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This paper presents results of numerical studies on the in-plane monotonic response of steel-plate con-
crete (SC) composite shear wall piers. Results of finite element analysis of 98 SC wall piers are used to
investigate the effects of wall aspect ratio, reinforcement ratio, slenderness ratio, axial load, yield
strength of the steel faceplates, and uniaxial compressive strength of concrete on in-plane response,
and to formulate (a) predictive equations to establish the trilinear lateral force versus lateral displace-
ment response of SC wall piers up to peak strength, sufficient for seismic analysis of structures including
SC wall piers and (b) a mechanics-based design equation for peak flexural strength, which addresses the
interaction of co-existing shear and axial force. Design of Experiments is used to select the 98 piers. The
baseline finite element model was formally validated using data from reversed cyclic, inelastic in-plane
tests of four large-scale SC wall piers.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Steel-plate concrete (SC) composite shear walls used or pro-
posed for construction in the United States are constructed using
steel faceplates, infill concrete, and connectors used to anchor
the steel faceplates together and to the infill concrete. Although
the seismic behavior of SC walls has been studied in some detail
over the past 25+ years [1–20], the number of applications to date
has been limited. Empirical equations to predict the initial stiffness
and lateral load capacity of SC walls have been proposed, but
effects of key design variables, including wall aspect ratio, rein-
forcement and slenderness ratios, axial load, and material proper-
ties have not been systemically accounted for. Herein, these design
variables are addressed explicitly to

� Develop predictive equations to fully characterize the trilinear
seismic response of an SC wall pier up to peak strength, suitable
for inclusion in an analysis standard.

� Verify and validate a mechanics-based equation for the peak
flexural strength of an SC wall pier, suitable for inclusion in a
seismic design standard.
The following sections of this paper provide the technical bases
for the predictive equations to characterize trilinear response and
the mechanics-based equation for peak flexural strength. The liter-
ature review that follows immediately below focuses on those
studies that address the behavior of SC wall piers considering
one or more of the key design variables listed above.
2. Literature review

Fukumoto et al. [21] tested 1/4-scale steel plate, plain concrete,
and composite shear walls under axial and shear loads to study the
effects of composite action between the steel faceplates and
the infill concrete, slenderness ratio, and stiffening methods for
the steel faceplates, on the response of SC walls. The composite
walls were constructed by assembling welded steel boxes and
infilling them with concrete: different from the construction dis-
cussed above. Qualitative conclusions were drawn but they were
by-and-large specific to the construction used.

Takeda et al. [22] subjected seven composite wall panels to
in-plane cyclic loading in pure shear. The primary focus of their
study was the effect of thickness of steel faceplates, partitioning
webs, and the use of studs, on the shear response of SC panels.
The specimens were composed of two steel faceplates, infill con-
crete, headed steel studs anchoring the faceplates to the infill,
and the partitioning webs joining the steel faceplates: somewhat
different to the construction discussed above. The results of the
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Nomenclature

Ac cross-section area of infill concrete
Aeff
c effective cross-sectional area of the infill concrete

(= Ac=1:2)
Ag total cross-section area of SC wall
As cross-section area of steel faceplates
Aeff
s effective cross-sectional area of the steel faceplates

(= As=1:2)
c depth to the neutral axis of the steel faceplates
c0 depth to the neutral axis of the infill concrete
Ec elastic modulus of concrete (MPa)
Es elastic modulus of steel (MPa)
f 0c uniaxial compressive stress of concrete (MPa)
f t nominal tensile strength of concrete (MPa)
f �t effective tensile strength of concrete (MPa)
f y yield stress of steel faceplates (MPa)
f �s effective stress in steel faceplates (MPa)
Gc elastic shear modulus of concrete (MPa)
Gf specific fracture energy (the energy required to propa-

gate a tensile crack of unit area)
Gs elastic shear modulus of steel (MPa)
H wall height
H� moment to shear ratio (= wall height for single story

wall panels)
Ic moment of inertia of the cross section of the infill con-

crete
Is moment of inertia of the cross section of the steel face-

plates
Kel theoretical initial stiffness of SC wall
Kc
el theoretical initial stiffness of infill concrete

Ks
el theoretical initial stiffness of steel faceplates

Kfc flexural stiffness of infill concrete

Kvc shear stiffness of infill concrete
Kfs flexural stiffness of steel faceplates
Kvs shear stiffness of steel faceplates
Ks
el theoretical initial stiffness of steel faceplates

Ky pre-yield stiffness of SC wall
KP post-yield stiffness of SC wall
L length of wall
M bending moment
N axial load
V y
c shear force resisted by infill concrete at the onset of

steel faceplate yielding
V y
s shear force resisted by steel faceplates at the onset of

steel faceplate yielding
Vy lateral force resisted by SC wall at the onset of steel

faceplate yielding
Vp
c shear force resisted by infill concrete at peak lateral load

Vp
s shear force resisted by steel faceplates at peak lateral

load
Vp lateral load capacity of SC wall
V�
flex shear force associated with the ultimate moment capac-

ity of SC wall cross-section
tc thickness of infill concrete
ts thickness of each steel faceplate
w crack width
ec concrete strain at extreme fiber in compression
ecu ultimate concrete strain
ey steel strain at yielding
qs reinforcement ratio
b1 stress block coefficient
b2 stress block coefficient
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Takeda study indicated that stud spacing, in the range considered,
had no effect on peak strength. These authors parsed the pre-peak-
strength response into four regions: (1) elastic, (2) post-concrete
cracking, (3) post-buckling of steel faceplates, and (4) post-
yielding of steel faceplates. The shear response of these SC panels
was idealized using a perfectly plastic force-displacement relation-
ship because their lateral load capacity did not deteriorate at shear
strains less than 2%.

Sasaki et al. [23] tested seven flanged walls with aspect ratios
ranging between 0.33 and 0.5 to investigate the effects of aspect
ratio, reinforcement ratio, axial load, and the use of headed studs
attached to the end plates of the web wall on the flexural-shear
response of SC walls. A faceplate slenderness ratio of 33 was used.
They reported the lateral stiffness and strength of a flanged SC
walls increase with decreasing shear span-to-depth ratio and
increasing reinforcement ratio, which is somewhat intuitive.
Increases in axial load led to an increase in lateral strength but
not initial stiffness.

Ozaki et al. [14] tested flanged walls with different aspect and
reinforcement ratios under lateral loading to investigate the in-
plane response of shear-critical and flexure-critical SC walls. Five
shear-critical SC specimens with aspect ratios ranging from 0.5 to
0.85 and reinforcement ratios ranging from 0.7% to 2% were tested.
The reinforcement ratio had a small effect on the initial stiffness
and cracking strength of the shear-critical SC walls but it signifi-
cantly affected the yield and the peak lateral loads. The displace-
ments corresponding to the yield and lateral loads were not
affected by reinforcement ratio. Four flexure-critical SC walls with
aspect ratios of 0.7 and 0.85, and a reinforcement ratio of 2%, were
also tested. The design parameters considered in this part of their
study were aspect ratio, axial force, and type of SC wall connection
to the foundation. Ozaki et al. proposed that the bending strength
of flexure-critical SC walls be calculated using the results of plastic
cross-section analysis. The interaction of axial force and bending
moment was ignored.

Nie et al. [24] subjected twelve walls to axial and cyclic lateral
loads to investigate the effects of reinforcement ratio, concrete
strength, thicknesses of the steel face and flange plates, concrete
reinforcement, and wall aspect ratio on the in-plane response of
SC walls. The reinforcement and aspect ratios varied from 4.6% to
7.1%, and from 1 to 2, respectively. The twelve specimens failed
in flexure, characterized by local buckling and fracture of the steel
faceplates. Their test results showed that peak strength increased
as shear span-to-depth ratio decreased. Changes in the concrete
compressive strength had little effect on the stiffness of the SC
specimens.

Kurt et al. [12] reported the effects of wall aspect ratio, wall
thickness, and reinforcement ratio on the monotonic response of
SC wall piers. The finite element codes ABAQUS [25] and LS-
DYNA were used for the numerical simulations. Data from tests
of eight SC wall piers [10,12] and the numerical simulations were
used to derive design equations for the lateral load capacity of SC
wall piers. The proposed equation for in-plane flexural capacity is
parsed by aspect ratio (ratio of height to length): (1) for aspect
ratios of 0.5 and smaller, the capacity is equal to the moment cor-
responding to the onset of yielding of the steel faceplates at the
compression end of the wall and (2) for aspect ratios of 1.5 and
greater, the capacity is equal to the plastic moment capacity of
the wall cross-section. The flexural capacity for intermediate
aspect ratios is determined by linear interpolation but accounts
for wall thickness. The effects of co-existing axial and shearing
forces on flexural capacity are not addressed.
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3. Parametric study on SC wall piers

A research project was completed at the University at Buffalo in
2013 that investigated the seismic performance of SC composite
wall piers for application to buildings and mission-critical infras-
tructure [8,10]. The SC walls considered in that study were com-
posed of two steel faceplates and infill concrete: the construction
introduced at the beginning of this paper. The steel faceplates were
connected together and to the infill concrete using tie rods and
headed studs, respectively. The research project, including an
experimental program followed by numerical and analytical stud-
ies, focused on the in-plane behavior of flexure- and flexure-shear-
critical SC wall piers. In the experimental program, four large-size
specimens with an aspect ratio (height-to-length) of 1.0 were
tested under displacement-controlled cyclic loading. The design
variables were wall thickness, reinforcement ratio, and slenderness
ratio. The walls were flexure-critical. A robust finite element model
was developed in LS-DYNA for the simulation of the reversed cyc-
lic, inelastic in-plane behavior of the flexure-critical SC walls [26].
The LS-DYNA model was formally validated for in-plane response
calculations using the results of cyclic tests of SC wall piers. The
test data also were used to develop simplified analytical models
suitable for preliminary analysis and design of SC walls [11]. In
the study reported in this paper, this validated LS-DYNA model
for reversed cyclic, inelastic in-plane loading is used to conduct a
parametric study on the in-plane monotonic response of SC walls.
The results of the parametric study are used to systematically
investigate the effects of design variables on the monotonic
response of SC wall piers and to derive equations that characterize
the trilinear lateral force-displacement relationship for an SC wall
pier, all as described below.

The design variables considered in this study are: wall aspect
ratio (AR), reinforcement ratio (RR), slenderness ratio of the steel
faceplates (SR), axial load ratio (AL), yield strength of the steel face-
plates (SS), and concrete compressive strength (CS). The reinforce-
ment ratio is defined as the ratio of the cross-sectional area of the
steel faceplates to the total cross-sectional area of SC wall. The
faceplate slenderness ratio is the spacing of the connectors (studs
or tie rods) divided by the steel faceplate thickness. The axial load
ratio is the ratio of the applied axial compressive force to the pro-
duct of the concrete compressive strength and the total wall area
(i.e., ð2ts þ tcÞL).

Information on the finite element analysis, and the results of the
Analysis of Variance (ANOVA), and derivations of the predictive
equations are presented in the following sub-sections.
4. Finite element analysis of SC walls

The general purpose finite element code LS-DYNA [27,28] was
used to conduct the numerical study. The validated numerical
model of the SC wall pier for calculations of reversed cyclic, inelas-
tic in-plane response is summarized below. Detailed information
on the finite elements, mesh sizes and related convergence studies,
and formulations adopted can be found in [9,26]. Two features of
the model are (a) use of the Winfrith constitutive model that
enables shear-force transfer across cracks, opening and closing of
cracks, loss of strength and stiffness in the direction parallel to
cracks, and tension stiffening and (b) a contact algorithm to con-
sider friction between the infill concrete and the steel faceplates,
and to avoid penetration of concrete through steel, and vice versa,
using a penalty-based approach.

The Winfrith concrete model in LS-DYNA (MAT085), developed
by Broadhouse [26], was used for the infill concrete. In this study,
three levels (i.e., low-, intermediate-, and high-levels) were consid-
ered for the yield strength of the steel faceplates and concrete
compressive strength. Concrete compressive strengths of
27.5 MPa, 42 MPa, and 55 MPa were used to represent low, inter-
mediate, and high values of compressive strength, respectively.
The material properties for the concrete compressive strengths
input to the LS-DYNA model are presented in Table 1. Young’s
modulus for concrete was calculated using Eq. (19.2.2.1(b)) of

ACI 318-14 [29]: 4700
ffiffiffiffi
f 0c

q
. The tensile strength and fracture energy

of the concrete were calculated per Sections 2.1.3.3.1 and 2.1.3.3.2
of [30], respectively, assuming an aggregate size of 19 mm for all
concrete grades. The crack width was calculated as 2Gf/ft.

The Piecewise-Linear-Plasticity model in LS-DYNA (MAT024)
was used for the steel faceplates and connectors. Plate steel of
ASTM A36 (f y ¼ 235 MPa), A588 (f y ¼ 350 MPa), and A852
(f y ¼ 460 MPa) were used to represent low, intermediate, and high
values of yield strength, respectively. Fig. 1 presents the stress-
strain relationships assumed for the ASTM A36, A588, A852 steels
used for the steel faceplates. The nominal yield and ultimate
strengths of the studs and tie rods were assumed to be 345 and
450 MPa, respectively, and not varied for the analysis. The material
properties input to LS-DYNA for the different grades of steel are
presented in Table 2.

Studies in the literature report values for the coefficient of
friction between steel and concrete between 0.2 and 0.7
(e.g., [31–34]). Of these studies, the second is the most relevant
to the studies reported here. Rabbat et al. [32], tested 15 concrete
blocks cast on steel plates: similar to the SC wall construction
investigated here. Their results indicated that the coefficient of
friction between flat steel and cast-in-place concrete varied
between 0.57 and 0.7. Herein, the coefficient of friction between
the steel faceplates and infill concrete was set to the lowest value
in the range (= 0.57) of Rabbat et al. Importantly, the effect of fric-
tion between steel faceplates and infill concrete on the in-plane
global response of SC wall piers was previously shown by the
authors [26] to be negligible, because the normal stresses acting
on the interface were tiny.

The CONTACT-AUTOMATIC-SURFACE-TO-SURFACE formulation
available in LS-DYNA [27] was used to model the friction between
the infill concrete and the steel faceplates. The CONSTRAINED-
LAGRANGE-IN-SOLID formulation available in LS-DYNA [27] was
used to tie the studs and tie rods to the infill concrete elements.

The studs and tie rods were modeled using beam elements. The
infill concrete and the steel faceplates were modeled using
25.4 � 25.4 � 25.4 mm eight-node solid elements and
25.4 � 25.4 mm four-node shell elements, respectively [9,26]. The
constant stress formulation (ELFORM = 1 in LS-DYNA [27] and
Belytschko-Tsay formulation are used for solid elements and shell
elements, respectively. The cross section integrated beam element
(Hughes-Liu beam in LS-DYNA [27]) is used for the connectors. The
LS-DYNA models of the SC walls are presented in Fig. 2.

The length and the thickness of the walls were set to 1524 mm
and 304.8 mm, respectively, to enable comparison with experi-
mental results [8–10]. The heights of the SC walls were selected
to achieve the targeted aspect ratios, ranging from 0.3 to 3.0.
5. Parametric study of SC walls using ANOVA

A Design of Experiments (DOE) [35] was used to effectively and
efficiently explore the effects of the above-mentioned design vari-
ables on in-plane response of SC wall piers and to develop a trilin-
ear lateral force-displacement relationship that will enable the
seismic analysis of structures incorporating such piers. Fig. 3 is a
geometrical representation of two- and three-level full factorial
design together with a face-centered central composite design of
three factors A, B, and C.



Table 1
Concrete material properties.

Compressive strength
level

Young’s modulus
(MPa)

Poisson0s
ratio

Uniaxial compressive strength
(MPa)

Uniaxial tensile strength
(MPa)

Crack width
(mm)

Agg. size
(mm)

Low 24,856 0.20 27.6 2.8 0.052 19
Intermediate 30,442 0.20 41.4 3.6 0.052 19
High 35,151 0.20 55.2 4.4 0.053 19

Fig. 1. Stress-strain relationships for the steel material.
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Two-level full factorial design (Fig. 3a) is often used since it
requires the least number of simulations for a problem with many
design variables [35]. However, a two-level factorial design
assumes that response is linear over the range of the design vari-
ables considered in the analysis. This assumption may not be appli-
cable for the systems with nonlinear response [35]. In this study, a
three-level, six-factor, fractional factorial design was used to build
different combinations of the design variables: built using a face-
centered central composite design (Fig. 3b) augmented by face-
centered axial and center points (shown in Fig. 3b) to a two-level
six-factor full factorial design. The central composite design, which
consists of a two-level full factorial design with 2w runs, where w is
the number of factors, 2w axial runs, and nc center runs, is used to
build second-order response surface models avoiding the need to
run a three-level full factorial experiment (Fig. 3c). The central
composite design method efficiently considers the effects of the
first- (e.g., x1; x2; . . . ; xn) and second-order terms (e.g.,
x21; x

2
2; . . . ; x

2
n) on the response.

Three levels (i.e., low-, intermediate-, and high-levels) are con-
sidered for each design variable. The levels of the design parame-
ters used in the numerical analysis are presented in Table 3. The
values in parentheses show the coded values used in the analysis;
the low, intermediate, and high levels of the factors are denoted by
�1, 0, and +1, respectively.
5.1. Analysis results

Key analysis results are summarized in Table 4. The levels of the
design variables for each run are listed in columns 2–7. Columns 8–
10 present the shear force resisted by the infill concrete and the
Table 2
Steel material properties.

Yield strength level Young’s modulus (MPa) Poisson0s ratio Y

Low 200,000 0.30 2
Intermediate 200,000 0.30 3
High 200,000 0.30 4
steel faceplates, and the pre-yield stiffness of the SC walls at the
onset of the steel faceplate yielding. Columns 11–13 list the contri-
butions of the infill concrete and the steel faceplates to the total
lateral load capacity and the post-yield stiffness of the SC walls.
The pre-yield stiffness is the secant stiffness established at the
force corresponding to the onset of the yielding of the steel face-
plates. The post-yield stiffness is the slope of a line segment pass-
ing through the yield and reference points, where the reference
point is established at the peak shear force and at a displacement
calculated using an equal-energy-based tri-linear idealization of
the LS-DYNA-predicted force-displacement relationship.

The shear force, Vflex, listed in column 14 of Table 4, is the shear
force associated with the plastic moment capacity of the cross-
section calculated using the code XTRACT [36]. The calculations
assumed perfect bond between the steel faceplates and the infill
concrete, steel and concrete material properties per Tables 1 and
2 and Fig. 1, and ignore the co-existing axial force and shear force
interaction, both of which affect plastic moment capacity. Column
15 presents the ratio of (Vp

c þ Vp
s ) to Vflex. Values greater than 1.0

identify the shortcomings of the traditional assumptions used to
compute moment capacity, including plane sections remaining
plane after loading, and ignoring shear and axial force interaction.
5.2. Analysis of variance

An Analysis of Variance (ANOVA) was conducted using the com-
mercial software Minitab [37] to investigate the main and interac-
tion effects of the design variables on response. The results of
ANOVA are presented in the following sub-sections.
5.2.1. Main effects
The average values of the response variables at the low and high

levels of the design variables are presented in Fig. 4. The plots iden-
tify the factors that have a significant effect on the response of SC
walls: as the slope of the line increases, the main effect of the
design variables increases [35]. Fig. 4 shows that the aspect ratio
(AR) has a significant effect on the yield and peak shear load and
on the pre- and post-yield lateral stiffness. The negative slope in
these panels delineates that as the aspect ratio increases, the lat-
eral strength and stiffness of SC walls decrease.

Fig. 4 also indicates that reinforcement ratio (RR) has a greater
effect on strength than stiffness because the slope of the RR line in
the plots for Vy and Vp is greater than in those for Ky and Kp,
whereas the slenderness ratio (SR) has no effect on Vy and only a
small effect on Vp and Ky, the post-yield stiffness is markedly influ-
enced by slenderness ratio. As the faceplate slenderness ratio
increases, the post-yield stiffness decreases, which is an expected
ield strength (MPa) Ultimate strength (MPa) Fracture strain (%)

35 390 24
50 460 22
60 635 19



(a) aspect ratio of 0.5 (b) aspect ratio of 1.0 (c) aspect ratio of 2.0 

Fig. 2. LS-DYNA model.

(a) Two level full 
factorial design 

(b) Three level face-centered 
central composite design 

(c) Three level full 
factorial design 

Fig. 3. Three factor factorial design.

Table 3
Levels of the design parameters.

Variable Low Intermediate High

Aspect ratio 0.5 (�1) 1.25 (0) 2.0 (+1)
Reinforcement ratio (%) 1.67

(�1)
3.33 (0) 5.0 (+1)

Slenderness ratio 10 (�1) 25 (0) 40 (+1)
Axial load ratio 0 (�1) 0.1 (0) 0.2 (+1)
Yield strength of the steel faceplates

(MPa)
235
(�1)

350 (0) 460
(+1)

Concrete compressive strength (MPa) 27.6
(�1)

41.4 (0) 55.2
(+1)
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result because as the slenderness ratio increases, buckling of the
steel faceplates and the onset of loss of stiffness occur earlier.

Fig. 4 also shows that the axial load ratio (AL), concrete com-
pressive strength (CS), and steel yield strength (SS) have approxi-
mately the same effect on the yield and lateral load capacities of
SC walls. However, an increase in the axial load and concrete com-
pressive strength increase the pre- and post-yield stiffness but they
decrease as the steel yield strength increases.

5.2.2. Interaction effects
The interaction plots of the design variables are presented in

Fig. 5. There is significant interaction between two variables if
the effect of one variable on the response substantially changes
for different values of another variable. Parallel lines in an interac-
tion plot indicate that there is no interaction between the design
variables. As the difference in the slopes of the lines increases,
the degree of the interaction between the design variables
increases [35].

In Fig. 5, the cells in the first row of plots in each panel present
the degree of interaction between aspect ratio and the other design
variables. The greater the difference in the slopes of the two lines
in each cell, the greater the interaction. For example, in the first
row in panels (a) and (b), the lines are parallel in only one cell
(AR + SR: second cell from the left), indicating that significant
interaction of AR with RR, AL, SS and CS, but not with SR, in the cal-
culation of Vy andVp.

Fig. 5b and d indicates that there is an interaction between rein-
forcement ratio and slenderness ratio, which influences the esti-
mation of Vp and Kp. This interaction is attributed to the fact that
any change in the reinforcement ratio, for a constant wall thick-
ness, changes the steel faceplate thickness and the slenderness
ratio. There is also interaction between axial load and concrete
compressive strength because the applied compressive load is a
fraction (0, 0.1, 0.2) of the product of the concrete compressive
strength and the cross-sectional area of the wall (Agf

0
c). The axial

load interacts with the yield strength of the steel faceplates in
the calculation of Kp. An increase in the steel strength slightly



Table 4
LS-DYNA and cross-sectional analysis results.

Run Factor levels Data at yield point Data at peak point Cross-sectional
analysis

AR RR SR AL SS CS V y
c (kN) V y

s (kN) Ky (kN/mm) Vp
c (kN) Vp

s (kN) Kp (kN/mm) Vflex (kN) Vp
cþVp

s
Vflex

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

1 �1 �1 �1 �1 �1 �1 965 227 3069 1646 641 1357 1601 1.43
2 �1 �1 �1 �1 �1 +1 1419 240 4260 2224 627 1833 1686 1.69
3 �1 �1 �1 �1 +1 �1 1552 645 1909 1917 1388 1576 2865 1.15
4 �1 �1 �1 �1 +1 +1 2126 592 2656 2985 1277 1916 3145 1.36
5 �1 �1 �1 +1 �1 �1 1962 369 3629 2535 801 2109 3132 1.06
6 �1 �1 �1 +1 �1 +1 3154 360 5471 4639 827 3106 5004 1.09
7 �1 �1 �1 +1 +1 �1 2371 725 2691 2553 1615 1944 3954 1.05
8 �1 �1 �1 +1 +1 +1 4035 636 4563 4488 1592 3131 5921 1.03
9 �1 �1 +1 �1 �1 �1 1085 271 2626 1610 605 976 1601 1.38
10 �1 �1 +1 �1 �1 +1 1610 271 3652 2180 480 670 1579 1.69
11 �1 �1 +1 �1 +1 �1 1312 480 1999 1873 1339 936 2865 1.12
12 �1 �1 +1 �1 +1 +1 1939 480 2698 2829 1157 1321 3145 1.27
13 �1 �1 +1 +1 �1 �1 2117 405 3283 2402 765 1429 3132 1.01
14 �1 �1 +1 +1 �1 +1 3527 396 5100 4395 778 1656 5004 1.03
15 �1 �1 +1 +1 +1 �1 2406 707 2438 2264 1570 950 3954 0.97
16 �1 �1 +1 +1 +1 +1 4288 698 3906 4399 1294 1664 5921 0.96
17 �1 +1 �1 �1 �1 �1 1201 823 3921 2202 2024 2303 4110 1.03
18 �1 +1 �1 �1 �1 +1 1739 832 4989 3501 1886 2324 4537 1.19
19 �1 +1 �1 �1 +1 �1 1726 1619 3270 2718 4502 1889 6970 1.04
20 �1 +1 �1 �1 +1 +1 2277 1450 4158 4097 4137 2620 7740 1.06
21 �1 +1 �1 +1 �1 �1 2042 1237 4261 2527 2304 3103 5120 0.94
22 �1 +1 �1 +1 �1 +1 3403 1219 6003 4537 2286 3664 7055 0.97
23 �1 +1 �1 +1 +1 �1 2313 1913 3675 2776 4706 2146 7504 1.00
24 �1 +1 �1 +1 +1 +1 4168 2131 4931 4510 4791 2587 9186 1.01
25 �1 +1 +1 �1 �1 �1 1348 961 3596 2189 2037 2114 4110 1.03
26 �1 +1 +1 �1 �1 +1 1953 952 4521 3296 1922 2238 4537 1.15
27 �1 +1 +1 �1 +1 �1 1704 1552 3181 2540 4417 1950 6970 1.00
28 �1 +1 +1 �1 +1 +1 2429 1539 3875 3981 3848 2781 7740 1.01
29 �1 +1 +1 +1 �1 �1 2068 1174 4215 2473 2273 2603 5120 0.93
30 �1 +1 +1 +1 �1 +1 3421 1165 5958 4622 2295 3569 7055 0.98
31 �1 +1 +1 +1 +1 �1 2442 1988 3467 2527 4582 1891 7504 0.95
32 �1 +1 +1 +1 +1 +1 4221 1979 4856 4253 4599 2842 9186 0.96
33 +1 �1 �1 �1 �1 �1 240 67 151 307 200 43 400 1.27
34 +1 �1 �1 �1 �1 +1 329 67 221 387 178 42 396 1.43
35 +1 �1 �1 �1 +1 �1 249 182 95 556 409 57 716 1.35
36 +1 �1 �1 �1 +1 +1 298 209 142 716 329 60 787 1.33
37 +1 �1 �1 +1 �1 �1 507 111 194 663 249 81 783 1.17
38 +1 �1 �1 +1 �1 +1 983 102 271 1286 245 103 1250 1.22
39 +1 �1 �1 +1 +1 �1 445 187 107 863 463 66 988 1.34
40 +1 �1 �1 +1 +1 +1 1134 187 223 1419 480 85 1481 1.28
41 +1 �1 +1 �1 �1 �1 236 93 120 276 236 34 400 1.28
42 +1 �1 +1 �1 �1 +1 351 98 163 414 191 25 396 1.53
43 +1 �1 +1 �1 +1 �1 173 222 85 463 431 47 716 1.25
44 +1 �1 +1 �1 +1 +1 236 254 109 587 409 46 787 1.27
45 +1 �1 +1 +1 �1 �1 547 129 169 689 240 60 783 1.19
46 +1 �1 +1 +1 �1 +1 983 138 248 1272 236 76 1250 1.21
47 +1 �1 +1 +1 +1 �1 556 240 132 672 547 51 988 1.23
48 +1 �1 +1 +1 +1 +1 1045 249 198 1286 520 84 1481 1.22
49 +1 +1 �1 �1 �1 �1 316 254 190 592 658 92 1028 1.22
50 +1 +1 �1 �1 �1 +1 431 254 239 814 596 86 1134 1.24
51 +1 +1 �1 �1 +1 �1 436 494 160 867 1375 94 1744 1.29
52 +1 +1 �1 �1 +1 +1 520 489 192 1268 1299 108 1935 1.33
53 +1 +1 �1 +1 �1 �1 543 334 226 765 747 111 1281 1.18
54 +1 +1 �1 +1 �1 +1 939 360 305 1446 694 132 1761 1.21
55 +1 +1 �1 +1 +1 �1 636 609 191 930 1481 91 1877 1.28
56 +1 +1 �1 +1 +1 +1 1076 641 257 1650 1428 119 2295 1.34
57 +1 +1 +1 �1 �1 �1 245 289 164 423 752 77 1028 1.14
58 +1 +1 +1 �1 �1 +1 320 329 199 520 770 93 1134 1.14
59 +1 +1 +1 �1 +1 �1 262 578 139 556 1601 90 1744 1.24
60 +1 +1 +1 �1 +1 +1 258 658 158 787 1624 100 1935 1.25
61 +1 +1 +1 +1 �1 �1 480 396 206 636 823 108 1281 1.14
62 +1 +1 +1 +1 �1 +1 903 431 280 1259 787 117 1761 1.16
63 +1 +1 +1 +1 +1 �1 476 738 169 543 1793 89 1877 1.24
64 +1 +1 +1 +1 +1 +1 961 770 229 1143 1810 104 2295 1.29
65 0 0 0 0 0 0 992 476 624 1446 1157 273 1984 1.31
66 �1 0 0 0 0 0 2491 1005 3652 3345 2064 2406 4964 1.09
67 +1 0 0 0 0 0 311 289 149 743 556 72 1241 1.05
68 0 �1 0 0 0 0 1014 236 561 1254 556 154 1415 1.28
69 0 +1 0 0 0 0 992 756 670 1775 1584 249 2722 1.23
70 0 0 �1 0 0 0 1005 489 634 1597 1108 248 1984 1.36
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Table 4 (continued)

Run Factor levels Data at yield point Data at peak point Cross-sectional
analysis

AR RR SR AL SS CS V y
c (kN) V y

s (kN) Ky (kN/mm) Vp
c (kN) Vp

s (kN) Kp (kN/mm) Vflex (kN) Vp
cþVp

s
Vflex

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

71 0 0 +1 0 0 0 996 512 577 1517 1032 193 1984 1.29
72 0 0 0 �1 0 0 636 423 504 1197 970 160 1659 1.30
73 0 0 0 +1 0 0 1352 547 695 1842 1165 292 2402 1.25
74 0 0 0 0 �1 0 947 356 706 1312 796 270 1575 1.34
75 0 0 0 0 +1 0 1054 632 564 1637 1668 227 2398 1.38
76 0 0 0 0 0 �1 743 476 518 1112 1139 240 1721 1.31
77 0 0 0 0 0 +1 1241 507 705 1939 1032 219 2224 1.34

(c)  (kN/mm)yK (d)  (kN/mm)pK

(a)  (kN)yV (b)  (kN)pV

Fig. 4. Main effect plots of design variables.
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increases Kp when there is no axial load but it significantly
decreases Kp at an axial load of 0:2Agf

0
c (see Fig. 5d).

5.3. Empirical predictive equations for the monotonic response of SC
wall piers

The pre-peak-strength response of SC wall piers can be approx-
imated by a tri-linear force-displacement relationship, as pre-
sented in Fig. 6. Two stages of pre-peak response are assumed,
namely, (1) pre-yielding and (2) post-yielding of the steel
faceplates.

The yield load, Vy, and the lateral load capacity, Vp, of a SC wall
pier can be calculated as the sum of the factored strengths of the
infill concrete,Acf

0
c , and the steel faceplates, Asf y, as follows:

Vy ¼ a y
c Acf

0
c þ a y

s Asf y ð1Þ

Vp ¼ ap
cAcf

0
c þ ap

s Asf y ð2Þ
The pre- and post-yield stiffness of an SC wall pier, in the

absence of foundation flexibility, can be calculated as:

Ky ¼ byKel ð3Þ

Kp ¼ bpKel ð4Þ
where Kel can be calculated as:
Kel ¼ Kc
el þ Ks

el ¼
1

1
Kfc

þ 1
Kvc

þ 1
1
Kfs

þ 1
Kvs

ð5Þ

The flexural and shear stiffness are calculated as:
Kfc ¼ 3EcIc
H3 ; Kfs ¼ 3EsIs

H3 ð6Þ
Kvc ¼ GcA
eff
c

H
; Kvs ¼ GsA

eff
s

H
ð7Þ

The results of the finite element analyses were used to develop
empirical equations to calculate the strength and stiffness factors
a y
c , a y

s , ap
c , ap

s , by, and bp. The factors a y
c and a y

s were calculated as
the LS-DYNA-predicted shear forces resisted by the infill concrete
and steel faceplates, respectively, at the onset of the steel faceplate
yielding divided by the corresponding product of their compressive
(yield) strengths and area. The factors ap

c and ap
swere calculated as

the ratio of the contributions of the infill concrete and the steel
faceplates to the lateral load capacity of SC wall, respectively, to
the corresponding product of their compressive (yield) strengths
and area. The factor by was calculated as the LS-DYNA-predicted
normalized secant stiffness (i.e., secant stiffness divided by the the-
oretical initial stiffness) established at the force corresponding to
the onset of the yielding of the steel faceplates. Factor bp was esti-



(a)  (kN)yV (b)  (kN)pV

(c)  (kN/mm)yK (d)  (kN/mm)pK

Fig. 5. Interaction plots of design variables.

Fig. 6. Tri-linear shear force-displacement relationship.
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mated as the slope of the line segment passing through the yield
and reference points on the LS-DYNA-predicted force-
displacement relationship.

The calculated strength and stiffness factors were subsequently
used as an input for the ANOVA. The results of the ANOVA for ap

c

and ap
s are presented in Table 5 including the sum of squares, per-

centage contribution, mean squares, F- and P-values for each item
of the full quadratic terms including linear, square, and 2-way
interaction terms.

The results of ANOVA for the other response factors a y
c , a y

s , by,
and bp are presented in Epackachi and Whittaker [9] and are not
repeated here. The total sum of squares (SS) has N � 1 degrees of
freedom (DF), where N is the number of the analyses (= 77). Con-
sidering full quadratic terms in the model, there are 27 terms with
one degree of freedom for each term, where the degree of freedom
for the main effect terms is the number of levels of the factor
minus 1 and the degree of freedom of the interaction terms is cal-
culated as the product of the degrees of freedom of the correspond-
ing main effects. The percentage contribution, estimated as the
ratio of the sum of squares for each term to the total sum of
squares, shows the relative importance of each term used to pre-
dict the response variable. The mean squares calculated by divid-
ing the sum of squares of each term to its corresponding degrees
of freedom represent an estimate of the population variance. The
F- and P-values in Table 5 represent the significance of each term
on the response variable. The effects of the factors with a probabil-
ity less than 5% (P-value less than 0.05) are considered to be signif-
icant on the response variable at the 95% confidence level. The
results presented in Table 5 help to identify the terms with signif-
icant contributions (i.e., with a P-value less than 0.05) that need to
be included in the regression model.

Table 6 lists the coefficients of the linear, square, and interac-
tion terms of the regression equations for the response factors
a y
c , a y

s , ap
c , ap

s , by, and bp. The coefficient of each term estimates
the change in the mean response per unit increase in that term
when all other terms are held constant [35]. The regression equa-
tions also include a constant. The proposed equations are valid for
the range of design variables presented in Table 3.

Each term in Table 3 is a coded parameter ranging between �1
and +1. The relationship between the coded and actual terms is:

yc ¼ 2
ya � A
B� A

� �
� 1 ð8Þ

where yc and ya are the coded and actual values of the variable,
respectively, and A and B are the actual lower and upper limits on
the variable, respectively.



Table 5
Results of ANOVA for ap

c and ap
s .

Var. DF Response factor ap
c Response factor ap

s

Seq SS Contr. MS F-Val. P-Val. Seq SS Contr. MS F-Val. P-Val.

Linear
AR 1 0.2403 82.46% 0.2403 5082.8 0.00 1.1472 91.37% 1.1472 5947.8 0.00
RR 1 0.0051 1.75% 0.0051 107.6 0.00 0.0037 0.29% 0.0037 19.1 0.00
SR 1 0.0013 0.43% 0.0013 26.7 0.00 0.0001 0.01% 0.0001 0.6 0.43
AL 1 0.0169 5.80% 0.0169 357.2 0.00 0.0323 2.58% 0.0323 167.7 0.00
SS 1 0.0020 0.70% 0.0020 43.0 0.00 0.0026 0.21% 0.0026 13.4 0.00
CS 1 0.0061 2.08% 0.0061 128.1 0.00 0.0033 0.26% 0.0033 17.0 0.00

Square

AR2 1 0.0059 2.01% 0.0017 35.7 0.00 0.0302 2.41% 0.0042 21.5 0.00

RR2 1 0.0000 0.00% 0.0000 0.1 0.82 0.0002 0.02% 0.0000 0.0 0.99

SR2 1 0.0000 0.00% 0.0000 0.1 0.79 0.0001 0.00% 0.0000 0.1 0.79

AL2 1 0.0000 0.00% 0.0000 0.0 0.86 0.0000 0.00% 0.0000 0.2 0.70

SS2 1 0.0000 0.01% 0.0000 0.5 0.50 0.0015 0.12% 0.0015 7.7 0.01

CS2 1 0.0000 0.00% 0.0000 0.1 0.74 0.0000 0.00% 0.0000 0.0 1.00

2-Way interaction
AR � RR 1 0.0015 0.50% 0.0015 30.7 0.00 0.0000 0.00% 0.0000 0.0 0.91
AR � SR 1 0.0000 0.01% 0.0000 0.8 0.37 0.0061 0.49% 0.0061 31.6 0.00
AR � AL 1 0.0018 0.63% 0.0018 38.9 0.00 0.0096 0.76% 0.0096 49.7 0.00
AR � SS 1 0.0001 0.02% 0.0001 1.4 0.24 0.0005 0.04% 0.0005 2.4 0.13
AR � CS 1 0.0020 0.69% 0.0020 42.6 0.00 0.0009 0.07% 0.0009 4.4 0.04
RR � SR 1 0.0002 0.06% 0.0002 3.4 0.07 0.0019 0.15% 0.0019 9.6 0.00
RR � AL 1 0.0032 1.09% 0.0032 67.0 0.00 0.0026 0.20% 0.0026 13.3 0.00
RR � SS 1 0.0000 0.01% 0.0000 0.5 0.47 0.0004 0.03% 0.0004 1.9 0.18
RR � CS 1 0.0001 0.03% 0.0001 1.6 0.21 0.0003 0.02% 0.0003 1.4 0.24
SR � AL 1 0.0000 0.01% 0.0000 0.5 0.47 0.0000 0.00% 0.0000 0.1 0.77
SR � SS 1 0.0003 0.10% 0.0003 5.9 0.02 0.0000 0.00% 0.0000 0.0 0.88
SR � CS 1 0.0001 0.03% 0.0001 1.7 0.21 0.0003 0.03% 0.0003 1.7 0.20
AL� SS 1 0.0015 0.50% 0.0015 30.9 0.00 0.0008 0.07% 0.0008 4.3 0.04
AL� CS 1 0.0008 0.28% 0.0008 17.3 0.00 0.0013 0.11% 0.0013 6.9 0.01
SS� CS 1 0.0001 0.02% 0.0001 1.5 0.23 0.0002 0.02% 0.0002 1.2 0.28

Model 27 27 0.2891 99.21% 0.2891 226.5 27 1.2461 99.25% 0.0462 239.3
Error 49 49 0.0023 0.79% 49 0.0095 0.75%
Total 76 76 0.2914 100.00% 76 1.2555 100.00%

Table 6
Coefficients of the regression models for the response variables.

a y
s a y

c ap
s ap

c by bp

Term Coeff. Term Coeff. Term Coeff. Term Coeff. Term Coeff. Term Coeff.

Cons. 0.0914 Cons. 0.0522 Cons. 0.2018 Cons. 0.0790 Cons. 0.5909 Cons. 0.2215
AR �0.0591 AR �0.0487 AR �0.1318 AR �0.0603 AR 0.0099 AR �0.0291
RR 0.0014 RR 0.0027 RR 0.0075 RR 0.0088 RR 0.0189 RR 0.0414
SR 0.0038 SR 0.0002 SR �0.0014 SR �0.0044 SR �0.0295 SR �0.0299
AL 0.0164 AL 0.0229 AL 0.0221 AL 0.0160 AL 0.0780 AL 0.0431
SS �0.0033 SS 0.0071 SS 0.0063 SS 0.0055 SS �0.0752 SS �0.0073
AR2 0.0262 CS �0.0081 CS �0.0071 CS �0.0096 CS 0.0137 CS �0.0113
AR � SR 0.0026 AR2 0.0248 AR2 0.0391 AR2 0.0249 AR2 0.0037 AR2 0.0705
AR � AL �0.0100 AR � RR �0.0017 SS2 0.0223 AR � RR �0.0048 AR � SR �0.0096 AR � SR 0.0117
AR � SS 0.0038 AR � SR �0.0020 AR � SR 0.0098 AR � AL �0.0054 AR � AL 0.0113 AR � SS 0.0077
RR � SS �0.0042 AR � AL �0.0116 AR � AL �0.0122 AR � CS 0.0056 RR � AL �0.0140 RR � SR 0.0214
SR � SS �0.0028 AR � SS �0.0066 AR � CS 0.0037 RR � AL �0.0070 RR � SS 0.0195 RR � AL �0.0124
AL � SS �0.0046 AR � CS 0.0058 RR � SR 0.0054 SR � SS �0.0021 RR � CS �0.0119 RR � SS �0.0107

RR � AL �0.0026 RR � AL �0.0063 AL � SS �0.0048 SR � SS 0.0095 SR � AL �0.0075
SR � SS �0.0015 AL � SS �0.0036 AL � CS 0.0036 AL � CS 0.0187 AL � SS �0.0230
AL � CS 0.0014 AL � CS 0.0046 AL � CS 0.0098

SS � CS 0.0097
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5.4. Adequacy of the regression models

In an analysis of variance, the regression model is developed
assuming that the errors are normally and independently dis-
tributed with a mean of zero. The validity of this assumption and
the model adequacy can be investigated by examining the residu-
als, where the residual is defined as the difference between the
measured and model-predicted value of the response variable.
The regression model is adequate if the residuals are structureless
and normally distributed [35].

The normal probability of the residuals and the LS-DYNA-
predicted response variables versus residuals are presented in
Fig. 7. The residuals of the response variables, presented in the left
panels of Fig. 7, are linear, indicating that the distribution of the
residuals is normal. The plots of residuals versus response variables
presented in the right panels of Fig. 7 investigate the independence
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assumption in the analysis of variance. As seen in Fig. 7, the plots of
the residuals versus the response variables are random and struc-
tureless, indicating that the assumption of independence is valid.
6. Mechanics-based equations for predicting peak flexural
strength

Experimental and numerical investigations on the in-plane seis-
mic response of SC wall piers [10,12,38] have made it clear that
behavior is governed by flexure unless the aspect ratio is much less
than 0.5. Flexural (and thus shear) capacity is limited by buckling
of the steel faceplates at the free vertical edges of the wall. The sig-
nificant interaction of shear and axial forces, and bending moment,
on lateral load capacity of SC wall piers shown above makes it clear
(a) Respon

(b) Respo

(c) Respo

Fig. 7. Plots of normal probability versus residual (left) and res
that strength-based predictive equations ignoring coupled behav-
ior may be substantially inaccurate and lead to unconservative
designs. Herein, the interactions between shear and axial force,
and bending moment, are considered in the derivation of equations
for in-plane flexural capacity of SC walls that could be imple-
mented in a design standard. The lateral capacity of an SC walls
can be calculated by dividing its flexural capacity by its moment-
to-shear ratio (or the height in a single story wall panel).

The derivation of mechanics-based equations for composite
systems, which address the interaction of key design variables, uti-
lizes insight gained from finite element analysis of validated mod-
els. A parametric study was conducted considering aspect ratios
ranging from 0.3 to 3.0, reinforcement ratios ranging from 1.6%
to 6.6%, and axial load ratio ranging from 0 to 0.2 m, where these
terms were described previously. ASTM A36 steel was assumed
se factor y
cα

nse factor y
sα

nse factor p
cα

idual versus LS-DYNA-predicted response variable (right).



(d) Response factor p
sα

(e) Response factor yβ

(f) Response factor pβ

Fig. 7 (continued)
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for the steel faceplates, with values of the yield and tensile
strengths of 262 and 380 MPa, respectively. The compressive
strength of the infill concrete was assumed to be 27.5 MPa. The
length and thickness of the wall models were the same as the 77
models used for derivation of the ANOVA-based equations. The
material models, element types, boundary conditions, and loading
were the same as those discussed previously.

6.1. Analysis results

Fig. 8 presents the variation of the averaged normal stress in the
steel faceplates and in the infill concrete at peak lateral resistance
for the SC walls with aspect ratios ranging from 0.3 to 3. As seen in
Fig. 8, the vertical stress profiles in the steel faceplates and infill
concrete are significantly affected by shear-flexure interaction for
walls with aspect ratios of less than 1.5. As aspect ratio decreases,
the shear stress increases and the extent of yielding on the tension
side of the steel faceplates decreases. Fig. 8 shows that the neutral
axis for the steel faceplates and the infill concrete are not collo-
cated for walls with an aspect ratio of less than 1.5, noting that
the distance between the neutral axes decreases as the aspect ratio
increases. Fig. 8 also indicates that the maximum tensile and com-
pressive strain at the wall ends increase as the aspect ratio
increases and the extent of yielding on the compression side of
the steel faceplates increases. As seen in Fig. 8, the tensile stress
in the infill concrete decreases as the aspect ratio increases.

The effect of axial load on the vertical stress profiles in the steel
faceplates and the infill concrete is presented in Fig. 9. As the axial



Fig. 8. DYNA-predicted normal stress in steel faceplates and infill concrete at peak lateral load for zero axial load, f 0c ¼ 27:5 MPa, f y ¼ 260 MPa.
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compressive force increases, the depths to the neutral axes in the
steel faceplates and the infill concrete from the extreme fibers in
compression both increase, which is an expected result.

Fig. 10 presents the effect of reinforcement ratio on the vertical
stress profile in the steel faceplates. The slope of the stress profile
on the tension side of the steel faceplates decreases as the rein-
forcement ratio increases. The depth to the neutral axis in the steel
faceplates also increases as the reinforcement ratio increases.

The finite element analysis results were used to aid the deriva-
tion of a mechanics-based predictive equation for the flexural
Fig. 9. DYNA-predicted normal stress in steel faceplates and infill concrete at
capacity of SC wall piers. Fig. 11 presents the strain and stress pro-
files in the steel faceplates and infill concrete used in the derivation

The vertical stress distributions predicted by LS-DYNA in the
infill concrete and steel faceplates at the base of the SC walls with
different aspect ratios, reinforcement ratios, and axial load ratios
were used to propose expressions for modification factors k1, k2,
and k3. The effect of moment-to-shear ratio on the maximum strain
in the extreme fiber in compression, ec , is given by k1:

k1 ¼ M=VL� 0:3
1:2

ð9Þ
peak strength for an axial load ratio of 0.2, f 0c ¼ 27:5 MPa, f y ¼ 260 MPa.



Fig. 10. Effect of reinforcement ratio on the steel normal stress profile at the wall base.

Fig. 11. Moment capacity calculation; (a) SC wall cross section; (b) vertical strain profile; (c) vertical stress profile in infill concrete; and (d) vertical stress profile in steel
faceplates.
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where M=VL is the normalized moment-to-shear ratio, noting that
the normalized moment-to-shear ratio is identical to the wall
aspect ratio, H=L, for a single story wall panel. The numerical anal-
ysis results indicated that the neutral axis in the steel faceplates and
infill concrete are not collocated for low-aspect ratio SC walls. The
difference between the neutral axis depths of the infill concrete
and steel faceplates, c0 and c in Fig. 11 respectively, is given by
parameter k2:

k2 ¼ 1:42ðM=VLÞ�0:86 ð10Þ
The difference between c0 and c decreases as M=VL increases and
they are effectively identical for M=VL P 1:5.

As seen in Figs. 8 and 9, the vertical stress and strain do not dis-
tribute linearly along the length of the wall due to shear-flexure
interaction, and the assumption of plane sections remaining plane
after bending is violated. On the basis of the results of the finite
element analyses, the strain variation for low aspect ratio SC wall
piers can be represented by the bi-linear relationship shown in
Fig. 11b. The slope of the strain profile on the tension side is a func-
tion of aspect ratio, axial load ratio, and reinforcement ratio. The
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effect of these parameters on the slope of the stress profile is con-
sidered by parameterk3:

k3 ¼ 1þ N
0:2f 0cAg

1:21ðM=VLÞ�0:48 � 1
� � !

ð0:05expð2M=VLÞÞð0:17qs þ 0:75Þ 6 1:0 ð11Þ
The strain profile is linear for SC walls with an aspect ratio of 1.5
and greater.

The parameter ec is varied from the yield strain of the steel face-
plates to the ultimate strain of the infill concrete (=0.004) as the
aspect ratio increases from 0.3 to 1.5, and it remains constant for
aspect ratios greater than 1.5:

ec ¼ eyð1� k1Þ þ ecuk1 ð12Þ
Parameters k1, k2, and k3 are each equal to 1.0 for M=VL P 1:5.

Given the values of the parameters k1, k2, and k3 from Eqs. (9)–
(11) and ec from Eq. (12), the depth to the neutral axis can be cal-
culated as:

c ¼
N

Asf y
þ 1þu0

k2ðuþu0Þ þ kð1� k3Þ=ð2k3Þ þ 2
ð13Þ

where

u ¼ b1b2f
0
c

qsf
�
s

ð14Þ
Table 7
Values of the stress block parameters.

ec b1 b2

0.001 0.55 0.70
0.0015 0.75 0.72
0.002 0.88 0.75
0.0025 0.94 0.78
0.003 0.96 0.81
0.0035 0.97 0.83
0.004 0.98 0.85

Fig. 12. LS-DYNA and mode
u0 ¼ f �t
qsf

�
s

ð15Þ

k ¼ ey
ec

ð16Þ

Given the value of c and setting a ¼ c=L, k3min is:

k3min ¼ eya
ð1� aÞec ð17Þ

If k3 < k3min, c needs to be re-calculated assuming k3 ¼ k3min.
The values of the stress block parameters, b1 and b2 in Eq. (14),

are calculated assuming that the equivalent rectangular stress
block recovers the area under the concrete stress-strain relation-
ship and the location of its resultant, respectively. Table 7 lists
the values these stress block parameters as a function of ec . The
concrete stress-strain relationship proposed by Tsai [39] was used
to calculate the stress block parameters.

The bending moment capacity of an SC wall pier can then be
calculated as:

Mu ¼ b1b2f
0
cAcLc þ Asf

�
s Ls þ Acf

�
t L

0
c ð18Þ

where

Lc ¼ L½k2að1� b2k2aÞ=2� ð19Þ

L0c ¼ L½k2að1� k2aÞ=2� ð20Þ

Ls ¼ aL½1þ 0:25kð1=k3 � 1Þ � að1þ 0:5kð1=k3 � 1Þ
þ k2ð1=k23 þ 1Þ=6ÞÞ� ð21Þ

Numerical analyses indicated that as the aspect ratio increases,
the vertical strain in the steel faceplates and infill concrete
increases, leading to an increase in the vertical stress in the face-
plates due to hardening and to a reduction in the tensile stress in
the infill concrete due to cracking. On the basis of the finite ele-
ment analysis results, the effective stress in the steel faceplates,
f �s , and the effective tensile strength of the infill concrete, f �t , can
be calculated as:
l predicted responses.
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1:05f y 6 f �s ¼ ½1:05þ 0:056ðM=VL� 0:3Þ�f y 6 1:2f y ð22Þ

0 6 f �t ¼ 0:185ð3�M=VLÞf 6 0:5f t ð23Þ
Given the bending moment capacity, the lateral load capacity of

SC walls can be calculated as:

Vu ¼ Mu

H� ð24Þ
Fig. 13. Lateral load capacity ca
Fig. 13 presents a flowchart for the calculation of the moment
capacity of an SC wall pier.
6.2. Verification of the proposed equations

Fig. 12 presents the DYNA-predicted normal stress profiles in
the steel faceplates and infill concrete at peak lateral load together
with those predicted using the Eqs. (9)–(17). As seen in Fig. 12, the
lculation for SC wall piers.



Table 8
Predicted lateral load capacities.

AR AL RR (%) Predicted lateral load capacity (kN) Ratio

LS-DYNA Mechanics-based Eq. (24)

0.3 0 1.6 2954 3083 0.96
0.3 0.2 1.6 4070 4662 0.87
0.5 0 1.6 2282 2037 1.12
0.5 0 3.3 3474 3172 1.10
0.5 0 5 4404 4168 1.06
0.5 0 6.6 4404 5093 0.86
0.5 0.2 1.6 3358 3207 1.05
1 0 1.6 1117 1094 1.02
1 0 3.3 1953 1886 1.04
1 0 5 2736 2535 1.08
1 0 6.6 3479 3145 1.11
1 0.2 1.6 1882 1766 1.07
1.5 0 1.6 725 747 0.97
1.5 0 3.3 1228 1210 1.01
1.5 0 5 1677 1632 1.03
1.5 0 6.6 2117 2024 1.05
1.5 0.2 1.6 1237 1205 1.03
2 0 1.6 512 569 0.90
2 0.2 1.6 912 912 1.00
3 0 1.6 320 356 0.90
3 0.2 1.6 574 618 0.93

Fig. 14. Predicted normalized lateral load capacity of the SC walls.
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proposed equations accurately predict the normal stress variation
in the steel faceplates and infill concrete of SC walls with different
moment-to-shear, reinforcement, and axial load ratios. The loca-
tions of the neutral axes and change in the slope of the normal
stress profile on the tension and compression sides of the steel
faceplates predicted by the proposed equations match the DYNA-
predicted results.

The DYNA- and mechanics-based-predicted lateral load capaci-
ties of the SC walls with different aspect ratio, reinforcement ratio,
and axial load ratio are listed in Table 8. The mechanics-based-
predicted lateral load capacities, listed in Table 8, were calculated
using Eq. (24). The lateral load capacities of the SC walls are pre-
dicted with an error of less than 15%. The lateral load capacity is
significantly underestimated if the tensile strength of the infill con-
crete is ignored.

7. Verification and validation of the mechanics-based and
ANOVA-based equations

Two sets of data are used to verify and validate the proposed
mechanics-based and ANOVA-based equations for peak resistance
of an SC wall pier: LS-DYNA analysis and data from tests of four SC
walls with an aspect ratio of 0.5.
7.1. Verification

The results of analysis of the 77 LS-DYNA models presented in
Table 4 are used to validate the ANOVA-based and mechanics-
based equations. Fig. 14 presents three normalized lateral load
capacities for each of 77 models. The normalized lateral load capac-
ities were estimated by dividing the lateral load capacity calculated
basedon (1)ANOVA-basedEq. (2), (2)mechanics-basedEq. (24), and
(3) specifications of AISC 341-16 [40], to the DYNA-predicted peak
load. The draft Standard AISC 341-16 [40], includes provisions for
design of composite plate shear walls: concrete filled (C-PSW/CF).
Section H7.5a of AISC 341-16 specifies that the nominal moment
capacity of C-PSW/CF without boundary elements be calculated as
themoment corresponding to yielding of the steel faceplates in flex-
ural tension andfirst yield in flexural compression assuming a linear
elastic stress distribution, a maximum concrete compressive stress
equal to 0:7f 0c , and maximum steel stress equal to f y.

The ratio of lateral load capacity predicted by the ANOVA-based
Eq. (2) and the mechanics-based Eq. (24) to the DYNA-predicted
peak load varies from 0.82 to 1.2, indicating that both equations
reasonably recover the numerically predicted lateral load capacity.
We consider this outcome to verify the mechanics-based design
equation.

There are significant differences between the AISC- and
numerically-predicted lateral load capacities because the proposed
AISC equations ignore the effects of wall aspect ratio, reinforce-
ment ratio, and axial load.
7.2. Validation

Data from the in-plane testing of SC walls by Chen [38,41] are
used for further independent validation of the accuracy of the
mechanics-based and ANOVA-based models. Data from the tests
at the University at Buffalo were not utilized for this purpose
because they were used to validate the LS-DYNA model.

Chen [38,41] tested four low-aspect ratio SC walls under
displacement-controlled cyclic loading. The aspect ratio of the four
walls was 0.5. The height and the length of the walls were 1220 mm
and 2000 mm, respectively. The distance between thewall base and
the center line of the loading plates was 1000 mm. The steel face-
plates were embedded into the foundation block using shear studs



Fig. 15. SC1 specimen before the test [10].
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attached to the inside of the steel plates. Holes in the steel face-
plates enabled the placement of transverse reinforcement in the
foundation block. The total wall thickness was 290 mm for SC1
and SC2 and 200 mm for SC3 and SC4. The faceplates were 4.5-
mm thick, yielding reinforcement ratios of 3.1% and 4.5% for SC1/
SC2 and SC3/SC4, respectively. The diameter of the studs and tie
rods was 13 mm. Studs and tie rods were used in SC1 and SC3 but
Fig. 16. Predicted and measured
only tie rods were used in SC2 and SC4. The studs were spaced
75 mm on center in SC1 and SC3. Tie rods were spaced at 150 mm
in all SC walls. A photograph of SC1 is presented in Fig. 15. More
information about the material properties, test setup, loading pro-
tocol, and instrumentation are reported in Chen [38,41].

Fig. 16 presents the measured first-quadrant cyclic force-
displacement relationships (solid gray line) for the walls tested
responses of the SC walls.
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by Chen, the mechanics-based lateral strengths per Eq. (24)
(dashed black line), ANOVA-based prediction of monotonic
response per Eqs. (1)–(7) (dotted blue1 line), and the LS-DYNA-
predicted monotonic response (solid red line). The LS-DYNA analyses
of Chen’s walls were performed using the same material models, ele-
ments, and boundary conditions used for the analysis of 77 SC wall
piers described previously.

The predictive equations, proposed in this study for response
under monotonic loading, slightly overestimate the cyclic response
of Chen’s walls [41], which is an expected outcome. Fig. 16 shows
that the ANOVA-based predictions of monotonic response and the
mechanics-based predictions of peak strength agree well with
the monotonic responses predicted by analysis of the LS-DYNA
models.
8. Summary and conclusions

The effects of key design variables on the in-plane response of
SC wall piers without boundary elements were studied systemati-
cally and results were used to develop predictive equations for the
monotonic lateral force- displacement relationship up to peak
strength, and a mechanics-based equation for the lateral load
capacity, of SC wall piers. The general-purpose finite element code
LS-DYNA was used for the simulations. The baseline model was
validated in a prior study by the authors for calculations of in-
plane, inelastic cyclic response, using data from tests of large-
size wall piers.

The design variables considered in this study included wall
aspect ratio ranging from 0.3 to 3.0, reinforcement ratio ranging
from 1.6% to 6.6%, slenderness ratio ranging from 10 to 50, axial
load ratio ranging from 0 to 0.2, steel strength ranging from 235
to 460 MPa, and concrete strength ranging from 27 to 55 MPa.

Statistical analyses were performed to investigate the main and
interaction effects of the key design variables on the lateral
strength and stiffness of SC walls using a three-level fractional fac-
torial design method. Lateral load capacity and stiffness are
affected significantly by aspect ratio. Although faceplate slender-
ness ratio had the smallest effect on strength and initial stiffness,
it has a marked effect on post-yield stiffness: the greater slender-
ness ratio, the lower the post-yield stiffness. Aspect ratio has a sub-
stantial impact on global response; as it increases, the effects of
other design variables on strength and stiffness decrease.

The results of the LS-DYNA analyses were used to develop a tri-
linear relationship for the monotonic response of an SC wall pier up
to peak strength. The adequacy of the proposed relationship was
verified by examining the independency and normal distribution
of the residuals.

A mechanics-based equation was developed for predicting the
bending moment capacity of an SC wall pier considering the co-
existing shear and axial forces, and the effects of aspect ratio, axial
load, and reinforcement ratio. Importantly, this study showed that
the bending-moment capacity of SC wall piers cannot be predicted
accurately by equation proposed in ASIC 341 because the effects of
key design variables and the axial force-shear force interaction are
ignored.

The proposed mechanics-based and ANOVA-based equations
were verified and validated using finite element analysis results
and data from tests of four low-aspect ratio SC wall piers at
National Taiwan University. The DYNA-predicted peak load of 77
SC walls with various design variables and the in-plane monotonic
response up to peak load of the tested SC walls were successfully
predicted using the proposed equations.
1 For interpretation of color in Fig. 16, the reader is referred to the web version of
this article.
The proposedmechanics-based and ANOVA-based equations are
applicable for the range of design variables considered in this study.
Further studies are needed to expand the ranges of the design vari-
ables and to address SC walls with boundary columns and flanges.
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