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ABSTRACT 8 

The present paper investigates the cyclic performance of unbonded post-tensioned reinforced concrete (PRC) rocking piers by 9 
a parametric experimental campaign. PRC rocking specimens are assembled by hybrid connections, containing an ungrouted 10 
post-tensioned (PT) bar and grouted mild steel bars, i.e., energy-dissipation (ED) components. The properties of a benchmark 11 
PRC pier were defined according to a design procedure to control its strength, ductility, energy dissipation capacity, and self-12 
centering behavior. Five additional PRC piers with different ED bars amounts, initial PT force, and ED bars unbonded lengths 13 
were also tested to investigate the influence of these parameters on the cyclic performance. The test results show the superior 14 
cyclic performance of the PRC pier in limiting both damage and residual deformations. The parametric analysis highlighted that 15 
decreasing the initial PT force and/or ED bars amount enhances the PRC’s ED capacity at the expense of the lateral force 16 
resistance and self-centering behavior. Moreover, it has been observed that the influence of ED bars’ unbonded length only 17 
minimally affects the PRC pier’s cyclic performance due to ED bars’ bond-slip and concrete cover spalling of the pier shaft. 18 
Analytical models describing the PRC piers’ lateral force-drift cyclic behavior were formulated and calibrated, showing a good 19 
agreement with test results for all specimens. The results and findings provide a valuable reference and solution for tailoring an 20 
efficient parameter recommendation of PRC rocking piers. 21 

Keywords: Rocking; self-centering; post-tensioning reinforced concrete bridge piers; seismic design; experimental 22 

testing; parametric analysis. 23 

1. INTRODUCTION 24 

Reinforced concrete (RC) bridge piers are conventionally designed to exhibit large inelastic deformations under moderate-25 

to-strong earthquakes with consequent damage to the structural members and large residual drifts.1-3 This damage results 26 

in direct and indirect losses such as repair costs and costly downtime during the reparation process when the bridge is not 27 

functional. Traffic closure for the assessment, repair, or demolition and reconstruction of damaged bridges is inevitable 28 

with conventional technologies, and the corresponding economic losses are often significant.4 One of the most well-29 

known examples is the Kobe earthquake in 1995, where over one hundred RC bridges were demolished due to excessive 30 

permanent drifts.5 In this context, there is an urgent societal need for innovative structural solutions that can effectively 31 

achieve seismic resilience, mitigating disruptions to the traveling public.4, 6-8 32 

A typology of resilient bridges is obtained using self-centering rocking piers,8-17 where unbonded post-tensioned (PT) 33 

elements and energy dissipation (ED) components are combined within precast elements. The PT elements provide the 34 

self-centering capability, while the ED components aim to increase the structure’s dissipation capacity.10 It has been 35 

demonstrated that this solution can allow minimal damage to the bridge pier even after significant seismic events due to 36 

the inherent rocking isolation7, 9, thus promoting seismic resilience. These merits attracted the interest of engineers and 37 

researchers over the past two decades. Mander and Cheng15 conducted a pioneering study on the application of this 38 

technology, developing a design philosophy and experimentally evaluating its validity. Kwan and Billington18, 19 and Ou 39 

et al.14 proposed the use of precast unbonded post-tensioned reinforced concrete (PRC) bridge piers and segment PRC 40 

bridge piers, respectively, and analytically assessed their cyclic performance, showing potential advantages and 41 

applications in seismic regions. The intrinsic flag-shape hysteretic behavior of the PRC bridge pier makes this system 42 

possess ED capacity while preserving small residual deformation.14 The experimental comparison between the PRC 43 

columns and an RC monolithic benchmark confirmed the seismic superiority of such a hybrid system with negligible 44 

residual drift and limited damage.9, 16, 20 Faster precast construction processes and lower material costs are additional 45 

benefits highlighted by these research studies. These encouraging outcomes from previous work led to many follow-up 46 

investigations into precast rocking piers, including exploration of viable construction methods,12, 21 enhanced ED 47 

solutions,10, 22 advanced simulation techniques,8, 23, 24 and realistic load testing scenarios.23-27 48 

The amount of ED and the level of initial PT force in the PT rocking pier are two key design parameters, and their 49 

combination needs to be carefully proportioned to optimize the self-centering and ED capacity of the system.23, 28-30 It is 50 

noteworthy that the PT elements and ED devices have conflicting effects. In fact, the ED elements provide additional 51 

strength, stiffness, and dissipation capacity producing beneficial effects in terms of peak drifts reduction; however, after 52 

experiencing the post-elastic behavior, they can generate forces that oppose displacements toward zero drift.12, 31, 32 In this 53 

context, several research studies investigated the optimum combination of ED devices and PT force on the seismic 54 

response of PT hybrid rocking columns; however, these studies are often limited to numerical simulations.17, 28, 29, 31-35 Li 55 
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et al.31, 33 performed analytical studies on the quasi-static and dynamic response of unbonded PRC rocking piers 56 

considering several configurations varying both the initial PT forces and amounts of ED bars. Roh et al.34 performed a 57 

similar study focusing mainly on the effects of the properties of ED bars. Hieber et al.17 examined the influence of pier 58 

aspect ratio, longitudinal ED ratio, and axial-load ratio by monotonic pushover analyses and dynamic earthquake analyses. 59 

Similar numerical studies have also been carried out by Chou et al.29, Nikbakht et al.35, and Ou36 while focusing on precast 60 

segment PRC bridge piers. However, only a few experimental studies have been performed in this research direction to 61 

accurately determine the influences of PT forces and the amount of ED bars. Bu et al.30 and Zhang et al.37 performed 62 

cyclic experimental tests on PRC piers investigating the influence of the axial force and reinforcements’ arrangements. 63 

Additional experimental tests were conducted by Fathi et al.38 to investigate the influence of initial PT force, ED bars 64 

amount, and construction method for PRC piers.  65 

Apart from the amount of ED bars, their bonded/unbonded condition at the rocking joint is also a concern in PRC 66 

rocking piers because it may affect the stiffness and the deformation capacity of the system, which could be affected by 67 

premature fracture of ED bars.12, 14, 30, 39 Moreover, previous experimental tests on post-tensioned concrete-filled steel 68 

tube (PCFT) conducted by the authors12, 13 highlighted the influence of the strain penetration occurring along ED bars, 69 

and thus the bars slip. This phenomenon potentially contributes to the withdrawal of the unbonded portion design (i.e., 70 

keep bonded) in the ED bars and, if properly considered, could facilitate the construction process. However, additional 71 

experimental evidence is required in this direction. 72 

Although the aforementioned research works demonstrated the feasibility of the proposed technology and 73 

significantly contributed to the design and construction strategies for PRC bridge piers, further research is needed to 74 

define optimized solutions and design methodologies. In addition, there is a significant need for advanced studies in order 75 

to reflect the academic research in policymaking and building codes. The present paper introduces the experimental 76 

campaign performed on six PRC bridge piers subjected to quasi-static cyclic loading considering the influence of initial 77 

PT forces and amounts/bonded state of ED bars. A PRC bridge pier was designed according to the specified performance 78 

objectives (i.e., the benchmark PRC bridge pier), and five additional PRC versions were further detailed by varying the 79 

initial PT force, the amount of ED bars, or their unbonded length. All piers were experimentally assessed, considering 80 

their cyclic global and local responses. In addition, analytical equations describing the cyclic behavior of PRC piers were 81 

presented and calibrated against the test results. The objectives of the present study are 1) to validate the cyclic 82 

performance of the PRC pier against the considered design objectives; 2) to identify the effects of varying the PT force 83 

and ED bars amount; 3) to identify the effects of the unbonded length of ED bars; and 4) to develop and validate a simple 84 

analytical model that can capture the cyclic behavior of PRC piers. 85 

The paper is organized as follows: Section 2 defines the analytical formulation for the force-displacement behavior 86 

of PRC piers and discusses tailored design criteria; Section 3 describes the experimental campaign, including the design 87 

of the test specimens, coupon tests characterizing the materials’ properties, and the loading protocol; Section 4 describes 88 

the damage observations and the general cyclic behavior and PT bar response while Section 5 comprehensively evaluates 89 

the effects of the variables of interest on the PRC cyclic performance; and based on the test observations and results, the 90 

presented analytical equations for predicting cyclic behavior are calibrated in Section 6. 91 

2. POST-TENSIONED REINFORCED CONCRETE (PRC) PIER AND DESIGN 92 

Figure 1(A) shows the investigated PRC pier, including the unbonded PT bar at the center of the pier cross-section and 93 

ED bars composed of reinforcement mild steel anchored in grouted corrugated ducts. This combination is expected to 94 

provide the self-centering capacity through the elastic response of the PT bar and energy dissipation capacity by yielding 95 

of the ED bars. A layer of mortar bed, with sufficient integrity capacity, is included beneath the pier bottom to guarantee 96 

a well-leveled footing surface and seal the base joint preventing steel corrosion.40 Typically, ED bars are characterized 97 

by an unbonded length at the pier-mortar bed interface to avoid strain concentrations due to rocking. 98 

2.1 Force-displacement relationship 99 

Figure 1(B) shows the typical flag-shape hysteretic curve expected in PRC piers. The seismic-induced displacement 100 

demand is controlled by the rocking behavior at the pier base and the elastic deformation of the pier body. At the end of 101 

the seismic excitation, the PRC pier returns to the original position (i.e., no residual displacement) thanks to the 102 

recentering PT force. Figure 1(C) shows the cyclic force-displacement (F-Δ) behavior and the key points characterizing 103 

its response. This is characterized by two phases: the closed phase (i.e., points 0 to 1 and 6 to7); and the gap-opening 104 

phase (i.e., points 2 to 6). Point 1 corresponds to the decompression (i.e., gap-opening) of the pier base and the beginning 105 

of the PT bar and ED bars elongation (i.e., point 2). Points 3 and 5 indicate the onset of tension and compression yielding 106 

of the ED bars during loading and unloading, respectively. Point 6 represents the gap-closing phase during unloading, 107 

while points 4 and 7 represent the maximum (i.e., target) and the zero displacements of the pier, respectively. 108 
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2.1.1 Pre-rocking gap-closed phase 109 

The closed phase is characterized by an almost rigid response of the pier base and the elastic deformation of the pier shaft 110 

[Figure 2(A)]. At the decompression state (i.e., point 1), the stress in the concrete fiber furthest from the rocking toe 111 

becomes zero [Figure 2(B)], and linear concrete stress distribution is developed at the pier base with the maximum value 112 

σcm_dec at the rocking toe. Being x the distance from the center of the cross-section, the concrete stress σcm(x) can be 113 

expressed as: 114 

 ( ) ( )
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where d is the diameter of the pier cross-section. The equilibrium of vertical forces acting on the base section can be used 116 

to calculate the σcm_dec as follow: 117 
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where FG and FPT_ini are the axial gravity load from the superstructure and the initial post-tensioning force in the PT bar, 119 

respectively. Thus, the decompression moment M1, decompression force F1, and corresponding lateral displacement Δ1 120 

at the bridge pier top point can be determined as follow: 121 
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where h and kE are, respectively, the height and elastic stiffness of the bridge pier. 123 

 124 
FIGURE 1 Typical PRC pier: (A) Conceptual configuration; (B) force-displacement behavior; and (C) key points in 125 

the hysteretic loop. 126 

 127 
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FIGURE 2 PRC pier subjected to the lateral loads: (A) Gap-closed phase; (B) decompression state; (C) gap-opening 128 

phase; (D) forces developed at the rocking base; and (E) three-stage idealization of the neutral axis depth. 129 

2.1.2 Gap-opening rocking phase 130 

Exceeding point 1, the base gap-opening emerges (i.e., base toe uplift), and a base rotation θ is observed [Figures 2(C) 131 

and (D)]. For convenience of interpretation, the rotation at point 1 is defined as θ1 = Δ1/h. It is noteworthy that this is the 132 

chord rotation related to the displacement at the bridge pier top point. Once the rocking behavior is activated [point 2 in 133 

Figure 1(C)], there is an evolution of the neutral axis depth c, and hence of the ratio c/d, as shown in Figure 2(E). The 134 

neutral axis depth c is assumed to be located at the mid-depth of the cross-section (i.e., c/d = 0.5) for the initial rocking 135 

state of θ = θ1. Successively, with the increase of θ, the neutral axis depth c decreases until θ = 0.005, beyond which the 136 

ratio c/d does not significantly vary according to previous experimental and numerical results.41-44 At this critical rotation, 137 

the ratio c/d can be approximately assumed equal to 0.25.40 Combining this observation with the initial rocking state, a 138 

simplified piecewise relationship between the ratio c/d and the base rotation θ can be introduced as follows: 139 
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where a linear relationship, a power function, and a constant value are defined for the pre-rocking phase, the rocking 141 

phase with θ < 0.005, and the rocking phase with θ ≥ 0.005, respectively. The adequacy of this simplified relationship is 142 

validated against the experimental results in Section 5. Note that based on Eq.s (4), the conventionally used iterative 143 

process to determine the neutral axis depth c that satisfies the vertical force equilibrium at a given θ 33, 42, 45 is not required, 144 

and the proposed procedure allows directly calculating the lateral force of the PRC pier during rocking. 145 

It is noteworthy that the following formulation assumes the PT bar to behave elastically while the ED bars are 146 

assumed to be elastic perfectly plastic. The forces in the PT bar (FPT) and ED bars in tension, identified by the subscript 147 

i (FED,i

 t ), are respectively given by the following Eq.s (5) and (6) [see Figure 2(D)]: 148 
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where LPT, APT, and EPT are respectively the length, cross-sectional area, and Young modulus of the PT bar; ΔPT is the 151 

elongation of the PT bar at rotation θ; Lu, AED, εy_ED, fy_ED, and EED are respectively the designed unbonded length, cross-152 

sectional area, yielding strain, yielding stress, and Young modulus of the ED bars; ΔED,i

t  and ΔED_4,i

t  are the elongation of 153 

the ith ED bar at rotation θ and target rotation θ4 [Figure 1(C)], respectively; zED,i
 t  is the distance of the ith ED bar from the 154 

center of the cross-section; and Leu is the additional equivalent unbonded length in ED bars developed due to the strain 155 

penetration,46 assumed equal to four times the bar diameter.39 The force in each ED bar in compression, identified by the 156 

subscript j (FED, j
 c ), can be obtained based on the ‘Monolithic Beam Analogy’45 as follows: 157 
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where εED, j
 c  and εED_4, j

 c  are the strain of the jth ED bar at rotation θ and target rotation θ4, respectively; zED, j
 c  is the distance 159 

of the jth ED bar from the center of the cross-section; and Lp is the plastic hinge length of the monolithic analog. Assuming 160 

a uniform concrete compressive stress with a value of αfcc acting at the pier base over the neutral axis depth c is possible 161 

to derive the concrete compression resultant Cc, as shown in Figure 2(D), where fcc is the confined concrete strength, and 162 

α is the equivalent rectangular block parameter related to the rotation θ and obtained by the equilibrium of the vertical 163 

forces acting on the base section as follows: 164 
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where Acon

 c  is the area of the compressive concrete over the neutral axis depth. 166 

Considering the variability of the ratio c/d defined by Eq.s (4), and the contribution of individual components defined 167 

by Eq.s (5) to (8), the moment about the center of the cross-section for the rotation θ is given by: 168 
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where NED

 t  and NED

 c  are respectively the number of the tension and compression ED bars; and zc is the location of the 170 

resultant Cc from the center of the cross-section. Specifically, from points 2 to 4 in Figure 1(C), M(θ) is given by: 171 
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where nED
 t  and nED

 c  are respectively the number of yielding ED bars in tension and compression, which needs to be 174 

identified for each θ value. Based on Eq.s (4), (6), and (10a), the rotation θ3, corresponding to the first yielding of the ED 175 

bars in tension, and the corresponding moment M3 are given by: 176 

 3 3 2 3 3

( 2 )
( )

(1 / )

y ED u euL L
            M M

d c d


 

 +
= =

 −

_

-  (11) 177 

Assuming that all ED bars in tension are yielded at rotation θ4, the corresponding moment M4 is given by: 178 
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Upon rocking unloading from target point 4 to the gap-closed at point 6 [Figure 1(C)], the M(θ) curve follows a path 180 

made of segments parallel to and of the same length as the previous loading segments and their opposite-direction 181 

counterparts (i.e., from point 2 to 4). Specifically, from points 4 to 5 and 5 to 6 in Figure 1(C), M(θ) is given by: 182 
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Based on Eq.s (4), (6), and (13a), the rotation θ5, corresponding to the first yielding of the ED bars in compression under 185 

the reverse loading, and the corresponding moment M5 is given by: 186 
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Assuming that all ED bars yield in compression at θ6 and neglecting the effect of elastic ED bars leads to M6 being derived 188 

from Eq. (13b) as: 189 
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Note that the θ6 = θ1. 191 

The lateral force F and the top displacement of PRC pier Δ can be accordingly calculated as: 192 
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where Δe(θ), Δr(θ), and Δs(θ) are respectively the lateral displacements induced by the flexural deformation, rocking 194 

behavior, and shear force at the rotation θ; G and Ag are the shear modulus and gross cross-sectional area of the PRC pier. 195 

2.1.3 Post-rocking gap-closed phase 196 

From points 6 to 7, corresponding to the zero-force condition, there is the elastic unloading response of the pier. Therefore, 197 

the displacement corresponding to point 7, Δ7 (i.e., residual displacement), is given by: 198 

 7 6 6 EF /k =  −  (17) 199 

Based on post-earthquake reconnaissance missions, it has been generally recognized that bridges with residual drifts 200 

lower than 1% can be easily repairerd5. It is noteworthy that this suggestion has been adopted in the Japanese Code47 and 201 

considered in several research works25, 35, 49. In the present work, this value is assumed as a threshold value to identify the 202 

superior self-centering capacity of the PRC pier, and hence, the following inequality should be satisfied: 203 

 7 / 1%h   (18) 204 

It is worth mentioning that the above-described formulation does not account for ED of concrete damage and 205 

degradation, geometric nonlinearities, and PT force loss. The influence of these limitations is discussed in Section 6. 206 

2.2 Design criteria and procedure 207 

The design process for PRC bridge piers is conventionally based on the design of an equivalent monolithic bridge pier 208 

(i.e., similar dimensions and amount of steel rebars). The PRC pier is successively detailed with the PT bar and ED bars 209 

to obtain the expected superior cyclic performance (i.e., stiffness, strength, and ductility comparable or superior to those 210 

of the monolithic pier and ‘acceptable’ residual drift). To achieve the design objectives, eight key design criteria are 211 

implemented for the PRC pier at the target drift: 1) self-centering response with a low residual drift (< 1%47); 2) sufficient 212 

ED capacity; 3) roughly equivalent amount of steel; 4) prevention of PT bar yielding; 5) reliability of grouted duct 213 

connection; 6) avoidance of ED bar premature fracture; 7) mortar bed integrity; and 8) increased lateral force capacity. 214 

The initial post-tensioning force (FPT_ini) and total energy dissipating force (FED) [Criteria (1) and (2)] affect the self-215 

centering and ED capacities of the PRC pier and need to be properly tuned to obtain the desired cyclic performance.12, 31 216 

The recentering coefficient Λc, proposed by Guerrini et al.40, is employed to evaluate both behaviors. 217 

 
_

ED

c

G PT ini

F

F F
 =

+
 (19) 218 

The recommended values of Λc to achieve a satisfactory damping and self-centering performance span between 0.11 and 219 

0.60.40 However, it is noteworthy that a high initial PT force increases the self-centering capacity of the PRC pier but also 220 

introduces high compressive stresses at the interface. To overcome this issue, Wang et al.49 proposed an upper limit of 221 

the total axial ratio ηtol for piers with a ratio of ED bars lower than 1.5%, given by: 222 

 25%
G PT ini

tol G P

c g

F F

f A
  

+
= + = 

_  (20) 223 

where ηG and ηP are respectively the axial ratios of gravity force and the initial PT force; and fc is the cylinder strength of 224 

concrete, which equals to 0.79 cube strength of concrete fcube.12 225 
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The PRC pier has similar dimensions to the equivalent monolithic pier and hence a similar amount of concrete. Also, 226 

the steel amount (including transversal and longitudinal) should be similar for a cost-effective design [Criterion (3)]. The 227 

volumetric ratio of transverse reinforcement between the monolithic pier and the PRC pier should not vary significantly; 228 

thus, the amount of longitudinal bar of two piers can be defined as follows: 229 

 
ED tot PT tot mon lA A A+ =

_ _ _
 (21) 230 

where Amon_l is the amount of longitudinal bar in the monolithic model; AED_tot and APT_tot are, respectively, the total amount 231 

of the ED and PT bars, which can be calculated as follows: 232 

 
_ _/        /ED tot ED u ED PT tot PT ini PT iniA F f A F f= =

_ _ _
 (22) 233 

where fu_ED and fPT_ini are respectively the ultimate tensile strength of the ED bars and the initial PT stress of the PT bar. 234 

Note that at the target drift, the stress in the PT bar (fPT) should be lower than the yielding threshold fy_PT to preserve the 235 

self-centering capacity [Criterion (4)]. Therefore, fPT_ini should be checked to meet the following condition: 236 

 
_ _   PT

PT PT ini PT y PT

PT

f f E f
L


= +   (23) 237 

Furthermore, once the properties of the PT and ED bars are designed, Eq. (18) should be used to quantitatively check the 238 

self-centering behavior. 239 

Grout-filled ducts are incorporated in pier-to-footing connections of PRC piers [Figure 1(A)]. The anchorage length 240 

of ED bars (Lac) inserted into the ducts [Criterion (5)] is defined according to the AASHTO provisions1 as follows: 241 

 
_0.3 /ac ED y ED gL d f f  (24) 242 

where dED is the diameter of the ED bars and fg is the compressive strength of high-strength grout. In addition, as shown 243 

in Figure 2(D), an unbonded length Lu is deliberately designed in the ED bars at the pier-footing interface to avoid the 244 

stress concentration and premature bar fracture at this location due to repeated joint opening and closing [Criterion (6)]. 245 

Lu is determined according to Bu et al.30. The material of the mortar bed should be selected to have sufficient compressive 246 

strength and toughness to accommodate rocking rotation demands without suffering local damage at the rocking toe 247 

[Criterion (7)].11 Last, based on the above design parameters, the load capacity of the PRC pier [i.e., F4 in Figure 1(C)] is 248 

calculated through the developed analysis equations to check Criterion (8). 249 

3. EXPERIMENT DESIGN AND TESTING 250 

3.1 Case study bridge pier 251 

A single-pier highway simply supported bridge is used for case study purposes. The selected bridge is assumed to be 252 

located in the southwest high seismicity region of China (Seismic design category C and Site class I) and designed 253 

according to the JTG/T B02-01-200850 and JTG B02-201351 specifications. A 5% damped designed spectrum with a peak 254 

horizontal acceleration equal to 0.71 g was used in the design. The bridge consists of a three-cell RC box girder with 255 

monolithic RC circular piers and a bent cap integral to the superstructure, having a total tributary weight of 7280 kN. The 256 

detailed geometry and configuration of the prototype structure are shown in Figure 3(A). The RC circular pier has a 257 

section diameter of 2.1 m and a height from the base to the gravity center of the superstructure of 9.5 m, giving an aspect 258 

ratio of 4.55. The pier’s longitudinal reinforcing ratio is 1.32% (36-D40, i.e., thirty-six 40 mm-diameter steel bars), and 259 

the transverse reinforcement is composed of a D18 spiral stirrups with a center to center spacing of 80 mm, corresponding 260 

to a volumetric reinforcing ratio of 0.64% [Section A-A in Figure 3(A)]. Pushover analysis of the prototype pier was 261 

conducted in a fiber-based OpenSees52 model. The ultimate drift (due to the crushing of the concrete core) and base shear 262 

capacity of the prototype pier were 3.4% and 2453.7 kN, respectively. The key properties of the monolithic prototype 263 

pier are summarized in Table 1. 264 

A scaled-down monolithic model [Figure 3(B)] of the prototype was defined through similitude analysis.53 The scale 265 

factors for length (Sl) and stresses (Sσ) were respectively equal to 1/4.75 and 1. Scale factors of other physical quantities 266 

were obtained through similitude relations (e.g., scale factor of force SF = Sσ × Sl
2 = 1/4.752).53 The monolithic model 267 

consists of a 1/4.75 scale representation of the prototype with an axial gravity force (FG) of 323 kN, a clear height of 1.75 268 

m, and a section depth of 0.44 m (Table 1). The longitudinal reinforcement of the pier body is composed of 11-D16 269 

(reinforcing ratio = 1.45%), while the transverse reinforcement is made of D8 spiral hoops spaced 60 mm, providing a 270 

volumetric reinforcing ratio of 0.84% [Section B-B in Figure 3(B)]. The design of the reinforcing layout in the monolithic 271 

model aimed to reproduce the cyclic performance of the prototype pier, which was validated by the comparison of their 272 

pushover capacity results, as shown in Table 1. It should be noted that the lateral force of the prototype in Table 1 should 273 

be scaled with the factor SF and then compared with the pushover results of the monolithic model. The bent cap was 274 

down-scaled to the dimensions of 2400 × 740 × 500 mm [Section C-C in Figure 3(B)]. The detailed design parameters of 275 
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the monolithic pier model are listed in Table 1. It is worth mentioning that the monolithic model was not experimentally 276 

tested, while its design served as a reference for the design of the PRC benchmark model. 277 

  278 
FIGURE 3 Schematic view: (A) Monolithic prototype structure; (B) monolithic scaled-down model; and (C) Test PRC 279 

benchmark model. [all dimensions are in mm]. 280 

TABLE 1 Design parameters for monolithic and PRC benchmark models. 281 

Design Parameter 
Monolithic: 

prototype 

Monolithic: 

model 

PRC benchmark: 

model 

Pier diameter (m) 2.1 0.44 0.44 

Pier clear height (m) 8.3 1.75 1.75 

Pier cantilever height (m) 9.5 2.0 2.0 

Axial gravity load (kN) [ratio (%)] 7280 [7.5] 323 [7.5] 323 [7.5] 

Longitudinal reinforcing steel [ratio (%)] 36-D14 [1.32] 11-D16 [1.45] 6-D16 [0.79] 

Transverse reinforcing steel [ratio (%)] D18@80 [0.64] D8@60 [0.84] D8@60 [0.84] 

PT steel [ratio (%)] *** *** 1-D40 [0.82] 

Initial PT force (kN) [ratio (%)] *** *** 749 [17.5] 

Longitudinal reinforcing + PT steel ratio (%) 1.32 1.45 1.61a 

Ultimate drift (%) 3.4 3.6 ≥3.6b 

Base shear capacity (kN) 2453.7 108.2 ≥108.2b 

a Slightly larger than the target value of 1.45; b Design target values rather than the actual load and displacement capacity. 282 
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3.2 Test specimen matrix 283 

The test matrix included six PRC rocking models at 1/4.75 scale of the prototype dimensions. The PRC benchmark model 284 

was designed to achieve a similitude with the monolithic model. Additional five specimens with different values of some 285 

design parameters were further constructed and experimentally investigated to evaluate the effect of these parameters on 286 

the pier’s cyclic performance and provide insights into the adequacy of the design procedure. 287 

The geometric dimensions for the PRC benchmark model were held constant compared to the monolithic model, as 288 

presented in Figure 3(C) and Table 1. To ensure an identical aspect ratio as the prototype structure (i.e., 4.55), the lateral 289 

force in the scaled model was applied at the mid-height of the bent cap. The foundation had dimensions of 1760 × 1160 290 

× 600 mm and was designed according to capacity design rules with respect to the actions transferred by the pier.1, 2 The 291 

upper limits of the design parameters, Λc = 0.6 and ηtol = 0.25, were selected for the PRC benchmark model. Hence, 292 

according to the design criteria and procedure described in Section 2.2, the key design parameters of the PRC benchmark 293 

model were selected as FPT_ini = 749 kN, FED = 643 kN, AED_tot = 1191 mm2, and APT_tot = 1020 mm2 (assuming fED_u = 294 

540 MPa54). Considering the available standard sizes of mild and prestressing steel bars from suppliers, 1-D40 (1256 295 

mm2; ρPT = 0.82%) and 6-D16 (1206 mm2; ρED = 0.79%) were selected for the PT bar and ED bars, respectively. The 296 

resulting steel amount was slightly larger than that used in the monolithic model but within an acceptable range. Section 297 

D-D of Figure 3(C) shows the 440-mm diameter RC cross-section, including the 70 mm-diameter PVC pipe, placed at 298 

the center of the cross-section to serve as the ungrouted duct for the 1-D40 PT bar, the 6-D16 ED bars, and the D8 299 

transverse spirals at 60 mm pitch. Table 1 lists the final dimensions, post-tensioning, and reinforcing details of the PRC 300 

benchmark model. Moreover, corrugated galvanized metal ducts with nominal diameter and wall thickness of 60 mm and 301 

0.45 mm, respectively, and conforming to DG/TJ 08-2160-2015,55 were used in the footing and subsequently filled with 302 

non-shrinkage high strength grout. The anchorage length (Lac) for the grout-filled duct connection and the unbonded 303 

length (Lu) of ED bars were 550 mm and 250 mm, respectively, in which fg and fy_ED were respectively specified as 90 304 

MPa and 400 MPa for design54. A 15-mm thick ultra-high performance concrete (UHPC) mortar bed was cast between 305 

the precast pier end and adjoining footing for construction tolerances according to the recommendation of Shen et al.12, 13 306 

Based on these design parameters, the fPT at the target drift of 3.6% (i.e., the ultimate drift of monolithic model) was 307 

calculated to be 889.3 MPa (≈ 0.80fy_PT), with an adequate margin accounting for uncertainties on material properties. 308 

Figure 4(A) shows the analytical lateral force-drift behavior of the PRC benchmark model (highlighted in bold if not 309 

specifically stated), defined according to the formulation of Section 2.1 and characterized by a base shear capacity at the 310 

target drift of 151.1 kN (>108.2 kN) and a residual drift of 0.03% (≈ 0). 311 

The other five PRC pier specimens have the same dimensions as the benchmark one and were detailed by varying: 312 

1) the amount of ED bars; 2) the initial PT force; and 3) the unbonded length Lu in ED bars. The values of design 313 

parameters are reported in Table 2. To facilitate interpretation, the notation of ‘PRC-PηP(%)EρED(%)’ is used to identify 314 

specimens with different ratios of initial post-tensioning ηP and ED bars ρED. For the specimen without the unbonded 315 

length of ED bars, the ‘-U0’ is added at the end of the notation. The comparisons of the analytical force-drift response 316 

between these PRC specimens are shown in Figure 4. Figures 4(A) and (B) illustrate the influences of ED bar amount 317 

and PT force variations, respectively. As expected, enhanced lateral load and energy dissipation capacities are obtained 318 

by increasing the amount of ED bars. It can be observed that the initial PT force controls the lateral load capacity of the 319 

PRC pier; however, no significant differences were observed in terms of self-centering capacity due to the large initial 320 

PT force provided even at the least PT force level. The difference in the analytical hysteretic loops between the cases with 321 

and without the ED bars’ unbonded length is shown in Figure 4(C). It can be observed that the ED bars’ unbonded length 322 

could mitigate the unloading stiffness degradation due to the smaller plastic deformations of ED bars. Moreover, it is 323 

noteworthy that all PRC specimens are characterized by the same post-elastic stiffness (i.e., after yielding of all ED bars), 324 

indicating that this parameter is independent of the variables investigated in this test matrix (i.e., ηP, ρED, and Lu) (see Eq.s 325 

10(b) and 13(b) considering ED bars yielding). 326 

       327 
FIGURE 4 Analytical lateral force-drift behavior of PRC specimens with: (A) variation of ED bars amounts; (B) 328 

variation of initial PT forces; and (C) with and without unbonded length in ED bars. 329 
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TABLE 2 Test specimen matrix. 330 

Specimen ID 
Reinforcement  Post-tensioning  

Lu (mm) 
ED bars ρED (%)  FPT_ini (kN) ηP (%) FPT_ini / Fy_PT

a  

PRC-P17.5E0 *** 0  749 [745b] 17.5 0.55  250 

PRC-P17.5E.45 6-D12 0.45  749 [756b] 17.5 0.55  250 

PRC-P17.5E.79 6-D16 0.79  749 [746b] 17.5 0.55  250 

PRC-P13.5E.79 6-D16 0.79  579 [584b] 13.5 0.43  250 

PRC-P9.5E.79 6-D16 0.79  409 [412b] 9.5 0.30  250 

PRC-P17.5E.79-U0 6-D16 0.79  749 [764b] 17.5 0.55  *** 

a Fy_PT is the yielding force of the PT bar (i.e., fy_PT × APT = 1356.5 kN); b The actual (effective) initial PT force before testing. 331 

3.3 Material properties 332 

Five different materials were used in the PRC models: 1) conventional concrete; 2) UHPC; 3) high-strength grout; 4) 333 

reinforcing steel [stirrup and ED bars]; and 5) PT bar. The mechanical properties of the concrete (including grout) and 334 

the steel (including PT bar) are listed in Tables 3 and 4, respectively. Twelve conventional concrete samples, i.e., six 335 

cubes and six rectangular prisms respectively for compressive strength and elastic modulus, were cast during the 336 

construction of the models. Note that the PRC-P17.5E.79-U0 was cast from another batch of concrete with the same mix 337 

proportions, and its properties are listed in the square bracket in Table 3. The UHPC for the mortar bed was composed of 338 

water, steel fiber (about 15 mm in length), and premix (including aggregates, cement, and filler materials) according to 339 

the following proportions 2.32 kg: 2.1 kg: 25 kg developing a compressive strength of 134.4 MPa and an elastic modulus 340 

of 44.4 MPa. The high-strength grout used to fill corrugated ducts exhibited an average value compressive strength of 341 

101.3 MPa and an elastic modulus of 39.6 MPa (obtained according to Lim and Ha56). It is noteworthy that the PT bar’s 342 

yield and ultimate strengths were close to the nominal values used for design; conversely, an overstrength of 343 

approximately 20% was observed for the strength of ED bars. 344 

TABLE 3 Mechanical properties of the concrete and grout. 345 

Material 
Compressive strength test  Elastic modulus test 

Sample dim. (mm) Strength (MPa)  Sample dim. (mm) E (GPa) 

Conventional Concrete 150 × 150 × 150 fcu, 35.9 [41.1a]  150 × 150 × 300 Ec, 32.7 [34.2a] 

UHPC 100 × 100 × 100 fUHPC, 134.4  100 × 100 × 300 EUHPC, 44.4 

High-strength grout 40 × 40 × 160 fg, 101.3  *** Eg, 39.6b 

a Only for specimen HRC-P17.5E.79-U0; b Elastic modulus of high-strength grout was calculated from 8500fg
1/3.56 346 

TABLE 4 Mechanical properties of the steel. 347 

Material 

Yielding 

stress 

(MPa) 

Yielding 

strain 

(με) 

Elastic 

modulus 

(GPa) 

Ultimate 

stress 

(MPa) 

Ultimate 

strain 

(%) 

Fracture 

strain 

(%) 

D8 stirrup 449.2 2144 209.5 684.9 10.3 16.5 

D12 mild bar 544.6 2544 214.1 638.9 8.8 19.9 

D16 mild bar 540.1 2475 218.2 681.6 10.7 21.9 

D40 PT bara 1067.7 4958 215.3 1116.6 9.5 20.5 

a Middle portion of the coupons was machined down to 20 mm in diameter to ensure that the ultimate strength did not exceed the 348 
capacity of the testing equipment. 349 

3.4 Test setup 350 

The general layout of the experimental setup, including the instrumentations, is shown in Figure 5. The tributary gravity 351 

loads from the superstructure were applied through two vertical 150-ton hydraulic actuators, and the lateral load was 352 

applied in displacement control through one 50-ton horizontally-aligned hydraulic actuator [Figure 5(A)]. The two 353 

vertical actuators were free to move laterally by the slide rail hence maintaining the applied axial load of 300 kN (minus 354 

the mass of the bent cap, 2.31 ton) in the vertical direction during the tests. The instrumentations included string 355 

potentiometers, linear variable differential transformers (LVDTs), load cells, and strain gauges, as shown in Figure 5(A). 356 

The joint opening at the pier-footing interface was monitored by four vertical LVDTs on the four sides of the pier base. 357 

Curvatures within the pier bottom region within a height of 500 mm were measured using eight vertical downward LVDTs 358 

(i.e., at a distance of 100 mm) on the west and east faces. Two longitudinal ED bars at both the pier’ extreme west and 359 
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east faces [Section A-A in Figure 5(A)] were monitored with strain gauges at four height levels: two within the unbonded 360 

portion and two within the bonded portion. Horizontal load in the lateral actuator was monitored by its built-in load cell, 361 

whereas a string potentiometer recorded the lateral displacement. In addition, a load cell positioned above the bent cap 362 

monitored the PT bar force throughout the test, while strain gauges were also placed along the PT bar. Figure 5(B) shows 363 

a photo of specimen PRC-P9.5E.79 and its test apparatus before testing. 364 

 365 

FIGURE 5 Test setup and instrumentation details: (A) Schematic representation; (B) Test facility photograph. 366 

After the application of the axial force, the specimens were subjected to the identical displacement (drift)-control 367 

lateral cycle loading protocol, as shown in Figure 6. The first lateral displacement was imposed in the west direction 368 

[Figure 5(A)]. The loading protocol comprised 19 increasing drift levels (up to 4.8% drift) with each level repeated three 369 

times; however, the test of each specimen was terminated at different drift levels due to the different ultimate capacity. 370 

The first few cycles (up to 0.6% drift) were conducted with increasing steps of 0.1% drift to capture the drifts related to 371 

ED bars yielding. Successively, the cycles until 1.6% drift (corresponding to the moderate damage of concrete cover at 372 

the pier base) were conducted with increasing steps of 0.2% drift. The following cycles were conducted with increasing 373 

steps of 0.4% until concrete core crushing or/and ED bars fracture occurred. 374 

 375 
FIGURE 6 Lateral drift loading histories for tested specimens. 376 

4. GENERAL PERFORMANCE ASSESSMENT AND TEST OBSERVATIONS 377 

4.1 Hysteretic performance and damage observed 378 

Figure 7 shows the cyclic response of the six PRC piers. Figures 7(A) to (C) show the cyclic responses of PRC-P17.5E0, 379 

PRC-P17.5E.45, and PRC-P17.5E.79. Their comparison demonstrates how the use of a large amount of ED bars can 380 

enhance the dissipation capacity, at the same time leading to larger residual drifts, hence reducing the self-centering 381 

capacity of the PRC pier. Figures 7(C) to (E) show the cyclic responses of PRC-P9.5E.79, PRC-P13.5E.79, and PRC-382 

P17.5E.79. Their comparison demonstrates how the use of a low PT force leads to larger residual drifts and reduced lateral 383 

strength of the PRC pier. These trends are consistent with the analytical formulations of Section 3.2. More details on the 384 

parameters’ influences are discussed in Section 5. 385 

Five damage states were identified during the tests, defined as: 1) onset of visible cracking, 2) concrete cover spalling, 386 

3) exposure of steels, 4) concrete core crushing, and 5) ED bars fracture, and their evolution is indicated in Figure 7. The 387 
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damage was concentrated at the pier bottom with concrete cover spalling, toe crushing, and ED bars buckling and/or 388 

fracture for all specimens. Few horizontal cracks were observed along the pier’s bottom half, indicating that the pier 389 

flexural deformation was limited during the test (i.e., rocking-dominant response). 390 

Figure 7(C) shows the cyclic response of the benchmark pier (PRC-P17.5E.79), while Figure 8 shows its key damage 391 

status at selected drifts. The benchmark pier exhibited a flag-shape hysteretic response. A slight asymmetry in peak lateral 392 

strength and its corresponding drift was observed during the test due to concrete heterogeneity and construction tolerances 393 

(i.e., peak strength equal to142.6 kN at 1.2% drift for the push direction and -128.5 kN at 1.0% drift for the pull direction). 394 

Initial cracks were detected at the pier-mortar bed interface at 0.2% drift [Figure 8(A)], which subsequently developed 395 

into the gap-opening mechanism. The flexural cracks of the pier shaft originated at the height of approximately 15 cm for 396 

drifts of 0.3% [Figure 8(A)]. ED bars reached the yield strain of 2475 με for drifts of 0.6%. Minor concrete cover spalling 397 

was observed for drifts of 1.0% [Figure 8(B)] and gradually extended for increasing drifts amplitudes [Figure 8(C)], 398 

resulting in lateral strength and stiffness degradation. Cyclic loading continued leading to vertical cracks in the vicinity 399 

of the pier base on both sides and a noticeable gap-opening at the pier-mortar bed interface. As shown in Figure 8(C), for 400 

a drift of 2.0%, the gap-opening was approximately 4 mm. After completion of the 2.0% drift cycles, the stirrup at the 401 

west side of the pier was partially exposed while, at the east side, stirrup’s exposure occurred at the subsequent drift of 402 

2.4% [Figure 8(D)]. The test was terminated at 4.0% drift due to ED bars fracture and concrete core crushing on the west 403 

side, and ED bars buckling on the east side [Figure 8(E)]. Concrete cover damage was within a height of approximately 404 

25 cm, and no damage was observed in the UHPC mortar bed. 405 

 406 

          407 

          408 

          409 
FIGURE 7. Experimental lateral force vs. drift for: (A) PRC-P17.5E0; (B) PRC-P17.5E.45; (C) PRC-P17.5E.79 [i.e., 410 
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benchmark pier]; (D) PRC-P13.5E.79; (E) PRC-P9.5E.79; and (F) PRC-P17.5E.79-U0. 411 

 412 
                                 (A)                                                        (B)                                                       (C) 413 

 414 
(D)                                                                                       (E) 415 

FIGURE 8 Damage progression of PRC-P17.5E.79 (i.e., benchmark pier) at: (A) 0.3% drift; (B) 1.0% drift; (C) 2.0% 416 

drift; (D) 2.4% drift; and (E) 4.0% drift. [grid size:10 cm × 10 cm]. 417 

Figures 7(A) and (B) show the cyclic response of PRC-P17.5E0 and PRC-P17.5E.45. It can be observed that peak 418 

forces were lower compared to the benchmark pier (i.e., PRC-P17.5E.79) due to the reduced amount of ED bars. 419 

Significant concrete damage extending up to approximately 20 cm from the rocking joint (comparable to PRC-P17.5E.79) 420 

also occurred at the bottom of these two piers. It is worth highlighting that although ED bars were not included in PRC-421 

P17.5E0, a flag-shape hysteretic response with small residual drifts was still observed in this system [Figure 7(A)]. This 422 

is in contrast with the expected non-linear elastic response shown in Figure 4(A), defined according to the analytical 423 

formulation. In this case, the moderate energy dissipation observed in Figure 7(A) is related to concrete damage at the 424 

pier base, and hence the discrepancy between the experimental and analytical results is related to the assumptions made 425 

in the analytical formulation, which does not account for concrete damage and degradation. It is worth mentioning that a 426 

more significant strength and stiffness degradation was observed for PRC-P17.5E.45 for drifts exceeding 1.2% [Figure 427 

7(B)]. This was primarily caused by the imperfections during the construction of the specimen (i.e., slight inclination or 428 

bending of ED bars). As a result, this potential flaw also rendered the fracture of ED bars easier in PRC-P17.5E.45, which 429 

occurred at a drift of 3.6%. Figures 7(D) and (E) show the cyclic response of PRC-P13.5E.79 and PRC-P9.5E.79. For 430 

these two cases, the extent of damage at the pier base was relatively minor compared to the benchmark pier (i.e., PRC-431 

P17.5E.79) due to the lower initial PT force. Concrete spalling was observed in the region with a height of 15 cm and 10 432 

cm, respectively, in PRC-P13.5E.79 and PRC-P9.5E.79. The lower PT force also slightly delayed the onset of concrete 433 

spalling, which occurred after drifts of 1.0%. Figures 7(F) shows the cyclic response of PRC-P17.5E.79-U0 (i.e., 434 

benchmark pier w/o unbonded length). The response of this pier was similar to the benchmark pier (i.e., PRC-P17.5E.79), 435 

including damage visual observations and drift values related to ED bars fracture. Significant concrete cover spalling was 436 

observed for drifts larger than 2% resulting in ED bars’ exposure and strain penetration effects, both simulating the 437 

unbonded length in PRC piers. Due to this debonding mechanism, the ED bars’ fracture was observed for drifts of 3.6%, 438 

similar to the PRC-P17.5E.79 (i.e., 4.0% drift). However, concrete cover deterioration was slightly less extensive in PRC-439 

P17.5E.79-U0 than in PRC-P17.5E.79 due to the higher concrete strength (Table 3). 440 

It is worth mentioning that no damage to the grouted corrugated duct connection, such as ED bars pullout, duct 441 

pullout, or conical failure of the footing, was observed in all PRC specimens. It is worth highlighting that only the base 442 

toes of PRC piers suffered concrete damage and that all columns were characterized by PT force loss during the tests (see 443 

Figure 10). These two effects resulted in the negative post-elastic stiffness (i.e., softening) observed in the experimental 444 

force-drift plots, as opposed to the positive post-elastic stiffness (i.e., hardening) determined by the analytical formulations 445 

(Figure 4). This aspect is further discussed in Section 6. 446 
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4.2 PT bar responses 447 

Figure 9 shows the cyclic response of the PT force variation of the six PRC piers. Although the PT bars remained 448 

elastic, as observed by the strain gauges results (not shown here due to space constraints), the cyclic responses were 449 

characterized by PT force losses up to about 14%, mainly related to the concrete damage at the pier bases and the 450 

anchorage seating losses during the test. The PT stress losses increased for increasing drift values, as shown in Figure 10. 451 

          452 

          453 

          454 
FIGURE 9 PT stress vs. drift for: (A) PRC-P17.5E0; (B) PRC-P17.5E.45; (C) PRC-P17.5E.79 [i.e., benchmark pier]; 455 

(D) PRC-P13.5E.79; (E) PRC-P9.5E.79; and (F) PRC-P17.5E.79-U0. 456 

Figures 9(A) to (C) show the cyclic response for piers PRC-P17.5E0, PRC-P17.5E.45, and PRC-P17.5E.79 (i.e., 457 

benchmark) characterized by the same initial PT force. It can be observed that after completing the 4.0% drift amplitude, 458 

the PT stress values were respectively equal to 510.3, 516.2, and 514.5 MPa, corresponding to stress losses of 83.5, 85.4, 459 

and 79.7 MPa (i.e., 14.1%, 14.2%, and 13.4% of the initial PT stress). A similar PT stress loss ratio (approximately 14%) 460 

in these three PRC piers was expected because their damage status and extent were similar, and the initial PT forces were 461 

comparable. Similar results were observed by Shen et al.12. Figures 9(C) to (E) show the cyclic response for piers PRC-462 

P17.5E.79 (i.e., benchmark), PRC-P13.5E.79, and PRC-P9.5E.79 characterized by a decreasing initial PT force. In this 463 

case, after completing the 4.0% drift amplitude, the PT stress values were respectively equal to 514.5, 408.3, and 294.9 464 

MPa, corresponding to stress losses of 79.7, 56.5, and 33.1 MPa (i.e., 13.4%, 12.2%, and 10.1% of the initial PT stress). 465 

It can be observed that a higher initial PT force results in a larger PT force loss ratio as a consequence of the higher 466 

compressive stress at the pier-footing interface and the consequent higher extent of concrete damage. Figure 9(F) shows 467 
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the cyclic response of PRC-P17.5E.79-U0 (i.e., benchmark pier w/o unbonded length), which was similar to the 468 

benchmark pier (i.e., PRC-P17.5E.79). For all cases, the PT force loss results in a reduction of the lateral load capacity 469 

of PRC piers.13 This effect, which was neglected in the analytical formulation of Section 3.2, contributes to the differences 470 

between the analytical and experimental results. Figure 10 shows that, for all PRC piers, the PT loss almost linearly 471 

increases while increasing the drift amplitudes. This trend allows accounting for the PT loss in the analytical formulation 472 

discussed in Section 6. 473 

 474 
FIGURE 10 PT force loss ratio vs. drift. 475 

5. COMPREHENSIVE PERFORMANCE ASSESSMENT FOR VARIOUS PARAMETERS 476 

To comprehensively investigate the impact of ED bars amount, initial PT force, and ED bars unbonded length on the 477 

cyclic behavior of PRC models, detailed comparisons of measured results in terms of global hysteretic properties and 478 

local pier bottom responses are presented in this Section. The backbone curve, relative self-centering efficiency (RSE)12 479 

parameter, and equivalent damping ratio ξeq are selected to describe the pier’s global hysteretic properties, while the 480 

neutral axis depth c and gap-opening dopen are used to describe the response at the pier’s base section. 481 

5.1 Properties of global hysteretic behavior 482 

Figure 11 shows the average (considering the push and pull directions) backbone curves of the cyclic response as well as 483 

the corresponding idealized elasto-plastic curves1, 2 with the failure condition defined by a lateral load capacity equivalent 484 

to 80% of the peak lateral load14, 36. The curves in Figures 11(A), (B), and (C) are grouped to facilitate the comparison of 485 

the different parameters investigated. Based on the idealized elasto-plastic curves, the key parameters for the force-drift 486 

responses are summarized in Table 5. Note that, despite the rapidly deteriorating post-elastic behavior in PRC-P17.5E.45, 487 

due to the construction imperfections discussed earlier, it can still provide useful information for the interpretation of the 488 

general trends. The initial stiffness of all piers is comparable (i.e., 22400, 22700, 23800, 21800, 23700, and 24600 kN/m 489 

for PRC-P17.5E0, PRC-P17.5E.45, PRC-P17.5E.79, PRC-P13.5E.79, PRC-P9.5E.79, and PRC-P17.5E.79-U0, 490 

respectively) and similar to the elastic flexural stiffness of the pier shaft, i.e., 22500 kN/m. This was expected as, during 491 

the gap-closed phase, the response of the piers is independent of the base connection details. However, some differences 492 

can be observed following the gap-opening mechanism, corresponding to lateral forces of approximately 30 kN, and the 493 

difference became evident with forces of approximately 60 kN, with the rocking behavior dominating the response. The 494 

pier lateral forces (i.e., both Fy and Fp) increased with the amount of ED bars [Figure 11(A)] and the level of initial PT 495 

force [Figure 11(B)], as previously discussed. The comparison of PRC-P17.5E.79 and PRC-P17.5E0 shows that the drift 496 

ductility (i.e., μd = δu / δy) of the PRC pier (Table 5) decreases for increasing ED bars amounts, which is consistent with 497 

the experimental results of Ou36. PRC-P17.5E.45 is disregarded from this comparison as its ultimate behavior was 498 

significantly affected by constructions imperfections, as previously discussed. On the other side, it is noteworthy that the 499 

yield drift and drift ductility are not significantly affected by the initial PT force. Similar influence is also observed by 500 

Hieber et al.17. The results show only a slight reduction of μd from 6.9 to 6.0 for ηP varying from 17.5% to 9.5%. The 501 

lowest μd among all specimens is the one of PRC-P17.5E.45, which, despite the abovementioned construction 502 

imperfections, reached a ductility value equal to 5.2, which implies that all tested PRC models essentially had excellent 503 

ductility capacity. In this context, it is worth recalling that the benchmark (i.e., PRC-P17.5E.79) PRC pier was designed 504 

for a target drift of 3.6% (Table 1), and its actual drift capacity was 3.97%. 505 

As previously mentioned, no evident difference was observed in the response of the PRC-P17.5E.79 and PRC-506 

P17.5E.79-U0. Accordingly, their average backbone and idealized elasto-plastic curves are similar [Figure 11(C) and 507 

Table 5]. In this PRC pier, the gap-opening induced strains and reinforcements slip, i.e., strain penetration, in the ED bars. 508 

This slip, combined with the effect of load reversals, progressively damaged the bond along the bonded portion of the ED 509 

bars. Figure 12 shows that the strain distribution and progression in the ED bars around the interface for PRC-P17.5E.79 510 

and PRC-P17.5E.79-U0 are similar, highlighting how the strain penetration in PRC-P17.5E.79-U0 contributes to the 511 
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definition of an unbonded length. Due to large strain demands and friction against the surrounding concrete, strain gauges 512 

on the ED bars were partially lost after the 1.6% drift. For drifts larger than 2.0%, the base concrete cover started spalling 513 

and crushing, exposing the ED bars. Through this combination of effects, the lack of an unbonded length in PRC-514 

P17.5E.79-U0 did not adversely affect the performance of the PRC pier. 515 

       516 
FIGURE 11 Comparison of average backbone curves for: (A) variation of ED bars amounts; (B) variation of initial PT 517 

forces; and (C) with and without unbonded length in ED bars. 518 

Table 5 Elasto-plastic backbone curves parameters. 519 

Specimen ID δy (%)a
 Fy (kN)b

 Δp (%)a
 Fp (kN)b

 δu (%)a
 Fu (kN)b

 μd
c
 

PRC-P17.5E0 0.44 96.7 1.40 103.9 4.26 83.2 9.8 

PRC-P17.5E.45 0.59 112.3 1.20 122.9 3.05 98.3 5.2d 

PRC-P17.5E.79 0.66 125.1 1.20 135.4 3.97 108.3 6.0 

PRC-P13.5E.79 0.66 112.2 1.40 119.8 4.21 95.8 6.4 

PRC-P9.5E.79 0.60 104.1 1.40 111.1 4.15 88.9 6.9 

PRC-P17.5E.79-U0 0.65 124.0 1.40 133.0 3.73 106.4 5.8 

a δy, δp, and δu refer to the equivalent yield, peak, and ultimate drift, respectively, where δ = Δ/h; b Fy, Fp, and Fu are the equivalent 520 
yield, peak, and ultimate force, respectively; c μd is the drift ductility coefficient, calculated as δu/δy; d ultimate response affected by 521 
construction imperfections.  522 

 523 
FIGURE 12 ED bars strain profiles of the PRC-P17.5E.79 and the PRC-P17.5E.79-U0. 524 

Figure 13 shows the RSE values for the six piers and the different drifts amplitudes. The RSE represents the portion 525 

associated with recoverable drift in the imposed drift and is given by: 526 

 res res

peak peak

RS 1E
 

 

+ −

+ −

−
= −

−
 (25) 527 

where δ
+ 

res and δ
- 

res are the residual drifts in the push and pull directions, respectively; and δ
+ 

peak and δ
- 

peak are the imposed peak 528 

drifts in the push and pull directions, respectively. An RSE value of 1.0 means perfect self-centering capacity. For drift 529 

ratios up to 2.0%, all specimens showed a ‘good’ self-centering behavior with RSE values of 0.8-0.9. For larger peak 530 

drifts (exceeding 2.0%), significant differences can be observed among the RSE curves. Figure 13(A) shows the 531 

comparison of the RSE values considering the variability of the ED bars amount. The RSE values for PRC-P17.5E0 are 532 

about constant and equal to 0.9, while for PRC-P17.5E.45 and PRC-P17.5E.79, the RSE gradually decreases. The PRC 533 

model with a larger amount of ED bars (i.e., benchmark PRC-P17.5E.79) experienced larger residual drift as a result of 534 

the concrete damage, PT force loss, and significant ED bars yielding. However, although the PRC-P17.5E.79 has a lower 535 

self-centering capacity, the residual drifts for the target drift of 3.6% are still lower than 1%47. Figure 13(B) shows the 536 
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comparison of the RSE values considering the variability of the PT force. The results show that decreasing the initial PT 537 

force impairs the self-centering capacity of the PRC pier. For PRC-P9.5E.79 and PRC-P13.5E.79, the RSE values 538 

corresponding to 3.6% drift are respectively 0.44 and 0.65, leading to residual drift larger than 1%. It is noteworthy that, 539 

in contrast to the similar force capacity between PRC-P17.5E.79 and PRC-P17.5E.79-U0, their self-centering capacities 540 

extracted from the hysteretic curves were different when the imposed drift exceeded 2.0% [Figure 13(C)]. This was 541 

because the concrete cover significantly spalled in PRC-P17.5E.79 after 2.0% drift, but the higher concrete strength of 542 

PRC-P17.5E.79-U0 (Table 3) delayed the onset of this damage and reduced the extent. As a result, a higher RSE value 543 

was observed in specimen PRC-P17.5E.79-U0. 544 

       545 
FIGURE 13 Comparison of RSE curves for: (A) variation of ED bars amounts; (B) variation of initial PT forces; and 546 

(C) with and without unbonded length in ED bars. 547 

Figure 14 illustrates the ξeq variations among PRC piers with different parameters. No significant difference in terms 548 

of energy dissipation capacity is observed in the six PRC piers for drift values lower than 2%. For larger drifts, several 549 

differences can be observed. Figure 14(A) shows the comparison of the ξeq values considering the variability of the ED 550 

bars amount. The benchmark PRC-P17.5E.79 developed a higher damping ratio (ξeq up to 20%) compared with the other 551 

two piers with the lower ED bars amount, i.e., about 1.4 and 1.2 times larger than the ξeq values of PRC-P17.5E0 and 552 

PRC-P17.5E.45, respectively, at the target drift (3.6%). Figure 14(B) shows the comparison of the ξeq values considering 553 

the variability of the PT force. A lower initial PT force results in a larger value of ξeq; thus, PRC-P9.5E.79 had the largest 554 

energy-dissipation capacity with ξeq up to 28% at the target drift (3.6%). The large ξeq value in PRC-P9.5E.79 is related 555 

to the larger gap-opening observed [discussed later, Figure 16(B)] and the larger ED bars elongation. PRC-P17.5E.79-U0 556 

showed a slightly lower ξeq compared to the benchmark due to the different concrete strengths [Figures 14(C)]. 557 

Overall, based on the comparison results shown in Figures 13 and 14, the self-centering and ED capacities in the 558 

PRC pier had a conflicting trend with varying the parameters of interest; that is, increasing initial PT force or/and 559 

decreasing ED bars amount would promote the self-centering behavior but reduce the hysteretic energy-dissipation, 560 

especially for drifts larger than 2.0%, and vice versa. This phenomenon has also been corroborated by Shen et al.12 561 

       562 

FIGURE 14 Comparison of equivalent damping ratio curves for: (A) variation of ED bars amounts; (B) variation of 563 

initial PT forces; and (C) with and without unbonded length in ED bars. 564 

5.2 Local responses of the pier base 565 

All PRC piers exhibited a rocking behavior where most of the deformation occurred at the pier's bottom end. The 566 

two main responses characterizing the rocking mechanism are related to the neutral axis depth c and the gap-opening dopen, 567 

which are shown in Figures 15 and 16, respectively. Figure 15 shows the neutral axis depth c normalized with respect to 568 

the pier diameter d. This parameter decreases rapidly to the value c/d = 0.50 with the onset of gap-opening, indicating 569 

that the PT bar would potentially elongate, and the restoring effect was activated. Increasing the base rotation/lateral drift, 570 

the neutral axis continued to move towards the contact edge of the cross-section with the minimum c/d (i.e., cmin/d) of 571 
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approximately 0.17, 0.23, 0.25, 0.20, 0.15, and 0.20 for PRC-P17.5E0, PRC-P17.5E.45, PRC-P17.5E.79, PRC-P13.5E.79, 572 

PRC-P9.5E.79, and PRC-P17.5E.79-U0, respectively, all occurring at a rotation of approximately 0.005. Thus, the 573 

assumptions in Section 2.1.2 and Eq.s (4) that define an initial rocking state of θ = θ1 and c/d = 0.5 and a critical rotation 574 

of 0.005 are validated by the experimental results for all the PRC configurations. However, it can be observed that the 575 

cmin/d value varies among the different piers and that the assumption of cmin/d constant and equal to 0.25 for θ > 0.005 can 576 

only be taken as a rough approximation. Figure 15(A) shows the comparison of the c/d ratios considering the variability 577 

of the ED bars amount, while Figure 15(B) shows the comparison considering the variability of the PT force. The 578 

benchmark PRC-P17.5E.79 is characterized by the largest cmin/d value for θ > 0.005. This is related to the larger reaction 579 

force at the base, and hence contact area, required in the PRC-P17.5E.79 to equilibrate the forces provided by the larger 580 

amount of ED bars and larger PT force. Lower values of cmin/d were observed while reducing the ED bars amount [Figure 581 

15(A)] and the PT forces [Figure 15(B)]. The higher concrete resistance of PRC-P17.5E.79-U0 reduced the concrete 582 

damage hence leading to cmin/d values lower than those of PRC-P17.5E.79 [Figure 15(C)]. It is also worth mentioning 583 

that, as a consequence of the crushing of toe concrete and the loss of its partial vertical load-bearing capacity, a slight 584 

increase of the c/d value can be observed for large drifts (e.g., c/d = 0.38 in the PRC-P17.5E.79 under the target drift). 585 

These results provide several insights but also show the need for advanced and optimized analytical formulations able to 586 

account for the variability of the ratio c/d to correctly represent the cyclic response of PRC piers. 587 

       588 

FIGURE 15 Comparison of neutral axis behavior for: (A) variation of ED bars amounts; (B) variation of initial PT 589 

forces; and (C) with and without unbonded length in ED bars. 590 

Figure 16 shows the gap-opening behavior at the rocking interface. As a result of experiencing the largest c/d, the 591 

benchmark PRC-P17.5E.79 exhibited the smallest gap-opening. Figure 16 (A) shows the comparison of the gap-opening 592 

considering the variability of the ED amount. At the drift of 4.0%, the values of gap-opening in PRC-P17.5E.79 was 9.7 593 

mm, which was about 0.76 and 0.86 times that of PRC-P17.5E0 and PRC-P17.5E.45, respectively. Figure 16(B) shows 594 

the comparison of the gap-opening considering the variability of the PT force. It can be observed that decreasing the 595 

initial PT force would trigger smaller compressive forces at the pier-mortar bed interface and consequently less contact 596 

area necessary to resist it. Also, a reduction of the neutral axis depth measured in PRC-P17.5E.79-U0 contributed to a 597 

slightly higher gap-opening in it compared to PRC-P17.5E.79 [Figure 16(C)]. 598 

       599 

FIGURE 16 Comparison of joint gap-opening for: (A) variation of ED bars amounts; (B) variation of initial PT forces; 600 

and (C) with and without unbonded length in ED bars. 601 

Based on the test results, it can be concluded that the PRC piers showed superior cyclic performance satisfying all 602 

design criteria presented in Section 2.2. However, some undesired effects were also observed, such as column 603 

spalling/crushing (affecting the ratio c/d) and the PT force loss, both to some extent reducing the PRC pier cyclic 604 

performance and introducing errors in the analytical evaluation of the force-drift relationship presented in Section 2.1. 605 

6. COMPARISON OF TEST AND ANALYTICAL RESULTS 606 

Based on the experimental results, two main differences can be observed with respect to the assumptions used in the 607 
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analytical formulation presented in Section 2.1, i.e., PT force loss (Figure 10) and the neutral axis depth variation (Figure 608 

15). These differences have pronounced effects on force-drift behavior at large drifts, resulting in the obvious difference 609 

between the analytical (Figure 4) and experimental results (Figure 7). Consequently, the analytical equations presented 610 

in Section 2.1 should be further optimized to reflect these two influence factors. Figure 17(A) shows the optimized c/d-θ 611 

curve, in which a linear trend with slope kc is used to represent the c/d increasing after θ > 0.005. The following equations 612 

are the optimized counterpart of Eq.s (4): 613 
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Note that upon unloading from the target rotation, as shown in Figure 17(A), the curve is assumed to follow a path parallel 615 

to the horizontal axis until it rejoins the curve of previously loading. This is because the damage to the base toe during 616 

loading is unrecoverable, and subsequent unloading only maintains this damage state until the gap-closed phase. 617 

The PT force loss during the tests (Figure 10) compromised the PRC piers’ lateral strength, and this effect can be 618 

reflected by a slope parameter kPT_loss. As indicated in Figure 17(B), parameter kPT_loss represents the slope between the 619 

PT force loss ratio and θ, and can be easily obtained from Figure 10 by linear regression. This regression can be used 620 

because, as mentioned before, an approximately linear trend was observed for these pier responses. By introducing kPT_loss, 621 

Eq.s (5) that was used to calculate the PT force at the specific θ can be rewritten as: 622 
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 (29) 623 

Based on the test results, Table 6 lists the neutral axis depth parameter cmin/d and kc and the PT force loss parameter kPT_loss 624 

for all PRC specimens. The coefficient of determination Rc
 2 and RPT_loss

 2 , respectively for for kc and kPT_loss, are also given 625 

in Table 6. All R2 values being close to 1 indicates that the linear regression can adequately describe the relationship 626 

between the optimized parameters and the rotation θ. It is worth mentioning that the optimized c/d - θ relationship should 627 

be further adjusted and validated against additional experimental tests considering other possible variables involved, e.g., 628 

the dimensions of the PRC cross-section. Furthermore, this relationship is established for the circular cross-section and 629 

the evolution of the stress distribution at the PRC base could vary significantly for different sectional shapes; thus, the 630 

feasibility of the optimized c/d - θ relationship in the other shapes of the cross-section also requires more experimental 631 

investigation. 632 

 633 
FIGURE 17 (A) Idealized c/d-θ relationship; (B) Idealized PT force loss ratio-θ relationship. 634 

Table 6 Parameters in predicting force-drift response of six PRC models. 635 

Specimen ID cmin/d kc Rc
2 kPT_loss R𝑷𝑻_𝒍𝒐𝒔𝒔

2  

PRC-P17.5E0 0.17 5.3 0.945 3.2 0.978 

PRC-P17.5E.45 0.23 4.7 0.951 3.6 0.997 

PRC-P17.5E.79 0.25 6.9 0.802 3.7 0.994 

PRC-P13.5E.79 0.20 4.9 0.914 3.3 0.989 

PRC-P9.5E.79 0.15 4.8 0.906 2.4 0.984 

PRC-P17.5E.79-U0 0.20 3.4 0.953 3.2 0.987 

Figure 18 shows the comparison of experimental and analytical results for the PRC specimens in terms of lateral 636 

force-drift behavior at 4.0% drift. The backbone responses of the analytical models and the fitted c/d-θ curves [i.e., Eq.s 637 

(28)] are also plotted in the figures. Note that ED bars’ post-elastic hardening was considered in the analytical formulation 638 

and was defined based on the coupon tests. In general, the optimized analytical model is able to capture with reasonable 639 

accuracy the force-drift behavior of PRC piers, although the cycles from the experimental tests show larger energy 640 

dissipation. This is related to the additional mechanisms with respect to those represented by the analytical models, such 641 
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as the ED bars’ slip (i.e., strain penetration), concrete damage, and/or potential PT localized contact to the duct edges 642 

inside the footing. The lack of consideration for these ED sources in the optimized analytical model resulted in the 643 

underestimation of the predicted residual drift. This effect is the most pronounced in the PRC-P17.5E0 [Figure 18(A)] 644 

that without ED bars. Some degree of errors between the experimental force values and the optimized analytical results 645 

were detected in the cases of PRC-P17.5E.45 [Figure 18(B)] and PRC-P17.5E.79-U0 [Figure 18(F)]. The inclination or 646 

bending of ED bars resulting from the construction imperfections and the debonding of ED bars due to base concrete 647 

spalling are, respectively, the causes of the prediction error for these two specimens. Both unfavorable factors resulted in 648 

the degradation of the accuracy of the analytical model. Additionally, it was observed that the uncalibrated analytical 649 

model would exaggerate the force resistance of piers, especially after the peak force. It should be noted that although the 650 

optimized analytical model follows the flag-shape with a reasonable prediction of force resistance, it cannot predict the 651 

strength and stiffness degradation of the PRC bridge piers under cyclic loading. 652 

 653 

FIGURE 18 Comparison of force-drift behavior between experimental and analytical results at 4.0% drift for: (A) 654 

PRC-P17.5E0; (B) PRC-P17.5E.45; (C) PRC-P17.5E.79 (i.e., benchmark pier); (D) PRC-P13.5E.79; (E) PRC-655 

P9.5E.79; and (F) PRC-P17.5E.79-U0. 656 

7. CONCLUSIONS 657 

The present study focuses on the cyclic behavior of unbonded post-tensioned reinforced concrete (PRC) bridge piers 658 

subject to unidirectional quasi-static loading. According to specific performance criteria, a 1/4.75-scale PRC benchmark 659 

model was designed to exhibit superior cyclic performances with respect to a monolithic reinforced concrete (RC) bridge 660 

pier. Five other PRC version models were developed for assessing the influence of key design parameters. The 661 

investigated parameters were the amount of energy-dissipation (ED) bars, the initial post-tensioned (PT) force, and the 662 

absence of the unbonded length in the ED bars. An analytical formulation for the cyclic force-drift response of the PRC 663 

piers was defined and further calibrated and validated based on the test observations and results. The primary findings 664 

and conclusions from the investigations can be summarized as follow: 665 

(1) The proposed PRC benchmark rocking pier (i.e., PRC-P17.5E.79) met all expected design criteria with the lateral 666 

load and ultimate displacement capacities comparable or superior to the monolithic pier. Additionally, it 667 

exhibited a superior ED and self-centering behavior. Specifically, the PRC-P17.5E.79 model rocked in a 668 

controlled manner to an ultimate drift of approximately 4.0% with residual drift < 1.0% and a damping ratio 669 

ranging between 10% and 20%. However, the flag-shape cyclic response to some extent was related to concrete 670 

spalling/crushing and ED bars buckling/fracture, which were inevitable in PRC piers because of high 671 

compressive stress near the pier toes. This typical drawback led to an inaccurate evaluation of the ED capacity 672 

in some cases (i.e., PRC-P17.5E0 model, w/o ED bars) and caused a non-negligible PT force loss in all cases. 673 

(2) PRC piers with a larger amount of ED bars showed larger lateral force and ED capacity. On the other hand, a 674 

larger amount of ED bars reduces the self-centering behavior (i.e., lower RSE values) and enlarges the interface 675 

contact area (i.e., larger neutral axis depths) of the PRC piers, resulting in a smaller gap-opening. 676 

(3) Varying the initial PT force played an essential role in the load-carrying, self-centering, and ED capacities of 677 

PRC piers but did not significantly influence their ductility capacity, all values of ud being around 6.5. Increasing 678 

the level of initial PT force improved the self-centering behavior at the expense of the ED capacity. A larger 679 
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neutral axis depth was also observed for increasing initial PT forces. Moreover, higher initial PT forces result in 680 

larger compressive stress at the pier base, thus increasing the extent of the damage. 681 

(4) Premature fracture of ED bars did not occur in the PRC pier without ED bars’ unbonded length (i.e., PRC-682 

P17.5E.79-U0 model). This was due to the strain penetration at small drifts (< 2.0%) and the cover spalling and 683 

consequent exposure of the ED bars at large drifts (> 2.0%), which promoted debonding of the ED bars in the 684 

PRC-P17.5E.79-U0. Thus, except for a little difference in self-centering and ED capacities after 2.0% drift due 685 

to the slight concrete strength difference, the overall cyclic behavior between them was similar. This result 686 

suggests that could not be essential to design an ED bars’ unbonded length, reducing construction complexity. 687 

(5) The simple linear relationship can be used to describe both the variation of neutral axis depth and the PT force 688 

loss with increasing rotations. Thus, both effects were easily introduced into the developed analytical equations 689 

to strengthen the capacity of predicting the force-drift behavior of PRC piers. 690 

(6) The developed relationship between c/d and θ is limited to the cross-section of the PRC piers tested in this study. 691 

It has been observed that the decompression points in the three PRC piers for different PT force are almost the 692 

same, inferring that a moderate variability of the axial force or cross-sectional size has small influence on the 693 

relationship between c/d and θ at the decompression stage. However, it has also been observed that there is a 694 

different evolution of c/d after the decompression point (i.e., for θ > 0.005) and the size of the column could play 695 

a role because of the different stress at the base i.e., larger stress induces larger extension of damage of the 696 

contact surfaces at the base and hence, an increase of the c/d value. Thus, the evolution of c/d for θ values after 697 

the decompression point for different cross-sectional sizes, shapes, as well as the properties of the materials 698 

requires additional investigation to extend its general application. 699 

(7) Overall, the unbonded PRC rocking bridge piers with well-designed parameters, such as a combination of ηP = 700 

17.5% and ρED = 0.79% in this study, is a good candidate for RC bridges constructed using accelerated 701 

construction techniques in regions of low to moderate seismicity; but for higher seismicities, the issue of concrete 702 

damage significantly emerges, violating the advanced design philosophy of minimal-damaged structures, and 703 

thus enhancement strategies for the integrity of the pier shaft or pier base are needed. 704 
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