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Abstract
In varieties of coastal soil, deep foundations, particularly pile foundations, are used because the soil in these areas may be 
subjected to numerous factors that change the engineering properties of the soil, such as oil pollution. The pile foundations 
might be vulnerable to torsional stresses from eccentric, horizontal loads brought on by winds, earthquakes, shipwrecks, and 
waves, in addition to the loads carried by supported superstructures. In this laboratory investigation, tests have been carried 
out to investigate the behavior of piles under torsional load (T) and combined torsional-vertical load (T → V) in contaminated 
sandy soils. Additionally, investigations examined how the Lp/Dp ratio, relative density (Dr), and depth of the contaminated 
layer (Lc) affect their maximum torsional bearing capacity, which was discussed in detail. According to the findings, oil 
contamination significantly decreased pile response, and it also demonstrated that independent load differs significantly from 
combined load, in which the ultimate vertical bearing capacity of the piles in Dr = 30% installed in contaminated sand under 
pre-applied torque T → V loading at Lc/Lp = 1 decreases by 3.3, 3.9, and 5.1% for Lp/Dp 20, 16.67, and 13.3, respectively. 
These results show that the pile design must take into account the amalgamated loading of contaminated sand.

Keywords  Contaminated sand · Pile foundation · Combined torsional-vertical load · Torsional load

Introduction

Many factors lead to changes in the engineering, physical, 
and chemical properties of the soils in marine and coastal 
environments, such as oil spills, the impact of ships, the 
collision of waves, and marine turbines. In this case, shal-
low foundations will be insufficient due to the severity of 
weak soil, so deep foundations such as piles are used. Pil-
ing foundations are widely used, mainly in large structures 
such as offshore platforms, wind turbines, tall buildings, 
bridges, and railways. They help strengthen weak soils 

and withstand torsional loads resulting from wind loads, 
earthquakes, ship impacts, and wave collisions, as well 
as vertical loads transmitted by superstructures (Azzam 
2015, and Basack and Nimbalkar 2017). Also, piles are 
used to transfer torsion loads to the lower layers, which 
are supported by a fixed safety factor. When the depth 
increases, the torque gradually decreases, indicating the 
torsional pile resistance must be overcome before the tor-
sional load can be transferred to the surrounding soil (Zou 
et al 2021). In the previous literature, there were not many 
studies that dealt with the behavior of piles under single 
torsional loads or combined loads (vertical and torsional 
loads) in contaminated sand. Several studies have been 
performed on clean soils with vertical loading in stand-
ardized soils (Guo and Randolph 1997 and Guo 2000) 
and contaminated soils (Dhatrak et al. 2017 and Moham-
madi et al. 2018). There are many theories methods, such 
as the elasticity theory (Poulos and Davis 1968) and the 
load transfer method (Guo and Randolph 1997). Further-
more, numerical methods such as the boundary element 
method (Chow 1985), the finite element method (Basack 
and Sen 2014), and the finite difference method (Li and 
Stuedlein 2018). Recently, a direct and effective method 
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has been planned to overcome the nonlinear response of 
single piles under the influence of torsional loads (Nghiem 
and Chang 2019). In addition to these studies, three types 
of torsional tests were conducted on single piles, as fol-
lows: (1): small model tests such as Poulos (1975), Dutt 
and O’Neill (1983), Randolph (1983), Tawfiq (2000), and 
Zou et al. (2021); (2) typical tests of multiple centrifuges 
such as Bizaliele (1992), Laue and Sonntag (1998), McVay 
et al. (2003b), McVay and Hu (2003a), and Zhang and 
Kong (2006); (3) tests on full-scale driven piles and drilled 
shafts such as Stoll (1972), Tawfiq (2000), McVay et al. 
(2014), Thiyyakkandi et al. (2016), and Li et al. (2017). 
Among those tests, Stoll (1972) performed a large-scale 
torsion test on two steel columns filled with concrete. Both 
shafts’ torsional resistance increased as shaft rotation 
increased, until failure at about 3.2°. Poulos’ charts (1975) 
provided a valuable tool for engineers to estimate the tor-
sion flexibility of pile shafts and optimize their design for 
different applications. This approach allowed for the analy-
sis of torsional behavior in various soil conditions, and a 
continuum mechanics technique was used to account for 
the soil-pile interaction. Dutt (1976) and Dutt and O’Neill 
(1983) were the first to study the torsional bearing capacity 
of a pile installed in sand. Their research’s objective was 
to understand how the relative density of the sand and the 
method of installing the piles affected the ability of tor-
sion for circular and square piles (Zhang and Kong 2006). 
They found that the critical rotation angle was determined 
by the maximum torsional moment that the tube could 
withstand before failure. This information is crucial for 
understanding the accurately assessing response of tubes 
under torsional loading conditions. These results did not 
agree with those reported by Dutt and O’Neill (1983) and 
Tawfik (2000). Zou et al. (2021) provided testing on a 
single aluminum pile to study the torsional response of 
multi-layer soil and the effect of soil type and properties 
on torsion and torsion angle. Tests were carried out under 
independent vertical loads (V), independent torsional 
loads (T), and combined vertical and torsional loads (V-T). 
It was discovered that the research cited in the literature 
evaluated the torsional behavior of a single pile under vari-
ous circumstances. The behavior of piles under torsion in 
clean soil was also the subject of several studies and tests. 
However, it has not been found to fully study the impact of 
soil contamination with both torsional and vertical stresses 
on contaminated sand. As a result, experiments will be 
carried out in this research to ascertain the behavior of 
the piles under combined loads in polluted sandy soil. For 
the sake of comparison, the experiments were conducted 
on clean sandy soils. There were three alternative pile 
lengths and various densities employed to shed light on 
the induced torsional loads at the different investigated 
parameters.

Research significance

Laboratory experiments have been conducted, to deter-
mine the behavior of the pile under independent vertical 
load (V), independent torsion load (T), and amalgamated 
loads (T → V) in the contaminated sandy soil at different 
parameters. The results were compared with the results of 
clean sandy soil.

Mode test arrangement

Model piles

In this laboratory study, three hollow steel rough piles 
with closed ends were utilized, as clarified in Table 1. The 
maximum shear stress mobilized through rough surfaces 
was determined to be slightly scale effect dependent based 
on a series of torsional pile experiments in the sand (Gar-
nier and Konig 1998). A 30 mm pile diameter model was 
used in this research to ensure that the sand grain size dis-
tribution used in this study, where the pile diameter (Dp) 
means sand grain size (D50), is more than 30 (Franke and 
Muth 1985). The model pile was designed with lengths 
of 700, 600, and 500 mm. The ratios of pile length to pile 
diameter (Lp/Dp) utilized were 20, 16.67, and 13.3. The 
pile thickness is 1.5 mm to fulfill this condition and pro-
vide torsional resistance. Table 2 provides a summary of 
the model pile’s properties.

Table 1   Dimensions of model piles

Pile number Pile 
diameter, 
D(mm)

Total 
length, L 
(mm)

Embedment 
depth, Lp 
(mm)

Slenderness 
ratio, Lp/Dp

1 30 700 600 20
2 30 600 500 16.67
3 30 500 400 13.3

Table 2   Properties of model piles

Properties Pile 
diameter, 
D (mm)

Pile 
thickness, 
t (mm)

Pile 
density, 
ρ(kg/m3)

Pile 
Young’s 
modulus 
Ep (GPA)

Pile 
material

Model 30 1.5 7850 210 steel
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Test tank

A rectangular steel tank has been used in laboratory testing. 
According to Leblanc et al. (2010), the tank’s dimensions 
were set at 80 * 60 * 60 cm, where the distance between the 
substrate and the tank wall should be larger than 8D–10D. 
This was based on the measurements of the substrate, which 
were used to determine the effective squeezing area of the 
adjacent soil. Additionally, according to Garnier et  al. 
(2007), Bolton et al. (1999), and Craig and Sabagh (1994), 
the distance between the bottom of the pile and the bottom 
of the tank is greater than 5 D (where D is the diameter 
of the pile). This prevents bending of the tank wall, which 
would otherwise cause subsidence of effective vertical pres-
sure with depth, which is dependent on the ratio between the 
reservoir’s height and width (Garnier 2001; Nasr and Azzam 
2017). The thickness of the tank wall was fixed at 3 mm to 
avoid any lateral deformation on the tank sides. Figure 1 
shows an illustration of the configuration of the device.

Material and methods

Clean sand

The laboratory tests were carried out on dry sand. Accord-
ing to the Unified Soil Classification System (ASTM 

2010), the sand utilized in this study is classified as poorly 
graded sand (SP). The jar technique was used to calculate 
the soil particles’ specific gravity (Gs) (Sakr et al 2016 
and 2020). An average value of (Gs) was obtained from 
five laboratory tests to be 2.65. The examined sand’s mini-
mum and maximum dry unit weights were determined to 
be 16.57 kN/m3 and 18.60 kN/m3, respectively. While 
the equivalent values of the minimum and maximum void 
ratios were 0.42 and 0.59, respectively. Figure 2 clarifies 
the sand’s utilized particle size distribution curve. Accord-
ing to Nasr (2014) and Sakr et al. (2020), the circular 
grains of the sand used in the test helped to reduce any 
possible friction that could have existed between the soil 
and the steel box walls. The sand was positioned to obtain 
two relative densities: the loose condition (Dr = 30%) and 
the dense condition (Dr = 80%). For loose and dense sand 
conditions, experiments were carried out at two different 
unit weights: 16.60 kN/m3 and 18.20 kN/m3, respectively. 
The shear strength parameters of sand in loose and dense 
states were obtained using direct shear testing (Nasr 2014 
and Sakr et al 2020). For the loose and dense states, the 
values of friction angles (ϕ) were found to be 35° and 
40°, respectively. Table 3 provides a summary of the other 
characteristics of the examined sand.

Oil properties and contaminated sand installation

The laboratory tests in this study were conducted using 
heavy motor oil. The Misr Petroleum Company in Tanta 
provided the heavy motor oil that was purchased. Tests were 
carried out at a temperature of 25°, and the characteristics 
are shown in Table 4. The oil’s chemical composition was 
made up of a combination of aromatic hydrocarbons and 

Fig. 1   A graphic illustrating the configuration of the device (without scale) Fig. 2   The utilized sand’s particle-size distribution curve
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aliphatic hydrocarbons. The amount of oil in contaminated 
sand soil was calculated as a percentage of the dry sand’s 
weight. To simulate the field conditions, contaminated sand 
soil was made by combining the sand with an O.C. of 2, 4, 
6, and 8%. Most of the previously worked-on studies used 
blending (Nasr 2009 and 2013) and Nasr and Krishna Rao 
(2016), which was prioritized for the oil leaching of the 
samples because it best ensured a uniform oil condensation 
in the sandy soil, sped up sample preparation, and could 
simulate the sand’s long-term contamination (Ratnaweera 
and Meegoda 2006 and Khamehchiyan et al 2007). For 48 h, 
the blended sand was placed in closed containers to achieve 
equilibrium and senility, which allowed for potential sand-oil 
interaction. Numerous direct shear experiments were con-
ducted on polluted sandy soil to examine the impact of oil on 
the angle of shearing resistance of sand since the pile capac-
ity is highly reliant on the friction angle of granular soil (Ø). 
Two relative densities (Dr) of 30 and 80% were used for the 
tests. The information on the contaminated sand is summa-
rized in Table 5. The sand layer pouring and filling method 
was employed in this investigation (Reddy and Ayothiraman 
2015). The surrounding sandy soil was continuously padded 
according to a layer thickness of 15 cm, maintaining the 
pile’s verticality, after padding the loading layer of 20 cm up 

Table 3   The characteristics of the clean sand utilized in the model 
tests

Properties Value

Specific gravity, Gs 2.65
Effective particle size, D10 (mm) 0.15
Average particle size, D60 (mm) 0.6
Uniformity coefficient, Cu 4.00
Coefficient of curvature, Cc 1.10
Maximum dry unit weight, �

dmax
 (kN/m3) 18.60

Minimum dry unit weight,�
dmin

 (kN/m3) 16.57
Loose sand properties
Relative density Dr (%) 30%
Unit weight,(kN/m3) 16.60
Angle of internal friction, φ (degrees) 35
Dense sand properties
Relative density Dr (%) 80%
unit weight,(kN/m3) 18.20
Angle of internal friction, φ (degrees) 40

Table 4   A description of the properties of the oil

Type of oil Kinematic 
viscosity 
(10−6 * 
m2\s)

Density ( 
KN\ m2)

Specific 
gravity

Pour point 
(°C)

Heavy oil 215.6 8.25 0.88  − 20°
Ta

bl
e 

5  
S

an
d’

s i
nt

er
na

l f
ric

tio
n 

an
gl

e 
at

 v
ar

io
us

 o
il 

co
nt

en
t r

at
io

s

Re
la

tiv
e 

de
ns

ity
 D

r%
O

il 
co

nt
en

t (
%

)
O

il 
co

nt
en

t (
%

)

0%
2%

4%
6%

8%
0%

2%
4%

6%
8%

In
te

rn
al

 fr
ic

tio
n 

an
gl

e 
(φ

)
Re

du
ct

io
n 

(%
)

30
%

35
31

.7
30

.3
29

.1
27

.6
-

8%
12

%
18

%
21

%
80

%
40

37
.2

35
.8

34
.4

33
.1

-
10

%
15

%
21

%
28

%



Arab J Geosci (2023) 16:674	

1 3

Page 5 of 19  674

to the pile’s toe initially. To get the required relative density, 
the weight of the dirt poured into each layer was calculated 
until all layers had the same density. For contaminated sand, 
the loading layer was first filled to a depth of 20 cm, and 
then the surrounding soil was subsequently filled with the 
contaminated layer at various depths. Each layer of sandy 
dirt was then compacted using a 4.5-kg iron plate. The find-
ings in Fig. 3 display that until the oil content percentage 
reaches 6%, the torsion capacity decreases dramatically with 
an increase in the oil content percentage; after this percent-
age, the torsion capacity decreases slightly. This is because 
the amount of oil in the soil is increasing, which increases 
the lubricating effect on soil particles and reduces the shear 
strength of sandy soil. Additionally, it was discovered that 
when the oil content (O.C.) increased from 0 to 2%, the fric-
tion angle value (Ø) significantly decreased. However, the 

reduction rate of friction angle (Ø) decreased at a negligible 
rate at oil content greater than 4% (Nasr 2009 and 2013), 
Nasr and Krishna Rao (2016) and Abdelhalim et al (2020), 
so the current study depends on an oil percentage of 6%.

System for loading

According to Fig. 1, the loading system has been designed to 
measure vertical (V), torsional (T), and combined loads (ver-
tical and torsional loads). A vertical load was applied using a 
hydraulic piston system. In contrast, blocks hung by a rigid-
flexible wire rope strung on a steel pulley secured to the 
pile cap were used to apply the torsion force (assuming the 
wire is inextensible). Additionally, by adjusting the height 
of the torsional load on the frame, it is possible to make the 
wire rope between the pulley and the pile cap horizontal. 
While loading, the loading direction should be taken into 
account, so this device can maintain the loading direction. 
The torsional load on the pile head was calculated using the 
equation Tu = µmgLt, where µ, coefficient of pulley friction; 
m, block weight; g, gravity acceleration; and Lt, torsion arm. 
The torsional arm Lt and pulley friction coefficients have 
been determined to be 0.8 and 75 mm, respectively. An indi-
cator was placed on the pile cap whose center matches the 
center of the pile in order to determine the angle of torsion of 
the pile. A sensor was placed to detect the vertical pressure 
on the pile head, and two dial gauges were placed on the pile 
cap to record the vertical displacement that occurred.

Testing program and studied parameters

Three pile lengths are subjected to the experiments uti-
lizing the sustainable load technique to verify the piles’ 
static response in both clean and oil-contaminated sand, as 
well as loose and dense sand (Zhang and Kong 2006; Dutt 
1976; Dutt and O'Neill 1983; Zhang and Kong 2006; and 
Zou et al 2021). Blocks are placed sideways at a loading 
rate of 0.2° per second (Zhang and Kong 2006; Zou et al 
2021). According to Zhang and Kong (2006) and Zou et al. 
(2021), additional weight was applied to the pile until sig-
nificant lateral displacements or rotations of an angle had 
occurred. The loading direction remains constant during 
the experiment, and the protractor indicator readings are 
recorded with adequate time between each further loading 
(Nasr 2014; Sakr et al 2016 and 2020). Results are expressed 
as applied torsion load (T) and rotation angle (θ). Model 
experimental tests were conducted on piles in contaminated 
sand at various thinness ratios (Lp/Dp), where Lp is the 
pile’s embedded length and Dp is its diameter. These tests 
were conducted because the current investigation is limited 
in scope, and there are few studies on torsional testing of 
piles in contaminated sand. The studied Lp/Dp values are 
20, 16.67, and 13.3. Various relative densities between 30 

Fig. 3   Variation of the maximum torsion load with different oil con-
tents (O.C%) at Lc/Lp = 1
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and 80% were used for the testing. To assess how piles in 
contaminated sand will behave with regard to torsion capac-
ity under various parameters, piles in clean sand were tested 
as a comparison. These factors were the thinness ratio (Lp/
Dp), the relative density of sand (Dr%), and the thickness of 
the contaminated layers (Lc). At a constant oil concentra-
tion of 6%, all experiments were conducted. In Table 6, the 
experimental testing schedule is described in full. From the 
given data from these tests, it can be calculated that torsion 
along pile (Ti) (Wang et al. 2020) and rotation angle along 
pile ( θz ) (Basack et al. 2011) are employed and described as:

where Ti, torque at depth i; T, torsion load; τi , vertical fric-
tional resistance of the pile at depth i; D, diameter of the 
pile; h, length of pile unit.

where θz , rotation angle at depth z; D, diameter of the pile; 
Gp, shear modulus; Jp, polar moment of inertia of pile sec-
tion; τi , vertical frictional resistance of the pile at depth z.

Results with discussion

Behavior of pile under independent torsion load

Torsion is commonly generated by the eccentric diver-
gence of the load; consequently, the torsion load must be 
taken into account while constructing structures, espe-
cially pile foundations. In the current study, the findings 
of torsional testing have been reported and thoroughly 
explained. According to previous investigations, the fol-
lowing criteria were suggested for determining the ulti-
mate load of the torsion of the piles: First (Stoll 1972; 
Guo and Zou 2018), the load value that coincides with 
the observed inflection point of the curve (T-θ) was used 
to define the maximum torsion bearing capacity; second 
(Georgiadis and Saflekou 1990; and Li and Stuedlein 

(1)Ti = T −
∑n−1

i=0
0.5πτt(i)D

2h

(2)θz =

L

∫
0

L

∫
0

D2

2JpGp
τzdzdz

2018), the maximum torsional load of the piles is the force 
at which the curve becomes linear; and third (Zhang and 
Kong 2006), the maximum torsion angle of the piles is 
defined by the value of the intersection of the linear line 
by the empirical formula and the curve (T-θ). The find-
ings of the curve (T-θ) in this investigation indicated a 
definite inflection point; therefore, the first technique is 
appropriate for this study (Stoll 1972; Guo and Zou 2018). 
The performance of the pile may be assessed according 
to the test results obtained from the (T-θ) curves for dif-
ferent values of the relative density of the sand (Dr = 30 
and 80%), the thickness of the contaminated layers (Lc), 
and the thinness ratio (Lp/Dp), as shown in Figs. 4 and 
5. To support the analysis, the results are also presented 
in Table 7. According to Fig. 4a, it can be seen that the 
ultimate torsional load in clean sand at relative densities of 
Dr = 30 and 80% for Lp/Dp = 16.67 is 4.26 and 4.77 N.m, 
respectively. Figure 4 b, c, and d demonstrate the behav-
ior of piles subjected to torsion loads in oil-contaminated 
sand at relative densities (Dr = 30 and 80%) with stiffness 
ratios Lp/Dp = 16.67 in the case of Lc/Lp = 0.4, 0.8, and 
1. The maximum torsional load in contaminated loose 
sandy soil was determined to be 3.93, 3.88, and 3.85 N.m., 
respectively, while in contaminated dense sandy soil, these 
values were found to be 4.42, 4.35, and 4.31 N.m at Lc/
Lp = 0.4, 0.8, and 1, respectively. Figure 5 clarifies the 
relationship between the applied torsional load and tor-
sion twist angle of the piles set up in contaminated sand 
at relative densities (Dr = 30, and 80%) with Lp/Dp = 20, 
16.67, and 13.3 and Lc/Lp = 1. The torsional load at 1° 
was found to be 25%, 31%, and 39% of the ultimate torsion 
load for single piles at Dr = 30%, respectively, while, in the 
case of Dr = 80%, these values reached 33, 43, and 52% 
in the same order. It is clear that the maximum torsional 
load rises for a given torsion angle value when the angle 
of the sand’s shearing resistance rises. This is consistent 
with the findings of Dutt (1976), Dutt and O’Neill (1983), 
and Zhang and Kong (2006). Figures 4d and 5 a and b 
show that the curve of (T-θ) is linear up to 35, 31, and 
29% of the maximum torsion when Lp/Dp = 20, 16.67, 
and 13.3 and Lc/Lp = 1, respectively, at relative density 
Dr = 30%, whereas these values were discovered to be 17, 
14, and 10% of the maximum torsion at relative density 

Table 6   Parameters for testing 
laboratory model program

Series Constant parameters Variable parameters

I Lp/Dp = 20 Lc/Lp = 0, 0.33, 0.67, 1, and 1.16 at Dr = 30%, and O.C = 6%
II Lc/Lp = 0, 0.33, 0.67, 1, and 1.16 at Dr = 80%, and O.C = 6%
III Lp/Dp = 16.67 Lc/Lp = 0, 0.4, 0.8, 1, and 1.2 at Dr = 30%, and O.C = 6%
IV Lc/Lp = 0, 0.4, 0.8, 1, and 1.2 at Dr = 80%, and O.C = 6%
V Lp/Dp = 13.3 Lc/Lp = 0, 0.5, 0.75, 1, and 1.25 at Dr = 30%, and O.C = 6%
VI Lc/Lp = 0, 0.5, 0.75, 1, and 1.25 at Dr = 80%, and O.C = 6%
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Dr = 80% at the same order. The findings demonstrated 
that the torsional angle did not rise at the same rate as the 
torque when the torsional load was raised. As a result, the 
torsional load became very sensitive. Additionally, when 
the applied torsional load was less than the value of the 
load corresponding to the torsion angle of 1°, the curves 
were near each other, indicating that torsion is somewhat 
impacted by the bearing layer.

Behavior of pile under independent vertical load

Figures 6 and 7 show a typical relationship of the verti-
cal load against the settlement curve for piles in clean and 
contaminated sandy soil, installed in loose and dense sand 

conditions. According to previous works of literature, the 
following criteria were suggested for determining the ulti-
mate vertical load: First (Guo and Zou 2018), the piles’ 
maximum vertical bearing capacity is the number that corre-
sponds to the curve’s apparent inflection point (P-S); second 
(Poulos and Davis 1980), the ultimate vertical load-bearing 
capability of the piles is equal to the amount that corresponds 
to the ultimate vertical displacement; and third (Nabil 2001), 
at the intersection of the first tangent, the ultimate vertical 
load value is determined using the slope tangent technique. 
In this study, the ultimate vertical load was determined using 
the second method (Poulos and Davis 1980) because the 
findings of the curve (P-S) revealed no obvious inflection 
point, and the value corresponds to 10% D with a value of 

Fig. 4   Relationship between the applied torsional load and twist angle, a clean sand, b contaminated sand at Lc/Lp = 0.4, c contaminated sand at 
Lc/Lp = 0.8, d contaminated sand at Lc/Lp = 1
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3 mm. As can be seen from Fig. 6a, the ultimate vertical 
load in clean sand at relative densities (Dr = 30 and 80%) 
in the case of Lp/Dp = 16.67 is 2500 and 3300 N, respec-
tively. Figures 6 b, c, and d demonstrate the behavior of 
piles subjected to vertical loads in oil-contaminated sand at 
relative densities (Dr = 30 and 80%) with stiffness ratios Lp/
Dp = 16.67 in the case of Lc/Lp = 0.4, 0.8, and 1. The maxi-
mum vertical load in contaminated sand soil was found to 
be 2300, 2240, and 2210 N at Dr = 30%, respectively, while 
in the case of Dr = 80%, these values were found to be 3050, 
2760, and 2650 N at Lc/Lp = 0.4, 0.8, and 1, respectively. 
This is in agreement with the findings of Zou et al. (2021). 
It was clarified from Fig. 7 a and b, that the curve of (P-S) is 
linear until 18, 29, and 50% of the maximum vertical load; 
after that, the relationship becomes linear in the case of Lp/

Dp = 20, 16.67, and 13.3 and Lc/Lp = 1 at relative density 
Dr = 30%, respectively, while these values were found to be 
12, 20, and 33% of the maximum vertical load; after that, the 
relationship becomes linear at relative density Dr = 80% at 
the same order. As a result, it is concluded that the bearing 
layer has a greater impact on the eventual vertical bearing 
capacity of a pile than the surrounding soil.

Behavior of pile under amalgamated Load (T → V)

Figures 8, 9, and 10 show the response of the pile for 
vertical load under constant various torsion loads (T = 1/3 
Tu, 2/3 Tu, and Tu) in clean and contaminated sand, set 
up in loose and dense sand circumstances. Also, the find-
ings are briefed as illustrated in Table 8 to be justified. 
From the figures, it can be observed that the slope of the 
(P-S) curves does not vary with increasing constant tor-
sional loads. As a result, the maximum settlement under 
various torsional levels of the load is the same, equiva-
lent to 3 mm. As can be shown from Figs. 8 a and b, the 
ultimate vertical load under combined load at constant 
torsional load (T = 1/3Tu) in clean sand at relative densi-
ties (Dr = 30 and 80%) was found to be reduced by 1.5 and 
2% than piles under independent vertical load in the case 
of Lp/Dp = 16.67, respectively, while at constant torsional 
load (T = 2/3 Tu), these values were found to be reduced 
by 2.5 and 2.1% at relative densities Dr = 30 and 80%, 
respectively. Figure 9 a, b, and c explain the ultimate ver-
tical load under combined load at constant torsional load 
(T = 1/3Tu) in the case of Lp/Dp = 16.67 and Lc/Lp = 0.4, 
0.8, and 1. The ultimate vertical load under combined 
load in contaminated sand was reduced by 1.9, 1.5, and 
1.3% to piles under independent vertical load at Dr = 30%, 
respectively, while in the case of Dr = 80%, these values 

Fig. 5   Relationship between the applied torsional load and torsion 
twist angle in contaminated sand at Lc/Lp = 1, a Lp/Dp = 20, b Lp/
Dp = 13.3

Table 7   Maximum torque (N.m.) in dense and loose sand

Soil Lc/Lp Ultimate torsion 
(N.m) at Dr = 30%

Ultimate tor-
sion (N.m) at 
Dr = 80%

Lp/Dp = 20 0 4.42 4.97
0.33 4.08 4.62
0.67 4.03 4.55
1 3.98 4.48

Lp/Dp = 16.67 0 4.26 4.77
0.4 3.93 4.42
0.8 3.88 4.35
1 3.85 4.31

Lp/Dp = 13.3 0 4.11 4.57
0.5 3.78 4.23
0.75 3.75 4.19
1 3.73 4.16
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were found to reach 1.3, 1.4, and 1.5% in the same order. 
In the case of Lp/Dp = 16.67 and Lc/Lp = 0.4, 0.8, and 1 at 
constant torsional load (T = 2/3Tu). It was found that the 

ultimate vertical load under combined load was reduced 
by 2.4, 2.5, and 2.6% compared to piles under independ-
ent vertical load at Dr = 30%, while these values reached 

Fig. 6   Relationship between the applied vertical load and settlement in contaminated sand at Lp/Dp = 16.67, a clean sand, b contaminated sand 
at Lc/Lp = 0.4, c contaminated sand at Lc/Lp = 0.8, d contaminated sand at Lc/Lp = 1, d contaminated sand at Lc/Lp = 1.2
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2.1, 2.2, and 2.4% at Dr = 80% in the same order. From 
Fig. 10 a and b, in the case of Lp/Dp = 20, 16.67, and 
13.3 and Lc/Lp = 1 at constant torsional load (T = 2/3Tu); 
when compared to piles under independent vertical loads 
at Dr = 30%, it was discovered that the ultimate vertical 
load under combined loads decreased by 3.6, 3.4, and 
3.1%, while these percentages were reached (3.8, 3.6, and 
3.5%) at Dr = 80% in the same order. From the findings, 
the increase in the ratio of length to diameter (Lp/Dp) for 
the pile leads to a decrease in the vertical bearing capacity 
of the piles under the compound loading. From Fig. 11, 
the settlement at constant torsional load (T = 1/3Tu) and 
the same vertical load, in the cases of Lp/Dp = 16.67 and 
Lc/Lp = 1, was found to be 12 and 18% higher than the 
settlement at no torsional load (T = 0 N.m.) at Dr = 30 

and 80%, respectively, while at constant torsional load 
(T = 2/3 Tu) and the same vertical load, the settlement 
was increased by 25 and 35% than the settlement at no 
torsional load (T = 0 N.m.) in the cases of Lp/Dp = 16.67 
and Lc/Lp = 1, at Dr = 30 and 80%, respectively. It can be 
concluded from the analysis that the pile’s P-S curves at 
T = 1/3 Tu and T = 0 N.m are near. Nevertheless, while 
the constant torsional load increases to T = 2/3 Tu, the 
pile’s settlement increases compared with independent 
vertical loading (where T = 0 N.m.) for the same verti-
cal load. This confirms that the response of the pile to 
vertical loads under constant torsion loads is affected by 
the bigger torsion load. These results are consistent with 
Wang et al. (2020) and Zou et al. (2021).

Fig. 7   Relationship between the applied vertical load and settlement 
in contaminated sand at Lc/Lp = 1, a Lp/Dp = 20, b Lp/Dp = 13.3

Fig. 8   Relationship between the applied vertical load and settlement 
under pre-applied torsion load in clean sand at Lp/Dp = 16.67, a loose 
sand, b dense sand
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Influence of contaminated depth (Lc/Lp) ratio

The influence of the contaminated layers-to-embedded 
length ratio (Lc/Lp) on the torsional capacity, vertical 
response, and combined load (pre-applied load) of the tested 
piles was investigated at various sand relative densities. Fig-
ure 12b shows how the contaminated layers-to-embedded 
length ratio (Lc/Lp) affects pile behavior under vertical 
load when piles are installed in contaminated sand in the 
case of Lc/Lp = 0.4, 0.8, 1, and 1.2 with a relative density 
of Dr = 30 and 80% and a stiffness ratio Lp/Dp = 16.67. The 
vertical bearing capacity in contaminated sand at Dr = 30% 
was reduced by 9, 12,14, and 42% compared to the vertical 

bearing capacity in clean sandy soil at Lc/Lp = 0.4, 0.8, 1, 
and 1.2, respectively, while these values were decreased to 
reach 10, 19,25, and 65% at Dr = 80% in that order. From 
the results, it is concluded that increasing the contaminated 
depth (Lc) reduces the pile’s bearing capacity significantly. 
Nevertheless, it is demonstrated that raising Lc/Lp up to 0.8 
has minimal effect on the pile’s toe-bearing capability. This 
might be attributed to the existence of clean sand surround-
ing the pile toe. The quantity of capacity is then dramatically 
lowered by raising the value of Lc/Lp until it reaches 1.2. 
This might be owing to the soil’s high compressibility in 
the presence of oil. This finding is in good support of the 
results of Ratnaweera and Meegoda (2006) and Nasr (2009). 

Fig. 9   Relationship between the applied vertical load and settlement under pre-applied torsion load in contaminated sand, a Lc/Lp = 0.4, b Lc/
Lp = 0.8, c Lc/Lp = 1, d Lc/Lp = 1.2
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Figure 12a depicts the influence of contaminated layers on 
pile response to torsion load at Dr = 30 and 80% with Lp/
Dp = 16.67 and Lc/Lp = 0.4, 0.8, and 1. The torsional capac-
ity in contaminated sand at Dr = 30% was reduced by 8, 10, 
and 11% more than in clean sand at Lc/Lp = 0.4, 0.8, and 1, 
respectively. At Dr = 80%, these values were found to be 9, 
11, and 12% lower than the torsional capacity in clean sandy 
soil at Lc/Lp = 0.4, 0.8, and 1, respectively. The findings 
of the experiments show that increasing the thickness of 
the contaminated sand layer has no discernible effect on the 
resultant torsion-bearing capacity. This is due to the influ-
ence of the top layer on torsion load, which is consistent with 
the findings of Zou et al. (2021). This is because the upper-
layered soil qualities have the greatest impact on torsional 
resistance. It can be shown that increasing the thickness 
of the contaminated layers (Lc) up to 0.4 has a substantial 
influence on the toe-bearing capabilities of the pile. When 
the Lc/Lp ratio was increased to 1, the toe capacity was a 
little changed. This demonstrates that the surrounding soil 
has a minor impact on the piles’ bearing capability. This is 
consistent with the findings of Zou et al. (2020) and Zou 
et al. (2021). Based on this investigation, it can be stated that 
sand contaminated with oil has a lower torsional and vertical 
capacity of the piles than clean sand.

Effect of pile stiffness (Lp/Dp)

According to previous works, one of the factors that 
determine pile resistance is the ratio of the depth of the 
pile embedded in the soil (Lp) to the diameter (Dp). 

Fig. 10   Applied vertical load and settlement relationship at Lc/Lp = 1 
under pre-applied load (T = 2/3Tu)

Table 8   Maximum vertical load (N) obtained with and without con-
stant torsion load, Lp/Dp = 16.67

Soil Lc/Lp T = 0 T = 1/3Tu T = 2/3Tu T = Tu

Dr = 30% 0 2500 2471 2442 2413
0.4 2300 2274 2247 2221
0.8 2240 2214 2187 2161
1 2210 2184 2158 2132
1.2 1350 1324 1298 1272

Dr = 80% 0 3300 3268 3235 3203
0.4 3050 3020 2990 2960
0.8 2760 2731 2701 2672
1 2650 2621 2592 2563
1.2 1900 1871 1842 1813

Fig. 11   Settlement at normalized torsional loads(T/Tu) and the same 
vertical load in contaminated loose and dense sand at Lp/Dp = 16.67 
and Lc/Lp = 1
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In this study, the Lp/Dp ratio varied from 13.3 to 20. 
Increasing the embedded depth has a double influence on 
the pile’s bearing capacity by increasing the pile’s embed-
ded surface area and the amount of stress at the pile. As 
illustrated in Fig. 13a, the impact of embedded length of 
pile-to-pile diameter (Lp/Dp) on pile performance under 
vertical load in contaminated sand at Dr = 30 and 80% 
with Lp/Dp = 20, 16.67, and 13.3 and Lc/Lp = 1. The ver-
tical bearing capacity in contaminated sand at Dr = 30% 
was found to be 2650, 2210, and 1500 N at Lp/Dp = 20, 
16.67, and 13.3, respectively, while at Dr = 80%, these 
values were found to be 2900, 2650, and 1850 N in the 
case of Lp/Dp = 20, 16.67, and 13.3, respectively, in that 
order. The results showed that the ultimate vertical pile 
resistance increased with an increase in the Lp/Dp ratio, 
indicating that a longer pile embedded in the soil pro-
vides greater resistance to loading. This analysis sup-
ports the results of Mohammadi et al. (2018). Figure 13b 

illustrates the influences of the embedded length of pile-
to-pile diameter (Lp/Dp) on the behavior of piles under 
torsion load in contaminated sand at Dr = 30 and 80% 
with Lp/Dp = 20, 16.67, and 13.3 and Lc/Lp = 1. The 
ultimate torsional capacity at Dr = 30% in contaminated 
sand was 3.98, 3.85, and 3.73 N.m at Lp/Dp = 20, 16.67, 
and 13.3, respectively, while these values at Dr = 80% 
reached 4.48, 3.31, and 4.16 N.m, in the same order. It 
is demonstrated that increasing the value of the embed-
ded length-to-pile diameter ratio (Lp/Dp) improves the 
torsional bearing capacity of piles installed in contami-
nated sand. This supports the findings of Poulos (1975), 
Dutt and O’Neill (1983), Tawfiq (2000), and Zhang and 
Kong (2006). It should be observed that variations in Lp/
Dp have a very sensitive influence on the pile’s torsional 
loading resistance. As can be seen, a change in pile length 
has a major influence on the piles’ capacity to withstand 
torsional loads. Furthermore, while the diameter of the 

Fig. 12   The influence of contaminated layers-to-embedded length ratio (Lc/Lp) at Lp/Dp = 16.67 of the pile a) Torsion load, b) Vertical load, c) 
combined load (T→V) in loose sand, d) combined load (T→V) in dense sand
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piles remained constant, changing the length of the pile 
had a significant impact on the condition of piles installed 
in contaminated sandy soil. This indicates that the first 
layer which is 3 ~ 4 of the pile’s diameter (Dp), deter-
mines the influence of a pile under torsional load.

Influence of relative sand density Dr%

The influence of relative densities (Dr%) on pile torsion capa-
bilities at varying thinness ratios (Lp/Dp) was examined. Fig-
ures 14 and 15 display the effect of relative densities (Dr%) 
on the influence of piles under torsion and a combined load of 
piles establishing into clean and contaminated sand at Dr = 30 

and 80% in the case of Lp/Dp = 20, 16.67, and 13.3 and Lc/
Lp = 1. Figure 15 clarifies the vertical capacity under pre-
applied load (T = 2/3 Tu) in clean sand at Dr = 30% was found 
to be decreased by 23, 32, and 33% compared with the piles at 
Dr = 80%, in the case of Lp/Dp = 20, 16.67, and 13.3, respec-
tively, while these values in contaminated sand at Dr = 30% 
were found to be decreased by 10, 22, and 24% compared 
with the piles at Dr = 80%, in the cases of Lc/Lp = 1, and Lp/
Dp = 20, 16.67, and 13.3, respectively. Figure 14 explains 
the torsional capacity in clean sand at Dr = 30% was found to 
be decreased by 11, 12, and 13% compared with the piles at 
Dr = 80%, in the case of Lp/Dp = 20,16.67, and 13.3, respec-
tively, while, these values in contaminated sand at Dr = 30% 
were found to be decreased by 12, 13, and 14% compared 
with the piles at Dr = 80%, in the cases of Lc/Lp = 1 and Lp/

Fig. 13   The influence of the embedded length of pile-to-pile diameter 
(Lp/Dp) at Lc/Lp = 1 under vertical and torsion load

Fig. 14   The effect of relative densities (Dr%) on the behavior of piles 
under torsion load in clean and contaminated sand
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Dp = 20, 16.67, and 13.3, respectively. As can be observed, 
increasing the relative density of sand (Dr%) from loose to 
dense increases the pile’s torsional load capability. It was also 
discovered that when soil relative density increased, it also 
increased the amount of soil surrounding the pile. These find-
ings can be attributed to a number of factors, including the 
following: first, when relative density increased, it correspond-
ingly increased the horizontal subgrade response and the soil’s 
relative stiffness ratio; second, dense soil particles moved more 
slowly than loose sand particles; third, the degree of particles 
interconnecting in dense sand is higher than in loose sand; 
and fourth, the soil volume around the pile was more respon-
sive to soil relative density. These findings are consistent with 
those of Sabry (2001), McVay et al. (2003), Zhang and Kong 
(2006), and Nasr (2013). In accordance with the results of 

oil-contaminated sand, the oil viscosity acts to lubricate the 
pile surface, and lubrication facilitates the smoothness of pile 
movement by reducing the angle of friction (Ø). Oil contami-
nation also caused a constant decrease in sand permeability. 
This is due to the fact that the presence of oil decreases the per-
meability coefficient of the sand as well as the volume of soil 
porosity. According to this data, it was concluded that increas-
ing the relative density of the sand will result in improved 
results when installing piles in oil-contaminated sand.

Rotation and torsion along the pile

In the current investigation, the values of torsion and 
twist angle along the pile may be calculated using Eqs. 1 
and 2. Figure 16 expresses the torque along the pile of 
piles installed in oil-contaminated sand in the case of Lp/
Dp = 16.67 and Lc/Lp = 1. At relative densities (Dr = 30 and 
80%), the toe resistance contributed around 31% and 39% of 
the torsional resistance, respectively. The findings show that 
the curves for loose sand have slopes that were the highest in 
the intermediate depths but progressively reduced approach-
ing the pile toe, whereas the curves for dense sand grow con-
tinuously with increased loads. This agrees with the findings 
of Zhang and Kong (2006) and Zou et al. (2021). Figure 17 
shows the rotation along the pile length of piles installed 
in clean and contaminated sand at Dr = 30 and 80% in the 
cases of Lp/Dp = 16.67 and Lc/Lp = 0.4, 0.8, and 1, respec-
tively. As can be seen in the clean condition, the rotation 
approaches zero at a depth of 0.6 L (this depth is known as 
the critical depth), but in the contaminated condition, this 
value is obtained at a depth of 0.8 L for a totally contam-
inated depth. However, this value was observed to range 
from 0.65 to 0.75 at partly contaminated depth. Therefore, 
it is important to carefully consider the critical depth when 
designing deep foundations to ensure stability and prevent 
excessive soil pressure that could lead to structural failure. 
Additionally, appropriate measures such as reinforcement or 
soil improvement techniques may need to be implemented 
to mitigate the effects of high soil pressure.

Scale and boundary effects’ influence

Laboratory tests are extensively used on small paradigms 
because of the high time and money costs for field test-
ing as well as the numerous construction, equipment, and 
loading requirements. According to Muir Wood 2004, the 
main cause of these variations is the stress that field tests 
and laboratory tests experience under different condi-
tions. which the stress surrounding the models is lower 
than in full-size models. Model piles were used to study 
the impact of piles on torsional capacity with nearly the 
same pile diameter (Dp) but different lengths (Lp). The 

Fig. 15   The effect of relative densities (Dr%) on the behavior of piles 
under pre-applied torsion load (T = 2/3Tu) at Lc/Lp = 1
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minimum pile diameter was chosen at 30  mm, which 
is comparable to the Vesic (1977) standard for a mini-
mum pile size of 30 mm. The sand grain size distribution 
employed in this study was selected to prevent the scale 
of particle size inaccuracy (Franke and Muth 1985; Basha 
and Azzam 2018; Sakr et al 2020) by having a ratio of pile 
diameter (Dp) to mean grain size of sand (D50) greater 
than 30. In a large tank, piles were tested to eliminate 
boundary effects. One of the most crucial elements affect-
ing the correct interaction of the soil is the consistent size 
of the shear band next to the pile. According to Boulon and 
Foray (1986), the shear band’s thickness, which is typi-
cally about 10 D50, depends on the relationship between 
the pile’s coarseness and the ratio between the size of the 
grains in D50. In current tests, the ratio of pile diameter to 

average grain size (D50) must be greater than 35 for verti-
cal substrate loading and greater than 44 for lateral loads 
(Balachowski (2006) and Azzam and Elwakil (2016)). The 
percentage reduces by roughly 3–5% in field testing; how-
ever, it is more noticeable for tiny laboratory models than 
for full-size field models.

Conclusions

This study investigated how contamination with oil affected 
the ability of piles to support torsional loads (T) and com-
bined loads (T → V). In order to simulate the impact of tor-
sional stresses on a pile’s capacity, this research provided 
a number of small experiments. Changes were made to the 

Fig. 16   Transfer of torque along the pile at Lp/Dp = 16.67, Lc/Lp = 1 in loose and dense sand



Arab J Geosci (2023) 16:674	

1 3

Page 17 of 19  674

relative densities of the sand (Dr%), the thickness of the 
contaminated layer (Lc), and the length embedded in the 
sand soil (Lp) in order to conduct the experiments. The con-
clusions based on the findings were summed up as follows:

	 (1)	 In dense sand, at Lp/Dp = 20 and Lc/Lp = 1, the tor-
sional bearing ability of the pile in oil-contaminated 
sand at 1° is found to be 33% of the maximum tor-
sional load, while this value is found to be 29, and 
32% in the case of Lc/Lp = 0.33, and 0.67 respectively.

	 (2)	 The ultimate vertical capacities of piles in oil-con-
taminated sand under pre-loading (T = 2/3Tu) were 
reduced by 3.8, 4.1, and 4.5% compared with the pile 
under independent vertical load for the cases of Lp/

Dp = 13.3 and Lc/Lp = 0.5, 0.75, and 1, respectively, 
in loose sand.

	 (3)	 The ultimate vertical capacities of piles in oil-con-
taminated sand under pre-loading at T = 2/3Tu were 
decreased by 2, 1.5, and 1.8% compared to the pile 
under pre-loading at T = 1/3Tu for the cases of Lp/
Dp = 20, 16.67, and 13.3 and Lc/Lp = 1, respectively, 
in loose sand.

	 (4)	 In the cases of Lp/Dp = 20, 16.67, and 13.3, Lc/Lp = 1, 
and Dr = 80%, while at constant torsional load T = 2/3 
Tu and the same vertical load, the settlement was 
increased by 57, 35, and 20% more than the settle-
ment at no torsional load (T = 0 N.m.).

	 (5)	 For the cases of Lp/Dp = 20, Lc/Lp = 0.33, 0.67, and 1, 
and Dr = 30%, the torsional capacities of piles in contam-

Fig. 17   Torsion angle in both clean and contaminated sand at Lp/Dp = 16.67 along the length of the pile
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inated sand were reduced by 9, 10, and 11% compared to 
the torsional capabilities of piles in clean sand.

	 (6)	 Increasing the thickness of the contaminated layer 
ratio (Lc/Lp) up to 0.4 will lead to a significant 
decrease in the torsional load-bearing capacity of the 
piles. In contrast to the vertical load, increasing Lc/Lp 
˃ 0.4 led to a marked decrease in the bearing capacity 
of the pile.

	 (7)	 The torsional capacity of piles is significantly influ-
enced by the properties of the upper-layered soil; hence, 
an increase in the thickness of the contaminated sand 
layer has a negligible impact on this capacity.

	 (8)	 The pile failure happens at a small twist angle for piles 
installed in oil-contaminated sand because the oil vis-
cosity acts to lubricate the pile surface, and lubrica-
tion enhances the smoothness of pile movement by 
reducing the angle of friction (Ø), causing the pile to 
slip suddenly.

	 (9)	 The behavior of loose and dense sand under pile tor-
sion loading is significantly different and should be 
considered when designing foundations for structures.

	(10)	 It is important to consider the critical depth when 
designing pile foundations to ensure stability and 
minimize soil pressure. Additionally, measures such 
as increasing the pile diameter or adding reinforce-
ment can be taken to reduce displacement and angle 
of torsion in cases where L/Z is less than 0.6.
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