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ABSTRACT
A physical model experiment was described to evaluate the effect of lateral loading on stiffness and strength improvement of
foundation soils. In this study, a closed-ended cylindrical pile was inserted into a saturated kaolinitic soil simulating lateral loading
while bender elements monitored S-wave travel times. These data were then used to create tomographic images of the S-wave
velocity distribution at various radial distances from the pile as the excess pore water pressure dissipated. The increase of soil stiffness
and undrained shear strength, and the reduction in water content were measured up to 6 pile radii from model pile, beyond which the
soil improvement was minimal. The technique provides a fundamental base for the laboratory quantification of soft soil improvement
using techniques such as expanding piles, Preload™ Pier, sand compaction piles, and driven piles.
RÉSUMÉ
Une expérience employant un modèle physique a été décrit afin d’évaluer l'effet de chargement latéral sur la rigidité et l’amélioration
de la résistance des sols de fondation. Dans cette étude un pieu cylindrique et solide (dont le bout est fermé) a été inséré dans du sol
kaolinitique saturé et après, un chargement croissant a été appliqué à la surface alors que des éléments bender enregistraient le temps
de parcour des ondes-S. Ces données ont ensuite été utilisées pour créer des images tomographiques de la distribution de la vélocité
des ondes-S d’après différentes distances radiales du pieu au fur et à mesure que dissipait l'excès de pression de l'eau par les pores.
L'augmentation de la rigidité et de la résistance au cisaillement du sol non drainé, et la réduction de la teneur des eaux ont été
mesurées jusqu’à une distance de 6 rayons à partir du pieu modèle, au-delà de laquelle l'amélioration des sols était minime. La
technique fournit une base fondamentale pour la quantification de l'amélioration des sols mous où s’emploient des techniques telles
que des pieux dilatants, Preload™ Pier, des pieux pour le compactage de sable et des pieux battus.
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1 INTRODUCTION
Expanding pile (Kelleher et al. 2001), Preload™ Pier (US
Patent 6354768 by N.S. Fox; Biringen 2006; Biringen and Edil
2003), and sand compaction pile (Lee et al. 2004) aim to
improve soft ground conditions by means of applying radial
compression (preloading). Insertion of a driven pile into the
ground also causes lateral preloading. Previous research has
focused on the effect of adjacent soil on the load carrying
capacity of a pile such as improved skin friction (Kelleher et al.
2001; Seed and Reese 1957), but not on the improvement of the
vertical soil stiffness in the surrounding soil adjacent to the pile.
The idea behind the radial compression method is densification
and consolidation of soft soils in the radial direction by
controlled displacement (Biringen 2005; Biringen 2006; Handy
2001; Randolph et al. 1979b), for which the process can be
viewed as a radial undrained cavity expansion problem (Vesic
1972).
The model of undrained cylindrical cavity expansion under
plane strain conditions requires that the soil be displaced
radially outwards to accommodate the new cavity (Randolph et
al. 1979b). Also, when not enough drainage time is given during
cavity expansion, the soil deforms at constant volume.
Measurements of radial soil displacements around pile middepth in the field (Cooke and Price 1973; Pestana et al. 2002)
and in the laboratory model tests (Randolph et al. 1979a;
Randolph et al. 1979b; Steenfelt et al. 1981) show good
agreement with cylindrical cavity expansion theory validating
the use of the conceptual model for the evaluation of soil
response. The method presented in this paper, in which a
closed-ended pile is inserted into the center of a normally
consolidated clay, can be conceived as an expansion of a cavity
with the same final radius, while the soil is subject to a vertical
pressure.

In the physical model experiment presented in this paper,
bender elements were employed to monitor changes in the
stiffness of the surrounding soil at various radial distances from
a driven pile. Bender elements were installed in the loading
plate, the base, and the test cell wall. The bender elements were
used to generate and capture S-waves, monitor any changes in
the S-wave velocity (Vs) and infer any increase or decrease in
the shear stiffness (G=ρ·Vs2 where ῤ is the mass density of soil).
During and after the insertion of the model pile and at each
subsequent vertical load on the surrounding soil, S-wave
velocities were measured in various directions as the excess
pore pressure dissipation took place. The collected data were
then used to obtain tomographic images of the S-wave velocity
distribution in the soft clay. The settlement of the sample was
also measured and the distances between the bender elements
were updated to calculate the wave speed accurately. After
testing, miniature vane shear and water content determinations
were run to complement the bender element measurements.
2 TEST MATERIALS AND METHODOLOGY
2.1 Soil properties and specimen preparation
Hydrite-R type kaolinite clay (liquid limit LL=51%, plastic limit
PL=25%, specific gravity Gs=2.58) was used to prepare a
uniform cylindrical soil specimen. The specimen was prepared
by spraying 0.1 M NaCl solution and mixing the kaolinite
powder. Preliminary studies indicated that under low confining
pressures, kaolinite with high water content acts like quick clay
and does not build up sufficient strength. The salt solution
decreases the thickness of the diffused double layer allowing
increasing the strength in the clay even at low confinements.
The moist clay was kept in a plastic bag for at least 24 hours to
allow full hydration. The moist clay was placed into the thick-
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wall 300 mm-diameter testing cell in multiple layers. Each layer
was compacted under static loading forming 25-mm layers. The
moist unit weight and initial moisture content of the clay
specimen were 11.6 kN/m3 and 25%. After static compaction,
the loading plate was placed on the soil, an initial vertical
pressure of 12.5 kPa was applied, the drainage valves were
opened, and the soil was allowed to consolidate. The final
dimensions of the compacted specimen were 300 mm in
diameter, and 240 mm in height (Biringen 2006).

monitoring the pore water pressure (PWP) using a transducer
mounted on the cell wall at 75 mm from the base.
S-wave travel time measurements were performed on the
same consolidated cylindrical kaolinite specimen, while waves
propagated in the vertical and diagonal directions between the
transmitter and receiver bender elements. Collected wave traces
were stacked 128 times to improve signal-to-noise ratios.

2.2 Bender element test setup
The test setup was instrumented with bender elements to
monitor S-wave velocity changes and evaluate stiffness gains
during pile insertion and vertical stress increments applied on
the soil. PZT-226-H4-203y parallel-connected ceramic bender
elements were employed as transmitters and receivers. The
dimensions of the bender elements were 0.66-mm thick, 6.4mm wide, and 15-mm long. Electrical insulation and
waterproofing of the bender elements and their exposed wirings
were achieved by applying layers of Crystal clear 202
polyurethane epoxy resin over the ceramic and wire
connections. Parallel-type bender elements and twisted cables
reduced electromagnetic noise in the collected signals (Lee
2003; Vishay Measurements Group 2001).
A custom made cylindrical PVC housing system (14 mm in
diameter and length) was developed in order to create a rigid
cantilever system for supporting and accommodating the bender
elements (Figure 1). One third of the bender element length (~4
mm) was anchored in the housing, and the gap between the
bender element and the housing was filled with epoxy, thus
providing a rigid cantilever support. The protruding parts of the
bender element-PVC system were pushed through a 4 mm-wide
slot in the cell wall, base and the loading plate into the
specimen, such that the S-waves propagating longitudinally and
diagonally were sent and received. To provide good coupling,
the bender elements were inserted about 6 mm into the soil.
The source bender elements were driven by Agilent 33220A
digital signal generator and Hewlett Packard 6824A power
supply/amplifier. The signals received at the bender elements
were conditioned with Krohn-Hite 3944 signal amplifier/filter
and capture with Tektronix TDS 2014 digital oscilloscope. The
data recorded by the digital oscilloscope were transferred to a
laptop computer for further signal processing (Figure 2).

Figure 1. Bender elements and anchoring system (3-D rendering by Dr.
V. Damasceno).

2.3 Test procedure
The experimental procedure involved three steps: (i) initial
anisotropic normal consolidation by increasing the vertical load
from 25 kPa to 30 kPa, 40 kPa and 50 kPa under Ko-conditions,
(ii) rapid insertion of a single 12.5-mm-radius (ap) round-ended
model pile rapidly under essentially undrained conditions and
then allowing dissipation of excess pore water pressure through
the top and bottom-plate drainage, and (iii) multiple vertical
load applications (75 kPa, 100 kPa and 125 kPa) on the soil
surrounding the model pile at zero lateral strain (these vertical
loads simulate foundation loading after lateral preloading).
During these steps, vertical deformation, S-wave travel times,
and pore pressure measurements were collected. The
completion of consolidation after each step was confirmed by

Figure 2. Schematic diagram of the parallel-type bender element (BE)
measurement system.

2.4 Determination of S-wave velocity and tomography
The analytical solution presented by Sanchez-Salinero et al.
(1986) was used to distinguish the S-wave arrivals from the
near-field P-wave arrivals. The analytical solution involves both
longitudinal and transverse motions in space and applies to both
near and far fields. This analytical solution evaluates the proper
S-wave arrival by matching the modeled trace to the captured
signal by gradually changing the model parameters: P and Swave velocities, Poisson’s ratio and soil damping (Lee and
Santamarina 2005). In each step of loading, 34 S-wave
propagation traces were captured by bender elements oriented
in XY-direction (Figure 3). S-wave velocities between bender
elements were determined by matching the Sanchez-Salinero et
al. (1986) solution to the captured signals.
The travel time from the source to the receiver captures the
average wave velocity along the ray path. It is the integral of the
differential lengths along the ray path over the S-wave velocity
at each point (Santamarina and Fratta 2005). Then, all measured
S-wave travel time data in each loading step were analyzed by
running GeoTomCG program (Jackson and Tweeton 1996) to
obtain tomographic 30-pixel images of the S-wave velocity
field.
In order to reflect the effect of radial preloading on soil
stiffness, the tomography of the measured Vs right after the
probe insertion is presented in Figure 4a. The decrease in Vs
caused by PWP generation appears as a zone of darker tones
extending to a radial distance up to 6·ap (75 mm) from the
center. After PWP dissipation, the tomography of the measured
Vs shows an improvement adjacent to the pile as indicated by
lighter tones prevalent in Figure 4b compared to Figure 4a. The
increase in Vs is noticeable up to 6·ap (75 mm) from the center
as also shown in Figure 5.
Consequently, a similar methodology was followed for the
tomography of the measured Vs under subsequent vertical
loadings on the adjacent soil (Figure 5). In all cases, an increase
in Vs and thus in stiffness is noticeable in a radial zone up to
6·ap (75 mm) due to model pile insertion. The change in average
stiffness in the radial zone from 1.6·ap to 6.6·ap (20 to 82.5 mm)
compared to the zone from 6.6·ap to 11.6·ap (82.5 to
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Figure 5. Summary of S-wave velocity tomography results along a
radial strip at 20-30 mm vertical distance from base.
Figure 3. Schematic representation of test setup and details of bender
elements.

3

POST-TEST SOIL EVALUATION

Verification of the measurements made in the physical model
experiment was carried out by a post-test study. Miniature vane shear
and moisture content tests were run on the kaolinite soil after the load
testing was complete.

3.1 Miniature vane shear tests
Upon completion of the model test, the vertical load applied on
the upper plate was released and the plate was removed.
Without disassembling the inserted pile, a 12.7-mm diameter
(and height) vane shear test was used to measure the undrained
shear strength (Su) under the axis of each vertical bender
element at different depths. The 0.37 kPa/degree vane shear
device was motorized with a speed control, and the torque to the
spring was applied at 60 degrees/min constant rotation. Spring
deflection readings were recorded until the maximum torque
was reached. The undrained shear strength of the soil specimen
is presented as a function of the normalized radial distance in
Figure 6. Since any friction between the soil and the cell at the
upper and lower boundaries was not prevented during the pile
insertion, a minimum distance of 12.5 mm was kept away from
boundaries while performing measurements. Test results
indicate a trend of rapid increase in shear strength as the radial
distance to the pile decreases. The highest measured average
vane shear strength is 28.5 kPa at 2·ap (25 mm), compared to
21.9 kPa at 7·ap (Figure 6). Thus, a shear strength increase of
about 1.3 times compared to the strength at a radial distance of
7·ap can be induced adjacent to a pile. Note that closer to the
outer boundaries, a slight increase in strength is also observed
such as 24.3 kPa at a distance of 10·ap.
3.2 Water content measurements

Figure 4. S-wave velocity tomography: (a) right after probe insertion
under the vertical stress of 50 kPa and (b) after PWP dissipation.

145 mm) is -8% after pile insertion, i.e., PWP generation, and
+22% after PWP dissipation (assuming constant density along
the radius of the cell). Subsequent vertical loadings of 75 kPa,
100 kPa, and 125 kPa also cause 36%, 22% and 27% increase in
average stiffness, respectively.

Undisturbed soil samples were taken to determine the water
content of the soil. Figure 7 presents water content
measurements at around mid-depth of the pile as a function of
normalized radial distance. The water content measurements
were taken at four depths at increasing radial distances, i.e.,
5·ap, 7·ap, 9·ap and 11·ap from the top of the cell. For the
average of all measurements, a similar trend of decrease in
water content is observed close to the pile. The measured
average water content is 38.5% at 1.5·ap from the center,
compared to 41.3% at 6.5·ap, where there is a negligible effect
of radial displacement. Thus, due to increase in effective
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stresses in the radial direction and consolidation after pile
insertion, a reduction of water content of almost 7% compared
to the water content at a radial distance of 6.5·ap is realized.
Note that closer to the outer boundaries, a slight decrease in
water content is also observed such as 40.2% at 11.5·ap.
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Figure 6. Effect of radial preloading on miniature vane undrained shear
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CONCLUSIONS

The impact of pile insertion on soil stiffness was evaluated by
monitoring S-wave travel times and by creating Vs tomographic
images. The images indicate an increase in Vs and thus in soil
stiffness by 22% around a driven pile under a vertical load of 50
kPa. Results were further supported by vane shear strength and
moisture content measurements indicating an increase of 30%
in undrained shear strength and a reduction of 7.5% in water
content. These results show the stiffening gain caused by the
pile insertion. Furthermore, this experimental study provides a
novel methodology for quantification of soft soil improvement
achieved by the techniques such as expanding piles, Preload™
Pier and sand compaction piles.
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