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Abstract

In order to promote the application of high-strength steel bars (HSSB) in RC bridge structures, the seismic performance
of reinforced concrete (RC) bridge piers were studied by experimental study and numerical simulation. First, monotonic
loading and low cycle fatigue tests of conventional steel bars (CSB) HRB400 and high-strength steel bars (HSSB)
HTRB600 with different slenderness ratios (L/D) were conducted to investigate the mechanical properties of HSSB. The
material tests indicate that the increase in yield strength and slenderness ratio would intensify the pinching effect of
reinforcing steel material under compression, and reduce the low-cycle fatigue life of steel bars. Then, cyclic loading tests
of ten rectangular RC bridge piers reinforced with different grades of longitudinal bar (i.e., HRB400E and HTRB600)
were conducted to study the seismic performance of RC piers with different steel grades, stirrup layouts, concrete
strengths and axial load ratios. The experimental results showed that all RC piers presented typical flexural failure mode
that buckling and followed by low-cycle fatigue fracture of longitudinal bar. The increase in yield strength of longitudinal
steel bars would reduce the post-cracking stiffness and then the hysteretic dissipated energy of RC piers. The RC piers
reinforced with HSSB as longitudinal bars show comparable deformation capacity. When using higher strength concrete,
the RC piers have smaller yield displacement and relatively lower deformation capacity, and the influence extent is more
distinct with the increase of concrete strength. By comparisons between different configuration details of transverse
reinforcement, the RC piers with two cross-ties within closed-hoop (type III) showed better ductility than that with one
cross-ties (type I and type II) when using identical stirrup ratio, because this configuration provided better constraints to
prevent buckling of longitudinal bars. The effect extent is more remarkable for RC piers with high axial load ratio. Thus,
special attention should be paid to prevent buckling and low-cycle fatigue damage of high-strength steel bars in seismic
design of RC piers to ensure deformation demand. Finally, a fiber-based nonlinear beam column element considering bar
buckling, low-cycle fatigue and bond slip (strain penetration) was used to simulate the nonlinear response of RC piers,
wherein the material parameters were calibrated according to the mechanical tests of CSB and HSSB. The hysteretic
performance (maximum lateral loading, deformation capacity and total hysteretic dissipated energy) of RC piers were
used to verify the reliability of finite element method (FEM). The results show that the FEM used in this paper could
predict the nonlinear response and damage development progress of RC piers reinforced with varying yield strength steel
bars.
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1. Introduction

The use of high-strength steel bars (HSSB) in reinforced concrete (RC) elements offers many advantages, such
as reducing steel congestion and enhancing bearing capacity, as well as reducing costs associated with the
transport and placement of steel material. Thus, RC design codes in many countries have lately become more
receptive of the idea of using higher yield strength reinforcement in RC members, as introduced in Ref.[1].

Studies on the use of HSSB in concrete structures have been ongoing for some time. Among these
researches, seismic performance of concrete structures reinforced with HSSB has attracted increasing attention
from researchers and engineers. Particular interest has been around the concern that use of HSSB may result
in inadequate ductility of the members because of larger yield stress and smaller fracture strain of high strength
reinforcing steel material.

To make recommendations to the utilization of HSSB in concrete structures subjected to earthquake,
Rautenberg et al [2][3], Cheng et al [4], Tavallali et al [5] and Barbosa et al [6][7] compared seismic
performance of RC members using CSB Grade 60 (420MPa) and reduced amount of HSSB Grade 80
(550MPa), Grade100 (690MPa), Grade120 (827MPa) as well as SD685 (685MPa). These work indicated that
replacing CSB Grade60 (420MPa) by proportionally reduced amounts of HSSB (to the increase in f), the RC
columns presented comparable flexural strength and deformation capacity, but lower hysteretic dissipated
energy.

Investigation following the 2016 Kaikoura earthquake [8] revealed a large number of bridge piers
suffering bar buckling failure at the pier bottom. Bar buckling has significant effect on constitutive model of
reinforcing steel [9]-[11], which then affects the seismic response of RC members, especially at the later stage
of inelastic cyclic loading [12]-[15]. Fracture of longitudinal steel bars due to low-cycle fatigue is one of the
prominent failure modes of RC bridge piers under strong earthquake motions, which induce large cyclic strain
amplitude of the reinforcing steel at the pier bottom.

Dhakal and Maekawa [16] pointed out based on finite element analysis (FEA) that the post-buckling
strain softening was more serious for higher strength reinforcing steel. Ghannou and Slavin [17] compared the
low-cycle fatigue behavior of HSSB Grade 80 (550 MPa) with CSB Grade 60 (420 MPa), and indicated that
significant difference existed between the fatigue life of HSSB and CSB. Besides, experimental studies have
shown that bar buckling has detrimental effect on low-cycle fatigue life of reinforcing steel, and the increase
in slenderness ratio (L/D) would result in substantial reduction to the low-cycle fatigue life [18][19].Therefore,
it is necessary to study the buckling and low-cycle fatigue properties of HSSB in order to better study the
seismic performance of RC piers reinforced with HSSB.

The HSSB with yield strength of 600 MPa had been introduced to the latest chinese reinforcing steel
code GB1499.2-2018 [20] (equivalent to an ASTM specification), however it has not been adopted in concrete
structure codes [21] or bridge design code [22]. The main reasons for the limits on the use of HSSB are the
lack of experimental data on RC piers (columns) constructed with HSSB, and the past experiences that
increasing the yield strength of steel bars usually leads to a decrease in material strain ductility. Especially for
the 600MPa HSSB used in China, only few experimental research [1][23][24] were conducted on the seismic
behavior of RC members, which could not provide enough validation to utilize the HSSB. Therefore, the
objective of this investigation is to explore the potential of using HSSB as flexural steel reinforcement in RC
bridge piers in seismic regions through systematic experiments and numerical simulation .

2. Experimental program

Ten rectangular large scale RC bridge piers were tested under cyclic lateral loading and simultaneously
constant axial load. The aspect ratio (L/D) of the tested specimens was 4.0. The applied axial load ratios were
0.1 and 0.3. The effects of the yield strength of longitudinal steel bars (i.e. HRB400E and HTRB600) on
seismic performance of RC bridge piers were investigated with two steel replacement methods (i.e. equivalent
strength and equivalent volume replacements). Besides, different transverse reinforcement layouts were
adopted to study the effects of stirrup configurations on seismic performnace of RC piers.
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2.1 Specimen detailing

Figure 1 shows the details and configurations of the steel reinforcement in tested specimens. As can be seen
in Table 1, the tested specimens consisted of ten rectangular RC piers with 520x400 mm section dimension,
and the height of all piers was 2.0 m. The tested series were designed to investigate the effects of the yield
strengths of longitudinal bar, concrete compressive strengths, axial load ratios and transverse reinforcement
configurations on the seismic performance of RC piers. To identify the steel bars used in different specimens,
L and H were used to represent the type of steel bars used herein, where L and H respectively represent
HRB400 (low) and HTRB600 (high) steel bars. Two different steel replacement methods, equivalent volume
and equivalent strength replacement, were adopted herein. For equivalent volume replacement, identical steel
configuration and equal steel amount were used while only the yield strengths of steel bars were varied, and
the label (V) was used to represent the series. As for equivalent strength replacement, the yield strength of
steel bars times reinforcement ratio was kept constant, which can be expressed as psfy1 =psaf;2. C40, C60 and
C80 are used to represnts different strengths of concrete material. The axial load ratios 0.1 and 0.3 were adopted
to study the effects of axial load ratios. Type I, II and Il means different types of transverse reinforcement
configurations, as shown in Figure 1. In order better observe the bar buckling at the pier bottom, the cover
conrete outside the longitudinal bars at plastic hinge regions for most of RC piers was removed when producing
the piers while the contrast specimens reserved the cover conrete which is identified using C at the end of the

lable.
Table 1 — Details of all test specimens

Longitudinal Steel Transverse Steel Concrete Axial

Specimen dp N pi d S Ps Cover load

(mm) Class . (%) (mm) Class (mm) (%) Type Class (mm)  ratio
LC40-0.1-1 20 HRB400 16 2.40 8 HTRB600 60  0.99 I C40 0 0.1
HC40-0.1-1 16 HTRB600 16 1.55 8 HTRB600 60  0.99 I C40 0 0.1
H(V)C40-0.1-1 20  HTRB600 16 2.42 8 HTRB600 60  0.99 I C40 0 0.1
HC40-0.1--C 16 ~ HTRB600 16 1.55 8 HTRB600 60  0.99 I C40 25 0.1
HC60-0.1--C 16 ~ HTRB600 16 1.55 8 HTRB600 60  0.99 I C60 25 0.1
HC80-0.1-1 16 HTRB600 16 1.55 8 HTRB600 60  0.99 I C380 0 0.1
HC40-0.3-1 16 HTRB600 16 1.55 8 HTRB600 60  0.99 I C40 0 0.3
HC40-0.1-11 16  HTRB600 16 1.55 8 HTRB600 65 1.05 I C40 0 0.1
HC40-0.1-II1 16  HTRB600 16 1.55 8 HTRB600 75 1.06 I  C40 0 0.1
HC40-0.3-111 16 HTRB600 16 1.55 8 HTRB600 75 1.06 I  C40 0 0.3

2.2 Material properties

Tensile tests of three random steel bar samples for each type of steel naterial were conducted in accordance to
the GB/T 228.1-2010 [25]. The mechanical properties of steel bars are taken as the average vaule of three test
results, as shown in Table 2. In the Table, ¢.,, and ¢ respectively represent the fracture elongation and the
ultimate uniform elongation. f, and f; are the yield stress and ultimate stress. It is shown in Figure 2(b) that the
high-strength flexural steel reinforcement HTRB600 exist distinct yield plateau. Table 2 shows that tensile-to-
yield strength ratio (T/Y) is greater than or equal to 1.25, the measured yield strength to defined yield strength
ratio ratio (f,/f;) is smaller than or equal to 1.25, and the ultimate uniform elongation (¢) is bigger than 9%. In
addtion, to study the buckling and low-cycle fatigue characteristics of reinforcing steel, the low-cycle fatigue
tests of steel materials with varying slenderness ratio (L/D) were conducted. The low-cycle fatigue test results
will be shown in the following section.

Table 2 — Mechanical properties of reinforcing steel bars

db ﬁ/k ﬁ ﬁ4 Es Erup &
(mm) (MPa) (MPa) (MPa) (MPa) 20 JIv o (o)
HRBA0OE 20 400 454 606 227<10° 114 133 345 13.1
Longitudinal 16 600 609 786  197x10° 1.02 126 252 117
HTRBOOO 55 600 625 816  2.03x10° 1.04 131 253 123
Transverse ~ HTRB600 8 600 623 926 2.02x10° 1.04 149 253 103

Type Class
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Fig. 1 — Geometry and reinforcement details of Fig. 2 — mechanical properties of
tested specimens of the reinforcing steel

The mechanical properties of concrete material were obtained according to GB/T50152 [26]. Six
standard cube specimens (150x150%150mm) were poured and maintained with the same condition as the RC
bridge pier specimens. The measured cube compressive strengths f,” respectively were 42.5 MPa, 59.6 MPa,
and 81.7 MPa. While the corresponding axial compressive strength f.” and elastic modulus E. are calculated
according to GB/T50152 [26]. All concrete material mechanical parameters are shown in Table 3.

Table 3 — Mechanical properties of concrete material

Class fo' (MPa) 7' (MPa) E.(MPa) 7 (MPa)
C40 425 323 3.32x10° 3.11
C60 59.6 46.5 3.59x10" 3.74
C380 81.7 67.0 3.81x10 3.99

2.3 Loading procedure

The specimens were tested under the constant axial loading and cycle lateral loading, as shown in Fig. 3. The
setup was initiated with stressing the pier footing to the strong floor through ground anchorage (Fig. 3(a)). The
axial load was applied to the top of the specimens through a hydraulic jack that was located between the pier
top and steel guiding beam. The lateral load was applied by a displacement-controlled hydraulic actuator with
a capacity of 1000 kN, which was supported against the strong wall. The axial load was first applied to the
target value and a pair of rollers were used to allow for slipping and rotation of the hydraulic jack.

A prescribed quasi-static cyclic loading scheme (as shown in Figure 3(a)) was laterally imposed to the
top of the RC piers by displacement-controlled hydraulic actuator. The displacement increase amplitude was
Smm before 30mm and 10 mm after that. For each target displacement, three repeated displacement cycles
were applied to capture the strength degradation, as shown in Fig.3 (b). The test was terminated when fracture
of longitudinal steel bars was observed.

N Sipong Wall
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o~
=
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e 0 10 20 30 40 50
5 — Number of Cycles
(a) Schematic loading diagram of RC bridge piers (b) Loading diagram

Fig. 3 — Loading diagram of RC bridge piers

3. Experimental results

3.1 Reinforcing steel
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In order to better study the seismic performance of RC piers, the buckling and low-cycle fatigue properties of
reinforcing steel are studied. To compare the buckling properties of different yield strengths of steel bars, the
normalized compressive stree-strain curves of reinforcing steel with different slendernees ratios (L/D) are
compared, as shown in Fig.4. We can see from Fig.4 that the strain softening of steel material intensifies with
the increase of slenderness ratio (L/D) under compression loading. Besides, the post-buckling strain softening
is more serious for HSSB HTRB600 than that of CSB HRB400E, as pointed out in reference [16].
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Fig. 4 — Normalized compressive stress-strain Fig. 5 —Cyclic curves of reinforcing steel
curves of reinforcing steel with different slenderness ratios

The low-cycle fatigue tests of reinforcing steel material with 20mm diameter and varying slenderness
ratios (i.e. L/D=6,8,10,12) were conducted. The strain amplitudes (unidirectional) used in the tests includes
1%, 1.5%, 2.0%, 3%, 4% and 5%. Coffin and Manson[27][28] firstly proposed an equations relating strain
amplitude to the numbers of cycle to failure, as shown in Eq.(1). Where ¢, is the plastic strain amplitude
(maximum value minus minimum value), Cris a material constant to be determined from fatigue testing, 2Ny
is the number of half cycles to failure and a is fatigue constant. As discussed before, the low-cycle fatigue
parameters is related with buckling length, therefore the parameters of Cy and o are fitted for different
slenderness ratios (L/D) respectively. As the derivation in Eq. (2), the In(e,) and In(2N)) is negatively correlated.
Assuming following the normal distribution, the fitted low-cycle fatigue parameters and correlation coefficient
(R?) are shown in Table 4. We can see from the Table 4 that all correlation coefficients R’ are both bigger than
0.90 and thus the low-cycle fatigue equation adopted in this paper is reasonable.

g, =C,(2N,) (1)
In(¢,) =In(C,)-amn(2N,) )
Table 4 — Low-cycle fatigue life fitting parameters of reinforcing steel material
Steel class HRB400E HTRB600
Low-cycle fatigue parameters Cy a R? Cy a R?
6 0.15 0.38 0.99 0.26 047 099
L/D 8 0.18 0.45 0.91 0.26 0.51 0.99
10 0.21 0.54 0.95 0.40 0.65 097
12 0.54 0.84 0.98 0.46 0.69 0.96

To further reveal the influence factors of low-cycle fatigue for reinforcing steel, the comparisons of low-
cycle fitting curves are shown in Fig.6. We can see from Fig.6(a) that the the low-cycle fatigue life significantly
decreases with the increase of slenderness ratio (L/D). Besides, the low-cycle fatigue life of HSSB HTRB600
is smaller than CBS HRB40OE when total plastic strain is bigger than 0.02, as shown in Fig.6(b). This is worth
noting because the longitudinal bars in RC columns are vulnerable to suffer larger cyclic strain amplitude at
strong earthquake loading.
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Fig. 6 —Fitting of low-cycle fatigue properties of reinforcing steel
3.2 RC piers

The RC piers tested in this paper showed typical flexural faluire modes and following failure phenomenon
occurred in turn: cracking of cover concrete, yield of longitudinal bars, spalling and significant spalling of
cover concrete, finally buckling and low-cycle fatigue fracture of longitudinal bars, as shown in Fig.7. The
representative hysteretic curves of RC piers are shown in Fig.8.

———

:;;m 10}

RJFZ?TZ'LA_

(a)
Fig. 7 —The damage development progress of RC piers: (a) cracking (b) spalling of cover concete (c)
buckling of longitudinal bar (d) low-cycle fatigue fracture of longitudinal bar

In order to further compare the effects of different parameters on seismic performance of RC piers, the
key seismic performance indexes including yield displacement (A,), yield drift ratio (J,), maximun bearing
capacity (Fuax), ultimate displacement (A,), ultimate drift ratio (J.), displacement ductility (ua), plastic drift
ratio (J) as well as total hysteretic dissipated energy until specimen failure are calculated and shown in Table
5. Wherein, the idealized yield displacements are calculated according to the method proposed by R.Park[29]
and the theoretical failure point is defined as the point when the remaining bearing capacity at post-peak stage
dropped to 80% of the maximum lateral load. In addition, the skeleton curves and hysteretic dissipated energy
curves are used to compare the seismic performance of RC piers.
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Fig. 8 —Hysteretic curves of RC piers

Table 5 — Summary of lateral bearing capacity, deformation, ductility and total hysterestic energy
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Specimen Ay (mm)  Fuwe (KN)  Ay(mm)  6,(%) 0u (%)  pua 0, (%)  Ews (KJ)

LC40-0.1-1 25.00 303 100 1.25 499 400 3.74 474
HCA40-0.1-1 27.96 304 103 1.40 513 3.67 373 368
H(V)C40-0.1-1 31.64 407 111 1.58 554 350 396 530
HC40-0.1-1-C 25.56 310 96 1.28 4.79  3.75 351 320
HC60-0.1-1-C 24.57 318 102 1.23 509 414 3.86 443
HCR80-0.1-I 20.61 310 86 1.03 431 418 328 315
HCA40-0.3-1 24.05 360 92 1.20 459 382 339 321
HC40-0.1-11 24.62 304 103 1.23 515 419 392 447
HC40-0.1-11T 27.98 315 108 1.40 542 387 4.02 452
HC40-0.3-111 23.56 354 105 1.18 523 444 4.05 471

First of all, considering the cover concrete outside the longitudinal bar in plastic hinge region for most
of the RC piers tested in this paper are removed for better observing the bar buckling, the effect of cover
concrete is studied. As comparisons in Table 5 and Fig.9, the partly removing of cover concrete will slightly
reduce the initial stiffness of RC piers and thus increase the yield displacement of RC piers. However, the
partly removing of cover concrete doesn’t obviously affect the ultimate deformation capacity of RC piers. As
a result, the RC piers conducted in this paper can be used to compare the effects of different factors on the
seismic performance of RC piers.

400+ 600+
HC40-0.1-1 —=a— HC40-0.1-1

200
é é 4004
5 £ 200
5 -200- 3

-400 T T T T T 1 0 y T T T T 1

-6 -4 2 0 2 4 6 0 1 2 3 4 5 6
Drift Ratio (%) Drift Ratio (%)
(a) skeleton curve (b) total hysteretic dissipated energy

Fig. 9 —The effects of cover concrete on seismic performance of RC piers:

The effects of yield strengths of longitudinal bars on seismic performance of RC piers are studied by
comparing the specimens of LC40-0.1-1, HC40-0.1-I and H(V)C40-0.1-1. Wherein the CSB HRB400E is used
in specimen LC40-0.1-1, while the HSSB HTRB600 is adopted to replace HRB400E using equal strength and
equal volume replacements for specimens HC40-0.1-1 and H(V)C40-0.1-I respectively. We can see from
Fig.10 and Table 5 that using HSSB with equal volume replacement obviously enhance the maximum bearing
capacity, total deformation capacity and total hysteretic dissipated energy of RC piers. The RC piers reinforced
with HSSB show comparable total deformability when replacing CBS using equal strength replacement.
However, the using of HSSB will enhance the yield displacement and thus reduce the displacement ductility
as well as total hysteretic dissipated energy at same drift ratio.
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Fig. 10 —The effects of yield strengths of longitudianl bars on seismic performance of RC piers
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The effects of stirrup configurations on seismic performance of RC piers are studied by comparing the
specimens with different stirrup configurations and axial load ratios. The comparisons of specimens HC40-
0.1-1, HC40-0.1-II and HC40-0.1-III indicate that the RC piers with type III stirrup show higher deformation
capacity than that with type I and type II stirrups. It is because the type III stirrup could provide better constraint
to resist the buckling of longitudinal bar. The conclusion is suitable for RC piers with high axial load (0.3),
and the effects of stirrup configuration on deformation capacity is more pronounced for RC piers with high

axial load.
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Fig. 11 —The effects of stirrup configurations on seismic performance of RC piers

The effects of concrete strengths on seismic performance of RC piers are studied by comapring the
specimens HC40-0.1-1, HC60-0.1-I-C and HC80-0.1-1. We can see from Fig.12 and Table 5 that the increase
in concrete strength will increase the initial stiffness and thus reduce the yield displacment of RC piers.
Meanwhile, the using of higher strength conrete will reduce the deformation capacity and enhance the
hysteretic dissipated energy at same drift ratio. It is worth noting that the influence extent intensifies with the
increase of concrete strengths (i.e. the distinctions between C80 and C60 are bigger than C60 and C40 ).
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600+
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(a) skeleton curve (b) hysteretic dissipated energy

Fig. 12 —The effects of concrete strengths on seismic performance of RC piers

The effects of axial load ratios on seismic performance of RC piers with different stirrup configurations
are studied. We can see from Fig.13 and Table 5 that the increase of axial load ratio enhences the maximum
bearing capacity and initial stiffness of RC piers. Meanwhile, the RC piers with high axial load ratio show
worse deformation capacity. However, the decrease of deformation capacity for RC piers with the type III
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stirrup is smaller than that with type I stirrup. It is because type III stirrup provide better constraints to prevent
buckling of longitudinal bars than type I stirrup.
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Fig. 13 —The effects of axial load ratios on seismic performance of RC piers

4. Numerical simulation

The Open System for Earthquake Engineering Simulation (OpenSees) program [30] is used to simulate the
nonlinear response of RC piers. The fiber-based FEM in Ref. [31] is adopted in this paper and the detailed
material selection and element division are shown in Fig.14.
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Fig. 14 —Fiber-based beam-column element model

In order to better consider the strength degradation of RC bridges under earthquake loading, the buckling
and low-cycle fatigue of reinforcing steel material are taken into account. In addition, the effects of buckling
on low-cycle fatigue of reinforcing steel is also considered. The low-cycle fatigue parameters (i.e. Crand «)
are selected according to Table 4 and the buckling length of longitudinal bar in RC piers. Wherein, the buckling
length is calculated according to the buckling length calculation method recommended in Ref. [32].

To evaluate the numerical simulation method in this paper, the hysteretic curves and total hysteretic
dissipated curves between experimental and numerical simulation are compared. We can see from Fig.15 and
Fig.16 that the FEM used in this paper can simulate the hysteretic behavior, maximum bearing capacity,
deformation capacity and hysteretic dissipated energy of RC piers with different yield strengths of longitudinal
bars, concrete strengths, axial load ratios as well as stirrup configurations. In addition, the FEM could predict
the strength degradation of RC piers caused by low-cycle fatigue of reinforcing steel. The type III stirrup
provide better constraints to prevent buckling of longitudinal bars than that of type I and II configurations, thus

the RC piers with type III stirrup configuration has smaller bar buckling length and show better deformation
capacity.

© The 17th World Conference on Earthquake Engineering - 2i-0068 -



The 17th World Conference on Earthquake Engineering

2i-0068

17" World Conference on Earthquake Engineering, 17WCEE

ke it mafer

17WCEE®
Sendai, fapan
2020

Sendai, Japan - September 13th to 18th 2020

400+ _ 500+

2004 2504

Lateral Load (kN)
Lateral Load (kN)
<
Lateral Load (kN)
<

-2004 -2504

-400 -+— T T T T T T -400-+— T T

-500 T T T T

&
IS
)
o
)
IS
o
&
IS
)
o
oo
4
oo
&
A

Drift Ratio (%) Drift Ratio (%) Drift Ratio (%)
(a) LC40-0.1-1 (b) HC40-0.1-1 (¢) H(V)C40-0.1-1
g 3 g
2 z 2
= = =
ki 3 5
. -4004— . . , . . .
6 6 4 2 0 2 4 6
Drift Ratio (%) Drift Ratio (%) Drift Ratio (%)
(d) HC80-0.1-1 (¢) HC40-0.1-111 (f) HC40-0.3-111
Fig. 15 —Comparisons of hysteresis curves between experimental and numerical simulation results
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Fig. 16 —Comparisons of hysteretic dissipated energy between experimental and numerical simulation results
5. Conclusion

The tensile, compression and low-cycle fatigue properties of CSB (HRB400E) and HSSB (HTRB6000) were
conducted. On this basis, the seismic performance of RC piers with different yield strengths of steel bars,
concrete strengths, axial load ratios and stirrup configurations were studied. In addittion, the numerical
simulation of RC piers were conducted based on fiber-based FEM considering buckling and low-cycle fatigue

of steel bars as well as bond slip (strain penetration) between longitudinal bar and concrete. Combined with
the experimental investigations and numerical simulation, the following conclusions can be made.
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(1) The HSSB (HTRB600) shows good tensile ductility (i.e., the fracture elongation and the ultimate
uniform elongation). The compressive strain softening intensifies with the increase of slenderness ratio (L/D)
and yield strengths of reinforcing steel. In addition, the low-cycle fatigue life obviously reduces with the
increase slenderness (L/D).

(2) When HSSB (HTRB600) are used to replace CBS (HRB400E) with equivalent volume (one-to-one)
replacement, the lateral bearing capacity and hysteretic dissipated energy increase as expected. While the RC
piers show comparable lateral bearing capacity and deformation capacity when using HSSB to replace CBS
with equal strength repalcement.

(3) The increase in concrete compressive strength reduces the yield displacement of RC piers, thus leads
to the increase of plastic deformation at same total deformation. As a result, the RC piers reinforced with higher
strength concrete show bigger hysteretic energy dissipation capacity at same total drift ratio. However, the
adoption of high strength concrete will reduce the deformation capacity of RC piers, and the influence extent
intensifies with the increase of concrete strength.

(4) The RC piers with type III stirrup show higher deformation capacity than that with type I and type
II stirrups. It is because the type III stirrup provide better constraint to resist the buckling of longitudinal bar.
The effects of stirrup configuration on deformation capacity of RC piers is more pronounced under high axial
load ratio, it is because longitudinal bar is more prone to buckling failure under high axial load ratio.

(5) The yield dispalcement reduces and the lateral bearing load increases with the increase of axial load
ratio of RC piers. Meanwhile, the deformation capacity reduces for RC piers with high axial load ratio.
However, the decrease degree of deformation capacity for RC pier with type III stirrup is relatively smaller
than type I and type II stirrups.
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