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Behaviors of Pile Group Installed Near Inclined Ground
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Abstract

Many transmission towers, high-rise buildings and bridges are constructed near steep slopes and are supported by
large-diameter piles. These structures may be subjected to large lateral loads, such as violent winds and earthquakes. Widely
used types of foundations for these structures are pier foundations, which have large-diameters with high stiffness. The
behavior of a pier foundation subjected to lateral loads is similar to that of a short rigid pile because both elements seem
to fail by rotation developing passive resistance on opposite faces above and below the rotation point, unlike the behavior
of a long flexible pile. This paper describes the results of several numerical studies performed with a three-dimensional
finite element method (FEM) of model tests of a laterally loaded short pile located near slopes, respectively. In this paper,
the results of model tests of single piles and pile groups subjected to lateral loading, in homogeneous sand with 30° slopes
and horizontal ground were analyzed by the 3-D FE analyses. The pile was assumed to be linearly elastic. The sand was
assumed to have non-associative characteristics, following the MC-DP model. The failure criterion is governed by the
Mohr-Coulomb equation and the plastic potential is given by the Drucker-Prager equation. The main purpose of this paper
is the validation of the 3-D elasto-plastic FEM by comparisons with the experimental data.
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1. Introduction

Many transmission towers, high-rise buildings and
bridges are constructed near steep slopes and are
supported by large-diameter piles. These structures may
be subjected to large lateral loads, such as violent winds
and earthquakes. Widely used types of foundations for
these structures are pier foundations, which have large-
diameter with high stiffness. Under these loads, the
lateral resistances of piles near slopes will be small,
compared with piles on horizontal ground. The initial
horizontal confining pressure acting on the piles on the
slope side is smaller than that in horizontal ground. The
behavior of a pier foundation subjected to lateral loads
is similar to that of a short rigid pile, because both
elements seem to fajl by rotation developing passive
resistance on opposite faces above and below the rotation
point, unlike the behavior of a long flexible pile.

In the past, the design of laterally loaded piles has
been based on analytical models in which the soil
resistance is obtained empirically, mainly from full-scale
tests in the field or model test studies in the laboratory.
In soil mechanics and foundation engineering one of the
most rigorous numerical modeling methods is the finite
element method (FEM). This method can permit realistic
three-dimensional effects and computation of soil stresses
and deformations around piles. It is also possible to study
the progressive development of stresses and deformation
in the failure region. The application of the FEM for long
flexible piles subjected to lateral loads has been described
by several investigators (e.g. [l, 2, 3, 4, 5, 6]). This
approach was also used for the numerical studies of the
moment carrying capacity of a short pier foundation [7].
Several theoretical methods have been published, which
attempted to predict the behavior of field tests and model
tests of short rigid piles under lateral loads on horizontal
ground [8, 9, 10, 11]. Additional results were published
for cases of piles used for slope stabilization purposes
and compared with results from the limit equilibrium
method [12] and finite element methods [13]. However,
there is little published research that attempted to analyze

the behavior of a short pile subjected to lateral loads near
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slopes.

The present research deals with the FE analyses of
short rigid piles and located near the crest of a slope,
and their comparison with the measurements of model
tests. The results of model tests of single piles and pile
groups subjected to lateral loading in homogeneous sand
with 30° slopes are analyzed by the 3-D elasto-plastic
FEM. To compare with slope cases, cases of piles located
in horizontal ground are also investigated. Series of
single short pile tests were conducted to investigate the
effect of horizontal distance from the pile to the crest of
the slope. In short pile groups, focus was placed on the
pile group efficiency and the behavior of each pile,
considering the influences of the pile spacing and the pile
cap. The model pile had a constant embedment depth /
diameter (Dg / D) ratio of 5.0 in all tests.

2. Model Tests and Finite Element Analyses
2.1 Model Tests and Procedure

Model tests were conducted in dry sand and its
physical properties are listed in Table 1. The triaxial
compression test of soil in a dense state, with a relative
density Dr of 90%, gave a peak friction angle ¢ of 47.5°.
Using a hopper with a 2 mm sieve, the sand was poured
to make up a homogeneous horizontal ground. The 300
slope surface was formed by excavation. The model pile
was made of smooth aluminum with a wall thickness of
3 mm and outside diameter of 100 mm. It was buried
500 mm deep in the ground for a constant embedment
depth / diameter (De / D) ratio of 5.0 in all the tests.

The pile was instrumented with 10-coupled strain
gauges placed on the two opposite faces in the lateral

loading direction. Lateral loads were applied to the pile

Table 1. Physical properties of the sand

Specific gravity Gs 2.723
Average grain size Dsp (mm) 0.201
Uniformity coefficient Ue 2122
Coefficient of curvature Us' 0.912
Maximum void ratio Crmax 0.951
Minimum void ratio Emin 0.599




head by a motor, which was 100 mm above the ground
surface. The loads were measured through a load cell,
and the pile head displacements were recorded with a
displacement transducer at the point of load application.

There are several interrelated factors that affect the
lateral resistance of a pile and the dominant one is the
pile stiffness, which determines whether the pile behaves
rigidly, causing a rotation. One simple criterion for
rigidity is the pile depth (Dg) in relation to its diameter
(D), related to the stiffness ratio (E/G") [1]. Short piles
can be described as having intermediate stiffness whenever
the (Dg / D) ratio is bounded [15], as follows;

005 (&)< Do (5" )
6" = (st 1+2) @)

where, the equivalent shear modulus of the soil G', the
effective Young's modulus of the pile E. ( = (EDy/( B/64)).

For a homogeneous soil used in this model test, G
is related to the horizontal Young's modulus of the soil
E; (25.8 MPa) and Poisson's ratio y (0.3). For a rigid
pile, calculated bounds of (Dg / D) ratio are 7.5 - 1.75,
indicating that this pile ((Dg / D) ratio = 5.0) can be
considered as a short rigid pile. The pile rigidity is also
related to a stiffness factor T [16]. In cohesionless soils,

T is calculated as,

_o|Eele

My 3)

where El, is the bending stiffhess of the pile and ny is

the coefficient of subgrade reaction.

The embedment depth of the pile has to be less than
2T to be considered as a short rigid pile and greater than
4T for behavior as a long elastic pile [9, 17]. For the
model pile, the depth of embedment was 500 mm, giving
a (Dg / D) ratio of 5.0 while the value of 2T was
estimated as 656 - 800 mm (possible range of values for
n= 7.5 - 20 MN/m’ for medium-dense to dense sands
[18]). Furthermore, the value of nh decreases near the

crest of the slope, the computed value of 2T can therefore

be considered to be large enough to satisfy the criterion

for a short rigid pile.

2.2 Three—-dimensional Elasto—plastic Modeling

The constitutive law defines the relationship between
strain and stress, and in the elastic region this relationship
is linear in most cases, represented by Young's modulus
E and Poisson's ratio v . However, only few materials
might be described by the elastic behavior and the
elasto-plastic behavior applies to most commonly used
materials. Thus the elasto-plastic model would be more
appropriate for the numerical analyses. The plastic region
starts with the yielding point and is then described in
terms of work hardening. Clearly, difficulties arise with
specifying the yielding point and the description of the
plastic region, which vary from material to material. In
the terminology of plasticity the ideal material used to
represent the soil was assumed to follow the elasto-
perfectly plastic model.

The pile was assumed to be linearly elastic. The sand
was assumed to have non-associative characteristics,
following the MC-DP model. The failure criterion is
governed by the Mohr-Coulomb equation and the plastic
potential is given by the Drucker-Prager equation. Such
a combination is useful for the improvement of the
convergence of the FE calculations [14].

Taking differences in the initial stress conditions of the
ground (e.g. slope, horizontal ground) into consideration,
calculations in the FE analysis were carried out in a
two-step process. In the first step, the initial stress
condition due to the dead weight of the soil was
calculated using the shear strength reduction finite
element method (SSR-FEM) [19], without taking the
existence of the pile into consideration. The second step
was to simulate the behavior of the soil as the lateral
displacement at the pile head is applied incrementally.
The iterative elasto-plastic computations were carried out
using the modified Newton-Raphson method.

The material parameters used in the analyses are
summarized in Table 2. The friction angle ¢ of the sand
was 47.5° with a relative density Dr of 90% based on
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Table 2. Model parameters used in the FE analyses

Pile

Frictional element

Pile cap Sand (soil—pile interface)
Young's modulus E (kPa) 6.86E+07 Eq. (4) Eq. (4)
Poisson's ratio v 0.345 0.3 0.3
Unit weight 7 (kN/m?) 26.4 15.68 15.68
Friction angle ¢ (Degree) - 47.5 25
Dilatancy angle ¥ (Degree) - 17.5 0
Eso = Eo (6w/00)
Ep=1143 kPa, 6o =1 kPa, » = 0.8311, om = 06(o1t02t03) /3 @)

100 f O Traxialtestresult
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Fig. 1. Exponential-fitting curve based on the result of the triaxial
test

the triaxial test results. The dilatancy angle ¥ of the
sand was evaluated according to the equation [20]:

¥=¢ - 30° Values of Poisson's ratio v generally lay
between 0.25 and 0.35 in the sand, and therefore 0.3 was
used. It should be noted that we used the secant elastic
modulus Esp measured in the tests in Eq. (4). As shown
in Figure 1, the relationship between the secant elastic
modulus Eso and the initial mean confining pressure ¢
on log-log axes is assumed linear. The approximate line,

from which the values of Eso were obtained from the

Table 3. Model test conditions of single pile

drained triaxial compression test, allows estimating the
values at different ground depths in the analysis. Each
estimated Eso at the depth of 250 and 500 mm is also
indicated in this figure. Thin frictional brick elements
were inserted between the pile and the sand in order to
consider the slippage at the pile-soil interface. The
friction angle ¢ of the frictional element was determined
to be 25°, based on the results of slippage tests between
an aluminum plate and the sand. The dilatancy angle ¥
of the frictional elements was assumed to be zero and
other material constants of these elements were the same

as the surrounding sand.

2.3 Single Short Pile Near Slope in Model Test
and 3-D FE Analysis

Several cases of model tests for single short piles are
shown in Table 3. The single short pile model tests were
conducted considering 3 different horizontal " distances
beyond the crest of the slope (0D, 2D, 4D (D: diameter
of pile)). To compare with the slope effect, analysis of
the horizontal ground case was also performed.

Figure 2 is a sketch of the model test apparatus and
a typical 3-D FE mesh for a short single pile consisting
of 20 node brick elements. As shown in Figure 2 (b),

Test pattern

Ground shape

Distance from the crest of slope
(D = Diameter of pile)

S—H Horizontal ground -
S-0D 0D
S-2D Slope {(30°) 2D (=200 (mm))
S-4D 4D (=400(mm))
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(a) Sketch of single pile test apparatus
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{b) 3~D FE meshes in the single pile

Fig. 2. Lateral loading model test of short single pile and 3D-FE mesh (slope case)
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A — Analytical result
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Fig. 3. Loading vs. displacement curves in single pile tests

half the domain was eliminated by taking advantage of
the symmetry with respect to the center plane parallel to

the loading direction. The plane of symmetry was a

0.9 | -\H\H’JW
0.8
0.7 L
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0.5
0.4 M

(slope / horizontal ground)

03t
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0 2 4 6 8 10

Displacement (mm)

(a) Experimental result

smooth boundary. Other side boundaries and the bottom
boundary were fixed. Thin frictional brick elements were
inserted between the pile and the soil in order to consider
the potential for slippage at the pile-soil interface.

Figure 3 shows the experimental and analytical lateral
load-displacement curves for short single piles. These
displacements were measured at the point of load
application. There is no observed peak strength in the
experimental and analytical results shown in this figure.
The experimental results for cases “E-S-H” and “E-S-4D”
are underestimated by the analyses. Nevertheless, the
data show reasonable agreement between the experimental
and analytical curves for the piles near a slope. It is
found, due to the slope effect, that the lateral resistance
of the pile decreases, as the location of the pile is closer
to the crest of the slope.

Figure 4 shows the relationship between the load ratio
and displacement at the loading point. It should be noted
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(b) Analytical result

Fig. 4. Normalized loading vs. displacement curves in single pile tests
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that for each case (0D, 2D, 4D) the load for a pile in
the slope is normalized by the load in the horizontal
ground case at the same displacement. It is found that
the value of load ratio is affected markedly in the small
displacement range by the distance of the pile to the crest
of the slope. However, the load ratio has a constant value
as the displacement increases.

The value of load ratio is approximately 0.9 when the
pile is located at a distance equal to 4D from the crest
of the slope in both the experimental and analytical
results. Even in this case, the difference between the
horizontal ground and the slope condition is clear. To
obtain a load ratio = 1.0 (equivalent to the horizontal
ground condition), it may be necessary to move the pile
to a distance larger than 4D from the crest of the slope.
The strain gauges fixed on the piles give the bending
strains during lateral loading. Initially, the preliminary
fitting of each bending strain is calculated by cubic spline
functions. On the fitted bending strains, the bending
moment profile is approximated by a fifth order polynomial
with the bending stiffness EI and the pile radius r. The
pile head is free to rotate; therefore, bending moment
values should be zero at the pile head. The subgrade
reaction profile, p(z) is evaluated by differentiating the
bending moment profile M(z) twice with respect to the
depth z, by making use of the beam theory, according
to Eq. (5):

ple)=+ 2 u(z)

D 5,2 )
-0. 06 -0. 04 -0. 02 0
0 T
-0. 1
E 0.2
s
[=%
2 -0.3
-0. 4
-0.5
Bending moment (kN-m)
Fig. 5. Distributions of bending moment at loading of 196 N from

single pite tests
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where D is the pile diameter.

The recorded bending moment curves, which show the
distribution of the bending moment at the lateral load of
196 N, are shown in Figure 5. The analytical data show
reasonable agreement with the experimental results. The
maximum moments occur at about 40% of the embedded
depth of the pile. The value of moment increases
regularly as the location of the pile approaches the crest
of the slope at the same load applied.

Figure 6 shows the subgrade reaction distributions at
the lateral load of 196 N in the experimental and
analytical results, respectively. The depth of the zero
subgrade reaction point is shifted slightly downward as
the distance of the pile to the crest of the slope gets
closer. This may be caused by a release of the confining
pressure around the pile closer to the crest.

Figure 7 shows the calculated failure regions when
the pile head reaches the lateral load of 196 N. The
failure region, which indicates whether any Gauss
points fail or not, is determined from the concept of
local safety factor (LSF). LSF is derived from the
Mohr-Coulomb equation. The case when the value of
LSF is equal to 1.00 is considered as the failure of the
soil element, shown in black in the figure. From these
comparisons, it is found that the failure region gets

wider, as the distance of the pile to the crest becomes

closer.
0
-0.1
E
~0.2
=)
-
g -0.3
-0.4
-0.5

-40 -20 0 20 40

Subgrade reaction p (kPa)

Fig. 6. Subgrade reaction curves at loading of 196 N from single
pile tests



(c) S-4D

Fig. 7. Calculated failure regions at the load 196 N

2.4 Short Pile Groups Near Slope in Model Test
and 3—-D FE Analysis

This study is an extension of the work, which
describes the model test and the FE analysis of laterally
loaded short single piles located near slopes. Intuitively,
short pile groups located near slopes should have a
significant effect upon the pile response to lateral

loading, however, relatively little information is available

Pile spacing

600 mm

Thickness of pile = 3mm
Diameter of pile = 100mm

Strain gauge @
N

Embedment depthI

1760 mm

<

of pile = 500 mm

to guide designers in quantifying this effect.

Model pile tests were carried out to investigate the
behavior of the laterally loaded short pile groups located
at the crest of 30° slopes. To assess the slope effect in
short pile groups, the model tests and analyses for
horizontal ground cases were also performed. It should
be necessary to investigate the influence of interaction
factors such as the pile spacing and the fixed condition

of the pile head, for short pile groups subjected to lateral

Displacement
transducer

100mm o et

>
Loading

Motor

-

{a) Sketch of the pile group test apparatus

Loading at
each pile head

(b) Free-headed case

Pile cap

Loading at
p head
N ——
]
?.\\esQap

(c) Fixed by a pile cap case

Fig. 8. Lateral loading mode! tests of a short pile group and 3D FE mesh (slope case)
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Table 4(a). Experimental model tests

Test pattern Ground shape

Pile spacing

(D = Diameter of pile) Fixed condition

E-H-2D )
Horizontal ground
E-H-4D
E-5-2D Slope (30°)
ope °
E-S-4D P

2D (= 200 {mm))
4D (= 400 (mm))
2D
4D

Fixed by a pile cap

Table 4(b). FEM Analyses

Test pattern Ground shape

Pile spacing {(mm)

(D = pile diameter)- Fixed condition

A-H-2D
Horizontal ground
A-H-4D
A=S=2D Slope (30°)
ope
A-S-4D P
A-H-2D-F )
Horizontal ground
A-H-4D-F
A-S-2D-F
Slope (30°)
A-S-4D-F

2D (= 200 (mm))

4D (= 400 (mm))
2D Fixed by a pile cap
4D
2D
4D
2D Free—headed
4D

loading.

Figure 8 shows a short pile group consisting of four
piles, arranged in a 2-by-2 square, on a 30° slope. For
the group pile in the model test and analysis, the material
parameters of the sand and the piles were the same as
those of the single pile test. The pile cap, a plate with
a dead load of 0.2 kN, was not in contact with the ground
surface. The piles positioned in the front row and back
row from the loading direction will be referred to as
leading piles and trailing piles, respectively. The leading
piles were adjacent to the crest of the slope. In the same
way as single model tests, lateral loads were applied to
the pile cap and the displacements were measured at the
point of load application.

The 3-D FE meshes, used for two different kinds of
pile cap conditions calculated in the analyses are shown
in Figures 8 (b) and (c). Half of the domain was
eliminated because of the symmetry defined by the center
plane parallel to the loading direction. Figure 8 (b) shows
the free-headed case, which is to investigate only the
interaction of pile-soil-pile by two different patterns of
pile spacing (2D, 4D (D: pile diameter)). Therefore, each
pile head was loaded directly, so it could rotate freely

like a single pile. Figure 8 (c) shows the case fixed by
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a pile cap for taking the influences of both the fixed
condition and the pile spacing into consideration, which
was the same fixed condition as the experimental model
tests. The details of each series of experimental model
tests and analyses are summarized in Table 4. Pile
spacing indicates the distance between the pile centers.

Figure 9 shows the experimental and analytical
relationships between the lateral load and the displacement
at the loading point in short pile groups. It is clear that
the lateral resistance of pile groups located near a slope

is smaller than that found for the same groups in

3500 e EH4D
| *  E-H2D
m  ES4D
3000 A  ES2D o *
- o — A-H4D .
—%-— A-H-2D .
|  —=-—A-S-4D
30 b TS A - « e
1 ¢ X
~ L . X
g 2000 % /./i/)'(
5 s - o x 2 /E //g,
2 X _“w
= 1000 : A A
- P
. A A
500 L A
| | A
i /”A/
0 . _ It
0 2 4 6 8 10

Displacement (mm)

Fig. 9. Loading vs. displacement curves for each pile group case



horizontal ground. A reduction in pile spacing decreases
the resistance of the pile group in both the horizontal
ground and the slope.

The efficiency of the pile group (e) is a convenient
way to modify the single pile response to account for
group effects. Efficiency is defined at a given displacement
as,
¢ = L0 pie gy (n = the number of piles within the group)

nx Load g, 6)

Figure 10 shows the relationship between the pile
group efficiency and the lateral displacement for the
horizontal ground and the slope, respectively. It can be

found that the analytical results for the cases fixed by

150—— ¥ E-H4D A E-H-20
—B—aA-H-4D A A-H-2D

“o+Bec A g-gD-F oAt A-H-2D-F

P s
a--.2

Efficiency of pile group (e)

a pile cap agree with the experimental results better than
for the free-headed cases. It is clear that the group
efficiency is higher as the pile spacing is larger. The
efficiency for the case fixed by a pile cap is much greater
than that for the free-headed case according to the
analysis. From Figure 10(a), it can be seen that the group
efficiency of each pile group on the horizontal ground
is almost constant irrespective of the displacements.
However, the group efficiency in case of the slope is high
for small displacements and decreases as the displacement
increases, as shown in Figure 10(b).

The analytical load distribution ratio for the leading
piles as a function of the lateral displacement is presented

in Figure 11. The load distribution ratio of each pile

10— " Es A g5
—8—p-8-4D A A-H-2D
[ | --oBe-- p-§-4D-F ---A-- A-S-2D-F

.00

Efficiency of pile group (e)

0.50

Displacement (mm)

(b) Inclined ground (slope)

Fig. 10. Pile group efficiency for each pile group
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Fig. 11. Load distribution ratio for leading piles from two different grounds
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within the pile group is determined from the shear force
calculated at each pile head. The load distribution ratios
of the leading piles decrease as the pile spacing gets
larger. This response is related to the effect of the leading
piles on the yield zones developed in the soil ahead of
the trailing piles. The reduction of the ratio for leading
piles is more significant for the free-headed cases than
for the fixed-headed cases. The leading piles are subjected
to a much larger load than trailing piles in the horizontal
ground, as shown in Figure 11 (a). It should be noted
that both leading and trailing piles have initially the same
horizontal resistance. However, the pile groups located
near the slopes have initially different horizontal resistance

between the leading and trailing piles, because of the

E i

< 0.2 ‘

& : |

g _ :

[=} 0.3 ‘, —B—A-5-4D-F, G=467.4(N)
0.4, —A—A-F-2D-F, 0=381.8(N) {
-0.5 : —®—single pile=0D, |

i =496 (N) Jl
-0.6 T

Horizontal displacement/Pile head load (mm/kN)

{a) Horizontal disptacement

reduced initial confining pressure for leading piles near
the crest of the slope. As shown in Figure 11 (b), the
case of “A-S$-4D-F”, which corresponds to free-headed
piles in a slope with pile spacing of 4D, shows the load
distribution ratio of the leading piles less 0.5 than. It
should be noted that the load distribution ratio of the
leading piles gets smaller with increasing pile spacing in
the free-headed piles.

Figures 12 and 13 show the displacement distributions
along the piles as a function of depth for the free-headed
case and the cases of piles fixed by a pile cap in slopes;
data are plotted for the leading piles in the pile groups
at pile spacing of 2D and 4D. The curve labeled “single

pile-0D” represents a single pile test at the same location
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as the leading pile in the pile groups. These plots are
shown for the load that produces Smm of lateral
displacement at the pile head. The shear force (Q) at the
pile head in each case is different, as indicated in the
figures. The displacement values were normalized by the
shear force at the pile head in order to facilitate the
comparison. As presented in Figure 12(a) and Figure
13(a), the normalized horizontal displacements of the
leading piles get smaller as the pile spacing gets wider.

The rotation point (zero horizontal displacement point)
of the pile groups occurs at a slightly greater depth than
that of the single pile, with no variation of its depth
irrespective of the pile spacing. In the normalized vertical
displacements (Fig. 12(b) and Fig. 13(b)), the vertical
displacements of the leading piles move in different
directions. Plus sign indicates that a pile moves in the
upward direction. Leading piles of the free-headed cases
are uplifted like a single pile. However, leading piles
fixed by a pile cap are pushed downward. Trailing piles

of both cases move in the upward direction.

3. Conclusions

The main purpose of this paper is to find out that the
3-D elasto-plastic FEM is very effective in evaluating the
lateral resistance of a short pile placed on near slopes.
Based on model tests and numerical modeling, several
conclusions can be issued as follows:

1) The behaviors of model piles were analyzed by the
three-dimensional finite element analyses. The sand
was assumed to be an elasto-perfectly plastic material
with non-associative characteristics, following the MC
- DP model. Parameter values for the sand were
determined from triaxial compression tests.

2) The lateral resistance of the single short pile decreases,
as its location is closer to the crest of the slope. The
reduction of the lateral resistance due to the slope
effect is influenced markedly in the small displacement
range and is not so changed as the displacement
increases.

3) For a short pile group near the crest of a slope, a

significant reduction in the group efficiency is observed

as the displacement of pile head increases. Nevertheless,
the group efficiency on the horizontal ground appears
to be relatively constant.

4) The load distribution ratio of the leading piles
decreases as the pile spacing gets larger. This response
is related to the effect of the leading piles on the yield
zones developed in the soil ahead of the trailing pile.
The reduction of the ratio for the leading piles is more
significant for the free-headed cases than for the cases
of piles fixed by a pile cap.

5) In short pile groups located near the crest of the siope,
the rotation point of the leading piles occurs at a
slightly greater depth than that of the single pile, with
no variation of its depth irrespective of the pile

spacing.
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