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Horizontal bearing performance of large-diameter prestressed reinforced
concrete pipe pile group

XIE Hong-li, ZHOU-Zhi-jun, REN Yu-bo, TIAN Ye-qing,
(School of Highway College, Chang’an University, Shaanxi, Xi’an 710061)

FAN Jing-can

Abstract: This paper presents the findings on the horizontal bearing performance of prestressed reinforced concrete (PRC) pipe pile
group. Using field horizontal static load tests, we conducted an analysis and comparison of the horizontal bearing capacity among
single piles, single pile caps, and double pile caps, while also investigating the influence of pile caps on the horizontal bearing
capacity of the pipe piles. We used the ABAQUS software to compare and analyze the effects of pile group with different pile cap
thicknesses, numbers of piles, and pile spacings. The findings show that the horizontal critical load of a double pile cap is twice that
of a single pile cap, while the horizontal ultimate load of a double pile cap is 3.095 times that of a single pile cap. An increase in cap
thickness increases the bending moment at the pile top. Conversely, there is a slight decrease in the horizontal bearing capacity of the pile
group. As the number of piles increases, the mutual influence between adjacent piles decreases, leading to an enhancement in the overall
bearing capacity of the pile group. The horizontal bearing capacity of pile groups augments with greater pile spacing. The findings
provide a theoretical foundation and serve as a reference for the application of PRC pipe piles in highway bridge engineering.
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1 Introduction

Pile foundations, known for their high bearing
capacity and wide applicability, are widely utilized in
civil engineering, with a utilization rate exceeding
90%!(1-2l, Prestressed reinforced concrete pipe piles
(PRC pipe piles) have seen rapid development
domestically and internationally, thanks to their high
single-pile bearing capacity, short construction period,
high automation, good quality, quick forming and
curing, and cost-effectiveness®4. They have been
extensively utilized in supporting deep foundation
pits71 and become a vital pile foundation type in
geotechnical engineering, especially in foundation
engineering 812, In traditional pile foundation designs,
only the vertical load-bearing capabilities are taken
into account. Conversely, in new types of structures
like long-span and underwater bridges, pile foundations
frequently need to accommodate significant horizontal
forces, including wind and seismic loads!*®l. Thus, the
performance of pile foundations under horizontal loads
has become a pivotal aspect of structural design['4-15],

Research into the stress-strain mechanisms and
deformation behaviors of pile foundations under
horizontal loads has consistently been a challenging
and popular topic in academic research [16-11. In prior
research, the calculation of the horizontal load
capacity of pile groups is merely a basic summation of
the horizontal load capacity of individual piles,
neglecting the interactions among pile groups(?°-21, the
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lateral resistance provided by large-scale pile caps,
and the enhancement of pile group horizontal load
capacity, thereby underestimating their ability to with-
stand horizontal loads and leading to inefficiencies?>23l,
Currently, the principal methods utilized to investigate
the horizontal bearing characteristics of pile groups
include the pile group efficiency approach, the elastic
theory method, the foundation reaction technique, the
p-y (pile side soil resistance - horizontal displacement
of pile body) curve method, numerical simulations,
and static load tests?*?7], Numerous engineering
practices have demonstrated that horizontal static load
tests are the most reliable method for studying the
horizontal bearing characteristics of piles?2?, In studies
examining the horizontal bearing capacity of piles, the
significance of pile caps is frequently neglected. Both
traditional theoretical analysis methods and field static
load testing approaches exhibit numerous shortcomingst?.,
Ding and Wangf!l demonstrated that traditional
theoretical analysis methods struggled to account for
the contribution of the cap to the horizontal bearing
capacity of a single pile, leading to substantial errors
in the analysis results. Field static load testing
demands considerable time and funding, and there is
limited existing data on joint testing of pile caps and
piles. It is recommended to conduct research and
analysis using finite element analysist®. Bail*
analyzed the impact of the size and burial depth of the
pile cap on the horizontal bearing capacity of piles
using ABAQUS. However, additional analysis and
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engineering verification are required to investigate the
effect of pile caps on the horizontal bearing capacity
of single piles under various soil conditions.

In the past, numerical analyses, and theoretical
research had been conducted on the horizontal bearing
capacity of PHC (prestressed high-strength concrete)
pipe pilest+33. However, relatively little research has
been conducted on the horizontal bearing capacity and
group effect of PRC pipe piles. Additionally, there is
limited research on how pile caps affect the horizontal
bearing capacity of pipe pilest®¢-4%1, The pile cap effect
in PRC pile foundations is influenced by various
factors. Consequently, the quantitative analysis of the

pile cap effect in pile group performance is insufficient.

Currently, the majority of research on pile cap effects
in pile groups concentrates on individual pile behavior
or simplified pile group layouts. Neglecting the
synergistic interaction between pile caps and adjacent
piles in heterogeneous soil conditions[*:-44, Therefore,
studying the effect of grouped piles under horizontal
loads on PRC pipe piles and the influence of pile caps
on the horizontal bearing capacity of pile foundations
has become an urgent issue that needs to be addressed
in the engineering field. This paper combines field
experiments and numerical simulations to investigate
the horizontal ultimate bearing capacity and turning
moment variations of both single and grouped piles of
large-diameter PRC pipe piles, aiming to address the
deficiency in research on the horizontal bearing
characteristics of such piles.

This paper is based on the field test conducted on
Huangxing Village Bridge, located on the Fuzhou-
Meizhou Expressway in Zhouzhi County, Xi‘an City.
By conducting horizontal static load tests, we compared
and analyzed the horizontal load-displacement curves
of single piles and single pile caps, those of single pile
caps and double pile caps, as well as the displacement
time logarithmic curve. The objective was to determine
the influence of the cap on the horizontal bearing
capacity of pipe piles. We used finite element software
to analyze the pile group effect of PRC pipe pile
foundations considering different cap thicknesses,
numbers of piles, and pile spacings. We compared the
standard recommendation method with the finite element
calculation method for the comprehensive coefficient
of group pile effect, thereby providing a theoretical
basis for the application design and construction
process of PRC pipe piles in bridge engineering.

2 On site testing

2.1 Project overview

The test site is situated at Huangxing Village
Bridge on the Fuzhou-Meizhou Expressway in
Zhouzhi County, Xi'an City, neighboring County Road
X312. The test construction platform is configured in a
rectangular shape, measuring 30 m>30 m. In the

experiment, seven piles are constructed using C80
concrete, each having an outer diameter of 0.8 m and
an inner diameter of 0.54 m. The total lengths of test
piles S1-S4 are 40 m, whereas those of S5-S7 are 33 m.
Single pile horizontal static load tests are conducted
on test piles S1-S5. To assess the influence of pile caps
on the horizontal bearing performance of both single
and double piles, a horizontal static load test with a
single pile cap is conducted on test pile S5. Similarly,
a test with a double pile cap is conducted on test piles
S6 and S7. The experiment employs a high cap
foundation, where the bottom of the cap is level with
the ground. The dimensions of the single pile cap are
1.8 mx1.8 mx1.8 m, whereas those of the double pile
cap are 1.8 m>4.6 mxL1.8 m, featuring a pile spacing of
2.8 m. The paper primarily focuses on test piles S2, S3,
and S5-S7, with the pile layout illustrated in Fig. 1.
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Fig.1 Pile position layout

Based on field drilling sampling and indoor
geotechnical tests, the geological structure and soil
layer details of the pipe pile test area are presented in
Table 1. The soil layer in the experimental area
primarily consists of silty clay having low natural
moisture content. In the experimental area, at a depth
of 32.4-33.9 m, there exists a round gravel layer,
which offers good drainage and enhances the seismic
and liquefaction resistance of the pile foundation. PRC
pipe piles demonstrate good adaptability in soft soil
areas, possessing better bending and shear resistance
when compared to cast-in-situ piles of the same
cross-section. They meet the unique demands of pile
foundations in such areas. In sandy areas, PRC pipe
piles exhibit high bearing capacity and deformation
resistance. Additionally, PRC pipe piles offer robust
support in gravel layers with complex geological
conditions. Their construction process is relatively
simple, thereby minimizing the impact of construction
on the surrounding environment. In summary, PRC
pipe piles demonstrate excellent adaptability and
significant advantages under various geological
conditions. However, in practical applications,
emphasis should be placed on construction standards,
geological exploration, monitoring, and testing to
guarantee construction quality and engineering safety.
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Table 1 Physical parameters of on site soil layers

Soil layer h/m (kg - m9) E. .z /MPa ¢ /kPa o1 () qu /kPa fa0 /kPa
Silty clay 50 1506 7.26 15.624 26.96 50 140
Silty clay 11.0 2089 414 18.538 27.30 55 180
Silty clay 16.4 1871 10.96 21.217 26.99 50 140
Round gravel 15 2651 35.18 — 39.56 110 380
Silty clay 11.1 1833 17.59 25.742 30.73 50 140

Note: h = depth; p =density; Es 1.2 = compression modulus; ¢ = cohesion; ¢

fa0 = characteristic value of foundation bearing capacity.

2.2 Experimental plan

A horizontal static load test is conducted on PRC
pipe piles using a QF200-20 hydraulic jack (with a
measuring range of 200 kN to 2 000 kN) to apply
horizontal force to single piles, single pile caps, and
double pile caps. To ensure the horizontal load applied
by the jacks aligns with the pile body's axis, a
spherical hinge is installed at the interface between the
jacks and the piles (as shown in Fig. 2). The
experiment employs a slow loading method for
automatic loading, with a maximum load capacity of
600 kN for single piles and single pile caps. The initial
load is 120 kN, with subsequent levels loaded with
60 KN each. For the double pile cap, the maximum
load capacity is 1 900 kN, with an initial stage load of
200 kN and incremental loads of 100 kN.

(c) Double pile cap

Fig. 2 Horizontal static load test

= internal friction angle; qix = standard value of lateral friction resistance;

As per the current national standard, Technical
code for building pile foundations %], the equation for
calculating the characteristic value of the horizontal
bearing capacity of pipe piles is as follows:

3

R —075%Ely D)
VX

Where R, is the characteristic value of the

horizontal bearing capacity of a single pile; « is the
horizontal deformation coefficient of the pile; El is the
bending stiffness of the pile body; x,, is the allowable
horizontal displacement at the top of the pile; v, is the
horizontal displacement coefficient of the pile top.
Ry =17,Rie (2
Where R, is the characteristic value of the
horizontal bearing capacity of the pile group; 7, is
the comprehensive coefficient of pile group effect.
Based on Egs. (1) and (2), when the pile top
experiences a horizontal displacement of 10 mm, the
characteristic horizontal bearing capacity of a single
pile is 160.38 kN, while for a group of piles, it is
372.43 kN. The maximum loading capacity for this
experiment is calculated at 3-4 times the allowable
bearing capacity.

3 Analysis of horizontal static load test

3.1 Horizontal bearing capacity of a single pile
3.1.1 Load bearing performance analysis

The horizontal critical load of a pile is the
horizontal load at which the concrete in the tensile
zone cracks and ceases to function effectively under
gradually increasing horizontal thrust. The horizontal
ultimate load is the maximum load a pile can
withstand when subjected to horizontal forces. As per
the current national standard, Technical specification
for piles testing of highway engineering!®! the horizontal
critical load can be determined based on the horizontal
load value of the previous level before the inflection
point on the H, —Y, (horizontal load- displacement)
curve, and the horizontal load value corresponding to
the first inflection point on the H,—AY,/AH,
(horizontal load-displacement gradient) curve and
lgH, —1gY, (logarithmic of horizontal load vs.
displacement) curve. The horizontal ultimate load can
be comprehensively determined by considering the
horizontal load value corresponding to the starting
point of the H,-Y, curve with a significant steep
drop, the horizontal load value of the previous level
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with a significant bend at the tail of the Y, -Igt
(logarithmic of displacement vs. time) curve, and the
horizontal load value corresponding to the second
inflection point on the H,—-AY,/AH, curve and
IgH, —1gY, curve.

The H,-Y,, lgH,-1gY,, Y,—-lgt and H -
AY,/AH, curves of test piles S2 and S3 are shown in
Fig. 3-6. It can be seen that the H,-Y, curves of
test piles S2 and S3 both exhibit gradual deformation.
The rebound rate for test pile S2 is 80.92%, with a
maximum displacement of 32.18 mm. The rebound
rate for test pile S3 is slightly lower, at 75.1%, and its
maximum displacement represents 95.72% of that of
test pile S2. At a horizontal load of 600 kN, the
Y, —lgt curves of test piles S2 and S3 exhibit
significant downward bending at the tail. The ultimate
horizontal load for both S2 and S3 is 540 kN. Since
the allowable value of a single pile's horizontal
bearing capacity is only half of its ultimate horizontal
bearing capacity, the allowable values for test piles S2
and S3 are both 270 kN, with corresponding
displacements of 9.37 mm for S2 and 7.6 mm for S3.
When the horizontal load reaches 420 kN, the
H, —AY,/AH, and IgH, —IgY, curves of test piles
S2 and S3 exhibit the first inflection point. The critical
horizontal load (H,) for S2 and S3 is 420 kN, with
corresponding horizontal displacements of 17.28 mm
for S2 and 14.98 mm for S3. Large- diameter PRC
pipe piles are known for their strong bearing capacity
and ability to withstand significant horizontal loads.
Additionally, under the same horizontal load, test pile
S2's pile top displacement will be larger.

H, /kN
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Rebound rate: 80.92%

Yo /mm
=
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Fig.3 Hg-Y, curves of piles S2 and S3
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Fig.4 IgHy-lgY, curves of piles S2 and S3
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Fig.6 Hy-AYy/AH, curves of piles S2 and S3

Comparing the horizontal bearing capacities of
single piles S2 and S3 across various allowable
displacements, significant discrepancies emerge
between field-measured values and theoretical calculations
based on Egs. (1) and (2). The ratio of measured to
theoretical values falls between 1.78 and 2.21,
suggesting that theoretical predictions generally
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underestimate the actual values. This underestimation
is likely due to the complexity of actual soil behavior,
which surpasses model assumptions, with features like
plastic deformation and anisotropy not adequately
represented in the model. Furthermore, the theoretical
model may have oversimplified the distribution of
friction or cohesion between the pile and soil,
neglecting the irregularities of the actual contact
surface. Notably, the ratio for pile S3 is significantly
higher than that for S2, as shown in Table 2, indicating
a greater deviation of S3's conditions or parameters
from the theoretical model's assumptions. To reduce
errors, it is recommended to employ more complex
constitutive models to accurately capture the nonlinear
behavior of soil and improve the pile-soil contact
assumptions.

Table 2 Comparison between theoretical and measured
values of bearing capacity under different allowable
displacements

. Theoretical ~ Actual measured
. Displacement . .
Pile number mm calculation value value Comparison
/kN /kN

6 96.23 188.42 1.96

S2 8 128.30 242.04 1.89

10 160.38 285.27 1.78

6 96.23 212.31 221

S3 8 128.30 258.82 2.02

10 160.38 300.78 1.88

3.1.2 Internal force analysis

Field testing cannot directly determine the bending
moment of the pile body. Instead, the distribution of
bending moments along the pile body under different
load levels must be inferred through strain
measurements. Based on beam bending deformation
theory and stress analysis, the bending moment at any
point on the pile body under horizontal loads can be
derived using the equation below:

_ElAs
bO

M (3

Where M is the bending moment at any point on
the pile body; E_ is the elastic modulus of the pile
body; 1, is the moment of inertia; Ae is the strain
difference between two measuring points on the pile
section; b, is the spacing between tension and
compression strain measuring points.

Using Eqg. (3), we can calculate the bending
moments and maximum bending moments for test
piles S2 and S3 at various load levels, as illustrated in
Fig. 7. The figure shows that, under the same
horizontal load, the bending moment of test pile S2
initially increases to a maximum, then gradually
decreases and approaches zero. However, an issue
with the steel bar gauge caused the bending moment
of test pile S3 to slightly decrease at a depth of 3.6 m,

resulting in significant data errors. By analyzing the
variation of the bending moment in the test pile, we
can observe that the horizontal load at the pile top is
primarily supported by the upper pile-soil interface.
The soil above the pile plays a crucial role in the
horizontal bearing capacity of the pile, whereas the
lower section of the pile carries less load. Therefore,
in structural design, reinforcing the upper section of
the pile can be considered to improve the bending
resistance of the pile foundation. The maximum
bending moment occurs 5.6 m below the pile top for
both test piles, S2 and S3. It indicates that the location
of the maximum bending moment remains stable and
isn't affected by changes in horizontal load. When the
horizontal thrust reaches the ultimate bearing capacity,
the maximum bending moment of test pile S2 is
757.14 KN, which represents 92.13% of the
maximum bending moment of test pile S3, demonstrating
that large-diameter PRC pipe piles exhibit excellent
bending resistance.
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Fig.7 Bending moment distribution along the pile shaft
of asingle pile

3.2 Horizontal bearing capacity of a pile cap
3.2.1 Load bearing performance analysis

The H,-Y,, lgH,-1lgY,, Y,—Igt and H, -
AY,/AH, curves for both the single pile cap and
double pile cap are shown in Fig. 8-11. According to
Fig. 8, the maximum displacement of a single pile cap
is much greater than that of a double pile cap, with a
1.06 times greater maximum displacement. However,
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the rebound rate of the single pile cap is slightly lower
than for the double pile cap, differing by only 1.56%.
When the horizontal load reaches 480 kN, the
H,-Y, curve of the single pile cap exhibits a
significant steep drop, while the IgH,—IgY, curve
bends downward notably. The horizontal ultimate load
for the single pile cap is 420 kN, which corresponds to
a horizontal displacement of 24.65 mm. When the
horizontal load reaches 1 400 kN, the H,-Y, curve
of the double pile cap exhibits a significant steep drop,
whereas the tail of the IgH,—IgY, curve bends
downward notably. The horizontal ultimate load for
the double pile cap is 1300 kN, which corresponds to
a horizontal displacement of 15.02 mm.

The H,-AY,/AH, and IgH, —IgY, curves for
both the single pile cap and double pile cap exhibit
their initial inflection points at horizontal loads of
300 kN and 600 kN, respectively. This implies that the
horizontal critical load for the double pile cap is
double that of the single pile cap. Because the single
pile cap S5 is close to the double pile cap S6-S7, it
could impact the test results of the double pile cap,
potentially changing their displacement and deforma-
tion. Based on the experimental data, the ultimate load
difference is 230 kN, while the displacement
difference is 9.63 mm. Due to the lateral shielding
effect of surrounding piles, the ultimate load capacity
of the double pile cap increased by 54.76%, whereas
the displacement decreased by 39.07%.
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10 4 . H0=1400kN
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> 40
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Fig.8 Horizontal load-displacement curves

Ig(H, /kN)
102 10° =
102 ' i '
H0= 420 kN
Y= 24.65 MM~
R 101 L
1S : =
E | Hy= 1300 kN
< ' Y,= 15.02 mm
Z0 | i
—o— Single pile cap :
01l —o— Double pile cap i

Fig.9 Double logarithmic curves of horizontal load-
displacement

lg(t /min)
100 10t 102 108
0  — s 5120 kN
10 F V‘V_V_V‘V—V-Vvvw —o— 180 kN
0000000 o
20 | 4—4—4—4.4_4_4«4« —— 300 kN
c IR —— 360 kN
£ 30 F DD =—— 420 kN
£ T 1—>— 480 kN
> 40 | Hy= 480 kN—o— 540 kN
50 | —#— 600 kN
60 M
70 -
(a) Single pile cap
lg(t /min)
100 10t 102 108
0 ] ===y —a— 200 kN
5t Sl —o— 300 kN
 — 1 400
10 F 0—0—3—0-0—5-&);&5“ —v— 500 kN
——— 000000 —0— 600 kN
£ 15 X— —+— 700 kN
g Wﬂ 800 kN
220f O el I e A ) DY
> A,_-—X-_A_Aiiggm —— 1100 kN
25 V- y-—Yog —— 1200 kN
st i
30 H0=14OOKN-u-1500kN
35 L -0-1600kN
-4-1700KkN
-v-1800kN
1900 kN

(b) Double pile cap
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3.2.2 Internal force analysis

The bending moment curves for single and double
pile caps under different loads are shown in Figs. 12
and 13. The maximum bending moment section of a
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single pile cap is located 4.4 m below the pile top.
Under horizontal load, the bending moment at the top
of a single pile cap is not zero, unlike the bending
moment distribution of a single pile body. Additionally,
the presence of the cap changes the bending moment
distribution within the pipe pile. The bending moment
in the pile body of a double pile cap is primarily
concentrated at the upper section, significantly
differing from the distribution of a single pile cap. The
maximum bending moment section of the double pile
cap is just 0.4 m below the pile top, where the front
pile S6 experiences a larger bending moment than the
rear pile S7. Both the front and rear piles exhibit
significant negative bending moments at the top, with
the front pile having a larger negative bending
moment. The turning point for the front pile's bending
moment is located roughly 1.5 m below the pile top,

X A-s
Horizontal force |

Anchor steel bars

y _Pipe pile

Cored concrete

o
Ly
g ;‘,,;Bottom sealing steel plate

(a) Layout of reinforcement gauge for bearing platform (unit: mm)

Depth /m

0 200 400 600

while the rear pile's is approximately 2 m below.

At ultimate load, the maximum bending moment
for the single pile cap is 344.47 kN « m. The maximum
bending moment of the double pile cap is negative,
and the maximum bending moment of the front pile
S6 is —621.50 kN « m. The maximum bending moment
of the rear pile S7 comprises only 62.37% of the front
pile S6's maximum, amounting to —387.64 kN - m.
The absolute value of the double pile cap's maximum
bending moment exceeds that of the single pile cap,
with a deviation of up to 44.57%. Since the front pile
S6 is closer to the jack position, it experiences force
before the rear pile S7. During loading, the front pile
and the soil around it carry a greater portion of the
load, whereas the rear pile bears less. Hence, the
bending moment of the rear pile's body is less than
that of the front pile.
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Fig.12 Bending moment distribution along the pile shaft of a single pile cap
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Fig. 13 Bending moment distribution along the pile body of a double pile cap
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3.3 Comparative analysis of a single pile versus a
pile cap

When comparing the horizontal load-displacement
curves of a single pile to those of a single pile with a
cap (as shown in Figs. 3 and 8), it is evident that the
ultimate horizontal bearing capacity of the pile
without a cap is 540 kN. The introduction of a high
cap results in a decrease in the horizontal ultimate
bearing capacity to 420 kN, representing a 22.22%
reduction when compared to the pile without a cap.
The horizontal load at the pile top generates a bending
moment that leads to a decrease in the pile's horizontal
ultimate bearing capacity when a high cap is
introduced.

By comparing and analyzing the horizontal
load-displacement curves of the single pile cap versus
the double pile cap (as shown in Fig. 8), we conclude
that as the horizontal load increases, so does the
horizontal displacement. Under the same horizontal
load, the double pile cap exhibits a smaller horizontal
displacement than the single pile cap, with a
maximum displacement that is only 48.66% of the
single pile cap. Embedding the pile head in the pile
cap not only enhances the bending stiffness but also
significantly improves the pile foundation's resistance
to lateral bending deformation.

From the logarithmic displacement-time curves for
single piles and double pile caps (as shown in Fig. 10),
we can conclude that the horizontal critical load of the
double pile cap is double that of the single pile cap,
and the horizontal ultimate load of the double pile cap
is 3.095 times greater than that of the single pile cap.
Based on the bending moment distribution diagrams
for both single and double pile caps (as shown in Figs.
12 and 13), it is evident that the maximum bending
moment of the double pile cap is higher than that of
the single pile cap, with a deviation ranging from
11.14% to 44.57%.

4 Research on group pile effect

Wu et al. 71 analyzed the impact of pile spacing
on the horizontal bearing capacity of pile groups
utilizing finite element software and discovered that,
when the pile spacing reached 8 D (where D
represents the pile diameter), the influence of the pile
group effect on the horizontal bearing capacity of the
pile groups could be disregarded. In comparison to a
single pile, a group pile exhibits substantially distinct
stress and deformation characteristics under horizontal
loading. Factors such as pile length, spacing between
piles, number of piles, pile diameter, arrangement of
piles, and the connection between pile top and cap all
contribute to the horizontal bearing performance of
pile groups. Utilizing ABAQUS, we conduct a

comparative analysis of the pile group effects
associated with varying thicknesses of pile caps,
numbers of piles, and pile spacings, and further
investigate the impact on the horizontal bearing
capacity of pile groups.

4.1 Model validation

Utilizing ABAQUS, separate finite element
back-analyses are conducted for the field test pile S2,
a single pile cap, and a double pile cap. A comparative
analysis is conducted to compare the finite element
analysis results with the field-measured results
obtained under horizontal loading conditions. The
model's reliability in calculating the horizontal bearing
capacity of piles has been verified.

In the finite element model, the foundation soil is
modeled using the Mohr-Coulomb elastoplastic
constitutive model. Each soil layer is assumed to be an
ideal elastoplastic material possessing homogeneous,
continuous, and isotropic properties. The soil layer
division aligns with the field test results, and the
relevant parameter values are presented in Table 1.
The pile body's concrete employs a constitutive model
based on damage plasticity, matching the C80 concrete
used in the field. Table 3 lists the parameters. To
minimize boundary effects and adhere to the
semi-infinite space assumption of the model, the soil
cross-section dimensions (length and width) are set to
20 times the pile diameter, while the soil depth is set to
2 times the pile length. The pile-soil contact adopts the
discretization method of Surface-to-Surface in the
analysis step of contact. The contact analysis employs
the small slip mode, with the normal and tangential
behaviors being set for the interfaces between: the
bottom surface of the pile cap and the soil interface,
the side surface of the pile cap and the pile body
interface, and the pile body and soil interface. In the
tangential behaviors, the "penalty" friction formula is
applied, with a friction coefficient of 0.3.

Table 3 Physical parameters of pile model

Density Elastic Poisson's  Expansion
/(kg - m) modulus /MPa__ratio angle/(° )
2500 38 000 0.2 30 0.1 1.16
Note: Fpo=concrete biaxial compressive strength; Feo =uniaxial compressive

strength of concrete.

Eccentricity Fpo/Feo

Based on the properties of the pile-soil system, the
pile body and soil are modeled as three-dimensional
reduced integration elements (C3D8R), while the
prestressed steel bars are modeled as three-
dimensional truss elements (T3D2). When dividing the
grid, the soil grid in the horizontal direction near the
pile position is densified, radiating outwards, and
vertically refined from 1 m to 5 m downwards.
Additionally, the grid for the pile body and steel bars
is arranged symmetrically as a whole. The lateral and
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bottom boundaries of the soil are constrained by
normal displacement that is perpendicular to the plane.
Only when the earth stress is balanced, the pile-soil
surface is constrained horizontally. Once equilibrium
is achieved, this constraint becomes ineffective.

Fig. 14 demonstrates that the simulation results of
field tests conducted using ABAQUS exhibit a high
degree of consistency with the measured data, thereby
confirming the reliability of ABAQUS in simulating
the horizontal bearing capacity of piles.

H, /kN
0 100 200 300 400 500 600
0 T T T T T 1
5 -
10 1
Eiwsr H, = 600 kN
=20t Y, =33.73mm
Single pile S2
aBr Finite element analysis
30 Ho =600 kN B
35 L YO =32.18 mm ~o
(a) Single pile
H, /kN

0 100 200 300 400 500 600

0 T T T T 1
10
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g 30 F —o—Single pile cap Yo =62.09 mm
o0 b Finite element analysis
0 H, = 600 kN
60 Y, =64.58 mm
70 -
(b) Single pile cap
H, /kN
0 500 1000 1500 2000
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10
E st Ho = 1900 kN
20t _ Yo =30.21 mm
—o— Double pile cap
25 I —o—Finite element analysis
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35 L Yy =3298mm ~_

(c) Double pile cap

Fig.14 Comparison of Hy-Y, curves between field
experiments and finite element simulations

4.2 Working condition settings
In the following operating conditions, the maximum
displacement for loading is 30 mm.

(1) Based on the field test of the double pile cap,
all other parameters remain unchanged, with the cap
size maintained at 1.8 m>4.6 m. Using the double pile
cap model, the pile spacing is set at 3.5 D, and the cap
thicknesses used for calculations are 0.8 m, 1.2 m,

1.5m, 1.8 m,and 2.0 m.

(2) Based on the field test of the double pile cap,
pile length, diameter, spacing, and soil parameters
remain unchanged. Models with two, four, six, and
nine piles are created for calculation. To ensure even
load distribution among pile groups and enhance the
foundation's stability and bearing capacity, the pile
groups are arranged as follows: two piles in a single
row; four, six, and nine piles are arranged in both
horizontal and vertical directions, forming symmetrical
and balanced pile groups of 2>2, 3>2, and 33,
respectively.

(3) Based on the field test of the double pile cap,
pile length, diameter, and soil parameters remain
constant. Utilizing the double pile cap model, models
featuring pile spacings of 2.5D, 3.5D, 4.5D, 5D, and
6D are established for calculation. The setting of pile
spacing is determined based on the spacing of 3.5D for
the double-pile cap on site as the benchmark.

4.3 Result analysis

LUet al. (48 studied the horizontal bearing capacity
of both single and grouped pipe piles, using 75% of
the capacity at a 6 mm horizontal displacement as the
characteristic value for the basic horizontal bearing
capacity. This paper defines the horizontal bearing
capacity of the pile group as the load at which the pile
top experiences a 10 mm horizontal displacement, and
uses this to calculate the comprehensive coefficient of
the pile group effect. The pile group effect, resulting
from the interaction between the cap, pile group, and
soil, is calculated using Eq. (2).

In finite element analysis, the calculation method
for the comprehensive coefficient of the pile group
effect employs the following equation:
n= Hq 4

mnH,

Where Hg and Ho respectively represent the
horizontal bearing capacities of the group pile and the
single pile cap at a 10 mm horizontal displacement. m
and n denote the number of longitudinal and
transverse piles within the pile group, respectively.
4.3.1 Influence of cap thickness on pile group effect

Using two piles with a fixed spacing of 3.5D, the
cap thicknesses is calculated as 0.8 m, 1.2 m, 1.5 m,
1.8 m, and 2.0 m. Table 4 displays the comprehensive
coefficient of pile group effect calculated using Eq. (4)
for various pile cap thicknesses. The table indicates
that all comprehensive coefficients of pile group
effects exceed 1, yet the impact of varying cap
thicknesses on these coefficients is negligible.

Table 4 Comprehensive coefficient of pile group effect
under different cap thicknesses

Thicknessofcap 0.8 m 1.2m 15m 1.8m 2.0m
n 2.02 1.97 1.92 1.88 1.85
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Fig. 15 depicts the horizontal load-displacement
curves for different cap thicknesses. At a 10 mm
horizontal displacement, the horizontal load for a 0.8
m cap thickness is 1 158.95 kN. Compared to the 0.8
m cap thickness, the horizontal loads for 1.2 m, 1.5 m,
1.8 m, and 2.0 m cap thicknesses decrease by 2.6%,
4.83%, 7.03%, and 8.66%, respectively (as shown in
Fig. 16). As the thickness of the pile cap increases, the
horizontal bearing capacity experiences a slight
decrease. Thicker pile caps alter the bending moment
transmission path between the pile and the cap,
enabling more effective transfer of horizontal loads to
the pile top. Consequently, the pile top bears a greater
bending moment, which in turn diminishes the pile's
horizontal bearing capacity.

H, /kN
0 500 1000 1500 2000 2500
0 T T T T 1
5 -
10
£
E 5t
o
20 Thickness of cap: 0.8
Thickness of cap: 1.2 m
25 [ —&— Thickness of cap: 1.5 m
—v— Thickness of cap: 1.8 m

30 L —o— Thickness of cap: 2.0 m

Fig. 15 Hg-Y, curves at different cap thicknesses
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Fig.16 Horizontal bearing capacity of pile group

4.3.2 Influence of pile number on pile group effect

The pile length, diameter, spacing, and cap size
remain constant. Models with two, four, six, and nine
piles are established for calculation. The comprehensive
coefficient of pile group effect for different numbers
of piles is shown in Table 5. As the number of piles
increases, the comprehensive coefficient of pile group
effect decreases gradually.

The horizontal load-displacement curve under
different numbers of piles is shown in Fig. 17. When
the horizontal load Ho =2 000 kN, the horizontal
displacement of two piles Yo = 30 mm. With four piles,
Yo decreased by 68.07% to 9.58 mm. With six piles, Yo
is 7.38 mm, a 22.96% decrease compared to the
previous condition. With nine piles, Yo = 5.17 mm,

which is a decrease of 29.95% compared to the
previous condition. As the number of piles increases,
the overall bearing capacity of the pile group enhances
(as shown in Fig. 18), leading to a more even
distribution of load among the piles and minimizing
the mutual interference between adjacent piles.

Table 5 Comprehensive coefficient of pile group effect at
different numbers of piles

Pile number 2 4 6 9
n 1.85 1.82 1.57 1.38
H, /kN
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Fig. 17 Hg-Y, curves at different numbers of piles
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Fig. 18 Horizontal bearing capacity of pile group

4.3.3 Influence of pile spacing on pile group effect
Other parameters remain constant, and models
with pile spacing of 2.5D, 3.5D, 4.5D, 5D, and 6D are
established for calculation. Horizontal load- displace-
ment curves have been plotted (as shown in Fig. 19).
As shown in Table 6, the comprehensive coefficient of
pile group effect increases as pile spacing increases.
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Fig.19 Hg-Y, curves at different pile spacings



XIE Hong-li et al./ Rock and Soil Mechanics, 2025, 46(8): 25732585 2583

Table 6 Comprehensive coefficient of pile group effect at
different pile spacings
Pile spacing 25D 3.5D 4.5D 5D 6D
n 1.47 1.85 2.07 2.17 2.3

At a horizontal displacement of 10 mm and a pile
spacing of 6D, the maximum horizontal load reaches 1
466.31 kN. As pile spacing decreases, the horizontal
load diminishes by 8.45%, 12.17%, 27.8%, and
42.81% respectively. As the load on the pile-soil
increases, the horizontal bearing capacity of the pile
group enhances with increasing pile spacing. When
pile spacing exceeds 4.5D, the increase in horizontal
bearing capacity diminishes (as shown in Fig. 20).
4.3.4 Comparison of comprehensive effect coefficients

of pile groups

Table 7 presents a comparison of the comprehensive
coefficient of pile group effect between the standard
recommendation method and the finite element analysis

calculation method. The comprehensive effect coefficients
of pile groups, calculated using the finite element
analysis method across different pile spacings, numbers,
and cap thicknesses, surpass those recommended in the
code. Furthermore, the finite element analysis results
are approximately 1.17-1.3 times higher than the
code-based calculation results.

Different pile spacings

2.5D 3.5D 45D 5.0D 6.0D
1500 T T T 1

1400 |
1300 |
z
<1200 |
T
1100 f
1000 f
900

800 &
Fig.20 Horizontal bearing capacity of pile group

Table 7 Comparison of comprehensive coefficients of pile group effect

; : n ; 7 ; n
Pile spacing Finite element  specification Pile number Finite element  specification Thickness of cap Finite element  specification
2.5D 1.47 1.13 2 1.42 0.8 2.02 1.56
3.5D 1.85 142 4 1.40 1.2 1.97 1.52
45D 2.07 1.73 6 1.21 15 1.92 1.48
5.0D 2.17 1.80 9 1.06 18 1.88 1.45
6.0D 2.3 1.97 — — 2.0 1.85 1.42

5 Conclusion

This paper undertakes field tests on PRC pipe piles,
specifically examining single piles, single pile caps,
and double pile caps, and conducts finite element
analyses of the foundations comprising these piles and
pile caps. The research emphasizes the horizontal
bearing characteristics and pile group effects associated
with PRC pipe piles, resulting in the following key
conclusions:

(1) Under different allowable displacements, the
ratio of the theoretical to measured horizontal bearing
capacities for single piles S2 and S3 ranges from 1.78
to 2.21. When subjected to the same horizontal loads,
the horizontal displacement of a single pile cap is
greater than that of a double pile cap, with the
maximum displacement being 2.06 times larger. The
horizontal critical load of the double pile cap is double
that of the single pile cap, while the horizontal
ultimate load is 3.095 times greater.

(2) At the ultimate bearing capacities, the
maximum bending moment of single pile S2 is
92.13% of that of single pile S3. Regardless of
variations in horizontal loads, the position of the
maximum bending moment remains stable and
consistent.

(3) The presence of the pile cap significantly
affects the bending moment distribution of the pipe
pile. The bending moment distribution of the double

pile cap varies considerably from that of the single
pile cap. The maximum bending moment of piles
S6 (front row) and S7 (rear row) exceeds the
maximum bending moment of the single pile cap by
277.03kN - m.

(4) As pile spacing increases, the comprehensive
effect coefficient of pile groups gradually increases,
thereby enhancing the pile group’s horizontal bearing
capacity. However, when pile spacing surpasses 4.5D,
the rate of increase begins to decrease. As the number
of piles increases, the comprehensive effect coefficient
for the pile group drops from 1.85 to 1.38, indicating
an overall decrease of approximately 25.4%.
Nevertheless, the pile group's overall bearing capacity
improves. When the number of piles exceeds six, the
decline in the pile group's comprehensive effect
coefficient slows down. Variations in cap thickness
have minimal influence on the over comprehensive all
coefficient of pile group effect.

(5) Using a unified setting of 10 mm horizontal
displacement at the pile top as the pile group's
horizontal bearing capacity, the comprehensive effect
coefficients obtained through the finite element
analysis method exceed those recommended in
specifications. The standard recommendation method
typically relies on extensive engineering experience
and experimental data, incorporating a degree of
conservatism. Finite element analysis potentially
approaches the theoretical limit value more closely.
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