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Abstract: Pretensioned spun high-strength concrete piles usually use the traditional helical grooved steel bars 16 

as the main reinforcement, which leads to insufficient ductility. Replacing prestressing steel bars with steel 17 

strands can effectively overcome the problem. To further enhance the overall seismic performance of the piles, 18 

pretensioned centrifugal spun concrete piles with a combined use of pretensioned steel strands and non-19 

prestressing deformed steel bars (PSRC piles) have been developed. This paper presents the experimental and 20 

numerical investigations into the seismic performances of PSRC piles. Three full-scale PSRC pile specimens 21 

have been tested under lateral cyclic loading with different axial compressive forces, and the results are 22 

analyzed in detail and discussed. The influence of incorporating the deformed steel bars on the cyclic behavior 23 

of piles is examined with comparison to the previous test results of the counterpart piles with only steel strands. 24 

A detailed finite element model of the PSRC pile specimens is developed and verified against the test results. 25 
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Parametric analyses are then carried out using the validated model. The results show that the incorporation of 26 

non-prestressing deformed steel bars markedly improves the cracking behavior of the piles with much diffused 27 

crack distributions. The combined use of steel strands and deformed bars also results in better deformation 28 

capacity as well as higher load bearing capacity. By adjusting the concrete wall thickness and selecting a 29 

desirable ratio of prestressing steel strands and non-prestressing deformed bars, sufficient deformation and 30 

load bearing capacities can be ensured with the piles. 31 

Author keywords: Seismic performance; Axial force ratio; Pretensioned spun concrete pile; Parametric 32 

analysis; Deformed steel bar; Steel strand 33 

Introduction 34 

As a widely used type of precast prestressed concrete piles (PPCPs) (Dolati and Mehrabi 2021), pretensioned 35 

spun high-strength concrete (PHC) piles are usually made of high-strength concrete and prestressing helical 36 

grooved steel bars (HGBs) through a centrifugal forming procedure. Compared with cast-in-drilled-hole 37 

(CIDH) reinforced concrete piles (Budek et al. 2000), PHC piles have remarkable advantages including 38 

efficiency in the production, good forming quality and high axial load-carrying capacity. However, HGBs used 39 

as the prestressing tendons in PHC piles have significant drawbacks including poor quality stability and severe 40 

tensile brittleness. Moreover, the pre-tensioning stresses in HGBs are often uneven due to inadequate anchoring 41 

contact between the pier heads of tendons and the anchor holes of the end plates of PHC piles. These problems 42 

generally lead to brittle failure in PHC piles under severe horizontal load or seismic load (Uzuoka et al. 2007; 43 

Wang et al. 2019). For this reason, in the medium and high intensity seismic areas, PHC piles are not commonly 44 

used for the pile heads, but rather in the lower pile sections (Thusoo et al. 2021). 45 

In order to overcome the above problems, methods of using high-strength steel strands (HSSs) with better 46 

tensile ductility and quality stability as the prestressing tendons of spun concrete piles have been proposed by 47 
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this research group, as presented in Zhang et al. (2022), and piles using HSSs as the longitudinal prestressing 48 

tendons, called as PSC piles, have been developed. Compared with common prestressed concrete round piles 49 

and octagonal piles (Park and Falconer 1983; Budek and Priestley 2005; Silva et al. 2001), the initial pre-50 

stresses in the prestressing tendons and concrete in PSC piles are evenly distributed along the pile body due to 51 

the special anchorage structure at two ends of the piles. Moreover, the relative slippage between prestressing 52 

tendons and pile body concrete is extremely small, even when a large lateral deformation occurs in the pile 53 

body. Results from the flexural test of PSC piles (Zhang et al. 2022) demonstrated that PSC piles with a smaller 54 

amount of prestressing tendons showed better deformation capacity as well as higher bearing capacity than 55 

PHC piles. 56 

Despite the above improvements, PSC piles still exhibited an undesirable cracking behavior, which was 57 

similar to that of PHC piles. The crack pattern was characterized by a small number of cracks with a large 58 

crack width on average. Such a crack pattern usually results in high strain concentration, which can lead to 59 

premature tensile rupture of longitudinal reinforcements at the main crack in the case of tension-bending failure. 60 

In general, the crack width tends to reduce as the longitudinal reinforcement ratio decreases. But the number 61 

of prestressing tendons in pretensioned spun concrete piles is generally governed by the initial pre-stress 62 

requirements (GT 2020), and this means that the scope of facilitating further improvement of seismic 63 

performances would be limited for piles using prestressing tendons alone. Therefore, the concept of a mixed 64 

use of non-prestressing deformed steel bars in PSC piles was envisaged to improve the cracking behavior as 65 

well as the overall seismic performances. Accordingly, pretensioned spun concrete piles using combined steel 66 

strands and deformed steel bars as longitudinal reinforcements, called PSRC piles, have been developed. The 67 

incorporation of deformed steel bars to the piles affects little the initial pre-stress state of prestressing tendons 68 

and concrete, but helps improve the cracking behavior, and at the same time increases the seismic load carrying 69 
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capacity of the piles due to an increase of the total longitudinal reinforcement ratio. 70 

A preliminary experimental study of the developed PSRC piles under bending (Ren et al. 2021) has found 71 

that the concrete cracking pattern of PSRC piles was indeed significantly improved, with a denser distribution 72 

of cracks and a smaller crack width. To fully understand the influence of the mixed use of non-prestressing 73 

deformed steel bars on the seismic behavior of the PSRC piles, cyclic loading tests with the presence of axial 74 

force need to be conducted. 75 

In terms of the behavior of piles under cyclic loading, extensive research has been focused on PHC piles 76 

subjected to cyclic loads. Nagae and Hayashi (2003) performed seismic experiments of PHC piles designed 77 

with an effective loading height-to-diameter ratio (H/D) of 3 and found that the effect of lateral reinforcement 78 

ratio on the deformation capacity of piles was related to the axial load. Yang et al. (2018) designed a set of 79 

three-point loading test setup to assess the cyclic performances of PHC piles with H/D of 3.5-5.5 under cyclic 80 

loading, and the results indicated that brittle failure occurred and this was caused by the rupture of prestressing 81 

steel bars. Zhang et al. (2020) carried out full-scale seismic experiments on PHC piles with H/D of about 3 82 

subjected to combined cyclic loads and an axial force, and it was found that the axial force significantly 83 

affected the damage mode of piles. The tests of PHC piles conducted by Huang et al. (2018) using model pile 84 

specimens demonstrated that bending damage mainly occurred in the piles, and the maximum moment and 85 

damage were mainly concentrated at an embedded depth of 4D to 6D. In general, the bending-dominated 86 

failure mode is expected in piles or columns with H/D larger than 3 (Tong et al. 2019). Therefore, to realistically 87 

replicate the possible structural behavior and failure mode, piles with a large effective height to diameter ratio 88 

(H/D), such as 4 to 6, should be investigated (Ren et al. 2022). Moreover, the presence of axial force needs to 89 

be taken into consideration because a varying axial force will exist in piles as a consequence of the vertical 90 

loads of the superstructures, which will considerably affect the structural performance of the piles (Joen and 91 
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Park 1990; Roeder et al. 2005). 92 

The role of the axial force on the seismic performance of PSRC piles has not been investigated 93 

systematically in previous research. The structural behavior and failure mode of PSRC piles with a large 94 

height-to-diameter ratio of 4 to 6 are also not fully understood under combined lateral cyclic loading and axial 95 

force. Furthermore, due to limited experimental data, improved numerical simulation will be of significant 96 

benefit for an assessment of key design factors. In this paper, the cyclic loading tests on three full-scale PSRC 97 

pile specimens with a large height-to-diameter of about 6 and under low, medium and high axial compressive 98 

forces, as commonly encountered in engineering practice, are presented. The effect of incorporating deformed 99 

steel bars on the cyclic behavior of the piles is analyzed with comparison to the previous test results of the 100 

counterpart piles with only steel strands. A dedicated three-dimensional finite element (FE) model is developed 101 

using a novel modeling method in DIANA (TNO 2020) to predict the seismic responses of PSRC piles. Using 102 

the validated FE model, parametric analysis is performed to explore the effects of prestressing level of steel 103 

strands, prestressing tendon ratio, non-prestressing rebar ratio and concrete wall thickness on the seismic 104 

performances of PSRC piles. 105 

Experimental program 106 

Design consideration of PSRC piles 107 

In the design of PSRC piles with a combination of prestressing strands and normal deformed steel bars, the 108 

amount of the prestressing strands was kept the same as the PSC piles (without deformed steel bars) so that 109 

the level of prestress in the concrete remains essentially the same under the same level of control prestressing 110 

force in the strands. On this basis, deformed steel bars were added and the number of the deformed steel bars 111 

was made to match that of the steel strands so as to prevent any adverse effects of asymmetric reinforcement 112 

in the circular section on the prestressing process and the structural performance of the piles. Thus, eleven 113 
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deformed steel bars were arranged evenly along the distribution circle of longitudinal tendons together with 114 

the steel strands. According to the preliminary analysis, a deformed steel bar ratio ranging from 1% to 2% 115 

tends to be reasonable for this type of hybrid reinforced piles, and this led to the choice of 16-mm diameter 116 

deformed steel bars for the PSRC pile specimens. 117 

Test specimens 118 

A representative PSRC pile was designed in accordance with the specification commonly used in 119 

engineering practice in China (GT 2020). The cross section was selected to have a diameter D of 500 mm and 120 

a wall thickness of 100 mm. The effective loading height H was 2900 mm, giving rise a H/D ratio about 6. 121 

Three identical PSRC pile specimens, namely PSRC-1, PSRC-2 and PSRC-3, were constructed for testing 122 

under three different axial compressive forces, respectively. The geometry and dimensions of the test piles are 123 

shown in Fig. 1. The footing and cap were heavily reinforced and had sufficient flexural and shear strengths 124 

to ensure that they remain intact during the test. 125 

Table 1 and Fig. 2 present detailed reinforcement arrangements of PSRC piles. The prestressing tendons 126 

used in the piles were high-strength 7-wire steel strands (HSS). Hot-rolled ribbed bars (HRB), i.e., deformed 127 

steel bars, were used for the non-prestressing tendons. Cold-rolled ribbed bars (CRB) with improved 128 

elongation capacity were used for the stirrups. The nominal tensile strength fptk for HSSs was 1860 MPa and 129 

the pre-tensioning control stress σcon was 1302 MPa, giving a prestressing level of 70%. 130 

The design axial force ratio, i.e., P/Afcd, was 0, 0.2 and 0.4 for the three PSRC pile specimens, respectively. 131 

The corresponding axial compressive force P was calculated according to the design concrete strength fcd, 132 

which was 39.9 MPa for C90 concrete (GT 2020), and the pile cross-sectional area A, to be 0, 1003 kN and 133 

2006 kN, respectively. 134 

Grade C90 high-strength concrete was used for PSRC piles. The actual axial compressive strength fc of the 135 
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concrete was estimated to be 74.7 MPa (Ren et al. 2022), and this strength will be employed later for modeling 136 

the actual concrete behavior in the FE simulation. For the reinforcement, three samples were tested for each 137 

type of steel bars, namely a) ΦS11.1 HSS, b) D16 HRB and c) ΦRH5 CRB, to obtain material mechanical 138 

properties. Table 2 summarizes the average mechanical parameters, where Es is the elastic modulus, fy is the 139 

yield strength, fu is the ultimate strength, and Agt is the maximum elongation. 140 

Test setup and loading scheme 141 

The test setup is illustrated in Fig. 3. The specimens were subjected to lateral cyclic loading by an MTS 142 

actuator, which was horizontally fixed on the reaction wall and connected to the pile body at 2900 mm height 143 

above the footing. The vertical forces were applied on the specimen top through a hydraulic jack and a special 144 

hinge support, which enables the specimen to rotate freely at the top, avoiding unwanted bending moment at 145 

this position. A special rolling device was designed and installed between the reaction steel girder and the jack 146 

to minimize the friction force, thereby ensuring the smooth movement of the specimen top. As marked in Fig. 147 

3(a), four displacement transducers, labeled as H1 to H4, were installed to measure the deformation responses 148 

of specimens; H1 and H2 for measuring the horizontal displacements of the loading points, and H3 and H4 for 149 

measuring the displacements of the footing to monitor any slippage or rotation at the fixed footing. A series of 150 

strain gauges were installed on the concrete surface along the pile body to monitor the key concrete strains. 151 

The specific lateral cyclic loading protocol consisted of a force-controlled stage with one cycle for each 152 

loading step and a displacement-controlled stage with three repeated cycles for each displacement level (Wang 153 

et al. 2022). An increment of 20 kN was applied to the specimen at the first stage until the force was near the 154 

estimated yield load of the specimen (GT 2020). A nominal yield displacement Δy was determined according 155 

to the apparent nonlinear characteristics of the test hysteretic curve. Based on the obtained Δy, the loading was 156 

switched to the displacement-controlled stage with an increment of displacement Δ0 = 10 mm. The test was 157 
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terminated when the bending moment capacity of the specimens reduced to 80% of the maximum value. 158 

Experimental process and general observations 159 

Specimen PSRC-1 160 

For the specimen PSRC-1 under a zero axial force, the concrete crack first appeared near the pile bottom at 161 

±80 kN force level. When the loading reached ±120 kN, apparent nonlinear characteristics were observed from 162 

the hysteretic curve, indicating that the specimen entered into the yield state. At this point, the loading was 163 

switched to a displacement-controlled mode with a nominal Δy equal to ±25 mm (±0.86% drift). In subsequent 164 

displacement loading cycles, the cracks on both sides of the specimen continued to propagate along the 165 

horizontal circumferential direction. The specimen PSRC-1 attained the peak strengths at a displacement of 166 

±85 mm (±2.93% drift) for both loading directions. Meanwhile, the cover concrete in the pile bottom began to 167 

crush, and the damage region expanded as the displacement further increased. The reinforcing bars were 168 

exposed at this stage and the non-prestressing rebars (HRBs) exhibited apparent outward buckling at the pile 169 

bottom under compression. When the displacement reached levels of +155 mm and −165 mm (+5.34% and 170 

−5.69% drift), respectively, the stirrups (CRBs) ruptured on both sides in the bottom critical region. Towards 171 

a displacement level of ±175 mm (±6.03% drift), the residual bending moments in both directions reduced to 172 

below 80% of the maximum values. 173 

Fig. 4 shows the failure patterns of PSRC-1. The number of main cracks was 11 on each side and the 174 

distribution range of cracks was approximately 1490 mm (3.0D), giving an average crack spacing of 135 mm. 175 

Moreover, the damage region of concrete was concentrated within a height of 200 mm (0.4D) at the pile bottom. 176 

Overall, a flexure-dominated failure occurred in the specimen PSRC-1. 177 

Specimen PSRC-2 178 

For the specimen PSRC-2 under an axial load ratio of 0.2, the concrete cracks first appeared at force levels 179 
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of +100 kN and −120 kN in the two directions, respectively. The specimen started to show an apparent 180 

nonlinear behavior at ±160 kN force level and Δy was estimated to be about ±25 mm (±0.86% drift). At a 181 

displacement level of ±55 mm (±1.90% drift), the specimen attained the maximum bearing capacity and the 182 

cover concrete spalled and crushed at the same time. Towards a displacement level of ±115 mm (±3.97% drift), 183 

the damage of concrete at the pile bottom was severe, and the exposed non-prestressing rebars (HRBs) 184 

exhibited outward buckling while the prestressing tendons (HSSs) became loose under compression. The 185 

stirrups (CRBs) on the south side ruptured when the displacement level was +125 mm (+4.31% drift). The 186 

specimen finally attained a displacement level of ±135 mm (±4.66% drift). 187 

As shown in Fig. 5, similar to PSRC-1, the specimen PSRC-2 had 11 main cracks on each side, distributed 188 

in a range of 1410 mm (2.8D), giving an average spacing of 128 mm. The damage height of concrete was 370 189 

mm (0.7D) for PSRC-2, which was larger than that of PSRC-1. The specimen PSRC-2 also suffered the 190 

flexure-dominated failure. 191 

Specimen PSRC-3 192 

For specimen PSRC-3 under a high axial load ratio of 0.4, the concrete cracks began to appear at ±120 kN 193 

force level. The specimen entered into the yielding state at ±180 kN force level, and Δy was estimated to be 194 

about ±20 mm (±0.69% drift), which was smaller than that of PSRC-1 and PSRC-2. The specimen PSRC-3 195 

reached the maximum bearing capacity at a displacement level of ±50 mm (±1.72% drift). The subsequent 196 

load cycles were accompanied by spalling and crushing of concrete, outward buckling of non-prestressing 197 

rebars (HRBs) and loosening of prestressing tendons (HSSs). At a displacement level of ±90 mm (±3.10% 198 

drift), the stirrups (CRBs) ruptured on both sides of the specimen as the buckled rebars pushed outward. 199 

The specimen PSRC-3 again exhibited a flexure-dominated failure mode. The crack pattern was similar to 200 

that of specimens PSRC-1 and PSRC-2, with also 11 main cracks as shown in Fig. 6. The distribution range of 201 
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cracks was 1360 mm (2.7D) and the average spacing was 124 mm. The damage of concrete covered a height 202 

of 600 mm (1.2D), which was notably larger than the other two specimens. 203 

Detailed experimental results and analysis 204 

Hysteretic curves 205 

Fig. 7(a), (c) and (e) show the lateral force-displacement (F-S) hysteretic curves of the three specimens. The 206 

hysteretic hoops appeared to be bow-shaped, showing a notable degree of pinching effect. This is because the 207 

prestressing tendons (HSSs) in the pile specimens were mainly in tension and contributed less in compression 208 

during cyclic loading, so that the specimens had a certain self-centering capacity. To analyze the actual load-209 

carrying capacity of these specimens and enable a better comparison among them, the bending moment at the 210 

pile bottom cross-section is re-produced taking into account the secondary moment caused by the P-Δ effect. 211 

The bending moment is then plotted against the drift (M-θ curves) in Fig. 7(b), (d) and (f). 212 

Backbone curves 213 

Fig. 8 illustrates the M-θ backbone curves of the three PSRC pile specimens. The yield point is determined 214 

according to the secant line at 75%Mmax. The ultimate point, which indicates the specimen failure, is defined 215 

when the post-peak bending moment capacity drops to 80%Mmax (Germano et al. 2016). 216 

Four distinct stress stages can be observed from the backbone curves, including elastic stage, elastic-plastic 217 

stage, plastic stage and failure stage. In the first stage, the specimens remained quasi-elastic until the point 218 

when cracks began to occur. In the elastic-plastic stage, i.e., from the crack point to the yield point, the length, 219 

width and number of concrete cracks further developed, while the reinforcements remained elastic until the 220 

yield point. During the plastic stage, the overall specimens showed apparent nonlinearity and the strength 221 

reached the maximum at the peak point. After that, the specimens exhibited a gradual decrease in post-peak 222 

strength in the failure stage. The descending rate accelerated as the axial compressive force increased. At the 223 
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ultimate point, the specimens lost most of their bearing capacity due to concrete crushing and stirrup rupture. 224 

The main seismic behavioral parameters obtained from the experiments are summarized in Table 3. The 225 

ductility factor μθ is taken as the ratio of the ultimate drift θu to the yield drift θy. It can be observed that the 226 

strengths and deformations of the specimens at each response stage were significantly affected by the axial 227 

compressive force. The bending moments at each key point increased as the axial force ratio increased. For 228 

instance, the peak moment Mmax of PSRC-3 was 53.7% larger than that of PSRC-1. On the other hand, however, 229 

the ultimate drift θu and the ductility factor μθ decreased with the increase of the axial compression force. It is 230 

worth noting that μθ of all specimens are larger than 3, which is a reasonable design value for the ductility 231 

factor of pile foundations (Ren et al. 2022). The specimens are deemed to conform to the displacement-based 232 

design requirement of a typical ultimate drift of 3% for piles or columns (Kowalsky et al. 1995). It shows that 233 

PSRC piles exhibit adequate ductility under low, medium and high axial force ratios. 234 

Stiffness degradation and energy dissipation 235 

Fig. 9(a) illustrates the normalized stiffness degradation curves of the three PSRC pile specimens. The secant 236 

stiffness Ki is the ratio of the moment M to the corresponding drift θ at each loading level. The effective 237 

stiffness Ke is derived in accordance with the guideline FEMA 356 (2000), with values of 72.7 × 103 kN·m/rad, 238 

101.1 × 103 kN·m/rad and 127.5 × 103 kN·m/rad for specimens PSRC-1, PSRC-2 and PSRC-3, respectively. 239 

It can be observed that the stiffness of all PSRC pile specimens decreased rapidly before the yield point, but 240 

the rate of decrease slowed down afterwards. When the deformation response was large, a higher axial 241 

compressive force would tend to accelerate the descending rate of the stiffness due to the P-Δ effect. 242 

The equivalent viscous damping ratio ζeq is used to evaluate the relative energy dissipation capacity of PSRC 243 

pile specimens, and the results are shown in Fig. 9(b). Before the yield point, ζeq of the specimens decreased 244 

as the deformation response increased. ζeq then showed an upward trend after the yielding of the specimens, 245 
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and this was mainly resulted from the obvious plastic deformation response of longitudinal tendons in tension 246 

and nonlinear characteristics of concrete in compression. The values of ζeq of all three specimens were 247 

concentrated in the range of 10%-15% after yielding, which is comparable to standard designed piles or 248 

columns with a solid cross section (Kowalsky et al. 1995). 249 

Comparison between PSRC piles and PSC piles 250 

The authors (Ren et al. 2023) have previously conducted the seismic experiments of three PSC pile 251 

specimens with the same design as the PSRC pile specimens presented herein. However, in the PSC piles only 252 

prestressing tendon HSSs were used as the longitudinal reinforcement, as shown in Table 1. For PSC piles, the 253 

prestressing tendon ratio has upper and lower limits to ensure that the compressive pre-stress of concrete is 254 

within an appropriate range of 5 MPa to 10 MPa (GT 2020), which should meet both the requirements of 255 

sufficient crack resistance and vertical load bearing capacity. Thus, the prestressing tendon ratio of the 256 

specified pile type should remain more or less the same, and for this reason it was necessary to add deformed 257 

bars in the design of the PSRC piles, while keeping the amount and configuration of the prestressing strands, 258 

to explore the improvement of the overall structural performance of the piles. 259 

The F-S hysteretic curves of three PSC pile specimens are shown in Fig. 10(a), (b) and (c). Comparing with 260 

those shown in Fig. 7, it can be observed that under the same axial force ratio (P/Afcd), the pinching effect of 261 

the hysteretic curves for the PSRC pile specimens was markedly improved as compared with the PSC pile 262 

specimens. This can be attributed to the involvement of the non-prestressing deformed bars (HRBs), in that 263 

these reinforcing bars underwent sufficient tension-compression deformation cycles during the cyclic loading, 264 

which alleviated the self-centering effect of the specimens due to the prestressing tendons and increased the 265 

fullness of the hysteretic curves. 266 

The test results of three PSC pile specimens showed that the average number of concrete cracks in the pile 267 
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body was 5, 5 and 6 under an axial force ratio of 0, 0.2 and 0.4, with crack spacing of 220 mm, 208 mm and 268 

150 mm, respectively. Compared with PSC piles, PSRC piles exhibited a markedly enhanced crack pattern 269 

with a smaller spacing as a result of the incorporation of non-prestressing rebar HRBs, which increased the 270 

bond between concrete and the longitudinal reinforcement overall. The presence of HRBs also improved the 271 

condition of the concrete in the compression zone in the critical region, which in turn enhanced the structural 272 

resistance of the piles. 273 

For the PSC pile specimen under a zero axial force ratio, the final failure was the rupture of critical 274 

prestressing tendon HSSs, which was caused by the highly concentrated deformation at the main concrete 275 

crack with a large width. This situation was prevented in the PSRC pile specimen due to better distributed 276 

cracks with relatively small widths benefitting from the incorporation of HRBs. For the pile specimens under 277 

0.2 and 0.4 axial force ratios, the final failure modes of the two types of piles were similar; however, due to 278 

the different configurations of longitudinal reinforcements, the seismic behavioral parameters between each 279 

pair of piles were different. 280 

Fig. 11 shows the backbone curves of M-θ for the PSRC and PSC pile specimens. As listed in Table 3, the 281 

peak moments of PSRC piles were markedly larger than those of PSC piles under the same axial force ratio, 282 

indicating that the incorporation of non-prestressing HRBs in the piles can significantly improve their load-283 

carrying capacity. For piles under a zero axial force ratio, the ultimate drift of PSRC pile was 35.2% larger 284 

than that of PSC pile. For the cases of 0.2 and 0.4 axial force ratios, the ultimate drifts, as well as ductility 285 

factors, of PSRC piles were also larger comparing to their counterpart PSC piles. 286 

For piles under medium and high axial compressive forces, the post-peak strength degradation was mainly 287 

caused by the concrete crushing in the compressive region. As mentioned above, the presence of non-288 

prestressing deformed rebar HRBs enabled a more uniform stress distribution in concrete, which reduced the 289 
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degree of local damage in the concrete under compression, and therefore improved the descending trend of the 290 

bearing capacity and improved the effective deformation capacity of piles. 291 

Finite element analysis 292 

Description of the FE model 293 

Fig. 12 illustrates the FE model of PSRC pile specimens. The model encompasses all pertinent parts of the 294 

test specimens, including the concrete cap and footing, the pile, details of the reinforcement, and the steel end 295 

plate and steel bracket. 8-node solid brick element (HX24L) is adopted to model the concrete blocks and steel 296 

parts. The longitudinal reinforcing bars are modeled as bond-slip bars while stirrups are modeled as embedded 297 

bars (Tao et al. 2021). The footing of the specimen is fixed in three translational directions. Based on a mesh 298 

convergence analysis (Ren et al. 2022), the pile body is meshed by 22 divisions along the circumferential 299 

direction, 4 layers through the thickness, and 50-mm grid in the height direction. For the other components, 25 300 

mm to 100 mm mesh is adopted according to the geometry. The total number of brick elements is 16173 and 301 

a 2×2×2 integration scheme is applied to each element, and the number of nodes is 24891. 302 

The loads are applied by three steps: a) applying prestressing forces of longitudinal steel strands, b) applying 303 

an axial force on the pile body through the upper concrete cap, and c) applying lateral cyclic loads of test 304 

specimens via the steel bracket. In order to simulate the prestressing process accurately and consider the bond-305 

slip effect between steel strands and concrete, tying is used to simulate the anchorage structure by connecting 306 

the head nodes of the steel strands and the corresponding nodes of the end plates within the framework of 307 

DIANA, as shown in Fig. 12. Specific implementation process is described in Ren et al. (2022). 308 

It is worth noting that a reduced integration scheme has the advantage of a generally low computational cost, 309 

which is beneficial for large-scale computations (Nascimbene et al. 2022). But by default, DIANA performs a 310 

regular integration scheme for most types of meshes and analyses, and this integration scheme is chosen in the 311 
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present model. In order to balance computational efficiency and solution accuracy, the FE analysis with one 312 

cycle per amplitude level is performed. The average computational time for each complete analysis with the 313 

present model is about 20 hours, which is considered acceptable. 314 

Material models 315 

The total strain crack model in DIANA is applied for the constitutive framework of concrete, which has 316 

been shown to be robust and stable when simulating reinforced concrete structures (Nascimbene et al. 2021). 317 

The Maekawa-Fukuura compressive model, as shown in Fig. 13(a), is adopted for the compressive behavior 318 

of high-strength concrete (Lai and Liew 2021). The tensile behavior of the concrete is described by the tension 319 

softening model suggested by JSCE (2010), as depicted in Fig. 13(b). Menegotto-Pinto model (Menegotto and 320 

Pinto 1973) is applied to model the hysteretic behavior of the steel reinforcement, as shown in Fig. 13(c). The 321 

values of hardening ratio b = Es/Eh for HSSs, HRBs and CRBs are 0.020, 0.004 and 0.003, respectively. 322 

In this FE model, the bond-slip effect between the longitudinal reinforcement and concrete is simulated on 323 

the basis of the cubic model proposed by Dörr (1980), as shown in Fig. 13(d). This bond-slip model neglects 324 

softening and assumes a yield plateau. The unloading and reloading paths of the model follow the elastic 325 

stiffness, and the envelope bond stress-slip curve is recaptured at the point where unloading occurs. Although 326 

the bond deterioration is not considered in the bond-slip model, the simulation accuracy and reliability of this 327 

model as a whole has been verified in previous studies (Ren et al. 2022; Ren et al. 2023). Other symbolic 328 

definitions and specific values of the above models can be found from Ren et al. (2022). 329 

Validation of the FE model 330 

Fig. 14 shows the crack patterns at the peak loading point predicted by the FE simulations as compared to 331 

the test results. It can be seen that the distribution range and number of concrete cracks along the pile body 332 

obtained by the FE models match well with the test specimens. 333 
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The numerical and experimental lateral load-lateral displacement hysteretic curves of three PSRC pile 334 

specimens are presented in Fig. 7. The predicted results are in good agreement with the test data, including the 335 

lateral forces, loading/reloading stiffness, and pinching response. The predicted values of the mean peak forces 336 

for PSRC-1, PSRC-2 and PSRC-3 are 175.0 kN, 213.0 kN and 239.2 kN, and the test values are 178.0 kN, 337 

205.3 kN and 231.7 kN, showing the corresponding errors of -1.7%, 3.8% and 3.3%, respectively. For the 338 

reinforced concrete structures, such errors are acceptable considering many uncertainties in the tests. 339 

Parametric analysis 340 

Using the validated FE model, parametric analyses are conducted to explore the effects of the prestressing 341 

level of prestressing tendon HSSs, prestressing tendon HSS ratio, non-prestressing rebar HRB ratio and 342 

concrete wall thickness on the seismic behavior of PSRC piles. The model for the specimen PSRC-2 is selected 343 

as a benchmark. 344 

Prestressing level of prestressing tendon HSSs 345 

The M-θ backbone curves of the models with the prestressing levels of 35%, 50% and 70% for the 346 

prestressing tendon HSSs are shown in Fig. 15. It shows that the decrease in prestressing level has little effect 347 

on the peak strength of PSRC piles. The ultimate deformation capacity, on the other hand, increases by 28.4% 348 

with the decrease of the prestressing level from 70% to 35%. This is understandable as the initial concrete pre-349 

stress is relatively small using a lower prestressing level, thus reducing the degree of compression damage of 350 

concrete under the same deformation response for piles. However, the cracking resistance of PSRC piles with 351 

a low prestressing level would not be satisfactory and therefore it is not the usual practice of using a low 352 

prestressing level. 353 

Prestressing tendon HSS ratio 354 

The reinforcement ratio influences the bar diameter and clear bar spacing, which may affect the bond-slip 355 
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relationship between the concrete and the steel bars, thus affecting the global response of the FE model. 356 

However, according to the findings in Eligehausen et al. (1983), for the bar diameters and clear bar spacings 357 

considered in this parametric analysis, the possible variation of the effects on the bond behavior is relatively 358 

small, and therefore can be disregarded in terms of the bond-slip relationship. 359 

The ratio of prestressing tendon HSSs controls the initial pre-stress of pile concrete and thus affects the 360 

characteristic behavior of concrete. Three PSRC pile models with the same number and layout of HSSs but in 361 

diameters of 11.1 mm, 12.7 mm and 15.2 mm are selected according to the standard (GT 2020). The 362 

corresponding HSS ratios are 0.65%, 0.86% and 1.23%, and the standard initial pre-stresses for concrete are 363 

6.07 MPa, 7.96 MPa and 11.04 MPa, respectively. Fig. 16 illustrates the M-θ backbone curves of the above FE 364 

models. As the prestressing tendon HSS ratio increases from 0.65% to 0.86% and 1.23%, the peak strength of 365 

the pile increases by 8.5% and 20.1%, but the ultimate deformation decreases sharply by 26.0% and 38.4%. 366 

This indicates that excessive prestressing tendons increase the concrete compressive pre-stress, which will lead 367 

to the premature crushing of concrete, and accelerate the downward trend of the bearing capacity of piles after 368 

reaching the peak resistance. 369 

In view of the fact that the tested PSRC piles in this study follow the standard specifications commonly used 370 

in construction, from the experimental results shown in Table 3, an ultimate drift of about 4% can be 371 

recommended as the standard limit state for PSRC piles under an axial force ratio of 0.2. Among the above 372 

three piles with different HSS details, the PSRC pile with prestressing tendon HSSs in a diameter of 11.1 mm 373 

and a relatively small ratio of 0.65% is deemed to be the best choice to ensure sufficient deformation capacity. 374 

Non-prestressing rebar HRB ratio 375 

To examine the effect of non-prestressing rebar HRB ratio on the cyclic response of PSRC piles, the PSRC 376 

pile models without HRBs and with HRBs in diameters of 12 mm, 14 mm, 16 mm and 20 mm, respectively, 377 
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are analyzed. The corresponding non-prestressing HRB ratios are 0, 0.99%, 1.35%, 1.76% and 2.75%, 378 

respectively. The M-θ backbone curves of the above models are shown in Fig. 17(a). It is found that the peak 379 

strength will increase with the increase of non-prestressing HRB ratio, while the ultimate deformation tends to 380 

first increase and then decrease, as plotted in Fig. 17(b). The reduction of deformation capacity may be due to 381 

the case being over-reinforced, causing the severe damage in concrete and thus a poorer overall performance. 382 

For the particular analysis results considered herein, according to the standard limit state of an ultimate drift 383 

of 4%, the piles with non-prestressing tendon HRB ratio ranging from 0.7% to 2.2% (or in diameters from 12 384 

mm to 16 mm) meet the displacement demands. Moreover, when the bearing capacity of piles needs to be 385 

improved, the piles with a larger non-prestressing tendon HRB ratio may be a better option. 386 

Concrete wall thickness 387 

The concrete wall thickness may be a key design parameter for PSRC piles as it will affect the prestressing 388 

tendon HSS ratio and the corresponding initial pre-stress of pile body concrete. The influence of the concrete 389 

wall thickness on the cyclic response of PSRC piles is analyzed based on the pile models with the same number 390 

and layout of HSSs but in diameters of 11.1 mm, 12.7 mm and 15.2 mm. Two common wall thicknesses, 391 

namely, 100 mm and 125 mm, are selected according to the standard (GT 2020). The corresponding HSS ratios 392 

are 0.65%, 0.86%, 1.23% (100 mm group) and 0.55%, 0.74%, 1.05% (125 mm group), respectively. Notably, 393 

the external axial force is adjusted according to the section areas of PSRC piles to keep the same axial force 394 

ratio (P/Afcd) between two cases of wall thickness. 395 

The M-θ backbone curves of the above models are shown in Fig. 18(a), and Fig. 18(b) illustrates the variation 396 

trends of ultimate drift vs. steel strand diameter for the above cases. It can be observed that the ultimate 397 

deformation capacity of the above piles increases by 27.4%, 21.5% and 13.0% with increasing the wall 398 

thickness, respectively. This may be explained by the fact that increasing the wall thickness results in a lower 399 
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prestressing tendon HSS ratio and a correspondingly lower pre-stress for concrete, which delays the damage 400 

process of concrete and improves the deformation capacity of the piles. Besides, the deformation capacity of 401 

the PSRC piles in all thickness cases can meet the limit drift requirement of 4% when the prestressing tendon 402 

ratio is below 0.70%. 403 

Conclusions 404 

A comprehensive experimental and numerical study has been conducted to investigate the seismic behavior 405 

of pretensioned spun high strength concrete piles with a combined reinforcement of high-strength high-406 

deformability steel strands (HSSs) and deformed steel bars (HRBs), called PSRC piles, with a particular 407 

interest in the effects of the mixed reinforcement on the cracking and deformation performances. Based on 408 

these investigations, the following conclusions can be drawn: 409 

1. All three PSRC pile test specimens exhibited the flexure-dominated failure. The main failure mode of the 410 

specimens was characterized by crushing of the concrete at the pile bottom and buckling of the non-411 

prestressing rebar HRBs, while the prestressing tendon HSSs became loose under compression. 412 

Eventually rupture of stirrups also occurred due to a combined effect of expansion of core concrete in the 413 

compression zone and outward pushing by the buckled HRBs and loosened HSSs. 414 

2. The bearing capacity of PSRC piles increased with the increase of the axial force ratio while the 415 

deformation capacity decreased. However, the ductility factors of all three specimens were larger than 3, 416 

meeting the design requirements of the pile foundation. 417 

3. Compared with PSC piles (without deformed rebar), the crack pattern of PSRC piles is markedly 418 

improved due to the presence of non-prestressing deformed bar HRBs, with a wider cracking region, and 419 

smaller spacing and crack width. Due to the incorporation of the HRBs, the PSRC piles exhibited greater 420 

bearing capacity than PSC piles. The deformation capacity of PSRC piles also improved, and this was 421 
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attributable to improved stress distribution characteristics of concrete and a delay in the descending trend 422 

of post-peak strength of piles due to the incorporation of the HRBs. Moreover, the hysteretic curves of 423 

PSRC piles are exhibited noticeable improvement with an increased energy dissipation capacity due to 424 

the tension-compression deformation response of HRBs. 425 

4. The proposed FE model can well predict the hysteretic behavior, bearing capacity and crack patterns of 426 

PSRC piles. Parametric analyses indicate that increasing the prestressing tendon HSS ratio and non-427 

prestressing rebar HRB ratio can both improve the bearing capacity, but the deformation capacity of piles 428 

tends to be reduced correspondingly. According to the typical displacement-based limit state for piles, a 429 

combination of prestressing tendon HSSs with a ratio up to 0.65% and non-prestressing rebar HRBs with 430 

a ratio ranging from 0.7% to 2.2% in PSRC piles can be considered suitable for applications. Further, 431 

increasing the concrete wall thickness will generally improve the performance of the piles. 432 
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Table 1. Geometric dimensions and reinforcement of PSRC piles and PSC piles 

Specimen 
D 

(mm) 
Dp 

(mm) 
t 

(mm) 
Longitudinal 
reinforcement 

ρs (%) Stirrup 
σcon 

(MPa) 
P/Afcd 

PSRC-1 500 406 100 11ФS11.1+11D16 0.65+1.76 ФRH5@45 1302 0 
PSRC-2 500 406 100 11ФS11.1+11D16 0.65+1.76 ФRH5@45 1302 0.2 
PSRC-3 500 406 100 11ФS11.1+11D16 0.65+1.76 ФRH5@45 1302 0.4 
PSC-1 500 406 100 11ФS11.1 0.65 ФRH5@45 1302 0 
PSC-2 500 406 100 11ФS11.1 0.65 ФRH5@45 1302 0.2 
PSC-3 500 406 100 11ФS11.1 0.65 ФRH5@45 1302 0.4 

Note: D denotes diameter of pile. Dp denotes diameter of distribution circle of longitudinal reinforcement. t denotes 

wall thickness of pile. ρs denotes longitudinal reinforcement ratio. 
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Table 2. Material mechanical parameters of reinforcements 

Reinforcement Es (GPa) fy (MPa) fu (MPa) Agt (%) 

ФS11.1 HSS 195 1725 1920 6.4 
D16 HRB 193 504 615 11.2 
ФRH5 CRB 205 616 643 6.0 

Note: HSS denotes high-strength steel strand (prestressing tendon). HRB denotes hot-rolled ribbed bar (non-

prestressing deformed steel bar). CRB denotes cold-rolled ribbed bar (stirrup). 
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Table 3. Main parameters of specimens 

Specimen 
Load 

direction 
Crack Yield Peak Ultimate 

μθ 
Mcr (kN·m) My (kN·m) θy (%) Mmax (kN·m) θmax (%) θu (%) 

PSRC-1 
（+） 174.3 445.5 1.44 527.1 2.95 5.68 3.95 
（−） 178.1 437.9 1.72 506.5 2.94 6.11 3.56 

PSRC-2 
（+） 318.1 611.2 1.17 723.2 1.91 3.81 3.25 
（−） 253.3 528.5 1.24 615.3 1.90 4.70 3.78 

PSRC-3 
（+） 346.1 661.7 0.91 784.7 1.60 3.10 3.40 
（−） 360.8 679.1 0.93 804.4 1.60 2.96 3.18 

PSC-1 
（+） 177.7 308.2 0.89 367.9 2.26 4.33 4.85 
（−） 168.9 288.7 1.05 340.9 2.63 4.39 4.20 

PSC-2 
（+） 290.6 489.2 0.85 593.9 1.57 2.70 3.16 
（−） 272.2 429.0 0.78 514.3 1.52 2.78 3.57 

PSC-3 
（+） 340.0 504.2 0.78 595.4 1.33 1.78 2.30 
（−） 420.3 617.4 0.86 726.9 1.53 1.92 2.23 
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Fig. 1. Dimensions of pile specimens. 
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Fig. 16. Backbone curves of FE model specimens with different prestressing tendon HSS ratios. 

Fig. 17. (a) Backbone curves of FE model specimens with different non-prestressing HRB ratios; 

and (b) Ultimate drift vs. HRB ratio in FE model specimens. 

Fig. 18. (a) Backbone curves of FE model specimens with different concrete wall thicknesses; and 

(b) Ultimate drift vs. steel strand diameter in FE model specimens. 


