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Abstract
Settlement during an earthquake occurs due to the permanent change in volume, which reduces the shear strength of the soil.
Reduction of shear strength in soil leads to considerable damage in pile-supported structures due to the generation of extra lateral
loads to piles by lateral movement of loose soil. Tests were carried out to examine the behavior of the pile foundation in colloidal
silica treated sand under the application of vertical, lateral, and combined loading conditions at different initial relative densities.
Dry sand (untreated), fully saturated sands (untreated), and colloidal silica treated sands were used to examine the property
enhancement of colloidal silica sand under different load conditions. PLAXIS 3D geotechnical professional software was used
for the numerical analysis of the tests mentioned above. The soil parameters, as well as the pile considerations which were
obtained from the laboratory, were used in the present analysis. The numerical results obtained from the investigations were
similar to the experimental test results for all the loading cases. Colloidal silica stabilization in sand increases the vertical, lateral,
and combined loading capacity of the pile. The pile bending moment of the colloidal silica treated sands was lower than untreated
sands. Results indicated that colloidal silica treatment could be an effective ground improvement technique to enhance the
vertical and lateral load-carrying capacity of the pile.

Keywords Colloidal silica . Ground improvement . Load carrying capacity . Relative density . Sand

Introduction

Foundation resting on soil plays an essential part in the safety
and efficiency of different structures, including buildings,
dams, bridges, tunnels, and pavements. The catastrophic fail-
ure of foundations in these structures due to vibrations and
earthquakes causes severe damages to mankind and property.

Hence, proper care should be taken while constructing the
foundation in poor soil and earthquake-prone areas. In gener-
al, earthquake triggers settlement, which produces landslides,
surface rupture, ground amplification, and variations in
ground surface motions (Kramer 1996; Wang et al. 2017).
So, earthquake-resistant structures, as well as foundations,
are essential criteria to be evaluated at present. Liquefaction
induced lateral spreading is a phenomenon that occurs in sat-
urated or partially saturated soil when the strength and stiff-
ness of soil are reduced by earthquake shaking or other rapid
loading leading to the liquid-like behavior of sand.

Pile foundations support the construction and transfer the
load at the desired depth, either by end-bearing or skin fric-
tion. Lateral spreading reduces the stiffness and strength of the
soil during lateral spreading is the main difficulty associated
with the pile foundation after an earthquake (Finn 2005;
Shanker et al. 2007; Haldar and Babu 2010; Haskell et al.
2013). The failure modes of a pile foundation are very com-
plex during an earthquake due to ground motions (Makris and
Gazetas 1992; Guin and Banerjee 1998; Boulanger et al.
1999; Curras et al. 2001; Bhattacharya et al. 2004; Dash
et al. 2010; Finn 2015). The failure mechanisms of pile
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foundations are mainly due to bending, buckling, shear, and
settlement. The performance of pile behavior under lateral
spreading thus remains a topic of considerable research inter-
est. During lateral spreading, the failure of the pile foundation
was due to the combined action of buckling and bending
(Abdoun et al. 2003; Bhattacharya et al. 2003, 2004, 2005;
Triantafyllidis et al. 2004). Excessive settlements, along with
additional stresses, may develop on the pile due to movements
in soil caused by the lateral forces. These might reduce the
stability and thus destruct the serviceability of pile foundation-
supported structures in unpredictable situations. So, it is es-
sential to evaluate the axial and lateral load in pile foundation
during earthquake-induced settlements. Various situations in
which pile foundation is subjected to lateral spreading are next
to deep excavations or embankment structures, piles next to
the pile installation jobs, and tunnel construction. Abdoun
et al. (2003) reported that the final bending moment in a pile
foundation appeared at the boundaries of liquefied and non-
liquefied layers.

Damage induced by a reduction in shear strength to ground
commonly comprises foundation settlement and lateral
spreading (Iwasaki 1986; Berrill et al. 2001; Takahashi
2002; Cubrinovski et al. 2012; Tamura 2014; Yang et al.
2018).Many researchers have conducted experimental studies
on untreated sands to examine the behavior of pile founda-
tions during lateral spreading (Bhattacharya et al. 2004;
Kagawa et al. 2004; Brandenberg et al. 2005; Dungca et al.
2006; Motamed and Towhata 2010; Motamed et al. 2010).
Bhattacharya et al. (2004) studied an alternative mechanism
of pile failure in loose sand deposits during earthquakes. They
introduced a new parameter called the slenderness ratio of a
pile to classify the pile performance in such soils. Kagawa
et al. (2004) studied the centrifuge simulations of large-scale
shaking table tests. They reported that carefully designed cen-
trifuge tests could reproduce the key features of the responses
of the large-scale models. Brandenberg et al. (2005) consid-
ered the behavior of pile foundations in laterally spreading
ground during centrifuge tests. They evaluated procedures
for estimating the total horizontal loads on embedded piles
and pile caps. Dungca et al. (2006) conducted shaking table
tests on a pile buried in sand to study the lateral response.
They noticed that the cylinder displacement required for the
lateral resistance becomes smaller with the increase in loading
rate. Motamed and Towhata (2010) conducted shaking table
model tests on pile groups behind quay walls subjected to
lateral spreading. They noticed that displacement and velocity
of soil are the most critical parameters that affect the distribu-
tion of the lateral forces in the group pile, and these two pa-
rameters are highly dependent on the configuration of the
ground. Experimental modeling of large pile groups was done
by Motamed et al. (2010), conducted model tests on pile
groups subjected to lateral flow in sloping ground. They re-
ported that factors such as amplitude, frequency, and direction

of input motion should be considered for analysis and design
purposes. Furthermore, the density, slope of the ground and
the thickness of a nonliquefiable layer at the surface were
significant for the analysis and design purposes.

Soil stabilization methods by grouting and by introducing
geotextiles are used to improve the structural and mechanical
properties of sand. The various grouting techniques can be
classified as cement grouting, clay grouting, chemical
grouting, chrome-lignin grouting, polymer grouting, and bitu-
minous grouting. Chemical grouting of the foundation soil is
considered to be a potential tool to improve the strength, per-
meability, durability, and compressibility of native soil, there-
by safeguard the building above it (Han et al. 2007;
Anagnostopoulos et al. 2011; Homauoni and Yasrobi 2011;
Ajalloeian et al. 2013; Zang et al. 2015). Gallagher and
Mitchell (2002) introduced a new concept called passive site
stabilization to mitigate liquefaction during earthquakes in
existing buildings. Passive site stabilization is a nondisruptive
mitigation method introduced in areas that are vulnerable to
settlement. The stabilization is executed by injecting a stabi-
lizing material slowly at the upgradient edge of a site and
delivering the stabilizer to the liquefiable area using the
groundwater flow augmented by injection and extraction
wells. The innovative chemicals for stabilization are polyester,
colloidal silica, acrylate, red mud, polyvinyl acetate, epoxy
resin, and polyurethane (Han 2004; Pamuk et al. 2007; Lim
et al. 2009; Mollamahmutoglu and Yilmaz 2009;
Anagnostopoulos et al. 2011, 2014; Ajalloeian et al. 2013;
S. Mohammed et al. 2015; Çelik et al. 2019; Chhun et al.
2019). Due to the researches mentioned above, colloidal silica
has become popular among researchers for soil stabilization
because of its low viscosity and its capacity for managing gel
time (Pamuk et al. 2007; Conlee et al. 2012; Hamderi and
Gallagher 2015; Moradi and Seyedi 2015; Vranna and Tika
2015; Georgiannou et al. 2017; Nouri Delavar and Noorzad
2017; Wong et al. 2018; Krishnan and Shukla 2019; Krishnan
et al. 2020). Many researchers studied the static and dynamic
behavior of colloidal silica treated sand, but pile behavior in
such treated soils has not received enough attention. However,
Pamuk et al. (2007) have conducted some physical modeling
tests in deep foundation rested on colloidal silica treated sand.
They noticed that treatment with dilute colloidal silica stabi-
lizer minimized permanent lateral deformations and reduced
the liquefaction potential of the colloidal silica treated soil.
Most of the previous studies concentrated only on liquefaction
mitigation in general. However, overlooking building tilt fail-
ure due to settlement of pile foundation is more important
considering the damages.

The present study was conducted to overcome the gap in
pile behavior in past research works. The performance under a
vertical and then lateral load was adapted to provide insights
on the behavior of a single pile in colloidal silica treated sand.
The experimental research was conducted on instrumented
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piles embedded in colloidal silica treated sand to examine the
axial load distribution under vertical loads and bending mo-
ments under lateral loads. The present study deals with stabi-
lization for controlling construction problems on sandy soil
with low bearing capacity.

Equipment and experimental procedures

The experimental facility of the present study consists of a
model tank, the prototype of the pile, load testing facilities,
and essential instrumentation.

Materials used

The materials used in the present study include sand, colloidal
silica, and pile foundation. The properties of materials used in
the present study are shown in Table 1. The sand used for the
study was having an angular shape with D10 and D50 of
0.21 mm and 0.35 mm, respectively and can be classified as
poorly graded sand (SP). Ludox SM colloidal silica with par-
ticle size 7 nm was used for the current study. Hydrochloric

acid (0.6 N) and reagent grade NaCl (0.1N) was used for
controlling the gel time of colloidal silica. The optimum col-
loidal silica content of 12.5, 11, and 10 wt. % of colloidal
silica was used for stabilizing the sand, having initial relative
densities of 30%, 40%, and 60%, respectively, as per studies
conducted by Krishnan et al. (2020).

All the tests were conducted after a curing period of 7 days.
Any substantial increment in strength was not reported after 7
days of curing in colloidal silica treated sand in the previous
research (Krishnan et al. 2020). The pile prototypes are made
of steel. The physical and mechanical properties of the steel
were obtained by utilizing the universal testing machine. A
pile diameter of 20 mm was used in the present work to avoid
the dilatancy effects associated with smaller diameter piles.
ASTM (2011) recommends that the minimum specimen di-
ameter for circular specimens should not be less than ten times
the maximum particle size to avoid the size effects. The sand
used for the model testing was sieved through a 2 mm sieve,
and the grain size distribution curve is shown in Fig. 1. The
structural dimension (diameter) of the pile was kept 20–30
times larger than the mean particle size of the soil particles
(Nunez 1988).

Test soil description and sand distribution system

The performance of a single pile under vertical and lateral
loading was studied using a model tankmade of steel. All tests
(27) were performed on a single pile foundation on sand hav-
ing three different initial relative densities (30%, 40%, and
60%). The experimental tests were conducted on a single pile
under vertical loads, lateral loads, and combined vertical and
lateral loads applied to the pile head at ground elevation. For
the computation of settlements of foundations, evaluation of
the vertical load is necessary. Prototypes for the experiment,

Table 1 Properties of the materials used for the experiments

Material Parameter Value

Sand Specific gravity 2.692

Minimum unit weight 15.74 kN/m3

Maximum unit weight 18.56 kN/m3

Effective grain size (D10) 0.21 mm

Mean particle size (D50) 0.32 mm

Coefficient of uniformity (Cu) 2.67

Coefficient of curvature (Cc) 1.17

Indian standard soil classification SP

Maximum void ratio (emax) 0.71

Minimum void ratio (emin) 0.45

Colloidal silica Stabilizer counter ion silica

Particle charge negative

pH (at 250c) 9.7-10.3

Density 1.22 g/mL at 25oc

Molecular weight 60.08 g/mol

Initial viscosity (at 250c) 5.5 cP

Particle size 7 nm

Silica weight concentration 30%

Pile Diameter (mm) 20

Length (mm) 200

Unit weight (γ) 9.23×10-28 kN mm-3

Young's modulus (E) 266307.55 MPa

Poisson's ratio (ν) 0.222

Shear modulus (τ) 27 130.42 MPa
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Fig. 1. Grain size distribution curve
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i.e., pile foundation, were fabricated with steel. The pile foun-
dation was equipped with strain gages at five different heights
(top, bottom, and middle) to measure the axial forces and
bending moment during loading. The strain gage was covered
with waterproof material to prevent it from damaging and as a
moisture barrier. The dimension of the tank for the model
testing was selected so that the boundary of the model tank
is more than the active stress zone of the soil mass. The depth
of boundary should be two times greater than the pile length,
and the diameter of the tank should be at least ten times higher
than the pile diameter (Matlock 1970; Narasimha Rao et al.
1998; Horikoshi and Randolph 1999; Lee 2002; Lee et al.
2010). All the laboratory model tests were conducted in a tank
with an internal diameter of 300 mm and a height of 600 mm.
In the present study, the model tank dimensions were chosen
according to the boundary conditions mentioned above. The
sand was filled in the test tank by sand pluviation using sta-
tionary pluviators by maintaining a fixed height of fall during
pluviation. In order to achieve the appropriate relative density,
sandwas filled in layers in which each layer was divided into a
thickness of 50 mm. Relative densities from 30 to 100 % are
easily achievable using this technique (Okamoto and Fityus
2006; Hariprasad et al. 2016; Tabaroei et al. 2017).

In order to fix the height of the fall of sand in the tank
for different relative densities, a series of preliminary tests
were also performed. For the initial tests, a pouring cyl-
inder having internal dimensions 101.6 mm × 152.4 mm,
as shown in Fig. 2, was used. The height of fall was
maintained until the collecting jar was filled, and the ex-
cess soil was then scrapped off to level the surface and
calculated for three different relative densities (Fig. 3).
The height of fall was maintained by attaching a scale to
the cylinder's extension pipe. The tests were performed at

different heights of fall, and independent tests were done
(7–10 times) with the same method to calculate the re-
peatability and ensure the observed falling height of sand.
The height of fall method was more manageable and re-
peatable to provide accurate results. Drop height, and the
rate of pouring of sand particles are the various factors
that influence the density achieved through pluviation
(Hariprasad et al. 2016). Therefore, the current study uses
dropping sand from a predefined height of fall to develop
uniform sand layers. The saturation process of untreated
sand was done by adding 25% of water (precalculated for
saturated condition) to the tank before pouring the sand.
Sand was then poured loosely into the water using the wet
pluviation method.

The loading structure comprised of 1500 mm height verti-
cal columns, two on each side and connected with two parallel
beams. The horizontal shaft was also incorporatedwith amulti
loading testing machine and a pre-calibrated load cell fixed at
the center of the loading frame. LVDTs were placed along the
outer peripheries of the loading platform to measure the ver-
tical displacements on the pile foundation. After filling the
sand to a certain height (50 mm from top), the pile foundation
was placed in a vertical position. Extreme care was taken to
ensure the penetration of the pile foundation to 2–5 mm to
make sure the proper seating to keep the piles in position until
the tank was completely filled. Later, the load was applied to
the loading plate at a strain rate of 1.5 mm/min (Chen 1999).
The failure loads were considered to have a close similarity to
a settlement of 10% of the pile diameter. The tests were re-
peated three times to authenticate the repeatability and reliabil-
ity of the analysis obtained from the experimental model. The
measurement devices such as LVDT, load cell, strain gages
were connected to data logging systems. The strain gages in
the instrumented pile were connected to 16 channel strain
indicators to record the strain values. The test setup is shown
in Fig. 4.

Fig. 2. Calibration cylinder for preliminary test and sand pouring method
to estimate the height of fall
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Dry sand (untreated), fully saturated sands (untreated), and
colloidal silica treated sands are used to examine the property
enhancement of colloidal silica sand under vertical and then
lateral load. Saturation of the specimen was ensured by adding
25% water to sand having different initial relative densities,
and densities refer to the initial densities after specimen prep-
arations. 25% of water content was obtained by substituting
Sr=100% (i.e., fully saturated condition) by using the equation
shown below.

w ¼ eSr
G

ð1Þ

where,

w water content
e void ratio
Sr degree of saturation (Kept 100% to ensure saturation)
G specific gravity

Colloidal silica treated sample preparation was conducted
as per the procedures given by Krishnan et al. (2020). The
sample preparation technique adopted in the present study
involved the pluviation of dry sand into the colloidal silica
solution. In order to thoroughly saturate the sample, the vol-
ume of colloidal silica solution (required weight %) added to
sand was equal to the volume of void spaces of the sample. In
treated samples, the soil voids were completely filled with
colloidal silica solution. Colloidal silica treatment reduced
the settlement in loose saturated samples (Pamuk et al. 2007;
Conlee et al. 2012; Krishnan et al. 2020). In order to have a
better understanding of such responses, the current study also
compares the results of saturated untreated specimens with
colloidal silica treated specimens. A total of 27 tests were
examined in the laboratory.

FEM simulations

Mohr-Coulomb material model was quantitatively compared
to experiments performed in the laboratory. Within the Mohr-
Coulomb framework, the soil was modeled as an elastoplastic
material. Various researchers recommend Mohr-Coulomb
models due to its accuracy, simplicity and applicability
(Chen et al. 1983; Johnson et al. 2006; Mendoza et al.
2017). Geotechnical Finite Element Software PLAXIS 3D
was used to compare the experimental results. Trial analyzes
were conducted with increasing mesh dimensions and mesh
density to determine the best fit mesh and density for the
study.

Furthermore, it was observed that the standard fine
meshing was adequate to capture the settlement behaviors
by conducting trial analysis with increasing mesh dimen-
sions and mesh density. An element of the interface was
also applied to simulate the interaction between the pile
and soil. The analysis of the model started when the ge-
ometry was created and loads were applied. Thus, the
same load test results were extended to simulate the
load-settlement behavior of pile using the Plaxis 3D ap-
proach. The optimum values of colloidal silica for sand
with initial relative densities of 30%, 40%, and 60% was
12.5 wt. %, 11 wt. %, and 10 wt. %, respectively. Any
substantial increment in strength was not reported after 7
days of curing in colloidal silica treated sand. Therefore,
the present research adopted a curing time of 7 days for
all tests in colloidal silica treated sand. The reference con-
fining pressure of 100 kPa was considered from the un-
consolidated undrained triaxial tests from which the me-
chanical parameters such as ɸ, c, and E were obtained
(Krishnan et al. 2020). The input parameters used in the
current study for sand with three different initial relative
densities (RD) are presented in Table 2. A weight density
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of 92 kN/m3, a Young's Modulus of 200 GPa, Shear mod-
ulus of 79.30 GPa, and a Poisson's ratio of 0.30 were used
for the steel pile.

Results and discussions

Soil behavior during vertical loading

The variation of the vertical load with pile in untreated and
colloidal silica treated sand was studied in the present research
and explained in the current section. The results showed that
the vertical load-bearing capacity of the foundation increases
with the increase in initial relative densities of untreated dry
sand (Fig. 5a). At a load of 0.2 kN, the settlement decreases
from 1.5 to 0.5 mm when the relative density increases from
30% to 40%. On the other hand, a negligible settlement was
observed for 60% relative density sand for the load of 0.2 kN.
The same pattern was observed in the variation of the load-
carrying capacity of untreated saturated sand at different rela-
tive densities (Fig. 5b). The bearing capacity of the foundation
increases with the increase in relative densities of untreated
saturated sand.

Table 2 Properties of sand used for PLAXIS Model study

Angle
of
friction,
ϕ (o)

Young's
modulus,
E (MPa)

Cohesion,
c (kPa)

Void
ratio,
e

Dry Unit
weight, γd

(kN/m3)

30RD untreated
dry

34.00 30.21 - 0.630 15.99

40RD untreated
dry

35.80 33.03 - 0.610 16.10

60RD untreated
dry

38.32 35.57 - 0.550 16.42

Treated sand
with 30RD
initial relative
density

40.14 38.11 145 0.320 17.90

Treated sand
with 40RD
initial relative
density

42.20 39.27 199 0.290 18.14

Treated sand
with 60RD
initial relative
density

44.63 44.56 220 0.250 18.47
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At a 2mm settlement, the load-carrying capacity of untreat-
ed dry sand having a relative density of 30%was 0.24 kN. The
load-bearing capacity for a sample having a relative density of
40% and 60% was 0.41 kN and 0.63 kN, respectively.

Treatment with the optimum amount of colloidal silica at
different initial relative densities showed a substantial incre-
ment in load-carrying capacities for all relative densities (Fig.
5c). The treatment of colloidal silica increases the load-
carrying capacity to 1.15 kN at the same settlement of 2
mm. For a sample having 40%, 60% initial relative densities,
the load-carrying capacity increases to 1.66 kN, and 1.95 kN
in the colloidal silica treated samples. Also, the load-carrying
capacity was increased by a factor of 5, 4, and 3 for sand
having initial relative densities of 30%, 40%, and 60% with
the treatment of colloidal silica.

The influence of colloidal silica treatment on load settle-
ment curves of the 40RD sand sample is shown in Fig. 5d. A
relatively higher gain in the bearing capacity during the treat-
ment with colloidal silica was observed in loose sands com-
pared to sand samples having higher densities. The compari-
son of the ultimate vertical load-carrying capacity of sands
having three different initial relative densities is shown in
Fig. 6.

Soil behavior during lateral loading

The variation of the lateral load with pile in untreated as well
as colloidal silica treated sand was studied in the present re-
search and is explained in the current section. The results
showed that the bearing capacity of the foundation increases
during lateral loading with the relative density of untreated dry
sand (Fig. 7a). In the case of untreated saturated sand, the
lateral load-carrying capacity is lower than that of untreated
dry sand (Fig. 7b). However, the bearing capacity of the

foundation increases with the relative density of untreated
saturated sand. This could be due to the reduction in soil
strength in untreated saturated soil with the application of
lateral load. The soil particles move apart with the application
of lateral load, which was unable to support the lateral read-
justment of soil due to the presence of water. At a 2 mm
settlement, the load-carrying capacity of untreated dry sand
having relative densities of 30%, 40%, and 60% was 0.10
kN, 0.11 kN, and 0.15 kN, respectively.

Also, treating sand with colloidal silica reduced the settle-
ment. Treatment with colloidal silica at different initial relative
densities showed a substantial increment in load-carrying ca-
pacity (Fig. 7c). At a 2 mm settlement, the load-carrying ca-
pacity of colloidal silica treated sand with initial relative den-
sities of 30%, 40%, and 60% was 0.18 kN, 0.21 kN, and 0.28
kN, respectively for 2 mm settlement. Therefore, the lateral
load-carrying capacity was evidently increased by a factor of
1.8, 1.9, and 1.9 for sand having initial relative densities of
30%, 40%, and 60%, respectively, with the treatment of col-
loidal silica. The p-y curve of 30RD sand is shown in Fig. 7d.
In various density conditions, almost similar gain in the bear-
ing capacity during the treatment with colloidal silica were
observed. The comparison of the horizontal ultimate load-
carrying capacity of sands having three different initial rela-
tive densities is shown in Fig. 8.

Soil behavior during combined loading

It was observed that the lateral load-carrying capacity of un-
treated dry and untreated saturated sand increased under the
application of vertical load at the pile head at all relative den-
sities (Fig. 9a and b). Cohesion in sand increases the lateral
loading capacity of sand when subjected to vertical load.

The load-carrying capacity of untreated dry sand with rel-
ative densities of 30%, 40%, and 60%was 0.11 kN, 0.155 kN,
and 0.175 kN, respectively. The ultimate combined load ca-
pacity of the pile in colloidal silica treated sand at all relative
densities was found to be higher with the addition of vertical
load on the pile head. Treatment with colloidal silica enhances
the load-bearing capacity by a factor of 2, 1.9, and 1.8 in sands
having initial relative densities of 30%, 40%, and 60%, re-
spectively. The samples with a lower relative density have a
higher void ratio. So, the effect of treatment would bemore for
such samples, and this could be the reason why the smallest
density samples showed a higher increase in load-carrying
capacity. Colloidal silica treatment is considered a successful
ground improvement technique to enhance the lateral load-
carrying capacity of the pile with vertical load (Fig. 9c).
Figure 9d shows the influence of colloidal silica treatment
on combined load settlement curves of 60 RD sand samples.
The comparison of the combined load-carrying capacity of
sands having three different initial relative densities is shown
in Fig. 10. The effect of vertical load on the pile foundation is
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inevitable because it induces a p-Δ moment on the pile foun-
dation, which later reduces the lateral stiffness of the pile.
Also, this could cause a significant improvement in the lateral
capacity of the pile to withstand the kinematic loads from

lateral spreading. The vertical load application in a pile in-
creases the major principal stress compared to the pile under
the application of pure lateral load. The increase in major
principal stress increases the mobilized shear strength of the
soil thus increases the resistance of the soil-pile system to
lateral loading.

Bending moment

The pile was equipped with strain gages in vertical and hori-
zontal directions to measure bending moments. The bending
moment was calculated using Eq. (2). shown below

BM ¼ ε� EPile � IPile
y nað Þ

ð2Þ

where,

BM Bending moment
ε strain obtained from strain gage
EPile modulus of elasticity of pile
IPile Area moment of inertia of the pile
y(na) neutral axis along the cross-section of pile
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Strain gages were connected along the length of the pile.
Strain gages used in a pile were utilized to quantify the bend-
ing moment with the addition of colloidal silica in sand. A
reduction of 84%, 83%, and 82% were observed in bending
moment with the addition of colloidal silica in sand having

60%, 40%, and 30% initial relative densities, respectively,
during horizontal loading (Fig. 11). Colloidal silica treatment
in sand generates greater soil resistance to pile deflection, thus
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significantly reducing the bending moment. Also, vertical
load plays a significant role in the bending moment response
of the pile. The application of vertical load on the pile consid-
erably reduces the bending moment in a pile.

To examine the effect of vertical load on lateral response of
a pile in untreated and colloidal silica treated sand, an exper-
imental study on combined loading was also conducted. The
comparison of maximum bending moment profiles of untreat-
ed dry sand with colloidal silica treated sand with different
initial relative densities is shown in Figs. 11 and 12. A sub-
stantial reduction in the bending moment was observed in a
pile for all the combined loading cases compared to horizontal
loading (Fig. 12). A decrement of 58%, 54%, and 46% in the
maximum bending moment was observed in the case of un-
treated sands having relative densities of 30%, 40%, and 60%,
respectively. An increase in relative density increases the soil
resistance, which thereby reduces the bending moment in a
pile. On the other hand, a decrease of 28%, 23%, and 14% in
the maximum bending moment was observed in treated sands
with initial relative densities of 30%, 40%, and 60%, respec-
tively. A significant reduction in bending moment in a pile
could be due to the generation of soil resistance due to the
colloidal silica treatment in sand. The pile bending moment of
the colloidal silica treated sands was also lower than in the
case of untreated sands. It was due to the advancement in
properties like soil subgrade modulus and the shear strength
by adding colloidal silica in sand. The increment in soil con-
finement during treatment reduced the bending moment. Also,
with lateral load application, the soil resistance near the bot-
tom of the pile leads to tensile stresses in the soil. Maximum
bending moment in a pile occurred at a depth equivalent to
twice the pile diameter since the developed bending moments
were restricted to the upper part of the pile. These interpreta-
tions recommend that model test piles had a plastic hinge
formation during lateral loading.

Comparison between laboratory tests and plaxis 3D
analysis

The load-deflection behavior of the pile was found to be
nonlinear at all loading cases: vertical, horizontal, and com-
bined loading. It was also noted that the response of the pile
was consistent at all relative densities as well. A numerical
analysis was performed to compare the experimental re-
sults. The numerical results were found to be in good agree-
ment with the experimental data, which confirms the accu-
racy of the numerical model predictions (Table 3). Both
experimental and numerical results reveal that colloidal sil-
ica treatment in sand decreases the displacements during
vertical as well as lateral loading, thus making them more
suitable for soil improvement applications. Since both un-
treated saturated and untreated dry sand show similar re-
sults, untreated dry sand was compared with treated sand
with different initial relative densities.

The numerical analysis was investigated with the help
of PLAXIS 3D geotechnical professional three-
dimensional finite element method software. Models for
pile foundation and soils were established as per the size
and material property used in the laboratory. The compar-
ison of the load settlement curve of Plaxis 3D was in
agreement with that of Laboratory model tests. The com-
parison of load-displacement curves obtained from exper-
imental as well as PLAXIS 3D finite element analysis is
shown in Fig. 13. The results showed that the numerical
model satisfactorily predicts lateral response of bored
piles in colloidal silica stabilized sand when the cohesion
component of soil resistance was considered. The settle-
ment equal to 10% of pile diameter (2 mm) was adopted
to define the ultimate load-carrying capacity (Briaud
2007). As expected from the typical triaxial test results,
the bonding in sand increases the lateral loading capacity
of the pile. All other observations of numerical analysis
and experimental test values are presented in Table 3. In
all the cases, it was observed that the deviations of the
values obtained by numerical and experimental methods
are within a range of ±10%. Increasing the amount of
colloidal silica in sand did not continuously improve the
bearing capacity of sand. It is a prerequisite for engineers
to minimize the cost and time before considering the ul-
timate bearing capacity needed for the construction. So
the experimental study on load-settlement behavior of col-
loidal silica treated footing is essential for geotechnical
researchers to improve ground economically. The colloi-
dal silica needed for 30 RD, 40 RD, and 60 RD sand was
observed to be 12.5 wt. %, 11 wt. %, and 10 wt. %,
respectively, through triaxial testing by Krishnan et al.
(2020) and the current study reported that colloidal silica
improved the bearing capacity of the pile in colloidal sil-
ica treated sand as well.
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Conclusions

This study presents a static load analysis carried out on a
single pile to examine the behavior of vertical, lateral, and
combined load on colloidal silica treated sand. Based on the
experiments conducted in the present work, conclusions of the
present study are as follows:

& Treatment of sand with colloidal silica content increases
the bearing capacity of the soil.

& The application of vertical load increases the lateral load-
carrying ability by as much as 15%, 24%, and 28% of the
pile in the case of colloidal silica treated sand having ini-
tial relative densities of 30%, 40%, and 60%, respectively.

& Treatment of sand with colloidal silica reduces the pile
bending moment.

& The pile bending moment of the colloidal silica treated
sands was lower than untreated sands due to the advance-
ment in properties like soil subgrade modulus and the
shear strength.

Table 3 Correlation of ultimate load carrying capacities from Plaxis and laboratory test analysis

Test no Code Numerical results of Plaxis 3D Experimental test results % deviation with respect to experimental values

1 V_30RD_UT_Dry 0.223 0.240 7.08

2 V_40RD_UT_ Dry 0.384 0.410 6.34

3 V_60RD_UT_ Dry 0.597 0.630 5.24

4 V_30RD_UT_Sat 0.289 0.320 9.69

5 V_40RD_UT_ Sat 0.435 0.480 9.38

6 V_60RD_UT_ Sat 0.624 0.690 9.57

7 V_30RD_T_12.5CS 1.087 1.150 5.48

8 V_40RD_T_11CS 1.545 1.660 6.93

9 V_60RD_T_10CS 1.833 1.950 6.00

10 H_30RD_UT_ Dry 0.108 0.100 -8.00

11 H_40RD_UT_ Dry 0.115 0.110 -4.55

12 H_60RD_UT_ Dry 0.147 0.150 2.00

13 H_30RD_UT_ Sat 0.076 0.070 -8.57

14 H_40RD_UT_ Sat 0.099 0.090 -10.00

15 H_60RD_UT_ Sat 0.131 0.120 -9.17

16 H_30RD_T_12.5CS 0.20 0.190 -5.26

17 H_40RD_T_11CS 0.201 0.210 4.29

18 H_60RD_T_10CS 0.274 0.280 2.14

19 C_30RD_UT_ Dry 0.100 0.110 9.09

20 C_40RD_UT_ Dry 0.157 0.170 7.65

21 C_60RD_UT_ Dry 0.199 0.210 5.24

22 C_30RD_UT_ Sat 0.173 0.180 3.89

23 C_40RD_UT_ Sat 0.212 0.220 3.64

24 C_60RD_UT_ Sat 0.242 0.250 3.20

25 C_30RD_T_12.5CS 0.217 0.230 5.65

26 C_40RD_T_11CS 0.249 0.260 4.23

27 C_60RD_T_10CS 0.305 0.320 4.69
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& Adding colloidal silica in sand increases the lateral loading
capacity at the same load.

& The effect of vertical load on the pile foundation induces a
p-Δ moment on the pile foundation, which later reduces
the lateral stiffness of the pile. Also, this could cause a
significant improvement in the lateral capacity of the pile
to withstand the kinematic loads from lateral spreading.

& The addition of colloidal silica in sand improved the shear
strength of the soil.

& The numerical results obtained from the analysis are in
good agreement with the experimental test results for all
the loading cases.

& Thus, the numerical simulations which precisely predict
the results of physical experiments with the addition of
colloidal silica in sand could be a strong recommendation
to extend the research to field applications.

Future scope

& Centrifuge models are recommended to evaluate the per-
formance of the pile foundation under a vertical and lateral
load in colloidal silica treated sand to validate the test
results further.

& Seismic analysis of the machine foundation in colloidal
silica treated sand under simulated base shaking should
be investigated in the future. It will help design the foun-
dation soil to prevent damage occurring due to shocks and
vibrations.
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