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Abstract

Hysteresis loops play a pivotal role in assessing the behavior of reinforced concrete (RC) columns, particularly when
subjected to cyclic loads or seismic events. This article aims to elucidate the significance of employing hysteresis curves
for the analysis of RC column behavior. In addition, the paper introduced a novel model designed to construct hysteresis
curves for RC columns featuring rectangular cross-sections. This innovative model is implemented within the OpenSees
platform comprising three springs that simulate the degradation of shear and stiffness. To verify its accuracy, the model's
outcomes are rigorously compared against experimental data. The results unequivocally demonstrate that the three-spring
model adeptly replicates the hysteresis loops of RC columns, with an average tolerance approaching unity, highlighting
its exceptional accuracy and potential utility.
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Tom tat

Puong cong tré 1a mot do thi dong mot vai tro quan trong trong viéc danh gia img xir ctia cot bé tong cdt thép (BTCT),
dac biét khi chiing phai chiu tai trong 1ap hoac dong d4t. Muc tiéu cua bai bao 1a 1am rd tam quan trong cua viéc st dung
dudng cong tré dé phan tich hanh vi ciia cac cot RC. Hon nira, bai bao gi6i thiéu mot mo hinh méi duoc dé xuat dé xay
dung duong cong tré cho ¢ot BTCT c¢6 tiét dién hinh chit nhat. M6 hinh dé xuat nay dugc xay dung dya trén phan mém
OpenSees Vi ba lién két 16 xo dé mo phong su giam cuong do, do ctimg. Dé xac thuc do chinh xéc cia mé hinh dé xuét,
céc két qua ciia mé hinh dugc so sanh véi cac dir liéu thuc nghiém. Két qua so sanh cho thdy rang mo hinh ba 16 xo da
mo phong mot cach kha chinh xac vong lap tré cta cac cot BTCT, voi sai $6 trung binh tién gén dén mot, cho théy do
chinh x4c rét t6t va kha ning 4p dung ctia né.

Tir khéa: vong lap tré; img xir dong dét; tmg xir lap; cot BTCT OpenSees.
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1. Introduction

The load-displacement curve for cyclic
reversal load or displacement could be called the
hysteresis loop. The hysteresis loop expresses in
terms of inelastic restoring force-translational
displacement relationship. It is a crucial
parameter for the seismic inelastic evaluation of
RC columns [1-5]. Numerous hysteresis models
have been developed to simulate the response of
RC columns. For instance, Clough [6] was a
researcher among early researchers who
investigated the effect of stiffness degradation in
RC structural members on the inelastic response
of multistory buildings to earthquakes. Inelastic
dynamic responses of two idealized multistory
buildings are analyzed for ordinary bilinear
hysteresis behavior and bilinear hysteresis
behavior with stiffness degradation property.
However, Clough [6] found that it was not able
to predict the maximum response of a stiffness
deterioration from results for the corresponding
ordinary bilinear system. Takeda et al. [7]
conducted a series of RC specimens that were
subjected to static tests and periodic earthquake
motions. An analytical model was developed to
simulate the earthquake response of the elements
and materials involved. Takeda et al. [7]
proposed a hysteresis loop that were defined by
the proposed force-displacement relationship. It
was not necessary to invoke additional sources
of energy dissipation for a satisfactory
prediction of the dynamic response. Takeda et al.

[7] also proposed three linear segments for the
displacement-load curve. The first segment in
the curve refers to cracking point (P,,, D.,) that
were computed with concrete flexure tensile
strength. The yield load P, was obtained by
assuming a parabolic compressive stress-strain
curve for the concrete. The yield deflection (D)
was the sum of four parts such as (1) the flexural
deflection caused by curvature based on a
cracked section; (2) the slip deflection caused by
the slip of the longitudinal reinforcement and
depression of the concrete at the beam-column
interface; (3) the deflection caused by
deformation of the platform; and (4) the shear
deflection. The hysteresis loop was proposed as
presented in Figure 1. Ozcebe et al. [8] proposed
a hysteresis shear model for the shear response
of RC members subjected to shear force and
bending moment reversals as presented in Figure
2. The model consists of a primary shear
backbone curve, unloading and reloading
branches under cyclic loading. The primary
curve is defined by any suitable procedure, i.e.,
using the fiber section method, or using
compression field theory is acceptable.
However, these procedures had to have a
definition of cracking and yield points. The
authors considered the interaction between
flexure, shear, and axial force under monotonic
loading. Furthermore, the confinement of
concrete core and strain hardening of reinforcing
steel was also accounted for.
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Figure 1. Load-deformation curve (Takeda et al. [7])

In addition, Lowes et al. [9] proposed a model
to simulate the response of RC beam-column
joints under reversed cyclic loading. The model
consists of a quad-linear backbone and
deterioration of strength and stiffness. This
deterioration was based on the energy and
displacement rules. The simple process was
proposed to analyze the primary inelastic
mechanism that simulated the failure of the joint
core under shear load and anchorage failure of
longitudinal steel embedded in the joint.

>
deformation

Figure 3. Hysteresis rules (Lowes et al. [9])

Lignos et al. [11] built a backbone curve that
presented the relationship between moment and
rotation angle as presented in Figure 5. The
backbone cure was defined by three parameters
(such as effective yield moment M,,, capping
moment strength M, or post-yield strength ratio
M_./M,, residual moment M,. = xM,), and four

SHEAR FORCE

SHEAR
DEFLECTION

Figure 2. Hysteresis rules (Ozcebe et al. [8])

Sezen et al. [10] implemented the hysteresis
loop of RC columns by summation of separate
three components, i.e., flexure, shear, and slip
hysteresis models. The hysteresis rules for
flexure and slip components were the same and
presented in Figure 4 with slope factors
ko, ki, ko, and k5. The flexure hysteresis model
was based on the model of Takeda et al. [7] with
the modification. These changes were conducted
by comparison with experimental results.

¢ envelope
V,or M,

V,or M,

Vaoor Mo L& 7

Displacement
or rotation

Figure 4. Hysteresis rules (Sezen et al. [10])

deformation parameters (yield rotation 6, pre-
capping plastic rotation 6,,, post-capping plastic
rotation 6, ultimate rotation capacity 6,). Yet,
Lignos et al. [11] implemented hysteresis rules
that simulate the effect of the cyclic moment-
rotation relationship at plastic hinge regions in
beams.
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Figure 5. Monotonic and hysteresis rules (Lignos et al. [11])

Lee et al. [12] accurately and efficiently
simulated the cyclic behavior of old RC columns
by using the Pinching4 model that considered
pinching and cyclic deterioration. It can be seen
that the Pinching4 material model with the
proposed empirical equations accurately
simulated the cyclic behavior of both flexure-
shear and shear-critical columns, including
pinching and cyclic degradation in strength and
stiffness. They proposed the monotonic
backbone curve and cyclic deterioration and
pinching, as presented in Figure 6. Modeling

rDisp = 1.11 + 27.8p,, — 0.5¢" + O.14ln<

S
rForce = —0.67 + 0.43 (E) +14.52p, + 41.09p, + 0.75

parameters were implemented based on the forty
flexure-shear and shear critical column tests.
The pinching4 model can represent a pinched
load-deformation response of the members that
exhibited cyclic degradation in strength and
stiffness. Three parameters
rDisp,rForce,Uforce  control  pinching
behavior. rDisp,rForce will control pinching
behavior in the reloading branch. Uforce
controls the degree of pinching. Lee et al. [12]
proposed the equations that predicted three
parameters rDisp,rForce, Uforce.
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where p;, p, are the ratio of longitudinal and
transverse steel, v = P/A, f/ isthe ALR; s isthe
spacing of transverse reinforcement; d is the
effective depth.
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Through statistical data, Lee et al. [12]
proposed the simplified equation to estimate the
parameters that controlled the backbone curve,

such as M., My, M, ker, kyo, keos kno @S
presented in Figure 6.
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where all parameters are in mm, MPa unit; L is
the length of the equivalent cantilever column; a
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Figure 6. Backbone and cyclic curves for the Pinching4 model (Lee et al. [12])

2. Research methodology

The hysteresis loops of RC rectangular
columns were implemented by OpenSees
through four cases as follows:

Case 1: using the force-based beam-column
element,

Case 2: using the displacement-based beam-
column element;

Case 3: using the plastic hinge element;

Case 4: using three-spring model (shear, slip,
and axial springs).
A thorough comparison of the results from

these four cases was conducted against
experimental test results, leading to insightful

discussions. This multifaceted approach not only
provided a nuanced understanding of the
structural response but also facilitated a
comprehensive assessment of the simulation
outcomes in relation to real-world observations.

2.1. Using force-based beam-column element

The force-based beam-column element is
used to build a force-beam-column element
object based on the iterative force-based
formulation. In  force-based beam-column
element, some numerical integration options
could be used to determine and encompass both
distributed  plasticity and plastic hinge
integration. The command of the forced-based
beam-column element is as follows:

element forceBeamColumn $eleTag $iNode $jNode $transfTag "IntegrationType

argl arg?2 ..

where $eleTag is the element tag;
$iNode $jNode is the end nodes | and J;
$transfTag is the identifier for previously-
defined  coordinate-transformation  object;
IntegrationType argl arg?2... specify
weights and locations of integration points and
their associated section force-deformation

(4)

< —mass $massDens >< —iter $maxlters $tol >

models; $massDens is the element mass
density per unit length (optional, default=0.0);
$maxiters is the maximum number of
iterations to undertake to satisfy element
compatibility (optional, default=10); $tol is the
tolerance  for  satisfaction of element
compatibility (optional, default=10-12).
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The  displacement-based  beam-column
element is used to conduct a displacement-
beam-column element object based on the
displacement formulation considering the spread

of plasticity along the element. The OpenSees
command of the displacement-based beam-
column element is as follows:

element dispBeamColumn $eleTag $iNode $jNode $numintgrPts sections

$secTagl $secTag? ... $transfTag — mass $massDens — cMass > ()

< —integration $intType >

where $numlintgrPts is the number of
integration points along the element; $secTag is
the  section tag of the element;
$secTagl $secTag? ... are section object tags;
$transfTag is the identifier for coordinate-
transformation; $massDens is the element mass
density per unit length (optional, default = 0.0);
—cMass expresses to form consistent mass
matrix (optional, default =
lumped mass matrix); $intType is the
numerical integration type (there are some
options such as Lobotto, Legendre, Radau,
NewtonCotes, Trapezoidal, default =
Legendre);

2.2. Using plastic hinge element

Based on Scott et al. [13,14] and the PHLs
that are calculated in the previous section, the
beam-column element with PHL was used to
simulate the columns through the OpenSees
platform. The plastic hinge element command is
used to build a force-beam-column element
object based on the non-iterative (or iterative)
flexibility formulation. The locations and
weights of the integration points are derived
from plastic hinge integration, allowing the
users to assign PHLs at the ends of elements.
The Gauss integration with two points is applied
for the element interior while the Gauss-Radau
integration is used over lengths of 4Lpl and 4LpJ
at the ends of elements. The OpenSees command
is as follows:

element forceBeamColumn $eleTag $iNode $jNode $transfTag "HingeRadau $secl
$Lpl $secTag] $Lp] $secTaginterior" < —mass $massDens (6)

> —iter $maxlters $tol >

where $secTagl is section tag of node I; $Lpl is
the PHL at end I; $secTag] is the section tag of
node J; $Lpj is the PHL at end J;
$secTaglinterior is the section object on the
element interior; $transfTag is the coordinate-
transformation tag; $maxIters is the maximum
number of iterations (optional, default=1); $tol
is the calculation tolerance for satisfying
element compatibility (optional, default=10-16);

The PHL parameters ($Lp!, $Lp]) are gotten
from the PHL calculation in the previous
section. The simulated results are presented in
Table 4.

Pinching4 material:

The pinching effect is known as the tendency
of the stiffness degradation when the element is
unloaded. The loss of the stiffness at the neutral
position results in low energy dissipation. The
pinching effect is related to crack closure, shear
lock, and slippage of longitudinal reinforcing.

Pinching parameters: the pinching behavior is
simulated by three parameters, i.e., rDisp,
rForce, uForce. While rDisp, rForce control
the pinching behavior of reloading and
unloading branch, uForce controls of the degree
of pinching. Based on the previous experimental
data, Lee et al. [12] proposed the algebraic
equation to determine rDisp, rForce, uForce,
and damage index &; as presented in Egs. (7-10)
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where dqx; 1S the maximum deformation
demand of loading cycle it"; ds is the
deformation at failure stage; E; is the energy
dissipation at loading cycle i; E; is the capacity
of energy dissipation up to the yield point in the
monotonic backbone curve. Four parameters

(a1, @y, a3 and a,) should be used for
2E;
5= (%)
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where «a, is the damaged coefficient; 1 is the
shear strength of transverse reinforcement; V,, is
the nominal shear strength;

The pinching4 parameters of tested columns
were presented in Tables (3-4)

3. The proposed model for hysteresis loop

Based on the proposal of Lee et al. [12], the
author proposed a new model for columns with
three springs, i.e., shear, slip, and axial springs.
To obtain the hysteresis loop, the tested columns
can be simulated by the column element with a
fix at two ends. The column element was
simulated by a fiber section that can capture the
flexure response. And, three springs, i.e., shear,
bar slip, and axial springs were put at column
ends as presented in Figure 9. The shear spring
will capture the stiffness and shear degradation,

estimating the degree of cyclic deterioration in
strength, unloading and reloading stiffness.

According to Lignos et al. [15], and Haselton
et al. [16], it can simulate the cyclic
deteriorations by using simplified equations Egs.
(8-9):

(11)

(12)

the slip spring will record the slip rotation, and
the axial spring will transmit the axial
compression force. The proposed model can
capture the degradation of shear strength, and
stiffness, and express the strain penetration of
longitudinal bars, and axial compression load at
failure. Some models also were conducted to
compare with tested results by using OpenSees
(force-based beam-column, displacement-based
beam-column, and plastic hinge beam-column
elements).

The columns were simulated by the fiber
section analysis method using Concrete02 and
Steel02 material. The Concrete02 material is
used for both the confined and unconfined
concrete. The confined concrete material is
applied for the concrete core of columns, while
the unconfined concrete material is assigned for
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the concrete cover of columns. In addition, the
Steel02 material is assigned for longitudinal
steel.

uniaxialMaterial Concrete02 $IDconcCore $fc, $eps, $fc, $eps, $lambda

$ftC $Ets

where $IDconcCore is the material ID tag;
$f.1 is the maximum compressive stress of
concrete; $eps; is the strain at maximum stress;
$fc, is the ultimate compressive stress of
concrete; $eps, is the strain at ultimate stress;
$lambda is the ratio between unloading slope at

The Concrete02 material command in

OpenSees is as follows:

(13)

eps, and initial slope (E.); $f;c is the maximum
tensile stress of concrete; $E., is the tension
softening stiffness;

Similarly, the Steel02 material command in
OpenSees is as follows:

uniaxialMaterial Steel02 $IDreinf $f, $E; $Bs $R0 $cR1 $cR2 (14)

where $/Dreinf is the material ID tag; $f, is the
yield stress of steel; $E; is the modulus of steel;
$Bs is the strain hardening ratio;
$R0O, $cR1,$cR2 is the parameters that control
the transition from elastic to plastic branches;

BondSP0O1 material: this material model is
used to conduct a uniaxial material object

considering strain penetration effects at the
column-to-base interface. In this model, the
bond-slip related with strain penetration will
typically occur along a part of anchorage length.
The OpenSees command is as follow:

uniaxialMaterial BondSP01$matTag $E, $S,, $F, $S,, $b $R (15)

where $matTag is the material tag; $F, is the
yield strength of reinforcing steel; $S,, is the
rebar-slip at member interface under yield stress;
$F, is the ultimate strength of the reinforcement
steel; $S,, is the rebar-slip at the loaded ends at
the fracture strength; $b is the initial hardening
ratio in the monotonic slip versus bar stress
response (taken as 0.3~0.5); $R is the pinching
factor for the cyclic slip versus bar response
(taken as 0.5~1.0);

Pinching4 material: is used to construct a
uniaxial material that represents a ‘pinched’ load-
deformation response and exhibits degradation
under cyclic loading. Cyclic degradation of
strength and stiffness occurs in three ways:
unloading stiffness degradation, reloading
stiffness degradation, strength degradation.

uniaxialMaterial Pinching4 $matTag $ePf1 $ePd1 $ePf2 $ePd2 $ePf3
$ePd3 $ePf4 $ePd4 < $eNf1$eNdl $eNf2 $eNd2 $eNf3 $eNd3 $eNf4
$eN > $rDispP $rForceP $uForceP < $rDispN $rForceN $uForceN (16)
> $gK1$gK2 $gK3 $gK4 $gKLim $gD1 $gD2 $gD3 $gD4 $gDLim
$gF1$gF2 $gF3 $gF

where $matTag is the integer tag identifying
material; $ePf1$ePf2 $ePf3 $ePf4 are the
floating point values defining force points on the
positive response envelope;

$ePd1 $ePd2 $ePd3 $ePd4 are the floating
point values defining deformation points on the
positive response envelope;
$eNf1$eNf2$eNf3 $eNf4 are the floating
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point values defining force points on the
negative response envelope;
$eNd1 $eNd2 $eNd3 $eNd4 are the floating
point values defining deformation points on the
negative response envelope; $rDispP is the
floating point value defining the ratio of the
deformation at which reloading occurs to the
maximum  historic  deformation  demand;
$fFoceP is the floating point value defining the
ratio of the force at which reloading begins to
force corresponding to the maximum historic
deformation demand; $uForceP is the floating
point value defining the ratio of strength
developed upon unloading from negative load to
the maximum strength developed under
monotonic loading; $rDispN is the floating
point value defining the ratio of the deformation
at which reloading occurs to the minimum
historic deformation demand; $fFoceN floating
point value defining the ratio of the force at
which reloading begins to force corresponding
to the minimum historic deformation demand;
$uForceN is the floating  point  value
defining the ratio of strength developed upon
unloading from negative load to the minimum

limitCurve Axial $curveTag $eleTag $Fsw $Kdeg $Fres $defType
$forType < $ndl $ndj $dof $perpDirn $delta >

where $curveTag is the unique LimitCurve tag;
$eleTag is the integer element tag for the
associated beam-column element; $E,, is the
floating point value describing the amount of
transverse reinforcement; $Kdeg is the floating
point value for the slope of the third branch in
the post-failure backbone, assumed to be
negative; $Fres is the floating point value for
the residual force capacity of the post-failure
backbone; $defType isthe integer flag for
type of deformation defining the abscissa of the
limit curve (1 = maximum beam-column chord
rotations; 2 = drift based on displacement of
nodes ndl and ndJ); $forType is the
integer flag for type of force defining the

strength developed under monotonic loading;
$gK1$gK2 $gK3 $gK4 $gKLim asre the
floating point values controlling cyclic
degradation model for unloading stiffness
degradation; $gD1 $gD2 $gD3 $gD4 $gDLim
are the floating point values controlling cyclic
degradation model for reloading stiffness
degradation; $gF1$gF2 $gF3 $gF4 $gFLim
are the floating point values controlling cyclic
degradation model for strength degradation;
$gE is the floating point value used to define
maximum energy dissipation under cyclic
loading. Total energy dissipation capacity is
defined as this factor multiplied by the energy
dissipated under  monotonic  loading;
$dmgType is the string to indicate type of
damage (option: “cycle”, “energy”).

Axial-spring: accounts for the transmission
effect of axial compression load. Axial-spring is
used to construct an axial limit curve object that
is used to define the point of axial failure for a
LimitStateMaterial object. The OpenSees
command is as below:

(17)

ordinate of the limit curve (0 = force in
associated limit state material; 1 = shear in
beam-column element; 2 = axial load in beam-
column element); $ndl is theinteger node tag
for the first associated node (normally node I of
$eleTag beam-column element); $ndj is the
integer node tag for the second associated node
(normally node J of $eleTag beam-column
element); $dof is the nodal degree of freedom
to monitor for drift. $perpDirn is the
perpendicular global direction from which
length is determined to compute drift. $delta is
the drift (floating point value) used to shift axial
limit curve.
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This proposed model was verified by tested
results of Pham and Hung [17] and Hung et al.
[18] as presented in Tables (1-4). The results
revealed that:

The displacement-based beam-columns
element more exactly the shear strength and drift
ratio at peak strength to compare with force-
based beam-column and plastic hinge elements.

The accuracy of the solution in the OpenSees
platform could be improved by increasing the
element number or integration points. It could be
implemented by either increasing the integration
point number or the element number for the

ial spring

201 —
ax zero length
202 shear spring — ¢t
slip-bar spring pring zero length
2

force-based beam-column element or only
increasing the number of elements for the
displacement-based beam-column element. In
the case of force-based beam-column elements,
both local and global quantities will converge
fast if increasing the number of integration
points. In the case of displacement-based beam-
column elements, higher derivatives converge
slower to the exact solution. Therefore, the exact
determination of local response quantities (such
as curvatures) requires a finer finite element
mesh than the accurate determination of global
response quantities (such as rotations).

P T T . il
Cyclic displacement
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Figure 7. Column model

Three simulation elements, i.e., forced-based
beam-column,  displacement-based  beam-
column, and plastic hinge elements, could not
exactly simulate the behavior RC rectangular
columns both peak strength and drift at peak
strength. Also, they could not capture the
degradation of strength and stiffness of columns.

Using a 3-spring (shear, axial, and slip
springs) model can simulate perfectly the
strength and stiffness degradation. The
simulation results are reasonable with the
average ratio of 0.982 and 1.039 for peak
strength and drift at peak strength.

4. Conclusions

Based on Lee et al.’s model [12], the author
proposed a novel model with 3 springs to

simulate the hysteresis loops of RC columns.
Some conclusions are presented below:

It could not precisely simulate the response of
columns if only using force-beam column,
displacement beam-column, or plastic hinge
elements. Besides, it could not capture the
degradation of shear strength and stiffness.
However, force-beam column and plastic hinge
elements could give a reasonable result for the
peak strength.

The separate use of the forced-based beam-
column, displacement-based beam-column, or
plastic hinge element cannot simulate accurately
the hysteresis loops.

A three-spring model with shear, slip, and
axial springs was proposed to simulate the
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hysteresis loop of tested columns through the
Opensees platform with good accuracy. The
simulation results can capture the column
behavior, i.e., peak strength, drift at peak
strength, shear strength, and stiffness
degradation, pinching behavior.

However, it’s necessary to note that while this
model shows promising results for normal RC
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columns, it may not be suitable for slender RC
columns with medium to high slenderness ratios.
This suggests a need for further research and
development of a new model that can accurately
simulate the hysteresis loops of slender RC
columns, taking into account their unique
characteristics and challenges.

Table 1. Pinching4 parameters

Specimens | rDisp | rForce | uForce | a, (I‘ZCI\TI) DR, (IZ{I) DR, zr(nlfl’)‘ DRyax (IYIL\LI) DR,
C1-3-0.5P 0.276 | 0.647 0.194 | 0.363| 52 |0.01% | 388 | 0.05% | 517 | 1.50% | 439 | 3.00%
C2-5-0.5P 0.276 | 0.647 | 0.194 |0.363 | 41 |0.01% | 305 | 0.10% | 407 | 0.30% | 346 | 2.00%
C3-3-0.5P 0.188 | 0.517 0.120 | 0.317| 46 |0.01% | 344 | 0.05% | 458 | 0.25% | 389 | 2.00%
C3-3-0.1P 0.460 | 0.517 0.131 |0.332| 38 |0.01% | 284 | 0.50% | 379 | 1.20% | 322 | 7.00%

Note: Vinax, DRinay is taken by the peak load and drift ratio at peak load of tested result; V., DR,, are taken by the load and
drift ration at Vy, = 0. 75V pqx; Ve, DR,y is calculated by Egs. (2-5); V,,, DR, are the load and drift ratio at V,, = 0.85V ,4y;

Table 2. Simulation results

Drift ratio (%)

Drift ratio (%)

Speci-  Force-based beam-column Displacement-based beam- s
Plastic hinge element
mens element column element
. Displacement (mm) ]
Displacement (mm) -120 .60 0 60 120 Displacement (mm)
-120 -60 0 60 120 600 . -120 -60 0 60 120
600 - 1 600
300 300 300
~ o ~
Z o Z o g o
o s > s
Lo 300+ 300 -300
o —Testin. —Testing
! - -Simulating N g . - -Simulating
o™ 600 1 - -Simulating 600 . B
1 -4 -2 0 2 4 -600 ; - - - -4 -2 0 2 4
— Drift ratio (%) - 2 0 2 4 Drift ratio (%)
O Drift ratio (%)
X Displacement (mm) .
Displacement (mm) _120 60 0 60 120 Displacement (mm)
-120 -60 0 60 120 600 . -120 -60 0 60 120
600 - ) 600 7
300 300 300
~ o ~
sz= 0 2 0 sz= 0
o s > s
Lo -300 300 -300
CID —Testing ~Testing —Testing
Lo 600 - - Simulating| - -Simulating 600L ) - -Simulating
1 4 2 0 2 4 -600 - - - - - 2 0 2 4
[qV Drift ratio (%) -4 2 0 2 4 Drift ratio (%)
O Drift ratio (%)
X Displacement (mm) .
Displacement (mm) 120 60 60 120 Displacement (mm)
-120 -60 0 60 120 600 - -120 0 60 120
600 - ) 600 7
300 300 300
sz= 0 é 0 sz= 0
o . > -
Lo -300 2300 -300
CID 7chsling . —Testing 7T§sting .
o 6000 - 'Slmulalng - -Simulating 6000 ; - 'Sm\ulaungJ
I 4 2 0 2 4 -600 - 2 0 2 4
o -4 2 0 2 4 Drift ratio (%)
O
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. Displacement (mm) .
Displacement (mm) 2240 -120 0 120 240 Displacement (mm)
240 -120 0 120 2‘?0 600 5 240 -120 0 120 240

Yy
300 300 J 300+
Z Z Z
o > > >
F! 300 300 -300
c.>  Simalei —Testing ig.emrl‘g‘.
CVI') -600-8 4 P ; imula mgg 600 - -Simulating ,60QL 4 U 4 mutal mgé
™ Drift ratio (%) . 4 0 4 8 Drift ratio (%)
O Drift ratio (%)
Table 3. Simulation results using 3 springs
Specimens 3-spring model
i Displ
N _60D1sp1acen(r)1ent (mm)w N L B isplacement (mm)60 10
600 7
o 300 a 300
T9) 0 -
o Z o z
T = 0 1 = 0
™ > o >
— ™
O 2300 O -300
i;ie;:ilqiing *?esting .
_60074 > 0 5 . —600_;‘ _‘2 0 -é'Sllnulatlngz‘
Drift ratio (%) Drift ratio (%)
i Displ
120 o Fplacement (mm) . (240 g PRt 240
600 1
o 300 a 300
Lo —
o z o z
1 24 0 1 4 0
L > @ >
o ™
O -300 O -300
—Testing —Testing
~600 - -Simulating - -Simulating
4 2 o 2 4 _600_é _;1 0 4 é
Drift ratio (%) Drift ratio (%)
Table 4. Summary of OpenSees model results
Force based beam- Displacement based Plastic hinge Three-spring
beam-column
column element element model
Columns element
Vsim DRsim Vsim DRsim Vsim DRsim Vsim DRsim
Viest DRiest Viest DRyt Viest DRyt Viest DRyt
C1-3-0.5P 0.687 0.573 1.011 1.181 0.751 0.323 0.958 1.141
C2-5-0.5P 0.871 0.654 1.171 1.212 0.91 0.831 1.006 1.093
C3-3-0.5P 0.719 0.682 1.012 1.034 0.716 0.86 0.967 1.095
C3-3-0.1P 0.742 0.185 1.245 0.633 0.732 0.331 0.996 0.827
Average 0.755 0.524 1.110 1.015 0.777 0.586 0.982 1.039
CoV 0.107 0.440 0.106 0.262 0.115 0.511 0.023 0.138
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