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Capped piles are eﬃcient in settlement control and have been widely used in the reinforcement of soft soil foundations for highspeed railways and highways. In this study, scenarios involving both capped piles and ordinary piles without caps are numerically
studied using the ﬁnite element software (ABAQUS). The settlement characteristics of capped piles composite foundation
considering the eﬀects of both the pile spacing and the ratio of pile cap to pile diameter are achieved. Based on the numerical
results, assuming that the capped pile and the soil under the cap jointly bear load and settle together, a settlement calculation
model for capped piles composite foundation is established. By both replacing the compression modulus with the deformation
modulus obtained from the ﬁeld static load test and calculating the area replacement ratio, the formula for calculating the total
settlement of the capped piles composite foundation is derived using the layer-wise summation method. In addition, a real
embankment engineering with capped piles composite foundation is adopted to validate the accuracy of this method; by
comparing with other methods, the results show that this method is in better agreement with the ﬁeld monitoring data. Therefore,
the proposed method is recommended in the relevant engineering design.

1. Introduction
Capped pile is usually made up of a rigid pile body and a pile cap.
The rigid pile body is mostly PHC or PTC in practice. The pile
cap is usually a round or a square concrete slab, and the diameter
or side length to pile diameter is 2∼4 [1]. In order to maintain
suﬃcient rigidity, the thickness of pile cap is 200 mm∼500 mm;
the larger the load, the larger the thickness [2]. The pile cap
reduces stress levels at the pile top, helping maintain the integrity
of the overlying cushion [3]. For convenience, the rigid capped
pile is referred to as the capped pile in following study.
Capped piles are frequently used in pile-supported embankments [4] or pile-net composite foundations [5]. Engineering experiences had shown that composite foundations
with capped piles eﬀectively reduced the settlement and the
failure of embankments on soft soils [6–9], especially in highspeed railway and highway engineering [10, 11]. Many

ﬁndings had been reported on bearing behavior, bearing
mechanism, and the pile-soil stress ratio of capped piles
[12–17]. Research methods include ﬁeld tests [18], physical
model tests [19–21], and numerical simulations [22–26].
Some theoretical studies that address settlement calculation in
pile-supported foundations have been carried out. In particular, (1) if the load acting on the soil between the piles has
been determined, the settlement can be calculated as the
deformation of the soil between the piles [27] (Es method); (2)
if the load acting on the top of a pile has been determined, the
settlement can be calculated as the deformation of the pile
[28, 29] (Ep method); (3) if the capped piles and foundation
soils have been considered to be a whole, a composite module
method can be used [30, 31] (Ec method); and (4) if the pile
cap and the pile body are regarded as a single pile foundation,
the settlement can be calculated using a composite foundation
with the settlement-reducing pile method [32, 33]. In the
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process of settlement, the soil under the pile cap always shares
a part of the load [34], and the stress ratio of pile to soil varies
with the load level [35, 36]. Thus, it is diﬃcult to calculate the
settlement using Es or Ep methods in practical project. The
composite module method is accurate for ﬂexible pile
composite foundations [37] and whether it is suitable for rigid
pile composite foundation needs to be veriﬁed. In the settlement-reducing piles method, both the average additional
pressure at the bottom of cap and the average ultimate
frictional resistance at the pile sides are diﬃcult to determine.
Currently, the settlement calculation method does not provide any convenient options for capped piles composite
foundations, especially rigid piles using PHC or PTC.
In this study, the settlement characteristics and the
inﬂuencing factors of the capped piles composite foundation
were analyzed using ﬁnite element software (ABAQUS).
Both the capped pile and the soil under the cap were treated
as a composite pile within a reinforcement area. Based on
this, a convenient settlement calculation method was proposed. Taking a practical embankment reinforced by capped
plies composite foundation as an example, the calculated
settlement was compared with both that calculated by other
methods and ﬁeld monitoring data to validate this proposed
method.

2. Numerical Analysis of
Settlement Characteristics
Here, the diameter of round cap or side length of square cap
is d, the pile length is L, the pile spacing is D, the diameter of
pile body is r, and the ratio of the cap diameter or side length
to the pile diameter is termed as K, i.e., K � d/r.
2.1. Analysis Model. To study the settlement characteristics
of capped piles composite foundation, scenarios involving
both capped piles and ordinary piles without caps were 2D
numerically modeled using ABAQUS software of the ﬁnite
element method. On the contact plane between pile and soil,
the deformation is large and the stress concentration is easy
to occur, so the mesh division of this part is relatively dense.
A 6-pile composite foundation model was established for
each scenario, as shown in Figure 1.
The model width is three times of the reinforcement area,
and the depth is two times of the reinforcement area [38, 39].
The bottom of the model was ﬁxed in x and y directions. The
two sides were ﬁxed in the horizontal (x direction); vertically
(y direction), they were free. The initial stress ﬁelds induced
by gravity were calculated to determine the contact pressure.
A uniform pressure of 120 kPa was applied to the top of the
cushion by six steps with an increment of 20 kPa to simulate
the multistage loading of the ﬁll during the embankment
construction.
A 300 mm thick gravel cushion was positioned above the
piles. The cushion can adjust the load sharing ratio of pile
and soil, reduce the load concentration of piles, and make
the piles and soils work together. The piles were labelled A–F
from left to right, and the soils between piles were numbered
1–5 from left to right. The pile body is made of concrete, the
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diameter (r) is 500 mm, and the length (L) is 16 m. The pile
cap is a prefabricated concrete slab with an edge length of
1000 mm and a thickness of 300 mm. Piles were arranged in
square with an interval of 2 m. The contact pair was set on
the contact surface between the pile body and the soil.
According to the rigidity of pile and soil, the surface of pile
body is deﬁned as the master surface; the surface of soil
around the pile body is the slave surface. The normal behavior of contact pair is “Hard” contact, and the tangential
behavior of contact pair is “Penalty.” The friction coeﬃcient
of the contact surfaces between the pile and the soil is 0.24.
Planar 4-node linear reduced integral elements (CPE4R)
were used for the pile-soil contact analysis [40, 41]. The
nonlinear solver and Newton method are used in the solution. The Mohr–Coulomb material was used for the silty
soil, gravel cushion, and the elastic model for the capped
piles. The parameters of modeled materials are listed in
Table 1.
2.2. Foundation Settlement. Foundation settlement curves of
four diﬀerent conditions are shown in Figure 2.
Figures 2(a) and 2(b) show that the settlement curves of
large in the middle and small at ends both in capped pile and
ordinary pile composite foundation, and the maximum
settlement occurs in the soil between the piles at the center of
the composite foundation. The total settlement of capped
piles composite foundation is signiﬁcantly smaller than that
of ordinary piles composite foundation, and this phenomenon occurs at both D � 4r and D � 6r.
By comparison, it is found that the pile spacing D has an
eﬀect on the total settlement; the larger the D, the greater the
settlement; the cap diameter ratio K also has an eﬀect on the
total settlement; with the increase in K, the total settlement
decreases, but the decrease is not signiﬁcant.
However, there are some diﬀerences in settlement between the two types of composite foundations. At the same
location, the settlement of the soil between ordinary piles is
much larger than that of capped piles, whereas the settlement of ordinary pile body is a little smaller than that of
capped pile body. Because the area of pile cap is larger than
that of pile body, the bearing area of capped pile is larger
than that of ordinary pile, and the bearing areas of soil
between piles are smaller than that of ordinary pile composite foundation at the same pile spacing. The capped pile
bears more load than ordinary pile, which leads to a larger
settlement. The bearing areas of soil between piles in capped
pile composite foundation are smaller than that of ordinary
pile composite foundation, which leads to a smaller settlement. This is accounting for the numerical simulation
results.
Figure 2(c) shows the relationship of total settlement
with D in capped piles composite foundation. With the
increase in D, the total settlement increases gradually. When
D is increased, the compression modulus of reinforced area
Esp is decreased, which leads to a larger settlement. The
settlement at the center position is the largest, while the edge
position is the smallest. This implies a loading concentration
towards the center in foundation.
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Figure 1: 6-pile composite foundation model for FEM simulation: (a) 6 capped piles; (b) 6 ordinary piles.

Table 1: Parameters of numerical model materials.
Material
Gravel cushion
Silty subsoil
Concrete capped pile

Elastic modulus (kPa)
64,000
13,000
3800,000

Density (kg/m3)
2,240
1,980
25.0

Distance from model center (m)
–5.6 –4.8 –4 –3.2 –2.4 –1.6 –0.8 0 0.8 1.6 2.4 3.2

4

4.8 5.6

–80
–90
–100
–110
–120
K = 1.6
K = 1.8

K = 2.0
K = 2.2

K = 2.4
Pile withour cap

K = 2.0
Pile withour cap

K = 3.0
K = 2.4

(b)
6

7

8

–75
–85
–95

–5.5

–4.5

–3.5

4.5

5.5

–100
–110
–120
L = 8m
L = 10m
L = 12m

(c)

3.5

–90

–105
D = 3.0
D = 2.5
D = 2.0

Distance from model center (m)
–2.5 –1.5 –0.5 0.5
1.5
2.5
–70
–80

Settlement (mm)

5

–65

Settlement (mm)

Poisson’s ratio
0.25
0.30
0.20

Distance from model center (m)
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—
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–70
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0.1
28.0
—

L = 14m
L = 16m

(d)

Figure 2: Foundation settlement curves: (a) D � 4r, L � 16 m; (b) D � 6r, L � 16 m; (c) K � 2, L � 16 m; (d) K � 2, D � 4r.

As shown in Figure 2(d), the change in pile length L has
an eﬀect on the total settlement. The larger the L is, the
smaller the total settlement is. When L is decreased, the

reinforced area depth is decreased and the substratum
depth is increased (Figure 1), which leads to a larger
settlement.

4
From Figure 2, the following laws are found: parameters
K, L, and D aﬀect the total settlement but have diﬀerent
eﬃciencies. For example, when K changes from 1.6 to 2.4
(1.5 times), the settlement increased 2.8 mm; when D
changes from 2 m to 3 m (1.5 times), the settlement increased
11.8 mm; when L changes from 8 m to 12 m (1.5 times), the
settlement increased 12.5 mm. It shows that L and D have a
greater impact on the total settlement, while K has a smaller
one.
2.3. Diﬀerential Settlement of Capped Pile and Soil. In order
to study the characteristics of diﬀerential settlement of
capped pile and soil in the composite foundation, the location of soil between piles (Figure 1) is taken as the speciﬁc
reference position. The curves of pile-soil diﬀerential settlement are shown in Figure 3.
Figures 3(a) and 3(b) show that the diﬀerential settlement of capped piles composite foundation is signiﬁcantly
smaller than that of ordinary foundation, and this phenomenon occurs both at D � 4r and D � 6r. Taking the
middle position as the reference point in Figure 3(a), the
diﬀerential settlement is only 6.1 mm for capped piles, while
it is 26.5 mm for ordinary piles. This implies that the pile-soil
diﬀerential settlement can be eﬀectively reduced by installing suitable caps on pile tops.
Besides, with the increase in K, the diﬀerential settlement
decreases, and K aﬀects the diﬀerential settlement greatly.
Taking Figure 3(b) for example, the central diﬀerential
settlement is 15.6 mm when K � 2, while it is 9.0 mm when
K � 3.
Furthermore, the eﬀect of K on diﬀerential settlement is
related to D. In Figure 3(a), in middle position, the diﬀerential settlement is 3.2 mm for K � 2 and D � 2 m, while it is
15.6 mm for K � 2 and D � 3 m in Figure 3(b).
Figures 3(c) and 3(d) show the inﬂuence of D and L on
the diﬀerential settlement, respectively. In Figure 3(c), the
diﬀerential settlement increased with increasing D. When D
changes from 2 m to 3 m, the central diﬀerential settlement
increased 9.6 mm. In Figure 3(d), the diﬀerential settlement
decreased with increasing L. When L changes from 8 m to
12 m, the central diﬀerential settlement decreased 0.4 mm.
This indicates that D impacts the pile-soil diﬀerential settlement greatly, while L has minor inﬂuence which can be
ignored.
To summarize, the settlement of capped piles composite
foundation has following main characteristics: (1) the total
settlement is much smaller than ordinary composite foundation; (2) the pile-soil diﬀerential settlement is much
smaller than ordinary composite foundation; (3) D and L
aﬀect the overall settlement greatly; and (4) K and D aﬀect
the pile-soil diﬀerential settlement greatly.
It is found from documents above that, in practical
applications, the value of K is usually designed within 2∼3, D
within 4r∼6r, and the cap thickness is 200 mm∼500 mm. In
view of above, the diﬀerential settlement of capped piles
composite foundation is very similar to that of ﬂexible piles
[42] and compressible piles composite foundations [43], as
shown in Figure 4.
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For ﬂexible pile and compressible pile composite
foundation, the composite modulus method is widely used
in settlement calculation [31, 44]. So, a similar calculation
method is proposed below.

3. Proposed Calculation Method for Settlement
3.1. Settlement Calculation Model. The capped piles composite foundation consists of cushion, reinforcement area,
and substratum. Cushion is an important part of composite
foundation, which gives full play to the bearing capacity of
soil and improves the bearing conditions of piles in composite foundation.
Based on the settlement characteristics of capped piles
composite foundation, the following assumptions are
adopted: (1) the capped pile and the soil under the cap bear
the load and settled together, and they are assumed to be a
composite pile, as shown in Figure 5; (2) the pile-soil differential settlement is ignored in the reinforced area; (3) the
physical and mechanical properties and the thickness of a
single soil layer are isotropic and evenly distributed; and (4)
the additional stress in the foundation is calculated using the
Boussinesq solution [45].
Then, the conceptual model of composite pile is established, as illustrated in Figure 5.
3.2. Calculation Method. Capped piles are used to increase
the ability of soft soil foundation to resist deformation and
reduce settlement. Based on the concept of composite pile,
the settlement calculation model of capped piles composite
foundation is illustrated in Figure 6.
In Figure 6, the total settlement (s) consists of three parts:
the cushion settlement (sc), the reinforced area settlement
(s1), and the underlying stratum settlement (s2). Considering
that the settlement of cushion sc had been largely completed
during the construction, it is ignored in this settlement
calculation. Then, the total settlement can be calculated by
s � s1 + s2 ,

(1)

n

Δpi
l,
E i
i�1 spi

s1 � ψ s1 

(2)

n

Δpi
l.
E i
i�1 si

s2 � ψ s2 

(3)

According to assumption (2), Esp is calculated as follows:
Espi � mEp +(1 − m)Esi .

(4)

Here, m is the area replacement rate of capped piles
composite foundation and is calculated according to the cap
area. When capped piles are arranged in equilateral triangles
(Figure 7(a)),
√�
A 2 3 Ac
(5a)
m� c�
.
A
3D2
When capped piles are arranged in squares (Figure 7(b)),
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The compressive modulus of the composite pile (Ep)
reﬂects the integrated deformability of the pile and the soil
under load and is aﬀected by many factors such as pile
diameter, pile side friction, pile tip resistance, soil properties,
and cap size. Thus, it is not easy to be determined by means
of laboratory tests, such as Es. Therefore, it is necessary to
ﬁnd an equivalent way to ﬁnd out Ep.
Research studies in this area showed that when using pile
deformation modulus instead of pile compression modulus,
the calculated settlement of composite foundation is closer to
the measured result [46, 47]. This method is adopted in the
following calculation. In engineering practice, the pile deformation modulus can be obtained by the load-settlement curve
with a certain calculation mode, and the following elastic
theoretical formula is used [48]:
Ep � α × 1 − v2  × B × k,

(6)

where k is the secant slope on the load-settlement curve, B is
the side length or diameter of the loading plate, and α is the
settlement inﬂuence coeﬃcient. When the circular loading
plate√is�used, α is π/4; when the square loading plate is used,
α is π/2.
This ﬁeld static load test method can comprehensively respond to the inﬂuences of soil characteristics, pile diameter, pile
length, cap size, and other factors; hence, it is strongly representative. Actually, the load-settlement curve is a nonlinear
curve in soft soil areas, and k is varied with the ratio of load to
settlement. However, the static load test is destructive, and the
ultimate load is often much higher than the designed embankment load. For example, in a load test, the value of ultimate
pressure of a capped pile is nearly 3000 kPa, whereas the value of
actual pressure caused by subgrade ﬁll is only 180∼250 kPa [2].
The settlement caused by actual designed embankment pressure
is typically located in the initial position of the ﬁnal load-settlement curve. So, the k is suggested to be calculated at the design
load point on the load-settlement curve. If there is a linear part in
the initial section of the load-settlement curve, k can also be
calculated according to the slope of the linear section.
3.3. Calculation Procedure. The settlement calculation
procedure was carried out in the following sequence:
(1) Calculate the additional stress increment (Δp) caused
by embankment using the Boussinesq solution: soil
properties such as Es are determined by ﬁeld or
laboratory investigations. The calculation depth (z) is
determined as the depth where the additional stress
is 0.1 times the gravity stress [49].
(2) Calculate the compressive modulus of the reinforced
area (Esp): pile length and other dimension parameters
are obtained from the design scheme. According to the
pile layout, the area replacement rate m is calculated
using equations (5a) or (5b). The compressive modulus
(Ep) is yielded through equation (6), according to the
ﬁeld static load test. By substituting the values of m and

Ep into equation (4), the compressive modulus of the
reinforced area (Esp) is obtained.
(3) Calculate the total settlement of the capped piles
composite foundation (s): when Es, m, and Esp have
been determined, the settlement of the composite
foundation can be calculated using equations (1)–(3).

4. Verification and Comparison
A highway renovation is located in Bohai Bay, Hebei
Province, China. A cross-line bridge has been constructed
with a ﬁlling height of 6 m behind an abutment. The distribution and parameters of the soil layers under the embankment are shown in Table 2.
The new pavement is 18 m wide, the soft soils under
embankment were treated using a capped piles composite
foundation. Figure 8 shows the ﬁeld photographs of the
foundation treatment.
The pile bodies were C80 prestressed concrete pipe piles
with an external diameter of 500 mm, an inner diameter of
380 mm, and a length of 16 m. Pile cap was a prefabricated
concrete square with an edge length of 1000 mm and a
thickness of 250 mm. The capped piles were set in an equilateral
triangle formation with a side length of 2.2 m. The schematic
diagram of the pile arrangement is shown in Figure 9.
It should be pointed out that the hollow pipe piles were
used in this project, and their deformation modulus is
diﬀerent from that of solid piles with equal diameter because
the actual compressive cross-sectional area is diﬀerent.
However, when using equation (6) for Ep calculation, the
cross-sectional diﬀerence is negligible.
The area replacement rate m is calculated using the pile
caps area, where m � 0.238; the calculation depth z � 26 m,
and the calculation thickness of each layer is 2 m. The in situ
load-settlement curve of single capped pile is shown in
Figure 10. The slope of secant line AB (k) is 150.4; the
deformation modulus
Ep of the composite pile is 169.8 MPa
√�
(B � 1.4, α � π/2), according to equation (6). Finally,
equations (1)–(3) were used to calculate the total settlement
(ψ s1 � ψ s2 � 1.0). The calculation parameters and results are
shown in Table 3.
In Table 3, the calculated total settlement was 85.99 mm;
this met the designed requirement of 100 mm. The settlement
of the reinforced area was 30.0 mm and that of the substratum
was 56.0 mm. This shows that the settlement of the substratum
accounted for the majority of the total settlement.
The observed settlements with elapsed time at P1 and P2
are shown in Figure 11.
Calculated and observed settlements are compared in
Table 4.
Error analysis indicates that the result calculated by the
proposed method has a minimum error of 10.8% which is
substantially less than the estimates obtained by the Ep
method (23.4%), the settlement-reducing piles method
(42.9%), and the Ec method (88.1%). Consequently, the
proposed method is in good agreement with the observed
data and is convenient for calculating the settlement of
capped piles composite foundation under embankment
load.
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Table 2: Distribution and parameters of soil layer [50].

Layer
Thickness (m) Gravity density (kN/m3) Modulus (MPa) Cohesion (kPa) Internal friction angle (°) Poisson’s ratio
Gravel cushion
0.25
22.4
64000
0.1
40
0.25
Fill
2
18.1
2.84
20.0
30
0.25
Silt
4
18.3
5.20
15.2
17
0.30
Silt
2
18.2
5.13
14.9
18
0.30
Silty clay
8
19.6
4.95
13.7
21
0.28
Silty clay
16
19.7
9.15
20.2
25
0.25

(a)

(b)

Figure 8: Field photographs of foundation treatment: (a) before installing caps; (b) after installing caps.
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Table 3: Computation parameters and results.

Location

Layer
1
2
3
4
5
6
7
8
9
10
11
12
13

Reinforced area

Substratum

Soil
Fill
Silt
Silt
Silt
Silty clay
Silty clay
Silty clay
Silty clay
Silty clay
Silty clay
Silty clay
Silty clay
Silty clay

Es (MPa)
2.84
5.20
5.20
5.13
4.95
4.95
4.95
4.95
9.15
9.15
9.15
9.15
9.15

Thickness (m)
2
2
2
2
2
2
2
2
2
2
2
2
2

Ep (MPa)
169.8
169.8
169.8
169.8
169.8
169.8
169.8
169.8
—
—
—
—
—

Esp (MPa)
42.58
44.37
44.37
44.32
44.18
44.18
44.18
44.18
—
—
—
—
—

Total settlement (mm)

Settlement (mm)
6.45
5.37
4.49
3.69
3.11
2.64
2.27
2.00
13.55
12.14
10.99
10.14
9.15
85.99

120

Load (kPa)

100
80
60
40
20

Settlement (mm)

0
–20

0

30

60

90

120
150
Time (day)

180

210

240

270

–40
–60
–80
–100
Load
Settlement in Point 1
Settlement in Point 2

Figure 11: Observed settlements with elapsed time at P1 and P2.

Table 4: Settlement comparison of calculated and observed results.
Calculation method

This method

Es method [21]

Ep method [22]

Settlement-reducing piles method [27]

Settlement (mm)

86.0

181.3

73.8

137.8

Error (%)

10.8

88.1

23.4

42.9

5. Conclusions
This paper focused on the settlement characteristics and the
settlement calculation of capped piles composite foundation
based on numerical and theoretical analysis. The key conclusions were summarized as follows:
(1) The pile spacing and pile length are the main factors
to the total settlement of the capped piles composite

Observed data
98.7 (P1)
94.1 (P2)
—

foundation, while the pile spacing and the ratio of
pile cap to pile diameter are the main factors accounting for the pile-soil diﬀerential settlement, and
the diﬀerential settlement of capped piles composite
foundation is very similar to that of ﬂexible pile and
compressible pile composite foundations.
(2) Based on the numerical results, a theoretical formula
for calculating the total settlement of the capped piles
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composite foundation using the layer-wise summation method is proposed. And a real embankment
engineering with capped piles composite foundation
is adopted to validate this method; by comparing
with other methods, the results show that the proposed method is the most consistent with the ﬁeld
monitoring data. As long as the load-settlement
curve of single capped pile can be obtained in site or
be simulated out, the total settlement of composite
foundation can be predicted by this method, which
provides a great convenience for scheme design and
optimal design.
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