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Abstract

To investigate the stress evolution, deformation behavior, and failure characteristics of
composite-reinforced prestressed concrete hollow square piles (PHSC piles) under bending,
a four-point bending test was conducted on a full-scale PHSC500 (340) hollow square
pile specimen with a length of 7000 mm, a square section of 500 mm x 500 mm, and a
hollow core diameter of 340 mm. The test was used to obtain load—deflection curves, crack
propagation patterns, deformation responses, sectional strain distributions, and failure
modes. In addition, an ABAQUS finite element model was established to compare the
bearing capacity, stiffness degradation, and ductility of different pile types with varying
prestressed and non-prestressed reinforcement ratios. The results show that vertical cracks
changed their propagation direction at the edge of the tensile zone in the flexural-shear
region of the PHSC piles and developed into a critical diagonal crack with a width of
1.7 mm. The specimen ultimately exhibited a shear—-compression failure mode. During the
failure stage, the midspan deflection increased rapidly as the load rose from 710 to 740 kN,
with the deflection increasing from 24.88 to 32.00 mm. The load—midspan deflection curve
obtained from the finite element analysis was generally consistent with the experimental
results. Moreover, the predicted damage concentration zones corresponded well to the
experimentally observed crack locations, indicating that the model can be used to analyze
relative variations under different parameter conditions. The combination of prestressed
and non-prestressed reinforcement improved the flexural capacity and ductility of the PHSC
piles. However, ductility did not increase monotonically with the prestressed reinforcement
ratio. These findings provide a reference for evaluating the flexural performance of PHSC
hollow square piles and optimizing their reinforcement parameters.

Keywords: highway engineering; PHSC pile; flexural performance; cracking moment;
finite element analysis

1. Introduction

As foundation pit engineering technology continues to advance, prestressed concrete
pipe piles are now widely employed in foundation pit support systems to ensure construc-
tion safety [1-3]. However, the inadequate horizontal bearing capacity and subpar seismic
performance of this pile type significantly impede its further development [4,5]. Monitoring
data indicate that, under horizontal loads, prestressed concrete pipe piles frequently exhibit
quality defects, including cracking, tilting, and even fracture, due to insufficient flexural
bearing capacity [6]. Their cracking bending moment is near the ultimate bending mo-
ment, substantially elevating the risk of engineering accidents. Ordinary precast concrete
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square piles offer high flexural bearing capacity and good deformation ductility; however,
they suffer from drawbacks such as a generally low concrete strength grade, inadequate
structural crack resistance, and a lengthy production cycle. Furthermore, cracks are likely
to develop during logistics transportation, on-site hoisting, and temporary stacking, po-
tentially leading to fracture in severe cases. This significantly limits the applicability and
promotional value of this pile type in engineering construction [7,8].

To overcome the limitations of traditional precast concrete square piles in engineering
applications, a novel composite-reinforced prestressed concrete square pile is proposed,
leveraging the distinct advantages of prestressed concrete pipe piles and prestressed con-
crete precast square piles [9-13]. This pile type substantially increases the crack resistance of
concrete square piles through prestressing [14,15] and incorporates ordinary threaded steel
bars to enhance its flexural capacity [16-19]. Composite-reinforced prestressed concrete
solid square piles not only feature a large cross-sectional area but also exhibit significantly
enhanced horizontal bearing capacity and ductility compared to prestressed concrete pipe
piles and traditional precast concrete square piles [20]. Additionally, composite-reinforced
prestressed concrete hollow square piles offer greater material economy compared to solid
square piles [21]. When high flexural performance is required, ordinary concrete can be
poured into the cavity to further augment its flexural capacity and enhance its flexibility.

Numerous scholars have conducted extensive research on both solid and hollow
concrete square piles [22-26]; however, research on the composite reinforcement of hollow
concrete square piles remains relatively scarce [27]. Sun et al. [28] investigated the impact of
prestressed tension control stress, anchoring methods, and the hot-rolled steel reinforcement
ratio of PC bars on the seismic performance of snap-on mechanical connection prestressed
concrete solid square pile cap joints. They also proposed measures to enhance the stress
performance of these piles and their pile cap joints. Su and Wu [29] examined the bending
performance of reinforced concrete beams reinforced with glass fiber-reinforced polymer
(GFRP) bars and coated with three-sided ultra-high-performance concrete (UHPC) layers,
using both experimental and numerical simulation methods. They suggested that applying
UHPC layers can effectively limit crack width development on the beam surface. Xu
et al. [30] compared the crack resistance, flexural capacity, deformation ductility, and failure
characteristics of prestressed and non-prestressed precast square piles. They discovered
that prestressing significantly enhances the crack resistance of square piles. Relevant
studies have also shown that a rational combination of prestressing steel bars and non-
prestressed reinforcement can improve the flexural capacity and deformation capacity of
concrete members [31,32]. However, most existing studies have focused on PHC pipe piles,
composite-reinforced solid square piles, or conventional prestressed concrete members.
Research on composite-reinforced prestressed concrete hollow square piles, namely PHSC
hollow square piles, under flexural loading remains limited [27]. In this study, the term
“composite-reinforced” refers specifically to the reinforcement system of PHSC hollow
square piles, in which prestressing steel bars and non-prestressed deformed steel bars
are combined within the same hollow square section. It does not denote a material-level
composite system.

Compared with solid square piles, PHSC hollow square piles have a hollow section.
The reduced section may affect the stress distribution in the tensile and compressive zones,
the crack propagation path, and the final failure mode. Compared with conventional
PHC pipe piles, PHSC hollow square piles contain both prestressing steel bars and non-
prestressed reinforcement. These two reinforcement systems contribute differently to crack
resistance, bearing capacity, and deformation capacity before and after cracking. Therefore,
findings obtained from PHC pipe piles, solid square piles, or conventional prestressed con-
crete members cannot fully explain the crack development, strain evolution, and ultimate
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failure characteristics of PHSC hollow square piles under flexural loading. In particular,
none of the cited studies is fully consistent with the present work in terms of member
type, specimen scale, loading method, and research scope. Systematic investigations on
full-scale PHSC500 (340) hollow square piles (Jianhua Building Materials (Shaanxi) Co.,
Ltd., Xianyang, Shaanxi, China) under four-point bending, including crack deflection,
strain evolution, stiffness degradation, shear-compression failure, and the effect of rein-
forcement ratio, remain limited. Based on this background, a full-scale PHSC500 (340)
hollow square pile specimen was tested in this study to examine its ultimate load-bearing
capacity, deformation profile, crack distribution, and strain development under flexural
loading. ABAQUS finite element models were further established to evaluate the effects
of pile type and reinforcement-ratio combinations. The results provide a theoretical and
practical basis for evaluating the flexural performance of PHSC piles and optimizing their
reinforcement parameters in engineering applications.

2. Experimental Overview
2.1. Test Piece Design

This study focuses on the HZM-CO07 contract section of the Fuzhou Meizhou Express-
way (Figure 1), where composite-reinforced prestressed concrete hollow square piles are
employed for roadbed slope reinforcement. In actual roadbed slope reinforcement projects,
PHSC hollow square piles are mainly subjected to lateral earth pressure and slope thrust,
which generate bending moments and shear forces along the pile height. To investigate
the key flexural behavior of field piles, a full-scale representative specimen with the same
geometric dimensions and reinforcement layout as the engineering pile was used in the
laboratory flexural test. Although the test could not fully reproduce the complex stress
environment in the field, it captured the flexural response, crack development, and failure
characteristics of PHSC piles under controlled loading conditions. The pile cross-section
forms a 0.5 m x 0.5 m square with a hollow core measuring 0.34 m in diameter. The
prestressing tendons consist of 12AP12.6, with a total applied prestressing force of 1296 kN.
The non-prestressed reinforcement comprises HRB400 grade rebar (6C18), while stirrups
are fabricated from Grade A cold-drawn low-carbon steel wire with AP5@45/80.
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Figure 1. Field Application of the PHSC Hollow Square Pile.

According to the material property tests, the measured cube compressive strengths of
concrete were 87.7,93.8, and 80.7 MPa. The mean value was 87.40 MPa, with a standard
deviation of 6.55 MPa and a coefficient of variation of 7.50%. The corresponding axial
compressive strength, f., and tensile strength, f;, were calculated as 54.87 and 4.49 MPa,
respectively. For the HRB400 deformed steel bars, the measured yield strengths were 445
and 450 MPa. The mean value was 447.50 MPa, with a standard deviation of 3.54 MPa
and a coefficient of variation of 0.79%. For the prestressing steel bars, the measured tensile
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strengths were 1510, 1525, and 1520 MPa. The mean value was 1518.33 MPa, with a standard
deviation of 7.64 MPa and a coefficient of variation of 0.50%. The standard tensile strength
of the stirrups, f, was taken as 550 MPa according to the relevant specification [33].

A hollow square pile was selected to investigate the flexural performance of PHSC
piles. The specimen had a length L of 7 m, a side length B of 500 mm, and an inner
diameter D of 340 mm. The prestressing steel bars were arranged in a square pattern with
an arrangement side length B}, of 417.4 mm. The geometric dimensions and reinforcement
details were consistent with those of the field pile, as shown in Figure 2 and Table 1, and
the concrete cover thickness was 35 mm. The specimen was designed based on the PHSC
anti-slide piles used in an actual engineering project and can therefore reasonably represent
the pile type investigated in this study. Considering the large size of full-scale PHSC pile
specimens and the high costs associated with fabrication and loading, a representative
specimen was used for the flexural failure test. Based on the experimental results, a finite
element model was further developed to analyze the effects of different pile types and
reinforcement-ratio combinations on flexural performance.
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Figure 2. Schematic diagram of reinforcement for hollow square piles: (a) Reinforcement diagram of
retaining pile structure; (b) 1-1 section.

Table 1. Reinforcement configuration of the hollow square pile specimen.

. . . Non-Prestressed Total
Specimen Main Prestressing . . .
Number Reinforcement Ratio (%) Reinforcement Reinforcement Stirrup
’ Ratio (%) Ratio (%)
PHSC500 (340)  12AP12.6 + 6C18 0.94 0.96 1.9 AP5@45/80

2.2. Experimental Apparatus and Loading Method

The flexural performance test of the PHSC pile was conducted in accordance with the
national standards [34,35]. The test setup is shown in Figure 3. The load was applied using
a 500-t synchronized hydraulic jack, and the reaction was provided by a portal reaction
frame. The loading level was monitored in real time using load sensors. The specimen
had a total length of 7000 mm. The distance from each end of the specimen to the center
of the corresponding support was 1400 mm, giving a support span of 4200 mm. The two
loading points were arranged symmetrically about the midspan, with each loading point
located 500 mm from the midspan. Thus, the distance between the two loading points
was 1000 mm. The distance from each loading point to the center of the adjacent support
was 1600 mm, corresponding to a shear span of 1600 mm. The load was applied through a
distribution beam with a length of 1500 mm. A monotonic stepwise loading protocol was
adopted. After each target load level was reached, the load was maintained for at least
3 min. Once the readings were essentially stable, the load, deflection, strain, and crack
width were recorded. Loading was then continued until the specimen reached its ultimate
state. Displacement transducers No. 1 and No. 2 were used to measure the displacement of
the pile at the supports. Displacement transducers No. 3, No. 4, and No. 5 were installed
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below the loading points and at the midspan to measure the deflection. The displacement
data were collected using an RSM-JC5(C) static load testing system.
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Figure 3. Experimental loading device and measurement point layout.

Five strain gauges were uniformly arranged along both the midspan section and the
loading-point sections. The spacing between adjacent strain gauges was 112.5 mm. The
upper and lower concrete strain gauges were placed 25 mm from the specimen edges.
In addition, two strain gauges were installed on both the top and bottom surfaces at the
midspan, with a spacing of 100 mm. Strain data were collected using a DH3818Y static
strain testing instrument manufactured by Jiangsu Donghua Testing Technology Co., Ltd.
(Jingjiang, China). The strain gauges on the back side of the PHSC pile were arranged in
the same manner as those on the front side. The bending moment at the midspan section of
the specimen, M, was calculated using Equation (1):

P/3 1

where: P is the load value; W is the self-weight of the hollow square pile specimen; L
is the specimen length; and 2a is the distance between the two loading points, with a
representing one-half of the loading-point spacing. According to the specification, when
the outer diameter is less than 1300 mm and the length of a single pile is not greater than
15 m, a is taken as 0.5 m. When the outer diameter is greater than 800 mm and the length
of a single pile is not greater than 15 m, a is taken as the outer diameter D of the pile.
Equation (1) was adopted from GB/T 13476-2023 [34], which specifies the bending-moment
calculation for prestressed concrete piles under four-point bending tests. It is applicable to
the calculation of the midspan bending moment under simply supported conditions with
two symmetrically arranged loading points. In the calculation, the total applied load is
assumed to be equally distributed between the two loading points, and the self-weight of
the pile is assumed to be uniformly distributed along the specimen length.
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3. Experiments and Analysis
3.1. Analysis of Flexural Bearing Capacity

The moment-midspan deflection relationship shown in Figure 4 indicates that the
specimen had good deformation capacity. Table 2 compares the experimental results with
the values specified in the Technical Specification for Precast Concrete Sheet Pile Retaining
Walls (T/CECS 582-2019) [36] and the theoretical values calculated according to the Code
for Design of Concrete Structures (GB 50010-2010) [37]. As shown in Table 2, the cracking
moment obtained from T/CECS 582-2019 was relatively close to the experimental result,
whereas the theoretical value calculated using GB 50010-2010 differed from the test value by
approximately 20.09%. Overall, the measured cracking moment of the PHSC500 (340) spec-
imen was generally lower than the code-based predictions, whereas its ultimate flexural
capacity was significantly higher than the predicted values. The theoretical calculation gen-
erally assumes an idealized section, homogeneous material properties, effective prestress
transfer, and no initial defects. In practice, however, PHSC hollow square piles may exhibit
material variability, initial microcracks, loading-contact deviations, stress concentration
caused by the hollow section, and prestress loss. These factors may cause the local tensile
stress to reach the tensile strength of concrete earlier than predicted. In addition, prestress
loss and deformation incompatibility between steel and concrete may reduce the effective
tensile resistance at the initial cracking stage. Therefore, the measured cracking moment
was lower than the theoretical prediction.

M
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Figure 4. Bending moment-midspan deflection curve.

Table 2. Comparison of theoretical and experimental results.

. M crk
Pile Type (KN-m)

M cr,A M
(kN-m) (kN-m)

MapMei MapMan ot Gh) Ny MasMa  Myp/Ma

PHSC500

340) 231

255.26

212.55 0.92 0.83 543 531.44 596.55 1.10 1.12

Note: Mk and M, are the values taken from the “Technical Specification for Prefabricated Concrete Sheet Pile
Retaining Walls” (T-CECS 582-2019); M A and M4 are the theoretical calculation values from the “Code for
Design of Concrete Structures” (GB50010-2010); Mg and M, are the test results.

At the initial loading stage, the bending moment-midspan deflection response of the
PHSC500 (340) specimen was approximately linear. Once the first vertical crack appeared in
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the pure bending zone, the overall stiffness of the specimen began to decrease. As the load
continued to increase, the cracks gradually propagated and widened, and the number of
cracks also increased. Their length and width continued to grow, while the rate of deflection
increase exceeded the rate of load increase, indicating the gradual accumulation of plastic
deformation in the materials. Eventually, the midspan deflection increased sharply, and the
member failed suddenly, accompanied by a loss of load-bearing capacity. The last loading
point in Figure 4 represents the peak load recorded immediately before specimen failure.
It does not indicate stiffness enhancement at the later loading stage. Instead, it reflects
the rapid development of deformation as the specimen approached its ultimate state and
entered the instability failure stage.

To further clarify the force-transfer mechanism of the member under flexural loading,
strain gauges were installed along the pile. The maximum effective tensile strain mea-
sured during the test was approximately 2956 pe. Based on the elastic modulus of C80
concrete, taken as 38,000 MPa, the corresponding nominal tensile stress was calculated
to be approximately 112 MPa. This value was much higher than the measured tensile
strength of concrete, which was 4.49 MPa. This indicates that the concrete in the tensile
zone had already cracked at this stage. However, the tensile stress of 112 MPa does not
represent the actual tensile stress carried by the concrete after cracking. Instead, it is a
nominal value calculated under the assumption of an uncracked linear-elastic section.
After crack formation, the continuity of the concrete in the tensile zone was reduced. The
strain-gauge readings may therefore have been affected by local strain concentration near
the cracks and by crack-opening deformation. Consequently, after concrete cracking, the
tensile force in the tensile zone was no longer mainly carried by the concrete. It was instead
transferred primarily to the prestressing steel bars and the non-prestressed reinforcement.
The concrete between adjacent cracks could still carry a small amount of tensile force, but
its contribution was limited. Therefore, the final failure of the specimen was not governed
by tensile fracture of the concrete in the tensile zone.

Figure 5 shows the final failure mode of the PHSC500 (340) specimen and the damage
condition of the reinforcement. As shown in the figure, the specimen failed when the
width of the critical diagonal crack reached 1.7 mm. Concrete crushing occurred at the
edge of the shear-compression zone, and the stirrups in the flexural-shear region frac-
tured. As a result, the inclined section lost its load-bearing capacity, and the specimen
ultimately exhibited a shear-compression failure mode. According to the test records,
the specimen failed under a load of 740 kN. Under symmetric four-point bending, the
ultimate shear force in the flexural-shear region at failure was approximately 370 kN. The
shear span was approximately 1.6 m, and the section height was 0.5 m, giving a shear
span-to-depth ratio of approximately 3.2. This indicates that the flexural-shear region was
subjected to a considerable shear effect at the ultimate stage. Although vertical cracks first
appeared in the pure bending region, the final failure was characterized by the continuous
propagation of the critical diagonal crack in the flexural-shear region, concrete damage
in the shear-compression zone, and stirrup fracture. These phenomena led to the loss
of load-bearing capacity of the inclined section. Therefore, the failure of the specimen
was mainly governed by the inclined-section capacity in the flexural-shear region, rather
than by tensile fracture of the concrete in the tensile zone. According to the mechanical
behavior of reinforced concrete flexural members, after concrete cracking, the tensile force
in the tensile zone is mainly carried by the prestressing steel bars and non-prestressed
reinforcement. The concrete between cracks carries only limited tensile force. Therefore,
cracking of the concrete in the tensile zone had a relatively limited effect on the ultimate
flexural capacity of the member.
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Figure 5. Test piece failure mode.

3.2. Analysis of Pile Deformation Curve

Figures 6 and 7 show the variations in the overall pile deflection and the deflection in
the pure bending region of the PHSC500 (340) specimen with increasing load. Before the
cracking load of 260 kN was reached, the specimen was mainly in the elastic stage. The
initial tensile stress in the prestressing steel bars restrained deformation in the tensile zone,
resulting in relatively small overall deflection of the pile. The deflection distribution was
approximately linear, and the deformation difference within the midspan pure bending
region was limited. At this stage, the overall pile deflection curve exhibited a U-shaped
profile. After the load exceeded the cracking load, the pile entered the elastoplastic stage.
The internal stress distribution changed markedly, and the deflection increased at a faster
rate, showing a nonlinear response. When the load increased to 740 kN, the specimen
failed. The midspan deflection increased sharply, and the overall pile deflection curve
changed to a V-shaped profile. This behavior was caused by the combined effects of stiffness
degradation due to concrete cracking and the accumulation of plastic deformation. Before
cracking, the pile section remained essentially intact, and the variation in flexural stiffness
along the pile length was small. As a result, the deflection at each measurement point
increased gradually, and the overall deflection profile showed a U-shaped distribution.
After cracking, cracks gradually developed in the midspan and flexural-shear regions.
The effective flexural stiffness decreased in the crack-concentrated zones, and deformation
progressively localized near the midspan. Consequently, the midspan deflection increased
much faster than the deflections measured at the two sides, and the pile deflection curve
gradually changed from a U-shaped profile to a V-shaped profile. At the failure stage,
the midspan deflection increased rapidly. When the load increased from 710 to 740 kN,
the midspan deflection increased from 24.88 to 32.00 mm, corresponding to an increase of
1.29 times. This further indicates that deformation was significantly concentrated near the
midspan as the specimen approached failure.
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Figure 7. Deflection variation curve of mid span pure bending section.

3.3. Crack Distribution

Figure 8 shows the crack distribution of the PHSC500 (340) specimen. The first vertical
crack appeared when the load reached 260 kN. When the load increased to 350 kN, the
crack width near the midspan developed to 1.0 mm. As the load continued to increase,
the internal stresses in the concrete were redistributed. The vertical cracks that formed at
the edge of the tensile zone in the flexural-shear region gradually propagated diagonally
and developed into inclined cracks. Eventually, a continuous and relatively wide critical
diagonal crack was formed. At failure, the cracks were mainly distributed between the two
supports. Vertical cracks were concentrated below the loading points and were relatively
uniformly spaced, with a small number of cracks showing vertical branching. Inclined
cracks were mainly located between the loading points and the supports. The total number
of recorded independent cracks on the front and back surfaces was 166.
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Figure 8. Distribution of cracks in the test piece: (a) Appearance of the first crack; (b) Overall
distribution of cracks.

3.4. Strain Distribution

Figure 9 shows the development of concrete strain with increasing load on the front
section of the PHSC500 (340) specimen, where € denotes strain. Before cracking, the strains
at all measuring points were relatively small and increased approximately linearly with the
load, which was generally consistent with the plane-section assumption. After cracking,
the concrete strain in the tensile zone increased rapidly, causing some strain gauges to
fail prematurely. Although several gauges continued to record data, their strain changes
became slow or nearly stagnant. In contrast, a few gauges affected directly by cracks
showed abrupt increases in strain, and their readings were no longer reliable. According to
the test records, four strain gauges failed or produced abnormal readings during loading.
These gauges were mainly located in the tensile zone and in regions where cracks were
concentrated. The data recorded after gauge failure were not used for quantitative analysis
of the sectional strain. Instead, they were used only as auxiliary evidence to identify
crack development and the location of local damage. The strain in the compression zone
increased steadily and was less affected by vertical cracking. As the load continued to
increase, the cracks in the pile gradually widened and extended, and the neutral axis shifted
upward. At the failure load, nearly all measured concrete strains approached 0.002.
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Figure 9. Concrete strain on the front face of the specimen.

Figure 10 shows the variation in concrete strain with load at the upper and lower
surfaces of the midspan section. Compared with the strain development along the pile
section, the strain at the midspan section developed more slowly and had a smaller mag-
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nitude. In the early loading stage, the strain increased steadily. As the load approached
the failure load, the strain increased sharply, and the maximum compressive strain at the
upper surface reached 0.00217.
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Figure 10. Concrete strain at the upper and lower surfaces of the midspan section.

4. Numerical Simulation
4.1. Model and Parameters

The finite element model of the PHSC pile is shown in Figure 11. To prevent stress
concentration or numerical anomalies during loading, linear elastic steel bearing pads were
placed at the supports and loading surfaces. Tie constraints were assigned between the steel
pads and concrete, as well as between the end plates and concrete, to prevent separation
during loading. The concrete and steel pads were modeled using three-dimensional solid
elements C3D8R, whereas the reinforcement was modeled using two-node truss elements
T3D2 and fully embedded in the concrete specimen. Prestress was applied using the
equivalent cooling method. Specifically, the equivalent temperature drop was determined
from the total prestress in the prestressing steel bars, the steel-bar area, the elastic modulus,
and the coefficient of thermal expansion. This procedure introduced the initial tensile stress
into the prestressing steel bars.

The mesh size was determined by considering the structural geometry, stress-gradient
distribution, and computational efficiency. For mesh generation, the pile cross-section was
divided into 10 equal segments along the side length, and the hollow region was divided
into 24 segments. The element length was set to 50 mm in the pure bending region at
midspan and near the loading points, whereas a mesh size of 100 mm was used in the
remaining regions. In the finite element model, the concrete of the pile was simulated
using the concrete damage plasticity (CDP) model. This model combines isotropic dam-
age elasticity with tensile and compressive plasticity theories and can describe nonlinear
concrete behavior, including tensile cracking and compressive damage. The CDP plasticity
parameters used in this study were mainly determined with reference to the ABAQUS CDP
parameter calibration method proposed by Liu et al. [38] and the finite element modeling
approach for reinforced concrete members reported by Genikomsou and Polak [39]. The
tensile and compressive damage parameters of concrete were determined based on the
measured material properties of C80 concrete and the corresponding stress—strain rela-
tionships. The material parameters of the pile concrete and reinforcement are listed in
Tables 3 and 4, respectively.
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Figure 11. Schematic diagram of finite element model.
Table 3. Physical parameters of pile model.
p (kg-m—3) E (MPa) v J7i K P (©) e Fyo/Feo
2300 38,000 0.2 0.0005 0.667 30 0.1 1.16

Note: p = Density; E = Elastic modulus; v = Poisson’s ratio; p = Viscosity parameter; K = Shape factor;
¢ = Expansion angle; e = Eccentricity; F,9/Fc = Concrete biaxial compressive strength/Uniaxial compressive
strength of concrete.

Table 4. Physical and mechanical parameters of reinforcement.

Reinforcement Type p (kgm~3)  E(MPa) v Coefficient of Thermal Expansion (°C~1)
Prestressing steel bars 7850 190,000 0.3 12 x 10~°
Non-prestressed 7850 200,000 03
reinforcement
Stirrups 7850 200,000 0.3

4.2. Model Validation

ABAQUS was used to perform a finite element back-analysis of the laboratory flexural
test to verify the reliability of the model in predicting the flexural performance of the pile.
Figure 12 compares the load—-midspan deflection curves of the PHSC500 (340) specimen
obtained from the test and the finite element analysis. The ultimate flexural capacity
calculated by the finite element model differed from the experimental value by 4.23%, which
was within 10%. The numerical curve also showed good agreement with the experimental
curve. At the initial loading stage, the finite element curve was generally consistent with
the experimental curve. This indicates that the initial stiffness of the model and the method
used to introduce prestress were generally reasonable. As the load increased, the finite
element curve shifted to the right earlier than the experimental curve, indicating an earlier
reduction in stiffness. This difference was mainly associated with the smeared treatment of
concrete cracking and damage in the CDP model.
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Figure 12. Comparison diagram of load—-midspan deflection curve of hollow square pile.

The failure modes obtained from the experiment and numerical simulation were
further compared. Figure 13 shows the contour plots of concrete tensile damage, compres-
sive damage, and maximum principal tensile stress at the ultimate state. The tensile and
compressive damage variables are scalar damage indices ranging from 0 to 1. A value
of 0 indicates that the corresponding type of damage has not occurred, whereas a value
closer to 1 indicates more severe stiffness degradation under the corresponding stress state.
A tensile damage variable approaching 1 indicates that tensile cracking of concrete has
fully developed in that region and that the tensile stiffness has been substantially reduced.
A compressive damage variable approaching 1 indicates severe compressive damage or
a tendency toward local crushing. However, it does not correspond to element deletion
in the finite element model or complete macroscopic fracture. As shown in the figure, a
large tensile damage zone developed in the tensile region of the pile at the later loading
stage. The tensile damage value approached 1, indicating that the concrete in the tensile
region had fully cracked and no longer contributed effectively to tensile resistance. The
tensile force was therefore mainly carried by the reinforcement. Meanwhile, the maximum
principal tensile stress was mainly concentrated near the loading points and in the tensile
region of the flexural-shear zone. Its distribution was generally consistent with the tensile
damage concentration zones. This indicates that these regions were the primary locations
for preferential crack development and were in good agreement with the positions of the
critical diagonal cracks observed in the test. A distinct compressive damage zone appeared
in the compression region of the flexural-shear zone. The damage propagated from the
interior toward the exterior, showing clear crushing characteristics. By combining the
tensile damage, maximum principal tensile stress distribution, and compressive damage
characteristics, it can be inferred that the structure first experienced tensile cracking under
flexural action. Subsequently, concrete in the compression region of the flexural-shear zone
was progressively crushed, eventually leading to a shear—compression failure mode.

Because the concrete was modeled using the concrete damage plasticity model, which
adopts a continuum damage formulation, the numerical simulation could not reproduce a
failure pattern completely identical to that observed in the test. Nevertheless, the simulated
damage zones and their development trends were generally consistent with the experi-
mentally observed diagonal crack locations and shear—compression failure characteristics.
Based on the comparison of the load—deflection curve and ultimate load-bearing capacity,
the finite element model adopted in this study can reasonably reproduce the main flexural
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response and shear-compression failure characteristics of PHSC piles under the specimen
geometry, material properties, reinforcement layout, prestress level, and loading conditions
considered herein. Therefore, this model can provide a reasonable basis for subsequent
comparative parametric analyses of the flexural performance of different pile types and
reinforcement-ratio combinations. It should be noted that the subsequent numerical anal-
yses are mainly intended to reveal the relative effects of section geometry, prestressing
reinforcement ratio, and non-prestressed reinforcement ratio on flexural capacity, stiffness
degradation, and ductility under the same modeling assumptions, boundary conditions,
and loading mode. The conclusions therefore mainly reflect the variation trends within the

parameter range selected in this study.
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Figure 13. Distribution of tensile and compressive damage in concrete: (a) Tensile damage; (b) Com-

pressive damage; (c¢) Maximum principal tensile stress distribution.
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4.3. Case Configuration

After the accuracy of the model was validated, finite element models of different
pile types were established under the same displacement-controlled loading condition to
investigate their flexural performance. The analyzed pile types included the PHSC500
(340) pile, denoted as PHSC1-1; the composite-reinforced prestressed concrete pipe pile
PRC500 (125), denoted as PRC1; and the composite-reinforced prestressed concrete hollow
rectangular pile PHSC600 x 320 (200), denoted as PHSC3. To further evaluate the influence
of different reinforcement configurations on the flexural performance of PHSC piles, several
finite element models with varying reinforcement ratios were developed. The detailed
parameters of each model are listed in Table 5.

Table 5. Finite element model and parameters for bending resistance.

. . Prestressin HRB400 Rein- Total Rein-

Model No. B (D) (mm) Presst:'ee:ls mng Hglifgglggtm' Stirrups Reinforce—g forcement forcement

ment Ratio (%) Ratio (%) Ratio (%)
PHSC1-1 500 (340) 12AP12.6 6C18 AP5@45/80 0.94 0.96 1.90
PRC1 500 (125) 12AP12.6 12C12 AP5@45/80 1.02 0.92 1.94
PHSC3 600 x 320 (200) 12AP12.6 2C12 AP5@45 /80 0.87 0.26 1.13
PHSC1-2 500 (340) 12AP12.6 6C12 AP5@45 /80 0.94 0.76 1.70
PHSC1-3 500 (340) 12AP12.6 6C16 AP5@45/80 0.94 0.43 1.37
PHSC2-1 500 (340) 12AP10.7 6C18 AP5@45/80 0.78 0.96 1.74
PHSC2-2 500 (340) 12AP10.7 6C18 AP5@45/80 0.78 0.76 1.54
PHSC2-3 500 (340) 12AP10.7 6C18 AP5@45/80 0.78 0.43 1.21
PHSC3-1 500 (340) 12AP9.0 6C18 AP5@45/80 0.48 0.96 1.44
PHSC3-2 500 (340) 12AP9.0 6C18 AP5@45/80 0.48 0.76 1.24
PHSC3-3 500 (340) 12AP9.0 6C18 AP5@45/80 0.48 0.43 0.91

4.4. Flexural Performance Comparison
4.4.1. Effect of Pile Type on Flexural Performance

The load—-midspan deflection curves of different pile types are shown in Figure 14.
The cracking load of the PHSC1-1 specimen was 38.46% and 54.23% higher than those
of the PRC1 and PHSC3 specimens, respectively. Its ultimate flexural capacity was also
substantially higher than those of the PRC1 and PHSC3 specimens. To clarify the funda-
mental differences in flexural performance among the different pile types, the results were
analyzed from several aspects.

. 800
I TECSET NS |
Zae 600}
o PHSC1-1
DAMAGET _500f
(AVE: 75%)
X 400
e 300}
»o0k —=— PHS3
ot —e—PRC1
100} ——PHSI-1
0
* 0 10 20 30 40
s PHSC3 f (mm)

Figure 14. Comparison of load-midspan deflection curves of different pile types.

The section depth of PHSC1-1 was 500 mm, whereas the effective depth of PHSC3
was only 320 mm. Although PHSC3 had a larger section width, its overall flexural capacity
remained lower than that of PHSC1-1 because flexural performance is more sensitive to
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section depth. PRC1 had the same outer diameter as PHSC1-1; however, it had a circular
hollow section. The material distribution relative to the neutral axis was less favorable than
that of the square section, which also resulted in lower flexural performance than PHSC1-1.

The area of ordinary reinforcement in the tensile zone of PHSC1-1 was 6C18, which
was larger than the 2C12 reinforcement used in PHSC3. This contributed to the improved
flexural capacity of PHSC1-1. Although the ordinary reinforcement area of PRC1 reached
2C12, the reinforcement was distributed circumferentially, leading to a lower effective
utilization ratio in the tensile zone and a limited contribution to flexural resistance.

Under the composite reinforcement system, the tensile reinforcement in PHSC1-1 could
be more fully mobilized. In contrast, the non-prestressed reinforcement ratio of PHSC3 was
only 0.26%, and the tensile force was mainly carried by the prestressing steel bars. This
led to reductions in both the cracking load and ultimate load-bearing capacity. Although
the reinforcement ratio of PRC1 was close to that of PHSC1-1, its circular hollow section
and circumferential reinforcement arrangement reduced the efficiency of force resistance.
Therefore, its flexural performance remained relatively weak. Overall, the differences in
flexural performance among the pile types were mainly governed by section dimensions,
the area of ordinary reinforcement in the tensile zone, and the reinforcement ratio.

4.4.2. Effect of Reinforcement Ratio on Flexural Performance

To investigate the effect of reinforcement ratio on the flexural performance of PHSC
piles, the load—-midspan deflection curves obtained from the numerical simulations were
analyzed. The ductility coefficient was also adopted as an evaluation index to assess
the flexural behavior of the specimens with different reinforcement configurations. The
ductility coefficient was calculated as follows:

DI = Au/Ay 2)

where Au is the deflection corresponding to the ultimate load, and Ay is the yield deflection.
Because PHSC piles contain both prestressing steel bars and non-prestressed reinforcement,
the overall yield point of the member during flexural loading is difficult to determine
directly. If the first yielding of ordinary reinforcement is used as the yield point, the
transition of the overall member stiffness from the elastic stage to the nonlinear stage
cannot be fully captured. Therefore, based on existing ductility evaluation methods for
concrete members and relevant studies [40,41], the deflection corresponding to 0.75P,, was
adopted as the yield deflection in this study. This definition was mainly used to compare
the relative ductility trends under different reinforcement-ratio conditions. Compared
with the bilinear method or the first-yield method of reinforcement, this approach may
lead to differences in the calculated ductility coefficient. If the deflection corresponding to
0.75P, is larger than the actual yield deflection, the calculated ductility coefficient may be
underestimated. Conversely, it may be overestimated. Because the same definition was
adopted for all cases, this difference does not affect the relative comparison among different
reinforcement-ratio conditions. Similar methods have been used in some ductility studies
on reinforced concrete and prestressed concrete members and are applicable for relative
ductility comparisons among similar members with different parameter conditions.

As shown in Figure 15, the load-midspan deflection curves of the PHSC piles differed
markedly under different reinforcement ratios. Table 6 presents the calculated ductility
coefficients for each case. Overall, both the cracking load and the ultimate flexural capacity
increased significantly with increasing reinforcement ratio. When the prestressing rein-
forcement ratio was kept at 0.94%, the cracking load of the specimen with a non-prestressed
reinforcement ratio of 0.96% was approximately 29.79% and 38.46% higher than those of the
specimens with non-prestressed reinforcement ratios of 0.76% and 0.43%, respectively. Its
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ultimate flexural capacity was 1.17 and 1.48 times those of the latter two specimens, respec-
tively. When the prestressing reinforcement ratio was 0.78%, the cracking load increased
by 11.27% and 24.18% compared with the specimens with non-prestressed reinforcement
ratios of 0.76% and 0.43%, respectively. The corresponding ultimate flexural capacities were
1.12 and 1.17 times those of the two specimens. When the prestressing reinforcement ratio
was 0.48%, both the cracking load and the ultimate flexural capacity were lower than those
of the specimens with prestressing reinforcement ratios of 0.78% and 0.94%. This indicates
that a relatively low prestressing level has a limited effect on improving cracking resistance
and load-bearing capacity.
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Figure 15. Load—-midspan deflection curves under different reinforcement ratios: (a) Prestressing rein-
forcement ratio of 0.94%; (b) Prestressing reinforcement ratio of 0.78%; (c) Prestressing reinforcement
ratio of 0.48%.

Table 6. Ductility coefficient of PHSC piles under different reinforcement ratios.

Prestressed Rebar Ratio (%)

Non-Prestressed Rebar Ratio (%) Py (kN) Ay(mm) Au(mm) DI

0.48
0.48
0.48
0.78
0.78
0.78
0.94
0.94
0.94

0.96 404.28 23 38.39 1.67
0.76 360 244 39.5 1.62
0.43 315 26.3 419 1.59
0.96 485.34 22 38.31 1.74
0.76 432.59 21.8 37.8 1.73
0.43 416.56 24.3 41.2 1.7
0.96 735.08 19.8 40.05 2.02
0.76 496.72 23.1 38.79 1.68
0.43 628.73 254 39.25 1.55

As shown in Table 6, when the prestressing reinforcement ratio increased from 0.48%
to 0.78%, the ductility coefficient generally increased. This indicates that increasing the
prestressing reinforcement ratio can improve the post-cracking deformation capacity and
overall ductility of the member. However, when the prestressing reinforcement ratio further
increased to 0.94%, the ductility coefficient showed noticeable fluctuations. This suggests
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that an excessively high prestressing level may restrain post-cracking deformation develop-
ment when the amount of ordinary reinforcement is insufficient, thereby weakening the
improvement in ductility. Under the same prestressing reinforcement ratio, the ductility
coefficient decreased as the non-prestressed reinforcement ratio decreased from 0.96% to
0.43%. This indicates that non-prestressed reinforcement plays an important role in defor-
mation compatibility and ductility development after cracking. When the non-prestressed
reinforcement ratio is low, crack propagation accelerates, the sectional deformation capacity
decreases, and the ductility is consequently reduced. Comparison of the flexural capacity
and ductility under different reinforcement ratios shows that increasing the prestressing re-
inforcement ratio can significantly improve the flexural capacity of the specimen. However,
ductility does not increase monotonically with the prestressing reinforcement ratio.

Based on the variations in load-bearing capacity and ductility under different rein-
forcement ratios, the prestressing steel bars mainly improve the cracking load and ultimate
load-bearing capacity of PHSC piles. In contrast, the non-prestressed reinforcement mainly
improves post-cracking deformation compatibility and ductility. The finite element results
show that the load-bearing capacity generally increases with increasing prestressing rein-
forcement ratio, whereas the ductility index does not increase monotonically. When the
prestressing reinforcement ratio was 0.78%, the member exhibited a relatively balanced
performance in terms of load-bearing capacity and ductility. Under the same prestressing
reinforcement ratio, the ductility changed only slightly when the non-prestressed rein-
forcement ratio decreased from 0.96% to 0.76%. However, when it further decreased to
0.43%, the ductility coefficient showed a decreasing trend. This indicates that insufficient
non-prestressed reinforcement may weaken the post-cracking deformation capacity of the
member. It should be noted that each reinforcement-ratio case in this study was analyzed
based on a single numerical simulation. Repeated simulations were not performed, and
confidence intervals were not provided. Therefore, these results mainly reflect the relative
variation trends within the selected parameter range of this study. The reinforcement
design of PHSC piles should not focus solely on increasing the prestressing reinforcement
ratio. The contribution of non-prestressed reinforcement to post-cracking deformation and
ductility retention should also be considered.

5. Conclusions

In this study, a four-point bending test was conducted on a full-scale PHSC500 (340)
hollow square pile specimen to investigate its flexural performance. A finite element model
was also established to compare different pile types and reinforcement-ratio configurations.
The main conclusions are as follows:

(1) At the initial loading stage, the load-midspan deflection response of the PHSC500
(340) specimen was approximately linear. As the load increased, the internal stresses
in the concrete were redistributed. The number of vertical cracks increased, and their
propagation directions changed. A critical diagonal crack eventually formed at the
edge of the tensile zone in the flexural-shear region, and the specimen ultimately
exhibited a shear-compression failure mode.

(2) Before cracking, the initial tensile stress in the prestressing steel bars restrained
deformation in the tensile zone. As a result, the overall pile deflection was small
and increased gradually, showing a U-shaped deflection profile. The strains at the
measuring points of each section were also relatively small, which was generally
consistent with the plane-section assumption. At the failure stage, the concrete
strain approached 0.002. Meanwhile, the midspan deflection increased rapidly, the
deformation rate of the pile accelerated markedly, and the deflection curve changed
to a V-shaped profile.
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(3) The ABAQUS finite element model reasonably simulated the load—-midspan deflection
response and damage development of the PHSC500 (340) hollow square pile under
flexural loading. The ultimate bending moment calculated by the model differed from
the experimental result by 4.23%, and the numerical curve was generally consistent
with the test curve. The tensile and compressive damage zones were mainly con-
centrated in the tensile zone and the compression zone of the flexural-shear region,
respectively. These distributions were consistent with the experimentally observed
diagonal crack propagation and shear—compression failure characteristics, indicating
that the finite element model can reasonably reproduce the main flexural response
and failure characteristics of the tested PHSC pile under the geometry and loading
conditions considered in this study.

(4) Under the same modeling and loading conditions, the cracking load and ultimate
flexural capacity of the PHSC1-1 pile were greater than those of the PRC1 and PHSC3
piles. This indicates that section geometry and reinforcement configuration signifi-
cantly affect the load-bearing performance of the member. The results for different
reinforcement ratios show that prestressing steel bars mainly improve the crack-
ing load and ultimate load-bearing capacity, whereas non-prestressed reinforcement
mainly improves post-cracking deformation compatibility and ductility. However,
the ductility index did not increase monotonically with the prestressing reinforcement
ratio. Within the parameter range considered in this study, the member showed a rela-
tively balanced performance in terms of load-bearing capacity and ductility when the
prestressing reinforcement ratio was approximately 0.78%. When the non-prestressed
reinforcement ratio was too low, the post-cracking deformation capacity decreased
markedly. However, this result was mainly obtained from finite element paramet-
ric analysis. Before it is used in engineering design, it should be further validated
using full-scale tests and actual engineering conditions. These results can provide a
reference for the subsequent optimization of reinforcement parameters.
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