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Abstract: In this study, a series of small-scale laboratory model tests and numerical simulations was performed to investigate the
lateral behavior of a single pile embedded in slopes and in horizontal ground. In the model tests, small-scale model piles were fitted
with strain gauges around their surface at various depths, while the lateral deflections at the pile head were measured by dial
gauges. A total of four sets of model pile tests was conducted with piles installed in model slopes of 0°, 30°, 45°, and 60°. The
changes in pile head deflections and their bending moments with changes in pile location and the embedded length of the piles
were analyzed by the finite element method (FEM). Subsequently, a new p-y curve (p denotes the soil resistance and y denotes the
pile deflection) for a steep clay slope was developed based on those finite element analysis results, taking into account the in-
fluences of the declination of the slope and the position of the pile in the slope. The numerical results agree very well with those
from a scale model pile load test and other full-scale pile load tests reported in the literature.
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1 Introduction

As opposed to the majority of pile foundations
which are placed in horizontal ground, some piles are
constructed in steep slope areas to sustain lateral
loads, such as wind, earthquake, impacting forces,
and lateral pressure caused by soil movement. These
types of piles are referred to as passive piles and are
commonly encountered in bridge abutments adjacent
to approach embankments (Springman, 1989; Gabr et
al., 2002), piles built to stabilize slopes (Viggiani,
1981; Poulos, 1995), and existing piles adjacent to
excavations (Leung et al., 2000; Choy et al., 2007).
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The behavior of the laterally loaded pile on a
slope is clearly different to that of a pile located in
horizontal ground because of the attenuation of forces
acting on the pile on the slope side. Therefore, sig-
nificant research efforts have been devoted to study-
ing the impact of slope on the behavior of laterally
loaded piles near a slope, by means of centrifuge tests
(Mezazigh and Levacher, 1998; Brandenberg et al.,
2005), scale model tests (Poulos, 1976; Ng and
Zhang, 2001), and finite element methods (FEMs)
(Chae et al., 2004; Georgiadis and Georgiadis, 2010,
2012; Zhou et al., 2017, 2018). It has been recognized
that the effect of the slope on the lateral load capacity
of piles is gradually reduced with increasing distance
from pile to slope crest, until it disappears completely
at a certain value, with the range of 5D (Poulos, 1976)
to 8D (Nimityongskul and Ashford, 2010), where D is
the pile diameter.

Analytical methods are essential for obtaining
convenient formulas to satisfy the requirements of
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engineering practice. Among various approaches, the
p-y curve (p denotes the soil resistance and y denotes
the pile deflection) method has been commonly used
for analyzing piles under lateral loads. In it the soil is
assumed as a number of independent springs, while
the pile is replaced by an Euler-Bernoulli beam.
Generally, the shape of the p-y curve and its
magnitude are much influenced by variance in soils
and in their stratification characteristics. Various types
of p-y curve for different loading conditions and
different soil types in horizontal ground have been
developed by many scholars (Matlock, 1970; Reese
and Welch, 1975; Gazioglu and O’Neill, 1984;
O’Neill and Raines, 1991; Reese et al., 1997,
Kodikara et al., 2010; McGann et al., 2011; Yang et
al., 2011; Chang and Hutchinson, 2013). Nevertheless,
the available p-y curve methods for piles near, or in,
slopes are rare. Tang and Yang (2018) proposed a new
p-y curve for analyzing the lateral behavior of piles
embedded in rock slopes. Georgiadis and Georgiadis
(2010, 2012) also developed a p-y curve for a pile near
soil slopes based on the results from a refined 3D finite
element analysis (FEA), which worked well for
different soil properties and pile geometries, and
allowed the effects of ground inclination and pile-soil
adhesion also to be taken into consideration. The
results showed that the effect of slope would diminish
at a depth greater than 6D below the ground surface
when the slope angle was 45°.

However, the p-y criteria proposed by Georgi-
adis and Georgiadis (2010, 2012) are appropriate for a
laterally loaded pile placed near a slope rather than for
a pile in a slope. Moreover, many bridge pile foun-
dations are constructed in slopes so as to avoid caus-
ing damage to the hillside, as shown in Fig. 1a, and
the idealized problem is presented in Fig. 1c. When
compared with the case depicted in Fig. 1b, the lateral
behavior of the loaded pile in a slope shown in Fig. 1c
becomes more complex owing to the extra loading
caused by the weight of soil at the opposite side of the
slope. As expected, the effect of the declination and
height of the slope, and even the length of pile em-
bedded in slopes determined by its exact location,
should be fully considered when exploring the re-
duction of soil resistance acting on the pile. However,
acceptable solutions that could take account of all the
influencing factors mentioned above have not so far
been reported in the literature.

Fig. 1 Problem definition: (a) pile in a real-world slope;
(b) model from Georgiadis and Georgiadis (2010, 2012);
(c) model in this study (L is the length of pile; % is the
slope height; @ is the slope angle; H, is the load at pile
top; b is the horizontal distance from slope crest to slope
toe; b’ is the distance from pile top to slope crest; b is the
distance from pile cross section center to slope toe)

To address this problem, a number of small scale
model tests were first carried out on model piles
embedded in horizontal ground and in different slopes
so as to investigate the behavior of laterally loaded
piles. The lateral deflection at the pile head and the
axial strains along the pile length were measured. The
impact of slope on the lateral behavior of the piles
was examined from the test results. In addition, nu-
merical analysis was performed based on the finite
element (FE) software ABAQUS (version 6.14.5) for
examining various configurations, which had not
been modeled in laboratory tests, i.e. pile location and
pile length. A p-y curve analytical solution, based on
these numerical results, was derived for a single pile
embedded in a slope and subject to the lateral loading.
Finally, a parametric study was conducted to inves-
tigate the lateral response of piles in slopes based on
the proposed p-y curve.

2 Experimental investigation
2.1 Test tank and loading frame

A total of four laboratory model tests with dif-
ferent slope angles (), 0°, 30°, 45°, and 60°, were
performed in a test tank, which was made of rein-
forced concrete with inside dimensions for length and
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width of 4000 mmx2260 mm and with a depth of
1880 mm. The choice of these dimensions was to
ensure that the tank could be separated into four parts
by three monolithically constructed concrete boards
(Fig. 2). To minimize any possible friction arising
from the interface between the side walls and the
soils, the test tank was covered with a film. Further-
more, a sufficient distance (>10D) from the boundary
to the pile periphery was kept at 300 mm, so that
boundary effects could be neglected (Matlock, 1970;
Rao et al., 1996).
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Fig. 2 Experimental setup (unit: mm)
(a) 1-1 side view; (b) Top view; (c) Arrangement of testing
components

In model tests, lateral loads were applied by
means of dead weight, and two dial gauges (0.01 mm)
were used to record the pile head deflections. The
details of the test instruments are shown in Fig. 2.

2.2 Soil preparation and pile installation

The model pile was made of aluminum alloy
with outer diameter (D,) of about 25.0 mm and wall
thickness (d) of 1.0 mm. Its length (L) was 1.0 m
while the free length (L) above the slope surface was
0.15 m. For consistency of test results, the dimensions
and flexural rigidity (£,/,) of each pile were measured
individually, and three-point bending tests (Timo-
shenko and Goodier, 1970) were adopted for obtain-
ing Epl,. Furthermore, for simulating the pile-soil
interface more realistically, the outside surface of
each pile was abraded with some fine sand to form a
circular rough contact surface (Fig. 2c). The ratio ()

of by to b was set at 0.5, as indicated in Fig. Ic; the
details of model parameters are shown in Table 1.

Table 1 Model test program
Dpxd L L¢ Eyl, 0

€O (mxmm)  nm) (mm) (Nmd) ()P
1 25.04x1.02 1000 150 100.85 0 0.5
2 25.06x1.04 1000 150 102.47 30 0.5
3 24.98x1.00 1000 150 102.35 45 0.5
4 25.01x1.03 1000 150 99.80 60 0.5

The experiments were carried out using com-
mercially available clay with water content (W) of
26.6%, and an undrained shear strength (c,) of
53.24 kPa. The clay was homogeneously compacted
in layers of 150 mm by a wooden plate hammer, with
the target dry unit weight being controlled to
14.45 kKN/m’. The above process was repeated until
the required slope height and slope angle were
achieved. During the slope model preparation, the
pile was fixed by exerting a vertical load at the pile
head and arranging a horizontal rope along the length
of the pile at equal intervals when the height of clay
reached 300 mm. Note that great care was taken to
tamp the soil around the pile to ensure close contact
between pile and soil. After waiting for 7 d to ensure
the completion of the self-weight consolidation, the
vertical load was removed and a lateral load was
applied on the head of the pile in increments. Note
that this method of pile formation is different from
that used in practice, but this method has been
adopted by many scholars (Chae et al., 2004; El
Sawwaf, 2006), and good results have been obtained.

2.3 Measurement and loading arrangement

During the lateral load tests, the lateral deflec-
tions at the pile head, the axial strains along the pile
length, and the lateral soil pressures were measured.
Two dial gauges were used to measure the pile head
deflections and their average was taken. Thirteen
pairs of strain gauges were used to monitor the strain
of the pile body and were installed in pairs along the
model piles at various depths (Fig. 2c), so that the
bending moment of the pile body could be evaluated
by the axial strains. The exact locations of the testing
components are shown in Fig. 2c.

All the static lateral loads were applied by in-
crements of 0.1 kN, and increments were continued
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until the rate of change of pile head displacement
versus time was less than 0.01 mm/min or the cumu-
lative rate of change was less than 0.1 mm/h. We
repeated the above procedure until plastic failure of
the soil in front of the pile occurred, that is to say
when obvious cracks in the soil could be observed.

3 Results of model pile test and discussion
3.1 Pile head deflections

Fig. 3 depicts the measured pile head deflections
in different slopes and in horizontal ground. Gener-
ally, the main distinction between the model pile in
horizontal ground and in slopes is the lateral re-
sistance of the upper parts of soil above the slope toe,
so that the lateral load capacity of a single pile in
level-ground is much greater than that for one in a
slope. From Fig. 3, under the same lateral load, the
greater the slope angle 6, the larger is the pile head
deflection. This trend is more pronounced for a larger
lateral load, indicating the significant effect of slope
angle on the pile head deflections. This can be ex-
plained by the difference in the lateral resistance of
soils in front of the piles for the three cases. For ex-
ample, for a pile located in the middle of the slope in
Fig. 3, the soil weight decreases with the increase of
slope angle, thus the soil in front of the pile can pro-
vide less lateral resistance with a bigger slope angle.
As such, it can be easily concluded that not only the
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Fig. 3 Measured model pile head deflection for different
6 under lateral loads (y, is the pile deflection at pile top)

slope angle 8, but also the distance by (Fig. 1c), from
the pile cross section center to the slope toe, can affect
the lateral behavior of a loaded pile in slopes.

3.2 Bending moments

Based on the measured strain values, the bending
moments along the pile length can be calculated by

M=E] (s -¢)/1, (1)

where M is the bending moment of the pile body, / is
the horizontal distance between the two gauges, and &,
and & are the compressive and tensile strains, respec-
tively. This approach has been widely used by many
scholars (Rollins et al., 1998; Ismael, 2010).

Because the distribution of bending moment
along the pile length has a similar shape under dif-
ferent loading conditions, and in the case of a lateral
load (P), for example, it reached 0.3 kN; the results
are illustrated in Fig. 4. Apparently, regardless of the
slope angle and even in horizontal ground, a similar
trend can be found in the distribution of bending
moment along the pile length. In other words, the
bending moment in a pile always initially increases
with the increase of pile depth, and then reaches the
maximal value quickly. After that, the value of the
bending moment will gradually diminish to zero at a
certain depth and remain constant until the end of the
pile. This trend coincides with the model test results
conducted by Poulos (1976). Furthermore, it can be
concluded that only the upper part of the soil sur-
rounding the pile to a certain depth is mobilized,
which is predominant in the lateral behavior of a
loaded pile in slopes, but the soil resistance in the
deeper part will be motivated when a larger lateral
load is applied.

It is worth mentioning that the model pile used in
laboratory tests was reduced in scale, whereas the
clay used in the model was the same as that used in
the prototype analysis. Thus, the model pile or the
clay may not play the same roles as in the prototype
because of scale effects. However, the main purpose
of this study is to reflect the impact of slope angle on
the pile response, and not to obtain a precise com-
parison between the prototype and model results. In
addition, all the summaries above are based on a
limited observation point along the piles. Therefore,
to further understand the lateral-load behavior of a
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single pile, analyses with more subtle changes of
parameters are essential to develop the p-y curve
method for piles in slopes. They will be discussed
detailed in the next section by using FEM.

Bending moment (N-m)
20 Q0 20 40 60

N
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Fig. 4 Typical profiles of pile bending moment for P=
0.3 kN (z is the depth below ground surface)

4 Three-dimensional finite element analysis
4.1 Numerical results validation and discussion

Recently, by means of the ABAQUS program,
Gupta and Basu (2016, 2017) and Wang et al. (2018)
performed a series of 3D FE simulations for investi-
gating the lateral behavior of piles. It is well recog-
nized that FEM can provide a versatile tool for mod-
eling pile-soil interface behavior. Thus, a series of
FEAs were carried out to analyze the behavior of a
laterally loaded pile located in a slope using the 3D
non-linear computer program ABAQUS (version
6.14.5), in which model-scale piles were subjected to
lateral loading with the same soil conditions as in the
model tests.

A typical numerical model and 3D FE mesh are
shown in Fig. 5, and the pile was modelled using 3D
8-node linear brick (C3D8) elements, whereas a 3D
10-node modified quadratic tetrahedron element
(C3D10M) was used for the soil, and a refined mesh
was used for the region of soil surrounding the pile
and the soil close to the slope surface (the maximum
mesh size <0.02 m). To reduce the boundary effect, a
distance of more than 10D from the end of pile to the
bottom of the model was set. Furthermore, the bottom

of the soil model was fixed, and the normal dis-
placements of the other four sides were fixed.

The Mohr-Coulomb model has been presented
by many scholars (Miao et al., 2006; Georgiadis,
2014; Zhao et al., 2017; Wang et al., 2018) for cap-
turing the failure and deformation characteristics of
soils. Therefore, that constitutive model was used in
this study to simulate the lateral responses of a pile
constructed in a slope. The pile-soil interaction model
also used the Coulomb friction model whose feasi-
bility and accuracy have been well verified by many
researchers (Miao et al., 2006; Rose et al., 2013;
Haiderali and Madabhushi, 2016).

The FE calculations were conducted to simulate
the lateral load behavior of a single pile and included
four steps. Firstly, the initial stresses of the soil were
generated through gravity loading without the pile.
Then, the soil elements located at pile positions were
replaced by pile elements. Next, the pile-soil interac-
tion was simulated by using the contact interface
element, which is a circular thin zone of 5 mm around
the pile. Finally, an incremental lateral load was ap-
plied to the pile top.

To the authors’ best knowledge, there has been
little research reported on laterally loaded piles in
slopes, and therefore the model test in this study was
selected for the calibration of the numerical model.
The input parameters used for validation are listed in
Table 2. The undrained Young’s modulus £, and the
undrained shear strength ¢, for the test clay were
obtained from undrained tri-axial tests, whereas the
soil Poisson’s ratio vs, the pile Poisson’s ratio v,, and
the interface friction coefficient y, were calibrated by
the pile head deflections in the experiment with slope
angle 6=30°. Note that the variations in x, would not
affect the lateral pile response if gapping and slippage
of the pile-soil interface were possible (Wang et al.,
2018).

Fig. 6a shows a comparison between the pile
head deflections obtained from the FEAs and those
from the model test data. Similarly, a comparison
of the distribution of bending moment is shown in
Fig. 6b. Note that a constant Young’s modulus in
horizontal and vertical directions was used in the
validation of the numerical simulation. Such a sim-
plified method has been used by many scholars to
compare the results of experimental and numerical
calculations for the case of piles embedded in slopes
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Table 2 Nonlinear finite element analyses
o Vs cu Es yp
Case  L(m)  D(m) oC) B (kN/m*)  (kPa) (MPa) °  (kN/m®) »
0, 10, 20,
1 1 0.025 30, 45. 60 12 18.3 53.24 30.12 0.35 25 02 05
2 07,1.0,1.5 0.025 30 1/2 18.3 53.24 30.12 0.35 25 0.2 0.5
24
3 1 0.025 30 o 18.3 53.24 30.12 0.35 25 0.2 0.5
(x=0-24)

y represents the unit weight; subscripts p and s represent the pile and soil, respectively
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Fig. 6 Comparison of the test results with FEA: (a) deflection at pile top; (b) bending moment for §=45°

(El Sawwaf, 2010; Lirer, 2012). Obviously, the FEA
results fit well with the experimental results. That is to
say, the FEA implemented in this study can provide a
reasonable tool to predict the behavior of laterally
loaded pile.

Typical computed results of the FEA are de-
picted in Figs. 7a and 7b for H;=0.1 kN and 0.5 kN,
respectively, which illustrate the effects of the slope
angle and the pile location in slopes on pile behavior.

As shown in Fig. 7a, the pile deflections increase with
the increase of slope angle 8, especially near the pile
top. However, the relationship in Fig. 7b between the
pile location in the slope and its deflection is more
complex. The deflection of the pile, which could
reflect the soil resistance surrounding the pile, in-
creases with increasing £ at low values and reaches a
maximum value when the pile is located at the exact
middle of the slope, but then decreases when the
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value of f varies from 0.5 to 1.0. It can be explained
by the aggregated interaction effect of pile-soil in the
upper and lower part of the pile embedded in the
slope; the soil resistance at the upper part of the slope
is dominant because of a larger value of by. Taking the
pile A and pile B shown in Fig. 7b for example, pile A
has a deeper embedded length compared with pile B,
indicating that by,<bg, so that the soil provides more
resistance for pile A. In such a case, the behavior of
the lateral-loaded pile in the slope is similar to that of
the anti-slide pile, and it has been found by previous
researchers that the maximum possible safety factors
for slope stability can be achieved if the anti-slide pile
is placed at the exact middle of the slope so as to
generate the maximum deflection of the pile (Cai and
Ugai, 2000; Won et al., 2005).
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Fig. 7 Typical lateral deflection versus depth relation-
ships from FEA for: (a) different 8 at f=0.5; (b) different
p at 6=45°

4.2 Development of p-y curves for a laterally
loaded pile in a slope

A hyperbolic function of Kondner (1963) for
constructing p-y curves has extensively been adopted
to predict the behavior of the laterally loaded pile
(Rajashree and Sitharam, 2001; Kim et al., 2004;
Liang et al., 2009; Georgiadis and Georgiadis, 2010):

_ Y
P UK, + y/p, ’ 2

where p is the lateral load per unit pile length (kN/m),
y is the horizontal deflection of the pile (m), K is the
initial soil stiffness (kPa), and p, is the ultimate soil
reaction (kN/m).

The ultimate lateral soil reaction p, at depth z in
Eq. (2) can be obtained from

p, =N, xc,xD, (3)

where N, is a bearing capacity factor that increases
with depth. Obviously, K; and N, are the two critical
parameters for determining the actual shape of the
p-y curve.

The above value of N, can be calculated from an
empirical equation, and typically falls within the
range of 3 to 9 (Matlock, 1970):

3+ﬁ+£, z <z,
N, = ¢, D 4)
9, z2z,

where zg is the depth of the reduced resistance zone,
and J is a dimensionless coefficient that typically lies
between 0.25 and 0.50.

Georgiadis and Georgiadis (2010) developed a
p-y curve method for the lateral-loaded pile near a
slope through a numerical analysis method and em-
ployed an empirical equation to take into account the
effects of slopes on the value of N,

]\]p — ]\/‘pu _(Npu _ Npo cos g)e—ﬂ(z/D)/(lﬂanG)’ (5)

where N,, and N, are the ultimate lateral bearing
capacity factors for piles embedded in ground surface



Yang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2019 20(11):838-851 845

and in deep lateral flow of soil, respectively, and A is
a dimensionless factor. The above three parameters
can be determined by

A=0.55-0.15a,
N, =2+15a, (6)

N, = n+2A+2cosA+4(cos§+sin§j,

where A=sin71(a), and o is the pile-soil adhesion
factor which can be found in (Georgiadis and Geor-
giadis, 2010).

The initial stiffness of the p-y curve, K; in
Eq. (2) for laterally loaded piles in horizontal ground
can be calculated by the following equation (Ra-
jashree and Sitharam, 2001):

13E.( E.D* v
i: szl ~ s (7)
1-v2\ E I,

where Eg; and v, are the initial elastic modulus and
Poisson’s ratio of the soil, respectively, two of which
can be obtained from tri-axial tests, E, is the elastic
modulus of the pile, and I, is the inertia moment of
the pile cross section.

A reduction factor u is also used to account for
the effects of slope on K; (Georgiadis and Georgiadis,
2010):

K, z
=—% =cos@+—(1—cosb), 8
H=~% 6D( ) )

io

where Kj, is the initial stiffness of the p-y curve for
piles embedded in sloping ground, and Kjy is the
initial stiffness that can take account of the effect of 6
on Kj,.

As mentioned above, the developed p-y curve
above is used to simulate the pile-soil interaction
behavior of a lateral-loaded pile near a slope rather
than actually in a slope, whereas this study aims at
revealing the influence of the slope angle and the pile
location on the p-y curve of a lateral-loaded pile in a
slope; all the variable parameters for each performed
analysis are summarized in Table 2.

4.2.1 Modification of N,

The diagrams of p versus z for different lateral
loads are derived by means of the second derivatives
of the moment along the pile, so the p-y curves can be
obtained by combining the p-z diagrams with y-z
diagrams. For example, a typical p-y curve for dif-
ferent values of f and 6 at the same depth are pre-
sented in Figs. 8a and 8b. From Fig. 8a, for a pile
located at the toe of the slope, it can be seen that the
horizontal ultimate bearing capacity reaches its
largest value. However, it decreases as the pile loca-
tion moves toward the midpoint of the slope until
reaches a minimum at this point, and then it increases
gradually when the location of pile moves toward the
crest of the slope.

(a)24

—0— =0 —0— p=1/3
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T T T T T T
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(b)24

—— =00 —— =10°
1 —— =200 —— 0=30°
—— 6=45°

6 8
y (mm)

Fig. 8 Typical p-y curves derived from FEA for z=2D: (a)
6=30° and Hy=0.1 kN; (b) #=0.5 and Hy=0.5 kN
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On the other hand, as shown in Fig. 8b, the ul-
timate lateral capacity of the pile decreases as the
slope angle increases, and its value at slope angle
6=45° is only one-quarter of that in level ground. In
this respect, a new p-y curve for lateral-loaded piles
that are located in slopes should be proposed to take
into account the effect of the slope, and another em-
pirical equation of N, based on Eq. (5) can be ex-
pressed as

N =N, -(N,, - N, alal)e e, 9)

where o;=1/(1+tanf), a,=1—sinf(1+sind)/2. The
variation of N, with z obtained from Eq. (9), for the
laterally loaded pile located in different slopes at
£=0.5, is compared with the FEA results, as shown in
Fig. 9, and good agreement can be obtained. It should
be noted that ¢,=29.8 kPa, which was obtained by
fitting FEA results at 6=45°.
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Fig. 9 Effect of inclination of slope on N, versus z/D
relationships

Furthermore, by taking the N,—z/D data of lat-
erally loaded piles that are embedded in the hori-
zontal ground, located at middle of the slope, and at
the slope crest as basic data, the relationships of
N,—z/D for the pile that located at any other point of
the slope can be obtained. As illustrated in Fig. 10,
the value of N, can vary with f, and when f falls in
the range of 0-0.5 or 0.5-1.0, the relationship of N,
with f is basically linear. As a consequence, the value
of N, can be approximately described by the fol-
lowing subsection functions:

1-28

Np:Npm'f‘W, 0<ﬂ£05,

The (0
szNpm-FW, O.5<ﬂ<l,

pe pm

where Ny, Npm, and N, are the lateral bearing ca-
pacity factors when the pile is constructed in the
ground, at the middle of the slope, and at the slope
crest, respectively, and the values of Ng, Npm, and Ny,
can be determined by Egs. (4), (9), and (5), respec-
tively. From Eq. (10), it can be seen that an amend-
ment of N, can take into account the effects of pile
location in slope and slope angle simultaneously.

10
A ——EQ (z=2D)
94 A ----EQ(z=4D)
A O FEA (z=2D)

6 ‘n A FEA (z=4D) a1

T
0.00 0.25 0.50 0.75 1.00

Fig. 10 Relationship of NV, versus  when z=2D and z=4D

4.2.2 Modification of K;

The initial stiffness K for a laterally loaded pile
represents the lateral soil resistance and depends on
the coefficient of subgrade reaction K (Vesic, 1961).
For a laterally loaded pile embedded in a slope, the
soil surrounding the pile in a certain zone from the
pile top to a critical depth defined as the reduction
depth (denoted as hg), cannot provide as much re-
sistance as that in horizontal ground because of the
limited width of soil, as shown in Fig. 11. However,
the reduction of K and K; will decrease with the
increasing depth and vanish when the depth exceeds
the value of 4y, where the values of K and K; for a
pile in slope can be equivalent to those of a pile in
level ground. Therefore, FE analyses were conducted
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to investigate the effect of the reduction caused by 6
on K; for sloping ground. As expected, the value of
remained at 1.0 when the depth reaches a certain
value related to the inclination of the slope, as shown
in Fig. 11. According to the FEA results, the rela-
tionship between u and 6 can be obtained approxi-
mately from the following empirical equation:

(11)

K
H=—%=cosf+

io

;(1 —cosf).
6Dtan

As compared with Eq. (8), the second term in
Eq. (11) is used to consider the effect of the re-
sistance of the upper parts of soil above the slope toe.

‘ll:Kib/Kin
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Fig. 11 Effect of slope angle on the reduction of K; of the
p-y curve (EQ indicates the result calculated by the
proposed method)

5 Verification of numerical solution

Based on the proposed p-y curve discussed
above, a program was developed in Matlab to carry
out the calculation of the lateral-load-deflection of a
single pile in a slope. The proposed numerical pro-
cedure was first verified against measurements from
the laboratory model pile tests (Fig. 12). The pile-soil
adhesion factor o equals 0.92 according to Fig. 9
plotted by Georgiadis and Georgiadis (2010), and the
other parameters used for validation were as listed in
Table 2, and thus the values of N, and N,, can be
calculated as: N, =11.8, N,,=3.38. From these re-
sults, the calculated pile head deflections agree well
with the model test data.

However, verification for the proposed p-y
curve in a full-scale pile lateral loading test is also
essential because of possible scale effects in the
small-scale tests. As far as the authors are aware, no
well-documented lateral loading test case exists, and
thus the proposed method can be compared only with
some special cases, such as the lateral loading of
piles on level ground or near a slope.

H, (kN)
06 08 10 12 14

6=60°

] O Experimental data
704 Present study

80
Fig. 12 Comparison of the measured and the calculated
lateral displacements of the pile head for model test

The first full-scale load test (the Sabine test) for
a pile located on level ground carried out by Matlock
(1970) was examined. The pile has a diameter of
D=0.319 m and the length L=12.8 m, E,/[~=
31280 kN'm%, E&=2060 kPa, p=5.5 kN/m’, c,=
14.4 kPa, and a=1. Therefore, the values of N,, and
N, can be obtained by the proposed method in this
study and N,,=11.94, N,,=3.5.

A second set of field tests for a pile that is lo-
cated at the slope crest with a slope angle 6 of 20° is
used to validate the robustness of the proposed p-y
curve method. It was conducted by Bhushan et al.
(1979), and the parameters for verification were:
D=122 m, L=5.185 m, E,[,=225000 kN-m’, E=
24440 kPa, ¢,=220 kPa, y~=18.8 kN/m3, and a=0.25.
Therefore, N,,=10.05 and N,,=2.38. Figs. 13a and
13b depict the measured and calculated pile head
deflections under different lateral loading conditions,
in comparison with the predicted results from the
proposed p-y curve method, the analytical solutions
of other researchers, and the measured data from the
loading test. Good agreement is obtained between
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these results. The proposed p-y curve method can
thus provide a reliable tool for practical application
in engineering.

H, (kN)
0 20 40 60 80 100
(a) 04
304
_ 604
£
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Ny
90+
o Full-scale test data N
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- - - - Georgiadis and Georgiadis (2010)
150
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Fig. 13 Comparison of the measured and the calculated
lateral displacements at pile top for full-scale tests from:
(a) Matlock (1970); (b) Bhushan et al. (1979)

6 Parametric study

To investigate the effect of the pile locations and
the slope inclinations on the ultimate lateral capacity
of a single pile located in the base of the slope by the
proposed p-y curve method, some numerical studies
have been performed. Due to the important role of the
pile length in the lateral behavior of the loaded pile,
three pile lengths have been considered, namely
0.7 m, 1.0 m, and 1.5 m. All the other parameters are

determined by the former model test.

Fig. 14 shows that the head deflection of lateral
loaded piles in slopes varies with different values of
the declination of the slope and the pile length. As a
result, the pile head deflections increase as € in-
creases, and decrease with increasing pile length. For
the pile (L=1.5 m) and an applied load (1.5 kN) for
6=30° and =0.5, the value of the head deflection, yy,
is 12% larger than that of a pile in a slope of 20°.
Meanwhile, the growth rate is 14% and 17% when
L=1.0 m and 0.7 m, respectively. This trend can be
explained by the shorter length of the pile, the less
resistance caused by the soil, and the consequent
greater increase in the deflection induced by the slope
angle.
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0.0 03 0.6 0.9 12 15
O_ 1 1 1 1
3 <]
154 <
<
<\'"
<
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£
E
°
459 o 1=0.7m (6=20°)
L=1.0 m (6=20°)
I L=1.5 m (6=20°)
e0d  —o—L=0.7m (6=30°)
——[=1.0 m (6=30°)
—o— L=1.5m (6=30°)
75

Fig. 14 Effect of ground slope on head deflection of pile
with different pile lengths (£=0.5)

The results of the relationship between the pile
location and the pile head deflection were shown in
Fig. 15. From the results, the head deflection of the
pile initially increases, and then decreases when the
pile location moves from the slope toe to the slope
crest. For the pile (L=1.5 m) with an applied load
(1.2 kN) at p=0.5, the head deflection is 12.45 mm
larger than that of a pile at f=1/6. Meanwhile, the pile
head deflection decreases as the pile length increases
under the same value of . It indicates that the in-
crease of head deflection of a pile caused by the lo-
cation of the pile in a slope will be more obvious with
a shorter pile.
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Fig. 15 Effect of position of pile in slope on head deflec-
tion of pile with different pile lengths (6=30°)

7 Conclusions

This study investigates the lateral-loaded re-
sponse of a single pile installed in the steep clay
slopes commonly encountered in mountainous areas.
To accomplish this goal, four sets of laboratory model
tests and a series of 3D FE analyses for piles em-
bedded in different slope angles and in level ground
were conducted. Based on 3D FEA results, a new p-y
curve is proposed to account for the effect of the pile
location and the slope angle, which can be solved with
a program developed by Matlab. The proposed p-y
curve was verified by the results from laboratory tests
and the full-scale lateral loading tests reported in
previous literature. Therefore, the proposed p-y curve
method can provide a reliable tool for practical ap-
plication in engineering. Based on the results of this
numerical and theoretical study, the following main
conclusions can be drawn:

1. The distribution of the lateral deflection and
the bending moment of a lateral-loaded pile in slope
along the pile length are similar to those of pile em-
bedded in horizontal ground. However, the slope
inclination plays an important role in the lateral-load
behavior of a single pile. A higher slope angle can
cause a greater pile deformation and moment under
the same loading conditions.

2. For piles with the same embedded length, the
relationship between the ultimate lateral bearing ca-

pacity of the pile and the distance from the slope toe
to the pile cross section center is approximately
bilinear.

3. For the same pile with different embedded
lengths, the ultimate lateral capacity of the pile in-
creases linearly with increased distance from the
slope toe to the pile cross section center.

Contributors

Ming-hui YANG wrote the first draft of the manuscript.
Bo DENG performed the tests. Ming-hua ZHAO proposed the
idea, supervised the research work, and revised and edited the
final version.

Conflict of interest
Ming-hui YANG, Bo DENG, and Ming-hua ZHAO de-
clare that they have no conflict of interest.

References

Bhushan K, Fong PT, Haley SC, 1979. Lateral load tests on
drilled piers in stiff clays. Journal of the Geotechnical
Engineering Division, 105(8):969-985.

Brandenberg SJ, Boulanger RW, Kutter BL, et al., 2005. Be-
havior of pile foundations in laterally spreading ground
during centrifuge tests. Journal of Geotechnical and
Geoenvironmental Engineering, 131(11):1378-1391.
https://doi.org/10.1061/(asce)1090-0241(2005)131:11(1378)

Cai F, Ugai K, 2000. Numerical analysis of the stability of a
slope reinforced with piles. Soils Foundations, 40(1):73-
84.
https://doi.org/10.3208/sandf.40.73

Chae KS, Ugai K, Wakai A, 2004. Lateral resistance of short
single piles and pile groups located near slopes. Interna-
tional Journal of Geomechanics, 4(2):93-103.
https://doi.org/10.1061/(asce)1532-3641(2004)4:2(93)

Chang BJ, Hutchinson TC, 2013. Experimental evaluation of
p-y curves considering development of liquefaction.
Journal of Geotechnical and Geoenvironmental Engi-
neering, 139(4):577-586.
https://doi.org/10.1061/(asce)gt.1943-5606.0000802

Choy CK, Standing JR, Mair RJ, 2007. Stability of a loaded
pile adjacent to a slurry-supported trench. Géotechnique,
57(10):807-819.
https://doi.org/10.1680/geot.2007.57.10.807

El Sawwaf M, 2006. Lateral resistance of single pile located
near geosynthetic reinforced slope. Journal of Geotech-
nical and Geoenvironmental Engineering, 132(10):1336-
1345.
https://doi.org/10.1061/(asce)1090-0241(2006)132:10(1336)

El Sawwaf M, 2010. Experimental and numerical study of strip
footing supported on stabilized sand slope. Geotechnical
and Geological Engineering, 28(4):311-323.
https://doi.org/10.1007/s10706-009-9293-9

Gabr MA, Borden RH, Cho KH, et al., 2002. P-y Curves for



850 Yang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2019 20(11):838-851

Laterally Loaded Drilled Shafts Embedded in Weathered
Rock. FHWA/NC/2002-08, North Carolina State Uni-
versity, Raleigh, USA.

Gazioglu SM, O’Neill MW, 1984. Evaluation of P-Y rela-
tionships in cohesive soils. Proceedings of Analysis and
Design of Pile Foundations, p.192-213.

Georgiadis K, 2014. Variation of limiting lateral soil pressure
with depth for pile rows in clay. Computers and Ge-
otechnics, 62:164-174.
https://doi.org/10.1016/j.compgeo0.2014.07.011

Georgiadis K, Georgiadis M, 2010. Undrained lateral pile
response in sloping ground. Journal of Geotechnical and
Geoenvironmental Engineering, 136(11):1489-1500.
https://doi.org/10.1061/(asce)gt.1943-5606.0000373

Georgiadis K, Georgiadis M, 2012. Development of p-y curves
for undrained response of piles near slopes. Computers
and Geotechnics, 40:53-61.
https://doi.org/10.1016/j.compgeo.2011.09.005

Gupta BK, Basu D, 2016. Analysis of laterally loaded rigid
monopiles and poles in multilayered linearly varying soil.
Computers and Geotechnics, 72:114-125.
https://doi.org/10.1016/j.compgeo.2015.11.008

Gupta BK, Basu D, 2017. Analysis of laterally loaded short
and long piles in multilayered heterogeneous elastic soil.
Soils and Foundations, 57(1):92-110.
https://doi.org/10.1016/j.sandf.2017.01.007

Haiderali AE, Madabhushi G, 2016. Evaluation of curve fitting
techniques in deriving p-y curves for laterally loaded
piles. Geotechnical and Geological Engineering, 34(5):
1453-1473.
https://doi.org/10.1007/s10706-016-0054-2

Ismael NF, 2010. Behavior of step tapered bored piles in sand
under static lateral loading. Journal of Geotechnical and
Geoenvironmental Engineering, 136(5):669-676.
https://doi.org/10.1061/(asce)gt.1943-5606.0000265

Kim BT, Kim NK, Lee WJ, et al,, 2004. Experimental
load-transfer curves of laterally loaded piles in Nak-Dong
river sand. Journal of Geotechnical and Geoenviron-
mental Engineering, 130(4):416-425.
https://doi.org/10.1061/(asce)1090-0241(2004)130:4(416)

Kodikara J, Haque A, Lee KY, 2010. Theoretical p-y curves
for laterally loaded single piles in undrained clay using
Bezier curves. Journal of Geotechnical and Geoenvi-
ronmental Engineering, 136(1):265-268.
https://doi.org/10.1061/(asce)1090-0241(2010)136:1(265)

Kondner RL, 1963. Hyperbolic stress-strain response: cohe-
sive soils. Journal of the Soil Mechanics and Foundations
Division, 89(1):115-143.

Leung CF, Chow YK, Shen RF, 2000. Behavior of pile subject
to excavation-induced soil movement. Journal of Ge-
otechnical and Geoenvironmental Engineering, 126(11):
947-954.
https://doi.org/10.1061/(asce)1090-0241(2000)126:11(947)

Liang R, Yang K, Nusairat J, 2009. p-y criterion for rock mass.
Journal of Geotechnical and Geoenvironmental Engi-
neering, 135(1):26-36.

https://doi.org/10.1061/(asce)1090-0241(2009)135:1(26)

Lirer S, 2012. Landslide stabilizing piles: experimental evi-
dences and numerical interpretation. Engineering Geol-
ogy, 149-150:70-77.
https://doi.org/10.1016/j.enggeo.2012.08.002

Matlock H, 1970. Correlation for design of laterally loaded
piles in soft clay. Proceedings of the 2nd Annual Offshore
Technology Conference, p.577-594.
https://doi.org/10.4043/1204-MS

McGann CR, Arduino P, Mackenzie-Helnwein P, 2011. Ap-
plicability of conventional p-y relations to the analysis of
piles in laterally spreading soil. Journal of Geotechnical
and Geoenvironmental Engineering, 137(6):557-567.
https://doi.org/10.1061/(asce)gt.1943-5606.0000468

Mezazigh S, Levacher D, 1998. Laterally loaded piles in sand:
slope effect on P-Y reaction curves. Canadian Geotech-
nical Journal, 35(3):433-441.
https://doi.org/10.1139/t98-016

Miao LF, Goh ATC, Wong KS, et al., 2006. Three-
dimensional finite element analyses of passive pile be-
haviour. International Journal for Numerical and Ana-
Iytical Methods in Geomechanics, 30(7):599-613.
https://doi.org/10.1002/nag.493

Ng CWW, Zhang LM, 2001. Three-dimensional analysis of
performance of laterally loaded sleeved piles in sloping
ground. Journal of Geotechnical and Geoenvironmental
Engineering, 127(6):499-509.
https://doi.org/10.1061/(asce)1090-0241(2001)127:6(499)

Nimityongskul N, Ashford S, 2010. Effect of soil slope on
lateral capacity of piles in cohesive soils. Proceedings of
the 9th US National and 10th Canadian Conference on
Earthquake Engineering, article 366.

O’Neill MW, Raines DR, 1991. Load transfer for pipe piles in
highly pressured dense sand. Journal of Geotechnical
Engineering, 117(8):1208-1226.
https://doi.org/10.1061/(asce)0733-9410(1991)117:8(1208)

Poulos HG, 1976. Behaviour of laterally loaded piles near a cut
or slope. Australian Geomechanics Journal, G6(1):6-12.

Poulos HG, 1995. Design of reinforcing piles to increase slope
stability. Canadian Geotechnical Journal, 32(5):808-818.
https://doi.org/10.1139/t95-078

Rajashree SS, Sitharam TG, 2001. Nonlinear finite-element
modeling of batter piles under lateral load. Journal of
Geotechnical and Geoenvironmental Engineering,
127(7):604-612.
https://doi.org/10.1061/(asce)1090-0241(2001)127:7(604)

Rao SN, Ramakrishna VGST, Raju GB, 1996. Behavior of
pile-supported dolphins in marine clay under lateral
loading. Journal of Geotechnical Engineering, 122(8):
607-612.
https://doi.org/10.1061/(asce)0733-9410(1996)122:8(607)

Reese LC, Welch RC, 1975. Lateral loading of deep founda-
tions in stiff clay. Journal of the Geotechnical Engi-
neering Division, 101(7):633-649.

Reese LC, Wang ST, Arrellaga JA, et al., 1997. LPILE Plus 3.0
for Windows. Ensoft, Inc., Austin, USA.



Yang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2019 20(11):838-851 851

Rollins KM, Peterson KT, Weaver TJ, 1998. Lateral load
behavior of full-scale pile group in clay. Journal of Ge-
otechnical and Geoenvironmental Engineering, 124(6):
468-478.
https://doi.org/10.1061/(asce)1090-0241(1998)124:6(468)

Rose AV, Taylor RN, El Naggar MH, 2013. Numerical mod-
elling of perimeter pile groups in clay. Canadian Ge-
otechnical Journal, 50(3):250-258.
https://doi.org/10.1139/cgj-2012-0194

Springman SM, 1989. Lateral Loading on Piles Due to Simu-
lated Embankment Construction. PhD Thesis, University
of Cambridge, Cambridge, UK.

Tang XC, Yang MH, 2018. Analysis of laterally-loaded piles
in weathered rock slopes based on p-y curve method. In-
ternational Journal of Geotechnical Engineering.
https://doi.org/10.1080/19386362.2018.1498199

Timoshenko SP, Goodier JN, 1970. Theory of Elasticity, 3rd
Edition. McGraw-Hill, London, UK.

Vesic AB, 1961. Beams on elastic subgrade and Winkler’s
hypothesis. Proceedings of the 5th International Confer-
ence on Soil Mechanics and Foundation Engineering,
p.845-850.

Viggiani C, 1981. Ultimate lateral load on piles used to stabi-
lize landslides. Proceedings of the 10th International
Conference on Soil Mechanics and Foundation Engi-
neering, p.555-560.

Wang AH, Zhang DW, Deng YG, 2018. Lateral response of
single piles in cement-improved soil: numerical and the-
oretical investigation. Computers and Geotechnics, 102:
164-178.
https://doi.org/10.1016/j.compgeo.2018.06.014

Won J, You K, Jeong S, et al., 2005. Coupled effects in sta-
bility analysis of pile-slope systems. Computers and Ge-
otechnics, 32(4):304-315.
https://doi.org/10.1016/j.compgeo.2005.02.006

Yang EK, Choi JI, Kwon SY, et al., 2011. Development of
dynamic p-y backbone curves for a single pile in dense
sand by 1g shaking table tests. KSCE Journal of Civil
Engineering, 15(5):813-821.
https://doi.org/10.1007/s12205-011-1113-0

Zhao ZH, Li DY, Zhang F, et al., 2017. Ultimate lateral bear-
ing capacity of tetrapod jacket foundation in clay. Com-
puters and Geotechnics, 84:164-173.
https://doi.org/10.1016/j.compgeo.2016.12.005

Zhou JJ, Gong XN, Wang KH, et al., 2017. A simplified non-
linear calculation method to describe the settlement of
pre-bored grouting planted nodular piles. Journal of
Zhejiang University-SCIENCE A (Applied Physics &
Engineering), 18(11):895-909.
https://doi.org/10.1631/jzus.A1600640

Zhou JJ, Gong XN, Wang KH, et al., 2018. Effect of cemented
soil properties on the behavior of pre-bored grouted
planted nodular piles under compression. Journal of
Zhejiang University-SCIENCE A (Applied Physics &
Engineering), 19(7):534-543.
https://doi.org/10.1631/jzus.A1700118

i 3 &

B AP RRENZ IR SEIBR

B 65 WFCIAYE BRI K T AR, DUR S LR
SEEE

a8 PR py BiER, DLE S A AR
T3 A B R
L. T 5o~ A 58 AR S A 358 79 ol T R R AL =5
PRI LRSS s 2. SR ABAQUS 73 fE 15
R, FERFRAEAR . BT A o e A R o A 3
IRV RE I, 3. % = AR TR R 6 2% SRR
BUE A G5 R AATST AT, R AR L )

py .

L A ) 52 A A e B R S AR VAR A
A 5K B R AR AL SR, LA
SoF BELATE RO [v i 2R 5 1 S BRI s 7EAH R
MG 4R AT B R A B 2 5 R e K b
BB . 2. 06 THE B KA b, K
A PR i) 2 8,77 -5 39 B A 4 T O 11 B B T
BUERL MR R, 3.5 THE KRR, H
W I 7 8, 7 S A 2 A T O B S 1 B 2
LRI,

Farid: ML Y BANRE: BRI KPR poy

iiiE2

F Bk



