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ABSTRACT

In this paper, a new perspective procedure to determine the damage-control target displacement
for circular reinforced concrete (RC) bridge pier is proposed by considering the new approach of
damage-control limit states (DCLS). The new approach of DCLS is explored by integrating exist-
ing damage-control concrete strain limit with recently proposed damage-control reinforcement strain
limit. Modification of yield displacement and modified plastic-hinge along with new DCLS is used to
estimate the damage-control target displacement for a circular RC bridge pier. Three-dimensional (3D)
finite element (FE) model has been developed to validate the damage-control target displacement sub-
ject to ground motion based on a nonlinear time-history (NLTH) analysis. The 3D FE model is updated
to achieve a reasonable relationship between numerical, analytical, and outcomes found in the litera-
ture. It is worth noting that the proposed procedure manages to estimate an improved damage-control
target displacement for 7.0 m, 11.0 m and 13.0 m height of circular RC bridge pier. The influence of
new reinforcement limit strain along with both modification of yield displacement and plastic-hinge
contributes to providing better results. The result shows that new DCLS were efficient to predict dam-
age-control target displacement, consistent with FE analysis result.

Keywords: circular RC bridge pier, damage-control limit states, damage-control target displacement,
plastic-hinge region, yield displacement.

1 INTRODUCTION

In the current context of seismic design, displacement-based design method has been devel-
oped over the past decades in order to overcome the limitations of the present design method
(i.e. force-based design) [1]-[4]. The displacement-based design method relies on the design
limit states and performance level [5]. The fundamental theory of the displacement-based
method is to design structures to achieve specific performance level and design limit state
under different earthquake conditions. The structural performance levels can be divided into
four different categories [5]: (a) fully operational; (b) operational; (c) life safe and (d) near
collapse. However, it needs some modification to include ‘damage control’ performance
level, for economic reasons [5-7].

‘Damage control’ can be highlighted as structures that face damage is repairable after seis-
mic events. To further understand the ‘damage control’ performance level, the relationship
between performances levels and structures limit states is needed. To ensure the structural
performance levels can be controlled during an earthquake event, it is vital to consider the
damage-control limit state (DCLS) at the design limit state. Although the DCLS is not directly
addressed in design codes, consideration of this limit state is highly recommended. The con-
sideration of DCLS is to ensure the damage towards the structures is satisfactory; the
repairable cost is acceptable and should be less than replacing the new reinforced concrete
(RC) bridge pier. The structures damage may include concrete spalling at the concrete cover.

Direct displacement-based design (DDBD) uses the DCLS as part of the design process in
order to determine the target displacement for damage control. To be used in the design stage
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for DDBD method, DCLS is governed by both material strain, which is the ultimate concrete
compression strain, and ultimate reinforcement tensile strain. The energy balance approach
developed by Mander et al. [8] is used to estimate the ultimate concrete reinforcement strain.
However, prediction of the ultimate reinforcement limit strain has been limited [9-10].

In order to overcome insufficient data in the literature, studies on the reinforcement strain
limit for single-degree-of-freedom (SDOF) RC bridge pier have been carried out in recent
years. The research conducted by Goodnight er al. [10] provides a better model to understand
the importance of reinforcement limit strain focused on bar buckling. DCLS is used to deter-
mine the damage-control target displacement, A 5 for DDBD method. Therefore, this
paper attempts to explore and predict the A7 -, based on the integration of new reinforce-
ment limit strain proposed by Goodnight et al. [10] and existing concrete compression strain
[8], modified plastic-hinge region [11] and modification of yield displacement [12] for a
bridge pier.

2 REVIEW OF DCLS
Formerly, ‘life safe’ performance level has been adopted in order to design structures. How-
ever, after the 1995 Kobe earthquake, many structures experienced extensive and beyond-repair
damage. Therefore, to overcome this issue, DCLS is required to be adopted as part of the
design. Consideration of DCLS is to ensure that the structure remains functional and restrains
the structures that suffered from excessive damage after earthquake events.

Traditionally, the serviceability limit state [5-6, 13] is considered in the design stage.
Despite that, higher restriction limit is weighed in favour of to determine the target
displacement for DDBD method. Figure 1 shows an example of the force—displacement rela-
tionship for the ductile element (RC bridge pier) highlighted the damage-control target
displacement, A7 - position and yield displacement, A,. In DDBD method, the DCLS is
based on the material strain limit; damage-control concrete compression strain limit, €, 4 and
damage-control reinforcement tensile strain limit, & 4.. The damage-control concrete com-
pression limit strain can be defined as the compression strain that represents significant
damage (spalling of concrete cover, minor cracks, etc.) to the concrete, but at this damage
level it is still repairable.

The experimental research shows that the above assumption is subjective and depends on
the transverse reinforcement details provided in the RC bridge pier. According to current
limit states definitions, some authors considered the value of 0.018 as an approximation of
damage-control concrete compression strain [9]. The damage-control reinforcement tensile
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Figure 1: Force—displacement relationships.
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strain can be highlighted as strain at the peak tension strain during loading cycle in which
buckling of the reinforcement starts to develop. The quantification of the reinforcement ten-
sile strain is still difficult, due to insufficient experimental data, particularly at damage-control
level [10]. Therefore, based on previous research conducted in 1996 [14], the value of 0.060
for the DCLS related to the tensile reinforcement strain was assumed [9].

3 CURRENT PROCEDURE TO DETERMINE DAMAGE-CONTROL
TARGET DISPLACEMENT

In DDBD approach, one of the most important procedure is to determine the target
displacement for a single RC bridge shown in Fig. 2a and b. Based on the plastic-hinge
method [5], strain-based target displacement [6] can be determined along the transverse axis
of the bridge pier.

The strain-based target displacement, A, is given by eqn (1) [5-6]. In eqn (1), A, is the
yield displacement of the bridge pier, ¢ and @, is the target and yield curvature, respectively,
L is the pier height and L, is the plastic hinge length.

Ar=A,+(g-¢,)L, L. (1)

Recent studies show that eqn (1) can be used to determine the target displacement for
DCLS [6, 15]. In DDBD approach highlighted in [15], based on the bridge pier geometry and
reinforcement detailing, the limit state is defined from the moment—curvature analysis.
Figure 2c shows the limit states definition from moment curvature.

In this figure, the yield curvature, ¢,, is determined by extrapolating the first yield curva-
ture, (]); at the nominal flexural moment, M, and @; indicate serviceability target curvature.
Damage-control target curvature, ¢;. is determined when the damage-control concrete
compression strain, & 4. reaches 0.018 or damage-control reinforcement tensile strain, & 4
reaches 0.060. This position indicates the ultimate moment, M,. Once the curvature is
attained, the strain-based target displacement can be used to determine A7 - by replacing the
target curvature ¢, to ¢,. damage-control target curvature. Thus, the A7 pc can be estimated
using eqn (2) [5-6].

AT,DCZAy+(¢dc_¢y)LP L. (2)

Ineqgns (1) and (2), L » defined as a plastic hinge [5, 9] is given by eqns (3) and (4). The high-
est value of plastic-hinge length based on both eqns (3) and (4) is used to determine the Az pe.
To ensure the compatibility, eqns (3) and (4) should be only for stress input in MPa units.

—l
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Figure 2: Studied RC bridge pier (a), related displacements (b)
and limit states definition from moment curvature (c).
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L,= 0.08L+0.022fydbl. 3)
Lp = 0.044fydb, . 4)
First, DCLS is determined. Then, the ¢ is computed as follows [5-6]:

¢dc:min[(gc,dc/C)’(Q,dc/D_C)]’ )

where c is the neutral axis depth, D the diameter of the bridge pier. Utilising the ¢, formulated
in Eqn (5), Kowalsky [9] suggested that the ¢, can be defined based on the following eqn (6):

1

:5(0.068—0.068(P/ £oA)- (6)

¢dc

where P/ /¢ A, is the RC bridge pier axial load ratio (ALR) based on the material used given

by eqn (7) [5]. However, eqn (6) can be used if the axial load and longitudinal reinforcement
ratios (LLRs) are within the limits of the proposed equation (eqn (6)), i.e. 0.1-0.4 for ALR,
and 1-4% LRR. The neutral axis depth can be obtained by the following expression:

¢=02D(1+325(P/ £,A, ). )

In order to determine the DCTD, highlighted in eqn (2), yield curvature and yield displace-
ment are required. Yield curvature, ¢, is given by the following equation:

(/5_‘, =2.25 &y /D. (8)

where & is the yield strain of the longitudinal reinforcement [4-5, 16].
The yield displacement A is given by eqn (9) where L,, is the strain penetration, which is
given by eqn (10) [4, 6, 14], and L is the pier height.

A, = (¢y(L+LSp)2)/3. 9)
L, =0.022f,dy. (10)

In eqn (10), Ly, is a function of the diameter of the longitudinal reinforcement d,,; and yield
stress of the longitudinal reinforcement f. Using the results from eqns (5), (7)~(9), eqn (2)
is used to estimate the A pc.

4 PROPOSED PROCEDURE OF DAMAGE-CONTROL TARGET
DISPLACEMENT
The design displacement for a SDOF RC bridge pier depends on the performance limit state,
such as the basis of material strains, ductility or the drift. Due to the lack of previous experi-
mental data, the study conducted by Goodnight et al. [10] developed a new expression to
predict reinforcement tensile limit strain based on the peak of tensile towards bar buckling.
The expression is given by eqn (11) [10].

&4 =0.03+7002,( £,y /E,)-0.1(P/ £, A, ). (11)
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where g, is the transverse reinforcement ratio, f, Yhe / E, the expected yield stress of the trans-
verse reinforcement and P/f’., A, is the bridge pier ALR based on the material used.
Eqgn (11) has been developed based on peak tension strain prior to bar buckling during cyclic
analysis, in order to determine the displacement capacity for RC bridge pier. This reinforce-
ment tensile strain has been adopted in this proposed study due to one of the causes of
damages towards reinforcement, and in the RC bridge pier is related to the bar buckling.
Eqn (11) is used to determine the @

Mander et al. [8] suggested that the specific concrete compression for confined concrete
can be estimated using the dissipation energy balance approach. Thus, the concrete compres-
sion strain for damage control to be used to determine ¢, is defined by eqn (12).

gc,dcz 0.004 + 1.4 (pv f:vh Esu /f ’cc)' (12)

Eqn (12) represents the concrete compressive strain for damage-control, and is a function
of volumetric transverse ratio, 2y, the ultimate strain of steel reinforcement in the transverse
direction, ¢,,, the yield stress of transverse steel reinforcement, f,;, the compressive strength
of unconfined concrete, f’,, the compressive strength of confined concrete, f . and con-
finement stress, fi. The compressive strength of confined concrete is given by eqn (13) and

the confinement stress is given by eqn (14).

f=f ;.(2.254 [+(1944/ £)-2(1 /fc’)—1.254). (13)

f1=0‘5/0v fyh' (14)

Priestley and Kowalsky [17] believe that the concrete compression strain limit provided
by energy balance developed by Mander et al. [8] is conservative. The focus of this
research is to investigate the damage-control target displacement based on the newly pro-
posed procedure. Several modifications have been considered in the proposed procedure
in order to determine the significant damage-control target displacement result. Combina-
tion of new yield displacement [12], and the modified plastic-hinge length [11] is
considered to determine the A; ;- for RC bridge pier. Equation (15) is used to determine
the A pe.

Arpe =4y +(¢dc - ¢y,qu)LPr Ly - (15)

In eqn (15), @, is given by eqn (5) and Lpr is the triangular plastic hinge length given by
eqns (20) and (21). L, is the effective pier height, given by eqn (18), where L is the pier
height and Ly, the strain penetration length given by eqn (19). The effective yield curvature,
@y o and A, are based on new approximation. The effective yield curvature y o €xpression
shown is given by:

Byopp = O, X MF(£.) X MF(n)x MF(p). (16)

Ineqn (16), MF is the modification factor given in Sheikh et al. [18]. The yield displacement
used in this research is given by [12]

A= (2.0 x (&, /D) x MF(£,) x MF(n) x MF(p) X Le_ﬁcz)/& (17)
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where Ly is the effective height of a bridge pier given by eqn (18).

Ly=L+L,,. (18)
A compatible strain penetration length L, is required in order to ensure a fully compatible
model used in this research. Modified strain penetration length is given by [11]:

L, =052 x (1= /£ A, ~ /160) (1, /1)), (19

where f is the expected yield strength of longitudinal reinforcement, A, the gross area of
concrete P a compressive axial load, f the concrete strength, fce the foundatlon concrete
strength and d,,; the diameter of the longitudinal reinforcement. The plastic-hinge length is
needed to compute the Az p-. Based on the same study by Goodnight et al. [11], separate
triangular plastic-hinge length Lpr is developed based on tension and compression of the
material. Equation (20) highlights the tensile plastic hinge length, Lpr, and eqn (21) highlights
the compressive plastic hinge length Lpr...

Lpr,=2kL.+0.75D. (20)
Lpr, = 2kL,, Q1)
where
k=02(f,/f,~1)<0.08. 22)
L=L. (23)

In eqn (22), £, is the ultimate stress of longitudinal reinforcement and fy is the yield stress
of longitudinal reinforcement. The final choice between eqns (20) and (21) to represent tri-
angular plastic-hinge length Lpr is based on which of them governs the minimum value of
strain to represent ¢, as highlighted in eqn (5). The calculation steps proposed in this model
for determining damage-control target displacement can be summarised as follows:

1. Calculate effective yield curvature, @, . (eqn (16)), effective length, L, (eqn (18)) and
modified strain penetration length, Ly, (eqn (19)).

Calculate yield displacement, A, (eqn (17)).

Determine the damage-control limit strain based on eqns (11) and (12).

Calculate damage-control target curvature, ¢,. (eqn (5)).

Calculate triangular plastic-hinge length, Lpr (eqns (20) and (21)) and determine which
strain governs the design and calculate Az pe (eqn (15)).

A e

5 FINITE ELEMENT MODEL

5.1 Development of a 3D model

Three-dimensional (3D) finite-element (FE) models were developed using FE software,
ABAQUS [19]. The RC bridge pier and the foundation were modelled using 8-node solid
concrete elements with reduced integration (C3D8R) shown in Fig. 3a. Mesh sensitivity anal-
ysis was conducted in order to determine the proper size of elements. A proper selection of
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Figure 3: FE model developed in this research: overall view (a) details of the
upper part (b) and lateral view with boundary conditions and loads (c).

mesh is adapted to ensure mesh size between the foundation, the pier and the loading that can
improve the accuracy of the 3D model. Reinforcement bar of the bridge pier was modelled as
2-node steel truss elements (T3D2). The transverse reinforcement was modelled using individ-
ual spiral along the height of the RC bridge pier and through the foundation based on strain
penetration length. The coloured regions indicate that different material model was assigned
to the FE model shown in Fig. 3b. The reinforcement bars are embedded into RC bridge pier
using embedded option, available in ABAQUS [19], to ensure the perfect interaction between
reinforcement and concrete [20-21]. Constraint condition was modelled as a fixed boundary
condition at the bottom of the foundation in order to replicate the experimental setup in the
previous study. Axial load was applied on top of the RC bridge pier in the vertical direction.
Lateral acceleration was modelled as amplitude in order to match the condition of acceleration
time history in real seismic condition. Lateral acceleration was applied to the model, by impos-
ing acceleration time-history at the bottom surface of the foundation as shown in Fig. 3c.

The elastic modulus for concrete and reinforcing based on uniaxial stress—strain bars was
defined based on the Eurocode 2 (EC2) [22]. Young’s modulus of the concrete £, was assumed
to be 35,000 MPa, according to EC2. The stress—strain relationship for the steel reinforcement
bar is based on the bilinear relationship in EC2 [22]. The Young’s modulus and Poisson’s
ratio used for reinforcement are 210 kN/mm?” and 0.3, respectively. Concrete damage
plasticity (CDP) was adopted in this study in order to simulate the inelastic behaviour of RC
bridge piers and to utilise the nonlinear response of concrete behaviour.

CDP is capable of capturing the damage associated with the failure mechanism occurs in
concrete with a moderate amount of confining pressure. CDP model used a yield function
developed by Lubliner et al. [23] and modified by Lee and Fenves [24] to consider several con-
cepts of strength under tension and compression [25]. The RC bridge pier was divided into three
different regions to represent the confined concrete, unconfined concrete and the reinforcement.
The compressive strength for confined and unconfined concrete used in this research is based on
a model developed by Mander et al. [8]. The compressive and tension damage parameters for
concrete were calculated based on the method suggested by Jankowiak and Lodygowski [26].
The stress—strain is based on the scalar damage elasticity where, the scalar stifftness degradation
range from zero (undamaged) to one (fully damaged), thus, reduction in elastic stiffness.

5.2 Validation of the FE model

Validation FE model needs to be conducted in order to ensure the accuracy of the FE model.
Analysis has been conducted and validated with experimental data found in the literature. The
experimental cyclic force—displacement result from Lehman et al. [27] is compared with the
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Figure 4: Details of the specimen from Lehman et al.’s test
(a) and comparison with numerical results (b).

predicted backbone response from FE analysis. FE models are developed based on data avail-
able from experimental developed by Lehman et al. [27]. Figure 4a shows the specimen details
for FE model validation. Based on Lehman et al.’s test, the column was 610 mm in diameter,
and the reinforcement consisted of 22 bars with 16 mm diameter (22 H16) and 32 spiral rein-
forcements with equal spacing and 6 mm diameter. The concrete strength and axial load applied
to the column were 30 MPa and 877 kN, respectively. Then, a controlled increasingly horizon-
tal displacement was applied at the free end of the column. Figure 4b shows the FE analysis
result compared with the experimental study. The figure shows the FE skeleton curve manages
to predict the same peak envelope predicted by the experimental test result. It is evident that an
excellent agreement between the FE model and experimental works was achieved.

6 RESULTS

6.1 Application to earthquake ground motions

Three FE analyses are based on the seismic response from the ABAQUS [19] software, incor-
porating several parameters to predict target displacement by applying seven ground motions.
In order to validate the proposed model, the NLTH analysis was used to obtain the real seis-
mic response of the FE model subjected to numbers of ground motions. The seven ground
motion records were selected randomly from the Pacific Earthquake Engineering Research
Center database. Figure 5a illustrates the acceleration response spectra with 5% damping for
the selected ground motions. In Fig. 5b, two time-history accelerations (EL-Centro and Loma
Prieta earthquakes) are depicted. The main parameters considered in this section are concrete
strength, LRR, transverse reinforcement ratio and ALR. For FE analysis, the AT, pc for
Kowalsky’s is extracted based on the strain predicted by the proposed model. Kong [15] con-
ducted an analysis in North Carolina State University in 2017, while Kowalsky [9] conducted
an analysis in 2000. Based on both previous researches, three specimens (with 1%, 2% and
3% of LRR) were used as a reference for validation.

In the analysis, Kong [15] evaluated the target displacement using bridge metadata for rapid
direct-displacement based assessment procedure and validated it using NLTH. The details of
the specimens are as follows: the concrete compressive strength is 30 MPa, the yield strength
of reinforcement steel bars is 420 MPa, the longitudinal bar diameter is 35 mm and the trans-
verse volumetric reinforcement ratio is 1%. An ALR of 8% was adopted with three different
longitudinal steel ratios (1%, 2% and 3%) as input data for the RC bridge pier modelling using
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Figure 5: Acceleration response spectra with 5% damping of considered earthquakes
compared to the Eurocode 8 spectrum (ECS8) [28] (a); time history
recordings of Loma Prieta and El-Centro earthquakes (b).

ABAQUS [19]. Similar material details were used for Kowalsky’s model. However, Ay - was
determined based on the ¢, against ALR graph developed in that study or using eqn (6) [9].

In Fig. 6, the AT, pc 1s shown for three LRR values (1%, 2% and 3%) and for three different
heights of RC bridge pier (7 m, 11 m, and 13 m).

The proposed model was compared with the FE-NLTH results obtained with the seven ground
motions selected in this study and with the analytical models used in Kowalsky [9] and Kong
[15]. A comparison with FE-NLTH analyses for the seven ground motions was also carried out.
Figure 6 shows that the A; - from the Northridge response (S5) resulted significantly higher
compared with the proposed model and the other ground motions. This may be due to the peak
ground acceleration of the Northridge record, which is higher than the others. While the response
with Trinidad record (S6) resulted slightly lower than the others. For the remaining five seismic
recordings, the proposed model provided convincing outcomes for an accurate estimate of
Ar pc » much more convincing than the Kowalsky and the Kong models, which provide remark-
ably higher values.

The proposed model gave relatively accurate results, with a minimum error of —1.32%,
which was partly due to the main parameters considered values. These phenomena indicate
that the combination of new reinforcement tensile strain and existing concrete compression
strain enhance the prediction of Ay j.

6.2 The error of the proposed procedure

The proposed procedure described earlier for determining the DCTD has been applied to the
single RC bridge piers. This section is mainly dedicated to discover the error percentage
between the proposed procedure and FE-NLTH analysis. By doing so, it can indicate how
effective the proposed procedure, compares with real seismic analysis.

Table 1 shows the error percentage of the DCTD for the proposed model, A ,,, and the FE
model, A for all ground motion. In Table 1, the FE model undergoes seven sets of ground
motions highlighted in Fig. 5. The parameters for the material used is based on the parameter
highlight in Section 6.1. The overall ratio of error percentage is <10% for three different heights
of RC bridge pier. Therefore, it verifies the accuracy of the FE model and the accuracy of the
proposed procedure to estimate the DCTD for RC bridge pier. Table 2 shows the error percent-
age of the DCTD for the proposed model and the previous model considered in this study. The
error percentage is high for both the previous models. This phenomenon may be due to the
proposed procedure is taken into consideration of the new DCLSs along with effective yield
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Figure 6: Comparison of the predicted Az - by the proposed model,
NLTH-FE analyses (FE Models) and previous models by Kowalsky
and by Kong under 1% LRR (a), 2% LRR (b) and 3% LRR (c).

Table 1: Error percentage for proposed model A ,,,, and FE model, A .

Error percentage, A /A (%)
Ground motions  S1 S2 S3 S4 S5 S6 S7
7°m 4.23 5.24 1.32 3.35 7.35 2.36 4.35

ﬁg;ht 11°m 3.5 531 2.35 4.19 9.23 3.65 1.26
13°m 8.36 8.65 4.56 5.42 9.36 9.14 5.92
Table 2: Error percentage for proposed model Apm and previous model.
Error percentage A, and previous model
91 [15]
7m 21.03 40.46
Pier height I1m 23.77 46.93
13 m 24.68 48.99

displacement. Thus, based on the outcomes, the proposed procedure highlighted and proposed
in this paper can convincingly predict an accurate DCTD under real seismic condition.

7 CONCLUSIONS
This paper proposed a new perspective procedure to estimate the Ay - for RC bridge pier.
The influence of new material limit states for RC bridge pier was investigated by integrating
new reinforcement strain limit with existing concrete compression strain to predict the DCLS,
thus determine the A7 . This proposed model is integrating a new yield displacement, yield
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curvature and modified plastic-hinge region into the model. Even though no laboratory exper-
imentation was carried out, an estimate of the accuracy of the proposed model procedure was
provided by comparison with the analyses of a 3D FE model subjected to 7 randomly selected
ground motions for validation. The results are highlighted below:

1.

2.

(1]

(2]

(3]

(4]

(5]
(6]
(7]

(8]

(9]

(10]

(11]

The newly developed model can be used to predict the damage-control target displace-
ment, Ay ,~ with reasonable accuracy for the seismic design of the RC bridge piers.
The influence of yield stress of transverse reinforcement on bar buckling strain provides
a better estimate of DCLSs.

The influence of new DCLSs manages to estimate the damage-control target displacement
for RC bridge pier with the different LRRs used in the RC bridge pier model.
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