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Abstract: Estimating a pile shaft’s frictional capacity is challenging and has been a controversial
subject among researchers. In this study, the shaft friction resistance of non-displacement (pre-
installed) model piles under axial load was investigated. Four different model piles were used,
including steel, timber, and two composite piles (FRP and PVC filled with concrete). The angle of
interface friction (δ) between test sand, and pile materials was determined using an interface shear
test (IST) at four relative densities. Axial pile load experiments were implemented in a soil tank and
piles were embedded into loose to very dense sand. Model pile load tests were performed in such a
way that there was no end (point) bearing capacity (only friction was generated), and lateral friction
resistance between the pile material and the soil along the pile shaft formed the complete bearing
capacity of the model pile. According to experimental results, it was observed that, with increasing
sand relative density and surface roughness of the pile material, the shaft friction resistance of the
model pile increases. A back-calculation analysis was also performed to find the values of lateral
earth pressure coefficient (K) using Burland’s (1973) equation with the help of measured shaft friction
capacity of the model pile load test. By performing multivariate regression analysis, an equation was
obtained between the back-calculated lateral earth pressure coefficient (K) and other parameters. The
obtained equation was used to calculate the K values given in other studies in the literature. It was
determined that the obtained equation was in good agreement with the data in other studies. This
equation can be beneficial in practice and can be advantageous for further study in the future.

Keywords: shaft friction resistance; lateral earth pressure coefficient (K); interface friction angle (δ);
relative density (Dr); interface shear test (IST)

1. Introduction

Unlike shallow foundations, the load transfer mechanism through the pile to the soil
layers is more sophisticated [1]. Generally, the end (point) bearing and skin friction are
the two mechanisms that transfer the normal loads on piles into the soil. In some cases,
such as weak soil deposits, the pile foundation system may be the only reliable system for
transmitting the structural load to the ground. When there is no rock or stiff soil layer at a
reasonable depth, the pile’s end (point) bearing capacity is comparatively small and much
of the resistance is caused by lateral friction or adhesion between the materials of the pile
and the surrounding soil around the pile shaft.

Estimating the frictional capacity of the pile shaft is difficult and has been a matter of
long discussions because there is great uncertainty about parameters related to soil and soil–
pile interaction. Usually, there are two common methods in practice for prediction the shaft
resistance of axially loaded piles: (1) estimating the pile–soil load transfer mechanism with
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empirical relations [2–6] and (2) using finite element method analysis [7–13]. In practice,
the ultimate pile shaft friction resistance in cohesionless soil can be calculated from the
following equation, which was proposed by Burland [14].

Q f = fs.P.L = K.σ′v . tanδ′.P.L (1)

where fs is unit skin friction, K is lateral earth pressure coefficient, σ′v is an average vertical
effective overburden pressure, δ’ is effective skin friction angle between soil and pile
materials, P is the perimeter of the pile, and L is the embedded length of the pile. The
(K) value is considered the most difficult factor to estimate in Equation (1) [15]. Several
researchers have attempted to estimate the K value from a retrospective analysis of field pile
load tests, small-scale model pile load tests in the laboratory, and finite element analysis.
Due to the large number of suggested K values equations, the estimated pile shaft resistance
may differ by several hundred percent. Meyerhof and Adams [16] reported that the K
value is a function of the internal friction angle of soil. The American Petroleum Institute’s
RP2A code [17] recommended that the K value of 0.8 to 1 be used for estimating shaft
friction resistance of driven piles with open and closed ends in sand. However, it does
not take into account whether the pile is in compression or tension. In addition, some
studies have uncovered the restrictions of the API code design instructions for tension
piles, and new design methods have been proposed [18–20]. Alawneh [5] stated that
the value of K ranges widely between Rankine’s active earth pressure coefficient (Ka)
and passive earth pressure coefficient (Kp), in some cases, maybe greater than Kp. He
also asserted that the maximum K value is a function of the relative density of sand, pile
diameter, and initial stress condition. Jazebi and Ahmadi [21], using finite element methods,
indicated that the K value is approximately equal to earth pressure coefficient at rest (K0)
for non-displacement piles.

When estimating the friction capacity of piles, the interface friction angle (δ) between
the soil and the pile materials is crucial. The interface friction between sand and other
construction materials has been the subject of several investigations in the past. To this end,
In the literature, a wide range of geotechnical laboratory experiments have been employed,
such as a direct shear test, large-scale shear box test, and ring torsion apparatus. Factors
that influence the interface friction angle (δ) have been stated in the literature as internal
friction angle of soil (φ), moisture content, soil density, soil type, the surface roughness of
the material, soil particle shapes (angular or round), relative roughness (surface roughness
of the material divided by soil particle mean diameter (D50)), percentage of coarse grains,
the levels of normal stress, soil, and shearing rate [22–36].

Researchers attempted to conduct small- and large-scale model pile load experiments
to better understand the behavior of shaft friction capacity of non-displacement (bored or
drilled shaft) piles due to the high expense of full-scale pile load studies. The mobilized
unit shaft resistance of the bored pile in sand is usually influenced by some factors such
as the initial relative density of sand and stress state [37–39], the roughness between soil
and pile material [40–44]. The surface roughness of a pile is usually introduced as a
normalized roughness ratio (Rn = Rt/D50), where Rt is the maximum surface profile height,
and D50 is the mean particle size diameter of the soil mass, as shown in Figure 1 [9,40].
Salgado et al. [45] employed a calibration chamber test and two-dimensional finite element
analysis using a two-surface-plasticity constitutive model to examine the behavior of bored
pile under axial load in sand. It was discovered that the ultimate unit shaft resistance is
considerably influenced by the K value and the relative density of soil. Additionally, they
demonstrated that in comparable circumstances, a small-size model pile produces far more
unit shaft resistance than a full-scale pile.
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Figure 1. Description of the maximum roughness Rt and the normalized roughness Rn [9].

Due to the high degree of soil parameter uncertainty and the intricate pile–soil load
transmission process, estimating the shaft frictional resistance of piles has been a controver-
sial subject among researchers until now. Very little research has been carried out in the
literature on shaft resistance of full-scale model piles under axial load in sand [43]. Most
of the studies have used small-scale steel model piles under tensile load experimentally
to back-calculate the K value from the friction capacity of the pile shaft [46–48]. Research
dealing with shaft friction resistance of timber and composite model piles (concrete-filled
FRP and PVC) under axial load in the sand was not encountered.

The purpose of this study is to examine the shaft friction resistance of four different
non-displacements (pre-installed) model piles embedded in sand, including closed-end
steel pipe piles, timber piles and two composite piles (FRP and PVC filled with concrete). At
different relative densities, the test sand’s internal friction angle was found by conducting a
series of shear box experiments. The interface friction angle between sand and pile material
was determined using an interface shear test (IST). In addition, a surface roughness test was
carried out to obtain the maximum surface roughness of all model piles. Model pile tests
were executed under axial load in such a method that the end (point) bearing of the pile
does not exist, and the whole pile capacity was produced from lateral friction resistance
between the pile shaft and the neighbouring soil. Additionally, it aims to determine how
the relative density of sand affects the shaft resistance of non-displacement piles and
back-calculate the K value using the results of model pile load tests.

2. Materials and Method

The characteristics of friction should be established in order to calculate the shaft
friction capacity of single piles. For this reason, the internal friction angle of sand for
different relative densities, the surface roughness of the pile materials and interface friction
angles between sand and pile materials were determined. After that, pile model load tests
were carried out in the laboratory to find the maximum frictional resistance for each mode
pile at different relative densities.

2.1. Test Sand

River sand with a uniform gradation was utilized in this study. Sand has been cleaned,
dried in an oven, sieved using sieve #18 (1 mm), and retained on sieve #200 (0.075 mm),
as done by previous studies [20,49]. To see the geometry and colour of sand particles, a
zoomed-in photo was taken by the digital camera Figure 2, it appeared that sand particles
are mostly dark in colour and have angular to sub-angular shapes. The angle of repose
of sand was found to be 35◦ measured in accordance with ASTM- C1444-00 [50], Figure 3.
Sieve analysis was conducted to obtain the particle distribution curve of test sand in
accordance with ASTM D422-63 [51], Figure 4. The specific gravity of sand was determined
based on ASTM D854-14 [52]. The maximum and the minimum dry densities for sand
were measured by experiment in agreement with ASTM D4254 [53]. The measured index
parameters of sand are listed in Table 1.
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Table 1. Physical properties of sand used in the study.

Property Value

D50, (mm) 0.475
Uniformity Coefficient, (Cu) 2.895
Curvature coefficient, (Cc) 0.980

USCS Classification SP
Specific gravity, (Gs) 2.77
γdmax, (kN/m3) 17.66
γdmin, (kN/m3) 14.32

Maximum void ratio (emax) 0.898
Minimum void ratio (emin) 0.539

Maximum −Minimum grain size, (Dmax − Dmin) (mm) 1 − 0.074

2.2. Model Piles and Sand Tank

In model tests, the dimensions of the test tank should be determined so that the
boundary effects will have the least effect on the test results. In the literature, many studies
have been carried out on the selection of the dimensions of the pile and the test tank
in order to ensure semi-infinite medium conditions where the boundary effects do not
change the experimental results. As a result of these studies, if there is a 2B (B is the
dimension of the foundation) gap between the edge points of the pile and the tank sides,
the boundary conditions will not affect the test, and thus, semi-infinite conditions will be
provided [54–56]. In this study, the diameter of the pile was determined as 5 cm since the
side length of the experiment tank was 75 cm in order to provide semi-infinite conditions.

Due to the stress-dependent soil properties, it is important to accurately model the
prototype stress conditions in small-scale modeling experiments. One of the common ways
to apply gravity (g) in model experiments is re-establish full-size stress levels. Details of the
rules and modeling practices used in laboratory modeling can be found in [57]. Information
about the scaling laws used in this study is given in Table 2.

Table 2. Scaling Laws.

Physical Parameters Scaling Factor (Model/Prototype)

Gravity (m/s2) 1
Force (N) 1/n3

Length (m) 1/n
Displacement (m) 1/n2-α

Area (m2) 1/n2

Stiffness (N) 1/n α

Strain 1/n1−α

Density (kg/m3) 1
Stress (kPa) 1/n

α 1

In this study, an in-plane strain condition of the test system is assumed. The dimen-
sions of the test system and the pile are similar in all experiments. While the pile diameter
was 50 mm (The equivalent in the prototype was 1 m), the thickness of the soil layer was
constant and 900 mm (The equivalent in the prototype was 18 m). The width of the system
was 750 mm (The equivalent in the prototype was 15 m), according to the scaling law given
in Table 3.

Table 3. Physical and chemical properties of model piles.

Properties Steel Wood FRP PVC Unit

Density 78.5 5.5 19.60 5.90–13.30 kN/m3

Elasticity modulus 210,000 12,600 15,700 1800–2410 Mpa
Flexutural modulus 16,400–106,000 8550 10,000 1520–2540 Mpa

Ultimate Tensile strength 360–510 5.24 160 9.00–53.8 Mpa
Yield strength 300 31 300–1000 30.0–65.0 Mpa
Shear strength 230 8.34 35–300 0.460–5.01 Mpa
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In this study, four model piles with different materials were used, including closed-end
steel pipe piles, timber piles, concrete-filled PVC and FRP pipe piles. The diameter and
length of the test piles were 50 mm and 600 mm, respectively, and the pile was 500 mm
embedded into the sand during the test. Plain concrete with a compressive strength of
16 MPa was used to fill the FRP and PVC pipe piles because examining the model piles’
shaft friction resistance is the primary goal of the study. The steel pile and the timber
pile were both constructed using St-37 steel and beech tree, respectively, a 50% fiberglass-
included FRP pipe was used as the FRP pile, and PVC-U type cylindrical profile was used
as the PVC pile. The four model piles used in this study are depicted in Figure 5. Since the
main objective of this study is to investigate the friction capacity of mode piles, therefore
four different materials were selected to study their friction capacity when used as pile
foundations. In pile foundations, different construction materials offer unique advantages.
Steel piles are favored for their high strength, allowing them to bear heavy loads in deep
foundation applications such as tall buildings and bridges. Timber piles are suitable for
smaller structures due to their ease of installation and cost-effectiveness, making them a
viable option for residential and light commercial projects. FRP (Fiber-Reinforced Polymer)
filled-with-concrete piles excel in corrosive environments, as they are resistant to chemical
degradation, making them valuable in marine and industrial settings. PVC filled-with-
concrete piles provide enhanced resistance to weathering and groundwater corrosion,
making them a durable choice for foundations in certain environmental conditions. The
selection of the most advantageous material for pile foundations depends on factors such
as the project’s scale, load requirements, site conditions, and long-term performance con-
siderations [58–60]. The mechanical and physical properties of model piles are listed in
Table 3. The 3D schematic diagram of the soil tank is as seen in Figure 6.
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Four different relative densities employed in this investigation were obtained using
a hand compactor. Vibration equipment is generally used for compaction of sand [61].
Relative density experiments were performed in the laboratory; the different relative
densities used in this study are (Dr = 10%, 40%, 65% and 90%). The summary of obtaining
various relative densities of sand with the compaction technique corresponding to the dry
unit weights and the void ratio is presented in Table 4. The water content measured under
laboratory conditions is about 1%. Compaction process tests were carried out at this water
content, and then the dry unit weight was calculated. To ensure the homogeneity of the
sand in the soil tank during the tests, small cans were positioned in various areas within
the soil tank to control the relative density of the sand. After each test, the small cans were
carefully extracted from the soil tank and the density of the sample was calculated, as has
been performed in the literature [62].
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Table 4. Void ratio, compaction method, and dry unit weights of test sand corresponding to different
relative densities.

Relative Density (Dr), (%) Average Dry Unit
Weight (γd), (kN/m3) Void Ratio (e) Compaction Process

10 14.6 0.86
From a height of 10 to 15 cm, test sand was poured
until the model tank was filled to the necessary
depth.

40 15.5 0.75

The test sand was poured from a height of 5–10 cm
and the tank was filled with layers every 10 cm, each
point (15 cm × 15 cm) was compacted for less than a
second (for a moment).

65 16.3 0.66

The test sand was poured from a height of 5–10 cm
and the tank was filled with layers every 10 cm, each
point (15 cm × 15 cm) was compacted for
two seconds.

90 17.3 0.57

The test sand was poured from a height of 5–10 cm
and the tank was filled with layers every 5 cm, each
point (15 cm × 15 cm) was compacted for
eight seconds.

2.3. Interface Shear Test

For each relative density, the internal friction angle (φ) of the sand and the interface
friction angle (δ) between the sand and the pile materials were measured using the shear
box test (6 cm × 6 cm × 2 cm). To determine the angle of internal friction (φ) of sand
at different relative densities, a shear box test was performed in accordance with ASTM
D-3080 [63]. Interface friction tests were performed according to ASTM D5321/D5321M-
17 [64] to find the interface friction angle (δ) in-between sand and different pile materials
at four different relative densities. The internal friction angle of sand and the interface
friction angle between sand and model pile materials, which correspond to different relative
densities, are summarized in Table 5. As can be observed, the angle of internal friction
increases as relative density does as well. The interface friction angle also increases with
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increasing relative density, but it begins to decrease under very dense conditions, such as at
90% relative density. This behavior has also been observed in previous research [22,32,65].
It can be seen that the internal friction angle of sand for different relative densities is
quite high due to the shape of the sand particles. The shape of the sand particles has a
considerable effect on the angle of internal friction. The sand with high internal friction
angle was also observed by Stark et al. [66].

Table 5. Internal friction angle of sand (φ) and interface friction angles (δ) between sand and pile
materials versus relative density.

Dr
(%)

(φ)
(◦) (δ) of Sand-Timber (◦) (δ) of Sand-PVC (◦) (δ) of Sand-FRP (◦) (δ) of Sand-Steel

Material (◦)

10 41.0 35.1 26.1 23.7 20.0
40 44.3 36.2 28.7 26.2 21.0
65 48.7 37.9 31.4 28.3 22.5
90 52.4 35.3 30.3 28.2 21.0

2.4. Surface Roughness of Model Piles

The pile surface’s roughness has been known as one of the most significant factors
that impact the mobilized shaft resistance of the pile. The surface roughness of the model
piles was measured by the Mutitoyo SJ-201 surface roughness device. By using maximum
roughness of the materials, normalized surface roughness was calculated as stated in
Basu et al. [9]. Figure 7 defines the parameters of surface roughness, and the calculated
roughness parameters of all model piles are listed in Table 6.
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Table 6. Table roughness parameters of the model piles used in this study.

Model Pile Arithmetic Mean Surface
Roughness, Ra, (µm)

Maximum Surface
Roughness, Rt, (µm) D50, (µm) Normalized Surface

Roughness, (Rt/D50), Rn, (µm)

Timber 4.17 24.45 475 0.051
PVC 1.78 12.83 475 0.027
FRP 1.63 8.84 475 0.019
Steel 0.55 3.43 475 0.007

2.5. Model Pile Installation Method and Test Procedure

Model pile tests were conducted under axial load in such a manner that the end (point)
bearing capacity of the pile does not exist, and the whole pile capacity was derived by the
lateral friction resistance between the pile material and sand along the pile shaft. For this
purpose, a Styrofoam with dimensions (12 cm × 12 cm × 10 cm) was used. A hole with a
diameter of 5.1 cm was cut out of the middle of the Styrofoam body to ensure there was
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enough space between the edges of the pile and the Styrofoam during the load test, as
illustrated in Figure 8a.
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Figure 8. (a) Styrofoam with the hole, (b) sponge strip wrapped around the pile bottom by using
a clamp.

In order to install model piles, a specific kind of epoxy adhesive was used to fix the
pile to a detachable shaft, which was then threaded into a load cell. The soil tank was filled
with sand for each test to a depth of 30 cm, and then, a Styrofoam body was put in the
middle of the soil tank, after which an additional 10 cm of sand was filled to stabilize the
Styrofoam body. After that, the model pile with a detachable shaft threaded into a load
cell was lowered using a hydraulic jack until the bottom of the pile protruded 2 cm into
the pre-drilled hole inside the Styrofoam. Following that, a clamp was used to wrap a
sponge strip around the pile bottom. To stop sand particles from leaking into the hole as
illustrated in Figure 8b, the tank was filled to the depth of 90 cm. Because the model piles
have been pre-installed, they are considered non-displacement (bored) piles because they
do not displace the soil Salgado et al. [45]. A total of sixteen model pile load tests were
performed in the soil model tank, four load tests for each pile with sand relative densities
(10%, 40%, 65% and 90%).

Using a hydraulic jack, the axial load was applied to the single model pile, and the
two LVDTs were used for measuring pile displacement; the vertical displacement rate of
the model pile was 1 mm/min. The loading machine was computer controlled, and all data
from LVDTs and load cells were recorded. A two-dimensional schematic diagram of the
sand tank, test setup, and experimental apparatus can be seen in Figure 9.
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Figure 9. Schematic diagram of the test setup for a typical shaft friction test.
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3. Results and Discussion
3.1. Experimental Results

A total of 16 model pile shaft friction tests were performed under axial compressive
load in this study. Four different model piles were used and embedded into loose to very
dense sand. The results were obtained in terms of load–displacement curves, as shown
in Figure 10. From the load–displacement curves of the model piles, it is evident that as
the relative density of sand increases, so does the shaft friction resistance of model piles.
Among the model piles, it can be seen that the timber pile has the highest ultimate shaft
resistance while the steel one has the lowest; this indicates that the surface roughness
has a great effect on the shaft resistance of the pile. Moreover, it is clear from the load–
displacement curves that the model piles’ maximum shaft friction resistance is mobilized
when the displacement reaches around 5–10% of the diameter of the pile. Many researchers
indicated that the shaft friction resistance of the full-scale piles is mobilized when the pile
displacement is in the range of 0.5–1% of the pile diameter [7,21,67]. Research performed
on model pile load tests indicates that The displacement needed to mobilize the ultimate
shaft friction resistance is between 5 and 10% of the pile [37,68]. In this study, the ultimate
shaft friction resistance of the model piles was selected based on the criterion that the
displacement of the pile is 5% of the pile diameter. The variation in the ultimate shaft
resistance of model piles versus relative density is illustrated in Figure 11.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 18 
 

 
Figure 9. Schematic diagram of the test setup for a typical shaft friction test. 

3. Results and Discussion 
3.1. Experimental Results 

A total of 16 model pile shaft friction tests were performed under axial compressive 
load in this study. Four different model piles were used and embedded into loose to very 
dense sand. The results were obtained in terms of load–displacement curves, as shown in 
Figure 10. From the load–displacement curves of the model piles, it is evident that as the 
relative density of sand increases, so does the shaft friction resistance of model piles. 
Among the model piles, it can be seen that the timber pile has the highest ultimate shaft 
resistance while the steel one has the lowest; this indicates that the surface roughness has 
a great effect on the shaft resistance of the pile. Moreover, it is clear from the load–dis-
placement curves that the model piles’ maximum shaft friction resistance is mobilized 
when the displacement reaches around 5–10% of the diameter of the pile. Many research-
ers indicated that the shaft friction resistance of the full-scale piles is mobilized when the 
pile displacement is in the range of 0.5–1% of the pile diameter [7,21,67]. Research per-
formed on model pile load tests indicates that The displacement needed to mobilize the 
ultimate shaft friction resistance is between 5 and 10% of the pile [37,68]. In this study, the 
ultimate shaft friction resistance of the model piles was selected based on the criterion that  

  
(a) Dr = 10% (b) Dr = 40% 

-45

-40

-35

-30

-25

-20

-15

-10

-5

0
0 0.05 0.1 0.15 0.2

D
isp

la
ce

m
en

t (
m

m
)

Load (kN)

Timber
PVC
FRP
Steel

-45
-40
-35

-30
-25

-20
-15

-10
-5

0
0 0.2 0.4 0.6 0.8 1

D
isp

la
ce

m
en

t (
m

m
)

Axial Load (kN)

Timber
PVC
FRP
Steel

Appl. Sci. 2023, 13, x FOR PEER REVIEW 11 of 18 
 

  
(c) Dr = 65% (d) Dr = 90% 

Figure 10. Load–displacement curves of model piles in different relative densities. 

 
Figure 11. Variation of the maximum resistance of model shaft piles versus relative density of sand. 

3.2. Back-Calculation of K Values from Experimental Results 
The values of the lateral earth pressure coefficient, K, are also back-calculated from 

Equations (1) and (2) as follows, and the results listed in Table 7. 𝐾 = 𝑄σ௩ᇱ  . 𝑡𝑎𝑛𝛿ᇱ. P. L (2)

Table 7. Back-calculated K values. 

Model Pile Dr (%) γd (kN/m3) Qf (kN) 𝝈𝒗ᇱ   (kN/m3) (δ) (°) K 

Timber 

10 14.6 0.15 3.650 35.1 0.74 
40 15.5 0.76 3.875 36.2 3.41 
65 16.3 1.90 4.075 37.9 7.63 
90 17.3 3.20 4.325 35.3 13.31 

PVC 
10 14.6 0.10 3.650 26.1 0.71 
40 15.5 0.62 3.875 28.7 3.72 
65 16.3 1.50 4.075 31.4 7.68 

-45

-40

-35

-30

-25

-20

-15

-10

-5

0
0 0.5 1 1.5 2 2.5 3

D
isp

la
ce

m
en

t (
m

m
)

Axial Load (kN)

Timber
PVC
FRP
Steel

-45

-40

-35

-30

-25

-20

-15

-10

-5

0
0 2 4 6

D
isp

la
ce

m
en

t (
m

m
)

Axial Load (kN)

Timber
PVC
FRP
Steel

0

0.5

1

1.5

2

2.5

3

3.5

0 20 40 60 80 100

U
lti

m
at

e 
sh

af
t r

es
ist

an
ce

 (k
N

)

Relative density, Dr (%)

Timber
PVC
FRP
Steel

Figure 10. Load–displacement curves of model piles in different relative densities.
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Figure 11. Variation of the maximum resistance of model shaft piles versus relative density of sand.

3.2. Back-Calculation of K Values from Experimental Results

The values of the lateral earth pressure coefficient, K, are also back-calculated from
Equations (1) and (2) as follows, and the results listed in Table 7.

K =
Q f

σ′v . tanδ′.P.L
(2)

Table 7. Back-calculated K values.

Model Pile Dr (%) γd (kN/m3) Qf (kN) σ’
v (kN/m3) (δ) (◦) K

Timber

10 14.6 0.15 3.650 35.1 0.74
40 15.5 0.76 3.875 36.2 3.41
65 16.3 1.90 4.075 37.9 7.63
90 17.3 3.20 4.325 35.3 13.31

PVC

10 14.6 0.10 3.650 26.1 0.71
40 15.5 0.62 3.875 28.7 3.72
65 16.3 1.50 4.075 31.4 7.68
90 17.3 2.95 4.325 30.3 14.86

FRP

10 14.6 0.08 3.650 23.7 0.67
40 15.5 0.55 3.875 26.2 3.67
65 16.3 1.40 4.075 28.3 8.12
90 17.3 2.40 4.325 28.2 13.18

Steel

10 14.6 0.05 3.650 20.0 0.52
40 15.5 0.16 3.875 21.0 1.37
65 16.3 0.31 4.075 22.5 2.34
90 17.3 0.62 4.325 21.0 4.75

It can be seen that the K values are different for each material at the same relative
density, and this is because each material has different surface roughness; the material with
higher surface roughness has higher K values. The back-calculated K values vary from
0.52 to 14.86, and it is obvious that the K values obtained are quite high and all are greater
than KA and some values are even greater than KP, especially in high relative density for
PVC, timber and FRP model piles. As reported by [37,46], the K value can be greater than
KP in some situations. In addition, sand particles used in this study are of small size and
angular shape, as stated by Han et al. [33]; this causes high friction resistance between
the pile shaft and sand and, consequently, high K values are obtained. Another reason
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is that small-scale model piles generate considerably higher shaft friction resistance than
full-scale piles [45]. The test sand has a high internal friction angle, and all of the model
pile materials, with the exception of steel, have high interface friction angles with the sand;
therefore, there is a potential for sand to dilate mostly in high relative density, this, of
course, makes a contribution to the K values measured [69].

From Figure 10, it can be seen that the timber model pile has the highest shaft friction
resistance at 90% relative density, while the maximum K value belongs to the PVC model
pile; this is because PVC is a soft material and has a lower surface hardness compared to the
timber, that is why during loading, sand particles try to scratch the surface of the PVC pile
and form high friction resistance. In addition, the skin friction angle (δ) between sand-PVC
materials is lower than sand–timber and it is inversely proportional to the tangent of the
skin friction angle, as shown in Equation (2).

3.3. Shaft Friction Resistance and K Values of Model Piles at Different Relative Densities

Figures 12 and 13 show the increase in maximum shaft friction resistance of model
piles and back-calculated K values in different relative densities, respectively. Obviously,
the increase in shaft friction resistance and K value with increasing relative sand density for
a model pile with a smooth surface is less than for a model pile with a rough surface. For
example, the ultimate shaft friction resistance and K value of the steel model pile at 90%
relative density are about 11 and 10 times greater than 10% relative density, respectively,
while for timber model pile, they are about 21 and 18 times. However, the FRP and
PVC model piles have lower surface roughness than timber mode pile but the increase
in ultimate shaft friction resistance and K values of FRP and PVC model piles with the
increasing relative density of sand are greater than the timber model pile. For instance, the
ultimate shaft friction resistance and K value of the PVC model pile at 90% relative density
are about 29 and 21 times greater than 10% relative density, respectively. The reason is that
the PVC and FRP model piles are soft materials and have a lower hardness than steel and
timber model piles; that is why with the high relative density of sand, sand can dilate more
and sand particles try to scrape the surface of the model piles and produces more friction
resistance than low relative density.
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densities.
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3.4. Statistical Analysis for Estimation of K Values

Nonlinear statistical analysis was carried out for the prediction of the K values. Some
experimental data from the work performed by Alawneh et al. [70] were also used in the
multiple nonlinear regression analysis. Many correlations of K values were tried, but using
the results of this study, the best coefficient of determination was obtained with R2 = 0.96,
while including the results of Alawneh et al. [70], the coefficient of determination was
obtained with R2 = 0.95 (Table 8).

Table 8. In the research of Alawneh [37].

Model Pile Dr (%) γn (kN/m3) Qf (kN) σ’
v (kN/m3) (δ) (◦) K

45 15.2 0.15 3.650 35.1 2.01
70 16.4 0.76 3.875 36.2 3.26
40 15.2 1.90 4.075 37.9 2.39
70 16.4 3.20 4.325 35.3 4.33

The correlation obtained as a result of the statistical analysis is given in Equation (3).
The K values calculated from the experimental results and the predicted K values are
compared in Figure 14.

K = e(A. Dr+B. γ+C. ∅+D. δ0.05+E. σ′v+F. Rn+G)+H (3)

where Dr is the relative density of sand, γ is unit weight, φ is the internal friction angle
of sand, δ is the skin friction angle, σ′v is the average vertical overburden pressure, Rn is
the normalized roughness coefficient, and A, B, C, D, E, F are coefficients of the equation,
which are given in Table 9.
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Table 9. Coefficients of Equation (3).

A B C D E F G H

0.0639 0.1000 0.0324 −1.1846 11.2511 10.5987 −11.9945 1.5905

4. Scale Effect and Limitation

In this study, the scale of the full-scale piles has been reduced while sand is the same
as in the field. As a result, the small model piles may not perform the same role as the
full-scale piles and may have an impact on the experimental results. This phenomenon is
known as scale effects. Burland [14] stated that this phenomenon happens as a result of
different stress levels experienced during field tests of prototype and experimental models.
For this reason, we cannot only rely on the experimental results of small model piles to
estimate the exact behaviour of full-scale piles. However, the results of the experimental
tests can be used as a useful database to better understand the behaviour of full-scale
friction piles using field load testing, numerical analysis, and centrifuge load test.

5. Conclusions

In this study, a series of axial model pile load tests were executed to examine the shaft
friction resistance of different model piles (different materials) embedded into loose to
very dense sand. The model piles were installed as non-displacement (bored) piles. The
lateral earth pressure coefficient was back-calculated from the experimental test results.
Multiple nonlinear regression analysis was carried out, and a correlation was proposed for
estimation of K values. Based on the experimental outcomes and statistical analysis, the
following conclusions can be drawn.

• The shaft friction resistance of all model piles increases with increasing relative density
in a nonlinear relationship. From the load–displacement curves, the ultimate shaft
friction resistance of the model piles is mobilized when the pile displacement reaches
approximately 5–10% of the pile diameter.

• The ultimate shaft friction resistance of the model piles is strongly affected by the
surface roughness of the pile materials. This effect can be clearly observed between
ultimate shaft resistance of timber and steel model piles. This indicates that the pile
with high surface roughness develops the propensity of sand to dilate during axial
loading, particularly at high relative density, which leads to an increase in lateral earth
pressure against the pile surface.

• The maximum K value was obtained from the PVC model pile at 90% relative density.
The reason is that due to the low surface hardness of PVC, sand particles try to
scratch the surface of the PVC pile during loading, which results in high friction
resistance values.

• From back-calculation of the lateral earth pressure coefficient by using experimental
results and statistical analysis, the K value depends on the initial stress condition, the
relative density of sand, internal friction angle of sand, the skin friction angle between
sand and pile materials, and normalized roughness of the pile materials. A correlation
was proposed for the estimation of K value, and good agreement was found between
the predicted K values and calculated K values from the experimental results.
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