
Available online at www.sciencedirect.comH O S T E D  B Y
www.elsevier.com/locate/sandf

ScienceDirect

Soils and Foundations xxx (xxxx) xxx
Technical Paper

Influence of helix bending deflection on the load transfer mechanism
of screw piles in sand: Experimental and numerical investigationsq

Hung Manh Ho a,⇑, Adnan Anwar Malik b, Jiro Kuwano b, Hafiz Muhammad Awais Rashid c

aBentley Systems Singapore, Singapore; formerly at Saitama University, Japan
bGraduate School of Science and Engineering, Saitama University, Japan

cDepartment of Geological Engineering, University of Engineering and Technology Lahore, Pakistan; formerly at Saitama University, Japan

Received 15 October 2020; received in revised form 9 March 2021; accepted 2 April 2021
Abstract

This study investigates the load transfer mechanism that includes the effect of helix bending deflection on end-bearing capacity,
distribution of ground pressure under the helix and soil deformation around the screw pile. The helix to shaft diameter ratio of 2.5
and 2.8 with a strong helix and a weak helix were used. The model ground was prepared with fine sand at 80% of relative density.
To investigate the load transfer mechanism, the experimental tests were modelled in a 3D finite element code. A good agreement between
the experimental and numerical approaches was found. The numerical analyses showed that large influence zone exists under screw pile
with strong helix, which resulted in higher mobilized soil shear strength that contributed to higher end-bearing capacity. In the case of
strong helix, uniform pattern of pressure distribution was observed under the central shaft and the helix. Similar pattern of pressure dis-
tribution under the central shaft was observed in weak helix case but the pattern of pressure distribution under the helix changed from
uniform to triangular to trapezoidal at various stages during the load test. The normalized end-bearing capacity decreased linearly with
the increase in normalized helix bending deflection in both approaches, i.e. experimental and numerical.
� 2021 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Screw pile; Compressive load; Helix bending deflection; Load transfer mechanism; End-bearing capacity; Pressure distribution
1. Introduction

Screw piles are widely used because of their several
advantages, such as easy installation, minimal required
equipment, removability and reusability, minimum pro-
duced noise and vibration during installation and cost-
effective (Livneh and El Naggar, 2008; Mohajerani et al.,
2016). Furthermore, helical piles are installed mostly by
the use of mechanical torque, which reduces the damage
to adjacent structures, and can be constructed without
excavation or pouring concrete (Livneh and El Naggar,
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2008). The shape of the central shaft can be circular or
square, and the helices can be fixed along the length of
the shaft at specified distance (Li and Deng, 2019). In case
of multiple helices with similar helix pitch, the installation
becomes easy as each helix will follow same path
(Mohajerani et al., 2016). Moreover, with the increase in
the number of helices the ultimate resistance under com-
pressive load also increases (Mittal and Mukherjee,
2015). According to Nagai et al. (2018), the load-
settlement response depends upon installation method,
however, if the load on the pile tip reached second-limit
uplift resistance then the installation method has no effect.

The design of screw pile is generally based on cylindrical
shear method and individual bearing method. In cylindrical
shear method the total compressive resistance of the screw
Japanese Geotechnical Society.
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pile consisted of end-bearing below the bottom helix, cylin-
drical shear resistance along the helices and shaft resistance
above the top helix (Livneh and El Naggar, 2008; Sakr,
2011, 2009). In individual bearing method the total com-
pressive resistance of the screw pile consisted of end-
bearing at each helix and shaft resistance (Livneh and El
Naggar, 2008; Sakr, 2011, 2009). The axial capacity of
screw pile can be correlated with the torque factor which
depends upon the type of soil, the geometry of pile,
mechanical properties of soil, loading direction and instal-
lation depth (Ghaly and Hanna, 1991; Sakr, 2014; Tsuha
and Aoki, 2010). The lateral resistance of screw pile
increases with the increase in number of helices up to cer-
tain depth, after that it increases moderately (Mittal
et al., 2010). According to Lanyi-Bennett and Deng
(2019), under group pile, individual bearing failure exists.

The screw pile performance not only depends upon the
geotechnical aspects of the ground but also on the struc-
tural aspects of the pile which ultimately affect the geotech-
nical performance of the screw pile. Previous studies have
shown that helix bending deflection affects pile resistance
(Malik et al., 2019; Malik and Kuwano, 2020; Yttrup
and Abramsson, 2003), however, the load transfer mecha-
nism was not studied clearly. In this study, numerical anal-
ysis results are validated with experimental results to
investigate the load transfer mechanism that includes the
effect of helix bending deflection on end-bearing capacity,
distribution of ground pressure under the helix at various
stages of loading, and soil deformation around the screw
pile.

In order to achieve the above-stated objectives, closed-
end screw piles were used. The model ground was prepared
in dense state. Experiments were carried out and numerical
analysis of the experimental models were performed to get
an insight view of the load transfer mechanism of the screw
piles with both strong and weak helices under vertical loads
in dense sand. The strong helix is considered as the one
which do not deform during the test, and the weak helix
is considered as the one which deforms during the test.
Model screw piles having helix diameter of 55 and
60 mm with helix thickness of 0.8 and 3.0 mm were used
Fig. 1. (a) Screw pile model and strain gauge positions
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in this study. The helix to shaft diameter ratio of the model
pile was 2.5 - 2.8.

2. Experimental modelling

2.1. Experimental set up

Dry Toyoura sand with a relative density (Dr) of
approximately 80% was used for the ground model. The
sand was prepared in each layer of 100 mm in thickness
to get the derived relative density. The properties of Toy-
oura sand are as follows: Specific gravity = 2.645;
D50 = 0.20 mm; emin = 0.609; emax = 0.973.

The closed-end model screw pile with a single helix was
used in this study (Fig. 1a). The material of the pile shaft
and helix was STK400 and SS400 with Young’s modulus
of 2.11 � 108 kN/m2, yield strength of 2.35 � 105 kN/
m2, tensile strength of 4 � 105 kN/m2 and Poisson’s ratio
of 0.293. To only examine the effect of helix bending deflec-
tion on the bearing performance, the pile installation was
not considered, and the helix was modeled as a flat circular
plate, as shown in Fig. 1. According to Mori (2003), the
intersection angle of toe wing does not affect the toe resis-
tance per unit area. A slit of 5 mm was provided on the
helix to simulate the actual condition of the helix, i.e. not
a complete circle (Fig. 1b). The strain gauges were attached
at the top of the pile and above the helix to measure the
friction resistance along the shaft. The screw pile length
(L) of 500 mm and shaft diameter (Ds) of 21.7 mm were
used for all pile tests.

The pile was set up in a cylindrical steel container with
inner diameter of 592 mm and depth of 700 mm
(Fig. 1c). The thickness of the bottom and side wall of
the container was 25.5 mm and 9 mm, respectively. There-
fore, the model container was considered as a rigid body.
The previous studies suggested that the zone in which soil
is affected by loading is usually 3–8 times of the pile tip
diameter (Kishida, 1963; Robinsky and Morrison, 1964).
Yang (2006) proposed that the influence zone in clean sand
above and below the pile tip should be 1.5D–2.5D and
3.5D–5.5D, respectively, where D is the pile diameter. In
(b) helices models (c) model container, units in mm.
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this study, the clearance around the pile was 9.9–10.8 times
the pile diameter and the clearance below the pile was
400 mm (6.7–7.2 times pile tip diameter). Therefore, the
effect of the boundary condition is ignored.

The ratio of the helix diameter to shaft diameter, Dh/Ds,
is commonly 2 to 4 in practice (Elsherbiny and El Naggar,
2013; Sakr, 2009; Yttrup and Abramsson, 2003). The helix
plates having diameter of 55 and 60 mm (Dh/Ds, 2.5 - 2.8)
were used. In order to investigate the effect of helix bending
deflection on the ground, both strong and weak helices
were used. The strong helix with thickness of 3.0 mm rep-
resents the non-deformed scenario (negligibly small deflec-
tion that does not affect the load-settlement response)
whereas, weak helix with thickness of 0.8 mm represents
deformed scenario (the helix bending deflection affects the
load-settlement response). The experimental tests cases
which are considered in this study are shown in Table 1.
2.2. Testing procedures

The dry Toyoura sand was compacted in six layers with
the thickness of each layer of 100 mm. The relative density
of each layer was approximately 80% (unit weight of 15.42
kN/m3). After preparing four sand layers, the screw pile
was placed, and then the upper two layers of 100 mm were
compacted. This procedure was adopted to exclude the
effect of the pile installation on the model ground. The set-
tlement (U) of the screw pile was measured at the head
through a displacement transducer, and the applied com-
pressive load (P) was measured by a load cell. To investi-
gate the effect of helix bending deflection on the end-
bearing capacity, the ground conditions were kept similar
for all tests.
3. Numerical modelling

3.1. Material models

The main objective of the numerical models is to get an
insight view of the load transfer mechanism of the screw
pile under vertical loads. The finite element model (FEM)
provided the effects of pile loading on the surrounding soil
and pressure beneath the helices.

Linear elastic model was used for the pile shaft. The
strong helix experimental cases, i.e. Case 1_Exp and Case
3_Exp with helix thickness of 3.0 mm were modeled exactly
in the numerical model. Whereas, the weak helix experi-
Table 1
Experimental cases.

Cases Pile shaft length, L (mm) Helix diameter, Dh (mm

Case 1_Exp 500 55
Case 2_Exp 500 55
Case 3_Exp 500 60
Case 4_Exp 500 60

* 21.7-60-3_Exp: Shaft Diameter-Helix Diameter-Helix thickness_Experimen
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mental cases, i.e. Case 2_Exp and Case 4_Exp with helix
thickness of 0.8 mm were modeled with helix thickness of
3.0 mm but the stiffness (EI) of the helix was reduced by
a factor to get the similar helix bending deflection as in
the experiment. The reason for not modeling the thin helix
thickness of 0.8 mm was due to poor mesh quality it cre-
ated, which resulted in calculation convergence and accu-
racy issues.

The ground was modelled using the Hardening soil
model with small-strain stiffness (HSS model) (Benz,
2007). This model is extended for small strain range from
the original Hardening soil (HS) model (Schanz et al.,
1999), which takes into account for stress and strain-
dependent stiffness, and it is based on the hyperbolic
stress-strain relationship between the axial strain, e1 and
the deviatoric stress, q shown in Fig. 2. The HS and HSS
models have been used successfully for back analyses of
projects (Broere and Van Tol, 2006; Calvello and Finno,
2004; Finno and Calvello, 2005; Hejazi et al., 2008;
Likitlersuang et al., 2013; Suryasentana and Lehane,
2014; Unsever et al., 2015), therefore, it was selected for
the ground modelling.

The stress-strain behavior under primary loading is non-
linear and is assumed to be hyperbolic up to a failure stress
shown in Fig. 2 for the HS and HSS models. The extension
for the small-strain stiffness is illustrated in Fig. 3. The
maximum stress is determined based on the Mohr-
Coulomb failure criteria involving strength parameters, c0

and u0. Stiffness E50 is used to determine both elastic and
plastic strains, Eur is an elasticity modulus. Both the secant
primary loading modulus E50 and unloading/reloading
modulus Eur are stress-dependent and indicated below:

E50 ¼ Eref
50

c
0
cosu

0 � r
0
3sinu

0

c0cosu0 þ pref sinu0

� �m

ð1Þ

Eur ¼ Eref
ur

c
0
cosu

0 � r
0
3sinu

0

c0cosu0 þ pref sinu0

� �m

ð2Þ

where Eref
50 and Eref

ur are input parameters for a particular
reference pressure pref. The exponent m can be measured
in both oedometer tests and in triaxial tests.

Another stiffness is the oedometer modulus (Eref
oed), and it

is used to control the magnitude of the plastic volume
strains. In a similar manner to the triaxial moduli, the
oedometer stiffness also follows a stress dependency
according to the formula:
) Dh/Ds Helix thickness, Th (mm) Remarks

2.5 3.0 21.7-55-3_Exp
2.5 0.8 21.7-55-0.8_Exp
2.8 3.0 21.7-60-3_Exp*
2.8 0.8 21.7-60-0.8_Exp

t.
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Fig. 3. Small-strain stiffness curve of HSS (Benz, 2007).
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Table 2
Material properties of Toyoura sand.

Items Values

Secant stiffness Eref
50 (kPa) a 29,000

One-dimensional, Eref
oed (kPa) a 30,000

Unloading stiffness, Eref
ur (kPa) a 85,000

Stress dependency parameters, m 0.5
Failure ratio qf/qa, Rf 0.9
Poisson’s ratio, vur 0.2
Internal friction angle, u’(o) 38.79
Dilatancy angle, w (o) 15
Threshold shear strain, c0.7 0.25E�3
Shear modulus at small strain, Gref

0 260,000

a value for a reference stress, pref = 100 kPa.

Fig. 2. Hyperbolic stress-strain relation of HS model (Schanz et al., 1999).

H.M. Ho et al. Soils and Foundations xxx (xxxx) xxx
Eoed ¼ Eref
oed

c
0
cosu

0 � r
0
1sinu

0

c0cosu0 þ pref sinu0

� �m

ð3Þ

where Eref
oed is an input parameter. It is noted that the refer-

ence triaxial stiffness is obtained by normalizing to the
minor principal stress, r0

3, and the reference oedometer
stiffness by normalizing to the major principal stress, r0

1,
in an oedometer test.

The tangent shear modulus at small strains can be for-
mulated as follows:

Gt ¼ G0

1þ 0:385 c
c0:7

� �2
ð4Þ

where G0 is the initial or very small strain shear modulus
and c0.7 is the shear strain level at which the secant shear
modulus Gs is reduced to 70% of G0

The input soil parameters in this study were determined
based on the back calculation of a test result with the same
sand and relative density presented by Nakai and Hinokio
(2004), which is shown in Fig. 4. The determined soil prop-
erties are shown in Table 2. This internal friction angle of
the Toyoura sand in the HSS model is close to its value
of 40� in the triaxial consolidated drained shear (CD) tests
with the same relative density (80%) presented by
Matsumoto et al. (2010).
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3.2. Numerical modelling of experiments

Three-dimensional models were created using a finite
element code, PLAXIS 3D (Bentley, 2020) for the simula-
tion of the experimental tests. The finite element mesh of
the model having pile with helix diameter of 60 mm is
shown in Fig. 5. A half model was simulated due to the
symmetric configuration, which helped the model to reduce
the number of elements, and the mesh could be refined to
get better results. The mesh around the pile was finer (re-
fined) than other soil clusters to get accurate results.

Potyondy (1961) showed that the soil-structure interac-
tion depends on soil grading, density, stress level, interface
material and surface roughness. Usesugi and Kishida
(1986) pointed out that the maximum coefficient of friction
between Toyoura sand and mild steel, tan d/u, were 0.6
and 0.87 for the density of 45% and 90%, respectively. In
this study, tan d/u, is taken to be 0.85. The HSS model
was used to model the ground condition for all models.
The interaction between the pile and ground was simulated
f helix bending deflection on the load transfer mechanism of screw piles in
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Fig. 5. Finite element mesh of Screw pile.
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with the interface element, which is modelled based on the
Elastic perfectly plastic model.

The screw pile resistance also depends on the helix bend-
ing deflection (Malik et al., 2019); therefore, in this study,
the helix was assumed to behave elastically. The helix
thickness was 3.0 mm, and it was not changed for all
numerical cases. For thinner helix (weak helix) thickness
(<3 mm), its bending stiffness (EI) was reduced by reducing
Young’s modulus, E, to get the similar helix deflection (y)
as in the experimental results. Twelve cases with different
stiffness (EI) are shown in Table 3. The numerical cases,
Case 1_Num and Case 7_Num were representing the exper-
imental cases, Case 1_Exp and Case 3_Exp in which helix
thickness (3.0 mm) and its bending stiffness (EI) were iden-
tical. In addition, the numerical cases, Case 6_Num and
Case 12_Num were representing the experimental cases
Case 2_Exp and Case 4_Exp in which helix thickness of
3.0 mm was considered but its bending stiffness was
reduced to get the similar bending deflection of helix as
in experimental case. Other numerical models with different
stiffness were simulated to get the relationship between the
helix bending deflection and its end-bearing pile capacity.
Table 3
Numerical modelling cases.

Cases Helix diameter (Dh) (mm) Dh/Ds Bendi

Case 1_ Num 55 2.5 EI
Case 2_ Num 55 2.5 EI/25
Case 3_ Num 55 2.5 EI/10
Case 4_ Num 55 2.5 EI/15
Case 5_ Num 55 2.5 EI/25
Case 6_ Num 55 2.5 EI/55
Case 7_Num 60 2.8 EI
Case 8_ Num 60 2.8 EI/25
Case 9_ Num 60 2.8 EI/50
Case 10_ Num 60 2.8 EI/10
Case 11_ Num 60 2.8 EI/15
Case 12_ Num 60 2.8 EI/25

E = 2.11 � 108 kN/m2.
* 21.7-60-3_Num: Shaft Diameter-Helix Diameter-Helix Thickness_Numeric
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4. Results and discussions

4.1. Load-settlement response

The failure criteria for bearing capacity of pile is esti-
mated at 10% diameter of piles (BS 8004, 2004; ISSMFE,
1985; Yttrup and Abramsson, 2003). Livneh and El
Naggar (2008) proposed the criterial failure is 8% of the
diameter of the largest helix plus the elastic settlement of
the pile. Therefore, in this study, the head settlement of
10% helix diameter, i.e. 5.5 mm and 6.0 mm, was accepted
for the failure criteria for the screw piles with Dh = 55 mm
and 60 mm, respectively. The pile behavior at this settle-
ment (10% Dh) is mainly used for the analyses.

The axial force along the piles from the top until just
above the helices in the experimental results are shown in
Fig. 6. The axial forces at the pile top are 3.9/ 2.8 kN for
the piles 21.7-55-3/0.8 at the pile head settlement,
y = 5.5 mm (10%Dh), and 4.4/ 3.2 kN for the piles 21.7-
60-3/0.8 at y = 6.0 mm, respectively. The friction along
the pile is very small for all piles, i.e. 0.07/0.15 kN for
the pile 21.7-55-3/0.8 and 0.09/0.13 kN for the pile 21.7-
60-3/0.8, respectively. This means that the skin friction is
negligible and almost all applied compressive load trans-
ferred to the end-bearing component. The finite element
results also shows the similar axial force distribution, which
is quite uniform along the piles. However, the skin resis-
tance accounted for a larger proportion compared to it in
the experimental test, i.e. around 10% for the piles with
the strong helices and 15% for the pile with the weak
helices. In general, a good agreement between experimental
and numerical results are found. In numerical analysis, the
axial force observed at a depth of 5 cm was slightly smaller
than the axial force at 10 cm (for all piles), which is not
physically logical. The reason could be that this extracted
force was calculated by integrating the pile stresses on its
area of a cross-section (at 5 cm depth). The stresses on
the section were interpolated from stress points (Gauss
points), which were used for the calculation in the program
(PLAXIS manual). This means that those stresses on a sec-
ng Stiffness (EI) Remarks

Same as Case 1_Exp 21.7-55-3_Num

0
0
0
0 Same as in Case 2_Exp 21.7-55-0.8_Num

Same as in Case 3_Exp 21.7-60-3_Num*

0
0
0 Same as in Case 4_Exp 21.7-60-0.8_Num

al modelling.
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tion were not so much accurate (note that stress points
were used for the calculation). Stresses on a section were
mainly used for visualization and post-process. Further-
more, the force at a depth of 5 cm is also slightly smaller
than the force at pile top, which was consistent with the
applied load. So, it can be acceptable.

Fig. 7 shows the load-settlement curves obtained from
experiments and numerical analyses and helix deformation
after the experiments. Again, a good match is obtained in
experimental and numerical load-settlement curves for both
cases, i.e. strong helix (Case 1_Exp/Num and Case 3_Exp/
Case 7_Num) and weak helix (Case 2_Exp/Case 6_Num
and Case 4_Exp/Case 12_Num). However, in case of weak
helix, the difference between experimental curve and numer-
ical analysis curve is more after pile settlement of 4 mm, but
after point A the difference becomes less as the penetration
resistance increases in experimental results as shown in
Fig. 7(a, b). The increase in penetration resistance after point
A is presumed to be due to the strain hardening in the helix
due to large bending deformation (at large deflection circular
plate shows re-stiffening (Winter and Levine, 1978), which
restrict further bending of helix). Hence, after point A only
ground deformation exists, which provides increase in pene-
tration resistance. This behavior is not observed in the
numerical analysis, as the helix is modelled as the linear elas-
tic model. However, at the plunging resistance state (the ulti-
mate state of the ground at which the pile settlement
increases without further increase in vertical load or con-
stant loading rate), experimental and numerical curves are
very close to each other. As illustrated in Fig. 7a and 7b, in
the experimental results, the end-bearing capacity (measured
6
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at settlement equals of 10% of Dh) of screw pile is reduced
around 23% due to helix bending deflection, and it is quite
similar to the numerical results in which the reduction is
around 21%.
4.2. Load transfer mechanism

As the experimental observations could not provide the
interaction between the pile and surrounding soil, the finite
element analyses are utilized, which provided insight views
of pressure distribution beneath helices and deformation of
the surrounding soil. In order to utilize the finite element
results for understanding the load transfer mechanism,
the boundary stresses measured in the simulation model
should be comparable with the boundary stresses in the
experimental model. The stresses on the container bound-
ary (on the container’s wall and floor) were measured
through pressure transducers during the pile load test.
These measured stresses were comparable with the stresses
measured at the boundary in the numerical simulation.
Therefore, the soil’s stress conditions obtained from
numerical simulation can be considered the soil’s stress
conditions in a small-scale model test. The finite element
results of the helix diameter of 60 mm are analyzed at the
settlement of 10% Dh (Uz = 6.0 mm) and presented in
details below.

Soil displacement is commonly used to estimate an influ-
ence zone and the failure surface (Yamamoto and Kusuda,
2001). The soil total displacement shadings of 10% incre-
ment are shown in Fig. 8. As illustrated, in case of strong
helix the influence zone (where soil displacements are
f helix bending deflection on the load transfer mechanism of screw piles in
s://doi.org/10.1016/j.sandf.2021.04.001
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greater than 20% of the total soil displacement) ranged
2.7Dh above, 1.8Dh below the helix and 1.9Dh in the hori-
zontal direction. While in the case of a weak helix, the
influence zone ranged 2.3Dh above, 1.5Dh below the helix
and 1.5Dh in the horizontal direction. The observed influ-
ence zone of strong helix in this study is quite consistent
with the study of Livneh and El Naggar (2008). Moreover,
in case of the strong helix, the large soil displacement is
observed below the whole helix. While, in case of the weak
helix, it is observed close to the shaft.

The influence zone is large in strong helix (Fig. 8) case,
therefore, the mobilized soil shear strength (the maximum
shear stress, greater than 100 kPa) zone is also large
(Fig. 9) which resulted in a higher bearing capacity, and
it is clearly observed in load-settlement curves (refer
Fig. 7a, b). The large mobilized shear strength is observed
below the helix, which reflected the contribution of
7

Please cite this article as: H. M. Ho, A. A. Malik, J. Kuwano et al., Influence o
sand: Experimental and numerical investigations, Soils and Foundations, http
end-bearing. In case of strong helix, the mobilized shear
strength combinedly developed under the central shaft
and helix. Whereas, in case of weak helix, the mobilized
shear strength separately developed under the central shaft
and helix as shown in Fig. 9. It is also observed that the
mobilized shear strength generated above the helix, i.e. out-
side the influence zone. However, its value is smaller than
100 kPa and it is not visible in Fig. 9.

The pressure on the helix’s upper face is minimal com-
pared to the pressure under the helix because the soil in this
zone is dilated when the pile is penetrated down. This
means that the pressure under the helix mainly affects the
pile behavior. Moreover, the end-bearing capacity of screw
pile under strong helix and weak helix is closely related to
the pressure distribution under the helix. In this study, this
pressure distribution is investigated through the finite ele-
ment analyses at three location on the load-settlement
f helix bending deflection on the load transfer mechanism of screw piles in
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curve, i.e. Initial stage: at settlement of 0.5 mm, Transition
stage: at 10% of Dh, Plunging resistance stage: at 20% of
Dh. The initial stage represents the situation in which the
helix bending deflection does not affect the load settlement
response (critical helix bending deflection, 0.41–0.81 mm
(Malik et al., 2019): 0.5 mm considered). The transition
stage represents the situation in which the ground is in
transition nonlinear region (considered at 10% of Dh).
Whereas, the plunging resistance stage represents the situ-
ation in which the ground in final linear region, i.e. the ulti-
8

Please cite this article as: H. M. Ho, A. A. Malik, J. Kuwano et al., Influence o
sand: Experimental and numerical investigations, Soils and Foundations, http
mate state of the ground at which the pile settlement
increases without further increase in vertical load or pile
settlement increases at constant loading rate (considered
at 20% of Dh).

The results of finite element analyses indicated that the
pressure distribution under the strong and weak helix are
identical at the initial stage of the load-settlement curve,
as shown in Fig. 10(a, b). Moreover, the pressure under
the central shaft (350 kPa) is 2.05 times the pressure under
the helix (170 kPa), which is very close to the previous
f helix bending deflection on the load transfer mechanism of screw piles in
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study (Yttrup and Abramsson, 2003) for strong helix case.
As the helix bending deflection is very small (in weak helix
case) and it does not affect the ground condition, that is
why at the initial stage the pressure distribution for strong
and weak helix are same. Uniform pattern of pressure dis-
tribution is observed under the central shaft and the helix
for both screw piles, i.e. strong and weak helix screw piles.

At transition stage (at settlement equals to 10% of Dh),
the results indicated that the pressure distribution under
the strong and weak helix are not similar as shown in
Fig. 10 (c, d). In the case of strong helix, the pressure dis-
tribution is similar to the initial stage, i.e. uniform pattern
of pressure distribution under the central shaft (2500 kPa)
and helix (1100 kPa) but the pressure distribution ratio
(central shaft/helix) increased from 2.05 to 2.27. In the case
of weak helix, the pattern of pressure distribution under the
central shaft remains the same, i.e. uniform pressure distri-
bution but under the helix, the pressure distribution chan-
ged from uniform to triangular pattern as shown in Fig. 10
(b, d). The maximum pressure (1400 kPa) under the helix is
observed near the central shaft which reduced linearly and
approached to zero at the outer edge of the helix as shown
in Fig. 10d. This reduction in pressure under the helix is
due to the bending of helix during loading which resulted
in lesser soil resistance below the helix (refer Fig. 9b). Uni-
form pressure distribution (2900 kPa) is observed under the
central shaft, and this pressure distribution is 2.07 times the
pressure on the inner edge of the helix (1400 kPa, near the
central shaft). At transition stage, the pressure under the
central shaft is more in weak helix pile than the strong helix
pile, i.e. 2900 kPa compared to 2500 kPa. This is due to the
smaller helix’s relative stiffness than the central shaft, espe-
cially when it deforms, which resulted in more load transfer
from the helix to the central shaft.

At plunging resistance stage (ultimate state of the
ground), the results indicated that the pressure distribu-
tions under the strong and weak helices are also not similar
as shown in Fig. 10 (e, f). In the case of strong helix, the
pressure distribution is similar to the initial and transition
stages, i.e. uniform pattern of pressure distribution under
the central shaft (2500 kPa) and helix (1100 kPa). The pres-
sure distribution ratio (central shaft/helix) is similar to the
transition stage, i.e. 2.27. In case of weak helix, the pattern
of pressure distribution under the central shaft is similar to
initial and transition stage, i.e. uniform pressure distribu-
tion but under the helix the pressure distribution changed
from triangular pattern to trapezoidal pattern as shown
in Fig. 10 (d, f). The maximum pressure (1700 kPa) under
the helix is observed near the central shaft which reduced
linearly and approached to 550 kPa at the outer edge of
the helix as shown in Fig. 10f. The non-zero pressure at
the outer edge of the helix is due to large deformation of
the soil with respect to helix bending deflection. As the
helix bending deflection is less, therefore, the whole pile
moved downward, resulting in redistribution of pressure
at the outer part of the helix. In this stage as well, the pres-
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sure under the central shaft is more in weak helix pile than
the strong helix pile.

The average pressure under the central shaft and helices
with different helix stiffness (EI, representing the change in
helix thickness) at transition stage (at settlement equals to
10% of Dh) is shown in Fig. 11. The finite element analysis
results indicate the pressure under the central shaft and at
the inner edge of the helix increased with the decrease in
helix stiffness, i.e. from 2500 to 2900 kN/m2 and 1100 to
1400 kN/m2, respectively. However, at the outer edge of
the helix the pressure decreased with the decrease in helix
stiffness, i.e. 1100 kN/m2 to zero as shown in Fig. 11.
The reason for this change in pressure distribution under
the central shaft and helix is due to the helix bending deflec-
tion during the applied load. As the helix deformed, rela-
tive displacement between the soil beneath helix and
central shaft occurred, the helix’s relative stiffness was
smaller than that of the central shaft. Therefore, more load
transferred to the central shaft and the pressure shifted
from the outer edge of the helix to the central shaft.
4.3. Helix bending deflection and end-bearing bearing
capacity

Malik et al. (2019) showed that the reduction of end-
bearing resistance due to the helix bending deflection (y)
was more in a screw pile with larger helix diameter (Dh).
Therefore, the helix bending deflection should be normal-
ized by the helix diameter, y/[(Dh-Ds)/2]. The relationship
between the helix bending deflection and end-bearing
capacity (Pu) is presented based on the ratio of y/[(Dh-
Ds)/2] versus Pu/Pu-max. Where Pu-max is the maximum
capacity of the ground obtained in non-deformed helix case
(strong helix). The helix bending deflection in the experi-
mental tests was measured after finishing the tests, and ulti-
mate capacity of the ground was measured at plunging
resistance stage (at settlement equals to 20% of Dh). The
normalized helix bending deflection and end-bearing
capacity of twelve numerical cases (strong to weak helix)
and all experiments are plotted and shown in Fig. 12. A
good agreement between experimental and numerical
results is observed for the weak and strong helices. It
f helix bending deflection on the load transfer mechanism of screw piles in
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clearly depicts that the normalized end-bearing capacity
decreased linearly with the increase in normalized helix
bending deflection.
5. Conclusions

This paper investigated the load transfer mechanism
that includes the effect of helix bending deflection on end-
bearing capacity, distribution of ground pressure under
helix and soil deformation around the pile for single helix
screw pile under dense ground condition. Two scenarios,
i.e. strong helix (non-deformed helix) and weak helix (de-
formed helix) were considered through experimental and
numerical analyses (PLAXIS 3D) to examine the load
transfer mechanism. The results showed good agreement
between experimental and numerical analyses for both
strong and weak helices. Based on the analyses, the follow-
ing conclusion are drawn:

In the case of strong helix, the influence zone ranged
2.7Dh above, 1.8Dh below the helix and 1.9Dh in the hori-
zontal direction. While in the case of a weak helix, the
influence zone ranged 2.3Dh above, 1.5Dh below the helix
and 1.5Dh in the horizontal direction. This reduction in
influence zone is due to the helix bending deflection. The
large influence zone in strong helix case, resulted in higher
mobilized soil shear strength (the maximum shear stress)
which contributed to a higher end-bearing capacity of
about 23% compared to the weak helix case.

Under the strong helix case, the pattern of pressure dis-
tribution, i.e. under the central shaft and helix, was uni-
form and remained the same throughout the load-
settlement curve instead of highest near the shaft and low-
est at the outer edge of the helix as suggested in previous
studies. Moreover, the pressure under the helix is approxi-
mately half of that under the central shaft. Whereas in the
weak helix case, the pressure distribution did not follow a
single pressure pattern as indicated in previous studies,
but it changed at different stages of the load-settlement
curve.. Under the helix (weak helix case), the pattern of
pressure distribution changed from uniform (at initial stage
of the load-settlement curve) to triangular (at transition
stage of the load-settlement curve), and finally changed
to trapezoidal (at plunging resistance stage of the
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load-settlement curve). However, under the central shaft,
the pattern of pressure distribution remained almost uni-
form throughout the load-settlement curve, but the magni-
tude of pressure was more than the strong helix case.

The numerical analysis indicated that the pressure under
the central shaft and at the inner edge of the helix increased
with the decrease in helix stiffness. However, at the outer
edge of the helix the pressure decreased with the decrease
in helix stiffness. The reason for this change in pressure dis-
tribution under the central shaft and helix was due to the
helix bending deflection during the applied load, and it
shifted the pressure from the outer edge of the helix to
the central shaft.

The normalized end-bearing pile capacity (Pu/Pu-max)
decreased linearly with normalized helix bending deflection
y/[(Dh � Ds)/2].
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