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Group Effects in Pile Group under Lateral Loading

A o L EC
SHUS W 2US0|AL)
Ahn, Kwang-Kuk'
Kim, Hong-Taek’

B Aol A HEAY £
22:139) ABAQUSE o §3te] 43
I ERRAEEA G0 BEAS HE%

pile)2] ol ofst gk, 2LEe] 2Hzkel

Y & wpotsiy] Sjsto] Gatadt a4

1.0, 0.5m), TEZo|(7, 10m) 1|
ZF8-A) AL E(leading
o} B E Hrlstr| flste] 13
298 ARt 334

A= Yehton, 9%

H7hE Sl

Abstract

This paper describes the results for a numerical analysis of single piles and pile groups in clayey soils subjected
to monotonous lateral loading using the ABAQUS finite element software. The investigated variables in this study
include free head and embedded capped single piles, pile diameter (1.0 m, 0.5 m), pile length (7.0 m, 10.0 m),
and pile groups. The 1x3 pile group was selected to investigate the individual pile and group lateral resistance,
the distribution of the resistance among the piles, the effects of lateral stresses in front of and on the sides of
the piles, and the effect of a cap on the lateral resistance of the leading pile. The soil was modeled using Cam-clay
constitutive relationship and the pile was considered as a elastic circular concrete pile. The results show that the
size of the cap influences lateral capacity of the single pile. The results also show that in pile groups, the pile-soil-pile
interaction and the cap affect the resistance in the leading pile, and the p-multiplier for the leading pile of greater
than 1.0 was able to be obtained.
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1. Introduction

Numerous methods for analyzing pile behavior under

lateral loads have been described in the literature, however,

I Member, General Manager in R&D Center, iCONTEC, PhD (kwangkuk@yahoo.com)
2 Member, Prof., Dept. of Civil Engrg., Hongik Univ., PhD

a practical method while maintaining accuracy and
precision in the prediction of capacity of pile foundation
has always been a challenge for geotechnical engineers.

A widely used method for lateral load design in a pile
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foundation is the p-y method. The development of this
method was primarily based on the work of Matlock and
Reese (1960) and their associates. Their subsequent work
led to the development of user friendly computer programs.
Reese and Van Impe (2001) give a comprehensive des-
cription of this method. This method is based on the
Winkler's spring subgrade reaction approach, and it utilizes
a beam-column on an elastic foundation with nonlinear
springs to transfer the load from the pile to the soil. These
springs represent the soil resistance at different depths and
the lateral displacement of a horizontally loaded pile. For
pile groups, Brown et al. (1987) proposed the p-y curve
for a pile in a group by using p-multiplier. Individual piles
in the group are assigned a multiplying factor corres-
ponding to the capacity of a single pile, and the factored
capacity for each individual pile provides to the cumula-
tive group lateral capacity. Ashour et al. (2004) used a
strain wedge model to analyze the lateral capacity of the
pile group. The interaction of piles in the group is based
on the overlapping passive wedge in front of piles, which
is then transformed to an equivalent single modulus of
subgrade reaction.

Most of full-scale load tests were conducted on free-
head piles, but only a few load tests for fixed-head piles
have been reported. In these tests, despite the fact that
the piles and cap in a pile group are embedded in the
soil layer, the influence of friction and adhesion resistance
of cap with soils has not been sufficiently evaluated. To
completely evaluate the lateral capacity of pile groups,
the pile-soil-pile interaction, passive pressure on the pile
cap, base friction, and side friction on the pile cap must
be accounted for separately.

The p-multipliers have been typically obtained from a
free-head pile, direct application of the capacity of a free
head pile to the fixed-head pile group should be evaluated
further, and this is due to the difference in their response
under the loads. Rollins and Sparks (2002) performed the
field tests for pile groups with cap to investigate the
behavior of fixed-head pile groups, contribution of passive
pressure, and base interface friction on the pile cap
resistance, and then proposed the default p-multipliers,

which were evaluated for single piles without caps.
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To improve the understanding of fixed head pile be-
havior, pile-soil-pile interaction and the influence of a pile
cap, a numerical analysis considering the above factors
was performed for a pile group. The analysis was per-
formed using the ABAQUS finite element program. To
investigate the pile-soil-pile interaction, a 1x3 pile group
was modeled. The p-multiplier was evaluated based on
a fixed-head single pile. The variables employed in this
study were the pile diameter of 0.5 m and 1.0 m, pile
length of 7.0 m (short pile) and 10.0 m (long pile), the
length of the cap size for a single pile, and the spacing

of 3 diameters in a pile group.

2. Pile-Soil Models

In these analyses, the load was applied at the pile head
for a free head pile and at the top of the cap for a fixed
head pile and the pile group. The analysis was performed
on one half of the model due to the geometric symmetry,
and also to reduce the time of computation. The finite
element model is shown in Figure 1. The concrete pile
was modeled having linear elastic properties, while the
soil in the inner-field region (around the pile and cap)
was modeled as an elastoplastic material. The soil de-
formed elastically following the porous elastic theory, and
plastically according to clay plasticity based on Cam-clay
model. The soil in the far-field region was modeled as
a porous elastic material and assumed to have an infinite
boundary. The range of the inner-field region extended
from the pile-soil interface to a distance of two times the
length of the pile cap, and the far field boundary extended
twice as far as the inner field boundary distance from
the center of the pile. Interface elements between the
concrete and soil had nodal points on the pile shaft
separated from those nodal points to the adjacent soils
elements to ensure independent movement between pile
and soil elements, and allowing a gap to develop between
soil and pile under tension. The interface friction between
pile and soil element surfaces was simulated using the
Coulomb friction model.

Boundary conditions along the symmetric plane were

assumed to be on rollers which moved freely in the
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Fig. 1. Finite element model of pile group

vertical plane. This plane was parallel to the direction of
the applied horizontal load and restrained in the direction
perpendicular to the symmetric plane. In the model, the
pile tip was assumed to bear on two and four-meter thick
layers of soil deposits for 7.0 m and 10.0 m piles,
respectively. The variables used in the analysis were the
typical values from the literature based on general field
data.

Reduced-integration second-order 3-D solid (brick)
elements were used to discretize both pile and soil
medium. Bias elements were used in horizontal directions,
so that the dimensions of the element varied with
horizontal direction. In horizontal direction, finer elements
were chosen around the center of the pile and became
coarser with increasing horizontal distance away from the
pile.

The layout for the single pile is shown in Figure 2.
The dimensions of the concrete piles are shown in Table
1. The cap lengths were varied based on the assumed
spacing in pile group. As shown in the figure, the cap
length B is 9 m equivalent to the cap of a 1x3 pile group
with a pile spacing of 3 diameters. The authors are aware
of the extra length of the pile cap, which was used

primarily to investigate their influence on lateral capacity.

Table 1. Dimensions of Pile and Cap for Single Pile

L Diameter of pile (D) | Cap size BXW/2xT
[meter] [meter] {meter]

7.0 1.0 9.0x1.0x1.0

& & 12.0x1.0x1.0
10.0 0.5 15.0X1.0x1.0

Applied load | —~ | 11.0m=w/2

[ | 11.0m=T
N ————

4.5m when £=3D
6.0m when s=4D
7.5m when s=5D

D=Pile Diameter
B=Length of Cap
W= Width of Cap
T=Thickness of Cap

[
D

Fig. 2. Layout of singie pile with cap

In this study, soil parameters were selected from typical

values in the reference and shown in Table 2.

3. Laterally Loaded Single Pile

Single piles with caps and without caps were modeled.
The loads were applied until the pile head reached a
deflection of 0.05-0.07 m. The result of the numerical
analysis on the load-deflection response of large pile with
a diameter of 1.0 m is shown in Figure 3.

The response in Figure 3 (a) shows that the single pile
without a cap has the lowest lateral resistance, with
deflection of 0.025 m. This pile exerts approximately 425
kN resistance. As expected, the single piles with cap at
the same displacement of 0.025 m show higher resistance.
The resistance of the pile with a cap containing spacing
s = 3D exerts 1150 kN lateral resistance, and higher in
piles with longer cap. The results also show that for a
deflection of approximately 0.01 m, the three piles with

cap show similar resistance. In comparison with the loads

Table 2. Summary of Input Data

Parameters Values
Concrete pile:
Modulus of elasticity, £ 30.E9 Pa
Soil:
Initial void ratio, eg 0.7
Poisson's ratio, v 0.25
Unit weight of soil, v 19200 N/m®
Internal friction angle of soil, ¢ 24°
Logarithmic plastic bulk modulus, K 0.174
Stress ratio at critical state, M 0.94
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for uncapped piles, the capped piles with a spacing s =
3D is about 2.8 times greater than for the single pile
without a cap at a deflection of 0.025 m. Subsequently,
the resistance for the pile with a cap of s = 4D is about
80 kN greater than the pile with a cap of s = 3D, and
the load of pile with a cap of s = 5D is about 180 kN
greater than the pile with a cap of s = 4D. The results
above clearly show the influence of the cap on lateral
resistance of the pile. Moreover, the length of the cap
also affects the lateral resistance.

Figure 3 (b) shows the response of piles with length
L = 10 m. The trend in the response is similar to that
of the shorter pile in Figure 3 (a). At 0.025 m displacement
of the pile head, the resistances are 500 kN, 1150 kN,
1410 kN, and 1610 kN for pile without a cap, pile with
a cap of s = 3D, s = 4D, and s = 5D, respectively. These
values are greater than that of piles with a length of 7
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(a) Short pile length L=7 m

m. The long single pile without a cap has approximately
18% greater resistance than the shorter pile.

Figure 4 (a) shows the load-deflection response of a
short pile with diameter of D = 0.5 m. Comparing this
with Figure 3 (a), the difference is the diameter of pile.
The resistances at 0.025 m of pile head displacement are
160 kN, 342 kN, 460 kN, and 548 kN for the pile without
a cap, and the pile with a cap of s = 3D, s = 4D, and
s = 5D, respectively.

Based on the difference in pile diameter, the resistance
of piles with D = 1 m is about 2.5-3.2 times greater than
in piles with a diameter of D = 0.5 m. The difference
is due to the diameters and the length of the cap. In
general, the small diameter piles have lower capacity than
the large diameter piles, and the piles without a cap have
a lower capacity than the piles with a cap.

The direct contribution of a pile cap can be attributed

2500
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(b) Long pile length L=10 m

Fig. 3. Load versus deflection of single pile with diameter 1.0 m
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Fig. 4. Load versus deflection of single pile with diameter 0.5 m
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to several components: the passive resistance in front of
cap face, the side and base friction resistance. For the
passive resistance, it is proportional to the area in front
of the cap, which is influenced by the diameter of the
pile, while variation in cap length should not affect the
passive resistance. The frictional resistance would be
proportional to the contact area on the side and base of
the cap, and the area is a function of cap length. By
comparing the resistance in free head and fixed head piles
of various cap lengths, the other indirect contribution to
lateral resistance of pile caps can be identified. After
isolating the contribution of passive resistance and friction
resistance, the longer cap shows higher resistance. The
indirect contribution to the resistance comes from the
overhanging portion of the cap in front of pile, which
affects the confining pressure of the soil. As the pile is
displaced laterally due to loading, the cap tends to rotate
(clockwise per load direction in Figure 2). As a result,
the vertical stress in the soil in front of the pile and
underneath the cap would also increase. The increase in
the confining stress in the front of pile provides higher

resistance to the lead pile.

4. Laterally Loaded Pile Group

The finite element model for the 1x3 pile group is as

shown in Figure 1. In this analysis, the pile diameter was

Applied load r ~ ~ ~ I 1.0m

Tl | Tiom
H

sTs
i

S

Fig. 5. Cross section pile group
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1.0 m, the spacing was three times the diameter (s = 3D)
and pile length was 7.0 m. The load was also applied
on the same location as in the single pile. The schematic
cross section for the pile group is shown in Figure 5.

The load-deflection response curves of the single pile
with cap and from piles in groups are shown in Figure
6. The highest applied loads were 1280 kN and 2190 kN
for the single pile and pile group, respectively. The
applied load for the pile group was about 1.7 times higher
than that of the single pile. The deflection curves shown
here correspond to 25%, 50%, 75%, and 100% of the total
applied load. It shows that the location of rotation points
for the piles in the group are slightly higher than that
for the single pile. This indicates a slight difference in
the soil pressure distribution in front of the single pile
and pile group. Within the group, the rotation points for
trailing, middle, and leading piles are at the same elevation
as expected in pile groups connected with a rigid cap.
It was observed that the shapes of the deflection curves
follow the shape for the conventional definition of a short
pile. Also, the results also show that above the rotation
point the soil stress in front of the piles is in compression,
and below the rotation point the highest compression
stress is behind the pile.

Figure 7 shows the p-y curves at depths of z = 0.43
m, z= 129 m and z = 2.15 m below the base of the
cap, respectively. This depth of the observation points was
related to the element thickness of the finite element mesh.
In the figure, the soil resistance represents the value of
soil pressure multiplied by the diameter of the pile per
unit length of pile.

In Figure 7 (a), the leading pile shows the highest
resistance, and the trailing and middle piles have almost
the same resistance. Later in the analysis the result will
suggest that the resistance of middle pile should be greater
than the trailing pile. The figure shows that up to a
deflection of about 0.005 m, the p-y response is linear
and the soil resistance is about the same for all piles.

The peak resistance of the single pile is 340 kN/m at
a deflection of 0.012 m and decreases with further de-
flection. The resistance of each pile in the group continues

to increase with deflection. Comparing the response
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behavior of the leading pile and the fixed head single pile,
the single pile has reached its ultimate resistance while
the leading pile is still gaining soil resistance with in-
creasing deflection. This indicates that for the single pile,
the soil in front of the pile has reached its ultimate lateral
bearing capacity. While in the case of the leading pile,
the soil has reached its lateral bearing capacity at a greater
deflection. In addition, the curve of the leading pile
follows closer to the general shear failure response. The
response of middle and trailing pile are similar, but both
do not show an ultimate value.

At a greater depth of z = 1.29 m in Figure 7 (b), the
p-y response shows a general trend similar to those at
z = 0.43 m, except that the single pile resistance does
not have a discrete peak value. The linear portion of the
curves is greater compared to the response at z = 0.43
m, and the soil resistance at z = 1.29 m is also greater
than that at z = 043 m. The figure shows a soil resistance
of 450 kN/m for the single pile, 710 kN/m for the leading
pile, 340 kN/m for the middle pile, and 350 kN/m for
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the trailing pile. Figure 7 (¢) shows the p-y response at
z = 2.15 m. It shows that the soil resistance at a deeper
location is greater than that of the shallower depth. How-
ever, the overall trend of the responses is similar to those
1.29 m.

The p-multiplier is defined as the ratio of the soil

of z =

resistance of a pile in group to the soil resistance of the
single pile. The analysis below shows the p-multiplier of
a pile for the three different depths. In general, the
p-multiplier varies with depth; therefore, the p-multiplier
obtained for each pile represents an averaged value from
the three different depths. Table 3 shows the summary of
p-multipliers for different depths. The averaged p-multipliers
are 1.59, 0.75, and 0.77 for leading, middle, and trailing

Table 3. p-multipliers for short pile

Depth (z) [m] | Trailing pile Middie pile Leading pile
0.43 0.74 0.72 1.6
1.29 0.78 0.75 1.58
2.15 0.79 0.78 1.59

Average 0.77 0.75 1.59




pile respectively in comparison with the soil resistance
of the single pile with a cap.

The analysis shows that the p-multiplier for the leading
pile is greater than that found in literature, which is
normally taken to be 1.0. The p-multiplier would have
been greater if the resistance of the free head pile had
been used. Another contributions to the higher resistance
for the leading pile is due to the presence of the cap.
As discussed previously in the case of single piles, the
cap contributes to the lateral resistant not only due to the
passive and the friction resistant of the cap, but also due
to the increase of the vertical stress in soil below the
overhanging portion of the cap.

The lateral soil pressure distribution for the piles under
load is shown in Figure 8. It shows that at a depth of
7 = 4 m, the lateral soil pressures of the leading pile and
single pile are the same. Above this point the soil pressure
for the leading pile is higher than that for the single pile.
Below z = 4 m, the soil pressure for the single pile is
higher than that for the leading pile.

Examining the response of the leading pile and single
pile in Figure 8, the location of maximum soil pressure
for the leading pile is at approximately 2.5 m from the
ground surface, while for the single pile is at approxi-
mately 4 m. Since there is only soil in the front of the
piles, the shift in the location of the maximum soil
pressure should be caused by the factor other than the
pile itself. The difterence in conditions between these two

piles may be attributed to the length of the cap overhang.
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The overhang in the single pile is 4 m, and in the case
of the leading pile is only 1 m. As described earlier, the
front end of the cap exerts vertical pressure to the soil
as it tends to rotate under load, and the region covered
by this pressure is much smaller in front of the leading
pile than the single pile. However, for the same lateral
displacement, the short overhanging cap in pile group
would undergo a greater rotation than the longer over-
hanging cap in the single pile. As a result, the confining
pressure directly below the overhanging area of a pile
group would increase higher than that of the area in front
of the single pile. Moreover, since the contact area
(overhanging cap area) in the front of the pile group is
smaller than the area in the single pile, the distribution
of the stress from a larger area would extend deeper,
resulting in the higher lateral stress response for the single
pile.

The lateral resistance of a pile in a group was also
analyzed with consideration of lateral soil pressure exerted
on both sides of the pile. Figure 9 shows the top view
of lateral soil pressure distribution on the side of each
pile. In this figure, the soil pressure is acting on a
transversal vertical plane, which passes through the center
of each pile, and these planes are perpendicular to the
direction of the loading. Figure 9 (a) shows the distribution
of the lateral soil pressure along the level of z = 0.49
m from a point next to the pile to a distance of about
4 m from the pile. It shows that at this depth and for
the applied load, the soil pressures adjacent to the trailing,
the middle, and the single pile are in the tension region
(in ABAQUS, a positive sign). In contrast, the soil
pressure adjacent to the leading pile is in the compression
region. The figure clearly shows the shadow effect on the
lateral stress in soil around the piles. Considering the
stress level, the lateral stress for the leading pile initially
increases then decreases, for an increasing distance from
the pile. The highest lateral stress of 90 kKN/m’ occurs
at a point of about 2.3 m away from the center of the
pile.

Beyond this distance, the lateral stress starts to decrease
with increasing distance away from pile. For the middle

pile, except at the point adjacent to the pile, the middle
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pile shows a similar response to the leading pile with
lower stress level. The trailing pile shows a greater tension
zone but the stress gradually changes to compression as
the distance from the pile increases. The stress along the
single pile is similar to that of the trailing pile. The
horizontal stress of all piles appears to converge to a
common value at a distance about 3.0 m from the pile
indicating the zone of stress influence.

Figure 9 (b) shows the lateral soil pressures along the
level of z = 1.29 m. At this level, the trailing pile still
shows a tension zone adjacent to the pile. Also at this
level, the soil pressures adjacent to the middle and leading
pile are in the compression region. In contrast, the soil
pressures at greater depth z = 2.15 m as shown in Figure
9 (c) for all piles are in the compression region except
for the trailing pile. The maximum lateral stresses at z
=129 m and z = 2.15 m are located at about 1.0 m
from the center of the pile, which is closer than in z =
0.43 m. The lateral stress starts to converge at a distance
of 2.8 m, which is closer than at z = 0.43 m. At depth
z = 2.15 m, the response of the leading pile shows slight
increase in the maximum soil pressure.

An influence of higher stress in leading pile can be
analyzed as follows; considering the gV, term in the
conventional bearing capacity formula, this term represents
the contribution for the surcharge, where ¢ and N, are
the overburden and the bearing capacity factors, respec-
tively. Applying the same principle to the lateral capacity
of the pile, the stresses on both sides of the leading pile

can be treated as the additional lateral surcharge contri-
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buting to its lateral capacity. With the increase of the
lateral stress on both sides of the pile, the pile capacity
would also increase. It is also believed to be the reason
for obtaining a p-multiplier greater than 1.0 for the leading
pile.

5. Conclusions

The capacity of the single pile with a cap can be
significantly greater than that of the free head single pile.
The increase of the capacity due to the cap is not only
from the passive resistance and the skin resistance of the
cap, but also from the vertical confinement provided by
the cap. The cap contributes to an increase of vertical
stress in the front of the pile, which in turn increases the
resistance of the soil due to the increase in the confining
stress.

The p-multiplier for the leading pile in a group is found
to be greater than 1.0. In the pile group, the distribution
of the resistance among the piles is not uniform. The
leading pile has the highest soil resistance, while the
middle and trailing piles have lower soil resistances. The

shadow effect benefits the leading pile.
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