Hindawi

Geofluids

Volume 2022, Article ID 1007731, 10 pages
https://doi.org/10.1155/2022/1007731

Research Article

WILEY | Q@) Hindawi

Analytical Method for Capped Pile-Soil Interaction considering
the Load Action of Soil under the Pile Cap

Shilin Luo ®,"? Mingquan Liu )2 Jianqing Jiang ,! Ailifeila Aierken®,! Jin Chang ),

Xuewen Zhang(®,' and Rui Zhang®'

1

College of Civil Engineering, Changsha University, Changsha, Hunan 410022, China
2Guizhou Provincial Key Laboratory of Rock and Soil Mechanics and Engineering Safety, Guizhou University, Guiyang,

Guizhou 550025, China

3School of Civil Engineering, Tangshan University, Tangshan, Hebei 063000, China

Correspondence should be addressed to Mingquan Liu; Imq_1009@tsc.edu.cn

Received 8 November 2021; Revised 12 January 2022; Accepted 22 February 2022; Published 24 March 2022

Academic Editor: Mohammed Fattah

Copyright © 2022 Shilin Luo et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

To study the pile-soil interaction mechanism of capped pile, an analytical method considering the load action of soil under the
pile cap is proposed. The shearing displacement method is used to derive the lateral friction of pile body under the pile top
load, and the Boussinesq solutions is used to derive the lateral friction of pile body considering the load of soil under the cap.
The theoretical expressions of axial force and load-settlement curves are also achieved by means of establishing and solving the
equilibrium differential equation of the pile body. Comparison of calculation results with the ordinary pile indicates that soil
load under the pile cap reduces the lateral friction value; the influenced depth is about four times of the load action radius.
The axial force and the load-settlement curve data are verified by a case history data. The results show that the computed data
agree well with the measured data. The proposed method can direct the design of capped pile composite foundations.

1. Introduction

Capped pile is a type of reinforcement body in foundation; it
is formed by placing a certain size of pile cap on the top of
an ordinary pile body. The pile body is usually a prestressed
pipe pile or solid concrete pile. The pile cap is normally a
round or a square concrete slab. Capped piles have been
widely used in soft soil treatment [1-3]. The original pur-
pose of setting a cap on the pile top is to reduce the pile
top penetration into the upper cushion and regulate the load
sharing ratio of the pile and soil [4, 5]. With the increasing
engineering applications, pile caps are found to raise the
bearing capacity of piles and influence the working behavior
of composite foundations, which many scholars have further
researched [6-10]. The research methods include field test
[11], model test [12-16], experiment test [17-19], and
numerical simulation approaches [20-29].

When the pile settled under a vertical load, there is a dis-
placement difference between the pile body and soil of the

ordinary pile, while there is no such displacement difference
between pile body and soil of capped pile due to the coordi-
nation of the cap. This leads to the pile body-soil interaction
difference between capped pile and ordinary pile. Shang
et al. analyzed the interaction of a flexible subsoil matrix
and a piled box (raft) using Geddes stress factor [30]. The
results show that the method is reliable. Cui et al. studied
the response of pile groups in layered soil under the assump-
tion that pile-cap-soil interaction is linear elastic [31]. The
study used the shearing displacement method, and com-
puted load-settlement curves were consistent but beneath
the measured ones. Jin-bo and Cong-xin analyzed pile-soil
interaction with a stiffness matrix method based on differen-
tial displacement of pile and soil. The pile lateral friction and
pile tip load were assumed to be proportional to the respec-
tive displacement [32]. Wang et al. assumed that the distri-
bution of skin friction on capped pile is simplified as two
force triangles; by combining Mindlin-Geddes and Boussi-
nesq solutions, the equation of the additional side stresses
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for a single capped pile foundation is derived [33]. Chen
et al. used a slider displacement method to consider the
overall bearing capacity of capped piles. In their study, the
Plandel shear slip failure model is used in the upper founda-
tion soil bearing capacity analysis, and the load transfer
method is used to analyze the bearing capacity of the lower
pile body. This method is suitable for short, rigid piles with
large pile caps under the condition of smooth soil interface
with the pile cap [34].

To sum up, the pile-soil interaction is often considered
in the settlement calculation of composite foundation. Com-
pared with the large number of engineering applications,
theoretical researches of capped pile-soil interaction are
not extensive.

In this paper, we propose an analytical method to further
study the pile-soil interaction mechanisms of capped piles
with consideration to the load action of soil under the cap.
Upper load is transmitted to the pile body and the soil under
the cap through pile cap. The lateral frictional resistance of
the capped body is superposed by friction caused by the load
on the pile body and the load on the soil under the pile cap.
By establishing the differential equilibrium equation of the
pile body, the theoretical expressions of pile axial force and
the load-settlement curve are deduced. The feasibility of this
method is verified by comparing computed results with
other methods and field test data of a case history. We antic-
ipate that the present research could help to better under-
stand the pile-soil interaction mechanism issues of capped
pile, such as the relationship of load-settlement curves and
treatment of soft soil foundation, and then provide some
practical experience and enlightenment on the studying of
the pile engineering.

2. Analysis Method of Pile-Soil Interaction

2.1. Analysis Model. When a vertical load is acting on the top
of a pile cap, the load is transmitted downward by the pile
cap. Because the pile cap is directly in contact with the pile
body and the soil, the upper load is transferred to the pile
body and the soil under the cap simultaneously. Due to the
differential resistance stiffness of the pile body and the soil,
each of them supports a different amount of load. Existing
test results and finite element simulation results had con-
firmed that the load sharing phenomenon occurs through-
out the pile body settlement process. The influence of the
load on the soil under the pile cap cannot be ignored when
analyzing the pile-soil interaction. To appropriately simplify
the analysis, the following assumptions are used: (1) the pile
cap is rigid and without bending and shearing deformation,
(2) the pile body is rigid and without radial deformation, (3)
the load transmitted to the pile top is equivalent to a concen-
trated load, and the load transmitted to the soil under the
cap is equivalent to a uniformly distributed load, (4) the
stress in foundation soil is calculated according to the elastic
theory, and (5) the pile tip stress is calculated using the
Winkler foundation model.

The mechanical model of a pile with cap is established,
as shown in Figure 1, where R and r are the radii of the pile
cap and pile body, respectively, g and g, are uniform loads

Geofluids

acting on the pile top and soil under the cap, respectively,
and P, is the equivalent concentrated load acting on the pile
top. The relationship among the variables is described:

P +q, xm(R-r)*=qxnR>. (1)

According to Figure 1 and assumption (3), a pile-soil
interaction analysis model (Figure 2) is established on the
above basis, where Py is equivalent concentrated load at
the pile tip and g, is uniform load at the bottom of the soil
under the cap.

When a concentrated load P, is acted on the pile body
alone, the lateral friction will appear on the pile side. When
a uniform load ¢, is acted on the soil under cap individually,
there will also be friction on the pile side. When they act
together, the above two states can be superimposed. Then,
the lateral friction on the pile-soil interface can be calculated
by the superposition of 7, and 7, which are derived from
the concentrated load P, acting on the top of the pile and
the uniform load g, acting on the top of the soil under the
cap, respectively.

2.2. Solution for Lateral Friction. First, we study the case of
concentrated load P, acting on the top of a pile. Rondoloph
and Worth assumed that when a concentrated load is acting
on a single pile, the soil around the pile only produces annu-
lar shear displacement, which can be approximately treated
as a plane problem [35]. Thus, a rectangular coordinate sys-
tem is employed to establish the calculation schematic dia-
gram (Figure 3), and the origin of the coordinate axis is
located at the pile body center.

According to the shearing displacement method, if / is
the pile length, A, is the area of the cross section of the pile
body, U, is the pile perimeter, E,, is the elastic modulus of
the pile body, G is the shearing deformation modulus of
the soil, v is the Poisson ratio of the soil, w, is displacement
of the pile tip, and r,, is the maximum influence radius that
can be assigned as 0.5(1 — v)I, the expressions for lateral fric-
tional resistance of the pile body 7,,(z), displacement of the
pile body w,(z), axial force of the pile body N,(z), and
equivalent concentrated load at the pile tip P, are shown,
respectively, as follows:

7)(2) = l’j—lwp@), )
w,(2) = wj, cos h[A(I-z)], (3)

Np(z) = Pb{% sinh [A(I - 2)] + cosh [A(I - z)]}, (4)

Py =kyp (5)

where A* is the quotient of k, and ALE, and k, is the shear
stiffness between the pile and soil, calculated as follows:

k_1=2rG]In"" (r_mir). (6)
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FIGURE 1: Mechanical model of capped pile.
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FIGURE 2: Pile-soil interaction analysis model.

The compressive stiffness of soil (k,) beneath the pile tip
can be calculated as follows:

k,=4rGy/(1-v). (7)

Then, we study the case of uniform load g, acting on the
soil under the cap. The same coordinate system is employed
to establish the calculation schematic diagram (Figure 4).
The pile-soil interface is located on the vertical plane with
distance from the origin r; g, is effective in the range
between r and R, and the coordinates of an arbitrary point
P underground on the pile-soil interface are (r, z). The load
on the micro unit dx is replaced by linear load gq,dx (r <x
<R).

According to the plane stress solution [36], the addi-
tional shear stress 7,(z) induced by linear load g, at point

P at depth z (0 <z <) on the pile-soil interface is

7,(2) = % sin’6), (8)

where 0 is the angle between the connection line of point P
to unit dx and the pile-soil interface (0 <0 < 7/2).

Substituting the geometrical relations in Figure 4(b) into
Equation (8) produces

_ 4 (R-r)? '
mz2+ (R-1)°

74(2) ©)

Finally, the lateral friction on the pile-soil interface 7(z)
is the sum of 7,(z) and 7,(2):

7(2) =7,(2) + 74(2). (10)
Considering the directions of 7,(z) and 74(z) produces

ky

7(2) = T cosh [A(I-2)] - w, - 4 ﬂ
P

T 2+ (R-r) ()
2.3. Solutions for Axial Force and Settlement. When the
expression of lateral friction is obtained, take the pile body
in Figure 2 as a calculation isolator (Figure 5).

According to the force balance of the pile body, the equi-
librium equation is established:

N(z)=P, - Jz U,t(2)dz =P, ~ I U, (7p(2) + 74(2))dz.

0

By solving the integral, the axial force expression N(z) is
obtained:

N(z) =Np(z) +2rq, [(R —r) —zarctan Tr} , (13)

where N, (z) is the axial force of an ordinary pile body.
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According to the elastic compression conditions of a pile
body, the relationship of displacement and frictional resis-
tance of the pile side is expressed as Equation (14), and the

relationship of axial force and displacement of the pile body
is expressed as

1 Z
w(z) = @Jl U, - 1(2)dz, (14)
N(z) = A,E, d‘;’(zz) : (15)

By substituting Equations (2), (3), and (9) into Equation
(10), the lateral friction of the capped pile is obtained as

P, -k, -cosh [A(l - 2)]

2(2) = 4 (R- r)z
(2)= U, - [k, - sinh (Al) + k, - cosh (A])]

- [z2+(R—r)2].

(16)

By substituting Equation (11) into Equation (14), the
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TasLE 1: Distribution and physical parameters of soil layers.

Soil layer Depth (m) Water content, (%) Bulk density (kN/m>) Compression modulus (MPa) Poisson ratio
Sandy silt 1.2 30.9 19.2 5.83 0.3
Silty clay 1.2-1.7 339 18.4 3.47 0.3
Clay 1.7-8.9 38.3 18.1 2.62 0.3
Muddy clay 8.9-10.6 48.3 17.2 2.8 0.3
Silty clay 10.6-12.1 35.8 18 3.18 0.3
Silty clay 12.1-26.4 24 19.8 6.97 0.3
Silty clay 26.4-314 23.6 19.9 8.23 0.3

TaBLE 2: Measured data of T2 and T4. . .
When z =0, the settlement of the pile top s, is equal to

0).
11;(;?1 Settlement Load on pile Uniform load on soil «(0)
(mm) top P/(kN)  under the cap g,/ (kN/m?)
(kN) p
. - cosh (Al)
T2 w(O) =5 = k inh
| - sinh (Al) + k, - cosh (Al)
400 2.0 363 17.6 2 ; (19)
600 2.9 545 25.9 L (R-r) arctan
m-r-E -r
800 48 731 326 r
1000 7.0 917 38.9
1200 8.7 1100 471 EquaFions (18) and (19) are the theoretical expressions
1400 104 1284 549 of the axial fprce and the load-settlement curve of a capped
pile, respectively. Based on the above analysis, the corre-
1600 14.6 1448 71.5 . . . . Iy
sponding computational program is compiled to facilitate
1800 35.1 1107 326.3 the comparison and verification of the calculation results.
2000 56.9 1258 349.1
T4 3. Comparison and Validation
500 1.7 469 15.0
750 26 695 259 A case history is introduced to validate the computed results
’ ' of this method. The Su-Kun-Tai Expressway is located
1000 4.3 929 336 beside Yangcheng Lake in China, and the majority of the
1250 5.5 1156 44.0 route is constructed on a deep, soft, soil foundation. The dis-
1500 7.4 1381 55.9 tribution and physical parameters of the foundation soil
1750 9.6 1600 71.0 layers are shown in Table 1.
2000 12.4 1810 891 Capped piles were used to reduce settlement under the
2250 18.0 1978 1285 embanlfment‘lloaq.thlle pi}lle b(;d;fsis a FEFC-A;O;—@ c;z—
2500 192 1840 3108 crete pipe pile with lengths of 25m (T2) an m (T4)

in two different test sections. The caps are prefabricated
1.5m square concrete slabs with thickness of 40 cm. Full-
scale tests of capped piles were performed for lateral fric-
tion, axial force, and bearing capacity of T2 and T4 piles.
The axial force was measured by prefabricated stress gauge
P, cosh [A(I-z)] at different depths on steel bars in the pile body, and the
w(z) = [k, sinh (Al) + k, cosh (Al)] soil pressure under the pile cap was measured by embed-
5 ! g ] (17) ded soil pressure boxes under the pile cap. The bearing
4 (R-7) (arctan _  _arctan z ) capacity of capped piles was determined by load testing
nrE, R-r R-r [11]. The measured data of the T2 and T4 piles are shown
in Table 2 and are used to compare and validate the pro-
posed method.

settlement of the capped pile is calculated:

Then substituting Equation (17) into Equation (15), the

axial force of the capped pile is calculated: 3.1. Comparison. In order to compare the influence of pile

cap on the lateral friction, the capped pile and the ordi-

P, - cosh [A(I-z)] nary pile are taken into account. The influence of load

k, -sinh [A(I-z)] +k, - cosh [A(I-2)] action on the soil under the pile cap is considered in the
(18)  lateral friction analysis. The shearing displacement method

[35] is adopted for the ordinary pile calculating; the pro-

posed method is adopted for capped pile calculating. The

N(z)=

R-r

+2rq, |(R~-r)—z arctan



6 Geofluids
Lateral friction (kPa)
0 20 40 60 80 100 120
0 1 1 1 L 1 1 1 1 1 1 n nn/ln L 1 J
-5
~10 ]
E ]
< -15]
% B
A ]
-20 1
-25 ]
~30 ]
500 kN shearing displacement method [24] —e— 500 kN this method
—— 1000 kN shearing displacement method [24] —a— 1000 kN this method
— — 1500 kN shearing displacement method [24] —x— 1500 kN this method
FIGURE 6: Comparison of lateral friction along pile length of T4.
TaBLE 3: Calculation parameters.
Pile Pile length I/ Pile radius r/ Soil deformation modulus  Pile deformation modulus Soil shear modulus G,  Soil Poisson
number (m) (m) E,/(Mpa) E,/(MPa) /(Mpa) ratio v
T2 25 0.2 5.21 30000 2.21 0.3
T4 29 0.2 5.45 30000 2.23 0.3

lateral friction of two types of piles is calculated under the
same condition, and the results are shown in Figure 6.

The lateral friction curve of two types of piles in Figure 6
shows obvious difference near the pile top. The lateral fric-
tion of capped pile is less than that of ordinary pile. The rea-
son for this phenomenon is that the load on the soil under
the pile cap (q,) reduced the soil deformation, which lead
to the pile lateral friction becomes small. The value differ-
ence between them is the largest at the pile top and decreases
with the depth. This indicates that the load (q,) affected lat-
eral friction in a certain depth. In this case, the equivalent
action radius of g, is 0.645m; the max influenced depth is
2.5m, which is about 4 times of the load action radius.
Beyond this depth, the effect on the lateral friction caused
by g, is very little and can be ignored. In addition, the load
level has a great influence on the lateral friction difference.
The higher the load level, the greater the difference. For
example, it is 8.5kPa, 19.5kPa, and 32.5kPa when the load
level is 500 kN, 1000 kN, and 1500 kN, respectively.

All of the above indicate that when the soil under the pile
cap is carrying a load, the lateral friction is affected by the
load level and the action radius.

3.2. Validation

3.2.1. Axial Force and Settlement. In order to verify the avail-
ability of this method, the calculation results of axial force
and the settlement are validated with the measured data.
The parameters used in calculation are shown in Table 3.

As seen from Figure 7, the variation of axial force calcu-
lated by this method is consistent with the measured data.
With the load increasing, the axial force of the pile body
increases evenly in most stages. But when the load changes
from 2000KkN to 2250kN, the increase of axial force at the
pile tip is smaller. Under the two load levels, the pile body
begins to settle faster, and the measured settlement data in
Table 2 reflect this phenomenon clearly. This indicates that
the soil under the pile tip began to yield and produced plas-
tic deformation, so the axial force increase of pile tip is small.
At this time, the load increment of pile body decreased, and
the load on soil under the pile cap (gq,) increased corre-
spondingly to balance the total load. When g, is increased,
the lateral friction near the pile top decreases, leading the
axial force to increase. On the whole, the results of axial
force computed by this method are consistent with the
experimental phenomenon and the theoretical analysis.

The calculated load-settlement curves (Figure 8) are as
follow:
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FIGURE 7: Axial force curves of T4 along pile length.
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FIGURE 8: Load-settlement curves of T2 and T4.

Figure 8 demonstrates that the variation of load-
settlement curves computed by this method is consistent
with that of the measured curves, but the calculated settle-
ments are slightly less than the measured data. In the two
cases (T2 and T4), the error of settlement increases when
the soil is close to failure. The reason for this phenomenon
is that when the capped pile is approaching the ultimate
load, the differential displacement between pile and soil is
increased gradually, the condition of equal strain cannot be
strictly satisfied, which leads to a larger error.

4. Conclusions

Compared with the ordinary pile, the pile-soil interaction of
capped pile is more complicated. In this study, we proposed
an analysis method of pile-soil interaction for capped piles
considering the load action of the soil under the pile cap.
We established an analysis model of pile-soil interaction
according to the mechanical characteristics of capped piles
and analyzed the lateral friction by combining the shearing
displacement method and Boussinesq solutions. Theoretical
analytical expressions of lateral friction, axial force, and
load-settlement curves were obtained by establishing the
equilibrium differential equation of a pile body and solving
it. By comparing the variation of lateral friction curve
between ordinary pile and capped pile, it is found that the
load acting on the soil under the cap reduces the lateral fric-
tion value in a depth of about 4 times the load action radius.
Beyond this depth, the influence can be ignored. This is
unfavorable to the bearing capacity of pile body; for short
piles with large pile caps, this phenomenon should be fully
considered in design. The axial force and load-settlement
curves calculated by this method are validated by a case his-
tory of reinforcing subgrade with capped piles. The result
shows that the variations of axial forces agree with the exper-
imental date and theoretical analysis and the variation of

load-settlement curves are consistent with that of the mea-
sured curves. The error of load-settlement increases when
the soil is close to failure, which need to be further studied.
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