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Composite Plate Shear Walls-Concrete Filled (C-PSW/CF) are a special seismic-force resisting system consisting
of steel plates and concrete infill. Composite walls have been occasionally built in the past decades, but their
use for seismic application is fairly new and particularly attractive. As a result, there is a need (by researchers
as well as practicing engineers) for nonlinear inelastic hysteretic models that can be used in pushover analyses,
cyclic analyses, and seismic response analysis of C-PSW/CF and coupled C-PSW/CF. This paper describes two dif-
ferent approaches formodeling C-PSW/CFwalls for these purposes. In afirst approach,walls aremodelled using a
fiber-hinge elements (i.e., distributed plasticity model) usingmodel with constitutive equations that account for
both buckling and fracture of the steel. In the second approach, thewalls aremodelledwith fiber-hinge elements
having effective stress-strain curves derived from results of 3D finite element analyses.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Composite Plate ShearWalls-Concrete Filled (C-PSW/CF) are special
seismic-force resisting system consisting of steel plates and concrete
infill. In essence, C-PSW/CF are “sandwich walls” made of two steel
plates with concrete infill in between them. The steel plates are con-
nected to each other using through-thickness tie bars. The steel plates
serve as the primary reinforcement for the concrete infill and provide
stay-in-place formwork during construction. The concrete infill also
prevents inward local buckling of the steel plates thus improving their
stability [1,2,26]. Although the structural system has existed for decades
[3,4], its use in seismic applications is new [5–7]. At the time of thiswrit-
ing, ASCE-7 and AISC-341 are in the process of balloting provisions for
coupled C-PSW/CF, to be designed with a seismic force reduction factor
of 8 and in accordancewith capacity design principles [8,9], on the basis
of findings from a recent FEMA P-695 study [10,11].

Due to its relative novelty in seismic regions, it is foreseeable that C-
PSW/CF (and coupledC-PSW/CF)will be the subject ofmuch research in
upcoming years, relying on non-linear inelastic analyses. Also, for large
projects, implementations in severe seismic regionswill often entail de-
sign verification at the Maximum Considered Earthquake (MCE) level,
which may also require performing non-linear inelastic analyses. As
for any structural system, accurate nonlinear inelastic hysteretic models
), mbroberg@purdue.edu
purdue.edu (A.H. Varma),
are required to best predict the pushover, cyclic, and seismic response of
C-PSW/CF. A large number of such models exists, but to be useful, their
application to specific structural systems requires that the numerical
values for many of their parameters be calibrated to existing experi-
mental results. Their effectiveness in replicating the physically observed
hysteretic behavior must also be qualitatively assessed.

This paper presents two different approaches tomodel C-PSW/CF for
this purpose. In the first approach, walls are modelled using a fiber-
hinge element (i.e., distributed plasticitymodel) usingmodel with con-
stitutive equations that account for both buckling and fracturing of the
steel, developed by Kunnath et al. [12]. In the second approach, the
walls are modelled with fiber-hinge elements having effective stress-
strain curve obtained from results of 3D finite element analysis. The re-
search presented here describes how these models were calibrated
using two sets of tests for different wall configurations (planar and C-
shapedwalls). The resulting calibratedmodels are provided for the ben-
efit of others, either to use as-is in immediate applications, or as a basis
to further improve upon in future research.

2. Material models

Finite element analyses based on continuum mechanics using fine
meshes and three-dimensional material constitutive relationships can
behelpful for researchpurposes focusing on individual composite struc-
tural members and moderate size assemblies, but their level of com-
plexity and extensive CPU-time requirements makes their use still
prohibitive in many other applications. As such, for the non-linear in-
elastic analysis of complete composite structures subjected to seismic
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excitation, structural analysis models relying on inelastic macro (for ex-
ample, plastic hinge) models are more effective and thus more com-
monly used. Here, the software OpenSees [13] has been selected as it
is a widely used open-source platform that allows to model nonlinear
behavior using discrete plastic hinge or distributed fiber hinge models,
with relatively rapid execution time compared to other software plat-
forms. Moreover, OpenSees provides a wide range of constitutive
models, elements, and solution algorithms. Hundreds of researchers
have been usingOpenSees for nonlinear earthquake analysis, for various
purposes, including to conduct Incremental Dynamic Analysis (IDA),
e.g., [10,11,14–16] of the type required within the framework of FEMA
P695 studies [17].

From the extensive list of material models available in the OpenSees
library, the Reinforcing Steel Material and Concrete02models were cho-
sen for the steel and concrete parts of C-PSW/CF, as they were deemed
best able to replicate the key behaviors germane to this type of compos-
ite walls – particularly with respect to the steel plates behavior. The Re-
inforcing Steel Materialmodel was developed by Kunnath et al. [12]. The
advantage of this particularmaterial model is that its constitutive equa-
tions allow simulating both buckling and fracture. The ability to model
steel fracture and the ensuing loss of cross-section strength is primor-
dial given that past experiments have shown that it is fracture (and
not local buckling) that leads to strength degradation in composite
walls. The Reinforced Steel Material is currently the only OpenSeesmate-
rial model capable of accounting for steel fracture. It is based on the
Chang and Mander [18] uniaxial material, available in OpenSees, but
with the added benefit of being able to model fracture by eliminating
the strength and stiffness of a fiber once it has reached specified cumu-
lative plastic strains. Even though the material was originally calibrated
tomodel reinforcing steels, input parameters can be set to represent the
behavior of construction steel in a general sense. The model requires to
input the following parameters: yield stress in tension, fy, ultimate
stress in tension, fu, initial elastic Young'smodulus, Es, tangent at the ini-
tial strain hardening, Esh, strain corresponding to initial strain harden-
ing, εsh, strain at peak stress, εu for defining stress-strain curve;
slenderness ratio, Lsr, amplification factor for the buckled curve, β, buck-
ling reduction factor, r, buckling constant, γ for buckling; the ductility
constant, Cf, cyclic strength reduction constant, Cd, the Coffin-Mason
Constant, α, for the Coffin-Manson fatigue fracture model; hardening
constant, a1 (default =4.3), limit for the reduction of the yield plateau,
limit (default = 0.01) for the isotropic hardening; and three constants,
R1 (default = 0.333), R2 (default = 18) and R3 (default = 4), for
Menegotto and Pinto Curve parameters.

The Concrete02materialmodel in OpenSeeswas used for concrete fi-
bers. The model is based on the work of Hisham and Yassin [19] and
uses Modified Kent-Park model equations. The model simulates con-
crete damage by stiffness degradation when unloading/reloading ex-
cursions occur at increasing strain. However, the model does not
capture the possible reduction of concrete strength in subsequent ex-
cursions at a given strain. Themodel allows accounting for tension stiff-
ening, which is the ability of concrete to resist tensile stress between
cracks, providing additional flexural stiffness. As magnitude of tension
stresses increases, more cracks form, reducing the ability to provide ten-
sile stiffness to the concrete. The Concrete02 model accounts for this
phenomenon using a linear reduction of tensile strength after fracture
strength of concrete is reached. It is a more commonly used model
that requires seven parameters: the concrete compressive strength at
28 days, fpc, concrete strain at maximum strength, εco, concrete crushing
strength, fpcu, concrete strain at crushing strength, εcu, ratio between
unloading slope at εcu and initial slope, lambda, tensile strength, ft, and
tension softening stiffness, Ets.

The concrete inside composite walls is confined to some degree, es-
pecially by the steel closure plates at the ends of the walls. The uniaxial
stress-strain model for confined concrete in steel tubes developed by
Susantha et al. [20] was used here to determine the values for the pa-
rameters of the Concrete02 material model in OpenSees. Note that the
2

Susantha et al. model was originally developed analytically and verified
against existing experimental results for concrete-filled steel tube col-
umns. The Susantha et al. stress-strain relationships were developed
by modifying a prior model by Chang and Mander [18], such that:

fc ¼ f 0cc∗
x∗r

r−1þ xr
ð1Þ

x ¼ ϵ
ϵcc

ð2Þ

r ¼ Ec

Ec−
f 0cc
ϵcc

� � ð3Þ

ϵcc ¼ ϵc∗ 1þ 5∗
f 0cc
f 0c

−1

 !" #
ð4Þ

where f ′cc is the maximum confined concrete strength; and εcc is the
strain at peak of confined concrete strength and αf ′c is the residual
strength of the confined concrete. Note that the initial slope for this
model is calculated by 2*fpc/εcc. The initial slope calculated within the
code of Concrete02 material model using confined concrete parameters
by Susantha et al. stress-strain relationships gives less stiffness. There-
fore, here, the strain at maximum strength was calculated by ϵcc ¼
2∗ f pc

Ec
such that the initial stiffness slope matched with the predicted

stiffness per the ACI equation (provided in Section 19.2.2 of ACI-318
[21]); note that there was a 10% difference in the strains calculated by
the two equations. In this model, the expression for maximum confined
concrete strength is given by:

f 0cc ¼ f 0c þm∗f rp ð5Þ

where frp is the maximum radial pressure on concrete and m is an em-
pirical coefficient. Note that the equations for frp must recognize that
in CFT, concrete and steel expand together. Also, for Eq. (5), Susantha
et al. suggested to apply a 0.85 constant reduction for f ′c in the calcula-
tion for f ′cc. Based on experiments,m value was found to be in the range
of 4–6. The authors recommended 4.0 for the m parameter. The radial
pressure is given by:

frp ¼ β
2∗t
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where fsr is the circumference stress in steel, t is the thickness,D is taken
as the equivalent diameter (Deq) for box sections defined by Eq. (10),
and νe and νs is the Poisson ratios of a steel tube with and without
filled-in concrete, andwhere νs is taken as 0.5 at themaximum strength
point (0.5 being the Poisson's ratio of steel in a fully plastic state).

Deq ¼ 2∗bffiffiffi
π

p ð10Þ

The ductility increases if steel restrains concrete in the lateral direc-
tion. The restraining action depends on both thematerial properties and
geometry of the column. Therefore, the stress-strain behavior post
peak-stress should account for these factors. Beyond the point of maxi-
mum strength, themodel decreases strength using a linear relationship
based on experimental curve fitting and given by:



Fig. 1. C-PSW/CF walls in (a) elevation view and (b) plan view and (c) total test setup (Note: 1 in. = 25.4 mm).

Fig. 2. Two different concrete regions where different properties were assigned to the
cross-section (Note: 1 in. = 25.4 mm).
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where f ′rc is the reduced unconfined compressive strength of concrete
calculated as 0.85*f ′c per Susantha et al. [20], fyst is the yield strength of
steel and Rt is the radius-to-thickness ratio parameter is given by
Eq. (13).

Rt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3∗ 1−ν2
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where ν is the Poisson's ratio.
The slope of the descending branch increases as Rtf ′c /fyst increases.

Once the slope is determined, the coefficient for residual strength can
be calculated from following expression:

α ¼ 1−
Z
f 0cc

εcu−εccð Þ ð14Þ
Table 1
Concrete inputs for planar C-PSW/CF walls (Note: 1 ksi = 6.9 MPa).

Specimens EC,
ksi

Region 1 Region 2 Z,
ksi

fpc,
ksi

εco fcu,
ksi

fpc,
ksi

εco fcu,
ksi

CW-42-55-10-T 4598 8.60 3.75E-3 7.79 6.50 2.83E-3 5.88 25
CW-42-55-20-T 5031 9.75 3.88E-3 8.67 7.79 3.10E-3 6.92 33
CW-42-14-20-T 5329 10.77 4.04E-3 9.50 8.74 3.28E-3 7.70 38
CW-42-14-20-TS 5227 10.42 3.98E-3 9.21 8.41 3.22E-3 7.43 36
CW-42-55-30-T 4899 9.31 3.80E-3 8.31 7.39 3.02E-3 6.59 30
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where Z is the descending linear slope after peak strength calculated by
Eq. (11).

3. Element type

The material elements described before are used in cross-sections
that themselves are part of element of given length for which plastic
hinge rotations can be obtained. Building model with 3D element
might give more accurate results in terms of global and local responses
but it would be substantially more computationally expensive to per-
form nonlinear inelastic analysis. Therefore, 2D beam element types
Fig. 3. Representation of OpenSees models for the wall specimens (Note: 1 in. = 25.4
mm).



Fig. 4. Base shear-displacement (left) and moment-rotation (right) comparisons of OpenSees models with test data (Note: 1 in. = 25.4 mm; 1 kip = 4.45 kN).
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were selected here to describe the hysteretic behavior while achieving
manageable computational times. Furthermore, for the purpose of cali-
brating the non-linear inelastic models against experimental results for
walls and coupling beams, plastic hinge locations and lengths were de-
termined, nonlinear elements were only assigned to these locations,
4

and the non-yielding parts of the wall were modelled using elastic
beamcolumn elements. Due to space constraints here, details on the de-
termination of plastic lengths are provided in Bruneau et al. [10] and
Kizilarslan et al. [11].



Fig. 4 (continued).
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There are two types of nonlinear elements in OpenSees, namely
force-based (a.k.a flexibility-based) and displacement-based (a.k.a.
stiffness-based) elements. Examples of two options for force-based ele-
ments are “beamWithHinge” and “nonlinearBeamColumn” elements;
and the “dispBeamColumn” is the only displacement-based element.
Both type of elements allows spread of plasticity along elements. The
modeling of these two types of elements, however, is performed differ-
ently to obtain a comparable level of accuracy. Fundamentally, both
types of elements require an iterative process for solving, and the
main difference is that displacement-basedmethods iterate from an ini-
tial displacements of nodes, while the force-basedmethods iterate from
an initial set of nodal forces. For the purpose of convergence in earth-
quake analysis, displacement-based elements were preferred in simu-
lating wall elements. To increase accuracy, sufficient nonlinear
elements were used in the plastic hinge region.
4. Modeling

Calibration was performed for the two different modeling ap-
proaches adopted for nonlinear inelastic analysis. In the first approach,
walls weremodelled using a fiber-hinge elements (i.e., distributed plas-
ticity model) and the Reinforcing Steel Material model described above
that account for both buckling and fracturing of the steel [12]. In the sec-
ond approach, the walls were modelled with fiber-hinge elements hav-
ing effective stress-strain curve obtained from the results of 3D finite
element analyses. In all cases, properties obtained from coupon test
5

results and unconfined concrete strength for each experiments were
used. Two different set of test results were used for the calibrations to
address both planar and C-shaped walls.
4.1. Calibration for planar C-PSW/CF

Five planar C-PSW/CFwalls tested by Shafaei et al. [22,23]were used
for calibrating the models on planar walls. In this test series, both axial
and cyclic loading were applied at the top of the specimens with a
500-ton actuator connected through a loading frame pinned at its
base; lateral load was applied to the specimen using horizontal actua-
tors. The elevation view, cross-section of walls and test set-up is
shown in Fig. 1(a), (b), and (c), respectively. The height-to-length
ratio (H/L) of the specimens is 3.0 and the specimens were subjected
to constant axial forces equal to either 10%, 20%, or 30% of the strength
of the concrete area (i.e., Acf'c). Specimens also had one of three different
tie reinforcement ratios (namely, 0.14%, 0.24%, and 0.55%), where this
ratio is defined as the area of the tie bar divided by the spacing between
tie bars, squared. Note that the specimens were named based on their
properties. For example, the CW-42-55-10-T specimen had a 4.2% rein-
forcement ratio (which is defined as the percentage of the total gross
cross section area taken by the area of the steel plates), 0.55% tie bar re-
inforcement ratio, was subjected to an axial load equal to 10% of con-
crete crushing strength, and only had tie bars (“T” – whereas “TS” was
used when tie bars (T) and shear studs (S) were combined in alternate
rows. More specifically this case, tie bars were spaced at 9 in. (228.6



Fig. 5. Effective Stress-strain curves for (a) steel and (b) concrete behavior [22,23].

Table 3
Concrete material parameters for planar wall benchmarking (Note: 1 ksi = 6.9 MPa).

SP1 SP2 SP3 SP4 SP5

f ′c (ksi) 6.5 7.8 8.7 8.4 7.4
epsc0 0.0023 0.0025 0.0026 0.0026 0.0024
Fpcu (ksi) 3.9 4.7 5.3 5.1 4.4
epsu 0.0071 0.0071 0.0071 0.0071 0.0071
Ets (ksi) 4566 4996 5292 5190 4865
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mm) and between the two rows of ties, a row of shear studs was added
(both in the vertical and horizontal directions). The resulting spacing
was 4.5 in. (114.3 mm) and corresponding plate slenderness 4.5/(3/
16)). More details regarding the specimens can be found in Shafaei
et al. [22,23].

4.1.1. Distributed plasticity model (DPM) approach
The same buckling and low-fatigue parameters were assigned to the

Reinforcing Steel Material used for all steel plates. Also, the concrete con-
finement model by Susantha et al. [20] was used to determine the con-
crete strength and ductility at both ends of the cross-section over a
length equal to half thewidth of the cross-section,while rest of the con-
crete cross-section was assigned a concrete model having unconfined
concrete strength (corresponding to the value measured on the day of
the testing) but with the same ductility as that of the confined concrete.

The backbone curves of the steel material were defined by the pa-
rameters, fy, Es, εy, fu, Esh, εsh, and εu to replicate the data from coupon
test, using values of 61.2ksi (422 MPa), 22500ksi (155GPa), 0.00211,
68.6ksi (473 MPa), 1125ksi (7757 MPa), 0.00221 and 0.15. For the five
planar C-PSW/CF walls tested used for calibration of the hysteretic
steel model, different axial loads and tie spacing were used (as men-
tioned previously), and, correspondingly, buckling and fracture oc-
curred at different points along the hysteretic response history, but at
similar locations on the wall. However, the calibration objective was
to replicate as closely as possible the five planar walls test results with
a single set of buckling and fracture parameters, to be used generally
in nonlinear inelastic analysis. After many trials, good results were em-
pirically obtained for the buckling parameters using a buckling curve re-
duction factor, r, of 0.4; an amplification factor, β, of 1.0; and a buckling
constant, γ, of 1.0 for buckling. Slenderness ratio is defined as the un-
supported length (the length between tie bars in this system) divided
by the thickness of the steel plate. Since the slenderness ratio in this
model is a physical parameter (i.e. the ratio changes based on the un-
supported length), different slenderness ratios were used for walls hav-
ing 4.5 in. (114 mm) tie spacing (20.8) and 9 in. (229 mm) tie spacing
(41.6), which was calculated by dividing the tie spacing by the
Table 2
Steel material properties used for planar wall benchmarking (Note: 1 ksi = 6.9 MPa).

Parameter Value Parameter Value

Es (ksi) 29,000 Lsr 10
b 0.01 beta 1
Esh (ksi) 290 r 0.65
Fy (ksi) 59.1 gamma 0.5
Fu (ksi) 68.5 Cf 0.6
εsh 2*Fy/Es alpha 0.5
εult 0.1 Cd 0.35

6

equivalent bar diameter (equating the radius of gyration of a bar having
db,eff to the radius of gyration of the rectangular steel plate of the com-
posite walls). As for the low cycle fatigue parameters, using a fatigue
ductility coefficient, Cf, of 0.21, a fatigue ductility exponent, α, of
0.515, and a cyclic strength reduction constant, Cd, of 0.3 allowed to rep-
licate closely the observed hysteretic behavior of the tested specimens,
including the strength and stiffness degradation observed in repeated
excursions at the same drift. Default values for the Menegotto-Pinto
curve parameters and hardening constant were used (see above). As
for the concrete, based on the findings of Susantha et al. [20] study, it
was judged appropriate here tomodel the ends of thewalls are confined
differently than the rest of the cross-section. The length of the confine-
ment at the ends were chosen as half of thewidth of the specimens, fol-
lowing an approach similar to how Susantha et al. [20] came upwith the
parameters for confined behavior of concrete inside concrete-filled steel
tubes of rectangular cross-section. The values for the confined concrete
parameters were obtained by entering measured average concrete
strength from cylinder tests into the Susantha et al. [20] equations for
rectangular composite cross-section at the ends of the concrete cross-
section (Table 1). The same εcu, α, and Lambda values are used for all
specimens, which are 0.04, 0.7, and 0.9, respectively. In addition, the
same ductile behavior was given to the concrete located between
these ends (Region 2 in Fig. 2), but using the average unconfined con-
crete strength from cylinder tests.

Displacement-based nonlinear elements were only assigned to the
plastic hinge region of the walls and elastic elements were used for
the rest of the wall specimens (Fig. 3). The plastic hinge length was
again determined from the vertical distance between the yield
(1063kip-ft (1441kN-m)) and plastic (1115kip-ft (1512kN-m)) mo-
ments of the cross-section. This resulted in a 5.04 in. (128 mm) plastic
hinge length, but this length was increased to 18 in. (457 mm), to in-
clude two more 6 in. (152 mm) elements to account for the fact that
the maximum moment developed at the base can be greater than the
plastic moment value.

Base shear versus displacement (or lateral load-displacement) are
plotted on the left side of Fig. 4a to e; corresponding moment-rotation
hysteretic curves are plotted on the right side of these figures.



Fig. 6. Load vs. Displacement benchmarking results for planar wall experiments.
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Displacements andbase rotationswere obtained from linear potentiom-
eters and inclinometers, respectively.Momentswere obtained bymulti-
plying the values of the lateral load at the top of the wall (equal to base
shear values) by the distance from the top of wall to the location where
7

the inclinometers (107.25 in. (2724 mm)) were placed for calculating
rotation.

Results obtained from the OpenSees model of the CW-42-55-10-T
specimen closely matched the experimental data, with small errors, as



Fig. 7. Load vs. Displacement benchmarking results considering specific effective steel and
concrete properties for CW-42-55-10-T (Note: 1 in. = 25.4 mm; 1kip = 4.45 kN).
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shown in Fig. 4a. The maximum force of 185kips (823kN) (hence maxi-
mummoment of 1523kip-ft. (2065kN-m)) wasmatched within 2.7%. In
addition, the rotation at maximum force (0.00982 rad), corresponding
to when the specimen was displaced 1.50 in. (38.1 mm), matched
with a maximum difference of 13%. The difference in maximum lateral
load increased to 7% for the CW-42-55-20-T specimen. However, in the
first excursion at 2.5 in. (63.5 mm) displacement in the negative direc-
tion, the discrepancy in lateral load increased to 19%, even though a rel-
atively goodmatch (8% difference)was obtained for the same excursion
in the positive direction. For the moment-rotation curve comparison,
the rotation at maximum moment of 0.0079 rad, reached when the
drift was 1.33 in. (33.8 mm) matched with a maximum difference of
18%. By comparison, the maximum lateral load capacity and moment
capacity obtained with OpenSees were only within 1.8% of the experi-
mental results for Specimen CW-42-14-20-T. Also, the rotation at maxi-
mum force matched within 5%. However, the sudden drop in strength
that occurred during the last excursion was not captured by the analyt-
ical model. The difference in the maximum lateral load (or moment)
and rotation are 1.4% and 8% for Specimen CW-42-14-20-TS, respec-
tively. However, the last two excursions did not match as closely as
for the other specimens, with maximum differences of 30% in lateral
load capacity. For the Specimen CW-42-55-30-T, the lateral load capacity
matched within 10%. For this particular specimen, the initial stiffness
did notmatch closely experimental curve for the lateral load versus dis-
placement curve, but the same initial stiffness matched better for the
moment-curvature curve. In addition, in this case, the OpenSeesmodels
started fracturing before the test data. Therefore, there is amismatch for
maximum rotation (70%difference), with theOpenSees results being on
the conservative side.

Recall that the objective of the above calibration exercise was to de-
termine a single set of fatigue and buckling parametersmatching as best
as possible all of the test data of planar C-PSW/CF walls, and that could
consequently be used in nonlinear inelastic analyses. Evidently, if the
objective instead was to find individual sets of buckling and fatigue pa-
rameters to best match each of the test data individually, magnitude of
the above discrepancies could have been reduced. Moreover, it should
be noted that the pinching and progressive strength degradation were
8

replicated well, which was one of the main reasons why the Reinforcing
Steel Material model was selected.

4.1.2. Distributed plasticity model with effective stress-strain curve from3D
FEM approach

Another approach was developed based on implementing effective
stress-strain curves in a fiber-based model. This approach relied on
extracting effective stress-strain curves from a robust 3D finite element
model and implementing them in OpenSees. This approach was ex-
plored because the 2D fiber analysis methods available in OpenSees
are inherently unable to directly capture themechanics of particular as-
pects of behavior such steel local buckling, multi-axial stress states, or
concrete confinement. This approach is presented in detail in Shafaei
et al. [22,23], and only summarized here for reference.

The process of developing effective stress-strain curves involved
several key steps: (1) developing and benchmarking a 3Dfinite element
model, (2) extracting the forces carried by the steel and concrete ele-
ments over the inelastic hinge, (3) calculating the average stresses in
the steel and concrete elements and the average strain over the inelastic
hinge, (4) estimating the average stress-strain curves for the steel and
concrete elements for each specimen, (5) generalizing and developing
effective stress-strain curves for the steel and concrete materials of C-
PSW/CF, and (6) validating the effective stress-strain curves by
implementing them in a 2D finite element model. This process was de-
veloped and detailed in Shafaei et al. [22,23]. The effective stress-strain
curves developed using this approach are shown in Fig. 5.

The effective stress-strain curve for steel is defined as: (i) elastic-
plastic with 10% increase in fy and linear strain hardening after yielding
in tension, and (ii) elastic-perfectly plastic (with no strain hardening) in
compression. The 10% increase in fy in tension is due to the biaxial stress
state (longitudinal and transverse tensile stresses) that develops in the
steel plates due to confinement offered to the concrete infill. The elastic-
perfectly plastic behavior (with no strain hardening) in compression
captures the effects of local buckling on reducing the compressive stress
capacity of the steel plates. The pre-peak portion of the effective stress-
strain curve for concretewas similar to behavior of unconfined concrete
with peak stress of f ′c. The post-peak descending branch was similar to
themodel defined by Tao et al. [24] for confined concrete in rectangular
concrete filled tube columns, and residual valuewas set at 0.6f'c. This re-
sidual capacity of concrete is retained due to the effect of confinement.

After developing the effective strain curves, these material models
were implemented in OpenSees. Similar to the first method, Reinforcing
Steel was used to model steel components of the walls, and Concrete02
was used tomodel concrete components. Properties frommaterial test-
ing were used to define fy, fu, and f ′c. The remainder of the backbone
curve was defined to follow the effective stress-strain curves.

The steel material curve properties are reported in Table 2. The Rein-
forcing Steel material in OpenSees was unable to model different yield
stresses in tension (1.1fy) and compression (fy). Therefore, the yield
stress was conservatively maintained at fy for both tension and com-
pression. Properties defining the backbone curve including fy, fu, Es, Esh,
εy, εsh, and εult were selected to follow the effective stress-strain curves.
The buckling parameters, Lsr, β, and r, were varied until behavior ap-
proximating elastic-perfectly plastic in compression was reached. The
fatigue parameters, Cf, α, and Cd, were selected based on trial and
error to follow the degradation seen across all specimens.

The concrete material curve properties are reported in Table 3. The
average cylinder strength was input into the equations defined by Tao
et al. [24] to calculate the remaining parameters. The residual capacity
specified in this model was altered to 0.6f'c, following the effective
stress-strain curves. All concrete in the cross-section was modelled
using these material parameters.

Similar to the previous approach, displacement-based nonlinear ele-
ments were used tomodel the plastic hinge region and elastic elements
were used for the rest of the height. The length of the plastic hinge was
18 in. The length of the plastic hingewas selected based on the extent of



Fig. 8. Details of C-Shaped walls in (a) elevation view and (b) plan view and (c) total test setup (Note: 1 in. = 25.4 mm).

Table 4
Values of concrete parameters for planar C-PSW/CFwallsmodels (Note: 1 ksi= 6.9MPa).

Specimens EC, ksi Region 1 Region 2 Z, ksi

fpc, ksi εco fcu, ksi fpc, ksi εco fcu, ksi

C1 1819 5.21 5.73E-3 4.66 4.5 4.95E-3 4.02 16
C2 4071 5.88 2.89E-3 5.13 5.1 2.51E-3 4.5 20
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yielding seen in the experimental test and 3D finite element analysis.
This approach follows the distribution outlined in Fig. 3.

Load versus displacement comparisons for all specimens are plotted
in Fig. 6. These curves show a good match between the initial stiffness,
load at yield, reloading behavior, and residual capacity. The model is
conservative with respect to ultimate strength. This lower ultimate
9

capacity is anticipated because the increase in the yield strength of the
steel material in tension, as seen in the effective stress-strain curves,
could not be accounted for in these models. These trends hold for all
specimens regardless of axial load level, tie spacing, or shear stud
spacing.

This comparison can be improved by considering the specific ef-
fective stress-strain curves for a specimen. This would make the ap-
proach specimen specific and therefore inappropriate for analysis of
other geometries. However, the close correlation between the exper-
imental and numerical results suggests the effective stress-strain ap-
proach closely correlates to the observed experimental behavior. A
comparison for CW-42-55-10-T is shown in Fig. 7. Also noted in
Fig. 7 is experimental and analytical milestones, specifically yielding
and fracture in the closure plates (a.k.a. flanges) of the planar



Fig. 9. Regions of the cross-section where different concrete properties were used to
model the C-Shaped wall.
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walls. For both the push and pull cycles the yielding milestones
closely follow each other. Fracture initiates in the experiment before
fracture in the fiber model. Although the fiber model does not indi-
cate fracture until two additional cycles, the degradation seen in
the fiber model is in good agreement with the experimental data.
Additionally, both flanges fracture at nearly the same point in the an-
alytical model. This behavior is inconsistent with the experimental
results as plates fractured in tension and buckled in compression.
Due to the limitation of a fiber model, the buckling behavior cannot
be directly accounted for and the fracture of both flanges initiates
during the same push cycle.
4.2. Calibration for C-shaped C-PSW/CF

The calibration of the OpenSees model for C-shaped composite core
walls was done using experimental results from the study conducted by
Kenarangi et al. [25] at the University at Buffalo on two C-shaped C-
PSW/CF (referred as Specimen C1 and Specimen C2 from now on) sub-
jected to both axial and cyclic loadings. Fig. 8a to c show the test setup
details of the C-shaped wall specimens. The vertical actuators, each
with a nominal capacity of 450kips in tension, were used to apply an
axial load on the specimen equal to 20% and 15% of Acf ′c for Specimens
C1 and C2, respectively. The cyclic loading was applied by two horizon-
tal actuators, each having a nominal capacity of 220kips (979kN). Both
C-shaped walls cross section had a flange length of 97.5 in. (2477
mm), web length of 30 in. (762 mm), and flange thickness of 6 in.
(152.4 mm), as shown in Fig. 8b. For both specimens, the walls were
built of 3/16 in. (4.8 mm) thick steel plates and were 166 in. (4216
mm) tall. Detailed dimensions, properties of the prototype wall, and
properties of the tested specimens can be found at Kenarangi et al. [25].
Fig. 10. Representation of OpenSe
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4.2.1. Distributed plasticity model (DPM) approach
The yield strength (fy), Young's Modulus (Es), the ultimate strain

(εu) and ultimate strength (fu) (namely, εu equal to 0.15 for both spec-
imens and fu equal to 62.73ksi (432.5 MPa) and 62.50ksi (431 MPa) for
the Specimens C1 and C2, respectively) were taken from coupon tests.
The yield strain (εy) was calculated by dividing the yield strength by
Young's Modulus. Consistently to what was done before, since a
yield plateau was not observed in the stress-strain curves in this
case either, the strain at the onset of the strain-hardening strain
(εsh) was set to be 0.0001 greater than the yield strain (εy). Also, the
strain-hardening Modulus (Esh) was assumed to be 0.01 times the
Young's Modulus (Es). On that basis, a good agreement was observed
between the coupon tests and OpenSees results. With respect to wall
hysteretic behavior, after many trials, good results were empirically
obtained for the buckling parameters using a buckling curve reduction
factor, r, of 0.9; an amplification factor, β, of 1.0; and a buckling con-
stant, γ, of 1.0 for buckling. Default values for the Menegotto-Pinto
curve parameters and hardening constant were again used. The slen-
derness ratio, Lsr, was calculated by dividing the tie spacing (6 in.
(152.4 mm)) by the equivalent steel plate thickness, which is 20.8.
As for the low cycle fatigue parameters, new values were determined
to fit the results for the C-Shaped core walls. Using a fatigue ductility
coefficient, Cf, of 0.21, a fatigue ductility exponent, α, of 0.575, and a
cyclic strength reduction constant, Cd, of 0.4 gave good correlation
for the observed hysteretic behavior of the tested specimens, even
replicating well the strength and stiffness degradation observed in re-
peated excursions at the same drift.

The values for the confined concrete parameters (Table 4) were ob-
tained by entering measured average concrete strength from cylinder
tests into the Susantha et al. [20] equations for rectangular composite
cross section at the ends of the webs, and the corners of flange and
webs in the cross-section (Fig. 9). The same εcu, α, and Lambda values
are used for all specimens, which are 0.04, 0.1, and 0.9, respectively. In
addition, the same ductile behavior was given to the concrete located
between the end of webs and corners, but using the average unconfined
concrete strength from cylinder tests. Note that Young's modulus of the
wall's infill concrete for the Specimen C1was measured from linear po-
tentiometers that were attached to the cylinders during the concrete
compression tests. This is because the test for Specimen C1 was con-
ducted only five days after thewall's infill concretewas poured (for rea-
sons presented in Kenarangi et al. [25]). Since concrete was not cured
for 28 days, the equation in Section 19.2.2 of ACI-318 [21] was deemed
to be not applicable. However, thiswas not the case for Specimen C2, and
es models for C-Shaped walls.



Fig. 11. Base moment-displacement (left) and base moment-rotation (right) comparisons of OpenSees models with test data (Note: 1 in. = 25.4 mm; 1kip-ft = 1.36 kN-m).

Fig. 12. Schematic depicting locations assigned corner box concrete (concrete with higher
residual capacity).
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the Young's Modulus in that case was calculated using the equation
from ACI-318.

The plastic hinge lengthwas again determined to be the vertical dis-
tance between the yield and plastic moments of the cross section
(3566kip-ft. (4835kN-m) in the positive moment direction (i.e., when
the web of the cross section is in compression) and 2098kip-ft.
(2845kN-m) in the negative moment direction (i.e., when the flange
of the cross section is in compression)). Since the yield and plastic mo-
ments differ in the positive andnegative directions, themaximumof the
twowas taken as the plastic hinge length for modeling purposes, which
resulted in a 68 in. (1727.2 mm) plastic hinge length. However, this
length was arbitrarily increased to 84 in. (2133.6 mm), to account for
the fact that the plastic hinge length will be longer when considering
strain hardening (note that the elements used were 12 in. (304.8 mm)
long).

Fig. 10 shows the test set-up for the C-shaped walls. The moment
acting at the base of the wall was calculated with due corrections to ac-
count for changes in initial angle between the inclined actuators during
cyclic testing, and the small eccentricity from of the point of application
of the axial load to the centroid of the section. All these effects were also
accounted for, and corrected, in the OpenSees model.



Table 5
Steel material properties used for C-shape wall benchmarking (Note: 1 ksi = 6.9 MPa).

Parameter Value Parameter Value

Es (ksi) 29,000 Lsr 10
b 0.01 beta 1
Esh (ksi) 290 r 0.65
fy (ksi) 55.4 gamma 0.5
fu (ksi) 65.0 Cf 0.6
εsh 2*Fy/Es alpha 0.5
εult 0.1 Cd 0.35

Table 6
Concrete material properties used for C-shape wall benchmarking (Note: 1 ksi = 6.9
MPa).

Material
property

Specimen C1 Specimen C2

General
concrete

Corner
box
concrete

General
concrete

Corner
box
concrete

f ′c (ksi) 4.5 4.5 5.1 5.1
epsc0 0.0020 0.0020 0.0021 0.0021
f ′cu (ksi) 0.6f ′c 1.0f ′c 0.6f ′c 1.0f ′c
epsu 0.009 0.009 0.008 0.008
Ets (ksi) 4566 3820 4996 4070

Fig. 13. Base moment versus displacement plots for Specimen C1: (a) experimental results; (b
(Note: 1 in. = 25.4 mm; 1kip-ft = 1.36 kN-m).

Fig. 14. Base moment versus displacement plots for Specimen C2: (a) experimental results; (b)
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Results obtained from the OpenSees model of the Specimen C1
closely match the experimental data, with small errors, as shown in
Fig. 11a. Note that a peak base moment (4278kip-ft. (5800kN-m)) at
2% horizontal drift of the wall was recorded for the test results of Spec-
imen C1, which is believed to be an outlier due to a glitch during the test,
as the force readings in the horizontal actuators at that point were ob-
served to be abnormally high when compared to prior and subsequent
cycles [25]. Therefore, the basemoment in the next excursion (i.e., at 3%
drift) was taken to be the maximum positive base moment. With that,
the maximum positive base moment of 3619kip-ft. (4907kN-m) was
matched within 3.84% when comparing test result with those from
analysis using the OpenSees model. In addition, the rotation at maxi-
mum positive base moment (0.0216 rad), corresponding to when the
specimen was displaced to 3% drift, matched with a maximum differ-
ence of 5.47%. The maximum negative base moment (2504kip-ft.
(3395kN-m)) was reached at 2.7% drift and the OpenSees result at that
point matched within 2.76%. The rotation corresponding to the maxi-
mumnegative basemoment (−0.0141 rad) also had a good agreement,
with differences remaining within 9%. A relatively good match was also
obtained at the maximum rotation, with differences of 18% and 6% in
the positive and negative moment values at the maximum rotations in
their corresponding directions, and of 2.15% and 2.11% for the maxi-
mum positive and negative rotations, respectively.
) analytical results for a yield stress of 1.1fy; (c) analytical results for a yield stress of 1.0fy

analytical results for a yield stress of 1.1Fy (Note: 1 in. = 25.4 mm; 1kip-ft = 1.36 kN-m).
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For Specimen C2, the difference between the experimental and
OpenSees results in maximum positive and negative base moments in-
creased to 10.5% and 5.02% (Fig. 11b), respectively. For the rotations at
the maximum positive (0.01129 rad) and negative moments (−0.014
rad), the difference was greater than for Specimen C1, but still good, at
19% and 15%, respectively. However, a relatively better match was ob-
tained for the maximum rotations, with differences of 1.1% and 0.54%
in the positive and negative directions, respectively. Recall that the ob-
jective of the above calibration exercise was to select a single set of fa-
tigue and buckling parameters that allowed matching as best as
possible all of the test data of C-Shaped C-PSW/CF walls. Evidently, as
mentioned earlier, slightly different values of parameters would have
been obtained if the objective instead was to best match each of the
test data individually. Note that the model replicated the pinching and
progressive strength degradation well, which was one of the main
objectives.
4.2.2. Distributed plasticity model with effective stress-strain curve
approach

The C-shaped walls were similarly modelled using a fiber-based
model with effective stress-strain material properties. The same effec-
tive stress-strain curves derived for the planar walls were implemented
for the C-shaped walls. These effective stress-strain curves were pre-
sented in Fig. 5. An additional material model was applied to the corner
sections as indicated in Fig. 12. The concrete in this box section was
assigned a higher residual capacity due to the high level of steel rein-
forcement in this area.

The same OpenSees materials were used to model the C-shape wall
behavior including Reinforcing Steel for the steel components of the
walls and Concrete02 for the concrete components. Properties fromma-
terial testing were used to define fy, fu, and f'c. The remainder of the
backbone curve was defined to match closely the effective stress-
strain curves. The steel and concrete material properties are reported
in Tables 5 and 6, respectively.

Displacement-based nonlinear elements were used to model the
plastic hinge region and elastic elements were used for the rest of the
height. The length of the plastic hinge was half the length of the wall
(50 in. (1270 mm)). This approach follows the distribution outlined in
Fig. 3. Unlike the previous approach, the axial load set up was not di-
rectly modelled but instead, the axial loadwas applied through the cen-
ter of the section and only the moment-top displacement response
compared to the experimental data.

Base moment versus displacement comparisons for all specimens
are plotted in Figs. 13 and 14. For Specimen C1 (Fig. 13), modeling re-
sults are reported considering a yield stress of 1.0fy and 1.1fy. For Spec-
imen C2, the analysis results from the model considering a steel yield
stress of 1.1fy are reported. As previously discussed, the OpenSeesmate-
rialmodel used for the steelmaterial cannot have different compression
and tension yield stresses as desired to match the effective stress-strain
curves. Instead, two unique cases for a yield stress of 1.0fy and 1.1fywere
considered to better understand the effect of the increase in yield stress.
These curves show a good match between the initial stiffness, load at
yield, unloading behavior, and residual capacity. Themodel is conserva-
tive for ultimate strength and predicted less pinching then observed in
the experimental data. Nevertheless, the envelope behavior and overall
cyclic behavior match well the experimental behavior, especially when
considering a yield stress of 1.1fy.

Note that in the distributed plasticity modeling approach, coupon
tests and unconfined concrete crushing tests were used to model the
behavior of the walls. In other approach, however, results from
benchmarked 3D finite element models were used to develop effective
stress-strain curves that implicitly accounted for the effects of yielding,
local buckling, and biaxial stresses on behavior [22,23]. Therefore, as a
result, two different set of buckling parameters were considered to cap-
ture the behavior.
13
5. Summary and conclusion

Numerical models that have demonstrated their ability to replicate
the hysteretic behavior of Composite Plate Shear Walls-Concrete Filled
(C-PSW/CF) are needed in studies and projects for which non-linear in-
elastic analysis of is required. Here, non-linearmodels that can serve for
this purpose have been identified and validated against experimental
results for C-PSW/CF, while calibrating the parameters of these models
to best capture the complete hysteretic behavior, including for stiffness
and strength degradation due to buckling and fracture due to low-cycle
fatigue. This goal is accomplished considering two different modeling
approaches. For the first approach, walls were modelled using a fiber
model using physical material models able to capture the effects of con-
crete cracking, steel yielding, local buckling, concrete crushing, and steel
inelastic behavior up to fracture due to cumulative plastic strains and
low cycle fatigue, with the defining parameters of these models empir-
ically calibrated. For the second approach, the wall was modelled using
a fiber model with effective stress-strain relationships assigned based
on results of 3D finite element analysis that implicitly accounted for
the effects of steel local buckling, yielding and fracture and concrete
cracking, crushing and confinement. For both sets of models, the
resulting models allowed to match both the experimentally-obtained
force-displacement and moment-rotation hysteretic curves, including
full stiffness and strength degradation due to buckling, fracture, and
other non-linear behavior. The resulting knowledge on the value of
the various parameters in suchmodels can beused to performnonlinear
inelastic pushover analysis, cyclic analysis, and seismic time history
analysis of C-PSW/CF systems in future studies. The information pre-
sented here can also serve as a basis for future developments to further
enhance knowledge on the seismic behavior of C-PSW/CF.
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