Table 2. Prototype characteristics of the pile-supported
system.

Characteristic Value
Pile Length (m) 8.5
Pile Outside diameter (m) 0.5
Wall thickness (m) 0.05
Superstructure Height (m) 6.4
Superstructure Weight (kN) 310
Fixed base period of the 0.67

structure (s)

? AC-SS m SS: Superstructure
LVDT

PH: Pile Head
NF: Near Field
FF: Free Field
- Accelerometer B: Base
[== Dielectric Sensor
= AC-PH o I}| 1
- 4 « |
. AC-FF AC-NF = -
= AC-5 B
| P —
- = Sand |
| —22.9cm
] = ]
H @ = — u
] AC-B o Gravel H
35.5cm

Figure 3. Schematic of layout and instrumentation
(Dimensions are in model scale).

3  TESTING PROCEDURE

A thin gravel layer was placed at the base of the laminar
container to provide a saturated boundary condition at the
bottom. The gravel layer was separated from the
overlying sand by using a geotextile fabric. Dry pluviation
was used to prepare a uniform sand layer with a relative
density, D;, of 45%. Instrumentations were placed at
different depths during the pluviation. After preparing the
sand layer, the pile was installed at 1g (prior to shaking),
using a drop hammer with a constant drop height of 2.54
cm. The driving method was used to provide adequate
lateral resistance for the pile as it was installed in loose
sand. Modeling the ground condition with a loose uniform
sand layer may not conform to realistic field scenarios for
driven piles, as these piles are often driven in dense
ground or fixed at the bedrock. Nonetheless, assuming a
uniform loose sand layer allowed an effective desaturation
process of the soil layer in this study, and simplified the

problem where the direct effect of the degree of saturation
on the lateral response can be evaluated.

The specimen was, first, fully saturated prior to
spinning by passing de-aired water through the drainage
ports of the laminar container. Then, the specimen was
spun up to the target acceleration level when the
infiltration started by adjusting the inflow and outflow
solenoid valves. Steady state condition with uniform
degree of saturation profile within the soil was reached
after a short period of infiltration. The target degree of
saturation in each test was obtained by adjusting the
needle valve for the corresponding inflow rates.
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Figure 4. Recorded Earthquake Motion at the base of the

container: (a) Displacement time history, (b) Acceleration
time history.
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Figure 5. Profiles of soil saturation degrees along with the
(Dell’ Avanzi et al. 2004)

The obtained experimental saturation profiles along
with the fitted steady state infiltration equation proposed



by Dell’ Avanzi et al. (2004) are presented in Figure (5).
The model was, then, subjected to the shaking event and
the corresponding response was captured through the
LVDT and accelerometers. Northridge earthquake motion,
1994, captured at WPI station was selected as the base
input motion in this study due to its broad frequency
range. In order to meet the hydraulic actuator limits, the
peak ground acceleration was scaled down from 0.42g to
0.3g. The acceleration and displacement time histories of
the scaled shaking event used in this study are shown in
Figure (4).
4 RESULTS
Seismic results associated with five centrifuge tests are
presented; one with the pile embedded in dry soil (test
D1), and four with the pile embedded in soil with different
degrees of saturation, ranging between 25% and 55%
(tests U25, U38, U48, US55, with U indicating the
unsaturated condition and the values corresponding to the
soil's degree of saturation in percent). Measured
displacement time histories for several points in the sand
layer and on the pile-structure system for tests D1 and
U48 are shown in Figures 6(a) and 6(b), respectively.
These responses were obtained by double integration
and baseline correction of the recorded data from the

accelerometers presented in Figure (3). Based on the
results presented in these figures, displacement was
amplified from the free field to the superstructure,
especially at higher frequencies. The results showed
lower displacement amplifications of both the soil and the
superstructure for the unsaturated test (U48) as
compared to dry test. Relative peak lateral displacement
profiles of free-field soil and the pile system with respect
to the soil base for U48 and D1 tests are shown in Figure
(7). Comparison of the achieved results shows that the
relative peak lateral deformation of the free field motion in
test U48 is slightly lower than that of D1 throughout the
depth. The observed response could be due to the
presence of the inter-particle contact forces in
unsaturated sand, which had resulted in higher stiffness
and lower induced shear strains and lateral deformations.
The shear modulus of the soil can well replicate this trend
as it was observed to be higher for unsaturated sand,
especially for the range of soil suction examined in this
study (Ghayoomi et al. 2013). However, the range of
variation in the stiffness of unsaturated sand and its
overall effect on the deformation behavior in this study is
limited due to small suction stresses introduced in such
fine-grained, clean sand.
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Figure 6. Displacement time histories for system in: (a) Dry soil (D1); (b) Soil with saturation degree of 0.48. (U48)



Further, the relative peak lateral deformation profiles
of the pile-supported system in Figure (7) show that the
peak values are also lower in U48 as compared to D1.
This difference, though, is more noticeable due to the
larger interactions between the superstructure and the
surrounding soil. When a pile element undergoes a
complex horizontal displacement, it meets a horizontal
soil reaction, which is a function of soil shear modulus
(G), Poisson’s ratio (v), mass density (p), material
damping (D), pile slenderness (L/r), and excitation
frequency (Novak 1974). The observed results showed
that higher shear modulus values in unsaturated sand as
compared to dry sand resulted in a stronger soil reaction
and lower maximum lateral displacement in the pile and

the superstructure.
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pile-supported system and free field for tests D1 and U48.

In order to better understand the overall impact of
degree of saturation on the lateral soil and pile
deformation, the relative peak lateral deformation of the
superstructure, pile head, free field and near field soils
under various degrees of saturation are compared in
Figure (8). The results of these experiments indicated
lower values of lateral displacement for the systems with
S>0. However, for the range of saturation degrees
considered in this study, the effect of saturation on the
seismic response of the soil-pile-superstructure system
was not significant. For example, for the superstructure, a
10 to 12 % decrease in superstructure’s lateral
displacement was observed with 50% increase in soil's
degree of saturation. Very similar trends were observed
when plotting the peak lateral deformation in terms of soil
suction (Fig. 9). At suction levels greater than zero (g>0),
the effective stress was expected to be higher and

accordingly, lower pile and superstructure lateral
displacements were measured.
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5 CONCLUSIONS

A centrifuge physical model was developed and tested to
evaluate the earthquake induced lateral deformation of a
pile-supported superstructure in sand layers with various
degrees of saturation. Steady state infiltration technique
was successfully used to control the degree of saturation
in the sand layer where the model pile was embedded.
The observed deformations of both the pile-supported
structure and the soil were lower for unsaturated soil
states. Especially a 10-12% decrease in the lateral
deformation of the superstructure was observed with 50%



increase in soil degree of saturation. The observed
behavior was probably due to higher effective stress and
stiffnress in the soil layer with degrees of saturation
greater than zero, which caused lower shear strains and
deformations in the soil and the pile-supported system.
However, a nonlinear, limited change in peak lateral
deformation was observed for soils with different degrees
of saturation due to the narrow range of suction stress
level in this unsaturated sand, especially for the range of
degree of saturation examined in this study.
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