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Abstract: Pretensioned spun high-strength concrete (PHC) piles have been widely used in the pile 12 

foundations of buildings in soft soil areas due to their high axial bearing capacity and good economic 13 

benefit. However, the behavior of PHC piles under lateral loading is generally poor and this restricts 14 

their application in high-intensity seismic regions, especially for high-rise buildings. The existing 15 

research on the performance of PHC piles under cyclic lateral loading and with the presence of axial 16 

force is scarce. In this paper, the seismic performance of PHC piles is systematically evaluated 17 

through full-scale tests and numerical simulations. Lateral cyclic loading tests for two full-scale PHC 18 

pile specimens were conducted under different axial force ratios, and their performances were 19 

examined in terms of cracking pattern, failure mode, hysteretic characteristics, lateral bearing capacity, 20 

ductility, stiffness degradation and energy dissipation capacity. A dedicated finite element (FE) model 21 

was then developed using the software DIANA to compute the cyclic behavior of PHC piles, and the 22 

model was verified against the experimental results. Using the verified FE model, parametric analyses 23 

have been carried out to study the effects of axial force ratio, prestressing level of prestressing tendons, 24 
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longitudinal reinforcement ratio, concrete wall thickness of the pile body and distributed pattern of 25 

prestressing tendons on the seismic performance of the PHC piles. The results show that the axial 26 

force ratio has a significant effect on the cyclic behavior and failure mode of PHC piles; an increase 27 

in the axial force ratio leads to an increase in the lateral bearing capacity but generally a decrease in 28 

the deformation capacity. The failure mode of the PHC piles is controlled by the rupture of 29 

prestressing tendons under lower axial force ratios (less than 0.15) but crushing of concrete under 30 

higher axial force ratios (greater than 0.15). Increasing the concrete wall thickness tends to improve 31 

the overall performance of the PHC piles, especially under higher axial force ratios. 32 

Keywords: Pretensioned spun concrete pile; Seismic performance; Cyclic loading test; Axial force 33 

ratio; Lateral bearing capacity; Ductility 34 

1. Introduction 35 

Pretensioned spun high-strength concrete (PHC) piles are fabricated in a factory using pretensioned 36 

prestressing technology and a centrifugal forming method to form a circular hollow section. PHC 37 

piles have many advantages over traditional cast-in-place reinforced concrete piles, including good 38 

pile forming quality, high axial bearing capacity, accelerated construction and favorable economic 39 

benefit. PHC piles are mainly used to bear the vertical load of superstructures, and they may also be 40 

subjected to horizontal loads, especially under the action of an earthquake. However, the prestressing 41 

steel bars used in PHC piles are prone to brittle rupture in the high stress state, and the high-strength 42 

concrete is also a brittle material. Such features in the material properties lead to generally poor 43 

ductility of PHC piles under large lateral loading. Past earthquake experiences indicated that 44 

underground structures, such as piles, pipelines and station caverns, could be damaged due to the 45 

large deformation of surrounding soil caused by sand liquefaction [1]. The investigation of pile 46 
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damage in 1995 Hyougoken-Nanbu earthquake in Japan [2-4] revealed significant cracking and even 47 

failure at the pile heads and in the lower parts of the piles, indicating the poor seismic performance 48 

of PHC piles. The analysis of the collapse incident of a residential building in China [5,6] found that 49 

as the soil moved laterally due to the surcharge loading, PHC piles developed significant bending 50 

moment near the interface between soft and firm-stiff clay layers and a brittle failure occurred, 51 

showing an insufficient lateral bearing capacity and poor ductility of PHC piles. 52 

Extensive research on the mechanical performance of PHC piles under monotonic loading has been 53 

carried out in attempt to improve the lateral bearing capacity and ductility. Muguruma et al. [7] studied 54 

the influence of lateral confining reinforcement of high yield strength on the flexural ductility of PHC 55 

piles. Kishida et al. [8] found that the ultimate shear strength and deformation behavior of large-56 

diameter PHC piles could be enhanced by increasing the spiral reinforcement ratio and filling 57 

concrete into the hollow part of the pile (concrete infilling). Akiyama et al. [9] conducted bending 58 

tests on a new type of prestressed high-strength reinforced concrete pile and demonstrated that 59 

carbon-fiber sheets and concrete infilling could effectively increase the flexural capacity of this type 60 

of piles. Wu et al. [10] reported that PHC piles reinforced with hybrid glass fiber-reinforced polymer 61 

(GFRP) bars and deformed rebars showed much higher flexural capacity and deformation capacity. 62 

Ren et al. [11] developed pretensioned centrifugal spun concrete piles with steel strands alone or a 63 

combination of steel strands and deformed rebars, and the bending test results showed that the piles 64 

had good flexural capacity and ductility. 65 

However, when exposed to an earthquake PHC piles are subjected to reversed cyclic loading in the 66 

horizontal direction, and it is difficult to evaluate the seismic performance of the piles using just 67 

monotonic loading tests. For this reason, in more recent years researchers have focused on the 68 



4 

response of PHC piles under cyclic loading. Nagae and Hayashi [2] studied the seismic behavior of 69 

PHC piles under lateral cyclic loading and a constant axial load, and pointed out that PHC piles 70 

reinforced with longitudinal deformed bars exhibited significant energy dissipation capacity, and the 71 

deformation capacity was improved by increasing stirrup ratio but also affected by the axial force and 72 

the ratio of the wall thickness to the diameter. Wang et al. [12,13] conducted lateral cyclic loading 73 

tests on PHC piles without considering axial force, and demonstrated that adding steel fibers in the 74 

concrete could improve the ductility and energy dissipation capacity of PHC piles. Yang et al. [14,15] 75 

carried out experimental and numerical investigation on the seismic performance of PHC piles under 76 

lateral cyclic loadings, and the results showed that the concrete infilling could only enhance the 77 

bearing capacity of PHC piles, whereas adding non-prestressing deformed rebars could markedly 78 

improve the bearing capacity as well as hysteretic performance of PHC piles. Zhang et al. [16] 79 

conducted full-scale tests to study the seismic behavior of PHC piles under combined axial force and 80 

cyclic horizontal load. It was found that the failure modes of piles were mainly tensile rupture of 81 

prestressing tendons and crushing of the concrete, and the axial force ratio and the prestressing level 82 

of prestressing tendons influenced significantly the seismic behavior of PHC piles. 83 

Table 1 summarizes typical design parameters for the test specimens of PHC piles in the literature 84 

[2,12-16]. It can be seen that most of existing studies on the seismic performance of PHC piles have 85 

only considered the lateral cyclic loading but ignored the role of the axial force. In fact, investigations 86 

on the seismic performance of various types of prestressed concrete piles [17-21] have shown that 87 

the axial force has an important influence on the seismic behavior of piles, and its influence is also 88 

related to the type and size of the piles. Incorporating an axial force can better represent the 89 

mechanical behavior of piles in an actual working state. Furthermore, previous research [22] has 90 



5 

shown that in actual piles the damage zone tends to locate at an embedded depth of about 4 to 6 times 91 

of the pile diameter, where the maximum bending moments occurs. In existing studies of PHC piles 92 

under combined lateral and axial loads [2,16], however, the height-to-diameter ratio of specimens is 93 

relatively small, generally on the order of 3.0 as shown in Table 1. 94 

 95 

Table 1 Design parameters of sample PHC piles [2,12-16]. 

Ref. Specimen 
D a 

(mm) 
H b 

(mm) 
height-to-diameter ratio 

(H/D) 
Axial force 

Nagae & Hayashi [2] 3-98-P 300 900 3.0 Yes 
 6-95-P 600 1800 3.0 Yes 

Wang et al. [12,13] P401 400 2200 5.5 No 
 P501 500 2200 4.4 No 
 P601 600 2200 3.7 No 

Yang et al. [14,15] P1 500 2200 4.4 No 
Zhang et al. [16] PHC1-1 500 1400 2.8 Yes 

Note: a Diameter of pile. b Effective loading height of pile. 

 96 

Therefore, further study on the cyclic behavior of PHC piles with a large height-to-diameter ratio 97 

of 4 to 6, and under combined lateral cyclic loading and axial force is necessary in order to represent 98 

the seismic performance of actual PHC piles more realistically. Furthermore, there exist uncertain 99 

factors which can influence the seismic behavior of PHC piles, for example the actual prestressing 100 

level in the prestressing tendons, which is difficult to measure due to the constraint of the production 101 

process. For an assessment of the influence of such factors, as well as for a parametric study to further 102 

enhance the understanding of the seismic behavior of PHC piles, improved numerical simulation will 103 

be of significant benefit. 104 

This paper presents an experimental study in which lateral cyclic loading tests on two full-scale 105 

PHC pile specimens with a large height-to-diameter ratio were conducted under different axial force 106 

ratios, supported by finite element (FE) analysis. The seismic behavior is investigated 107 
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comprehensively in terms of cracking pattern, failure mode, hysteretic characteristics, lateral bearing 108 

capacity, ductility, stiffness degradation and energy dissipation capacity. For the numerical study, 109 

three-dimensional (3D) nonlinear finite element models of specimens were developed using the 110 

general-purpose software DIANA [23]. The FE models were validated against the experimental 111 

results, and then employed to carry out parametric analysis on the seismic performance of PHC piles 112 

to assist in further clarifying the influencing mechanisms of key parameters, such as the axial force 113 

ratio, prestressing level of prestressing tendons, longitudinal reinforcement ratio, concrete wall 114 

thickness and distributed pattern of prestressing tendons. 115 

2. Experimental program 116 

2.1 Brief introduction of the PHC pile production process 117 

Two full-scale PHC pile specimens were fabricated and assembled in a factory following the 118 

standard production process of the actual piles. Fig. 1 presents the production process of PHC piles, 119 

which includes four main stages as follows: (i) The prestressing steel bars with pier heads at both 120 

ends are arranged and spiral stirrups are welded onto the steel bars to make the reinforcement cages. 121 

The reinforcement cages are then connected to the pile hoops and the end plates by inserting the pier 122 

heads into the anchor hole of the end plates (Fig. 1(a)). (ii) The reinforcement cages are hoisted into 123 

the bottom steel molds of PHC piles and assembled with the tension steel plates (Fig. 1(b)). Then, the 124 

prepared high-strength concrete is pumped into the steel molds and the upper steel molds are closed 125 

by bolts. (iii) The steel bars are tensioned to the specified prestressing level by the tensioning machine 126 

(Fig. 1(c)), and the specimens are spun according to the prescribed procedure in the centrifugal groove 127 

(Fig. 1(d)). (iv) The specimens are then placed into the ordinary curing pool for 1.5 hours at normal 128 
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temperature, followed by steam curing for about 6 hours at 90 °C. Finally the piles are removed from 129 

steel molds and left for natural curing. 130 

(a)    (b)  

(c)    (d)  

Fig. 1. Fabrication method of PHC piles. 

2.2 Detail of test specimens 131 

Two identical PHC pile specimens were designed and fabricated in order to consider different axial 132 

force ratios. Fig. 2 shows the configuration of the test specimens. According to the size of PHC piles 133 

commonly used in practice [24], the tested piles had an external diameter D of 500 mm and an 134 

effective loading length of 2900 mm (about 6D). The two ends of the pile specimens were embedded 135 

into a cap and a footing, respectively. 136 

The cap and footing of the specimens had dimensions of 1000 × 800 × 500 mm and 1600 × 1200 137 

× 1000 mm, respectively, and they were heavily reinforced so that their flexural strength was at least 138 

2.5 times that of the tested piles [25] to ensure that they behave elastically throughout the test. In 139 

addition, sufficient reinforcement was arranged near the connections between the concrete blocks and 140 
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the pile ends to prevent the occurrence of unwanted failure modes. 141 

Fig. 3 and Table 2 show the dimensions and reinforcement details of the PHC pile specimens. 142 

Helical grooved steel bars were used as the prestressing tendons while cold-drawn low-carbon steel 143 

wires were used for the stirrups. The tensioning control stress σcon of the prestressing tendons was set 144 

at 70% of the standard tensile strength, fptk = 1420 MPa. 145 

 
Fig. 2. Dimensions of test specimens. (Unit: mm) 

 

 
Fig. 3. Schematic diagram of reinforcement in PHC pile specimens. 

 

During the cyclic loading test, the axial force ratio was taken as a control variable and the vertical 146 

load value was calculated according to the cross-section area of the pile and the design compressive 147 

strength of concrete. The two PHC pile specimens were labelled as PHC-1, which had a zero axial 148 
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force, and PHC-2, which had a 0.2 axial force ratio (1003 kN). 149 

Table 2 Geometric dimensions and reinforcement of PHC piles. 

Specimen 
D a  

(mm) 
Dp

b  
(mm) 

t c  
(mm) 

Longitudinal 
reinforcement 

ρs (%) Stirrup 
σcon  

(MPa) 
Axial force 

ratio 

PHC-1 500 406 100 11ФD10.7 0.79 Фb5@45 994 0 
PHC-2 500 406 100 11ФD10.7 0.79 Фb5@45 994 0.2 

Note: a Diameter of pile. b Diameter of distribution circle of longitudinal reinforcement. c Wall thickness of pile. 

 150 

2.3 Material mechanical properties 151 

The concrete for PHC piles had a design strength grade of C90. Six 100 × 200 mm concrete sample 152 

cylinders were prepared for the material test, and the samples were subjected to steam curing for 6 153 

hours at 90 °C, followed by natural curing. The average value of the cylinder compressive strength 154 

fc,100×200 was 84.9 MPa. The standard cubic compressive strength fcu and axial compressive strength 155 

fc may be estimated using the empirical formulas [26,27] as follows: 156 

 
cu c,100 200 6.41f f ×= +  (1) 157 

 c cu0.818f f=  (2) 158 

Three samples for each type of reinforcing bars, including ΦD10.7 steel bars and Φb6 steel wires, 159 

were taken and tested to measure the tensile properties. It should be noted that three samples of Φb6 160 

(6 mm in diameter) from the same batch as the Φb5 steel wires, which were actually used in the pile 161 

specimens, were tested instead of the Φb5 steel wires due to the difficulty in holding smaller wires in 162 

the standard tensile testing machine. The measured stress-strain curves are shown in Fig. 4 and the 163 

corresponding tensile mechanical parameters are summarized in Table 3. The yield strength fy of steel 164 

bars is 1342 MPa and the maximum elongation Agt is 3.4%. Es and fu are the elastic modulus and 165 

ultimate strength of reinforcing bars, respectively. 166 
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Fig. 4. Measured stress-strain curves of reinforcing bars. (a) ΦD10.7. (b) Φb6. 

Table 3 Material mechanical parameters of reinforcing bars. 

Reinforcing bar Es (GPa) fy (MPa) fu (MPa) Agt (%) 

ФD10.7 195 1342 1462 3.4 
Фb6 199 477 549 2.6 

2.4 Test setup and loading scheme 167 

The test loading setup consisted of a vertical loading device and a lateral loading system [2,28], as 168 

shown in Fig. 5. The vertical loading device consisted mainly of a reaction steel frame, a hydraulic 169 

jack, and a bearing rolling device. Additionally, a special rotating hinge support was installed between 170 

the loading end of the hydraulic jack and the upper cover plate of the pile cap, and this enabled the 171 

loading device to always stay in the vertical direction during the test while the top of the specimen 172 

moved and rotated, without unwanted constraint. The base of the hydraulic jack was seated into the 173 

bottom plate of the bearing rolling device, and two rollers of the bearing rolling device remained in 174 

firm contact with the bottom surface of reaction steel girder. The use of bearings allowed the rolling 175 

device to roll easily in the horizontal direction even under high normal contact force, and this greatly 176 

reduced the horizontal friction force between the reaction steel girder and the rollers, thereby reducing 177 

the adverse effect of the vertical loading device on the lateral force of PHC pile specimens. 178 

An MTS electro-hydraulic servo loading system was employed to apply the quasi-static lateral 179 



11 

cyclic loading. The actuator base was fixed on the reaction wall and the loading end was connected 180 

to the pile body through a steel bracket. Considering the test equipment and space factors in the 181 

laboratory, the effective loading height of PHC pile specimens was 2.9 m and was equal to about 6 182 

times the pile diameter. 183 

(a)    (b)  

Fig. 5. Test setup. (a) Schematic diagram of setup. (b) Setup photo. 

During the test, axial load was applied by a hydraulic jack first and then the lateral cyclic loading 184 

was exerted by the actuator with a predefined loading protocol. As shown in Fig. 6, the lateral loading 185 

history consisted of two stages, namely, a force-controlled stage and a displacement-controlled stage 186 

[29]. According to the estimated yield load with a value of about 100 kN for PHC pile specimens in 187 

this paper [24], the specimens were loaded with an increment of 20 kN in the force-controlled stage 188 

with 5 loading steps until apparent nonlinear behavior was observed, at which point the displacement 189 

was regarded as the nominal yield displacement Δy. Then the specimens were loaded with an 190 

increment of displacement Δ0 = 10 mm in the displacement-controlled stage, and three repeated cycles 191 

were performed for each level of the displacement. The test was terminated after the lateral load 192 

decreased to below 80% of the maximum load in the case of PHC-1 (zero axial force ratio), and to 193 
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below 60% of the maximum load in the case of PHC-2 (0.2 axial force ratio) considering the 194 

additional moment generated by the P-Δ effect. 195 
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Fig. 6. Lateral cyclic loading protocol. 

2.5 Instrumentation 196 

The lateral force was measured by the built-in load cell in the actuator. Displacement transducers 197 

and strain gauges were installed at specific locations to measure the displacements and strains of the 198 

pile specimens. As shown in Fig. 7, the horizontal and vertical displacement transducers (H1-H4, V1-199 

V4), strain gages (S1-S16) and inclinometers (A1-A2) were used to measure various deformation 200 

responses of the specimens, such as the horizontal displacement of the vertical and lateral load action 201 

points, slippage or rotation of the footing, curvature of the potential plastic hinge region and strains 202 

at key locations along the height of pile body. 203 
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Fig. 7. Layout of test instrumentation. 

3. Experimental process and observations 204 

3.1 Specimen PHC-1 205 

Fig. 8(a) shows the lateral force-displacement hysteretic curve of the specimen PHC-1. The first 206 

crack occurred in the bottom region of the pile when the applied lateral force was about ±60 kN while 207 

the lateral drift was about ±0.20%. Cracks and crack widths developed with increasing lateral force. 208 

When the lateral force reached ±80 kN, the force-displacement relationship exhibited apparent 209 

nonlinearity, indicating the yielding of the specimen. A nominal value for the yield displacement was 210 

found to be about ±20 mm (±0.69% drift). The bearing capacity of the specimen reached the peak 211 

value when the lateral displacement was increased to ±60 mm (±2.07% drift), at which time the main 212 

cracks at the bottom of the pile had cut through the entire section as a result of the cyclic loading. At 213 

the lateral displacement of ±70 mm (±2.41% drift), the prestressing steel bars at the farthest tension 214 

edge of the pile cross section ruptured, causing the failure of the specimen. Specimen PHC-1 215 

exhibited flexural failure due apparently to a large height-to-diameter ratio. Fig. 9 shows the crack 216 

pattern of the PHC-1 specimen. The average number of main cracks on both sides was 5, and these 217 

cracks spread over approximately 1100 mm (about 2.2D) in the bottom region of the pile with an 218 
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average crack spacing of 220 mm. Additionally, spalling of cover concrete was observed in a narrow 219 

region of about 100 mm (0.2D) at the bottom of the pile. 220 
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Fig. 8. Lateral force vs. displacement hysteretic curves of specimens. (a) PHC-1. (b) PHC-2. 

(a)    (b)  

(c)    (d)  

Fig. 9. Crack pattern and failure characteristics of PHC-1. (a) Overall view of south side. (b) 

Overall view of north side. (c) Detail view of south side. (d) Detail view of north side. 
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3.2 Specimen PHC-2 221 

The lateral force-displacement hysteretic curve of the specimen PHC-2 is shown in Fig. 8(b). The 222 

first crack occurred near the bottom of the pile at a lateral force level of ±80 kN and the corresponding 223 

drift was ±0.26%. When the lateral force reached ±120 kN level, the force-displacement curve 224 

exhibited apparent nonlinearity, indicating the yielding of the specimen. A nominal value of the yield 225 

displacement was found to be about ±20 mm (±0.69% drift), which was similar to that of specimen 226 

PHC-1. The bearing capacity of the specimen reached the peak value when the lateral displacement 227 

was increased to ±50 mm (±1.72% drift), at which time initial spalling of the cover concrete occurred 228 

at the bottom of the pile. At the lateral displacement of ±70 mm (±2.41% drift), significant spalling 229 

and crushing of the cover concrete occurred, along with outward buckling of the primary prestressing 230 

steel bars on the compression side of the cross section. With a further increase of the lateral 231 

displacement to ±80 mm (±2.76% drift), the stirrups at the bottom of the pile ruptured, causing the 232 

failure of the specimen. Flexural failure mode was also observed in specimen PHC-2. As shown in 233 

Fig. 10, the average number of main cracks on both sides was 7 and they occurred within 234 

approximately 1100 mm (about 2.2D) in the bottom region of the pile with an average crack spacing 235 

of 157 mm. Spalling of cover concrete was observed over a region of approximately 400 mm (0.8D) 236 

at the bottom of the pile. 237 
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(a)    (b)  

(c)    (d)  

Fig. 10. Crack pattern and failure characteristics of PHC-2. (a) Overall view of south side. (b) 

Overall view of north side. (c) Detail view of south side. (d) Detail view of north side. 

4. Experimental results and analysis 238 

4.1 Hysteretic curves 239 

It can be seen from the hysteretic curves in Fig. 8 that both specimens maintained relatively stable 240 

hysteretic behavior before the lateral bearing capacity reached the peak, with PHC-1 showing a 241 

notably prolonged post-yield deformation capacity comparing to PHC-2. After the peak load, 242 

specimen PHC-1 failed abruptly due to the rupture of the prestressing steel bars. On the other hand, 243 

specimen PHC-2 exhibited rapid strength degradation due to extensive crushing of concrete, showing 244 

a brittle characteristic. The hysteretic loops of the two specimens were S-shaped, indicating a marked 245 
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pinching response, and this can be attributed to the fact that the prestressing steel bars were mainly 246 

in a state of tension during most of the loading cycles, and consequently the piles behaved with a 247 

certain self-centering capacity despite damages in the concrete. Moreover, the prestressing tendons 248 

only absorbed energy after apparent yield by tension, and thus made a limited contribution to the 249 

energy dissipation and as a result the overall energy dissipation capacity of the specimens was poor. 250 

It should be pointed out that for the specimen with axial load, i.e., PHC-2, the lateral load-251 

displacement response was affected by the P-Δ effect and this was particularly true in the late stage 252 

of the response when the displacement Δ became large [18]. Since the strength capacity was 253 

ultimately controlled by the bending moment capacity at the critical cross section, to enable a better 254 

comparison between the two specimens, the lateral force-displacement curves are converted into the 255 

critical bending moment-drift relationship by considering the additional moment generated by the P-256 

Δ effect [30], and the results are shown in Fig. 11(a) and (b). 257 
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Fig. 11. Moment vs. drift hysteretic curves of specimens. (a) PHC-1. (b) PHC-2. 

4.2 Backbone curves 258 

Fig. 12 illustrates the moment-drift backbone curves of the specimens, which were extracted from 259 

the hysteresis curves. According to the key points, the backbone curves may be divided into four 260 

stages, i.e., elastic, elastic-plastic, plastic, and failure stages. In the elastic stage, the piles showed 261 
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linear behavior until the crack point when the crack began to appear at the pile base. Then the piles 262 

entered the elastic-plastic stage with increasing cracks and crack widths, while the prestressing 263 

tendons still stayed elastic. Upon the global yield point of the piles, the prestressing tendons reached 264 

yield and the overall specimens exhibited marked nonlinear behavior during the plastic stage. 265 

Specimen PHC-2 had a more apparent strengthening of the bearing capacity between the crack point 266 

and the ultimate point due to the effect of the axial force. Specimen PHC-1 failed abruptly after the 267 

peak load as a result of rupture of the prestressing tendons, while PHC-2 exhibited a post-peak 268 

degradation stage but the process was rapid due to crushing of the concrete. 269 
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Fig. 12. Backbone curves of moment-drift for specimens. 

4.3 Deformation and bearing capacity 270 

From the moment-drift backbone curves, the crack point, yield point, peak point and ultimate point 271 

can be determined quantitatively. As shown in Fig. 13, the yield point and ultimate point are 272 

determined following the proposal by Park [31], such that the yield point is defined as the point on 273 

the backbone curves with the same displacement as the intersection point of the line connecting the 274 

origin and the point on the backbone curve at 0.75Mmax and the horizontal line passing through Mmax. 275 

The ultimate point is taken as the point where the post-peak strength drops to about 80% of Mmax, or 276 
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the rupture of the prestressing tendons, whichever occurs first. The rotation ductility factor is then 277 

calculated as the ratio of the drift at the ultimate point to that at the yield point. 278 
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Fig. 13. Definitions of typical points. 

Table 4 summarizes the key strength and deformation results for the two specimens. It can be seen 279 

that the axial force had significant influence on all stages of behavior of the specimens. The crack 280 

moment Mcr, yield moment My and peak moment Mmax of specimen PHC-2 were significantly greater 281 

than PHC-1; for example, the peak moment increased by about 60%. θy, θmax, θu and μθ are the yield 282 

drift, peak drift, ultimate drift and ductility factor for specimens, respectively. The average ductility 283 

factor of PHC-1 was 3.04, while PHC-2 had a ductility factor of 2.88, which was slightly below the 284 

typical ductility factor of 3 for solid-section piles [32]. It is particularly worth pointing out the fact 285 

that for PHC-1, as can be deduced from the hysteretic curves in Fig. 8, there is clearly good potential 286 

for developing even better ductile performance if the prestressing tendons did not rupture (i.e., if it 287 

had a higher rupture strain). On the other hand, specimen PHC-2 under 0.2 axial force ratio seems to 288 

have little scope for improvement in its ductility unless drastic measures are taken to improve the 289 

ultimate strain at which concrete crushes in the compressive region. 290 

 291 
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Table 4 Main parameters of specimens. 

Specimen Load direction 

Crack Yield Peak Ultimate 

μθ Mcr 
(kN·m) 

My 
(kN·m) 

θy (%) 
Mmax 

(kN·m) 
θmax (%) θu (%) 

PHC-1 
(+) 162.6 250.0 0.76 309.8 2.07 2.48 3.27 
(−) 158.4 250.0 0.87 308.9 2.07 2.45 2.81 

PHC-2 
(+) 236.0 426.7 0.81 513.4 1.72 2.28 2.82 
(−) 241.2 396.0 0.86 476.6 1.72 2.52 2.93 

4.4 Stiffness degradation and energy dissipation 292 

Two stiffness factors are employed to evaluate the stiffness degradation, namely the secant stiffness 293 

Ki, which is defined as the ratio of the moment to the corresponding drift at a particular loading level, 294 

and the “effective” stiffness Ke, which is calculated according to the idealized envelop curve 295 

generated from FEMA 356 [33], as illustrated in Fig. 14(a). Ke is found to be 81.8 × 103 kN·m/rad 296 

for PHC-1, and 99.2 × 103 kN·m/rad for PHC-2. The secant stiffness is then normalized with respect 297 

to the effective stiffness for comparison between the two specimens. 298 

Fig. 14(a) presents the normalized secant stiffness degradation curves for the two specimens. It can 299 

be seen that the stiffness generally degraded with increasing drift in both specimens, and the 300 

degradation rate in PHC-1 was faster than PHC-2 before yield point and became slower after yield. 301 

This indicated that when the deformation of the specimens was small, the axial force helped to delay 302 

the stiffness degradation, whereas under larger deformation the axial force tended to accelerate the 303 

stiffness degradation. 304 

Considering the difference in the bearing capacity of the specimens, the relative energy dissipation 305 

capacity between the specimens is evaluated by the equivalent viscous damping ratio ζeq. As shown 306 

in Fig. 14(b), ζeq is defined as the ratio of the area of the hysteretic loop to the elastic energy of the 307 

equivalent viscous system. Fig. 14(b) plots ζeq of the specimens at each loading level before failure. 308 
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It can be seen that ζeq of the specimens generally decreased with increasing drift before the yield point 309 

as the energy dissipation at this stage was mainly due to the cracking of concrete, which was relatively 310 

small. After the yield of the specimens, the energy dissipation was achieved mainly through the plastic 311 

deformation behavior of prestressing tendons and the nonlinear behavior of concrete under 312 

compression, leading to the increasing of ζeq. The ζeq of the two specimens generally fell in the 5-10% 313 

range, and the difference between the two specimens was not significant. Overall, the energy 314 

dissipation capacity for PHC piles may be considered as poor as compared to typical reinforced 315 

concrete columns or piles with a solid circular section, for which the equivalent damping ratio is 316 

normally around 10%-15% [34]. 317 
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Fig. 14. (a) Stiffness degradation curves of specimens. (b) Equivalent viscous damping ratio of 

specimens. 

5. Finite element analysis 318 

To further enhance the understanding and discussion of the complex local damage processes and 319 

cyclic performance of PHC piles, finite element models are developed to simulate the pile behavior 320 

under cyclic loading. This section presents a brief description of the nonlinear finite element model 321 

for PHC piles. 322 

Three dimensional (3D) nonlinear FE model of the pile specimens is developed using the general-323 
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purpose FE program DIANA [23]. Due to the hollow circular cross section and the irregular spatial 324 

distribution of the damage, it was considered necessary to employ a 3D model in order to adequately 325 

represent the geometric irregularity of damage in the piles and capture the complex stress and strain 326 

behavior of the concrete and prestressing tendons in detail. 327 

5.1 Overview of the finite element model 328 

Fig. 15 shows the FE model of the PHC pile specimens. Pile body, cap, footing, and connection 329 

bracket are modeled using eight-node brick elements (DIANA element HX24L) and the prestressing 330 

tendons are modeled using bond-slip bar elements (L6TRU), while the stirrups are modeled as 331 

embedded bar elements. The bond-slip interaction is considered between the prestressing tendons and 332 

concrete, while the stirrups are embedded in the concrete in the pile. The tie constraint is selected for 333 

the contact interfaces between the pile body and the concrete blocks to simulate the interaction 334 

between them. The bottom surface of the footing is fully constrained to simulate a fixed base support 335 

condition. The model is subjected to three stages of applied forces, namely a) applying the 336 

prestressing force of the tendons, b) applying the axial load, and c) applying the lateral cyclic load. 337 

The cyclic lateral load is applied by similar steps as was done during the experiment of the piles. The 338 

Quasi-Newton method is used to solve the nonlinear equations with a maximum of 50 iterations and 339 

the energy norm with a value of 10-4 is taken as a convergence criterion. 340 

The prestressing process is carried out with a phased construction simulation in DIANA. The 341 

analysis procedure for prestressing process of bond-slip bars is shown in Fig. 15. The tendons are 342 

stretched to the control stress with no bond condition in phase 1. Then the stressing forces applied to 343 

the tendons are released and the tendons are bonded with the concrete and anchored with the end 344 

plates by tying the corresponding nodes in phase 2. 345 
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The cross-section of the pile is meshed into 4 layers through the thickness and 22 divisions in the 346 

circumferential direction; in this way the nodes on the prestressing end plates would correspond to 347 

the positions of the prestressing tendons and this allows a straightforward attachment of the tendons 348 

to the end plate. Since a refined mesh (25 mm) has been used in the radial direction as well as 22 349 

equal parts with an approximate mesh of 50 mm along the circumferential direction, the mesh size 350 

along the height direction of the pile becomes the most critical factor for the accuracy of the 351 

simulation results. The mesh sizes of 25 mm and 50 mm are selected to perform the analysis of mesh 352 

convergence, and the simulation results are shown in Fig. 16. As a smaller mesh size of 25 mm was 353 

observed to produce nearly identical results, considering a balance between computational efficiency 354 

and solution accuracy, the final mesh size for pile body is set at 50 mm along the height direction. 355 

 

Fig. 15. FE model of PHC specimens. 
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Fig. 16. Mesh convergence analysis. 

5.2 Material models 356 

The so-called total strain rotating crack model [35] is used to simulate the mechanical performance 357 

of concrete. This model was developed from the modified compression field theory [36] and then 358 

extended for 3D application. The model has been shown to be robust and stable when simulating 359 

reinforced concrete structures with the presence of multiple cracks [37]. For the compressive behavior 360 

of concrete, use is made of the Maekawa-Fukuura concrete model, which has been shown to be 361 

effective in simulating the performance of high-strength concrete [38,39]. Fig. 17(a) shows the 362 

adopted uniaxial compressive stress-strain relationship, which can be expressed by the following 363 

equations: 364 
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where K is the damage parameter; εp is the compressive plastic strain; εcu is the uniaxial strain at σcu; 369 

σcu is the peak compressive stress, which is taken as equal to the axial compressive strength fc; Ec is 370 

the elastic modulus of concrete, which is found to be 52.5 GPa for the concrete in the present study 371 
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according to fib model code 2010 [40]: 372 

 1/3ck
c c0 E

8
( )

10

f
E E α +

= ⋅ ⋅  (7) 373 

where Ec0 is taken as 21.5 GPa; αE is taken as 1.2 for basalt aggregates; fck is the characteristic strength 374 

and the value is taken as (fcu-15) in MPa. 375 

The nonlinear tensile behavior of concrete is modeled by the tension softening model according to 376 

JSCE [41], as shown in Fig. 17(b). Before cracking, the uniaxial tensile stress-strain curve is linear 377 

elastic up to the tensile strength σtu with the value of 4.26 MPa obtained from Eq. (8) [42]: 378 

 2 /3
tu cu0.21 fσ =  (8) 379 

A bilinear descending branch is used to simulate the tension softening response of concrete after 380 

cracking. The fracture energy Gf is assumed as a material property for concrete with the value of 381 

195.9 N/m for the concrete in this study according to [26,43]. The area under the tensile stress-strain 382 

curve is denoted as unit fracture energy gf = Gf/h, where h is the crack bandwidth, which is taken as 383 

the characteristic length (he) of the element [44]. he is defined as the cubic root of the element’s 384 

volume for solid elements. The equations of the key points in the descending branch are shown in 385 

Fig. 17(b). 386 

The dashed lines in the compressive and tensile curves for concrete represent the loading and 387 

unloading paths, for which the detailed equations and rules can be found from the literature [45]. The 388 

above concrete material models are used to model the mechanical behavior of the pile body under 389 

cyclic loading, while a linear elastic material is used for the cap and the footing, as well as the steel 390 

bracket [46]. 391 

The Menegotto-Pinto (MP) model [47] is used to describe the stress-strain relationship for 392 

reinforcing bars under cyclic loading, as shown in Fig. 17(c). The monotonic envelope curve is 393 
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defined using the elastic modulus Es, yield stress fy, hardening ratio b, which is the ratio of the 394 

hardening modulus Eh and the elastic modulus Es, and an initial curvature parameter R0, and the 395 

hysteretic curve is expressed as: 396 
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where (ε0,σ0) are the strain and stress at the intersection point of the elastic and hardening asymptote 400 

lines; (εr,σr) are the strain and stress at the reversal point; R is the curvature parameter that determines 401 

the shape of the transition curves; ξ is the strain difference between the current intersection point and 402 

the previous reversal point; a1 and a2 are material constants. In this paper, the values are set as b = 403 

0.023 for prestressing steel bars and 0.016 for steel wires, R0 = 20, a1 = 18.5 and a2 = 0.15. 404 

In addition, the bond-slip interaction between concrete and prestressing tendons is considered 405 

based on the model proposed by Dörr [48], as shown in Fig. 17(d). The maximum shear traction τt 406 

suggested in [48] is 1.9σtu and the slip limit |Δu
0 

t | is 0.06 mm. 407 
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Fig. 17. Constitutive models. (a) Concrete in compression. (b) Concrete in tension. (c) 

Reinforcement material model. (d) Bond-slip model. 

5.3 Validation of the numerical model 408 

To verify the accuracy of the FE model, the model is firstly employed to simulate the tested piles 409 

and the simulation results are compared with the experimental results in terms of the crack distribution 410 

of pile body, force-displacement hysteretic curves and the strain development of the prestressing 411 

tendons. Fig. 18 shows a comparison of the crack distributions. Considering that the minimum crack 412 

width that is observable in the test is about 0.02 mm, and with a mesh size of concrete in the FE model 413 

being 50 mm in the vertical direction, the cracking strain εmin in the simulation can be defined as: εmin 414 

= 0.02/50 = 4 × 10-4, which is taken as an indication of cracking in the FE analysis. It can be observed 415 

that the numerical model captures well the crack distribution of the test specimens. 416 

(a)    (b)  
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(c)    (d)  

Fig. 18. Crack distribution of numerical and experimental results for test specimens. (a) North side 

of PHC-1. (b) South side of PHC-1. (c) North side of PHC-2. (d) South side of PHC-2. 

Fig. 19 presents the comparison of the force-displacement hysteretic curves between the numerical 417 

and experimental results. It can be seen that there is generally a good agreement between the 418 

numerical and experimental results in terms of the lateral bearing capacity, the overall stiffness, as 419 

well as the hysteretic loops including the pinching effect. The average peak strength of specimen 420 

PHC-1 obtained from the FE analysis is 102.6 kN comparing with the experimental result of 106.9 421 

kN, and for specimen PHC-2 the FE results is 150.8 kN comparing with the experimental result of 422 

146.4 kN. A good agreement is achieved. 423 
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Fig. 19. Comparison of hysteretic curves. (a) PHC-1. (b) PHC-2. 

Due to the special production process of PHC piles, it was not practical to install strain gauges on 424 

the prestressing tendons to measure the strain variation before and during the loading test. To fill in 425 

this gap, herein the strain variations of the critical prestressing tendons are extracted from the FE 426 



29 

analysis for an examination. Fig. 20 shows the strain developments in the bottom and top prestressing 427 

tendons (with respect to the bending direction) at the bottom section versus the lateral displacement 428 

for the two piles. The dashed line “i” indicates the level of lateral displacement when cracks begin to 429 

appear in the simulation, and it can be observed that the prestressing tendons are in the elastic state 430 

as discussed in the experimental results. The dashed line “ii” indicates the displacement moment when 431 

the prestressing tendons first yield. The first yield displacements of the specimens from the 432 

simulations are both about 20 mm, which is close to the yield point observed in the experiments. 433 

The tensile rupture or compressive buckling of the prestressing tendons are not explicitly simulated 434 

in the models. However, considering that the overall hysteretic loops have been simulated well as 435 

shown in Fig. 19, it may be reasonable to deduce the actual failure strain in the test specimen PHC-1 436 

by checking the strain in the prestressing tendons in the FE model when the lateral displacement 437 

reaches the level at which the prestressing tendons of specimen PHC-1 ruptured during the 438 

experiment, which was 70 mm. At this level of lateral displacement, the maximum tensile strain of 439 

the prestressing tendons in the FE simulation is about 2.8%. This strain value is smaller than the 440 

rupture strain of 3.4% obtained from the material property tests. A possible explanation as why the 441 

prestressing tendons may have ruptured at a smaller strain than from the material test is the cumulative 442 

damage brought by the cyclic loads, as well as an imperfect tension condition caused by the outward 443 

pushing from the core concrete. Combining the test and simulation results, it is deemed reasonable to 444 

consider that rupture of the prestressing tendons occurs when the maximum tensile strain reaches 445 

2.8%, and this can serve as one of the conditions for judging the failure of the specimens. 446 

The ultimate displacement from the FE analysis for PHC-2 is about 70 mm, which agrees well with 447 

the test result. In addition, in the experiment of PHC-2 the cover concrete was severely damaged at a 448 
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lateral displacement about 80 mm and the specimen was not able to sustain the axial force. Similar 449 

phenomenon is observed from the FE simulation where the strain in the prestressing tendons sharply 450 

decreases due to the failure of concrete under compression, resulting in the overall instability of the 451 

specimen under the axial force. 452 
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Fig. 20. Strain in bottom/top prestressing tendons at the pile bottom section. (a) PHC-1. (b) PHC-2. 

Overall, the numerical model is capable of predicting the cyclic responses of PHC piles without or 453 

with the axial force effect, and it can be used to systematically investigate the effects of key 454 

parameters on the seismic performance of PHC piles. 455 

6. Parametric analysis 456 

In this section, parametric analyses are carried out to investigate the seismic performance of PHC 457 

piles using the validated FE models. The influences of four parameters are considered, including the 458 

axial force ratio, prestressing level of prestressing tendons, longitudinal reinforcement ratio, and 459 

concrete wall thickness of the piles. The effect of the axial force ratio is analyzed first, and 460 

subsequently the effect of the other parameters under different axial force ratios is examined. 461 

According to the simulation results in Section 5, the ultimate failure of FE models is determined by 462 

a decrease of the post-peak strength to below 80% of the maximum strength or the maximum tensile 463 
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strain of the prestressing tendons reaching 2.8%, whichever occurs first. 464 

6.1 Axial force ratio 465 

To study the influence of axial force ratio on the behavior of PHC piles, models with axial force 466 

ratios of 0, 0.2, 0.4 and 0.6 are considered. Fig. 21 shows the moment-drift backbone curves of these 467 

PHC pile models with various axial force ratios. It can be found that compared with the model with 468 

0 axial force ratio, the peak lateral strengths of the models with 0.2, 0.4 and 0.6 axial force ratios 469 

increase by 65.5%, 108.6% and 151.1%, respectively, and the ultimate drifts decrease by 1.0%, 31.8% 470 

and 43.6%, respectively. When the axial force ratio increases from 0 to 0.2, the failure mode of the 471 

PHC pile changes from rupture of prestressing tendons to crushing of concrete. The increase of the 472 

axial force ratio increases the degree of concrete crushing, but also delays or prevents the tensile 473 

rupture of prestressing tendons. This indicates that the failure mode is directly affected by the axial 474 

force, and thus affects the ultimate drift. 475 

To further identify the threshold axial force ratio that changes the failure mode from rupture of 476 

prestressing tendons to crushing of concrete, which must be between 0 to 0.2 from the above results, 477 

the cases with axial force ratios of 0.05, 0.10, 0.15 are selected. Fig. 22 presents the ultimate drift vs. 478 

axial force ratio curve for models under 0 to 0.2 axial force ratio. It can be observed that in the case 479 

of failure being controlled by the rupture of prestressing tendons under low axial force ratios, the 480 

ultimate drift of PHC piles increases with the increasing of the axial force ratio. Once the failure of 481 

PHC piles turns to be controlled by the crushing of concrete under a higher axial force, the ultimate 482 

drift decreases with further increase of the axial force ratio. For the particular pile considered herein, 483 

the failure of the pile tends to be dominated by the crushing of the concrete with an axial force ratio 484 

higher than 0.15. 485 
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Fig. 21. Backbone curves of FE model specimens with different axial force ratios. 
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Fig. 22. Ultimate drift vs. axial force ratio in FE model specimens. 

6.2 Prestressing level of prestressing tendons 486 

The compressive pre-stress of concrete is controlled by the tensile stress of prestressing tendons. 487 

To investigate the potential effect of the prestressing level on the cyclic behavior of PHC piles, three 488 

different tensioning control stresses are selected in the FE analysis, namely 35%, 50% and 70% of 489 

the standard tensile strength of the prestressing tendons fptk = 1420 MPa, where 70%fptk is the standard 490 

prestressing value. 491 

Fig. 23 shows the moment-drift backbone curves of PHC pile models with different prestressing 492 

levels under various axial force ratios. When the prestressing level increases from 35% to 70%, the 493 

peak strengths of models under 0, 0.2 and 0.4 axial force ratios increase by 6.4%, 2.2% and 0.9%, 494 
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respectively, showing that the prestressing level of prestressing tendons has little impact on the peak 495 

bearing capacity of PHC piles. For the case of 0 axial force ratio, the ultimate drift of models decreases 496 

by 25.8% as the prestressing level increases from 35% to 70%, indicating that a large prestressing 497 

level accelerates the rupture of the prestressing tendons and hence can significantly reduce the 498 

ultimate drift of piles. For the cases of 0.2 and 0.4 axial force ratios, there is also a certain degree of 499 

reduction in the ultimate drifts with the increasing of prestressing levels due to aggravated crushing 500 

of concrete, but this effect does not appear to be significant. 501 
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Fig. 23. Backbone curves of FE model specimens with different prestressing levels under various 

axial force ratios. (a) 0 axial force ratio. (b) 0.2 axial force ratio. (c) 0.4 axial force ratio. 

6.3 Longitudinal reinforcement ratio 502 

According to the standard [24], the PHC plies are divided into Type-A, Type-AB, Type-B and Type-503 

C based on the pre-stress level in concrete being 4.0, 6.0, 8.0 and 10.0 MPa, respectively. Under a 504 
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given prestressing level in the prestressing tendons, the compressive pre-stress of concrete is 505 

determined by the longitudinal reinforcement ratio of tendons. In this section we analyze the seismic 506 

performance of PHC piles with longitudinal reinforcement ratios of 0.56% (11 ΦD9.0 for Type-A), 507 

0.79% (11 ΦD10.7 for Type-AB), 1.09% (11 ΦD12.6 for Type-B) and 1.29% (13 ΦD12.6 for Type-C). 508 

Fig. 24 illustrates the computed moment-drift backbone curves of the above cases under various 509 

axial force ratios. The variation trends of peak moment vs. ultimate drift for cases with different 510 

longitudinal reinforcement ratios under various axial force ratios are as shown in Fig. 25. The peak 511 

strengths of Type-C piles under 0, 0.2 and 0.4 axial force ratios are 99.3%, 42.9% and 17.6% larger 512 

than that of Type-A piles, respectively. For the case of 0 axial force ratio, the ultimate drift of Type-513 

C pile is 35.8% higher than Type-A pile, indicating that rupture of tendons is more likely to occur in 514 

piles with lower longitudinal reinforcement ratios under a low axial force ratio. In contrast, the 515 

ultimate drifts of Type-C piles under 0.2 and 0.4 axial force ratios are 32.5% and 15.0% lower than 516 

that of Type-A piles, respectively. The reason for this is that the failure of pile in these cases is 517 

controlled by the crushing of concrete and a higher longitudinal reinforcement ratio causes a larger 518 

compressive pre-stress of concrete, making it easier to reach the peak strength and crush. 519 
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Fig. 24. Backbone curves of FE model specimens with different longitudinal reinforcement ratios 

under various axial force ratios. (a) 0 axial force ratio. (b) 0.2 axial force ratio. (c) 0.4 axial force 

ratio. 
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Fig. 25. Peak moment vs. ultimate drift for FE model specimens with different longitudinal 

reinforcement ratios under various axial force ratios. 

6.4 Concrete wall thickness of pile body 520 

The wall thickness is anticipated to affect the seismic behavior of piles [49], and this may be 521 

particularly true in piles under a higher axial force ratio where failure may be governed by crushing 522 

of the concrete. According to relevant standard [24], PHC piles with an external diameter (D) of 500 523 

mm have two typical wall thicknesses, 100 mm and 125 mm. It should be noted that because the 524 

changing net areas of the pile section, the axial forces are adjusted so that the axial force ratio remains 525 

the same between the two thickness cases. 526 

Fig. 26 presents the computed moment-drift backbone curves for the two piles with 100 mm and 527 
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125 mm wall thickness, respectively, under various axial force ratios. As can be expected, under a 0 528 

axial force ratio where failure is governed by the rupture of tendons, the variation in the wall thickness 529 

has little effect on the overall performance of the two piles. Under axial force ratios of 0.2 and 0.4, 530 

increase of the wall thickness from 100 mm to 125 mm brings about an increase of the peak strengths 531 

by 6.9% and 8.5%, respectively, while the ultimate drifts increase by 9.7% and 9.4%, respectively. 532 

The above results demonstrate that under a higher axial force ratio, increasing the concrete wall 533 

thickness can improve both the ultimate strength and the deformation capacity of PHC piles. 534 
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Fig. 26. Backbone curves of FE model specimens with different pile thicknesses under various axial 

force ratios. (a) 0 axial force ratio. (b) 0.2 axial force ratio. (c) 0.4 axial force ratio. 

6.5 Distributed pattern of prestressing tendons 535 

The FE model for specimen PHC-2 is selected as a benchmark to investigate the effect of the 536 

distributed pattern of prestressing tendons on the seismic performance of PHC piles. The standard 537 
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configuration of prestressing tendons in the PHC pile is 11 ΦD10.7 steel bars with a ratio of 0.79%. 538 

As shown in Fig. 27(a), four pile models are developed with the same prestressing tendon ratio of 539 

0.79%, but in different numbers of tendons of 9, 11, 13 and 15 respectively by changing the cross-540 

sectional area of individual tendons. A larger number of tendons indicates a more uniform distributed 541 

pattern. Fig. 27(b) presents the computed moment-drift backbone curves for four pile models. It can 542 

be seen that the peak strengths of these piles are basically the same, whereas the descending branch 543 

of the backbone curves tends to exhibit a slower decreasing rate with a better distributed pattern of 544 

prestressing tendons. This may be explained by an improved stress distribution in the concrete, thus 545 

delaying the local damage to the pile body. 546 
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Fig. 27. (a) Distributed pattern of prestressing tendons. (b) Backbone curves of FE model 

specimens with different distributed patterns of prestressing tendons. 

7. Conclusions 547 

The seismic performance of PHC piles has been systematically investigated through full-scale tests 548 

and finite element simulations. The experiment has been conducted on two full-scale PHC pile 549 

specimens which were featured with a large height-to-diameter ratio that is close to the working 550 

condition of PHC piles in real applications. The pile specimens were subjected to cyclic lateral 551 

loading under different axial force ratios. On the other hand, for the numerical simulation detailed 552 
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three-dimensional (3D) nonlinear finite element (FE) model has been developed using DIANA and 553 

validated against the experimental results. The FE model is then employed to carry out parametric 554 

analysis with varying axial force ratio, prestressing level, longitudinal reinforcement ratio, concrete 555 

wall thickness and distributed pattern of prestressing tendons. Based on the experimental and FE 556 

analysis results, the following main conclusions may be drawn: 557 

1. Both PHC pile specimens exhibited a flexural failure, demonstrating a key characteristic 558 

associated with a large height-to-diameter ratio. For specimen PHC-1 without axial force, the 559 

failure of the pile was controlled by the rupture of the prestressing steel bars at the bottom region, 560 

where a main crack developed across the entire section. The failure mode of specimen PHC-2 561 

with 0.2 axial force ratio was characterized by severe spalling and crushing of concrete at the pile 562 

base, followed by outward buckling of the prestressing steel bars in the plastic hinge region, 563 

resulting in the rupture of stirrups. 564 

2. The hysteretic loops of the two specimens were S-shaped with apparent pinching, indicating a 565 

generally poor energy dissipation capacity. Compared with PHC-1, PHC-2 had a higher overall 566 

stiffness and lateral bearing capacity due to the presence of axial force, but a relatively lower 567 

deformation capacity with a ductility factor slightly less than 3. 568 

3. The FE models established in this study can capture the seismic performances of PHC piles in 569 

terms of the crack distribution of pile body, force-displacement hysteretic curves and the strain 570 

development in the prestressing tendons. Parametric analysis results clearly indicate that the 571 

presence of axial force markedly increases the lateral bearing capacity of PHC piles but when the 572 

axial force ratio goes beyond 0.15, the deformation capacity tends to decrease. This is because 573 

the failure mode of PHC piles changes from rupture of prestressing tendons to concrete crushing 574 
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under a higher axial force ratio. 575 

4. Reducing the tensile stress of prestressing tendons tends to improve the deformation capacity of 576 

PHC piles but obviously this may not be a desirable option in practice. As can be expected, 577 

increasing the ratio of prestressing tendons can significantly enhance the bearing capacity of PHC 578 

piles under different axial force ratios, while the deformation capacity is increased under lower 579 

axial force ratio and then decreased with the increasing of axial force ratio due to early crushing 580 

of concrete under large compressive stress. Besides, a better distributed pattern of prestressing 581 

tendons would generally benefit the seismic behavior of PHC piles. 582 

5. The bearing and deformation capacity of PHC piles can be improved by increasing the concrete 583 

wall thickness of pile body, and this is particularly the case under a higher axial force ratio. 584 

Overall, both experimental and numerical results suggest that two different strategies may be 585 

adopted to grossly improve the seismic performance of PHC piles, depending upon the axial force 586 

level. For piles without or with a low axial force (e.g., axial force ratio less than 0.15), the most 587 

effective way would appear to be using prestressing tendons of high deformation capacity, for 588 

example steel strands. On the other hand, for piles under high axial force levels, enhancing the 589 

ultimate compressive strain of the concrete would tend to be most effective, such that the occurrence 590 

of concrete crushing in the compressive zone could be delayed and thereby increase the ultimate 591 

deformation capacity and ductility. Studies in these directions have been underway and results will 592 

be presented in follow-up papers. 593 
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