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Abstract In this paper, the slope effects on p-y curves in
c-ϕ soils have been investigated. Vertical mono-pile under
static lateral loading in level and sloped grounds with
both cohesion and friction properties has been analyzed.
Several concrete and steel pipe piles near soil slopes and
level ground have been modeled. The basis of the numer-
ical analysis is 3-D explicit finite difference method. The
effects of pile-soil interface properties such as cohesion
ratio and friction ratio on the soil response and pile de-
flections have also been investigated. The results of this
research show that the general shape of p-y curves for c-ϕ
soils and non-cohesive, granular soils are hyperbolic sim-
ilar to p-y curves for clayey cohesive soils. This study that
presents a new method and new design curves similar to
concepts have been proposed by Evans and Duncan for
derivation of ultimate soil strength, pu, for piles in c-ϕ
soils. There are a few numerical and experimental studies
about piles under lateral loading in c-ϕ soils, and present
study focuses on this shortcoming.

Keywords Vertical pile . Slope’s effects . c-ϕ soils . p-y
curves . Static analysis . Interface

Introduction

Vertical mono-piles under static lateral loading are important
cases of deep foundations. There are several loading cases in
the piles subjected to static lateral loading such as the piles
near natural or man-made slopes for bridge abutment founda-
tions or as retaining walls, piles near slopes carrying lateral
loads from power towers or wind turbines, foundation of traf-
fic signs, piles for stabilizing slopes, piles for foundation of
high-rise buildings near slopes, etc. Many researchers have
studied the lateral load transfer curves (i.e., p-y curves) for
many cases including loading conditions, soil types, geometry
conditions (level ground or sloped ground), pore water pres-
sure conditions in soil (undrained or drained soils), and many
other different conditions.

Matlock (Matlock 1970) developed p-y curves for un-
drained soft clay, Reese et al. (Reese et al. 1975) introduced
a series of p-y curves for stiff clay with free water, and Welch
and Reese (Welch and Reese 1972) and Reese and Welch
(Reese and Welch 1975) also developed stiff clay with no free
water p-y curves. Reese et al. (Reese et al. 1974) developed
sand p-y curves, and API (American Petroleum Institute 1987)
introduced also sand p-y curves. Ismael (Ismael 1990) devel-
oped cemented sand p-y curves (see Fig. 1b), and after him,
Reese and Van Impe (Reese and Van Impe 2001) developed
silt p-y curves (Fig. 1a). For piles near or on slopes under
lateral loading, there are a few studies in the related literatures.
Reese et al. (Reese et al. 1975) proposed equations according
to the passive wedge failure or flow failure for piles in sandy
slopes and also p-y curves for piles in clayey slopes.

Furthermore, Georgiadis and Georgiadis (Georgiadis and
Georgiadis 2010; Georgiadis and Georgiadis 2012) conducted
a 3D finite element analysis for prediction of behavior of piles
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near undrained clayey slopes. They have studied the effects of
slope inclination, θ; pile-soil interface adhesion factor, α; and
distance between pile cross section center and slope crest, b,
on p-y curve behavior and lateral bearing capacity of concrete
vertical mono-piles. Nimityongskul et al. (Nimityongskul and
Ashford 2010; Nimityongskul et al. 2012) reported a research
about effects of soil slope on lateral bearing capacity of piles
in both cohes ive and non-cohes ive so i l s . They
(Nimityongskul and Ashford 2010; Nimityongskul et al.
2012) also conducted a 3D finite element analysis in the
PLAXIS 3D FOUNDATION software to comparing test re-
sults with numerical results.

Available studies about the lateral loading capacity behav-
ior of piles in sloped ground are rare, and even these few ones
basically refer to piles in non-cohesive (i.e., frictional) mate-
rials (Gabr and Borden 1990; Mezazigh and Levacher 1998;
Zhang et al. 2004; Muthukkumaran et al. 2008).

The aim of this paper is to propose a method to calculate
the bearing capacity of vertical mono-piles near sloped and
level grounds consisting of c-ϕ soil based on the numerical
analysis of three-dimensional finite difference analysis (3D
FDA). Coulomb shear-strength criterion is used to define the
material behavior of pile-soil interface considering some pa-
rameters such as cohesion, angle of internal friction, and dila-
tion angle for the interfacial material. In order to define the
pile-soil interfacial materials, Papadopoulou and
Comodromos (Comodromos and Papadopoulou 2010) have
used this criterion to evaluate the displacement amplification
factor of Ra of pile groups in sandy soil; they (Comodromos
and Papadopoulou 2013) have also used this criterion to eval-
uate the same factor in cohesive soils. Also, according to
Papadopoulou and Comodromos (Comodromos and
Papadopoulou 2010) and Comodromos and Papadopoulou
(Comodromos and Papadopoulou 2013). the response of a
pile group under lateral loading is of a similar form to that of
a single pile. They investigated the variation of the deflection
amplification factor, Ra, which is introduced when comparing
the response of a pile group to that of a single pile (considering
the same pile dimensions and soil profile). The Ra factor can
be defined as the ratio of the group deflection at the pile cap

ymG to the single-pile deflection at the pile head ys, or as the
ratio of the group normalized deflection ynG to the single-pile
normalized deflection yns, for the same mean load Hm. They
have reduced the amount of internal friction angle of pile-soil
interface material due to the critical state that has been listed
by Ortigao (Ortigao 1995) compared to the angle of internal
friction of the soil around the pile. On the other hand, cracking
of soil around the pile and gap formation behind the pile
during lateral loading are issues that have complicated the
problem of piles under lateral loading numerical modeling.

The constitutivemodel of Coulomb shear-strength criterion
for interface modeling is able to simulate some of these effects
in piles under lateral loading. In this research, different slope
inclinations and different distances between pile center and
slope crest are taken into consideration. The pile-soil-pile in-
teractions (PSPIs) have been modeled using pile-soil interface
properties such as normal and shear stiffness of interface, co-
hesion, and internal friction angle of interface. The current
paper, thus, investigates the effects of sloped ground on static
lateral loading bearing capacity of vertical piles near the c-ϕ
soil slopes. Present paper research about distinct effects of
cohesion component and friction component of c-ϕ soils on
p-y curves. The 3D explicit finite difference analyses were
conducted to model first the lateral behavior of cohesion com-
ponent of the soil and then for friction component of soil
separately and finally for both cohesion and friction compo-
nents of soil independently. After that, the obtained results
presented together in a unit graphs were compared. Effects
of cohesion and internal friction angle components of the
c-ϕ soil (i.e., the decrease and increase in interfacial strength
properties) have been investigated by parametric studies.

Problem definition and numerical approach

Problem methodology, hyperbolic p-y curves, and real
pile-soil behavior

Initially, the equations that have been used by previous re-
searchers (Matlock 1970; Reese and Welch 1975; Reese

Fig. 1 Characteristic shape of p-y
curves proposed for c-ϕ soil by a
Reese and Van Impe p-y curves
for static horizontal lateral loading
(Reese and Van Impe 2001) and b
Ismael (Ismael 1990) p-y curve
for cemented sand

5 Page 2 of 16 Arab J Geosci (2016) 9: 5



et al. 1974) to create p-y curves at undrained clayey soils under
the lateral loading were as follows:

p ¼ 0:5pu y=y50ð Þn ð1Þ
y50 ¼ C1dε50 ð2Þ

where pu is the ultimate load (kN/m) and y50 is the lateral
deflection of pile at 50 % of the ultimate soil reaction (m).
Moreover, C1 is a constant relating pile deflection to laboratory
strain ε50, ε50 is the strain at 50 % of soil resistance equal to
stress (σ1−σ3)max/2 at triaxial tests, and σ1 and σ3 are the first
and third principal stresses at triaxial tests (kN/m2), respective-
ly. Besides, p is the soil reaction (kN/m), y is the pile deflection
(m) corresponding to the p value, d is the pile diameter (m), and
n is a constant relating soil resistance to pile deflection. As
Eq. (1) gives an infinite initial curve slope in very small lateral
deflections at low load levels (because n<1), the hyperbolic
curve (i.e., Eq. (3) below) has often been considered in describ-
ing of pile test results. According to the results of pile loading in
soils and some rocks tests (Georgiadis and Georgiadis 2010;
Georgiadis and Georgiadis 2012; Wu et al. 1998; Liang et al.
2009). the behaviors of almost p-y curves have a hyperbolic
shape. Also, in current numerical analysis, this type of hyper-
bolic p-y curve was resulted as long as the elastic-plastic be-
haviors were used to soil material modeling and linear elastic
model was used to pile materials. The hyperbolic curve has an
initial stiffness as a slope Ki and is presented by the following
equation (Liang et al. 2009; Georgiadis et al. 1991; Rajashree
and Sitharam 2001; Kim et al. 2004):

p ¼ y

1=Kið Þ þ y=puð Þ ð3Þ

where y is the lateral pile deflection (m), p is the soil reaction
(i.e., load per unit length of the pile, kN/m), pu is the ultimate
soil reaction (kN/m), andKi is the initial stiffness (slope) of p-y
curves (kPa).

As the stress-strain behavior of soil is not linear (i.e., is
completely non-linear), then considering such a non-linear
equation to explain the interaction behavior of pile-soil seems

to be adequate. As observed in this case study, the behavior of
p-y curve is hyperbolic for all types of soils including cohe-
sive, frictional-granular, and mixed cohesive-frictional soils
(i.e., the c-ϕ soils), and p-y hyperbolic curves are valid for a
variety of soil conditions, including drained or undrained
soils. In the present study, rather than focusing on Ki parame-
ter, the p-y curve behavior in c-ϕ soils and the effects of soil
cohesion and friction angle parameters are investigated.
However, it is pointed out that both the symbols of d and D
were used as the means of pile diameter in this research. This
paper investigates the large-diameter (i.e., with diameters
equal to 1 m in contrast with pile diameters that have been
considered in lateral loading tests in Resse et al. (Reese and
Van Impe 2007). mono-pile lateral loading bearing capacity
behavior. Mono-piles are usually designed using the
well-known p-ymethod. On the other hand, alternative design
method that is the strain wedge method (SWM) has been
developed by Norris (Norris 1986).

Lesny et al. (Lesny et al. 2007) by utilizing finite element
analysis have shown that both methods (i.e., p-y curve method
and SWM) overestimate the pile-soil stiffness of
large-diameter mono-piles at great depths, which may result
in an insufficient pile length design. These observations may
be attributed to the linear distribution of the soil stiffness im-
plied in these methods. This assumption leads to unrealistic
pile-soil stiffness relations of large-diameter piles and there-
fore cannot properly reflect the pile response. Consequently,
these methods should not be directly applied to large-diameter
mono-piles.

There are two classes of pile-head deflections including (1)
small pile-head deflections (e.g., y=d/60 or y=3d/80 in ref.
Reese and Van Impe (2007) and is given in Fig. 1a) and (2)
large pile-head deflections. This paper investigates the large
pile-head deflections, and the maximum pile-head deflection
is considered 70 % of pile diameter (i.e., ymax=0.7d). In the
theoretical literature, most attention has been paid on the small
pile-head deflection behavior (Reese and Van Impe 2007)
compared with large pile-head deflection behavior, and both
pile-head load-deflection curves, H-y curves, and p-y curves

Fig. 2 Comparison between
general shapes of p-y curves for
short-term static horizontal
loading for different depths below
the ground surface: a theoretical
(unrealistic idealized in previous
numerical analysis) p-y curves
and b real (experimental and 3D
FDA in present study) p-y curves
along the pile length for a
particular pile-head deflection (in
term of n.d) (Reese and Van Impe
2007)
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have been derived for small pile-head deflections (see, e.g.,
Fig. 1).

In present study, the effects of ground water table has not
been considered by authors and the soil medium is assumed as
drained soil by the means that the long-term slope stability and
principle of effective stresses have been considered. Further, in
this study, it is tried to use true-type p-y curve fit to a specified
pile displacement up to y0=n.d as shown in Fig. 2b. In other
words, according to the previous numerical and theoretical
studies (Reese and Van Impe 2007). for pile set displacement,
the y0 is considered up to 70 % of d (n=0.7), and the values of
the ultimate strength of the soil pu have been calculated at the
different point along the pile length.

However, it should be noted that there is no any consider-
able lateral displacement of the piles that lead to interrupting
for all soil layers in different depths (as shown in Fig. 2a).
Since, the soil behavior represents that only the upper layers
of the soil will be interrupted and cracked by lateral loading,
and this is depending on soil characteristics for any specific
pile displacement (as seen in Fig. 2b) and this practical reality
is a base to practice in this research. It is pointed out that both
numerical and experimental results for piles under static later-
al loading show that the p-y curves at different depths do not
have a similar behavior as parallel shapes (see Fig. 2a). As
seen in Fig. 2a, p-y curve behaviors are very different in var-
ious depths, for example, in cohesive, granular, andmixed c-ϕ
soils, and are remarkably variable depending on the type of
stress distribution at the soil profile. However, it is mentioned
that in the available literatures (Reese and Van Impe 2007).
behavior of p-y curves in different depths along the pile axis is
assumed parallel that it is not consistent with real pile-soil
system behavior.

Literatures on p-y curves in sloped and level grounds
for c-ϕ soils

Different relationships have been proposed to estimate the
ultimate strength of the soil, pult in c-ϕ soil that generally
separate the friction and cohesion effects of soil in estimating

the ultimate capacity of the c-ϕ soil; the following equations
are the most important equations of the present theory to cal-
culate the ultimate strength of the c-ϕ soils. Evans and
Duncan (Evans Jr and Duncan 1982) have recommended an
approximate equation for calculation of ultimate resistance of
c-ϕ soils for level ground (Reese and Van Impe 2007) as

p ¼ σpd ¼ Cpσhd ð4Þ

where σp is the passive earth pressure (kPa) including the
three-dimensional effect of the passive wedge and d is the pile
width or pile diameter (m) and

σh ¼ γztan2 45þ φ
2

� �
þ 2ctan 45þ φ

2

� �
ð5Þ

where σp is the Rankine’s passive earth pressure (kPa) for a
wall of infinite length, γ is the unit weight of soil (kN/m3), z is
the depth (m) at which the passive resistance is considered, ϕ
is the friction angle (degree), c is the cohesion of soil (kPa),
and Cp is a dimensionless modifying factor to account for the
three-dimensional effect of the passive wedge failure (Reese
and Van Impe 2007). The modifying factor Cp can be divided

Fig. 3 Geometry of problem
including slope shape, pile
location, lateral loading direction,
and Cartesian coordinate system

Fig. 4 Plan view of pile elements, soil elements, interface elements,
center of pile-head coordinates (i.e., x,y,z=0,0,0), and vectors of
interface normal and shear stresses
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into the following two terms:Cpϕ to modify the frictional term
of Eq. (5) and Cpc to modify the cohesion term of Eq. (5)
(Reese and Van Impe 2007). Equation (5) can then be written
as (Reese and Van Impe 2007)

pult ¼ Cpφγztan
2 45þ φ

2

� �
þ Cpcctan 45þ φ

2

� �h i
d ð6Þ

The relative straightforwardness of equations for develop-
ing p-y curves for c-ϕ soil proceeds by using the concept
proposed by Evans and Duncan (Evans Jr and Duncan
1982). Equation (6) will be written as (Reese and Van Impe
2007)

pult ¼ Apultφ þ pultc ð7Þ

where Ā (or A) can be found from the graph in ref. Reese and
Van Impe (2007) and also in Figs. 17 and 18. Ultimate soil
resistance for sand was derived by considering a wedge failure
near the ground surface and a plane strain flow failure well
below the ground surface as shown in Eqs. (8) and (9), respec-
tively. The friction component (pultϕ) for level ground will be
the minimum of the values given by the Eqs. (8) and (9) as
below:

pultφ ¼ γz
K0ztanφsinβ
tan β−φð Þcosα þ tanβ

tan β−φð Þ d þ ztanβtanαð Þ
� �

þ γz K0ztanβ tanφsinβ−tanαð Þ−Kad½ �
ð8Þ

pultφ ¼ Kadγz tan8β−1
� �þ K0dγztanφtan

4β ð9Þ

The cohesion component (pultc) for level ground will be the
minimum of the values given by Eq. (11) as below:

Np ¼ 3þ γ0

c
zþ J

d
z≤9 ð10Þ

pultc ¼ min Npcd; 9cd
� 	 ð11Þ

The lateral bearing capacity factor values, Np, for cohesion
component were obtained by placing the pu values derived
from 3D FDA of this research in Eq. (12) as follows:

pultc ¼ Npcd ð12Þ

where Ka=tan
2(45−ϕ/2) is the minimum coefficient of active

lateral earth pressure; z is the depth of soil below the ground
surface (m); γ and γ′ are the total and submerge unit weights
of soil (kN/m3), respectively; d is the pile diameter or

Table 1 Summary of various pile’s lateral load tests in different kinds of soils

Mechanical and geometrical characteristics Soil properties

Pile test L (m) D (m) EpIp (kN m2) e (m) θ (deg) tw (mm) Soila C (or Cu)
(kPa)

E (or E50)
(kPa)

φ (deg) γ (or γ′)
(kN/m3)

1 Sabine 12.8 0.319 31280 0.305 0° 12.7 ca 14.4 2060 0 5.5

2 Lake Austin 12.8 0.319 31280 0.0635 0° 12.7 ca 32.25 2687.5 0 10

3 Garston 12.5 1.50 –b 0.900 0° – φa 0 NSPT 43, 37 –

4 Kuwait 5.0 0.30 20200 – 0° – c-φa 20, 0 NSPT 35, 43 17.90, 19.10

5 SCE pier
(belled pier)

5.185 (17 ft) 1.22 (4 ft) 2.25×106 0.230 20° – ca 220 24,440 0 18.85

6 SCE pier
(belled pier)

6.710 (22 ft) 1.22 (4 ft) 2.25×106 0.230 55° – ca 479 95,800 0 18.85

aC cohesive soil, φ friction (non-cohesive) soil, c-φ cohesive-frictional soil
bEpIp was not mentioned directly in ref. Reese and Van Impe (2007). and the cube strength of the concrete was 49.75 MPa
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Fig. 5 Pile-head load-deflection curve for a Sabine River pile load test and b Lake Austin pile load test
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pile width (m), β=45+ϕ/2 is the passive failure angle
(degree); α=ϕ/2 is the angle defining the shape of the wedge
(degree); and K0 is an at-rest coefficient and it is equal to 0.4
and 0.5 for loose and dense sands, respectively. In a later
study, Reese and Van Impe (Reese and Van Impe 2001) sug-
gested the use of K0=0.4 for all sands. In Eqs. (10)–(12), c is
the cohesion of the soil (kPa) and J is a constant which con-
trols the depth, andMatlock(Matlock 1970) stated the value of
J to be 0.5 for a soft clay and about 0.25 for a medium clay. A
value of 0.5 is frequently used for J. Reese and Welch (Reese
and Welch 1975) considered the J equal to 0.5 for stiff clay,
and Bhushan et al. (Bhushan et al. 1979) considered J equal to
2 for stiff clay. To develop the p versus y curves, the proce-
dures described for sand by Reese et al. (Reese et al. 1974)
will be used because the stress-strain behavior of c-ϕ soils is
believed to be closer to that of non-cohesive soil than of co-
hesive soil (Reese and Van Impe 2007). This article uses a new
approach similar to that in Eq. (7), with difference that it uses
the results of 3D FDA numerical method to calculate the final
strength value of soil, pu, in components of cohesion, friction,
and both of those in combination (i.e., c-ϕ soil) and uses the
following relationship:

pultcφ FDM
¼ Apultφ FDM

þ pultc FDM ð13Þ

where pultcφFDM, pultφFDM, and pultcFDM are the stand for the
ultimate resistance of the soil, for both cohesion and internal
friction angle (i.e., c-ϕ soil), internal friction angle effect of
the soil alone (i.e., granular soil), and soil cohesion alone (i.e.,
cohesive soil), respectively, derived from 3D FDA, and also A
is a coefficient that resulted from Eq. (14) as the following:

A ¼ pultcφ FDM
−pultc FDM

pultφ FDM

ð14Þ

The results of this study are presented in the following
forms:

the graphs to calculate the coefficient A in order to calculate
the ultimate soil resistance in c-ϕ soil, graphs to calculate the
lateral bearing capacity factor Np in order to calculate the
ultimate strength of the cohesion component of c-ϕ soil in
Eq. (7), and finally graphs for correction soil strength of the
frictional component of c-ϕ soil in previous Eqs. (8) and (9).
Overall, geometry form of the present study problem has been
shown in Fig. 3.

Based on the results of the FE analyses that have been
performed by Georgiadis and Georgiadis (Georgiadis and
Georgiadis 2010; Georgiadis and Georgiadis 2012). the fol-
lowing equation was derived (similar toMurff and Hamilton’s
equation (Murff and Hamilton 1993) for level ground and
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Fig. 6 Pile-head load-deflection curves for a Garston lateral load test results in non-cohesive soil (sand) and b Kuwait lateral load test in c-ϕ soil
(cemented sands)
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results for θ=55° slope in cemented silty sand (SM)
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smooth piles), which approximates with good accuracy the
variation of Np factor with depth z for any value of ground
inclination, θ, and adhesion factor, α

Np ¼ Npu− Npu−Npocosθ
� �

e−λ z=dð Þ= 1þtanθð Þ ð15Þ

where Npu is the ultimate lateral bearing capacity factor for
deep lateral flow of soil (Eq. (17)), Npo is the bearing capacity
factor at the surface for level ground, and λ is the dimension-
less factor. This equation for level ground (θ=0°) reduce to

Np ¼ Npu− Npu−Npo

� �
e−λ z=dð Þ ð16Þ

where the value of Npo varies linearly from 2 for a fully
smooth (α=0) to 3.5 for a fully rough (α=1) pile-soil interface
and given by Npo=2+1.5α and the value of the dimensionless
factor λ also varies linearly with α from 0.55 for α=0 to 0.4
for α=1 and given by λ=0.55−0.15α. The variation of Np

with z obtained with Eqs. (15) and (16) was compared to the
FDA results in Figs. 16 and 17. Also, Npu is the ultimate
bearing capacity factor and (given by the two-dimensional
lower bound plasticity solutions) was obtained by Randolph
and Houlsby (Randolph and Houlsby 1984):

Npu ¼ πþ 2Δþ 2cosΔþ 4 cos
Δ
2
þ sin

Δ
2


 �
ð17Þ

where Δ=sin−1 (α). For a smooth pile-soil interface (α=
0), the above equation gives Npu=9.14, while for a
semi-rough interface (α=0.5) and fully rough interface
(α=1) gives Npu=10.82 and Npu=11.94, respectively.

Materials and methods

Simulation of pile lateral loading tests

Comparative results from a 3D non-linear analysis led to the
conclusion that the hyperbolic approach is more appropriate for
predicting the response of the mono-piles in c-ϕ soils similar to
clayey soils (Georgiadis and Georgiadis 2010; Georgiadis and
Georgiadis 2012) and rock (Liang et al. 2009). The 3D analysis
consisted of a linear elastic single pile with a diameter d=1.0 m
and a length of L=12.0 m with Poisson’s ratio vp=0.1 and
Young’s modulus Ep=2.9×10

7 kPa. The soil profile consisted
of sandy gravel with clay. The soil Young’s modulus is E=
50 MPa, the drained cohesion of the clayey soil is c′=50 kPa,
and the internal frictional angle of soil is ϕ′=45°. It is pointed
out that this high value of the internal friction angle is used for
modeling the behavior of an artificial soil embankment
consisting of c-ϕ soil and ϕ′=45° is a threshold value in the
analysis for all kinds of soils, and this internal friction angle

Fig. 8 Contours of x
displacement for b=5.5d,
L=12 m/d=1 m, and θ=30° and
for horizontal loading along
positive x direction (ymax=0.8d
for ground surface) for c-ϕ soil
and full interface strength ratio
(length unit meter)
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shows stability for a 12 m height and 45° slope. The soil
Poisson’s ratio is ν=0.40. The ground water table has not been
considered, the unit weight of the soil is γt=22 kN/m

3, and the
coefficient of earth pressure at rest for modeling of initial stress
conditions along depth z in soil profile is equal to the K0; then,
σxx=σyy=K0σzz and σzz=γtz.

The c-ϕ soil was assumed to be a linear elastic perfectly
plastic material, and the elastic perfectly plastic Mohr-Coulomb
constitutivemodel (Potts and Zdravkovic 1999;Wood 1990) has
been used to simulate the behavior of the c-ϕ soil by present
paper.

The normal and shear stiffness by the forms of kn and ks,
respectively, should be defined in order to calculate the normal
and shear forces in the pile-soil interface in this study, that they
have (2000Mpa/m) value in this study. Larger values for these
two parameters will increase the accuracy of the calculations,
but the rates of convergence time to answer will be increased
as well.

The p-y curves derived from shear and normal stresses
were created in interface elements due to lateral loading.
Two interfaces were considered between the concrete pile
and the c-ϕ soil. The first interface has a semi-cylindrical

shape and is placed between the pile walls and the c-ϕ soil,
and the second interface is placed between the pile tip and the
c-ϕ soil in bottom of concrete pile model. The constitutive
model of the interface elements in 3D FDM is defined by a
linear Coulomb shear-strength criterion that limits the shear
force acting at an interface node and is given by Eq. (18)

Fsmax ¼ ciAþ tanφi Fn−pAð Þ ð18Þ

where Fsmax is the limiting shear force at pile-soil interface
(kN), Fn is the normal force (kN), ci is the cohesion (adhesion)
between pile and soil in interface (kPa), ϕ is the internal fric-
tion angle of the interface (degree), p is the pore water pressure
(kPa) (p is equal to zero in present study), and A is the contact
area (m2) between pile and soil.

The triangular interface’s elements connect the pile ele-
ments with the surrounding soil elements (Fig. 4).
Numerical computations were speeded up, taking into account
the symmetry on the vertical plane y=0, and thus, the half
grid defined by equation y≥0 was finally considered. The
other half of grid was removed, and the boundary conditions
in bottom and sides of model were modified accordingly. In
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Fig. 10 Hyperbolic p-y curves
for friction component of c-ϕ soil
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pile-soil half interface (HI)
strength property ratio and zero
interface (ZI) strength property
ratio for vertical concrete
mono-pile with L=12 m/d=1 m
and θ=0° for different depths
below the ground surface
(ymax=0.7d)
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order to make certain that the zones and mesh size have no
effect on the response of the characteristic piles, several anal-
yses have been conducted to optimize mesh discretization and
mesh density.

Parametric study

For piles under lateral loading, pile-soil interface properties
have an important role in the predicted results obtained from
numerical modeling. Here, the effects of pile-soil interface
properties such as interface cohesion and interface friction
angle on p-y curves and lateral bearing capacity of piles have
been investigated. Three interface strength ratios for interface
cohesion and three interfacial strength ratios for interface fric-
tion angle are considered. Therefore, the ratios that are con-
sidered for interface cohesion are Cint /Csoil=0, Cint /Csoil=0.5,
and Cint /Csoil=1.0 for zero, half, and full pile-soil interface
strength ratios, respectively, and three ratios for interface fric-
tion angle are tanϕint /tanϕsoil=0 for zero strength ratio,
tanϕint/tanϕsoil=0.5 for half strength ratio, and tanϕint /
tanϕsoil=1.0 for full strength ratio.

General behavior of pile-soil interface has been modeled
by considering interface normal and shear stiffness. The ulti-
mate lateral bearing capacity of the pile, pu, in the horizontal
direction is calculated by applying a horizontal velocity in
positive x direction at the top of the pile head. The range of

applied velocity depended on the desired lateral pile displace-
ment (ymax=0.8d) in x direction (Fig. 8). The velocity is ap-
plied by means of a Bramp^ loading (i.e., the boundary con-
dition at pile head is increased linearly from zero to the desired
value). There is large contrast in stiffness values between the
concrete or steel pile and the c-ϕ soil, which produces a large
contrast in natural periods of this model. Many thousands of
time steps (e.g., up to 140,000 to 1,400,000 steps for 5E-6
(m/steps) to 5E-7 (m/steps) loading speeds, respectively) are
required to propagate a horizontal loading through the model,
because the critical time step is controlled by the high stiffness
of the concrete (or steel material).

Verification with available lateral load test results

In order to verify the developed method in the present study,
six available tests were analyzed by present method, and then,
the results were compared to the extracted load transfer
curves, p-y curves, and pile-head load-deflection curves, H-y
curve. In addition, Coulomb shear-strength criterion has been
applied for the pile-soil interface in numerical modeling of
these experiments. Also, a summary of the soil profiles and
piles of these experiments was presented in Table 1. A good
agreement has been observed between the experimental data
and the numerical results from the present study. These tests
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are tested in cohesive soils and level ground (experiments 1
and 2) , non-cohes ive so i l tes ts (exper iment 3) ,
cohesive-granular soil (experiment 4), and in cohesive soils
and sloping ground (experiments 5 and 6). We remind that the
experiment numbers 1 and 2 that are Sabine and Lake Austin
experiments, respectively, have been performed by the
Matlock (Matlock 1970) on steel pipe pile with 319 mm di-
ameter, 12.8 m length, and wall thickness of 12.7 mm.

The average amount of strain at 50 % of soil axial strength
is equal to ε50=0.012 in triaxial tests for Lake Austin test, and
it is equal to ε50=0.02 for Sabine test, as well. In addition, the
undrained cohesion for Sabine and Lake Austin are 14.4 and
32.25 kPa, respectively, and according to the E50=(Cu/ε50)
(Skempton 1951; Tomlinson 1994). E50 values are equal to
2060 and 2687.5 kPa for Sabine and Lake Austin tests, re-
spectively. There are no any detailed information about resis-
tance characteristics of the test pile-soil interfaces, but the
surface adhesion coefficients are equal to α=1 and α=0.92
for the experiments of Sabine and Lake Austin, respectively,
that are obtained from α-Cu graph (Georgiadis and Georgiadis
2010; Georgiadis and Georgiadis 2012; Skempton 1951;
Tomlinson 1994).

In addition, the third experiment (i.e., Garston’s test)
has been carried out by Price and Wardle (Price and
Wardle 1987) on a bored pile (named TP15 pile) with
length of 12.5 m and diameter of 1.5 m. Also, soil profile
consisted of four layers of non-cohesive soil. Also, the
fourth experiment has been performed by Ismael (Ismael
1990) on bored piles with length of 5 m and diameter of
0.3 m at cemented sand (i.e., c-ϕ soil) in Kuwait. The soil
profile consists of two layers; the first layer consists of
medium dense silty sand. Thereto, fifth and sixth experi-
ments have been conducted by Bhushan et al. (Bhushan
et al. 1979) on cast-in-place drilled piers for SCE
Company. These two piers have diameter of 1.22 m.
Furthermore, these two piers have a bell in 0.61 m (2 ft)
of their ends with 1.68 m (5 ft) bottom diameter.

Fifth pier experiment (i.e., pier no. 9 in main article)
(Bhushan et al. 1979) has been carried out on a pier with

length of 5.85 m (17 ft), in 20° slope at site C, and soil
type is silty clay (CL-CH). According to the relationship
of E50=(Cu/ε50) (Skempton 1951; Tomlinson 1994). the
E50=24.44 MPa for this experiment was estimated.
Sixth test pier has been done on a pier (i.e., pier no. 12
in the main article) (Bhushan et al. 1979) with length of
6.71 m (22 ft) in 55° slope at site E that consisted of
cemented silty sand soil (SM). The coefficient of surface
adhesion α due to the high level of adhesion of these two
tests (i.e., with Cu larger than 200 kPa) is equal to α=
0.25 according to the α-Cu graph (Georgiadis and
Georgiadis 2010; Georgiadis and Georgiadis 2012;
Skempton 1951; Tomlinson 1994). that it is not very
precise.

Unfortunately, the main paper (Bhushan et al. 1979)
has not mentioned the slope height, and this subject will
cause to some differences between 3D FDA numerical
model results and the experiment results, especially in
the sixth experiment, due to the great height of slope.
So that, the lateral pile displacement is estimated a little
more than the real experiment due to the slope height and
inclination conditions.

However, graphical comparisons of numerical modeling
results of these six experiments have been presented by au-
thors in Figs. 5, 6, and 7, respectively.
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Fig. 14 Hyperbolic p-y curves
for cohesion component of c-ϕ
soil (pc-y), p-y curves for friction
component of c-ϕ soil (pϕ), and
p-y curves for both cohesion and
friction components of c-ϕ soil
(pcϕ) for full interface strength
ratio conditions and for θ=30°,
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and ymax=0.7d

0

300

600

900

1200

1500

1800

0 10 20 30 40 50 60 70 80

y (cm), b=0.5d

H
0 

(k
N

)

Hc(b=0.5d,full interface)

Hc(b=0.5d,half interface)

Hc(b=0.5d,zero interface)

Fig. 15 Pile-head load-deflection curves for cohesion component of c-ϕ
soil for full, half, and zero interface strength property ratios and b=0.5d,
θ=30°, and L=12 m/d=1 m

5 Page 10 of 16 Arab J Geosci (2016) 9: 5



Consequently, the visible discrepancies between test results
and 3D FDA results can be due to the several reasons
including

(1) The effects of mathematic correlation-relationship
usages,

(2) The effects of real status of the soil and artificial numer-
ical modeling of the soil medium,

(3) The effects of differences between the estimated theoret-
ical and real experimental flexural rigidity of pile and soil
(i.e., EpIp and EsIs, respectively),

(4) The effects of dilation of the soil in the pile-soil interface
and beyond of this zone,

(5) The effects of differences in adhesion and interface inter-
nal friction angle of theoretical and real pile-soil
interface,

(6) The effects of soil aging and different behaviors of real
soil slope and man-made embankment,

(7) The effects of pile installation technique and soil distur-
bance around the pile,

(8) The effects of empirical relationships and some other
unknown factors.

Note that in Table 1, the e parameter means the vertical
distance between the ground surface and the lateral load im-
position location at pile head (i.e., loading eccentricity due to
the real loading conditions and the arm of bending moment by
jack loading). In addition, test results of cohesive soils have
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been compared with the other research results such asMatlock
(Matlock 1970). Bhushan et al. (Bhushan et al. 1979). Stevens
and Audibert (Stevens and Audibert 1980). O’Neill and
Gazioglu (O’Neil and Gazioglu 1984), and Reese and Welch
(Reese and Welch 1975).

Parametric study results and discussion

In the parametric studies, three different slope inclination an-
gle conditions including 20, 30, and 45° have been consid-
ered. Also, three different distances between slope crest and
pile cross section center including b=0.5d, 2.5d, and 5.5d
have been considered, and d is equal to concrete pile diameter
and is equal to 1 m. In all the research, pile lengths are 12 m.
According to the Baspect ratio^ (L/d=12) and also relation-
ship of KR at Poulos (Poulos and Davis 1980). piles are in
flexible type in this study and the pile heads are free against
rotation (i.e., free-head pile conditions; Fig. 8). The developed
p-y curves for various depths and various parametric assump-
tions for pile-soil interface properties have been shown in
Figs. 9, 10, 11, 12, 13, and 14.

The presented p-y curves in this study are calculated ac-
cording to the pile lateral displacement in different depths.
First, lateral loading has been imposed on the pile head in

horizontal x direction by ramp loading, and then, mobilized
shear strength of soil around the pile that has been calculated
by help of normal and shear force components have been
created in the pile-soil interface. The soil resistance, p, in the
unit length of the pile (i.e., force/length) that is obtained by
calculation of the forces has been generated in the pile-soil
interface; therefore, the p-y curves are depicted by having
the rate of corresponding lateral displacements of piles, as
shown in Figs. 8, 9, 10, 11, 12, 13, and 14.

As shown in Figs. 9, 10, 11, 12, 13, and 14, the strength
properties of the pile-soil interface have a great effect on the
soil strength estimation (i.e., estimation of p) and changing the
p-y curve shape. In some cases, there are more than 50 %
changes in p-y curve values by increasing the pile-soil inter-
face strength properties, such as cohesion and internal friction
angle of the interface area, according to the Coulomb
shear-strength criterion. As seen in these figures, the final
values of pu and also their p values, for both cohesion compo-
nent and friction component, are strongly influenced by the
strength properties defined by the pile-soil interface proper-
ties, and by increasing these properties, the p value will be
increased, as well. Figures 15 and 16 show the load-deflection
curves for pile heads (i.e., H-y curves).

Figure 15 shows theH-y curves for cohesion component of
the c-ϕ soil alone, and Fig. 16 shows H-y curves for both
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cohesion and friction components of c-ϕ soil for different
slope inclination angles. Also, variations in values of
pile-head lateral load bearing capacity, H, and pile-head de-
flection, y (i.e.,H-y curves), are affected by strength properties
defined by the pile-soil interface properties similar to p-y
curves. As shown in Fig. 16, by reducing the slope inclination
angle, the amounts of the pile-head loads have been increased,
and according to the results of 3D FDA by increasing the
distance between slope crest and pile center, the ultimate
strength of the soil has increased and more pile-head lateral
load bearing capacity (i.e., H component) is calculated.

According to Figs. 17 and 18, the A coefficient values have
been calculated and have already been presented according to
Eq. (14) based on the dimensionless depth (Z/d) for different
interfacial strength ratios. By using this value, we can create
the last relationship (i.e., Eq. (13)) between the components of
soil ultimate strength that are resulted by cohesion component
(i.e., pultc) and friction component,(i.e., pultϕ), and the ultimate
strength of the soil is resulted by effects of both cohesion and
friction components (i.e., pultcφ), according to Eqs. (7) and
(13).

Moreover, according to these equations, the value of this
coefficient (i.e., A coefficient) is decreased by increasing the

distance between slope crest and pile-head center. Although
some scattering that have been caused by numerical errors can
be seen, the overall shapes of the curves reflect this fact that
the coefficients of A will be decreased by increasing the dis-
tance between the slope crest and the pile-head center.
Figure 18b shows that increasing the slope angle will increase
the coefficient A and both these results mean that the frictional
component of c-ϕ soil will more participate in overall bearing
capacity of c-ϕ soil by increasing the distance of pile center to
slope crest and also by reducing the slope inclination angle.

The coefficient of lateral bearing capacity, Np, in the
drained cohesion component of c-ϕ soil is resulted by 3D
FDA, for different strength ratios in pile-soil interface proper-
ties that have been mentioned in BParametric study^ section
are displayed in Figs. 19 and 20. Np−z/d equations were
calculated by refs. Georgiadis and Georgiadis (2010) and
Georgiadis and Georgiadis (2012) despite taking into account
the slope inclination angle, surface adhesion, the pile-soil in-
terface properties, and depth z cannot able to take the effect of
(b/d), distance ratio, on the Np values, into account. It seems
better to present some graphs to modify an equation to taking
into account the effect of (b/d) ratios (Georgiadis and
Georgiadis 2010; Georgiadis and Georgiadis 2012).
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However, several graphs are presented in Figs. 21, 22,
23, and 24 in order to correct the derived values from

Eqs. (8) and (9) to the frictional resistance component of
the c-ϕ soil (i.e., pultφ). The amounts of Eq. (8) were
divided by the 3D FDA values in graphs of Figs. 21 and
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Fig. 22 Correction factor graphs for Eq. (8) for a zero interface strength
ratio for θ=0° and 30° and b full interface strength ratio and different
slope inclination angles for b=2.5d, L=12 m, and d=1 m
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Fig. 21 Correction factor graphs for Eq. (8) and for a full interface
strength ratio and b half interface strength ratio for L=12 m, d=1 m,
and θ=0° and 30°
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22, so to obtain the resulted value derived from 3D FDA
method, we should divide the Eq. (8) values by the 3D
FDA obtained graph values. Similarly, this process was
recurred for Eq. (9), in graphs of Figs. 23 and 24, by
the difference that it is due to the existence of terms
tan4β and in particular the term of tan8β; it has created
large coefficients in Figs. 23, 24, and 25.

Conclusions and discussions

The effects of cohesion and angle of internal friction compo-
nents and pile-soil interfacial strength properties for concrete
mono-pile adjacent soil slopes and also in level ground by 3D
FDAwere examined in the present study. These investigations
have a special attention to the study of strength properties of
pile-soil interface. This study examines the cohesion and in-
ternal friction effects on bearing capacity of piles under lateral
loading in drained mixed c-ϕ soils. The results of the pile-soil
interface strength property effects in estimating the ultimate
lateral bearing capacity of piles under static lateral loading in
sloped and level grounds are investigated in this study. The
main results of present study can be summarized as follows:

1. Pile’s head have no displacement, where the p-y curves
reach to their ultimate value (i.e., the horizontal line in p-y
curves) along the pile length. In fact, the p-y curves of all
depths do not reach to their final pu in a specified displace-
ment y0 on pile head and do not have a similar shape.
However, as observed in the actual curves of the static
lateral load test results, the p-y curves reach to their ulti-
mate amount pu in shallow depths. It can be considered
the amount of p in that depth as the ultimate pu for that
appropriate pile-head displacement. These assumptions

are close to the pile-head displacement behaviors in
reality.

2. The effects of cohesion and friction angles of pile-soil
interface were studied in details in this paper, and it was
understood that these two factors are most influential fac-
tors on static lateral load transfer behavior of pile (i.e., p-y
curve behavior) and accurate selection of these two pa-
rameters in numerical simulations can influence the re-
sults, estimating the pile-soil behavior. It should be noted
that in this study, the effects of soil dilation angle and
pile-soil interfacial dilation during lateral loading are ig-
nored, whereas these two factors can have an important
role in approaching real behavior of pile-soil system dur-
ing numerical simulations. Therefore, studying the effects
of these two factors could be an important future research
topic.

3. During static lateral loading in a practical experiment, the
soil in rear of the pile-head face with gap formation (i.e.,
cracking behavior) and the soil in front of pile-head face
with soil heave (i.e., swelling behavior) and both of these
two events in 3D FDA have been observed through the
displacement vectors. However, these phenomena are
completely in agreement with the practical results of re-
cent experiments (Nimityongskul and Ashford 2010;
Nimityongskul et al. 2012).

4. By using elastic-perfect plastic models, such as Tresca
(Georgiadis and Georgiadis 2010; Georgiadis and
Georgiadis 2012) and Mohr-Coulomb models, the p-y
curve shapes for any kinds of soils including cohesive
soils (drained or undrained), granular soils, and mixed
cohesive-granular soils (i.e., the c-ϕ soils and subject of
this paper) are hyperbolic similar to resulted curve shapes
by present study. However, this phenomenon is due to the
lack of considering softening and hardening behaviors in
the aforesaid models that ignored softening/hardening be-
haviors during gap and crack formations, in the soil under
lateral loading in rear and front of the pile head,
respectively.

5. According to the results of our numerical study, the p-y
curve starts in the depth of z=0 (i.e., at the ground surface
level) in cohesive soils, due to their nature. It should be
noted that this phenomenon is consistent with the theoret-
ical results and current experiments. But in granular soils,
there is no any p-y curve formation in depth of z=0 that is
consistent with theoretical results and current experi-
ments, as well.

6. According to the A-(z/d) graphs that have been derived
from 3D FDA in this study, the frictional component of
c-ϕ soil will have more participation in overall lateral
loading capacity of c-ϕ soil by decreasing the slope incli-
nation angle and by increasing the distance between pile
center and slope crest, whereas inverse process of this
situation is visible for the cohesion component of c-ϕ soil.

Fig. 25 Gap formation in rear of pile head and soil heave in front of pile
head, during lateral loading
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