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ABSTRACT

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

Keywords: Rocking; self-centering; post-tensioning reinforced concrete bridge piers; seismic design; experimental
testing; parametric analysis.

1. INTRODUCTION

Reinforced concrete (RC) bridge piers are conventionally designed to exhibit large inelastic deformations under moderate-
to-strong earthquakes with consequent damage to the structural members and large residual drifts.* This damage results
in direct and indirect losses such as repair costs and costly downtime during the reparation process when the bridge is not
functional. Traffic closure for the assessment, repair, or demolition and reconstruction of damaged bridges is inevitable
with conventional technologies, and the corresponding economic losses are often significant.* One of the most well-
known examples is the Kobe earthquake in 1995, where over one hundred RC bridges were demolished due to excessive
permanent drifts. In this context, there is an urgent societal need for innovative structural solutions that can effectively
achieve seismic resilience, mitigating disruptions to the traveling public.* 68

Atypology of resilient bridges is obtained using self-centering rocking piers,®” where unbonded post-tensioned (PT)
elements and energy dissipation (ED) components are combined within precast elements. The PT elements provide the
self-centering capability, while the ED components aim to increase the structure’s dissipation capacity.!® It has been
demonstrated that this solution can allow minimal damage to the bridge pier even after significant seismic events due to
the inherent rocking isolation” °, thus promoting seismic resilience. These merits attracted the interest of engineers and
researchers over the past two decades. Mander and Cheng®® conducted a pioneering study on the application of this
technology, developing a design philosophy and experimentally evaluating its validity. Kwan and Billington® ® and Ou
et al.** proposed the use of precast unbonded post-tensioned reinforced concrete (PRC) bridge piers and segment PRC
bridge piers, respectively, and analytically assessed their cyclic performance, showing potential advantages and
applications in seismic regions. The intrinsic flag-shape hysteretic behavior of the PRC bridge pier makes this system
possess ED capacity while preserving small residual deformation.'* The experimental comparison between the PRC
columns and an RC monolithic benchmark confirmed the seismic superiority of such a hybrid system with negligible
residual drift and limited damage.® '® 2° Faster precast construction processes and lower material costs are additional
benefits highlighted by these research studies. These encouraging outcomes from previous work led to many follow-up
investigations into precast rocking piers, including exploration of viable construction methods,'* 2 enhanced ED
solutions,® 22 advanced simulation techniques,® 2> 24 and realistic load testing scenarios.?®?’

The amount of ED and the level of initial PT force in the PT rocking pier are two key design parameters, and their
combination needs to be carefully proportioned to optimize the self-centering and ED capacity of the system.?® 2830 |t is
noteworthy that the PT elements and ED devices have conflicting effects. In fact, the ED elements provide additional
strength, stiffness, and dissipation capacity producing beneficial effects in terms of peak drifts reduction; however, after
experiencing the post-elastic behavior, they can generate forces that oppose displacements toward zero drift.'? 3% 32 In this
context, several research studies investigated the optimum combination of ED devices and PT force on the seismic
response of PT hybrid rocking columns; however, these studies are often limited to numerical simulations.t" 28 293135 | j
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et al.3 * performed analytical studies on the quasi-static and dynamic response of unbonded PRC rocking piers
considering several configurations varying both the initial PT forces and amounts of ED bars. Roh et al.** performed a
similar study focusing mainly on the effects of the properties of ED bars. Hieber et al.!” examined the influence of pier
aspect ratio, longitudinal ED ratio, and axial-load ratio by monotonic pushover analyses and dynamic earthquake analyses.
Similar numerical studies have also been carried out by Chou et al.?®, Nikbakht et al.**, and Ou®® while focusing on precast
segment PRC bridge piers. However, only a few experimental studies have been performed in this research direction to
accurately determine the influences of PT forces and the amount of ED bars. Bu et al.*® and Zhang et al.*” performed
cyclic experimental tests on PRC piers investigating the influence of the axial force and reinforcements’ arrangements.
Additional experimental tests were conducted by Fathi et al.*® to investigate the influence of initial PT force, ED bars
amount, and construction method for PRC piers.

Apart from the amount of ED bars, their bonded/unbonded condition at the rocking joint is also a concern in PRC
rocking piers because it may affect the stiffness and the deformation capacity of the system, which could be affected by
premature fracture of ED bars.*> 14303 Moreover, previous experimental tests on post-tensioned concrete-filled steel
tube (PCFT) conducted by the authors®> =2 highlighted the influence of the strain penetration occurring along ED bars,
and thus the bars slip. This phenomenon potentially contributes to the withdrawal of the unbonded portion design (i.e.,
keep bonded) in the ED bars and, if properly considered, could facilitate the construction process. However, additional
experimental evidence is required in this direction.

Although the aforementioned research works demonstrated the feasibility of the proposed technology and
significantly contributed to the design and construction strategies for PRC bridge piers, further research is needed to
define optimized solutions and design methodologies. In addition, there is a significant need for advanced studies in order
to reflect the academic research in policymaking and building codes. The present paper introduces the experimental
campaign performed on six PRC bridge piers subjected to quasi-static cyclic loading considering the influence of initial
PT forces and amounts/bonded state of ED bars. A PRC bridge pier was designed according to the specified performance
objectives (i.e., the benchmark PRC bridge pier), and five additional PRC versions were further detailed by varying the
initial PT force, the amount of ED bars, or their unbonded length. All piers were experimentally assessed, considering
their cyclic global and local responses. In addition, analytical equations describing the cyclic behavior of PRC piers were
presented and calibrated against the test results. The objectives of the present study are 1) to validate the cyclic
performance of the PRC pier against the considered design objectives; 2) to identify the effects of varying the PT force
and ED bars amount; 3) to identify the effects of the unbonded length of ED bars; and 4) to develop and validate a simple
analytical model that can capture the cyclic behavior of PRC piers.

The paper is organized as follows: Section 2 defines the analytical formulation for the force-displacement behavior
of PRC piers and discusses tailored design criteria; Section 3 describes the experimental campaign, including the design
of the test specimens, coupon tests characterizing the materials’ properties, and the loading protocol; Section 4 describes
the damage observations and the general cyclic behavior and PT bar response while Section 5 comprehensively evaluates
the effects of the variables of interest on the PRC cyclic performance; and based on the test observations and results, the
presented analytical equations for predicting cyclic behavior are calibrated in Section 6.

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

Figure 1(A) shows the investigated PRC pier, including the unbonded PT bar at the center of the pier cross-section and
ED bars composed of reinforcement mild steel anchored in grouted corrugated ducts. This combination is expected to
provide the self-centering capacity through the elastic response of the PT bar and energy dissipation capacity by yielding
of the ED bars. A layer of mortar bed, with sufficient integrity capacity, is included beneath the pier bottom to guarantee
a well-leveled footing surface and seal the base joint preventing steel corrosion.*® Typically, ED bars are characterized
by an unbonded length at the pier-mortar bed interface to avoid strain concentrations due to rocking.

2.1 Force-displacement relationship

Figure 1(B) shows the typical flag-shape hysteretic curve expected in PRC piers. The seismic-induced displacement
demand is controlled by the rocking behavior at the pier base and the elastic deformation of the pier body. At the end of
the seismic excitation, the PRC pier returns to the original position (i.e., no residual displacement) thanks to the
recentering PT force. Figure 1(C) shows the cyclic force-displacement (F-A) behavior and the key points characterizing
its response. This is characterized by two phases: the closed phase (i.e., points 0 to 1 and 6 to7); and the gap-opening
phase (i.e., points 2 to 6). Point 1 corresponds to the decompression (i.e., gap-opening) of the pier base and the beginning
of the PT bar and ED bars elongation (i.e., point 2). Points 3 and 5 indicate the onset of tension and compression yielding
of the ED bars during loading and unloading, respectively. Point 6 represents the gap-closing phase during unloading,
while points 4 and 7 represent the maximum (i.e., target) and the zero displacements of the pier, respectively.
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2.1.1 Pre-rocking gap-closed phase

The closed phase is characterized by an almost rigid response of the pier base and the elastic deformation of the pier shaft
[Figure 2(A)]. At the decompression state (i.e., point 1), the stress in the concrete fiber furthest from the rocking toe
becomes zero [Figure 2(B)], and linear concrete stress distribution is developed at the pier base with the maximum value
oem_dec at the rocking toe. Being x the distance from the center of the cross-section, the concrete stress ocm(x) can be
expressed as:

O-cm_dec % (
d

where d is the diameter of the pier cross-section. The equilibrium of vertical forces acting on the base section can be used
to calculate the oem_gec as follow:

d2 d 8x(Fs + For ini)
Fo+For i = [, ,2X00 (0% /(E)Z—Xde - acmfd%:% )

where Fg and Fpr_ini are the axial gravity load from the superstructure and the initial post-tensioning force in the PT bar,
respectively. Thus, the decompression moment M;, decompression force F1, and corresponding lateral displacement A;
at the bridge pier top point can be determined as follow:

d
O (X) = X+E) 1)

kedx(Fs +F.; .
M1= jdlz ZXGCm(X)XX (d/Z)Z—dex F1= Ml __E X( G PT_lm) Alzi (3)
-d/2 +m 8(FG + FPT_ini + kE h) kE
kE

where h and ke are, respectively, the height and elastic stiffhess of the bridge pier.

(A) Superstructure ~ (B)

Unbonded
PT bar — |

[L:gapopening |
Lo I'2: bar elongation
Steel dissipative . s

bar —\‘ Locally unbonded ; 3: ED bar tension yielding

Corrugated duct
with grout

I 4: target displacement
I'5: ED bar compression yielding
| 6: gap closing

Mortar bed

| 7: displacement =0

FIGURE 1 Typical PRC pier: (A) Conceptual configuration; (B) force-displacement behavior; and (C) key points in
the hysteretic loop.
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FIGURE 2 PRC pier subjected to the lateral loads: (A) Gap-closed phase; (B) decompression state; (C) gap-opening
phase; (D) forces developed at the rocking base; and (E) three-stage idealization of the neutral axis depth.

2.1.2 Gap-opening rocking phase

Exceeding point 1, the base gap-opening emerges (i.e., base toe uplift), and a base rotation 6 is observed [Figures 2(C)
and (D)]. For convenience of interpretation, the rotation at point 1 is defined as 81 = A1/h. It is noteworthy that this is the
chord rotation related to the displacement at the bridge pier top point. Once the rocking behavior is activated [point 2 in
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
neutral axis depth c is assumed to be located at the mid-depth of the cross-section (i.e., ¢/d = 0.5) for the initial rocking
state of 6 = 61. Successively, with the increase of 6, the neutral axis depth ¢ decreases until & = 0.005, beyond which the
ratio c/d does not significantly vary according to previous experimental and numerical results.**%* At this critical rotation,
the ratio c¢/d can be approximately assumed equal to 0.25.° Combining this observation with the initial rocking state, a
simplified piecewise relationship between the ratio c/d and the base rotation € can be introduced as follows:

1-ko 0<6, (k=05/6,)
c_lAB 6,<0<0005 (A= 09056, . g - 0'005_291) (4)
d e 0.02-46, 0.02-46,

0.25 6> 0.005

where a linear relationship, a power function, and a constant value are defined for the pre-rocking phase, the rocking
phase with 8 < 0.005, and the rocking phase with 6 > 0.005, respectively. The adequacy of this simplified relationship is
validated against the experimental results in Section 5. Note that based on Eq.s (4), the conventionally used iterative
process to determine the neutral axis depth c that satisfies the vertical force equilibrium at a given 9342 %% js not required,
and the proposed procedure allows directly calculating the lateral force of the PRC pier during rocking.

It is noteworthy that the following formulation assumes the PT bar to behave elastically while the ED bars are
assumed to be elastic perfectly plastic. The forces in the PT bar (Fpr) and ED bars in tension, identified by the subscript
i (Fzp,), are respectively given by the following Eq.s (5) and (6) [see Figure 2(D)]:

A d
FPT = FPT_ini + APT EPT XL_PT APT = (E_C)g (5)
PT
A, Ay,
A Ee ﬁ for ﬁ <¢, e loading
AL,
Ao, e for ﬁ > ¢, e loading |
t eu t t
Feo,i = AL Al AL A Ay, = (Zep, +E_C)9 ©6)
ED,i ED_4,i ED,i ED_4,i . .
Aep (f, &5 +Egp WT) for W >-2¢, ¢p; unloading
Ago; = Dp o
Aot e for % <-2¢, ; Unloading
- u + eu )

where Lpr, Apt, and Epr are respectively the length, cross-sectional area, and Young modulus of the PT bar; Apr is the
elongation of the PT bar at rotation 0; Ly, Aep, &y_ep, fy_eo, and Eep are respectively the designed unbonded length, cross-
sectional area, yielding strain, yielding stress, and Young modulus of the ED bars; A}, and A}, ,; are the elongation of
the i ED bar at rotation 6 and target rotation 6, [Figure 1(C)], respectively; z,,., is the distance of the i'" ED bar from the
center of the cross-section; and L, is the additional equivalent unbonded length in ED bars developed due to the strain
penetration,*® assumed equal to four times the bar diameter.*® The force in each ED bar in compression, identified by the

subscript j (F%, ), can be obtained based on the ‘Monolithic Beam Analogy’* as follows:

AnEep X égp for e, <é, g loading
c . H
. AEnyiED for €0} > &y e loading . 0 ([ _(d o]
D) = f E (s . f c . < - unloadi ep T e TS @)
Aol fy eo T Eep (66 j —€ep o )] TON &p ; —&ep 4 S-26, & Unloading .
At o for g, —¢ep 4 >-26, s Unloading
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where ef,, ; and &, , ; are the strain of the j™ ED bar at rotation ¢ and target rotation 6a, respectively; z;, ; is the distance
of the j" ED bar from the center of the cross-section; and L is the plastic hinge length of the monolithic analog. Assuming
a uniform concrete compressive stress with a value of af; acting at the pier base over the neutral axis depth c is possible
to derive the concrete compression resultant Cc, as shown in Figure 2(D), where fc is the confined concrete strength, and
o. is the equivalent rectangular block parameter related to the rotation & and obtained by the equilibrium of the vertical
forces acting on the base section as follows:

+(For + Y Feo. —ZFECDJ)COSQ
fCCAfOI‘I

F
Cc:afccp\fon:FG+(FPT+ZFI—§D,i_ZFECD,j)COS€ - af)= G (8)

where 4¢

con

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

Considering the variability of the ratio c/d defined by Eq.s (4), and the contribution of individual components defined
by Eq.s (5) to (8), the moment about the center of the cross-section for the rotation 4 is given by:

Nip Nip

M (9 Z(FEtm €osfx ZED|)+Z(FED j COS@XZED’j)+afCCAfm XZ, €))

where N;, and Ny, are respectively the number of the tension and compression ED bars; and z. is the location of the
resultant C. from the center of the cross-section. Specifically, from points 2 to 4 in Figure 1(C), M(0) is given by:

Nip At | NEp
Z(AED ED L+ E;Le tED,i)COS‘g‘l' Z(AED EEDgICED,j X ZED‘j)COS‘g"'a o Aoon X Z, (10a)
-1
Nip —Nep Al ep
ED|
M,,(0) = Z (A B L +2L, tED,i)Cose+ Z(AED f, ep % Z:ED‘i)Cose-i—
i=1 i=1

. . (10b)

Nep
z (AED EEDEED,j X ZICED,j)COSH+Z(AED fyﬁED X Z;D,j)cosg+a fccAccon X Zc
j=1 j=1

where n},, and ng, are respectively the number of yielding ED bars in tension and compression, which needs to be
identified for each 6 value. Based on Eq.s (4), (6), and (10a), the rotation &s, corresponding to the first yielding of the ED
bars in tension, and the corresponding moment M3 are given by:

&y x(L, +2L,,)

P dx@-c/d) M =M,(8) (1)

Assuming that all ED bars in tension are yielded at rotation 6,4, the corresponding moment My is given by:

t c C C
Nep Ngp —Nep Nep

|\/|4 = Z(AED fy_ED X ZtED,i)COS‘9+ Z (AED EEDgICED,j X Z;D,j)COSQ+Z(AED fy_ED X ZlczD,j)Cose+a fcc'%con Xz, (12)
i=1 j=1

1

Upon rocking unloading from target point 4 to the gap-closed at point 6 [Figure 1(C)], the M(6) curve follows a path
made of segments parallel to and of the same length as the previous loading segments and their opposite-direction
counterparts (i.e., from point 2 to 4). Specifically, from points 4 to 5 and 5 to 6 in Figure 1(C), M(6) is given by:

t t

\eg At = Aep 4
M 4-5 (9) = Z[AED ( fy_ED + EED u) x ZtED,i]COS 0+
i=1 Lu + 2Leu
NE_ —n¢ nt (13&)
+ Z (AED EED‘("IgD,j X ZED,j ) Cos 9 + Z{AED[ fy_ED + EED (‘("ED‘ i géD_4‘ j )] x ZI[;D,j } cos 6 +a fcc '%con X Zc
j=1 j=1
NegTeo AIED,i - A 4 ¢ e ¢
M, ,(0) = [A (f, o + Eep x———=")x7¢,100 0+ Y (-Agp f, o X 2t ;) COS O+
i=1 IﬁJ + 2Leu i=1
Ngp i e (13b)

+ {AED[nyD+EED(gEDJ 8ED41)]XZED]}COSG+Z(AED y_ED ZED‘j)COSQ+afCCA€on><ZC

j=1 j=1

Based on Eq.s (4), (6), and (13a), the rotation 8s, corresponding to the first yielding of the ED bars in compression under
the reverse loading, and the corresponding moment M:s is given by:

5
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_ AtED_4 _Zgy_ED x (L, +2L,,)

b
dx(l—c/d)

Ms = M4-5 (‘95) (14)

Assuming that all ED bars yield in compression at 8s and neglecting the effect of elastic ED bars leads to Me being derived
from Eq. (13b) as:

Nip NEp —NEp
Mo =2, (A fy e x2i5,)c050+ 3 (At eo + Eep (6 — 660 4 NIx 2Ep 0080 +a T AL X2, (15)
i=1 j=1
Note that the 65 = 6.
The lateral force F and the top displacement of PRC pier A can be accordingly calculated as:
_ M (0) F(9) +oh+ F(&)h
h K, GA,

where Ac(6), A(6), and As(6) are respectively the lateral displacements induced by the flexural deformation, rocking
behavior, and shear force at the rotation 8; G and Aq are the shear modulus and gross cross-sectional area of the PRC pier.

F A=A (0)+A,(0)+A(0) =

(16)

2.1.3 Post-rocking gap-closed phase

From points 6 to 7, corresponding to the zero-force condition, there is the elastic unloading response of the pier. Therefore,
the displacement corresponding to point 7, 47 (i.e., residual displacement), is given by:

A, =Ag—F /kE (17)

Based on post-earthquake reconnaissance missions, it has been generally recognized that bridges with residual drifts
lower than 1% can be easily repairerd®. It is noteworthy that this suggestion has been adopted in the Japanese Code*’ and
considered in several research works?> 3 4°_ |n the present work, this value is assumed as a threshold value to identify the
superior self-centering capacity of the PRC pier, and hence, the following inequality should be satisfied:

A, Ih<1% (18)

It is worth mentioning that the above-described formulation does not account for ED of concrete damage and
degradation, geometric nonlinearities, and PT force loss. The influence of these limitations is discussed in Section 6.

2.2 Design criteria and procedure

The design process for PRC bridge piers is conventionally based on the design of an equivalent monolithic bridge pier
(i.e., similar dimensions and amount of steel rebars). The PRC pier is successively detailed with the PT bar and ED bars
to obtain the expected superior cyclic performance (i.e., stiffness, strength, and ductility comparable or superior to those
of the monolithic pier and ‘acceptable’ residual drift). To achieve the design objectives, eight key design criteria are
implemented for the PRC pier at the target drift: 1) self-centering response with a low residual drift (< 1%%'); 2) sufficient
ED capacity; 3) roughly equivalent amount of steel; 4) prevention of PT bar yielding; 5) reliability of grouted duct
connection; 6) avoidance of ED bar premature fracture; 7) mortar bed integrity; and 8) increased lateral force capacity.

The initial post-tensioning force (Fpr ini) and total energy dissipating force (Fep) [Criteria (1) and (2)] affect the self-
centering and ED capacities of the PRC pier and need to be properly tuned to obtain the desired cyclic performance.'? 3t
The recentering coefficient Ac, proposed by Guerrini et al.*, is employed to evaluate both behaviors.

I:ED

A = 19
’ FG+FPT_ini 39)

The recommended values of A¢ to achieve a satisfactory damping and self-centering performance span between 0.11 and
0.60.%° However, it is noteworthy that a high initial PT force increases the self-centering capacity of the PRC pier but also
introduces high compressive stresses at the interface. To overcome this issue, Wang et al.*® proposed an upper limit of
the total axial ratio 7w for piers with a ratio of ED bars lower than 1.5%, given by:

Fo +For i
Mot =M +1p :%S 25% (20)

C

where 7¢ and #p are respectively the axial ratios of gravity force and the initial PT force; and f; is the cylinder strength of
concrete, which equals to 0.79 cube strength of concrete feupe.*?
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The PRC pier has similar dimensions to the equivalent monolithic pier and hence a similar amount of concrete. Also,
the steel amount (including transversal and longitudinal) should be similar for a cost-effective design [Criterion (3)]. The
volumetric ratio of transverse reinforcement between the monolithic pier and the PRC pier should not vary significantly;
thus, the amount of longitudinal bar of two piers can be defined as follows:

AED_tot + APT_IOI = Aﬂon_l (21)

where Amon_1 is the amount of longitudinal bar in the monolithic model; Aep_tot and Apt_tot are, respectively, the total amount
of the ED and PT bars, which can be calculated as follows:

AEDitot = FED / fuiED A‘PTﬁtot = FPTiini / fPTiini (22)

where f,_ep and fer ini are respectively the ultimate tensile strength of the ED bars and the initial PT stress of the PT bar.
Note that at the target drift, the stress in the PT bar (fer) should be lower than the yielding threshold f, pr to preserve the
self-centering capacity [Criterion (4)]. Therefore, fer ini Should be checked to meet the following condition:

A
for = fPT_ini +Epr L_PT < fy_PT (23)

PT

Furthermore, once the properties of the PT and ED bars are designed, Eg. (18) should be used to quantitatively check the
self-centering behavior.

Grout-filled ducts are incorporated in pier-to-footing connections of PRC piers [Figure 1(A)]. The anchorage length
of ED bars (Lac) inserted into the ducts [Criterion (5)] is defined according to the AASHTO provisions* as follows:

Lo 203dep f, o /[T, (24)

where dep is the diameter of the ED bars and f; is the compressive strength of high-strength grout. In addition, as shown
in Figure 2(D), an unbonded length L, is deliberately designed in the ED bars at the pier-footing interface to avoid the
stress concentration and premature bar fracture at this location due to repeated joint opening and closing [Criterion (6)].
L, is determined according to Bu et al.*°. The material of the mortar bed should be selected to have sufficient compressive
strength and toughness to accommodate rocking rotation demands without suffering local damage at the rocking toe
[Criterion (7)].%* Last, based on the above design parameters, the load capacity of the PRC pier [i.e., F4 in Figure 1(C)] is
calculated through the developed analysis equations to check Criterion (8).

3. EXPERIMENT DESIGN AND TESTING
3.1 Case study bridge pier

A single-pier highway simply supported bridge is used for case study purposes. The selected bridge is assumed to be
located in the southwest high seismicity region of China (Seismic design category C and Site class 1) and designed
according to the JTG/T B02-01-2008% and JTG B02-2013°%" specifications. A 5% damped designed spectrum with a peak
horizontal acceleration equal to 0.71 g was used in the design. The bridge consists of a three-cell RC box girder with
monolithic RC circular piers and a bent cap integral to the superstructure, having a total tributary weight of 7280 kN. The
detailed geometry and configuration of the prototype structure are shown in Figure 3(A). The RC circular pier has a
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
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
the transverse reinforcement is composed of a D18 spiral stirrups with a center to center spacing of 80 mm, corresponding
to a volumetric reinforcing ratio of 0.64% [Section A-A in Figure 3(A)]. Pushover analysis of the prototype pier was
conducted in a fiber-based OpenSees®? model. The ultimate drift (due to the crushing of the concrete core) and base shear
capacity of the prototype pier were 3.4% and 2453.7 kN, respectively. The key properties of the monolithic prototype
pier are summarized in Table 1.

A scaled-down monolithic model [Figure 3(B)] of the prototype was defined through similitude analysis.>® The scale
factors for length (Si) and stresses (S,) were respectively equal to 1/4.75 and 1. Scale factors of other physical quantities
were obtained through similitude relations (e.g., scale factor of force Sg = S, xS = 1/4.752).5° The monolithic model
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
m, and a section depth of 0.44 m (Table 1). The longitudinal reinforcement of the pier body is composed of 11-D16
(reinforcing ratio = 1.45%), while the transverse reinforcement is made of D8 spiral hoops spaced 60 mm, providing a
volumetric reinforcing ratio of 0.84% [Section B-B in Figure 3(B)]. The design of the reinforcing layout in the monolithic
model aimed to reproduce the cyclic performance of the prototype pier, which was validated by the comparison of their
pushover capacity results, as shown in Table 1. It should be noted that the lateral force of the prototype in Table 1 should
be scaled with the factor Sg and then compared with the pushover results of the monolithic model. The bent cap was
down-scaled to the dimensions of 2400 %740 <500 mm [Section C-C in Figure 3(B)]. The detailed design parameters of
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276  the monolithic pier model are listed in Table 1. It is worth mentioning that the monolithic model was not experimentally
277  tested, while its design served as a reference for the design of the PRC benchmark model.
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279 FIGURE 3 Schematic view: (A) Monolithic prototype structure; (B) monolithic scaled-down model; and (C) Test PRC
280 benchmark model. [all dimensions are in mm].
281 TABLE 1 Design parameters for monolithic and PRC benchmark models.
Design Parameter Monolithic: Monolithic: PRC benchmark:
prototype model 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 (%)] ok ok 1-D40 [0.82]
Initial PT force (kN) [ratio (%)] il Fkx 749 [17.5]
Longitudinal reinforcing + PT steel ratio (%) 1.32 1.45 1.612
Ultimate drift (%) 34 3.6 >3.6°
Base shear capacity (kN) 2453.7 108.2 >108.2°

282 aSlightly larger than the target value of 1.45; P Design target values rather than the actual load and displacement capacity.
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3.2 Test specimen matrix

The test matrix included six PRC rocking models at 1/4.75 scale of the prototype dimensions. The PRC benchmark model
was designed to achieve a similitude with the monolithic model. Additional five specimens with different values of some
design parameters were further constructed and experimentally investigated to evaluate the effect of these parameters on
the pier’s cyclic performance and provide insights into the adequacy of the design procedure.

The geometric dimensions for the PRC benchmark model were held constant compared to the monolithic model, as
presented in Figure 3(C) and Table 1. To ensure an identical aspect ratio as the prototype structure (i.e., 4.55), the lateral
force in the scaled model was applied at the mid-height of the bent cap. The foundation had dimensions of 1760 %1160
%600 mm and was designed according to capacity design rules with respect to the actions transferred by the pier.t 2 The
upper limits of the design parameters, A = 0.6 and #w = 0.25, were selected for the PRC benchmark model. Hence,
according to the design criteria and procedure described in Section 2.2, the key design parameters of the PRC benchmark
model were selected as Fer ini = 749 kN, Fep = 643 kN, Aep_ot = 1191 mm?, and Apr_iot = 1020 mm? (assuming fep 4 =
540 MPa>¥). Considering the available standard sizes of mild and prestressing steel bars from suppliers, 1-D40 (1256
mm?; ppr = 0.82%) and 6-D16 (1206 mm?; pep = 0.79%) were selected for the PT bar and ED bars, respectively. The
resulting steel amount was slightly larger than that used in the monolithic model but within an acceptable range. Section
D-D of Figure 3(C) shows the 440-mm diameter RC cross-section, including the 70 mm-diameter PVVC pipe, placed at
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
transverse spirals at 60 mm pitch. Table 1 lists the final dimensions, post-tensioning, and reinforcing details of the PRC
benchmark model. Moreover, corrugated galvanized metal ducts with nominal diameter and wall thickness of 60 mm and
0.45 mm, respectively, and conforming to DG/TJ 08-2160-2015,% were used in the footing and subsequently filled with
non-shrinkage high strength grout. The anchorage length (La) for the grout-filled duct connection and the unbonded
length (Ly) of ED bars were 550 mm and 250 mm, respectively, in which f; and f, ep were respectively specified as 90
MPa and 400 MPa for design®. A 15-mm thick ultra-high performance concrete (UHPC) mortar bed was cast between
the precast pier end and adjoining footing for construction tolerances according to the recommendation of Shen et al.*> 13
Based on these design parameters, the fpr at the target drift of 3.6% (i.e., the ultimate drift of monolithic model) was
calculated to be 889.3 MPa (~ 0.80f, pr), with an adequate margin accounting for uncertainties on material properties.
Figure 4(A) shows the analytical lateral force-drift behavior of the PRC benchmark model (highlighted in bold if not
specifically stated), defined according to the formulation of Section 2.1 and characterized by a base shear capacity at the
target drift of 151.1 kN (>108.2 kN) and a residual drift of 0.03% (= 0).

The other five PRC pier specimens have the same dimensions as the benchmark one and were detailed by varying:
1) the amount of ED bars; 2) the initial PT force; and 3) the unbonded length L, in ED bars. The values of design
parameters are reported in Table 2. To facilitate interpretation, the notation of ‘PRC-Pyp(%)Epen(%)’ is used to identify
specimens with different ratios of initial post-tensioning #e and ED bars pep. For the specimen without the unbonded
length of ED bars, the ‘-U0’ is added at the end of the notation. The comparisons of the analytical force-drift response
between these PRC specimens are shown in Figure 4. Figures 4(A) and (B) illustrate the influences of ED bar amount
and PT force variations, respectively. As expected, enhanced lateral load and energy dissipation capacities are obtained
by increasing the amount of ED bars. It can be observed that the initial PT force controls the lateral load capacity of the
PRC pier; however, no significant differences were observed in terms of self-centering capacity due to the large initial
PT force provided even at the least PT force level. The difference in the analytical hysteretic loops between the cases with
and without the ED bars’ unbonded length is shown in Figure 4(C). It can be observed that the ED bars’ unbonded length
could mitigate the unloading stiffness degradation due to the smaller plastic deformations of ED bars. Moreover, it is
noteworthy that all PRC specimens are characterized by the same post-elastic stiffness (i.e., after yielding of all ED bars),
indicating that this parameter is independent of the variables investigated in this test matrix (i.e., #p, peo, and Ly) (see Eq.s
10(b) and 13(b) considering ED bars yielding).
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FIGURE 4 Analytical lateral force-drift behavior of PRC specimens with: (A) variation of ED bars amounts; (B)
variation of initial PT forces; and (C) with and without unbonded length in ED bars.
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TABLE 2 Test specimen matrix.

. Reinforcement Post-tensioning
Specimen ID Lu (mm)
ED bars pep (%0) Fer_ini (KN) nre (%0) Fer_ini/ Fy_p1?

PRC-P17.5E0 Fkk 0 749 [745°] 175 0.55 250
PRC-P17.5E.45 6-D12 0.45 749 [756"] 175 0.55 250
PRC-P17.5E.79 6-D16 0.79 749 [746°] 175 0.55 250
PRC-P13.5E.79 6-D16 0.79 579 [584°] 135 0.43 250

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

PRC-P17.5E.79-U0 6-D16 0.79 749 [764°] 175 0.55 il

aFy pris the yielding force of the PT bar (i.e., fy_pt <Apt = 1356.5 kN); ® The actual (effective) initial PT force before testing.
3.3 Material properties

Five different materials were used in the PRC models: 1) conventional concrete; 2) UHPC; 3) high-strength grout; 4)
reinforcing steel [stirrup and ED bars]; and 5) PT bar. The mechanical properties of the concrete (including grout) and
the steel (including PT bar) are listed in Tables 3 and 4, respectively. Twelve conventional concrete samples, i.e., six
cubes and six rectangular prisms respectively for compressive strength and elastic modulus, were cast during the
construction of the models. Note that the PRC-P17.5E.79-U0Q was cast from another batch of concrete with the same mix
proportions, and its properties are listed in the square bracket in Table 3. The UHPC for the mortar bed was composed of
water, steel fiber (about 15 mm in length), and premix (including aggregates, cement, and filler materials) according to
the following proportions 2.32 kg: 2.1 kg: 25 kg developing a compressive strength of 134.4 MPa and an elastic modulus
of 44.4 MPa. The high-strength grout used to fill corrugated ducts exhibited an average value compressive strength of
101.3 MPa and an elastic modulus of 39.6 MPa (obtained according to Lim and Ha®). It is noteworthy that the PT bar’s
yield and ultimate strengths were close to the nominal values used for design; conversely, an overstrength of
approximately 20% was observed for the strength of ED bars.

TABLE 3 Mechanical properties of the concrete and grout.

Material Compressive strength test Elastic modulus test
Sample dim. (mm) Strength (MPa) Sample dim. (mm) E (GPa)
Conventional Concrete 150 <150 %150 feu, 35.9 [41.17] 150 <150 %300 Ec, 32.7 [34.29]
UHPC 100 =100 %100 fumpc, 134.4 100 <100 =300 Eunrc, 44.4
High-strength grout 40 x40 %160 fg, 101.3 il Eg, 39.6°

20nly for specimen HRC-P17.5E.79-U0; ° Elastic modulus of high-strength grout was calculated from 8500fy/3.56

TABLE 4 Mechanical properties of the steel.

Yielding Yielding Elastic Ultimate Ultimate Fracture
Material stress strain modulus stress strain strain
(MPa) (ue) (GPa) (MPa) (%) (%)
D8 stirrup 449.2 2144 209.5 684.9 10.3 16.5
D12 mild bar 544.6 2544 214.1 638.9 8.8 199
D16 mild bar 540.1 2475 218.2 681.6 10.7 21.9
D40 PT bar? 1067.7 4958 215.3 1116.6 9.5 20.5

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

3.4 Test setup

The general layout of the experimental setup, including the instrumentations, is shown in Figure 5. The tributary gravity
loads from the superstructure were applied through two vertical 150-ton hydraulic actuators, and the lateral load was
applied in displacement control through one 50-ton horizontally-aligned hydraulic actuator [Figure 5(A)]. The two
vertical actuators were free to move laterally by the slide rail hence maintaining the applied axial load of 300 kN (minus
the mass of the bent cap, 2.31 ton) in the vertical direction during the tests. The instrumentations included string
potentiometers, linear variable differential transformers (LVDTSs), load cells, and strain gauges, as shown in Figure 5(A).
The joint opening at the pier-footing interface was monitored by four vertical LVDTSs on the four sides of the pier base.
Curvatures within the pier bottom region within a height of 500 mm were measured using eight vertical downward LVDTs
(i.e., at a distance of 200 mm) on the west and east faces. Two longitudinal ED bars at both the pier’ extreme west and
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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
portion and two within the bonded portion. Horizontal load in the lateral actuator was monitored by its built-in load cell,
whereas a string potentiometer recorded the lateral displacement. In addition, a load cell positioned above the bent cap
monitored the PT bar force throughout the test, while strain gauges were also placed along the PT bar. Figure 5(B) shows
a photo of specimen PRC-P9.5E.79 and its test apparatus before testing.

@ M - T T®
T Load cell E] LVDT [ Strain gauge 7 B

Reaction frame

\slide rail

la_al
R
0o

a4

L
E“:ﬁ UNIT:mm
Vertical actuator:

String pot.

[Push]W

2000

Reference frame

Foundation
| 1 T .l tie-down
i i

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

After the application of the axial force, the specimens were subjected to the identical displacement (drift)-control
lateral cycle loading protocol, as shown in Figure 6. The first lateral displacement was imposed in the west direction
[Figure 5(A)]. The loading protocol comprised 19 increasing drift levels (up to 4.8% drift) with each level repeated three
times; however, the test of each specimen was terminated at different drift levels due to the different ultimate capacity.
The first few cycles (up to 0.6% drift) were conducted with increasing steps of 0.1% drift to capture the drifts related to
ED bars yielding. Successively, the cycles until 1.6% drift (corresponding to the moderate damage of concrete cover at
the pier base) were conducted with increasing steps of 0.2% drift. The following cycles were conducted with increasing
steps of 0.4% until concrete core crushing or/and ED bars fracture occurred.
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FIGURE 6 Lateral drift loading histories for tested specimens.

4. GENERAL PERFORMANCE ASSESSMENT AND TEST OBSERVATIONS
4.1 Hysteretic performance and damage observed

Figure 7 shows the cyclic response of the six PRC piers. Figures 7(A) to (C) show the cyclic responses of PRC-P17.5E0,
PRC-P17.5E.45, and PRC-P17.5E.79. Their comparison demonstrates how the use of a large amount of ED bars can
enhance the dissipation capacity, at the same time leading to larger residual drifts, hence reducing the self-centering
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-
P17.5E.79. Their comparison demonstrates how the use of a low PT force leads to larger residual drifts and reduced lateral
strength of the PRC pier. These trends are consistent with the analytical formulations of Section 3.2. More details on the
parameters’ influences are discussed in Section 5.

Five damage states were identified during the tests, defined as: 1) onset of visible cracking, 2) concrete cover spalling,
3) exposure of steels, 4) concrete core crushing, and 5) ED bars fracture, and their evolution is indicated in Figure 7. The
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damage was concentrated at the pier bottom with concrete cover spalling, toe crushing, and ED bars buckling and/or
fracture for all specimens. Few horizontal cracks were observed along the pier’s bottom half, indicating that the pier
flexural deformation was limited during the test (i.e., rocking-dominant response).

Figure 7(C) shows the cyclic response of the benchmark pier (PRC-P17.5E.79), while Figure 8 shows its key damage
status at selected drifts. The benchmark pier exhibited a flag-shape hysteretic response. A slight asymmetry in peak lateral
strength and its corresponding drift was observed during the test due to concrete heterogeneity and construction tolerances
(i.e., peak strength equal t0142.6 kN at 1.2% drift for the push direction and -128.5 kN at 1.0% drift for the pull direction).
Initial cracks were detected at the pier-mortar bed interface at 0.2% drift [Figure 8(A)], which subsequently developed
into the gap-opening mechanism. The flexural cracks of the pier shaft originated at the height of approximately 15 cm for
drifts of 0.3% [Figure 8(A)]. ED bars reached the yield strain of 2475 we for drifts of 0.6%. Minor concrete cover spalling
was observed for drifts of 1.0% [Figure 8(B)] and gradually extended for increasing drifts amplitudes [Figure 8(C)],
resulting in lateral strength and stiffness degradation. Cyclic loading continued leading to vertical cracks in the vicinity
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
a drift of 2.0%, the gap-opening was approximately 4 mm. After completion of the 2.0% drift cycles, the stirrup at the
west side of the pier was partially exposed while, at the east side, stirrup’s exposure occurred at the subsequent drift of
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
side, and ED bars buckling on the east side [Figure 8(E)]. Concrete cover damage was within a height of approximately
25 cm, and no damage was observed in the UHPC mortar bed.
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FIGURE 7. Experimental lateral force vs. drift for: (A) PRC-P17.5E0; (B) PRC-P17.5E.45; (C) PRC-P17.5E.79 [i.e.,
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benchmark pier]; (D) PRC-P13.5E.79; (E) PRC-P9.5E.79; and (F) PRC-P17.5E.79-U0.

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

Figures 7(A) and (B) show the cyclic response of PRC-P17.5E0 and PRC-P17.5E.45. It can be observed that peak
forces were lower compared to the benchmark pier (i.e., PRC-P17.5E.79) due to the reduced amount of ED bars.
Significant concrete damage extending up to approximately 20 cm from the rocking joint (comparable to PRC-P17.5E.79)
also occurred at the bottom of these two piers. It is worth highlighting that although ED bars were not included in PRC-
P17.5EQ, a flag-shape hysteretic response with small residual drifts was still observed in this system [Figure 7(A)]. This
is in contrast with the expected non-linear elastic response shown in Figure 4(A), defined according to the analytical
formulation. In this case, the moderate energy dissipation observed in Figure 7(A) is related to concrete damage at the
pier base, and hence the discrepancy between the experimental and analytical results is related to the assumptions made
in the analytical formulation, which does not account for concrete damage and degradation. It is worth mentioning that a
more significant strength and stiffness degradation was observed for PRC-P17.5E.45 for drifts exceeding 1.2% [Figure
7(B)]. This was primarily caused by the imperfections during the construction of the specimen (i.e., slight inclination or
bending of ED bars). As a result, this potential flaw also rendered the fracture of ED bars easier in PRC-P17.5E.45, which
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
these two cases, the extent of damage at the pier base was relatively minor compared to the benchmark pier (i.e., PRC-
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
cm, respectively, in PRC-P13.5E.79 and PRC-P9.5E.79. The lower PT force also slightly delayed the onset of concrete
spalling, which occurred after drifts of 1.0%. Figures 7(F) shows the cyclic response of PRC-P17.5E.79-U0 (i.e.,
benchmark pier w/o unbonded length). The response of this pier was similar to the benchmark pier (i.e., PRC-P17.5E.79),
including damage visual observations and drift values related to ED bars fracture. Significant concrete cover spalling was
observed for drifts larger than 2% resulting in ED bars’ exposure and strain penetration effects, both simulating the
unbonded length in PRC piers. Due to this debonding mechanism, the ED bars’ fracture was observed for drifts of 3.6%,
similar to the PRC-P17.5E.79 (i.e., 4.0% drift). However, concrete cover deterioration was slightly less extensive in PRC-
P17.5E.79-U0 than in PRC-P17.5E.79 due to the higher concrete strength (Table 3).

It is worth mentioning that no damage to the grouted corrugated duct connection, such as ED bars pullout, duct
pullout, or conical failure of the footing, was observed in all PRC specimens. It is worth highlighting that only the base
toes of PRC piers suffered concrete damage and that all columns were characterized by PT force loss during the tests (see
Figure 10). These two effects resulted in the negative post-elastic stiffness (i.e., softening) observed in the experimental
force-drift plots, as opposed to the positive post-elastic stiffness (i.e., hardening) determined by the analytical formulations
(Figure 4). This aspect is further discussed in Section 6.
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4.2 PT bar responses

Figure 9 shows the cyclic response of the PT force variation of the six PRC piers. Although the PT bars remained
elastic, as observed by the strain gauges results (not shown here due to space constraints), the cyclic responses were
characterized by PT force losses up to about 14%, mainly related to the concrete damage at the pier bases and the
anchorage seating losses during the test. The PT stress losses increased for increasing drift values, as shown in Figure 10.
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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];
(D) PRC-P13.5E.79; (E) PRC-P9.5E.79; and (F) PRC-P17.5E.79-U0.

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.,
benchmark) characterized by the same initial PT force. It can be observed that after completing the 4.0% drift amplitude,
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,
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%)
in these three PRC piers was expected because their damage status and extent were similar, and the initial PT forces were
comparable. Similar results were observed by Shen et al.*. Figures 9(C) to (E) show the cyclic response for piers PRC-
P17.5E.79 (i.e., benchmark), PRC-P13.5E.79, and PRC-P9.5E.79 characterized by a decreasing initial PT force. In this
case, after completing the 4.0% drift amplitude, the PT stress values were respectively equal to 514.5, 408.3, and 294.9
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).
It can be observed that a higher initial PT force results in a larger PT force loss ratio as a consequence of the higher
compressive stress at the pier-footing interface and the consequent higher extent of concrete damage. Figure 9(F) shows
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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
benchmark pier (i.e., PRC-P17.5E.79). For all cases, the PT force loss results in a reduction of the lateral load capacity
of PRC piers.*® This effect, which was neglected in the analytical formulation of Section 3.2, contributes to the differences
between the analytical and experimental results. Figure 10 shows that, for all PRC piers, the PT loss almost linearly
increases while increasing the drift amplitudes. This trend allows accounting for the PT loss in the analytical formulation
discussed in Section 6.
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FIGURE 10 PT force loss ratio vs. drift.
5. COMPREHENSIVE PERFORMANCE ASSESSMENT FOR VARIOUS PARAMETERS

To comprehensively investigate the impact of ED bars amount, initial PT force, and ED bars unbonded length on the
cyclic behavior of PRC models, detailed comparisons of measured results in terms of global hysteretic properties and
local pier bottom responses are presented in this Section. The backbone curve, relative self-centering efficiency (RSE)*?
parameter, and equivalent damping ratio &q are selected to describe the pier’s global hysteretic properties, while the
neutral axis depth ¢ and gap-opening dopen are used to describe the response at the pier’s base section.

5.1 Properties of global hysteretic behavior

Figure 11 shows the average (considering the push and pull directions) backbone curves of the cyclic response as well as
the corresponding idealized elasto-plastic curves® ? with the failure condition defined by a lateral load capacity equivalent
to 80% of the peak lateral load'* 6. The curves in Figures 11(A), (B), and (C) are grouped to facilitate the comparison of
the different parameters investigated. Based on the idealized elasto-plastic curves, the key parameters for the force-drift
responses are summarized in Table 5. Note that, despite the rapidly deteriorating post-elastic behavior in PRC-P17.5E.45,
due to the construction imperfections discussed earlier, it can still provide useful information for the interpretation of the
general trends. The initial stiffness of all piers is comparable (i.e., 22400, 22700, 23800, 21800, 23700, and 24600 KN/m
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,
respectively) and similar to the elastic flexural stiffness of the pier shaft, i.e., 22500 kN/m. This was expected as, during
the gap-closed phase, the response of the piers is independent of the base connection details. However, some differences
can be observed following the gap-opening mechanism, corresponding to lateral forces of approximately 30 kN, and the
difference became evident with forces of approximately 60 kN, with the rocking behavior dominating the response. The
pier lateral forces (i.e., both Fy and Fy) increased with the amount of ED bars [Figure 11(A)] and the level of initial PT
force [Figure 11(B)], as previously discussed. The comparison of PRC-P17.5E.79 and PRC-P17.5E0 shows that the drift
ductility (i.e., ua = du / dy) of the PRC pier (Table 5) decreases for increasing ED bars amounts, which is consistent with
the experimental results of Ou®. PRC-P17.5E.45 is disregarded from this comparison as its ultimate behavior was
significantly affected by constructions imperfections, as previously discussed. On the other side, it is noteworthy that the
yield drift and drift ductility are not significantly affected by the initial PT force. Similar influence is also observed by
Hieber et al.”. The results show only a slight reduction of x4 from 6.9 to 6.0 for 5 varying from 17.5% to 9.5%. The
lowest uq among all specimens is the one of PRC-P17.5E.45, which, despite the abovementioned construction
imperfections, reached a ductility value equal to 5.2, which implies that all tested PRC models essentially had excellent
ductility capacity. In this context, it is worth recalling that the benchmark (i.e., PRC-P17.5E.79) PRC pier was designed
for a target drift of 3.6% (Table 1), and its actual drift capacity was 3.97%.

As previously mentioned, no evident difference was observed in the response of the PRC-P17.5E.79 and PRC-
P17.5E.79-U0. Accordingly, their average backbone and idealized elasto-plastic curves are similar [Figure 11(C) and
Table 5]. In this PRC pier, the gap-opening induced strains and reinforcements slip, i.e., strain penetration, in the ED bars.
This slip, combined with the effect of load reversals, progressively damaged the bond along the bonded portion of the ED
bars. Figure 12 shows that the strain distribution and progression in the ED bars around the interface for PRC-P17.5E.79
and PRC-P17.5E.79-U0 are similar, highlighting how the strain penetration in PRC-P17.5E.79-UQ contributes to the
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definition of an unbonded length. Due to large strain demands and friction against the surrounding concrete, strain gauges
on the ED bars were partially lost after the 1.6% drift. For drifts larger than 2.0%, the base concrete cover started spalling
and crushing, exposing the ED bars. Through this combination of effects, the lack of an unbonded length in PRC-
P17.5E.79-U0 did not adversely affect the performance of the PRC pier.
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FIGURE 11 Comparison of average backbone curves for: (A) variation of ED bars amounts; (B) variation of initial PT
forces; and (C) with and without unbonded length in ED bars.

Table 5 Elasto-plastic backbone curves parameters.

Specimen ID dy (%)? Fy (KN)° Ap (%0)? Fp (KN)® du (%0)? Fu (kN)P ud®
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 5.2¢
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 1.40 119.8 421 95.8 6.4
PRC-P9.5E.79 0.60 104.1 1.40 1111 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 gy, op, and Ju refer to the equivalent yield, peak, and ultimate drift, respectively, where 6 = A/h; P Fy, Fp, and Fy are the equivalent
yield, peak, and ultimate force, respectively; ¢ uq is the drift ductility coefficient, calculated as du/dy; @ ultimate response affected by
construction imperfections.
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FIGURE 12 ED bars strain profiles of the PRC-P17.5E.79 and the PRC-P17.5E.79-U0.

Figure 13 shows the RSE values for the six piers and the different drifts amplitudes. The RSE represents the portion
associated with recoverable drift in the imposed drift and is given by:

RSE =1- 2= O (25)
peak _5peak

where Jr, and ., are the residual drifts in the push and pull directions, respectively; and J,... and J,.. are the imposed peak
drifts in the push and pull directions, respectively. An RSE value of 1.0 means perfect self-centering capacity. For drift
ratios up to 2.0%, all specimens showed a ‘good’ self-centering behavior with RSE values of 0.8-0.9. For larger peak
drifts (exceeding 2.0%), significant differences can be observed among the RSE curves. Figure 13(A) shows the
comparison of the RSE values considering the variability of the ED bars amount. The RSE values for PRC-P17.5E0 are
about constant and equal to 0.9, while for PRC-P17.5E.45 and PRC-P17.5E.79, the RSE gradually decreases. The PRC
model with a larger amount of ED bars (i.e., benchmark PRC-P17.5E.79) experienced larger residual drift as a result of
the concrete damage, PT force loss, and significant ED bars yielding. However, although the PRC-P17.5E.79 has a lower
self-centering capacity, the residual drifts for the target drift of 3.6% are still lower than 1%*". Figure 13(B) shows the
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comparison of the RSE values considering the variability of the PT force. The results show that decreasing the initial PT
force impairs the self-centering capacity of the PRC pier. For PRC-P9.5E.79 and PRC-P13.5E.79, the RSE values
corresponding to 3.6% drift are respectively 0.44 and 0.65, leading to residual drift larger than 1%. It is noteworthy that,
in contrast to the similar force capacity between PRC-P17.5E.79 and PRC-P17.5E.79-UQ, their self-centering capacities
extracted from the hysteretic curves were different when the imposed drift exceeded 2.0% [Figure 13(C)]. This was
because the concrete cover significantly spalled in PRC-P17.5E.79 after 2.0% drift, but the higher concrete strength of

PRC-P17.5E.79-U0 (Table 3) delayed the onset of this damage and reduced the extent. As a result, a higher RSE value
was observed in specimen PRC-P17.5E.79-U0.
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FIGURE 13 Comparison of RSE curves for: (A) variation of ED bars amounts; (B) variation of initial PT forces; and
(C) with and without unbonded length in ED bars.

Figure 14 illustrates the &q variations among PRC piers with different parameters. No significant difference in terms
of energy dissipation capacity is observed in the six PRC piers for drift values lower than 2%. For larger drifts, several
differences can be observed. Figure 14(A) shows the comparison of the &q values considering the variability of the ED
bars amount. The benchmark PRC-P17.5E.79 developed a higher damping ratio (&q up to 20%) compared with the other
two piers with the lower ED bars amount, i.e., about 1.4 and 1.2 times larger than the &g values of PRC-P17.5E0 and
PRC-P17.5E.45, respectively, at the target drift (3.6%). Figure 14(B) shows the comparison of the &g values considering
the variability of the PT force. A lower initial PT force results in a larger value of &q; thus, PRC-P9.5E.79 had the largest
energy-dissipation capacity with &q up to 28% at the target drift (3.6%). The large &q value in PRC-P9.5E.79 is related
to the larger gap-opening observed [discussed later, Figure 16(B)] and the larger ED bars elongation. PRC-P17.5E.79-U0
showed a slightly lower &4 compared to the benchmark due to the different concrete strengths [Figures 14(C)].

Overall, based on the comparison results shown in Figures 13 and 14, the self-centering and ED capacities in the
PRC pier had a conflicting trend with varying the parameters of interest; that is, increasing initial PT force or/and
decreasing ED bars amount would promote the self-centering behavior but reduce the hysteretic energy-dissipation,
especially for drifts larger than 2.0%, and vice versa. This phenomenon has also been corroborated by Shen et al.*?
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FIGURE 14 Comparison of equivalent damping ratio curves for: (A) variation of ED bars amounts; (B) variation of
initial PT forces; and (C) with and without unbonded length in ED bars.

5.2 Local responses of the pier base

All PRC piers exhibited a rocking behavior where most of the deformation occurred at the pier's bottom end. The
two main responses characterizing the rocking mechanism are related to the neutral axis depth ¢ and the gap-opening dopen,
which are shown in Figures 15 and 16, respectively. Figure 15 shows the neutral axis depth ¢ normalized with respect to
the pier diameter d. This parameter decreases rapidly to the value c/d = 0.50 with the onset of gap-opening, indicating
that the PT bar would potentially elongate, and the restoring effect was activated. Increasing the base rotation/lateral drift,
the neutral axis continued to move towards the contact edge of the cross-section with the minimum c/d (i.e., Cmin/d) of
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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,
PRC-P9.5E.79, and PRC-P17.5E.79-U0, respectively, all occurring at a rotation of approximately 0.005. Thus, the
assumptions in Section 2.1.2 and Eq.s (4) that define an initial rocking state of # = 8, and c/d = 0.5 and a critical rotation
of 0.005 are validated by the experimental results for all the PRC configurations. However, it can be observed that the
cmin/d value varies among the different piers and that the assumption of cmin/d constant and equal to 0.25 for 6 > 0.005 can
only be taken as a rough approximation. Figure 15(A) shows the comparison of the c/d ratios considering the variability
of the ED bars amount, while Figure 15(B) shows the comparison considering the variability of the PT force. The
benchmark PRC-P17.5E.79 is characterized by the largest cmin/d value for 8 > 0.005. This is related to the larger reaction
force at the base, and hence contact area, required in the PRC-P17.5E.79 to equilibrate the forces provided by the larger
amount of ED bars and larger PT force. Lower values of cmin/d were observed while reducing the ED bars amount [Figure
15(A)] and the PT forces [Figure 15(B)]. The higher concrete resistance of PRC-P17.5E.79-U0 reduced the concrete
damage hence leading to cmin/d values lower than those of PRC-P17.5E.79 [Figure 15(C)]. It is also worth mentioning
that, as a consequence of the crushing of toe concrete and the loss of its partial vertical load-bearing capacity, a slight
increase of the c/d value can be observed for large drifts (e.g., ¢/d = 0.38 in the PRC-P17.5E.79 under the target drift).
These results provide several insights but also show the need for advanced and optimized analytical formulations able to
account for the variability of the ratio c/d to correctly represent the cyclic response of PRC piers.
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FIGURE 15 Comparison of neutral axis behavior for: (A) variation of ED bars amounts; (B) variation of initial PT
forces; and (C) with and without unbonded length in ED bars.

Figure 16 shows the gap-opening behavior at the rocking interface. As a result of experiencing the largest c/d, the
benchmark PRC-P17.5E.79 exhibited the smallest gap-opening. Figure 16 (A) shows the comparison of the gap-opening
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
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
the comparison of the gap-opening considering the variability of the PT force. It can be observed that decreasing the
initial PT force would trigger smaller compressive forces at the pier-mortar bed interface and consequently less contact
area necessary to resist it. Also, a reduction of the neutral axis depth measured in PRC-P17.5E.79-UO contributed to a
slightly higher gap-opening in it compared to PRC-P17.5E.79 [Figure 16(C)].
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FIGURE 16 Comparison of joint gap-opening for: (A) variation of ED bars amounts; (B) variation of initial PT forces;
and (C) with and without unbonded length in ED bars.

Based on the test results, it can be concluded that the PRC piers showed superior cyclic performance satisfying all
design criteria presented in Section 2.2. However, some undesired effects were also observed, such as column
spalling/crushing (affecting the ratio c/d) and the PT force loss, both to some extent reducing the PRC pier cyclic
performance and introducing errors in the analytical evaluation of the force-drift relationship presented in Section 2.1.

6. COMPARISON OF TEST AND ANALYTICAL RESULTS

Based on the experimental results, two main differences can be observed with respect to the assumptions used in the
18
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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
15). These differences have pronounced effects on force-drift behavior at large drifts, resulting in the obvious difference
between the analytical (Figure 4) and experimental results (Figure 7). Consequently, the analytical equations presented
in Section 2.1 should be further optimized to reflect these two influence factors. Figure 17(A) shows the optimized c/d-6
curve, in which a linear trend with slope k. is used to represent the c/d increasing after 8 > 0.005. The following equations
are the optimized counterpart of Eq.s (4):

1-k0 9<0, (k=05/6,)
Cr =148 0 <0<0005 (A~ 00050x05 -y ld) o 0.005xc,,Id 050,
d 0 0.005—-4, 0.005-4,

,,/d+k (6—0.005) @>0.005

Note that upon unloading from the target rotation, as shown in Figure 17(A), the curve is assumed to follow a path parallel
to the horizontal axis until it rejoins the curve of previously loading. This is because the damage to the base toe during
loading is unrecoverable, and subsequent unloading only maintains this damage state until the gap-closed phase.

The PT force loss during the tests (Figure 10) compromised the PRC piers’ lateral strength, and this effect can be
reflected by a slope parameter kpr 0. As indicated in Figure 17(B), parameter ket joss represents the slope between the
PT force loss ratio and 6, and can be easily obtained from Figure 10 by linear regression. This regression can be used
because, as mentioned before, an approximately linear trend was observed for these pier responses. By introducing Ket joss,
Eq.s (5) that was used to calculate the PT force at the specific 6 can be rewritten as:

A
(FPT )opl =(1- kPTﬁIosse) X FPTfini + Apr Epr x L_PT (29)

PT

Based on the test results, Table 6 lists the neutral axis depth parameter cmin/d and k. and the PT force loss parameter Kpt joss
for all PRC specimens. The coefficient of determination RZ and Ry 1., respectively for for ke and ket joss, are also given
in Table 6. All R? values being close to 1 indicates that the linear regression can adequately describe the relationship
between the optimized parameters and the rotation 6. It is worth mentioning that the optimized c/d - @ relationship should
be further adjusted and validated against additional experimental tests considering other possible variables involved, e.g.,
the dimensions of the PRC cross-section. Furthermore, this relationship is established for the circular cross-section and
the evolution of the stress distribution at the PRC base could vary significantly for different sectional shapes; thus, the
feasibility of the optimized c/d - 8 relationship in the other shapes of the cross-section also requires more experimental
investigation.

A B
()c/n‘ (B)

_I kPTJm's'

PT force loss ratio

(0.005, c.piu/d)

>0 >0
FIGURE 17 (A) ldealized c/d-6 relationship; (B) Idealized PT force loss ratio-é relationship.

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

Specimen 1D Cmin/d ke R? KpT loss R}1 1oss
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
force-drift behavior at 4.0% drift. The backbone responses of the analytical models and the fitted c/d-6 curves [i.e., Eq.s
(28)] are also plotted in the figures. Note that ED bars’ post-elastic hardening was considered in the analytical formulation
and was defined based on the coupon tests. In general, the optimized analytical model is able to capture with reasonable
accuracy the force-drift behavior of PRC piers, although the cycles from the experimental tests show larger energy
dissipation. This is related to the additional mechanisms with respect to those represented by the analytical models, such
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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
inside the footing. The lack of consideration for these ED sources in the optimized analytical model resulted in the
underestimation of the predicted residual drift. This effect is the most pronounced in the PRC-P17.5E0 [Figure 18(A)]
that without ED bars. Some degree of errors between the experimental force values and the optimized analytical results
were detected in the cases of PRC-P17.5E.45 [Figure 18(B)] and PRC-P17.5E.79-UO0 [Figure 18(F)]. The inclination or
bending of ED bars resulting from the construction imperfections and the debonding of ED bars due to base concrete
spalling are, respectively, the causes of the prediction error for these two specimens. Both unfavorable factors resulted in
the degradation of the accuracy of the analytical model. Additionally, it was observed that the uncalibrated analytical
model would exaggerate the force resistance of piers, especially after the peak force. It should be noted that although the
optimized analytical model follows the flag-shape with a reasonable prediction of force resistance, it cannot predict the
strength and stiffness degradation of the PRC bridge piers under cyclic loading.
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FIGURE 18 Comparison of force-drift behavior between experimental and analytical results at 4.0% drift for: (A)
PRC-P17.5E0; (B) PRC-P17.5E.45; (C) PRC-P17.5E.79 (i.e., benchmark pier); (D) PRC-P13.5E.79; (E) PRC-
P9.5E.79; and (F) PRC-P17.5E.79-UO0.

7. CONCLUSIONS

The present study focuses on the cyclic behavior of unbonded post-tensioned reinforced concrete (PRC) bridge piers
subject to unidirectional quasi-static loading. According to specific performance criteria, a 1/4.75-scale PRC benchmark
model was designed to exhibit superior cyclic performances with respect to a monolithic reinforced concrete (RC) bridge
pier. Five other PRC version models were developed for assessing the influence of key design parameters. The
investigated parameters were the amount of energy-dissipation (ED) bars, the initial post-tensioned (PT) force, and the
absence of the unbonded length in the ED bars. An analytical formulation for the cyclic force-drift response of the PRC
piers was defined and further calibrated and validated based on the test observations and results. The primary findings
and conclusions from the investigations can be summarized as follow:

(1) The proposed PRC benchmark rocking pier (i.e., PRC-P17.5E.79) met all expected design criteria with the lateral
load and ultimate displacement capacities comparable or superior to the monolithic pier. Additionally, it
exhibited a superior ED and self-centering behavior. Specifically, the PRC-P17.5E.79 model rocked in a
controlled manner to an ultimate drift of approximately 4.0% with residual drift < 1.0% and a damping ratio
ranging between 10% and 20%. However, the flag-shape cyclic response to some extent was related to concrete
spalling/crushing and ED bars buckling/fracture, which were inevitable in PRC piers because of high
compressive stress near the pier toes. This typical drawback led to an inaccurate evaluation of the ED capacity
in some cases (i.e., PRC-P17.5E0 model, w/o ED bars) and caused a non-negligible PT force loss in all cases.

(2) PRC piers with a larger amount of ED bars showed larger lateral force and ED capacity. On the other hand, a
larger amount of ED bars reduces the self-centering behavior (i.e., lower RSE values) and enlarges the interface
contact area (i.e., larger neutral axis depths) of the PRC piers, resulting in a smaller gap-opening.

(3) Varying the initial PT force played an essential role in the load-carrying, self-centering, and ED capacities of
PRC piers but did not significantly influence their ductility capacity, all values of ug being around 6.5. Increasing
the level of initial PT force improved the self-centering behavior at the expense of the ED capacity. A larger
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neutral axis depth was also observed for increasing initial PT forces. Moreover, higher initial PT forces result in
larger compressive stress at the pier base, thus increasing the extent of the damage.

(4) Premature fracture of ED bars did not occur in the PRC pier without ED bars’ unbonded length (i.e., PRC-
P17.5E.79-U0 model). This was due to the strain penetration at small drifts (< 2.0%) and the cover spalling and
consequent exposure of the ED bars at large drifts (> 2.0%), which promoted debonding of the ED bars in the
PRC-P17.5E.79-U0. Thus, except for a little difference in self-centering and ED capacities after 2.0% drift due
to the slight concrete strength difference, the overall cyclic behavior between them was similar. This result
suggests that could not be essential to design an ED bars’ unbonded length, reducing construction complexity.

(5) The simple linear relationship can be used to describe both the variation of neutral axis depth and the PT force
loss with increasing rotations. Thus, both effects were easily introduced into the developed analytical equations
to strengthen the capacity of predicting the force-drift behavior of PRC piers.

(6) The developed relationship between c/d and & is limited to the cross-section of the PRC piers tested in this study.
It has been observed that the decompression points in the three PRC piers for different PT force are almost the
same, inferring that a moderate variability of the axial force or cross-sectional size has small influence on the
relationship between c/d and 6 at the decompression stage. However, it has also been observed that there is a
different evolution of c/d after the decompression point (i.e., for & > 0.005) and the size of the column could play
a role because of the different stress at the base i.e., larger stress induces larger extension of damage of the
contact surfaces at the base and hence, an increase of the c/d value. Thus, the evolution of c/d for & values after
the decompression point for different cross-sectional sizes, shapes, as well as the properties of the materials
requires additional investigation to extend its general application.

(7) Overall, the unbonded PRC rocking bridge piers with well-designed parameters, such as a combination of 7p =
17.5% and pep = 0.79% in this study, is a good candidate for RC bridges constructed using accelerated
construction techniques in regions of low to moderate seismicity; but for higher seismicities, the issue of concrete
damage significantly emerges, violating the advanced design philosophy of minimal-damaged structures, and
thus enhancement strategies for the integrity of the pier shaft or pier base are needed.
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