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Abstract

Pile foundations are widely designed extending principles of saturated soil mechanics assuming drained conditions (i.e. effective stress)
even in expansive soil deposits despite the fact the soil around the pile is in a state of unsaturated condition. The mechanical behavior of
in-situ pile foundations are significantly influenced by suction changes associated with water infiltration. In this paper, a single model pile
mechanical behavior variations associated with suction changes in an unsaturated expansive soil under a service load were investigated.
Experimental results suggest pile settlement increases due to water infiltration. Such a phenomenon can be attributed to pile shaft friction
reduction in the active zone associated with suction reduction due to water infiltration and volume expansion of the soil. Experimental
results were also simulated and interpreted using a computation program, PEl (i.e. Pile behavior in Expansive soil upon Infiltration),
which was proposed based on principles of unsaturated soil mechanics. A theoretical model was proposed for the estimation of threshold
pile head load which distinguishes whether the pile would experience upward or downward movement upon water infiltration. The the-
oretical model and the numerical modeling approach presented in this are valuable for practicing engineers in the rational design of piles
taking account of the mechanical behavior of expansive soils.

expansive soils (Poulos and Davis 1980; Al-Rawas and
Goosen 2006; Nelson et al. 2012). End bearing pile founda-
Ground heave or settlement induced by seasonal wetting  tions in expansive soils can effectively transfer the loads from

and drying conditions contribute to severe distress to vari- Superstructure to a deeper stable soil stratum or bed-rock to
ous civil infrastructures constructed in expansive soils Provide adequate bearing capacity. Due to this rea-son, steel
(Phanikumar et al. 2004; Sharma and Phanikumar 2005; and concrete piles have been widely used in engineering
Yitagesu et al. 2009; Jaremski 2012; Liu and Vanapalli practice in Sudan since 1970s (Elsharief1987; Nur Eldayem
2017; Jiang et al. 2018; Jain and Jha 2020). Studies by 1999; Mohamedzein et al 1999), whereexpansive soils cover
Adem and Vanapalli (2016) highlight the steadily increas- about 40% of the total area (Osman and Charlie 1983). In
ing economic losses associated with expansive soils during  addition, floating piles or under reamed piles are also used

the past five decades all over the world. Piles are most pre- without depending on end

1. Introduction

ferred foundations for infrastructure constructed on orin
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resistance when a stable stratum is not available at a shal-
low depth (Mohamedzein et al. 1999; Osman and Elsharief
1999; Prakash and Ramakrishna 2004; Al-Rawas and
Goosen 2006; Sheng et al. 2008). Floating piles are uniform
diameter slender columns; however, under reamed piles are
columns with one or more bulbs at specified locations
along their depths that are typically constructed using rein-
forced concrete. Under reamed piles offer more resistance
to vertical compressive and uplift loads (Prakash and
Ramakrishna 2004). The conventional, floating and under
reamed piles are widely used in various countries which
include Australia, Canada, China and India, where expan-
sive soils are widely distributed.

For piles in unsaturated expansive soils with high suc-
tion values, water infiltration influences the mechanical
behavior of soil around the pile in three different ways.
Firstly, suction of the soil around the pile reduces signifi-
cantly. Secondly, volume expansion triggers ground heave
in the vertical direction. Thirdly, in the horizontal direc-
tion, volume expansion restriction by the pile contributes
to lateral swelling pressure mobilization which adds an
additional increment to the lateral earth pressure due to
soil self-weight and surcharge. All these changes contribute
to variations in the load transfer mechanisms of piles in
unsaturated expansive soils.

Various model and in-situ test results summarized in the
literature provide valuable information related to the
mechanical behavior variations of pile foundations in
expansive soils upon water infiltration (Fan et al. 2007;
Wu et al. 2012; Mendoza 2013; Yang et al. 2017;
Soundara and Robinson 2017). However, most experimen-
tal investigations focus has been directed to understand the
uplift movement of the pile and/or the uplift force gener-
ated during the infiltration process. Studies that provide
detailed description related to the pile load transfer mech-
anism such as the pile shaft friction distribution is quite
limited. Furthermore, there are limited studies that focus
on pile foundations behavior which consider the influence
of matric suction, which is a stress state variable that influ-
ences the mechanical behavior of unsaturated soils coupled
with net normal stress (Lu 2008). This may be attributed to
the difficulties associated with the real time measurement of
soil suction. In other words, comprehensive understanding
of mechanical behavior of floating piles in expansive soils is
presently lacking in the literature.

In this study, considering a most unfavorable scenario, a
floating model Pile Infiltration Test (PIT) was specially
designed and performed in the University of Ottawa
geotechnical engineering laboratory. The typically encoun-
tered stress and hydraulic boundary conditions during the
service stage of the pile were applied while performing the
PIT. Real-time measurement on pile mechanical behaviors
(including the pile axial force distribution and pile head
displacement) and soil properties/behaviors (including soil
displacement, water content and suction) were determined
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to rigorously interpret the pile mechanical behavior varia-
tions during the entire testing process. Comparisons were
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provided between the measured experimental data and sim-
ulations using a program PEI (Pile behavior in Expansive
soil upon Infiltration) proposed by Liu and Vanapalli
(2019a), which is based on unsaturated soil mechanics. In
addition, a theoretical model is proposed for the
estimation of threshold pile head load, which provides
information whether the pile would experience an upward
or downward movement upon water infiltration.
Theoretical analyses along with the experimental and
modeling results summa-rized in this paper are useful
for practicing engineers inthe rational design of floating
pile foundations in expansivesoils.

2. Model pile infiltration test (PIT) performed in Regina clay
2.1. Soil physical and mechanical properties tests

The physical soil properties of Regina clay determined
following ASTM standards are summarized in Table 1.
From the information gathered from the compaction
curve, experimental investigations were decided to be
per-formed at a gravimetric water content of 27% (which
is dry side optimum moisture content) and a dry density
of 1367 kg/m3. The purpose of setting the initial water
content less than the optimum water content of 29% is to
enable a more significant swelling pressure and volume
expansion tobe mobilized. Identical soil samples with the
same water content and dry density were used in both
SWCC measure- ment and PIT. However, the interface
shear strength tests were performed on soil samples
prepared at different initialcompaction water contents but
at the same soil dry density(i.e. 1367 kg/m3). More details
of the interface shear strength tests are discussed in a
later section.

Fig. 1 summarizes the SWCC of Regina clay
measuredconsidering volume changes of soil specimen.
The SWCCis plotted as a relationship between gravimetric
water con-tent versus suction, volumetric water content
versus suction and degree of saturation versus suction. It
should be notedthat the SWCC measured and used in
the analysis of the model PIT was under zero stress
boundary condition. This is considered to be reasonable
since in the PIT, the model pile is placed in expansive
soil layer which is only 0.4 m

Table 1

Physical and mechanical properties of Regina clay.

Liquid limit, LL (%) 89
Plastic limit, PL (%) 32
Plastic index, Pl 57
Specific gravity, G 2.85
Maximum dry density, qqmax (kg/m?3) 1382
Optimum water content, w (%) 29
Vertical swelling pressure, Ps, (kPa) 136

Free swell index, Ir (%) 100.6

Note: The vertical swelling pressure is tested under constant volume
condition from a gravimetric water content of 27% to fully saturation;
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Thefree swell index is tested according to IS 2720, which is calculated
according to following equations: If= [(Va -Vi) / Vi ] X 100%.
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thickness; the influence of vertical stress on the soil volume
change associated with this thickness can be assumed neg-
ligible. Furthermore, the SWCC behavior is essentially hys-
teretic; due to this reason, for a certain suction value, the
water content associated with wetting path is less than that
for a drying path (Pham et al. 2005). However, the mea-
surement of a complete set of hysteretic SWCCs is time-
consuming and costly. In addition, it is difficult to repre-
sent these curves in a simple mathematical form for use
in routine engineering practice (Fredlund 2019). For these
reasons, in the present study, the SWCC is assumed non-
hysteretic in nature for simplicity purposes (Pham et al.
2005).

The peak shear strength of saturated soil and saturated
interface can be described by Mohr-Coulomb failure crite-
ria, which are shown as Eq. (1) and (2), respectively. Eq. (3)
proposed by Fredlund et al. (1978) expressed in terms of
two independent stress state variables; namely, net normal
stress and matric suction is commonly used to model the
peak shear strength of unsaturated soil (e.g., Oloo and
Fredlund 1996; Vanapalli et al. 1996). Hamid and Miller
(2009) suggested that the shear strength of the soil-
structure interface can be interpreted using Eq. (4) which
is similar to Eq. (3).
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where ¢ is the normal stress on the failure plane at fail-
ure; uqf is the pore air pressure on the failure plane at fail-
ure; uwr is the pore water pressure on the failure plane at
failure; (rns - uq) is the net normal stress on the failure
plane at failure; and (usr - uws) is the matric suction on
the failure plane at failure; /’ is the internal friction angle
with respect to net normal stress; /? is the angle of friction
with respect to matric suction; d’ is the interface friction
angle with respect to net normal stress; d is the interface
friction angle with respect to matric suction; ¢’ is the cohe-
sion; ¢’s is the interface cohesion.

Various shear strength parameters in Eq. (1) to (4) were
determined through a series of soil and interface direct
shear tests under both saturated and unsaturated condi-
tions. For interface shear tests, a prefabricated aluminum
block was used to simulate the pile surface by pasting a
thin layer of fine sand using epoxy and placed at the shear
chamber bottom. Compacted soil specimens were prepared
at the same dry density (1367 kg/m3) but with different
water content values of 24%, 27% and 30%, which corre-
spond to different suction values. Three different vertical
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Fig. 1. SWCC of Regina clay measured over the entire suction range (A) Variation of gravimetric water content with respect to soil suction; (B) Variation
of void ratio with respect to the gravimetric water content; (C) Variation of volumetric water content with respect to soil suction; (D) Variation of degree
of saturation with respect to soil suction. (See above-mentioned references for further information.)
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stresses, namely 50 kPa, 100 kPa and 150 kPa were applied.
Saturated soil and interface shear tests were conducted
under consolidated drained conditions. The shear chamber
was sealed to ensure the shear tests were conducted under
constant water content conditions for performing unsatu-
rated shear tests. Under constant water content conditions,
the soil water menisci that forms during the compaction
process would still be in a relative intact state and con-
tribute to the peak shear strength (i.e. for unsaturated soil
and interface). In other words, matric suction along the
shearing plane is approximately constant prior to the peak
shear strength. The matric suction corresponding to differ-
ent initial water content values can be estimated from the
measured SWCC shown in Fig. 1. However, as the shearing
process continues, soil matric suction gradually reduces
due to changes that arise in soil water menisci induced by
increment in shear displacement and likely volume changes
associated with dilations or contractions. Finally, the soil
water menisci completely rupture and there will be negligi-
ble or no contribution from matric suction to the post-peak
interface shear strength (Hamid and Miller 2009; Khoury
et al. 2010). The determined or calculated soil and interface
shear strength parameters using Eq. (1) to Eq. (4) are sum-
marized in Table 2.

2.2. Pile infiltration test (PIT)

In geotechnical engineering practice, it is recommended
to locate the pile base on rock or rigid soil layers to provide
adequate end bearing capacity. However, in several scenar-
ios expansive soil layers are thick; due to this reason, it may
be not always possible to have the pile end on a favorable
bearing stratum in expansive soils. Nelson et al. 2012, sug-
gested such piles behavior is similar to that of floating piles.
In other words, floating piles support the loads along their
length (i.e. shaft friction). For such a scenario, the shaft
resistance has to be determined taking account of the influ-
ence of both suction changes and volume change behavior
of expansive soil around the pile. In the present study, the
PIT test has been specially designed to investigate the float-
ing pile behavior taking account of both suction and vol-
ume changes of expansive soils on the pile.

The model PIT performed in Regina clay in this study
satisfies the following three key criteria. Firstly, the PIT
well simulates the commonly encountered in-situ scenario
in which infiltration happens during the service stage of
the pile. Secondly, all the data required for the rational
interpretation of the pile load transfer mechanism were col-

Table 2

Soil and interface shear strength parameters of Regina clay.

Internal friction angle with respect to net normal stress (/”) 15.6°

Internal friction angle with respect to matric suction (/») 12.3°

Interface friction angle with respect to net normal stress (d’) 12.4°

Interface friction angle with respect to matric suction (ds) 8.5°
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8 kPa
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lected. Thirdly, influence of suction was investigated for
rational interpretation of the load transfer mechanism
variations.

The PIT was conducted in a cylindrical aluminum tank
with an internal diameter of 300 mm and a height of
700 mm following a three-step-procedure as described in
Fig. 2 [(A) to (C)]. The model pile is made of an aluminum
pile which has an outer diameter of 25.4 mm, a wall
thick- ness of 3 mm and a height of 600 mm. In the
first step[Fig. 2(A)], the prefabricated model pile, which
was made by pasting a thin fine sand layer to an
aluminum pipe,was fixed to the loading machine using a
bolt to keep its position fixed during the compaction
process. A water-proof ruler was pasted on the inner wall
of the aluminum testing tank. The soil displacement
during compaction, loading and infiltration process was
measured and recorded with the assistance of image
technique by contin-uously taking photos using a digital
camera. The ratio of the diameter of testing tank to the
diameter of the model pile was designed to be around 12,
which is considered sat-isfactory to alleviate the influence
of boundary effects on the PIT results on unsaturated
soils (Fan 2007; Han et al. 2016).

In the second step [Fig. 2(B)], fine sand was poured
intothe testing tank to achieve 150 mm height. A
floatingmodel pile with a load cell at bottom were
placed on thesand layer. After following these initial
precautions, the soilthat was already mixed with a water
content of 27% wascompacted in 20 equal layers (each
layer with a thicknessof 20 mm) to achieve a wet
density of 1736 kg/m3 (i.e.dry density of 1367 kg/m3).
In other words, the length ofthe model pile buried inside
expansive soil is 400 mm. Dur-ing the compaction process
of various soil layers, GS-3 andMPS-6 sensors were
placed at various positions as shownin Fig. 2(B), for
volumetric water content and suction mea-surements,
respectively. Table 3 summarizes the key detailsof various
sensors used for collecting data during the PIT.In the
third step [as shown in Fig. 2(C)], the loading
machine that was used to keep the pile in a fixed
positionwas removed and the load tank was connected
to the pilehead. This tank facilitates to add load using
lead shots.Two dial gauges were set at the top of the
load tank torecord the pile displacement during the
loading and infil-tration process. The bearing capacity
of the model pilewas estimated to be around 1000 N
using Eq. (5) from Chi-nese Technical Code for Building
Pile Foundations (JGJ94—2008). Using a factor of
safety of two, a service loadof 500 N was applied on
the pile head prior to water infil-tration. After reaching
a stable pile displacement, whichwas typically observed
within 24 h, water was added man-ually, as and when
required, to assure the ground watertable was always
higher than the ground surface. The soildeformation was
measured along with the pile mechanicalbehavior which
include the pile head displacement, pileaxial force and
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pile base resistance during the period ofmanual
irrigation. Experiment was terminated when thepile
head displacement stabilized and all the MPS-6 sensors
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Fig. 2. Three step procedure for conducting the pile infiltration test in expansive soils (A) Step 1; (B) Step 2; (C) Step 3; (D) Equipment set-up photograph.

indicated that the soil has been fully saturated. Fig. 2(D) where Quk is the ultimate single pile bearing capacity;
provides a photographic view of experimental settings dur- Qus is the ultimate pile shaft resistance; Quk is the ultimate
ing the infiltration stage. pile base resistance; u is the perimeter of the model pile; gsi

is the standard pile shaft friction within soil layer i, for pre-
cast concrete pile with pile shaft in contact with high plas-
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Table 3
Various sensors used in the experimental program along with their details.
Sensor Manufacturer Range Resolution Accuracy
GS-3 water content sensor Decagon Devices, Apparent dielectric (0.2% VWC) from 0to 40%  *3% VWC
Inc. permittivity: 1 (air) to 80 (water) VWC;
(0.1% VWC) > 40% VWC.
MPS-6 dielectric water Decagon Devices, —9 to —100000 kPa 0.1 kPa + (10% of reading

potential sensor Inc.

+ 2 kPa)

stress, for pre-cast concrete pile with pile base on loose fine
sand, the gpk is estimated as 500 kPa; Ay is the pile base
area.

2.3. Experimental results

The PIT was performed after the pile settlement stabi-
lized which was 3 mm under the applied the static pile load
of 500 N. The PIT required around 40 h for the soil around
the pile to fully saturate the expansive soil layer with a
thickness of 400 mm. Fig. 3 shows the variations of the soil
and pile head displacement upon water infiltration. As
water was added manually, soil around the pile experienced
volume expansion in the vertical direction, which is consis-
tent with the ground heave. Within 40 h, which was the
time required for the expansive soil layer to saturate, the
ground heave increased from zero to approximately
25 mm and the pile head settlement increased from 3 mm
to around 7 mm. It should be noted that the soil volume
increases significantly during the infiltration process with
suction reductions, which contributes to an increase in
the coefficient of permeability. This is the main reason
responsible for the saturation of the soil around the pile
in a short time (i.e. 40 h). Also, the shape of SWCC
changes due to the volume expansion of expansive soil,.
However, considering the difficulty and complexity
involved in analyzing the SWCC of expansive soil under
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Fig. 3. Variation of soil and pile head displacement with respect to time
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different stress and matric suction conditions, in the present
study the influences of volume changes on the SWCC are
neglected. Expansive soil collected from the top surface
after the infiltration test was close to slurry. Fig. 4(A)
and (B), respectively summarize the volumetric water con-
tent and the suction changes during the testing period; the
pore air pressure was assumed to be zero.

Fig. 5(A) shows the pile axial force variations recorded
by strain gauges installed at different depth levels along
the model pile. Results summarized in this figure suggest
that the pile axial force was continuously increasing during
the infiltration process. In addition, these results suggest
pile axial force increment was more significant at a greater
depth. Fig. 5(B) shows the variations of the pile base resis-
tance during the testing process. During the static loading
process, the pile base resistance gradually stabilized at a
value of 34 N, which indicated that the upper load was
mainly borne by shaft friction and the pile behaves similar
to a floating pile. However, during the infiltration process,
the pile base resistance grew rapidly to a value of around
183 N, within 40 h. The results suggests that more pile head
load was transferred to the pile base. In other words, the
pile shaft friction reduced during the infiltration process.
The slight increment in the pile base resistance after infil-
tration for 40 h can be attributed to the relaxation of soil
stress, as the expansive soil has been saturated.

3. Analysis on experiment results using PEI
3.1. Computation program PEI

The PEI (Pile behavior in Expansive soil upon Infiltra-
tion) program developed by Liu and Vanapalli (2019a)
was used to interpret the experimental results of the PITs
undertaken in present study. The program PEIl introduces
suction-dependent load transfer curve models and suction-
dependent pile-soil relative displacement calculations into
traditional load transfer method to extend its application
to piles in unsaturated expansive soils. The required infor-
mation for application of PEI includes the suction profile,
SWCC and conventional soil properties (i.e. saturated elas-
tic modulus, Poisson’s ratio, soil and interface shear
strength properties and vertical swelling pressure of expan-

sive soil), which are either presented in the experimental
(positive displacement indicates upward displacement and negative value
indicates downward displacement).
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results or summarized in Table 4. It should be noted that
the program PEl is developed based on simplified
assump- tions which assumes the soil element around the

pile to be
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Table 4
Various parameters necessary for the application of PEI.

Elastic modulus of saturated Regina clay (kPa)

12,500
Poisson’s ratio of Regina clay (Adem and Vanapalli 2016) 0.4
Elastic modulus of the aluminum model pile (GPa) 69
Elastic modulus of sand below the model pile (kPa) 1000
Critical pile-soil relative displacement corresponding to the peak interface shear strength (m) (Zhang et al. 2010, 2011a and 2011b) 0.01
Ratio of residual interface shear strength to peak interface shear strength (Zhang and Zhang 2012) 0.85

isotropic, homogeneous and elastic in nature without any
plastic deformation (such as collapse of soil structures
due to over-load) during the swelling process (Terzaghi
1925, 1926; 1931). While clay soils can only develop stable
structures and constant material properties after repeated
wet/dry cycles associated with environmental factors
(Kodikara et al. 2002), and typically behave in an elastic
manner (Gould et al. 2011; Kodikara 2012). In other
words, expansive soil basically exhibits elastic—plastic
behaviors during volume expansion. The sand that was
poured into the testing tank below the floating pile used
in the experimental set up was in a relatively loose state.
The elastic modulus of the loose sand is estimated to be
around 1000 kPa according to the relationship between pile
base resistance and settlement using the PEI as illustrated
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3.2. Theoretical analysis on pile load transfer
mechanismvariations

The pile mechanical behavior at four different time
periods of the infiltration process (i.e. 0 h, 10 h, 20 h
and 40 h) were selected for interpreting the pile load
transfer mechanism changes. These four time points
were selected since suction profiles as recorded by buried
sensors provide a comprehensive information of the suc-
tion variations during the infiltration process (as
shown in Fig. 4). Fig. 6 and Fig. 3 shows the
comparisons between experimental data and
simulations by PEl on pile axial force distributions and
pile head displacement, respectively. There is a good
agreement achieved between the program PEl
simulations and the experi- mental results of the PIT.
These results suggest that
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Fig. 6. Comparisons of the pile axial force distribution between experiment data and simulations using PEI [(A) O h; (B) 10 h; (C) 20 h; (D) 40 h].

PEI can be used as tool to model and investigate the
pile behaviors.

Experimental results regarding the pile mechanical
behavior (see Fig. 3 and Fig. 5) indicate that during the
infiltration process, pile shaft friction gradually decreased
in the already saturated zone but increased within the
unsaturated zone. Such a behavior can be attributed to
gradual pile head load transfer to the lower part of the pile
and pile base. In other words, it is the pile shaft friction
variation that has contributed to pile load transfer mecha-
nism changes. With the aid of PEI, the influence of suction
and its variations on the shaft friction mobilization can be
analyzed comprehensively.

Information related to the pile shaft friction mobiliza-
tion is determined considering three key factors; namely,
net normal stress, suction acting on the pile shaft andpile-
soil relative displacement. Figs. 7, 8 and 9 that were
developed with the assistance of PEl, summarize the varia-
tions of suction, lateral earth pressure (net normal stress)
and pile-soil relative displacement variations during the
infiltration process, respectively. As shown in Fig. 7, suc-
tion gradually decreased from an initial value of
1000 kPa to zero with the depth as the saturation process
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continued. At the same time, suction reduction triggered
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the mobilization of lateral swelling pressure which con-
tributed to an additional increment to the lateral earth
pressure due to soil self-weight. As a consequence, lateral
earth pressure gradually increased from top to the
bottomof the pile (as shown in Fig. 8). Fig. 9 shows that
the pile- soil relative displacement gained significant
increment with the development of ground heave. Also, the
increasing pile- soil relative displacement showed a linear
distribution from the wetting depth to the ground surface.
The pile-soil rela- tive displacement at the upper part of the
pile has exceeded the critical value when the soil in the tank
fully saturated; such a behavior suggests that the pile shaft
friction at this stage reaches a residual value.

In the computation program PEl, the interface shear
strength is calculated using Eq. (4) proposed by Hamid
and Miller (2009). In this equation, the first two terms
indi- cate the contribution of net normal stress and true
cohesion to the pile shaft friction while the last term
indicates the contribution of matric suction to the pile
shaft friction. Using the information provided in Fig. 7 to
Fig. 9, it is pos- sible to separately consider the
contributions of net normal stress and matric suction to
the pile shaft friction. More specifically, according to the
net normal stress distribution as shown in Fig. 8 and
pile-soil interface shear strength

Page | 293

ISSN: 2278-4632
Vol-10 Issue-12 No.03 December 2020

Copyright @ 2020 Authors



Juni Khyat

(UGC Care Group I Listed Journal)

Suction (kPa)

0.0

0 200 400 600 800 1000 1200

Suction (kPa)

0.0

0 200 400 600 800 1000 1200

ISSN: 2278-4632
Vol-10 Issue-12 No.03 December 2020

Suction (kPa)
000 200 400 600 800 1000 1200

Suction (kPa)
000 200 400 600 800 10001200

o
[

Depth (m)

o
N

|
|
|
|
|
|

o
w

o
IS

o
[

o

=

|
J

Depth (m)
o
N
Depth (m)
o
Ny

o
w
v
|
|
|
|
J
=]
w
*

o
IS

o

IS

(A)

(B)

(©) (D)

Fig. 7. Suction profile at four representative time points [(A) O h; (B) 10 h; (C) 20 h; (D) 40 h].
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parameters, it is possible to establish the load transfer
curve which only considers the contributions of net normal
stress and true cohesion to the pile shaft friction. The con-
tribution of net normal stress towards pile shaft friction at
a certain time point can be estimated from the pile-soil rel-
ative displacement shown in Fig. 9. The contribution of
matric suction towards the pile shaft friction is just the dif-
ference between the total pile shaft friction and the pile
shaft friction associated with net normal stress, as shown
in Fig. 10. However, it should be noted that Fig. 10 is pre-
sented based on superposition method, which is only cap-
able of providing details of the contributions of net
normal stress and matric suction to the pile shaft friction.
The net normal stress contributes to the pile shaft friction
through soil particle friction while the suction contributes
to the pile shaft friction through tension of soil water
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Fig. 10. Firstly, the peak pile shaft friction under saturated
state was lower in comparison to unsaturated state. Sec-
ondly, the contribution of suction to pile shaft friction
decreased while the contribution of net normal stress to
pile shaft friction increased during the infiltration process.
The total pile shaft friction decreased as infiltration contin-
ued, since the reduction in pile shaft friction due to suction
reduction was predominant.

Fig. 11 (A) to (E) which were generated using PEl,
clearly demonstrate that during infiltration process (from
0 to 40 h), the load transfer curve shape varies significantly
at different levels of depth (from 0.04 m to 0.36 m) and
influences of pile-soil relative displacement increment on
the pile shaft friction mobilization. The load transfer curve
menisci. Two general observations can be derived from
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variations indicate both peak and post-peak pile shaft fric-
tion reduce from an unsaturated to a saturated state.
Also, at the same depth, the pile-soil relative displacement
keeps increasing during the infiltration process due to pile
settle- ment increment and ground heave development.
According to Fig. 11, prior to water infiltration under the
applied sta-tic load, pile-soil relative displacement has not
reached the critical value [see Fig. 11 (A) to (E)]. There is
pile shaft fric-tion loss in the already saturated zone due
to the influenceof water infiltration. However, the pile shaft
friction in unsaturated zone increased to a peak value due
to pile- soil relative displacement increment [see Fig. 11
(C) to (E)]. On the contrary, significant pile-soil relative
displace- ment increment contributed to pile-soil interface
shear strength reduction from peak to a post-peak value in
thealready saturated zone [see Fig. 11 (A) to (B)].

3.3. Theoretical model for the estimation of threshold load

The PIT conducted in present study showed that pile
shaft friction under the service load calculated using Eq.
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Fig. 10. Contributions of net normal stress (NNS) and matric suction (S) to the pile shaft friction at four representing time points [(A) 0 h; (B) 10 h; (C)

20 h; (D) 40 h].

(5), reduced due to water infiltration. Such a behavior can
be attributed to significant pile head load transfer to pile
base resulting in a further pile head settlement. Similar
trends of results were reported from the centrifuge test con-
ducted by Yang et al. (2017). However, it is of interest to
note that, there are several PITs reported in literature in
which uplift displacement was observed in the pile, if there
was no pile head load (for example, Mendoza 2013; Fan
et al. 2007; Al-Rawas and Goosen 2006; Benvenga 2005).
These observations suggest that there should be a certain
pile head load for pile settlement to occur upon water infil-
tration. In the present study, this value of pile head load is
referred to as the threshold load. A floating pile that sup-
ports a light structure on which pile head load is lower than
the threshold load is likely to undergo uplift displacement.
For such a scenario, the influence of uplift friction should
be accounted for in the design of piles. However, when pile
head loads are higher than the threshold value, various
safety and stability problems associated with the further
settlement of the pile should be considered.

For piles in unsaturated expansive soils, it is the pile
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shaft friction variations in the active zone which predomi-
nantly influences the pile load transfer mechanisms prior to
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and after water infiltration. As shown in Fig. 12(A),
the pile shaft friction shows a rectangular distribution in
the active zone assuming pile-soil relative displacements
alongthe entire pile are the same due to the high stiffness
of pile. As water infiltrates into soil around the pile, both
the shapeof the load transfer curve and pile-soil relative
displace- ment change. If there is no pile head
displacement, the resultant of the pile shaft friction
within the active zone should be the same prior to and
after water infiltration(i.e. independent of degree of the
saturation). Such a sce- nario is shown in Fig. 12(B).
After saturation, reductionin both peak interface shear
strength and residual shear strength results in load
transfer curve changes. Although the pile shaft friction
shows a curve-shaped distribution due to pile-soil relative
displacement increment, the area of the pile shaft friction
distribution (S2) is equivalent to the pile shaft friction
resultant (S1), which represents the resultant of pile shaft
friction before saturation. For such scenarios, the load
applied on the pile head is the thresholdpile head load. In
PEI, the shape of the load transfer curve is described by
Eq. (6), thus the area of S1 and S2 equiva- lent to the
resultant can be deduced as Eq. (8) and (9), respectively.
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where Dhs is the total ground heave developed from ini-
tial unsaturated condition to a fully saturation, which can
be calculated using Eq. (14) proposed by Adem and
Vanapalli (2016).

where Dhs is the total ground heave of soil; D (ua - uw) is
the matric suction reduction.

The only unknown parameter Ss() can be solved using
numerical methods by combining Eqgs. (12) and (13). Once
Ss(i) value is solved, the threshold pile head load Qref can
be determined using Eqg. (15). For the PIT presented in this
study, after water infiltration, the pile shaft friction in the
active zone decreases since the pile shaft friction reduction
due to suction reduction is more significant than the pile
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soil relative displacement difference (DL) can be estimated
using Eq. (13) and (14) based on the depth of the active
zone and some basic soil properties. The threshold pile
head load can be estimated using Eq. (15) from soil and
interface properties and site investigations studies which
assist in the determination of depth of active zone.

4. Summary and conclusions

shaft friction increment due to lateral swelling pressure
mobilization. Therefore, as illustrated in Fig. 12(B), there
exists a threshold load which distinguishes whether the pile
would experience uplift displacement or further settlement
upon water infiltration. The threshold load is estimated to
be around 326 N using Eq. (15), which needs only basic soil
properties. This result is also consistent with the value
acquired through PEI. The applied pile head load 500 N is
higher than the threshold load, as a consequence, pile has
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undergone settlement upon water infiltration.
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changes associated with water infiltration. In the present
study, water infiltration test was conducted in a laboratory
environment to investigate the behavior of a model floating
pile in an expansive soil, taking account of the influence of
stress and hydraulic boundary conditions that are typically
encountered in practice. Experimental results were ana-
lyzed using a computation program PEI (i.e. Pile behavior
in Expansive soil upon Infiltration) developed by Liu and
Vanapalli (2019a) which highlights the influence of suction
and suction variations induced volume changes of expan-
sive soils on the load transfer mechanism of the model pile.
Following conclusions can be summarized from the inves-
tigations undertaken in this study.

(1) The pile shaft friction mobilization and the pile load
transfer mechanisms are combined influenced by the
variations in the net normal stress, suction and pile-
soil relative displacement. For a pile in expansive soil
with a service load, water infiltration causes a reduc-
tion in the pile shaft friction within the active zone
for two reasons. Firstly, the pile shaft friction
reduction due to suction reduction in the active
zone is more predominant than the pile shaft
friction  increment  associated with  the
mobilization of lateral swelling pressure. Secondly,
the pile-soil relative displacement increment
increases the pile-soil interface shear strength
(shaft friction) towards the peak value at greater
depth but reduces pile-soil interface shear
strength at shallow depth from the peak value to
post-peak value. Therefore, more pile head load is
gradually transferred to the pile at a greater
depth, resulting in the increment of the pile base
resistance and pile head settlement.

(2) Floating piles in expansive soil may either undergo
uplift displacement or further settlement under the
influence of water intrusion predominantly in the
active zone. The pile typically experiences uplift dis-
placement due to generation of uplift friction for
cases in which the pile shaft friction increases after
water infiltration due to mobilization of lateral swel-
ling pressure. While for the cases in which the pile
shaft friction reduces after water infiltration due to
suction reduction, there exists a threshold pile head
load under which the pile head displacement remains
unchanged prior to and after water infiltration. If the
pile head load is lower than this threshold value, the
pile undergoes uplift displacement with an increase in
the degree of saturation and after the soil reaches sat-
urated condition. On the contrary, a higher pile head
load results in a pile settlement after the soil reaches
fully saturation condition.

(3) A theoretical model is proposed for the estimation of
threshold pile head load using unsaturated soil
mechanics principles. The proposed model is simple
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and requires only basic soil properties, interface shear
strength properties and depth of active zone for use in
geotechnical engineering practice. The proposed
model is valuable for practicing engineers to make
quick and reasonable evaluations of pile mechanical
behaviors variations in unsaturated expansive soils
during the water infiltration process. In other words,
the studies provide valuable information for rational
pile foundations designs taking account of influence
of environmental factors
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