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Abstract

Prediction of target displacement in structural systems plays a significant role in performance-based design and rehabilitation of
structures. In this study, the y factor for different hardening ratios, including 1, 2, 3, 5, 7.5, 10, and 15 percentages, stiffness-strength-
deterioration models, and soil type classes is determined to modify the energy balance equation in performance-based plastic design
(PBPD). Statistical results indicate that the effect of the hardening ratio, deterioration, and soil type class on the capacity curve is
considerable. Therefore, a simple equation based on the period of the vibration and ductility is suggested to estimate the y factor
in different structural systems. Moreover, four 1-, 3-, 7-, and 12-story moment steel structures with various hardening ratios in the
material are designed to validate the proposed method. The suggested values for the y factor show exact results compared to collected
displacements from time history analysis, while the error in the previous work was considerable. Statistical results showed that the
mean error in the previous method in estimating target displacement for 1-, 3-. 7-, and 12-story structures is about 15%, 20%, 20%,
and 32%, respectively. Conversely, the mean error in this study for estimating target displacement of 1-, 3-. 7-, and 12-story structures
is about 10%, 7%, 6%, and 15%, respectively. Finally, the proposed method is examined on the empirical reinforced concrete (RC)
bridge pier simulated numerically with fiber-based modeling. Similarly, the suggested equation estimates the target displacement
appropriately for the concrete model compared to achieved displacements from nonlinear dynamic analysis.
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1 Introduction

Over the years, different methods for predicting struc-
tural demand under desired seismic hazard levels have
been proposed, such as the coefficient method [1], capac-
ity spectrum method [2], N, method [3, 4], energy bal-
ance concept [5—11], and the other ones. Based on the
coefficient method, the linear elastic response of the
single-degree-of-freedom (SDOF) system by multiply-
ing a series of coefficients to estimate target displace-
ment [12]. The mentioned method was developed firstly by
Veletsos and his colleagues [13, 14] and comprehensively
extended by Miranda [15-17], Baez and Miranda [18] and
Ruiz-Garcia and Miranda [19]. According to the capac-
ity spectrum method, the maximum nonlinear displace-
ment of the SDOF structure is estimated by the equiva-
lent linear system using an effective period of vibration
(Teﬂ) and damping (feﬁ) [20-22]. Based on the N2 method,

the maximum global displacement of the SDOF system
is estimated based on the intersection of the capacity
pushover curve (V,—D, converted to § —S ) in AD format
with demand curve (standard acceleration curve) in dif-
ferent ductility ranges. The energy balance concept was
used initially by Veletsos and Newmark [14], Veletsos
et al. [13], and Newmark and Hall [23] to determine non-
linear response spectra in different ductility ranges by
using elastic-perfectly-plastic hysteresis model, reference
to Fig. 1. The mentioned method was perfectly developed
by Goel and his colleagues [5-9] by the intersection of
energy demand and energy capacity for estimating max-
imum target displacement. They used the energy balance
concept based on the theory of the input energy where
the energy needed to push a system monotonically up to
maximum target displacement is equal to the maximum
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Fig. 1 Energy balance concept

earthquake input energy for equivalent elastic systems,
approximated by E = 1/2 mS ? equation (m is mass, S is
pseudo velocity). The mentioned theory was confirmed by
several researchers.

Although structural systems under strong ground motion
shaking illustrate uncontrollable and unpredictable struc-
tural damage [24], predicting target displacement for ini-
tial evaluation of component status in structural elements
and predicting probable behavior of them in future earth-
quakes plays a significant role in performance-based plastic
design and rehabilitation of buildings. The energy balance
concept has been developed for predicting target displace-
ment in structural systems based on the assumption that
the energy computed from the monotonic load (capacity
spectrum) is equal to input energy produced by earthquake
ground motions. As illustrated in Fig. 1, the energy balance
equation can be written by the given equation [9]:

1o, 1
E=_ms}=_V,D, +V, (D, =D, ). (1)

where m is the structural mass, s, is the pseudo-velocity,
v, is the yield strength of the system, D, is the yield dis-
placement of the system, and D is the maximum displace-
ment in the system.

The explained energy-balance equation was only valid
for structural systems with periods in the acceleration-sen-
sitive region [6]. Therefore, Lee and Goel [5] introduced
the Gamma factor (y) to modify the energy balance equa-
tion for estimating target displacement. The energy bal-
ance equation was modified as given [9]:

1, 1
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where m is structural mass, s is the pseudo-velocity, v, is
the yield strength of the system, D is the yield displace-
ment of the system, D, is the maximum displacement in
the system, R, is the strength reduction factor, and y is the
ductility of the system (D, /D, ).

The performance-based energy method has been pop-
ularly developed by several researchers for different pur-
poses. For example, Zhang et al. [25] quantify the seis-
mic demands of tension-only concentrically braced steel
beam-through frames (TCBSBFs) under near-fault ground
motions, or Ke et al. [26] developed the energy factor (y)
for self-centering, MRF (steel moment resisting frame)
with fuses [27], and hybrid systems [28]. Wang et al. [29]
proposed the energy factor based on the modified Clough
hysteretic model in different constant-ductility levels.
Due to the popularity of the mentioned theory in perfor-
mance-based plastic design (PBPD) methodology, devel-
oping the cited procedure would be necessary for future
investigations. The presented Gamma factor (y) in the lit-
erature was only used for bi-linear systems, while it can
be developed for systems with different hardening ratios.
The hardening in most structural systems, especially steel
structures, can be altered from 1% to higher percentages,
such as multiplanar CHS X-connections [30, 31]. Moreover,
the effect of soil type classes with different shear wave
velocities has not been discussed before on this parame-
ter. The influence of soil type class on the R-factor was
confirmed by various researchers, such as Miranda [16]
and Ruiz-Garcia and Miranda [32], Rahnama and
Krawinkler [33], and others. Hence, the Gamma factor (y)
would be affected by soil site conditions due to the depen-
dent on the R-factor. Moreover, stiffness deterioration and
strength degradation in structural systems are effective on
displacement demand of the system under probable future
events. The different stiffness deterioration and strength
degradation protocols have not been considered before
on Gamma factor (y), where many researchers have con-
firmed its significant effect on seismic responses, such as
Amirchoupani et al. [34, 35], Abdollahzadeh et al. [36],
ASCE/SEI 41-17 [1], and FEMA series [37, 38].

According to the literature review, the Gamma factor (y)
in different hardening ratios, soil classes, and deterioration
hysteresis models, including Modified Clough (MC), mod-
erate-stiffness-strength-deterioration (MSD), and severe-
stiffness-strength-deterioration (SSD), is developed to use
in the energy balance equation and predicting target dis-
placement in this study. It is worth mentioning that seven
hardening ratios were considered in this investigation,
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Fig. 2 Different hardening ratios

including 1, 2, 3, 5, 7.5, 10, and 15 percentages (Fig. 2).
Then, a simple equation based on the ductility and period
of vibration was suggested for estimating the y factor.
Finally, four steel moment structural systems with 1-, 3-,
7-, and 12-stories and one empirical RC bridge pier were
employed to verify the proposed procedure and compared
with the result of previous studies.

2 Methodology

In the first step, 210 earthquake ground motions were
selected based on soil classes A, B, C, and D in this study.
All earthquake records were chosen from NGA-West2
PEER ground motions. Therefore, three ground motion sets
with shear wave velocity of 750 to 1500 (m/s?), 365 to 750
(m/s?), and 185 to 365 (m/s?) based on ASCE/SEI 7 [39]
soil classification was determined as shown in Table A1 to
Table A3 in Appendix A, respectively. The magnitude of
selected earthquakes is from 5.6 to 7.6 at shallow crustal
tectonic shells and the 1-to-100-kilometer rapture distance.
It is worth mentioning that the conditional mean spectrum
(CMS) methodology based on Baker and Lee's [40] study
was used to select earthquake ground motions for more
compatibility and better spectral matching between ground
motions. In this investigation, the OpenSEES version 3.0.3
and MATLAB 2020 software were used for dynamic time
history analysis and post-processing of results, respectively.
The zero-length element and mass-proportional Raleigh
damping were adopted for SDOF modeling of mass-
spring and damping, respectively. It is worth mentioning
that the uniaxial Material ElasticPP and Steel0] from the
OpenSEES library was assigned to zero-length element to
model the hysteresis behavior of the steel structures as an
accepted method by many researchers and specifications
[17, 34, 36, 38, 41]. Additionally, 30 periods of vibration
from 0.1 s to 3 s with 0.1 s time intervals were considered

Farahani et al. | 39
Period. Polytech. Civ. Eng., 68(1), pp. 37-56, 2024

for dynamic analysis. The system stiffness and yield dis-
placement, with the 5% damping coefficient, were calcu-
lated in each period of vibration. Next, different hardening
ratios, including 1%, 2%, 3%, 5%, 7.5%, 10%, and 15%,
were considered in each analysis. Therefore, the ductility
ratio of the bi-linear system, from u = 2 to u = 8, was deter-
mined using dynamic time history analysis. The ductility of
the system was computed by maximum nonlinear displace-
ment to yield displacement ratio using the irritative trial and
error method to achieve constant ductility, where the lateral
force decreases gradually until the ductility demand reaches
to target ductility. The yield strength factor was determined
at each constant-ductility ratio using R = m.Sa/F) , where
m is mass, S is the acceleration response spectrum at the
desired period of vibration, and F, is the yield strength of
the system. In the end, the y factor at each ductility, hard-
ening ratio, soil type class, and period of vibration was
determined by 352800 dynamic analyses regarding Eq. (3).
The cited process for peak-oriented stiffness-strength dete-
rioration hysteresis models was repeated, including mod-
ified Clough, moderate-stiffness-strength-deterioration,
and severe-stiffness-strength-deterioration, as illustrated in
Figs. 3(a) to (c). The peak-oriented models with different
deterioration protocols are used to simulate the behavior of
the reinforced concrete structures when subjected to cyclic
loads. Several studies have shown that the amount of dete-
rioration and stiffness loss in reinforced concrete specimens
depends on the loading protocol and detailing of the steel
bars, such as bar slippage. The uniaxial hysteresis material
from the OpenSEES library was selected to model the hys-
teresis behavior of the concrete structures under SAC load-
ing protocols to show different deteriorationregimes. Fig. 4
shows the entire procedure of the method.

3 Statistical analysis

As mentioned in the methodology section, the y factor for
seven hardening ratios, including 0% (EPP), 1%, 2%, 3%,
5%, 7.5%, 10%, and 15%, was computed in the period
range of 0.1s to 3s. As shown in Fig. 5, the y factor with
different hardening ratios was normalized by the deter-
mined y factor from the elastic-perfectly-plastic hysteresis
model. Fig. 5 shows that the y factor increases as the hard-
ening ratio increases. Moreover, the effect of hardening
increases by the growth of the ductility factor. Although
the influence of lower hardening and ductility factors is
not prominent, the consequence of higher hardening ratios
and ductility in structures with a period of lower than 2 s
is approximately more than 30 percent.
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Fig. 3 Hysteresis deterioration models, (a) Modified Clough, (b)
moderate-stiffness-strength-deterioration, (c) severe-stiffness-strength-

deterioration

The effect of hardening on the y factor is more prom-
inent when the period of vibration is lower than 2 s.
The following procedure was conducted for earthquake
ground motions recorded on soil classes A, B, C, and D,
based on Tables Al to A3. As illustrated in Fig. 6, the
effect of soil type for all classifications was evaluated
by normalizing the y factor determined from soil class
C and D into the y factor determined from soil class AB.
Figs. 6(a) to (1) show that the effect of soil type in short-pe-
riod regions (T < 0.5 s) is significant. Moreover, the influ-
ence of soil type increases as the ductility factor of the
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Fig. 4 Full procedure of methodology

system increases. Additionally, the effect of soil type in
long-period regions becomes significant by increasing
system ductility. By comparing y factors determined from
recorded ground motions in different soil types, the influ-
ence of this parameter must be considered for estimating
target displacement.

The effect of stiffness-strength deterioration on the y factor
in different soil classes was investigated, according to Fig. 7.
Figs. 7(a)—(c) shows the ratio of the y factor determined from
Modified Clough, moderate-stiffness-strength-deteriora-
tion, and severe-stiffness-strength-deterioration to EPP hys-
teresis model in soil class C group, respectively. As shown
in Fig. 7, in the short period range, from 0.1 s to 1 s, the
effect of stiffness-strength deterioration on the y factor is
additive and reduced by increasing the period of vibration.
Instead of the short-period range, the influence of stiff-
ness-strength-deterioration on the y factor decreases with
the increase of period in the long-period regions, but it
remains constant. The effect of the ductility factor in stiff-
ness-strength-deterioration hysteretic models is signifi-
cant only in short to intermediate periods and increases by
increasing the deterioration. The cited trend was observed
in other soil classes. Hence, the influence of degradation
on the y factor must be considered for structural systems
with deterioration mode.

A nonlinear equation was defined in Eq. (4) to com-
pute the y factor for different hardening ratios, soil class
types, and deterioration protocols. Additionally, nonlinear
regression analysis was performed to determine constant
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Fig. 5 The y factor with bi-linear hardening hysteresis model to EPP hysteresis model, including (a) y 22, (b) y 44, (c) y 66, (d) y 8

regression parameters based on system ductility, harden-
ing ratio, soil type, and stiffness-strength-deterioration.
The suggested formula is given by:
2
Y=o+ M > C))
BT

where u is the ductility of the system, T is the fundamen-
tal period of vibration, and a, f§ are regression coefficients.

The Table C1 constant regression parameters can be
used to estimate the y factor based on ductility, harden-
ing ratio, and soil class type. Moreover, Table C2 presents
the constant regression parameters for Modified Clough,
moderate-stiffness-strength-deterioration, and severe-stiff-
ness-strength-deterioration models in different soil types
and ductility ratios.

4 Verification of proposed method with designed models
In this study, four 1-, 3-, 7-, and 12-story steel moment struc-
tural buildings with different framing types were designed
based on ASCE/SEI 7-16 [39] and AISC 360-16 [42]
provisions to validate the proposed method in different

period conditions. The 1- and 3-story structures were
designed using ordinary and special moment framing sys-
tems (OMF and SMF), while the intermediate moment
frame system (IMF) was used for 7- and 12-story mod-
els. The response modification factor (R), system over-
strength (€2), and deflection amplification factor (C)) for
1- and 3-story structures were defined as 3.5, 3, 3, and 8,
3, 5.5, respectively. Additionally, the mentioned parame-
ters were determined as 4.5, 3, and 4 for 7- and 12-story
structures. The designed drift limit state was lower than
2.5% for 1- and 3-story structures and less than 2% for
7- and 12-story structural systems. In mentioned models,
3000 kg/m and 1000 kg/m dead and live load were con-
sidered in all designed models with the seismic load. The
5 m bay length and 3.5 m height were arbitrarily assumed
in all models as a usual length in most buildings, where the
total elevation in 1-, 3-, 7-, and 12-story models are 3.5 m,
10.5 m, 24.5 m, and 42 m, respectively. Structural sections
in all models were designed under design seismic hazard
level (DE) with 0.842 and 0.3795 spectral accelerations
in short- (Sy;,) and long-periods (S1D). The configuration
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ment, system mass, effective stiffness, and hardening ratio, g 400 ——Pushover Curve
are presented in Table 2 (where F and D, are yield strength @ 300
and yield displacement, respectively). The roof displace- & 200
ment was selected as a controlling node for pushover anal- 100
ysis in all models. In the fourth step, the pushover capacity 0
. 0 5 0 15 20 25 30 35 40
curves were converted to capacity energy curves (energy
. . . Displacement(cm)
— displacement) by computing an area under force-dis- N
. . . C
placement curves. In the fifth step, the higher seismic 1300
hazard level, higher than the designed level (DE level),
was selected to evaluate target displacement in this haz- 1040 ===
ard level. The cited seismic level was chosen to assess the > by
4 -
designed structures in higher ductility values and nonlin- £ 780 - 7 ~laealized Curve
. L. g ——Pushover Curve
earity. Then, the seismic hazard level (demand) was con- 5 s00
verted to the energy-displacement (energy demand) curve 2
m
using Egs. (5) and (6), respectively [8]. 260
Table 1 Fundamental period of vibration in models 0
0 5 10 15 20 25 30 35 40 45 50 55 60 65
Modes 1-story 3- story 7-story 12-story )
Displacement(cm)
1" mode 0.335 1.279 1.938 3.064 )
2™ mode 0.034 0.362 0.668 1.037 Fig. 8 Pushover and idealized curve for (a) 1-story, (b) 3-story, (c)
3" mode 0.034 0.176 0.378 0.607 7-story, (d) 12-story




Table 2 Structural characteristics under pushover analysis

Models F, D, Mass Effective Hardening
(KN) (cm) (kg) stiffness (N/m) ratio
1-story 144 2.4 16710 6000000 14.5%
3-story 164 116 90626 1408513 15%
7-story 582 12.6 352854 4480000 13%
12-story 975 16.5 1011607 5850000 7.5%
2

1 T
E=—m|—S5, |, Q)

2 \2n

T2

Sa =5 ©6)

where m is structural mass, 7 is fundamental period of
vibration in the first mode, and S is acceleration spectrum.

In the sixth step, suitable earthquake ground motions
were selected based on Baker and Lee's [40] algorithm
from selected ground motions in Table A2. Recently,
Amirchoupani etal. [35] proposed a new ground motion scal-
ing method for better spectral matching of ground motions
based on energy concepts. They showed that normalizing
ground motions and scaling them regarding the fundamen-
tal period of vibration would lead to better spectral match-
ing and lower error. In this method, the spectral response
accelerations in sensitive-acceleration (if 0.05 s <7< 0.5 s),
sensitive-velocity (if 0.5 s < T'< 2.7 s), and sensitive-dis-
placement regions (if 2.7 s < T <4's Wwere normalized
to acceleration spec;[_rsum intensity (Io.1 S, (¢ =5%.T)dT),
Housner intensity ( Io.1 PSV (& =5%,T)dT"), and peak ground
displacement (PGD) firstly. It is worth mentioning that by
normalizing response accelerations to pointed parameters,
the normalizing index in the ground motions reaches one.
Then, the scaling procedure based on ASCE/SEI 7 code
would be performed as a next step. The mentioned method
was used for ground motion scaling to decrease the error in
predicting target displacement.

In the seventh step, according to the proposed equations
in Section 3, the Gamma factor was computed based on the
hardening ratio of structures, fundamental period of vibra-
tion, and ductility demand. Then, by intersecting capac-
ity (energy pushover) and demand (energy hazard level)
curves, the target displacement was determined at this point.

In the eighth step, the exact roof displacement extracted
from nonlinear time history analysis was compared with
the predicted roof displacement from the proposed equa-
tion and Leelataviwat et al. [7-9] estimation. Fig. 9 shows
that the proposed method illustrates lower errors compared
to exact responses extracted from fiber-based analytical
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models in the 1-story steel structure model. Generally, the
estimation of responses in structures with short-period
duration is accompanied by high variation due to the sensi-
bility of nonlinear displacements in this region [34, 43, 44].
However, the mean error in the proposed method is about
10%, while the error in Goel et al. [45] and Leelataviwat
et al. [7, 9] procedures is about 15%. It shows that the pro-
posed method can estimate the target displacement suit-
ably in short-period structures. Fig. 10 illustrates that the
proposed method predicts the target displacement appro-
priately in middle-period structural systems. The pre-
dicted roof displacement is more pierce compared to exact
values in the 3-story steel structure. The mean error in the
proposed method is about 7%, while the mean error in the
previous work is about 15%.

Fig. 11 shows that the mean error in the proposed method
for the 7-story steel structure is about 6%, while the error
in previous work compared to exact values is about 20%.
It is concluded that the proposed method can estimate the

= This study
0.04 = Goel et al. Method
= Exact dynamic analysis

Roof Displacement (m)

Earthquake RSN numbers.

35 wThis study
=Goel et al. Method

Error (%)

Earthquake RSN numbers

Fig. 9 Target roof displacement comparison between exact values,

proposed formula, and Goel et al. study in 1-story steel structure
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Fig. 10 Target roof displacement comparison between exact values,
proposed formula, and Goel et al. study in 3-story steel structure
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04 = This study
035 =Goel et al. Method
= Exact dynamic analysis

Roof Displacement (m)

Earthquake RSN numbers

45 u This study
=Goel et al. Method

Error (%)

Earthquake RSN numbers

Fig. 11 Target roof displacement comparison between exact values,
proposed formula, and Goel et al. [45] study in 7-story steel structure

09 aThis study
08 = Goel et al. Method
= Exact dynamic analysis

Roof Displacement (m)

45 u This study
=Goel et al. Method

Error (%)

Earthquake RSN numbers

Fig. 12 Target roof displacement comparison between exact values,
proposed formula, and Goel et al. study in 12-story steel structure

target displacement in high-rise structural systems with
periods higher than 1.5 s. The mentioned procedure for the
12-story steel structure with a long-period duration was
similarly repeated (higher than 3 s). As shown in Fig. 12,
the mean error in the proposed method is about 16%,
while the mean error in Goel et al. [45] and Leelataviwat
et al. [7, 9] procedure is more than 30%. Hence, the pro-
posed method and formula can evaluate target displace-
ment in steel structural systems with a defined hardening
ratio in the capacity curve, stiffness-strength-deteriora-
tion, and soil site condition.

5 Verification of proposed method with empirical RC
bridge pier models

The empirical reinforced concrete (RC) bridge pier tested
under uniaxial shake table analysis by Schoettler et al. [46]
was considered to verify the proposed equation and pro-
cedure for the empirical RC model. The RC bridge pier
was designed by Caltrans code specification [47] and
constructed at the University of California (Berkeley),

as illustrated in Fig. 13. The RC pier was tested using
shake table analysis under sequential ground motions
applied from low to high intensity to bring the RC pier
near collapse. The ground motion characteristics are pre-
sented in Table 3. The 3D nonlinear beam-column ele-
ment with five integration points along height was used
for fiber-based modeling of the pier by Open System for
Earthquake Engineering Simulation (OpenSEES) soft-
ware. The Concrete02 [48] and reinforcing material from
the OpenSEES library were adapted for numerical model-
ing of the unconfined (cover) and confined (core) parts of

. ©
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Fig. 13 Full-scale RC bridge pier specimen and cross-section [46]

Table 3 Ground motion characteristics for verification [46]

Test Earthquake M Station Comp. Sc PGA (g)
1989 Loma

EQI Pricts 69  Agnew 90 1 -0.199

gz OBLoma oo cormalitos 90 1 0409
Prieta

po3  8Lema oo Gee 0 1 052
Prieta

pQa  1989Loma oo oalitos 90 1 0454
Prieta

EQ5  1995Kobe 6.9  Takatori 0 -08 -0.533

pQe  19%0Loma oo Gpe 0 1 -0512
Prieta




the section and steel bars, respectively. Accordingly, the
Coffin-Manson equation was assumed to take into account
the mechanical effect of strain softening, low-cycle
fatigue, transition from elastic behavior to inelastic, and
compressive buckling (the a = 0.506, C,=036l, C,=0.6
was used in Coffin-Manson model). Table 4 presents the
pier characteristics used in the RC model, including col-
umn dimensions and material strengths. The RC pier sec-
tion was divided into 150 mesh elements in different inte-
gration points to achieve accurate results (Fig. 14(a)).

The bond-slip behavior was employed by considering
a zero-length element to model the member end rotation
according to the strain penetration between the RC pier
(superstructure) and foundation to compute moment-cur-
vature responses, as shown in Figs. 14(b) to (c). Hence, six
parameters were defined to capture the bond-slip effect in
the connection between elements, as discussed by Zhao
and Sritharan [49] based on Fig. 14(c).

The Sy and S were computed by Egs. (7) and (8), given as:

1/
S, =254 d_Fy (2a +1) ) 0.34 (7)
,=2. o+ +0.34,
Y 8437 \/’
S, =30~40S,, ®)

where d, is rebar diameter, f is the compressive strength
of concrete, Fy is yield strength (MPa), a is the constant
parameter taken as 0.4 based on CEB-FIP model code 90,
and b is initial hardening ratio in the monotonic slip ver-
sus bar responses (Sy =0.548,5 =19.18,6=0.4, R=0.75
parameters were used in model).

Table 4 Material properties and pier dimensions [24, 46]

Parameters Values
Column diameters (m) 1.22
Column height (m) 7.32
Concrete cover (mm) 50
Longitudinal reinforcement diameter (mm) 18 d35.8
Yield stress (MPa) 519
Ultimate stress (MPa) 707
Initial elastic tangent (MPa) 196000
Tangent at initial strain hardening (MPa) 5520
Strain corresponding to initial strain hardening (%) 1.1
Strain at peak stress (%) 12.2
Transverse reinforcement diameter (mm) 159 @ 152
Yield stress (MPa) 338
Ultimate stress (MPa) 592
Strain at peak stress (%) 12.5
Axial load (MN) 2.32
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Unconfinced
cover concrete fibres

-Confined
core concrete fibres

Reinforcing steel fibres

> beam-
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/ = section
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o
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$Fy}---
$Sy $Su slii)

©
Fig. 14 (a) Fiber section model, (b) Distribution of plastic hinge with
bond-slip behavior, (c) Uniaxial bond-slip material [49]

Fig. 15 shows the appropriate verification between
empirical and numerical models under sequential ground
motions presented in Table 3.

The mentioned procedure in Section 4 was repeated
for the RC bridge pier, including eigenvalue analysis,
pushover analysis, conversion from V,-D, to E-D,, and
dynamic time history analysis. It is worth mentioning that
the fundamental period of vibration in the RC bridge pier
is 0.61 seconds based on its stiffness and mass. Fig. 16
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Fig. 15 Verification between empirical shake table analysis and numerical fiber-based model; (a) EQI, (b) EQ2, (c) EQ3, (d) EQ4, (e) EQS5, (f) EQ6

indicates the pushover analysis of the RC bridge pier under
the monotonic load pattern and its idealized curve, where
the yield displacement, yield force, and ultimate displace-
ment is 7.5 (cm), 700 (KN), and 60 (cm), respectively.
Table 5 illustrates the comparison between obtained
responses from the nonlinear time history analysis and cal-
culated ones from the approximated equation in this study.
Accordingly, the proposed method estimates the target

displacement of the RC bridge pier appropriately compared
with the previous investigation. It is necessary to explain
that the presented result was somewhat predictable because
the past results were only valid for the steel structures.
Fig. 17 illustrates the intersection of input energy
demand and capacity energy determined by the proposed
method in this investigation and previous studies to esti-
mate the target displacement of the empirical RC bridge
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Fig. 16 Pushover analysis on empirical RC bridge pier

pier. It should be noted that the mentioned figure presents
for better understanding, whereas the other comparisons
are available in Table 5. Fig. 17 indicates that the approx-
imate proposed method is more accurate for estimating
target displacement compared to obtained displacements
from time history analysis.

6 Conclusion

The y factor in different hardening ratios, stiffness-strength-
deterioration approaches, and soil type classes was deter-
mined in this investigation to predict the target displace-
ment in structural systems with various configurations.
Hence, the following results were obtained:

» The effect of hardening on the y factor increases as
the ductility of the system increases.

* The influence of the hardening ratios on the y factor
in 7<2 s was prominent.

» The effect of soil type class on the y factor increases
as the ductility of the system increases.

* The influence of soil type class in short-period
regions is significant, while this effect increases in
the long-period area by increasing the ductility.

* The effect of the stiffness-strength-deterioration

80
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Table S The comparison between obtained responses from the
nonlinear time history analysis and calculated ones from the

approximated equation in this study and previous studies

Records D v Diaoy  Pria u, Error  Error, .
RSN265 0.11 0.093 0.12 1.6 8 22
RSN448 0.14 0.094 0.16 2.1 16 41
RSN496 0.14 0.095 0.17 2.2 16 42
RSNS564 0.09 0.093 0.08 1.1 7 11
RSN589 0.13 0.093 0.15 1.9 10 36
RSN57 0.11 0.093 0.12 1.6 8 23
RSNI125 0.13 0.094 0.16 2.1 18 41
RSN139 0.11 0.093 0.11 1.4 1 12
RSN231 0.12 0.093 0.13 1.7 7 28
RSN250 0.12 0.093 0.13 1.7 8 28
RSN690 0.14 0.096 0.18 24 21 46
RSN755 0.13 0.093 0.15 1.9 10 36
RSN787 0.12 0.093 0.13 1.7 7 28
RSN801 0.11 0.093 0.12 1.6 11 24
RSN1012  0.12 0.093 0.14 1.8 12 32
RSN1512  0.12 0.093 0.14 1.8 12 32
RSN1521  0.11 0.093 0.11 1.4 2 13
RSN1787  0.15 0.1 0.20 2.7 27 50
RSN2627  0.15 0.1 0.20 2.6 26 49
RSN2628  0.10 0.093 0.09 1.2 10 2

Average 0.12  0.09405 0.14 1.8 12 30

hysteresis models on the y factor is considerable,
especially in 7< 1 s.

* As the deterioration increases, the y factor increases
in T <1 s and decreases in 7 > 1 s. These effects
amplify in higher ductility.

» A simple formula based on ductility, hardening ratio,
strength-stiffness-deterioration regimes, soil condi-
tion, and period of vibration was suggested to predict
target displacement in different structures.

80
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Fig. 17 The top roof displacement of RC bridge pier using energy balance method under proposed method; (a) RSN 496, (b) RSN 2627
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The direct nonlinear time history analysis using fiber-
based models, including 1-, 3-, 7-, and 12-story steel
moment systems, were compared with Goel et al. [45],
Leelataviwat et al. [7, 9], and approximate equa-
tion of this study. Statistical results showed that the
mean error based on previous data in estimating tar-
get displacement for 1-, 3-. 7-, and 12-story structures
was about 15%, 20%, 20%, and 32%, respectively.
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Appendix A
Table A1 Soil class A, B earthquake ground motions
NO RSN Year Earthquake Name Station Name M, Mechanism R, (km) R (km) V., (m/sec)
1 80 1971 San Fernando Pasadena 6.6 Reverse 21.5 21.5 969.07
2 146 1979 Coyote Lake Gilroy Array #1 5.7 strike slip 10.21 10.67 1428.14
3 455 1984 Morgan Hill Gilroy Array #1 6.1 strike slip 14.9 14.91 1428.14
4 680 1987 Whittier Narrows Pasadena 5.9 Reverse Oblique 6.78 18.12 969.07
5 703 1987 Whittier Narrows Vasquez Rocks Park 5.9 Reverse Oblique 47.25 50.39 996.43
6 765 1989 Loma Prieta Gilroy Array #1 6.9 Reverse Oblique 8.84 9.64 1428.14
7 788 1989 Loma Prieta Piedmont Jr High Sch. 6.9 Reverse Oblique 72.9 73 895.36
8 789 1989 Loma Prieta Point Bonita 6.9 Reverse Oblique 83.37 83.45 1315.92
9 795 1989 Loma Prieta SF-Pacific Heights 6.9 Reverse Oblique 75.96 76.05 1249.86
10 797 1989 Loma Prieta SF-Rincon Hill 6.9 Reverse Oblique 74.04 74.14 873.1
11 804 1989 Loma Prieta So. San Francisco 6.9 Reverse Oblique 63.03 63.15 1020.62
12 1011 1994 Northridge LA-Wonderland Ave 6.6 Reverse 15.11 20.29 1222.52
13 1091 1994 Northridge Vasquez Rocks Park 6.6 Reverse 23.1 23.64 996.43
14 1108 1995 Kobe Kobe University 6.9 strike slip 0.9 0.92 1043
15 1613 1999 Duzce Lamont 1060 7.1 strike slip 25.78 25.88 782
16 1649 1991 Sierra Madre Vasquez Rocks Park 5.6 Reverse 37.63 39.81 996.43
17 2753 1999 Chi-Chi CHY102 6.2 strike slip 393 39.32 804.36
18 2989 1999 Chi-Chi CHY102 6.2 Reverse 69.76 74.16 804.36
19 3251 1999 Chi-Chi TTNO042 6.2 Reverse 84.68 85.17 845.34
20 3925 2000 Tottori OKYHO07 6.6 strike slip 15.23 15.23 940.2
21 3954 2000 Tottori SMNH10 6.6 strike slip 15.58 15.59 967.27
22 4083 2004 Parkfield PARKFIELD 6.0 strike slip 4.66 5.29 906.96
23 4167 2004 Niigata FKSHO7 6.6 Reverse 52.15 523 828.95
24 4312 1984 Umbria Gubbio 5.6 Normal 14.67 1572 922
25 5483 2008 Iwate AKTHO5 6.9 Reverse 37.45 39.41 829.46
26 5618 2008 Iwate IWTO010 6.9 Reverse 16.26 16.27 825.83
27 5646 2008 Iwate IWTH14 6.9 Reverse 99.04 99.05 816.31
28 5649 2008 Iwate IWTH17 6.9 Reverse 72.44 72.44 1269.78
29 5650 2008 Iwate IWTHIS 6.9 Reverse 64.27 64.27 891.55
30 5655 2008 Iwate IWTH23 6.9 Reverse 68.03 68.03 922.89
31 5670 2008 Iwate MYGO11 6.9 Reverse 82.93 82.93 1423.8
32 5679 2008 Iwate MYGHO03 6.9 Reverse 56.72 56.72 933.96
33 5680 2008 Iwate MYGH04 6.9 Reverse 40.42 40.43 849.83
34 5685 2008 Iwate MYGHI1 6.9 Reverse 57.15 57.15 859.19
35 8167 2003 San Simeon Diablo Canyon. 6.5 Reverse 37.92 37.97 1100
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NO RSN Year Earthquake Name Station Name M, Mechanism ij (km) R"&’ (km) ¥V, (m/sec)
1 57 1971 San Fernando Castaic-Old Ridge Route 6.6 Reverse 19.33 22.63 450.28
2 125 1976 Friuli Tolmezzo 6.5 Reverse 14.97 15.82 505.23
3 139 1978 Tabas Dayhook 7.3 Reverse 0 13.94 471.53
4 231 1980 Mammoth Lakes Long Valley Dam 6.0 Normal Oblique 12.56 15.46 537.16
5 250 1980 Mammoth Lakes Long Valley Dam 5.9 strike slip 9.65 16.03 537.16
6 265 1980 Victoria Cerro Prieto 6.3 strike slip 13.8 14.37 471.53
7 448 1984 Morgan Hill Anderson Dam 6.1 strike slip 3.22 3.26 488.77
8 496 1985 Nahanni Site 2 6.7 Reverse 0 4.93 605.04
9 564 1986 Kalamata Kalamata 6.2 Normal 6.45 6.45 382.21
10 589 1987 Whittier Narrows Alhambra-Fremont School 5.9 Reverse Oblique 1.67 14.66 549.75
11 690 1987 Whittier Narrows San Gabriel-E Grand Ave 5.9 Reverse Oblique 0 15.2 401.37
12 755 1989 Loma Prieta Coyote Lake Dam 6.9 Reverse Oblique 19.97 20.34 561.43
13 787 1989 Loma Prieta Palo Alto - SLAC Lab 6.9 Reverse Oblique 30.62 30.86 4253
14 801 1989 Loma Prieta San Jose - Santa Teresa Hills 6.9 Reverse Oblique 14.18 14.69 671.77
15 1012 1994 Northridge LA 00 6.6 Reverse 9.87 19.07 706.22
16 1512 1999 Chi-Chi TCUO078 7.6 Reverse Oblique 0 8.2 443.04
17 1521 1999 Chi-Chi TCUO089 7.6 Reverse Oblique 0 9 671.52
18 1787 1999 Hector Mine Hector 7.1 strike slip 10.35 11.66 726
19 2627 1999 Chi-Chi TCU076 6.2 Reverse 13.04 14.66 614.98
20 2628 1999 Chi-Chi TCUO078 6.2 Reverse 0 7.62 443.04
21 4031 2003 San Simeon Templeton-1-story Hospital 6.5 Reverse 5.07 6.22 410.66
22 4130 2004 Parkfield-02 Parkfield-Vineyard Cany 1E 6.0 strike slip 1.59 2.96 381.27
23 4141 2004 Parkfield-02 PARKFIELD - UPSAR 05 6.0 strike slip 9.14 9.61 440.59
24 4143 2004 Parkfield-02 PARKFIELD - UPSAR 07 6.0 strike slip 9.14 9.61 440.59
25 4147 2004 Parkfield-02 PARKFIELD - UPSAR 11 6.0 strike slip 8.93 9.41 466.12
26 4213 2004 Niigata NIG023 6.6 Reverse 25.33 25.82 654.76
27 4229 2004 Niigata NIGH12 6.6 Reverse 9.93 10.72 564.25
28 4481 2009 L'Aquila L'Aquila-V. Aterno 6.3 Normal 0 6.81 685
29 4846 2007 Chuetsu-oki Joetsu Yanagishima paddocks 6.8 Reverse 28.07 3143 605.71
30 4864 2007 Chuetsu-oki Yoitamachi Yoita Nagaoka 6.8 Reverse 4.69 16.1 655.45
31 4873 2007 Chuetsu-oki Kashiwazaki City 6.8 Reverse 10.38 20.03 561.59
32 5286 2007 Chuetsu-oki NIGHI13 6.8 Reverse 29.84 33.57 461.1
33 5478 2008 Iwate AKT023 6.9 Reverse 11.68 16.96 555.96
34 5656 2008 Iwate IWTH24 6.9 Reverse 31 5.18 486.41
35 8486 2004 Parkfield-02 Hog Canyon 6.0 strike slip 4.51 5.28 376
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Table A3 Soil class D earthquake ground motions

NO RSN  Year Earthquake Name Station Name M, Mechanism ij (km) R”.‘E (km) V,, (m/sec)
1 95 1972 Managua Managua-ESSO 6.24 strike slip 3.51 4.06 288.77
2 174 1979 Imperial Valley El Centro Array #l11 6.53 strike slip 12.56 12.56 196.25
3 183 1979 Imperial Valley El Centro Array #8 6.53 strike slip 3.86 3.86 206.08
4 322 1983 Coalinga Cantua Creek School 6.36 Reverse 23.78 24.02 274.73
5 367 1983 Coalinga Pleasant Valley P.P. - bldg 6.36 Reverse 7.69 8.41 257.38
6 614 1987 Whittier Narrows Downey — Birchdale 5.99 Reverse Oblique 14.9 20.79 245.06
7 700 1987 Whittier Narrows Tarzana - Cedar Hill 5.99 Reverse Oblique 38.24 41.22 257.21
8 725 1987 Superstition Hills Poe Road (temp) 6.54 strike slip 11.16 11.16 316.64
9 776 1989 Loma Prieta Hollister - South & Pine 6.93 Reverse Oblique 27.67 27.93 282.14
10 778 1989 Loma Prieta Hollister Differential Array 6.93 Reverse Oblique 24.52 24.82 215.54
11 783 1989 Loma Prieta Oakland - Outer Harbor Wharf ~ 6.93 Reverse Oblique 74.16 74.26 248.62
12 799 1989 Loma Prieta SF Intern. Airport 6.93 Reverse Oblique 58.52 58.65 190.14
13 848 1992 Landers Coolwater 7.28 strike slip 19.74 19.74 352.98
14 949 1994 Northridge Arleta - Nordhoff Fire Sta 6.69 Reverse 33 8.66 297.71
15 995 1994 Northridge LA - Hollywood Stor FF 6.69 Reverse 19.73 24.03 316.46
16 998 1994 Northridge LA - N Westmoreland 6.69 Reverse 23.4 26.73 315.06
17 999 1994 Northridge LA - Obregon Park 6.69 Reverse 35.43 37.36 349.43
18 1082 1994 Northridge Sun Valley - Roscoe Blvd 6.69 Reverse 5.59 10.05 320.93
19 1101 1995 Kobe Amagasaki 6.9 strike slip 11.34 11.34 256
20 1141 1995 Dinar Dinar 6.4 Normal 0 3.36 219.75
21 3749 1992 Cape Mendocino Fortuna Fire Station 7.01 Reverse 16.54 20.41 355.18
22 4108 2004 Parkfield Parkfield - Fault Zone 3 6 strike slip 1.1 2.73 211.74
23 4112 2004 Parkfield Parkfield - Fault Zone 8 6 strike slip 3.05 3.95 308.84
24 4207 2004 Niigata NIGO17 6.63 Reverse 422 12.81 274.17
25 4861 2007 Chuetsu-oki Nakanoshima Nagaoka 6.8 Reverse 10.73 19.89 319
26 4866 2007 Chuetsu-oki Kawanishi Izumozaki 6.8 Reverse 0 11.75 338.32
27 4875 2007 Chuetsu-oki Kariwa 6.8 Reverse 0 12 282.57
28 4896 2007 Chuetsu-oki Kashiwazaki NPP 6.8 Reverse 0 10.97 201
29 5664 2008 Iwate MYGO005 6.9 Reverse 10.71 13.47 361.24
30 5814 2008 Iwate Furukawa Osaki City 6.9 Reverse 31.07 31.08 248.19
31 5836 2010 El Mayor El Centro - Meloland Geot. 7.2 strike slip 28.53 29 264.57
32 6877 1992 Joshua Tree Indio - Jackson Road 6.1 strike slip 25.04 25.53 292.12
33 6893 2010 Darfield DFHS 7 strike slip 11.86 11.86 344.02
34 6923 2010 Darfield Kaiapoi North School 7 strike slip 30.53 30.53 255
35 8067 2011 Christchurch Christchurch Cashmere High Sc 6.2 Reverse Oblique 4.44 4.46 204
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Appendix B
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Fig. B1 The configuration of designed (a) 1-story, (b) 3-story, (c) 7-story, (d) 12-story models
Appendix C
Table C1 Constant regression parameters (a, ) based on ductility, hardening ratio, and soil type
Hardening ratio — Soil class A, B
Ductility 1% 2% 3% 5% 7.5% 10% 15%
a B « B « B « B 4 s a s « B
2 0.66 256 0.65 265 0.65 267 0.63 287 0.62 309 0.61 322 0.59 436
3 0.56 623 0.55 638 0.54 651 0.51 713 0.49 759 0.49 1507 0.44 7013
4 0.50 1001 0.48 1143 0.47 1085 0.43 1204 0.41 1285 0.39 1346 0.37 2030
5 0.46 1529 0.43 1537 0.42 1667 0.38 1786 0.36 1842 0.34 2011 0.32 1583
6 0.43 2111 0.39 2096 0.38 2228 0.35 2117 0.32 2528 0.31 2743 0.31 2896
8 0.37 3017 0.34 3308 0.33 3418 0.30 3668 0.29 4224 0.18 2926 0.27 5812
Hardening ratio — Soil class C
Ductility 1% 2% 3% 5% 7.5% 10% 15%
o B « B « B « B « B o B o B
2 0.63 146 0.63 149 0.62 154 0.60 153 0.59 161 0.58 164 0.55 74
3 0.49 343 0.48 352 0.47 367 0.45 378 0.43 400 0.41 412 0.37 265
4 0.40 563 0.38 591 0.38 638 0.35 664 0.33 708 0.31 746 0.30 661
5 0.34 840 0.32 885 0.31 955 0.29 1020 0.27 1096 0.26 1155 0.26 2678
6 0.29 1152 0.27 1225 0.27 1339 0.25 1441 0.24 1558 0.23 1646 0.23 1991
8 0.23 1911 0.21 2068 0.21 2311 0.19 2504 0.19 2727 0.18 2926 0.19 3317
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Continuation of Table C1

Hardening ratio — Soil class D

Ductility 2% 5% 10% 15%
o s o p o s o s o s o i o s
2 0.65 111 0.65 109 0.64 110 0.63 113 0.61 115 0.60 117 0.58 122
3 0.54 237 0.52 235 0.51 241 0.48 247 0.45 253 0.44 264 0.41 288
4 0.47 382 0.44 385 0.42 394 0.39 411 0.36 425 0.35 447 0.34 496
5 0.41 541 0.38 553 0.36 561 0.33 594 0.31 623 0.30 662 0.28 749
6 0.36 720 0.34 727 0.31 753 0.28 796 0.27 853 0.26 908 0.27 1118
8 0.30 1102 0.27 1118 0.25 1170 0.23 1267 0.22 1365 0.22 1487 0.21 1801
Table C2 Constant regression parameters (a, ) based on ductility, deterioration status, and soil type
Hardening ratio — Soil class A, B

Ductility MD MSD SSD

o S o s [ g
2 0.62 174.4 0.64 58.27 0.65 40.58
3 0.53 358.6 0.57 109.6 0.6 74.22
4 0.49 542.8 0.54 170 0.58 117
5 0.46 791.6 0.53 236 0.58 175.4
6 0.44 1025 0.49 275.8 0.56 203.2

Hardening ratio — Soil class C

Ductility MD MSD SSD

o i o s o i
2 0.54 39.43 0.54 40.1 0.54 34.4
3 0.39 122.46 0.39 97.46 0.41 7772
4 0.32 2353 0.32 168.4 0.36 139.6
5 0.27 383.5 0.29 257.2 0.32 195.3
6 0.24 572.3 0.26 357 0.30 260.7

Hardening ratio — Soil class D

Ductility MD MSD SSD

o g o s [ p
2 0.58 42.46 0.58 37.31 0.59 33.53
3 0.46 96.64 0.47 81.24 0.49 64.92
4 0.39 162.12 0.41 122 0.43 100.24
5 0.34 240.3 0.36 167.5 0.39 128.57
6 0.31 3217 0.33 228.1 0.36 173.1
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