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Four prestressed high-strength concrete pile- (PHC pile-) pile cap connections under low-cycle loading were tested to study the
test phenomena, failure modes, hysteretic performance, ductility, and bearing capacity. +e PHC piles were reinforced with steel
fiber and deformed bars and CFRP. +e tests results showed that the connections were damaged by bending. +e concrete of the
caps were squeezed to be crushed. +e concrete of connection was crushed and formed a hinge joint that resulted in the
connection rotating unrestricted, and the rotation capacity of connection increased. +e PHC pile reinforced with steel fiber and
deformed bars can improve the displacement ductility of the connections. +e finite element software ABAQUS was used to
simulate the nonlinear behavior of pile-cap connections. +e prediction agreed relatively well with the experimental results. +e
stress and strain of specimens were studied.+e connections should be designed with enough rotating capacity and make sure the
cap will not be damaged by squeezing or prying due to the rotation of pile end.

1. Introduction

Prestressed high-strength concrete piles (PHC piles) have
the advantages of low cost, high bearing capacity, high
concrete strength, quick speed of construction, and good
reliability; PHC piles have been widely used in Asian
countries, such as Japan, China, and South Korea, and more
than two hundred million meters of PHC piles are applied in
engineering every year in China. +e pile foundation needs
to undertake the vertical load of the upper structure and
horizontal force when subjected to earthquake. As the
flexural bearing capacity of the pile is insufficient or the
deformation capacity is poor, the different degree of damage
may occur. Japan is one of the most vulnerable nations to
earthquakes in the world; the investigation of previous
earthquakes in Japan showed that the PHC pile to pile cap
connection was damaged in earthquake, and themain failure
modes are flexural and shear destruction [1–5].

In order to improve the horizontal bearing capacity of
PHC piles, a lot of research has been done. Kokusho et al.
[6, 7] found that a combination of concrete filled in the

hollow part of PHC piles and high-strength spiral hoop was
very effective for improving the deformability of PHC piles.
Nagae et al. [8, 9] conducted cyclic test on prestressed
reinforced concrete pile (PRC pile) and considered the effect
of axial deformed bars and lateral reinforcement on the
seismic performance of PRC piles. +e test result showed
that PRC piles can exhibit stable hysteretic behavior and
significant ductility when properly reinforced with axial
deformed bars and lateral reinforcement. +e test result of
Akiyama et al. [10] showed that the prestressed reinforced
concrete pile with carbon-fiber sheets and infilled concrete
had a much higher flexural bearing capacity than conven-
tional precast concrete pile. Hyun et al. [11] showed that the
shear strength of PHC pile could be increased by means of
shear reinforcement and infilled concrete. Bang et al. [12]
found that the maximum bending moment of the PHC pile
improved with infilled concrete, and transverse and longi-
tudinal reinforcement was approximately 45% higher than
PHC pile. Yang et al. [13–15] conducted cyclic tests and
finite element analysis to study the parameters of different
types of pile, stirrup ratio, filling-concrete, steel fiber, and
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deformed steel bar on the seismic performance of PHC pile.
+e test results showed that the PHC piles were damaged by
bending. +e bearing capacity and ductility of PHC pile
increased with the reinforcement ratio of prestressing ten-
don. Concrete-filled in the hollow section could improve the
bearing capacity and hysteretic performance of the PHC pile.
Steel fiber had little effect on the performance of the PHC
pile. +e hysteretic loops of PHC pile reinforced with de-
formed steel bar were plumper, and the energy dissipation
was good. Li et al. [16] studied the performance of CFST
columns with foundation and columns without foundation.
Zhang et al. [17] conducted tests of six full-scale prestressed
high-strength concrete piles under combined axial com-
pression and cyclic horizontal loads, and different axial
compression levels and prestressing levels of prestressed
tendons were studied. Test results indicated that the axial
compression ratio and prestressing level of prestressed
tendon significantly influenced the seismic performance of
prestressed high-strength concrete piles. Wu et al. [18, 19]
developed prestressed high-strength concrete (PHC) piles
reinforced with high-strength materials (glass fiber-rein-
forced polymer (GFRP) bars) for flexural performance
enhancement.

+e performance of connection between pile and cap
determined whether the upper structure and foundation can
work together effectively. Based on the earthquake inves-
tigation of Japan [3, 4], the force of pile and cap connection
was complicated and even simultaneously sustained the
action of bending, shear, and axial load, which made the
connection easy to be damaged.

Wachi et al. [20] proposed a simplified pile-to-pile cap
connection for PHC pile; the test results showed that the
degree of restraint against rotation of simplified connection
is about 0.7 times the usual connection under stationary
axial load condition, and the simplified connection has
adequate shear strength under the condition without pull
force. Aoshima et al. [21, 22] proposed an improved sim-
plified connection with a tapered clearance around the pile
head. +e test results indicated that the simplified con-
nection is very useful to reduce the bending moment of the
pile head.

Hirade et al. [23] proposed a pile head joint method for
prestressed high-strength concrete piles using unbonded
stud bars; it found that the proposed joint method has high
rotation performance which will decrease damage of piles.
Sasaki et al. [24] used unbonded round steel bars with
anchor plates to improve the performance of semirigid
connections on pile heads by reducing the stress on pile
heads and decreasing the cost of foundation works. It
showed that the connection developed retains its bending
capacity at rotational angles of less than 1/20 radian.
+erefore, the behavior of anchor bars influences the per-
formance of pile to cap connection. +e slip between cap
concrete and anchor bars may be beneficial to the rotation of
pile end and may decrease the damage of pile end.

Many research studies have been carried out in South
Korea. Park et al. [25] suggested a newly optimized method
of reinforcing joint of PHC pile and foundation plate, and
the test results indicated that the reduction of rebar

reinforcement compared to previous method would lead to
cost saving in PHC pile construction. Bang et al. [26] in-
vestigated the cyclic behavior and performance of the
concrete infilled composite PHC (ICP) pile-footing con-
nection; it indicated that the ICP pile-footing connection
exhibited higher seismic and connection performance than
the conventional PHC pile-footing connection. Bang et al.
[27] provided an experimental and analytical study on the
reinforced large diameter pretensioned high-strength con-
crete pile which was reinforced with infilled concrete,
longitudinal rebar, and transverse rebar to increase the
flexural and shear strength of conventional large-diameter
PHC pile.

Researchers in China also have conducted some research
studies on bending performance of PHC pile to pile cap
under cyclic loading. Wang et al. and Yang and Wang
[28, 29] studied six PHC pile-pile cap connections under
cyclic loading; the test result showed that the specimens
exhibit flexural failure, and the bearing capacity and energy
dissipation capacity increased along with the rotation ca-
pacity of the pile connections. Guo et al. [30] studied the
pile-cap connection of PHC pile considering two improved
connection; the test results showed that the three connec-
tions experience different failure patterns. Blandon et al. [31]
conducted cyclic test on two precast pretensioned pile-deck
connections used in the construction of pile-supported
marginal wharfs which were tested under cyclic loading.

+e above studies indicate that many research studies
have been done to improve the performance of PHC piles
and the pile-pile cap connection, but the study about the
performance of improved PHC pile-pile cap connection is
relatively rare. To avoid the damage of end of PHC near pile-
pile cap connection, three improved PHC pile-pile cap
connections were studied by test and finite element analysis.

2. Experimental Program

2.1. Specimen Design. Four full-scale specimens were
designed; the connections between pile and cap were same,
as shown in Figure 1. +e number of anchor bars should be
not less than six to transfer forces from pile to cap according
to Technical Code for Building Pile Foundation (JGJ
94–2008) of China [32]. +e thickness of anchor plate is
20mm, and the steel grade is Q235. Different methods were
considered to improve the performance of the connections,
such as reinforced with steel bars, steel fiber-reinforced, and
CFRP (carbon fiber-reinforced polymer). CT-7 specimen
was normal specimenwith no improvement, the pile of CT-8
specimen was confined by three layers of CFRP, steel fiber
was added into the pile of CT-9 specimen, and the pile of
CT-10 specimen was reinforced with deformed bars. Table 1
summarizes the details of the specimens.

+e diameter and thickness of the piles are 500mm and
100mm, respectively. +e length of the pile is 2m, and it is
embedded into cap for 100mm, as shown in Figure 1(a).
Eleven 9.0mm diameter of prestressing bars with an applied
prestress of 994MPa (70% gross ultimate tensile strength)
were used. +e stirrup spacing and diameter were 80mm
and 5mm, respectively. An 1800×1100× 850mm cap
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Figure 1: Details of specimens. (a) +e connection between cap and pile. (b) PHC pile section. (c) PRC pile section.

Table 1: Parameters of specimens.

Specimen D (mm) t (mm) Prestressing bars Stirrup Anchor bars Improved measure of PHC pile
CT-7 500 100 11A9.0 A5@80 6B18 —
CT-8 500 100 11A9.0 A5@80 6B18 +ree layers of CFRP
CT-9 500 100 11A9.0 A5@80 6B18 Volume fiber content 1.0%
CT-10 500 100 11A9.0 A5@80 6B18 11B14
Note. D is the diameter of PHC pile and t is the thickness of PHC pile.
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section was used, and Figure 1(a) shows reinforcement used
for specimens. +e cross sections of PHC pile PRC pile are
shown in Figure 1(c). Six anchor bars were welded to the
anchor plate and then bent outward into the cap in a 75°
pattern, as shown in Figure 1(b).

2.2. Specimen Preparation. PHC piles were fabricated with
centrifugation, steam, and autoclave curing at factories. PHC
piles were steamed at atmospheric pressure for 6 hours at
80°C and steamed at high temperature and pressure for 6–8
hours (1.0MPa, 180°C). +e cap was naturally cured. Be-
cause the scale of cap is large, it was not convenient to
fabricate them as actual engineering; therefore, the concrete
of cap was cast by convert. Microexpensive concrete was cast
into both the hollow section of pile and cap simultaneously.
Deformed bars are arranged at intervals in PRC pile, as
shown in Figure 1(c). +e optimal amount of steel fiber was
determined according to the study results of [33–35]. +e
hooked steel fiber (as shown in Figure 2) was used to im-
prove PHC pile; the equivalent diameter, average length, and
the ultimate tensile strength are 0.5mm, 32mm, and
1000MPa, respectively. To improve the dispersion unifor-
mity of steel fiber in the mixing materials, the method of dry
mixing and wet mixing was adopted. When preparing the
specimen CT-8, the surface of pile was made to be rough,
and then the CFRP sheet was wrapped around the pile, as
shown in Figure 3. +e CFRP sheet was wrapped with three
layers with a 150mm overlap in the direction of fibers to
ensure proper bond.

2.3. Material Properties. +e mechanical properties of steel
bars are listed in Table 2.+e concrete proportioning of PHC
pile and cap is listed in Table 3. +e concrete compression
strength of pile and cap is shown in Table 4. Tensile tests on
CFRP coupons were conducted according to the Chinese
standard GB/T 3354-1999 [36]. +e values presented were
the averages from three test coupons based on a nominal
thickness of 0.167mm/ply. +e ultimate tensile strength is
3718MPa, elastic modulus is 2.75×106MPa, the ultimate
strain is 0.13678, and the Poisson ratio is 0.304.

2.4. LoadingDevice. +e test setup is shown in Figure 4. +e
cap was anchored to the strong floor firstly before the axial
load and cyclic lateral load were applied on the pile, where
“1” is an actuator with 600 kN capacity and push/pull stroke
of 300mm, “2” and “5” are load sensors, “3” is counterforce
frame, “4” is sliding plate, “6” is a 1000 kN hydraulic jack, “7”
is PHC pile, “8” is inclinometer, and A1∼A8 are displace-
ment sensors. Four displacement sensors were placed on one
side of the pile at 420mm spacing from the pile base to
monitor the lateral displacements. Rotation of the pile was
monitored using two 50mm range displacement sensors
placed on the two sides of the column in the loading plane.
+e axial load was applied by a 1000 kN hydraulic jack.

2.5. Loading Schedule. +e loading protocol is very im-
portant and strongly influences the test results [37, 38], the

test was performed with load and displacement mix control
according to the Specification for Seismic Test of Buildings
JGJ/T101-2015 [39], and the load program is shown in
Figure 5. +e axial load about 500 kN was firstly applied,
which must be kept constant during loading. +e yield load
was defined as the anchor bar researched its yield strain, and
the corresponding displacement was defined as yield
displacement.

+e load control was used before the yield of specimen,
and one cycle was applied at each of the elastic lateral load.
+e subsequent load cycles were displacement controlled
and consisted of three cycles after the specimen yielded. Test
was terminated due to large deformation or when the
bearing capacity of specimen had deteriorated to 85% of the
maximum load. Two strain gauges were pasted on every
anchor bar, and the length of the strain gauge is 3mm, as
shown in Figure 1(a). To measure the concrete strain of pile,
eight strain gauges were arranged at 200mm from the pile
base; the length of the strain gauge is 80mm, as shown in

d = 0.5mm, l = 32mm

Figure 2: +e hooked steel fiber.

Figure 3: Wrapping CFRP sheet.

Table 2: Material properties of steel.

Steel d (mm) fy (MPa) fu (MPa) Es (MPa)
Prestressing tendon A9.0 — 1560 2.0 × 105
Deformed steel bars B14 403 600 2.0 × 105

B18 352 583 2.0 × 105
Stirrup A5 — 601 2.0 × 105

Note. d is the diameter of the steel bar, fy is the yield strength, fu is the
ultimate strength, and Es is the elastic modulus.
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Figure 6(a). Eight strain gauges were attached on CFRP; the
length of the strain gauge is 5mm, as shown in Figure 6(b).

3. Test Observations

For Specimen CT-7, as the loads were 120 kN and −150 kN,
crack appeared at the tensile pile hoop and pile body in-
terface. At the Δy displacement (Δy � 6mm), a 0.05mm wide
circumferential crack appeared at the tensile region of pile

which was 450mm apart from top of cap. At the 2Δy dis-
placement, a 0.05mm wide circumferential crack appeared
at the tensile region of pile which was 350mm apart from top
of cap. At the 3Δy displacement, multiple radial cracks
appeared on the tensile region of cap, the maximum crack
width was 0.2mm, and a crack extended to the compressive
region and side of the cap. +e width of crack between the
tensile pile hoop and pile body interface was 1.7mm. At the
4Δy displacement, all the cracks of cap had extended, and the

Table 3: Concrete proportioning of PHC pile and cap (kg/m3).

Materials Cement Mineral admixture Sand Stone Compound admixture Water
Pile 336 144 639 1187 9.6 139
Cap 476 0 556 1183 0 195

Table 4: Concrete compressive strength.

Concrete No. 1 (MPa) No. 2 (MPa) No. 3 (MPa) No. 4 (MPa) No. 5 (MPa) Mean (MPa)
Normal pile 74.9 84.2 88.4 89.3 89.1 85.2
Volume fiber content 1.0% 88.1 89.5 82.1 87.6 88.9 87.2
CAP of CT-7 45.7 32.9 64 58.9 37.8 47.9
CAP of CT-8 49.9 46.9 45.6 47.9 47.5 47.5
CAP of CT-8 56.4 32.9 50.6 56.9 57.0 50.8
CAP of CT-10 57.0 50.1 55.6 58.3 57.0 55.6
Note. +e concrete strength of normal pile contains the specimens CT-7, CT-8, and CT-10, volume fiber content 1.0% refers to the concrete strength of pile in
CT-9, and CAP of CT-7 refers to the concrete strength of cap in CT-7.
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Figure 4: Test setup. (a) Diagrammatic test setup. (b) Test photo.
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maximum width of crack was 0.9mm. A 1mm width gap
occurred between the tensile area of pile and cap. +e pile
body had the tendency to be pulled out, and the cracks of pile
did not develop any more. At the 5Δy displacement, the
cracks of cap extended, and the maximum width of crack
was 1.8mm.+e gap between the tensile area of pile and cap
was 2mm, and the pile was pulled out about 2mm from cap.
At the 6Δy displacement, the concrete of cap appeared uplift,
the gap between the tensile pile and cap was 3mm, and the
maximum width of cap crack was 2mm.+e failure mode of
CT-7 is shown in Figure 7(a).

For Specimen CT-8, as the loads were 90 kN and −90 kN,
cracks appeared at the tensile pile and cap. At the Δy dis-
placement (Δy � 6.5mm), a 0.1mm wide crack appeared at
the tensile pile hoop and pile body interface. At the 2Δy
displacement, the crack between the tensile pile hoop and
pile body interface was 0.8mm. At the 3Δy displacement, the
cap appeared uplift, the gap between the tensile pile and cap
was 0.65mm, and the crack between the tensile pile hoop
and pile body interface was 1.2mm. At the −3Δy displace-
ment, multiple radial cracks appeared on the tensile region
of cap, and the maximum crack width was 0.45mm. At the
−4Δy displacement, the radial cracks of the cap extended,
and a crack about 500mm long appeared along the side of

the cap. At the 5Δy displacement, the uplift of cap was
obvious, and the maximum crack width was 0.65mm. At the
6Δy displacement, the concrete cover of cap at tensile side
tended to spall, and cracks appeared along two sides of the
cap of long side direction, which were about 1.2m in length
and 1mm in width. +e failure mode of CT-8 is shown in
Figure 7(b).

For Specimen CT-9, as the loads were 120 kN, cracks
appeared at the tensile pile and cap. At the 2Δy displacement
(Δy � 6mm), a 0.1mm wide circumferential crack appeared
at the tensile region of pile which was 350mm apart from top
of cap. +e tensile region of cap appeared uplift, and the
width of crack was 0.1mm. At the −2Δy displacement, crack
appeared at the tensile pile hoop and pile body interface, and
a 0.05mmwide circumferential crack appeared at the tensile
region of pile which was 250mm apart from top of cap. At
the 3Δy displacement, a 0.05mm wide circumferential crack
appeared at the tensile region of pile which was 550mm
apart from top of cap, and the width of crack between the
tensile pile hoop and pile body interface was 1.1mm. At the
−3Δy displacement, a 0.05mm wide circumferential crack
appeared at the tensile region of pile which was 500mm
apart from top of cap. At the −4Δy displacement, the uplift of
concrete cover of cap was obvious. At the 8Δy displacement,
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the concrete cover of cap at tensile side tended to spall, the
gap between pile and cap was 4mm, and the pile was pulled
out about 8mm. +e failure mode of CT-9 is shown in
Figure 7(c).

For Specimen CT-10, as the loads were 120 kN, cracks
appeared at the tensile pile and cap. At the Δy displacement
(Δy � 6.5mm), a crack appeared at the tensile pile hoop and
pile body interface, and the width is 0.05mm. At the 2Δy
displacement, two circumferential cracks appeared at the
tensile region of pile, which were 150mm and 320mm apart
from top of cap, respectively. At the −2Δy displacement, a
0.08mm wide circumferential crack appeared at the tensile
region of pile which was 250mm apart from top of cap. At the
3Δy displacement, multiple radial cracks appeared on the
tensile region of cap, and the maximum crack width was
1.1mm. A 0.08mm wide circumferential crack appeared at
the tensile region of pile which was 580mm apart from top of
cap. +e crack width of 150mm and 320mm apart from top
of cap was 0.25mm. At the 5Δy displacement, a crack
appeared along long side of the cap, which was about 0.7m in
length and 1.5mm in width. At the 6Δy displacement, there
was an overall uplift trend at the tensile region of cap, the pile
has the sign to be pulled out, and themaximum crack width of
the cap was 2mm. At the −6Δy displacement, the cap had a
large-scale uplift, and the specimen could no longer bear the
load. +e failure mode of CT-10 is shown in Figure 7(d).

4. Test Result and Discussion

4.1. Load-Displacement Hysteretic Curves. Load-displacement
hysteretic curves of specimens are shown in Figure 8. +e
failure of specimen CT-7∼CT-10 was due to the crushing of

cap concrete and slip of anchor bars, which caused the
connection to be hinge joint. +e hysteretic performance of
pile-cap connection was mainly determined by the cap and
anchor bars; therefore, the hysteretic curve pinched seri-
ously. After 3Δy displacement, the bearing capacity of
specimen CT-7 decreased with the increase of displacement
because of the yield of anchor bars. Specimen CT-8 was
reinforced by CFRP; it can be seen that the load increases
with the increase of displacement. After 2Δy displacement,
the positive load does not increase, but the reversed load still
increases. Specimen CT-9 was reinforced by steel fiber;
because the cap of joint region was damaged, the improved
effect to the seismic performance of connection is not ob-
vious. Specimen CT-10 was reinforced by deformed bars,
and the bearing capacity declined suddenly due to the
rupture of anchor bar. +e improvement of CFRP confine,
reinforced with steel fiber and deformed bars, could increase
the bearing capacity of pile end; otherwise, it made the joint
region easy to be damaged. +erefore, the joint region
should own enough rotation capacity to make sure the
connection will not fail as the rotation is small, and the pile
can take advantage of its flexural bearing capacity.

4.2. Strain Analysis. Figure 9 shows the concrete strain of
CG-1 and CG-5. It can be seen that the maximum com-
pressive strain of concrete is −1780 με which does not reach
the ultimate compressive strain of concrete, and the concrete
of pile was not crushed. +e strain of CG-1 in CT-10 is
1500 με, which is different from CT-7∼CT-9; because a crack
appeared at the position of CG-1, the strain gauge was
tensioned to be ruptured.

(a) (b)

(c) (d)

Figure 7: Failure mode of specimens. (a) CT-7. (b) CT-8. (c) CT-9. (d) CT-10.
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Figure 10 shows the load-strain curves of anchor bars;
point A is the position of maximum stress. It shows that the
strains of the specimen CT-7∼CT-9 are smaller than 2000 με,
which indicates that the anchor bars below the point did not
yield.

Figure 11 shows the load-strain curves of CFRP, where
FRP1-A and FRP1-B are the longitudinal strain and
transverse strain, respectively. +e maximum strain of
FRP1-A is −1505 με which is close to the concrete strain of
CG-1, which indicates that the bond between CFRP and pile
is good. +e maximum strain of FRP1-B is 400 με; it means
that the CFRP confined the concrete, but the effect is not
obvious because the failure of CT-8 mainly focused on joint
between pile and cap. +e circumferential tensile stress of

CFRP was small; therefore, the CFRP did not rupture or
exhibit failure of overlap.

4.3. Bearing Capacity and Displacement Ductility.
Displacement ductility factor is an important index to
evaluate the behavior of structure under earthquake, which
is defined as the ratio between ultimate displacement and
yield displacement as follows:

μ �
Δu
Δy

, (1)

where Δu and Δy are the ultimate displacement and yield
displacement, respectively.
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Figure 8: Hysteretic load-displacement response for specimens. (a) CT-7. (b) CT-8. (c) CT-9. (d) CT-10.
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+e displacement corresponding to 85% of the maximum
load is defined asΔu.When the bearing capacity does not decline
or is less than 85% of the lateral bearing capacity, the corre-
sponding displacement is taken as ultimate displacement. +e
yield displacement is determined according to energy method
according to the Specification for Seismic Test of Buildings JGJ/
T101-2015 [39]. +e load-displacement skeleton curves of CT-
7∼CT-10 are shown in Figure 12. +e displacement ductility
factors, cracking moment (Mcr), and ultimate bending moment
(Mu) are listed in Table 5; the cracking moment is the moment
when the crack appears between pile and steel hoop.

It can be seen from Figure 12 and Table 5 that the bearing
capacity and stiffness of the connections have not been
increased after improvement, but the skeleton curves are
more flat at the later stage of the loading. +e average
displacement ductility factors of CT-7∼CT-10 are 2.42, 2.32,
3.52, and 2.51, respectively. +e displacement ductility
factors of CT-9∼CT-10 are bigger, and the maximum value

is 4.49. It indicates that the ductility of connection can be
improved as the pile is reinforced with steel fiber and de-
formed bars. +is is because after adding steel fiber, the
compressive strength and tensile strength of concrete are
increased, and the deformability can be improved. After the
configuration of deformed bars, the flexural bearing capacity
of the pile is increased. Yang et al. [13] conducted a test on
PHC piles; the test results showed that the displacement
ductility factors of PHC pile, PHC pile improved with steel
fiber, and deformed steel bars are 2.39, 2.31, and 3.18, re-
spectively. It indicates that the displacement ductility factors
of CT-7∼CT-10 specimens are larger than those of PHC pile
so that the connection is viable in seismic areas.

4.4. Moment-Drift Angle of Pile Head. Figure 13 shows the
moment-rotation relationship of pile head; the drift angle
was recorded by an inclinometer. +e curve of Figure 13 is
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Figure 9: Load-stress curves of pile concrete. (a) CT-7. (b) CT-8. (c) CT-9. (d) CT-10.
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similar to Figure 12, whichmeans the drift angle is reliable. It
can be seen from Figure 13 that the lateral load decreased
with the increase of connection drift angle because the joint
region of anchor bars lose restraint of concrete. In addition,
as the connection drift angle was 0.014 rad, the concrete
cover of cap spalled due to the prying and squeezing force of
pile end. Plastic hinge formed at the connection between pile
and cap and circumferential crack appeared at pile end, but
the damage was not serious. In order to avoid the failure of
cap under the prying and squeezing force of the pile end, the
connection angle should be less than 0.014 rad.

4.5. EnergyDissipation. Damage states defined by Pagni and
Lowes [40] have been used to evaluate the damage level of
the structures; otherwise, the equivalent damping coefficient
was used to evaluate the damage level and seismic perfor-
mance of specimens. Figure 14 shows the equivalent
damping coefficient of different displacement. It can be seen

that the equivalent damping coefficient increases with the
displacement. Before reaching 2Δy displacement, the
equivalent damping coefficient of the CT-7∼CT-10 speci-
men has no obvious difference. At the process of loading to
3Δy displacement, the cap of CT-8∼CT-10 damaged more
seriously than CT-7, the concrete of cap appeared uplift, and
the restrain capacity of joint region weakened, which caused
the equivalent damping coefficient of CT-8∼CT-10 to be
smaller than that of CT-7.

5. Finite Element Analysis

+e experiment has studied the seismic behavior of im-
proved PHC pile to cap connection so as to study the
performance of the specimens further. +e model of im-
proved PHC pile to cap connection was established by the
finite element analysis software ABAQUS; the load-dis-
placement curve and the stress of longitudinal steel bars,
anchor bars, and concrete were analyzed.
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Figure 10: Load-strain curves of anchor bars. (a) CT-7. (b) CT-8. (c) CT-9. (d) CT-10.

10 Advances in Materials Science and Engineering



5.1. Finite Element Model

5.1.1. Material Constitutive Model. +e bilinear constitutive
model of steel was used to simulate the steel. +e concrete
constitutive model used the concrete-damaged plasticity

model in ABAQUS. +e constitutive model proposed by
Guo [41] was used to model the concrete which has been
widely adopted as the uniaxial stress-strain curve for con-
crete in China. +e compressive stress-strain relationship
can be shown as follows:
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Figure 11: Load-strain curves of CFRP. (a) FRP1-A. (b) FRP1-B.
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Figure 12: Load-displacement skeleton curves.

Table 5: Results of tests.

Specimen
Mcr (kN·m) Mu (kN·m) Δy (mm) Δu (mm) μ

Forward Reverse Forward Reverse Forward Reverse Forward Reverse Forward Reverse
CT-7 208.3 −262.5 546 −388.5 11.8 −8.9 25.34 −24.02 2.15 2.70
CT-8 252 −248.5 430.5 −477.8 14.09 −21.1 39 −39.32 2.77 1.86
CT-9 238 −210 477.8 −297.5 16 −10.7 41.03 −48.02 2.56 4.49
CT-10 248.5 −334.3 406 −567 15.3 −14.5 39.13 −35.7 2.56 2.46
Note. Mcr is the cracking moment, Mu is the ultimate moment, Δy is the yielding displacement, Δu is the ultimate displacement, and μ is the displacement
ductility factor.
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where σ is the stress at strain ε, fc is the axial compressive
strength, and εc is the peak strain at stress fc which can be
calculated by equation (3), where αa and αd are constants.
Equations (4) and (5) are used to estimate the constants αa

and αd.

εc � 700 + 172
��

fc



  × 10− 6
, (3)

αa � 2.4 − 0.0125fc, (4)

αd � 0.157f
0.785
c − 0.905. (5)

+e tension stress-strain relationship can be shown as
follows:
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(6)

where ft is the axial compressive strength and εt is the peak
strain at stress ft that can be calculated by equation (7). αt is a
constant, and equation (8) is used to estimate it.

εt � 65f
0.54
t × 10− 6

, (7)

αt � 0.312f
2
t . (8)

CFRP was assumed to be linear elastic. +e fibers rup-
tured when researching the ultimate strain; therefore, the
fibers could not take the load any more, as shown in the
following equation:

ε≤ εf, σf � Efε,

ε> εf, σf � 0,
(9)

where σf is the ultimate stress of the fiber; Ef is the modulus
of elasticity; and εf is the ultimate strain.

5.1.2. Element Type, Element Mesh, and Boundary Condition.
Prestressing tendon and stirrup used T3D2 element, and
C3D20R element was selected for concrete. CFRP used S4R
element. +e bond between filled concrete and inner wall of
pile was assumed to be good; therefore, the two parts were
tied to be together without considering the slip between
them. “Hard contact” was used to simulate the contact of
steel hoop and cap, endplate and cap, endplate and pile. +e
saddle and pile and steel hoop and pile were tied to be
together, respectively. +e prestressing tendon and stirrup
were embedded into concrete, without considering the slip
between concrete and bars. +e prestress was applied with
the decreasing temperature method. +e CFRP and pile was
tied to be together. Boundary conditions and mesh of the
finite element analysis model are shown in Figure 15.

5.2. Model Verification. Finite element analysis (FEA) load-
displacement curves under monotonic loading are com-
pared with the experimental curves as shown in Figure 8. It
can be seen that the FEA results are close to the experimental
curves. Table 6 lists the FEA results. +ere are some certain
errors between the FEA and test results about the bearing
capacity and stiffness. +e main reason is that the FEA could
not simulate the action between steel head and endplate, so
the prestressing stress was mainly transferred by bond be-
tween steel and concrete. +erefore, it would result in the
increase of the transfer length of prestressing bar, and the
effective prestressing stress of pile will be smaller than
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practical situation. In addition, the bearing capacity of the
specimen will decrease continuously when it is cracked and
closed under repeated loads, but this situation will not occur
when the FEA is monotonously loaded, so the FEA result is
basically larger than the test result. In addition, axial force of
pile head cannot remain constant in the test, which makes
the load and stiffness of two directions to be different.
Otherwise, the axial load can remain unchanged in the
process of calculation, and it also makes the FEA curve and
test curve to have certain differences. Despite the influence
of the above factors, the FEA results are not far from the test
results, which can be used as a basis for further analysis.

5.3. Analysis of Stress

5.3.1. Stress Distribution of Steel Bars. Figures 16–19 show
the stress distribution of steel bars of specimen CT-7∼CT-10
at ultimate state.

Figure 16 shows the stress distribution of steel bars of
specimen CT-7. +e anchor bars yielded due to tension at
the interface between and cap. +e yield length is about
100mm near the endplate. +e closer the position is to the
endplate, the greater the steel stress is, and yielding does not
occur outside 100mm. +e maximum tensile stress of the
stirrups is 544.9MPa, but it does not reach the ultimate

stress. Because the concrete was under compression, the
stirrup restrained the lateral deformation of concrete, which
caused it to bear high tensile stress. +e maximum tensile
stress of prestressing bars in the tensile zone is 1451MPa,
which has already yielded.

Figure 17 shows the stress distribution of steel bars of
specimen CT-8. As can be seen from Figures 17(a)–17(c), the
stress of anchor bar, stirrup, and prestressing bar is basically
the same as that of CT-7 after reinforced with CFRP. +e
circumference tensile stress distribution of CFRP is shown in
Figure 17(d). +e maximum tensile stress of CFRP is
312MPa, which appeared at the compressive zone. It in-
dicates that CFRP confined the concrete, but the stress is
small, which is close to the results of the test.

Figure 18 shows the stress distribution of steel bars of
specimen CT-9. +e maximum tensile stress of anchor bars
is 1062MPa, which is bigger than CT-7. +e maximum
tensile stress of prestressing bars is 1399MPa, which is
smaller than CT-7. Considering the effect of steel fiber in
analysis, the ultimate tensile stress of concrete was increased,
which caused the concrete to share a part of the tensile stress
of the prestressing bars, and its tensile stress decreased.

Figure 19 shows the stress distribution of steel bars of
specimen CT-10.+e maximum tensile stress of anchor bars
is 1386MPa, which is bigger than its ultimate tensile
strength. It can be seen from Figure 19(b) that the stress of

Anchor bar

Axial load

Horizontal load

Endplate and hoop

The bottom is fixed

Figure 15: Finite element model.

Table 6: Comparisons between experimental and finite element analysis results.

Specimen
PEu (kN) PFu (kN) PEu/PFu

Forward Reverse Forward Reverse Forward Reverse
CT-7 312 −215 218 −218 0.70 1.01
CT-8 246 −273 293 −293 1.19 1.07
CT-9 273 −170 225 −225 0.82 1.32
CT-10 232 −324 281 −281 1.21 0.87
Note. PEu is the experimental result and PFu is the finite element analysis result.
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Figure 16: +e stress distribution of specimen CT-7. (a) Anchor bars. (b) Stirrup. (c) Prestressed bar.
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Figure 17: Continued.
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stirrup is smaller than that of specimen CT-7, and the
maximum stress appears at tensile and compressive side.
Figure 19(c) indicates that the maximum stress of pre-
stressing bars is 1387MPa due to the existence of deformed

bars. Figure 19(d) indicates that the deformed bars have
yielded, and the maximum stress is 496MPa. +erefore, the
tensile stress of prestressing bars decreases after the pile is
reinforced with deformed bars. +e connection will not fail

Compression
Tension to yield

S, max, principal
S, mid, principal
S, min, principal

+1.003e + 03
+8.917e + 02
+7.807e + 02
+6.697e + 02
+5.588e + 02
+4.478e + 02
+3.368e + 02
+2.258e + 02
+1.148e + 02
+3.838e + 00
–1.071e + 02
–2.181e + 02
–3.291e + 02

(a)

S, max, principal
S, mid, principal
S, min, principal

+5.325e + 02
+4.613e + 02
+3.902e + 02
+3.190e + 02
+2.479e + 02
+1.767e + 02
+1.056e + 02
+3.445e + 01
–3.669e + 01
–1.078e + 02
–1.790e + 02
–2.501e + 02
–3.213e + 02

Tension

(b)

S, Mises
(Avg: 75%)

+1.383e + 03
+1.270e + 03
+1.158e + 03
+1.045e + 03
+9.321e + 02
+8.193e + 02
+7.066e + 02
+5.938e + 02
+4.811e + 02
+3.683e + 02
+2.556e + 02
+1.428e + 02
+3.005e + 01

(c)

Figure 18: +e stress distribution of specimen CT-9. (a) Anchor bars. (b) Stirrup. (c) Prestressed bar.
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Figure 17: +e stress distribution of specimen CT-8. (a) Anchor bars. (b) Stirrup. (c) Prestressed bar. (d) CFRP.
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Figure 19: +e stress distribution of specimen CT-10. (a) Anchor bars. (b) Stirrup. (c) Prestressed bar. (d) Deformed bars.
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Figure 20: Continued.
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due to the rupture of prestressing bars, but the diameter or
number of anchor bars should be increased to prevent the
connection to be damaged.

5.3.2. Stress Distribution of Concrete. Figure 20 shows the
concrete stress distribution of specimens CT-7∼CT-10. It
can be seen from Figure 20 that the concrete strength of
specimen CT-8 is increased due to the confinement of CFRP.
+e compressive area of specimen CT-8 is bigger than that of

specimen CT-7; therefore, the ultimate bearing capacity is
bigger. In addition, the cap of specimen CT-8 is subjected to
bigger squeezing stress than that of specimen CT-7, and the
test results showed that the cap of specimen CT-8 is
damaged more seriously than that of specimen CT-7.

Figure 20(c) shows that the compressive stress of pile and
squeezing stress of cap is almost same with CT-7, but the
maximum tensile stress is smaller than CT-7.

It can be seen from Figure 20(d) that the maximum
compressive stress of pile is 78.4MPa, and the maximum
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Figure 20: Concrete stress distribution of CT-7∼CT-10. (a) CT-7. (b) CT-8. (c) CT-9. (d) CT-10.
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Figure 21: Stress-displacement curves of CT-7. (a) Anchor bar. (b) Prestressed bar.

Advances in Materials Science and Engineering 17



squeezing stress of cap is 62.5MPa, which is bigger than CT-
7. +is is because the flexural capacity of pile was reinforced
by deformed bars, which caused the flexural capacity of pile
cap to be increased; therefore, the compressive stress of pile
and squeezing stress of cap also increased.

5.3.3. Stress-Displacement Curves of Steel Bars. +e maxi-
mum stress-displacement curves of anchor bars and pre-
stressing bars during the loading process of CT-7 are shown in
Figure 21. It can be seen from Figure 21(a) that there are three
different stress states for anchor bars, which is basically the
same at symmetry location. All of the anchor bars at tensile
zone have yielded, and the two anchor bars farthest from
neutralization have reached the ultimate tensile strength.

Figure 21(b) shows that the stress of all the prestressing
bars is the same before loading. +e tension stress of

prestressing bars in the tension zone increases with the
increase of displacement. +e tension stress of prestressing
bars in the compressive zone decreases, and the tension
stress of three prestressing bars at the maximum com-
pressive zone is eliminated completely.

+e maximum stress-displacement curves of anchor
bars, prestressed bars, and CFRP during the loading process
of CT-8 are shown in Figure 22. It can be seen from Figure 22
that four anchor bars were under compression at the ini-
tiation of loading. As the displacement increased, two of
them gradually turned into tension and yielded at last. +e
two anchor bars of compressive zone did not yield because
confinement of CFRP improved the flexural capacity of pile
end. Compared with CT-7, the prestress of prestressing bars
was eliminated more obviously, which indicates that the
compression side of pile undertook greater compressive
force. Figure 22(c) shows that the stress of CFRP is 326MPa
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Figure 22: Stress-displacement curves of CT-8. (a) Anchor bar. (b) Prestressed bar. (c) CFRP.
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Figure 23: Stress-displacement curves of CT-9. (a) Anchor bar. (b) Prestressed bar.
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Figure 24: Continued.

Advances in Materials Science and Engineering 19



at maximum load, and the stress increases with the increase
of displacement, but it is always in the elastic stage.

+e maximum stress-displacement curves of anchor bars
and prestressed bars during the loading process of CT-9 are
shown in Figure 23. It can be seen from Figure 23 that its stress
state is similar to that of CT-7. However, the tensile stress of
concrete increases due to the addition of steel fiber, which in-
creases the flexural capacity of pile end.+erefore, its horizontal
displacement is larger when researching the ultimate bearing
capacity, and the tensile force of anchorage bar is larger.

+emaximum stress-displacement curves of anchor bars
and prestressing bars during the loading process of CT-10
are shown in Figure 24. It can be seen from Figure 24(a) that
the stress of anchor bars of CT-10 is bigger than that of CT-7.
Figure 24(b) indicates that the deformed bars were under
compression at the initiation of loading, which is caused by
prestressing stress and axial loading. With the increase of
displacement, a part of deformed bars began to be tensile,
and the deformed bars at maximum tensile and compression
zone both yielded. Figure 24(c) shows that the tensile stress
of prestressing bars decreased during the loading process of
CT-10 after reinforced with deformed bars. As researching
the ultimate bearing capacity, the prestressing bars did not
reach their ultimate tensile strength.

It can be seen from Figures 21–24 that tensile stress of
some anchor bars is larger than their ultimate strength;
therefore, it is advisable to use high-strength steel bar in
projects.

6. Conclusion

+e following conclusions could be obtained by cyclic
loading test and nonlinear finite element analysis on PHC
pile to pile cap connection:

(1) +e specimens were damaged due to the crushing of
cap concrete in the connection area, which formed
hinge joint between pile and cap and caused rotation
ability of the joint to be stronger. +erefore, it is
necessary to guarantee that the cap will not be
damaged by the rotation of pile end too early due to
the extrusion pressure and prying force.

(2) +e failure region of specimens (CT-8∼CT-10)
mainly concentrated between pile and cap after
improvement, the pile end has no severe damage,
and the horizontal bearing capacity and energy
dissipation performance have no significant
improvement.

(3) +e displacement ductility coefficient of CT-10 and
CT-9 is bigger than that of CT-7, which shows that
the PHC pile reinforced with steel fiber and de-
formed bars can improve the deformability and
flexural bearing capacity of piles, which causes the
displacement ductility of connection to be better.

(4) +e FEA load-displacement curves are close to the
experimental curves. Otherwise, there are some
certain errors between the FEA and test results about
the bearing capacity and stiffness, and the FEA re-
sults are not far from the test results, which can be
used as a basis for further analysis. On this basis, the
stress analysis of prestressing bars, deformed bars,
and CFRP of ultimate state shows that the stress of
prestressing bar is reduced.
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included in the article.

0 10 20 30 40 50 60 70 80
um (mm)

0

200

400

600

800

1000

1200

1400

1600

1800

Ultimate strength

St
re

ss
 (M

Pa
)

P-bar1
P-bar2
P-bar3
P-bar4
P-bar5
P-bar6

P-bar7
P-bar8
P-bar9
P-bar10
P-bar11

(c)

Figure 24: Stress-displacement curves of CT-10. (a) Anchor bar. (b) Deformed bar. (c) Prestressed bar.
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