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ABSTRACT

ARTICLE HISTORY

Double-skin composite shear walls (DSCSWs) offer high strength and improve construction processes in tall structures,
offshore constructions, and nuclear power plants. This paper investigates the compressive performance of DSCSWs, which
consist of concrete sandwiched between two external steel faceplates and bonded with connectors at regular intervals. Three -
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dimensional finite element (FE) modeling is established and verified against five axial compression test specimens to predict

the ultimate compressive capacity and failure modes of DSCSWs with bolts, head studs, and T-stiffener connectors.
Parametric studies evaluate the impact of five factors on the compressive performance of DSCSWs. The results show that
different connectors provide confinement to the concrete core, enhancing the compressive capacity of DSCSWs, with T -
stiffeners being the most effective. Furthermore, variations in the thickness of the steel plates, concrete core, and height of
the walls significantly affect the strength and ductility of DSCSWs, while changes in bolt spacing have insignificant effect.
Finally, the ultimate compressive capacity of DSCSWs is calculated using code equations and an analytical method. The
prediction results show a good correlation with the numerical results. These findings provide valuable insights for
implementing DSCSWs in engineering applications, particularly in design for practical use.

Copyright © 2025 by The Hong Kong Institute of Steel Construction. All rights reserved.
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1. Introduction

Over the past few decades, reinforced concrete (RC) shear walls have been
the primary structural element to resist lateral forces in tall structures, supporting
vertical and horizontal loads. Despite their widespread use, RC shear walls have
several drawbacks, including limited ductility, susceptibility to cracking,
considerable thickness, and complex construction requirements [1-4]. To
enhance the performance of shear walls, researchers have proposed various
composite shear walls including steel plate shear walls [5-8], concrete-encased
profile steel composite shear walls [9], steel plate-reinforced concrete shear
walls [10] and double steel plate composite shear walls (DSCSWSs) [11-14].
Among these, the double steel plate DSCSWs is particularly advantageous due
to its superior performance, reduced wall thickness, and potential for
prefabrication. This type of DSCSWs consists of two steel plates on the surface,
with concrete sandwiched in between, and the steel plates are connected to the
concrete using different shear connectors. To improve the bond between steel
plates and concrete, researchers have explored various types of shear connectors,
including welded stiffeners [15], welded short studs [16], welded or mechanical
pulling bars [17, 18], welded trusses [19], and specially designed connectors
[20]. These types of connectors aim to increase the bold interactions between
steel plates and concrete core, preventing the local buckling and improve the
compressive capacity of walls [21-23]. The DSCSWs has many applications
such as nuclear power plant walls, offshore walls, offshore constructions, urban
roads, bridges, shield tunnels, military shelters [22-27].

This study focuses on DSCSWs constructed with thin-walled steel plates.
The shear studs, which are commonly employed as connectors in conventional
DSCSWs, are recognized for their straightforward manufacturing process and
robust connection performance. Research by Choi et al. [28] and Fan et al. [29]
explored the behavior of DSCSWs subjected to axial compression with shear
stud connectors. Their findings revealed that the primary failure mechanism in
these structures under axial loads is the local buckling of the steel plates. Yan et
al. [30] examined the performance of DSCSWSs connected with shear studs of
varying lengths under axial compression. They discovered that while increasing
shear stud length improved the axial load capacity, it had minimal impact on the
localized buckling characteristics of the steel plates. On the other hand, Nie et
al. [15] evaluated DSCSWs incorporating stiffeners and batten plate connectors,
finding that the combination of shear studs with other types of connections could
effectively reduce local buckling. This indicates that pairing shear studs with
alternative connection designs can enhance the resistance to local buckling in
thin-walled steel plate DSCSWs.

Several researchers have proposed novel designs incorporating profiled
steel components to improve both the assembly process and mechanical
performance of DSCSWSs. Chen et al. [31, 32] introduced a DSCSW utilizing C-

shaped steel units, while Guo et al. [32] and He et al. [33, 34] recommended the
use of H-shaped and L-shaped steel units, respectively. These innovations help
reduce the width-to-thickness ratio of the steel face plates, enhancing steel-
concrete interaction and increasing stiffness due to the structural stability of the
cross-sectional shapes. Moreover, these profiled steel units can act as formwork
for concrete pouring, offering cost savings in construction. The standardization
of these units also paves the way for increased industrial production. However,
there are challenges with C- and H-profiled steel units, as shear connectors
cannot be welded into their narrow web flanges, and L-profiled units require
significant welding during assembly. To overcome these challenges, a new
DSCSW design featuring Z-profiled steel units with shear studs welded into the
flange has been proposed [11-13, 35, 36]. Studies examining the cyclic and axial
compression performance of these DSCSWs, using iron tiling recycled
aggregate concrete revealed that the cyclic tests exhibited strong bearing
capacity, stiffness, and energy dissipation, suggesting that iron tiling recycled
aggregate concrete could serve as a viable alternative to traditional concrete. The
axial compression tests indicated that incorporating shear studs improved both
the axial bearing capacity and initial stiffness. However, increasing the spacing
of the inner diaphragm led to a decrease in axial bearing capacity, initial stiffness,
and ductility. On the other hand, increasing the height-to-thickness ratio
significantly enhanced both initial stiffness and ductility, with minimal impact
on bearing capacity.

Since the time and cost of conducting testing program, the finite element
technique becomes more used and offers alternative methods to analyze
structural performance [14, 37-40]. FE modeling provides acceptable results
and a practical approach to simulating different parts of the DSCSWs, with
complicated interactions among concrete slab, steel plates and connections,
different load and boundary conditions, and different grade materials. Former
researchers concentrated on the push-out shear tests of headed connectors [41-
45]. On the other hand, a series of numerical investigations on structural
performance on DSCSWs with ultra-lightweight concrete, cementitious
materials, including several parameters and types of connectors, were developed
and compared with experimental results [20, 27, 43, 46], resulting to a great
understanding on the impact of key factors that might impact the structural
performance which can lead to the implementation to researcher and designers.
FE modeling analysis was also used to simulate the load-deflection curves,
ultimate compressive capacity, and deformation patterns of the walls, and
experimental and numerical results proved that all the proposed equations could
be used for the design of DSCSWs with all types of connectors [46]. Yan et al.
[47] proposed a three-dimensional damage plasticity-based FE model to
simulate the ultimate compressive capacity of DSCSWs subjected to axial load.
The concrete damage plasticity model (CDPM) was used to simulate the
ultimate capacity of the concrete, and the continuum damaged model (CDM)
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was also used to simulate the evolution of steel materials. The results showed
that the FE model provided reliable estimations of ultimate strength, load-
deflection behavior, and failure modes in Steel-concrete-steel sandwich plates,
offering a useful tool for analyzing steel-composite structures with mechanical
shear connectors.

This study focuses on the compressive behavior of DSCSWs using bolts,
headed studs, and T-stiffener connectors. The ultimate axial load-bearing
behavior of walls incorporating normal-weight concrete is investigated. FE
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models were developed using ABAQUS CAE software to study the compressive
behavior and failure modes. The FE modeling findings were verified against five
tested specimens to enhance the reliability of the findings. This study also
examines the impact of various factors on the ultimate compressive capacity,
initial stiffness, ductility index, and ultimate vertical displacement of DSCSWs.
Additionally, calculation methods from AISC 360, Eurocode 4, and analytical
approaches are included to predict the ultimate axial bearing capacity, with a
comparison to the FE modeling results.

Steel
skin

(b)  Nuclear power plant

Steel skin

ULCC Core
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(d) Conical Arctic structure

Fig. 1 Applications of DSCSW in different structures

2. Experimental program
2.1. Specimen design

A total of five specimens were created and tested to examine the axial
compression performance of DSCSWs. Each specimen consisted of four
primary components: a concrete core, steel faceplates, side steel plates, and
connectors, as illustrated in Fig. 2(a-e). Specimen W1 had a height of 600 mm,
while specimens W2, W3, W4, and W5 were designed with heights of 1500 mm

Concrete core

Steel plates

H=600

and 3000 mm to investigate the effect of height on DSCSW performance. The
steel faceplate and concrete core thicknesses were kept constants for all
specimens at 6 mm and 118 mm for all specimens, respectively. Three types of
connectors were used in this study: bolts, headed studs, and T-stiffeners, as
depicted in Fig. 2(c-e). The detailed specifications of the specimens are provided
in Table 2, which presents the geometric dimensions, including length, height,
width, steel plate thickness, concrete core thickness, connector spacing, and
connector types.
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Fig. 2 Details of DSCSW with different types of connectors
Table 1
General details of the specimens
Specimens L H w ts t. S

D (mm) (mm) (mm) H/w (mm) (mm) (mm) S/ts Type of connectors
W-1 1200 600 130 4.62 6 118 200 33.33 Bolts
W-2 1200 1500 130 11.08 6 118 200 33.33 Bolts
W-3 1200 3000 130 23.08 6 118 200 33.33 Bolts
W-4 1200 3000 130 23.08 6 118 200 33.33 Bolts & headed stud
W-5 1200 3000 130 23.08 6 118 150/200/250 33.33 Bolts &T-Stiffeners

where L, H,and w indicate to the length, height and width of the wall respectively, t; and t.indicate the thickness of steel plates and thickness of concrete core
respectively, S indicates the spacing between connectors
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2.2. Materials properties

The concrete cubic blocks, with dimensions of 100 %100 <100 mm, were
tested in accordance with the GB/T50081-2010 standard [48]. The average
compressive strength of the concrete was 28.57 MPa, with a Young's modulus
of 31.6 GPa. Q355 steel was adopted for the manufacture of steel plates and T-
stiffeners. Table 2 lists the results of three coupons of the same thickness that
were prepared and tested, including the yield strength and ultimate strength.

Table 2
Test results in steel material properties

Thickness Yield strength Ultimate strength Modulus of Elasticity
(mm) (MPa) (MPa) (GPa)
6 (Steel plate) 345.32 522.50 186
5 (stiffener) 366.49 470.53 193

Loading end

Rigid frame

Specimen

Hydraulic
pressure

(@) 3-D diagram of testing setup
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2.3. Test setup

Fig. 3 shows the testing setup for DSCSWSs under in-plane compression load.
It demonstrates that all specimens were positioned directly on a rigid support to
simulate the fixed support at the bottom loading plate, using a 1500-ton MTS
testing machine. The loading procedure was divided into two phases: pre-
loading and formal loading. During the pre-loading phase, 10% of the ultimate
load was applied, held for 5 minutes, and then unloaded to zero. This ensured
proper contact between the specimens and the loading apparatus and confirmed
the measuring instruments' functionality. In the formal loading phase, the load
gradually increased at the same rate as in the pre-loading phase until the ultimate
bearing capacity of the wall was reached. After achieving the compressive
capacity, significant visible deformation was observed. The concrete cracking
and buckling of the steel plates were recorded during each loading stage.

—_—
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!

P

(b)  Loading process in laboratory

Fig. 3 Testing machine and test setup

3. Finite element model on DSCSWs

Based on experimental investigations cited in reference [49], FE models
were established in ABAQUS/standard [50] to investigate the compressive
behavior and structural stability of DSCSWSs under axial compression load.
Geometrical, material nonlinearities, meshing convergence, the complexity of
contact, loading, and boundary conditions were considered. Parametric studies
were elaborated to comprehend the effect of key parameters on the compressive
behavior of DSCSWs, including types of connectors, height of the wall, steel
plates’ thickness, bolt connectors’ spacing, and thickness of the concrete core.
The details of FE models are listed in Table 3.
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Fig. 4 Stress-Strain steel material model

3.1. Material model

3.1.1. Steel model

A nonlinear isotropic/kinematic hardening model was used to simulate all
steel elements. The von Mises yield criterion was applied to represent the
isotropic yielding of all components in the FE model. The model exhibited bi-
linear behavior with strain hardening, as illustrated in Fig. 4. The values for the
modulus of elasticity, yield strength, and ultimate strength are provided in Table
2.

3.1.2. Concrete constitutive

The Concrete Damage Plasticity Model (CDPM), a continuum and
plasticity-based damage model in ABAQUS, is used to simulate the core
concrete of the DSCSW. Two deformations methods are considered:
compressive crushing and tensile cracking of the concrete. The compressive
stress-strain curve for C30 concrete was gotten according to GB50010-2010 [51],
which was adopted to standardize the input data for compressive stress versus
inelastic strain (&%), as shown in Fig. 5(a). For compressive behavior, the stress-
strain response of plain concrete in uniaxial compression outside the elastic
range can be stated using plasticity and damage parameters. Unloading data is
provided in CDPM based on compressive damage curves [50], as described by
the following equation.

~pl _ zin dc

o @
(17 dc) EO

c c
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. Besides, g, denotes the uniaxial compressive stress, and E, denotes

Pl

which is defined as the difference between total strain

%
0,5,

el
‘e

where

young's modulus. For tensile behavior, ABAQUS automatically converts the

inelastic strain to plastic strain. As shown in Fig. 5.(b), unloading data can be
given in CDPM based on the tensile damage curve expressed by the following

equation.

is the elastic strain corresponding to the
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Fig. 5 Damage curves of concrete
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Fig. 6 Typical finite element model for DSCSW

except for the bolts and headed studs, which were meshed with sizes of 10mm

3.2. Element mesh and interactions

and 4mm, respectively. The geometry of the DSCSW node is generally

symmetrical, and for a more detailed simulation, the connectors were explicitly
modeled. Holes were incorporated in the steel plates and concrete core to

accommodate the connectors, as shown in Fig. 6.

ABAQUS/CAE offers a wide range of element types, including link, beam,
connection, solid, thin-film, and infinite elements. An eight-node solid element

with reduced integration (C3D8R) was selected to model all components,

The contact relationship of the DSCSW wall’s node model is defined as
frictional contact. A surface-to-surface contact algorithm was used to model the
interactions among various elements of the DSCSW, including the bolts, headed
studs, T-stiffeners, the concrete core and the steel plates. The contact surfaces

including the loading plates, steel plates, concrete core, bolts, headed studs, and
T-stiffener connectors [47, 52-54]. A series of mesh sensitivity considers were

performed to balance the accurateness of the FE model with computational

efficiency. As a result, the general mesh size for all elements was set to 20mm,
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were defined based on the material hardness, with the bolts, headed studs, T-
stiffeners, and steel plates elected as the master surface, and the concrete core
selected as the slave surface. The contact algorithm allows penetration of the
master surface into the slave surface, but not the reverse. The interaction
properties account for the transfer of forces in both the tangential and normal
directions at the steel-concrete interface. In the tangential direction, "penalty
friction" was used to simulate the frictional force between the concrete and steel,
with a friction coefficient of p = 0.4 [37, 55]. Additionally, a tie constraint was
applied to simulate the welding behavior of the steel plates.

3.3. Loading process and boundary conditions

The axial load was applied as a point displacement load on the top loading
plate, with a coupling constraint created between the loading point and the
surface of the loading plate. The load was applied in two steps. The first step
represented the pre-loading phase in the experiments, while the second step
represented the main loading phase. The point load was considered as the master
surface, and the loading plate surface was treated as the slave surface. The point
load was constrained to prevent movement in any direction, while the bottom
plate surface was also constrained from moving in any direction [54, 56, 57].
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Symmetrical restraints were applied to the corresponding surface in the FEM, as
shown in Fig. 6.

3.4. Validations of FE models

Fig. 7(a-e) presents a comparison of the load-displacement behavior
between the experimental and FE modeling results. Table 4 summarizes the
comparison of the ultimate compressive capacity, initial stiffness, and ductility
index between the experimental and FE results. The FE models tend to slightly
overestimate both the ultimate compressive capacity and initial stiffness of
DSCSWs by about 7%, with standard deviations of 0.06 for the ultimate
compressive capacity and 0.04 for initial stiffness. The ductility predicted by the
FE models is highly accurate, although it shows a minor overestimation of 2%.
The small discrepancies observed for specimens W-2 and W-3, where the FE
modeling calculates higher ultimate compressive capacity and stiffness than the
experimental data, could be attributed to factors such as manufacturing
imperfections, variations in the concrete's modulus of elasticity, or differences
in the loading process. Overall, the FE models demonstrate good accuracy for
all parameters, indicating their reliability for further parametric studies on the
compressive behavior of DSCSWs.
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Fig. 7 Experimental and FE modeling of load-displacement curves (P — A) of DSCSW



Mohammed Amer et al.

Table 3
Accuracy of FE modeling results

101

Pu‘FEM Pu‘FE h Ke,Test Ke,FE Ke,Test DI DI DITest

(kN) (kN) P e (kN / mm) (kN / mm) K., erm T Fem Dley
W-1 8659 8870 0.98 9845 10424 0.94 1.20 1.35 0.94
W-2 7200 8226 0.88 3595 4054 0.89 112 121 0.93
W-3 6735 7853 0.86 1797 2088 0.87 131 118 111
w-4 8060 8191 0.98 2308 2406 0.96 117 119 0.98
W-5 8063 8350 0.97 2342 2413 0.93 113 115 0.98
average 0.93 0.93 0.98
Std.v 0.06 0.04 0.07

where H/w denotes the ratio of height to width of the specimens; P, r.s: and P, rg) denote the compressive capacity from experimental and FE modeling , respectively; K, rest.
K. rem denote the initial stiffness from experimental and FE modeling , respectively. DIy, and DIrgy, are the ductility index that obtained from test and FE modeling.

Fig. 8(a-e) compares the deformation patterns between the FE models and
the experimental results. steel plates’ local buckling was observed and compared
for specimens W-1 and W-2. However, the FE models were not able to precisely
capture the local buckling, likely due to uncertainties in the initial imperfections

of the steel plates and the tensile fracture at the welds connecting the steel
faceplates to the side plates. Generally, The FE modeling provide an acceptable
results in term of the failure modes and deformation patterns.

Fig. 8 Comparison of failure modes between test results and FE modeling

4. Results and discussions
4.1. General behavior

Fig. 7(a—f) shows the axial compression load versus vertical displacement
(P-A) curves for the five DSCSW models. Based on experimental investigations,
the load-displacement curves can be divided into three stages: the elastic stage,
the non-linear elastic stage, and the degradation stage. In the first stage (curve
OA), the curve is nearly linear, indicating that the displacement increases
proportionally with the load, and the specimens achieve 50%-85% of their
ultimate capacity, as shown in Fig. 7(f). In the second stage (curve AB), the
DSCSWs exhibit non-linear behavior due to the material non-linearities of
concrete, steel plates, and connectors. At the end of this stage (point B), the
models reach their ultimate capacity. Finally, the degradation stage (curve BC)
begins, where the load capacity declines. The rate of decline depends on the type
of connectors and the height of the DSCSWSs. For instance, the ultimate
resistance of DSCSWSs decreases with height but increases when bolts are
replaced with headed studs and T-stiffeners (see Fig. 7).

4.2. Ductility index (DI)
In structural stability, the ductility index reflects the capability to

experience significant plastic failure without essential capacity breakdown. The
following equation can determine the ductility index.

DI = Boss @)
Au
where A___ indicates the shorting reaction force of DSCSW declined to its 85%

0.85

ultimate value during the recession stage; A, indicates the shorting

corresponding to ultimate capacity.

4.3. Initial stiffness

The initial stiffness K, of the compression behavior of DSCSW can be

determined based on [58] method from the load-displacement curve, using the
ratio of 30% from ultimate axial compassion resistance P and its

corresponding displacement as the following equation.

K = f ()]
) A0,3

where Ke denotes the initial stiffness of DSCSW based on numerical analysis.

In addition, the initial stiffness of DSCSW subjected to an axial load can
be calculated based on the equation as follows.

K, =EA ©)
H
A=A+A(E/E) 6)

where KCa denotes initial theoretical stiffness of DSCSW, Es and EC denote

the elastic modules and of concrete and steel plates, respectively, H is the
height of the wall, A is the equivalent area of cross-section of the DSCSW, A

and A denote the total area of concrete core and steel plates, respectively.
Fig. 9 shows the scattering distributions of initial theoretical stiffness Ke -

It can be noticed that theoretical predictions of initial stiffness are overestimated
by 13% with stander deviations due to only considering the capacity and height
of the material without different types of connectors.
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4.4, Strength Index (SI)

In order to eliminate the variation of models’ sectioned configurations and
height, the strength index is proposed, which is able to be determined as the
following.

1 F’U,FEM

S:Q%QA+UA -

where Sl is the strength index of the DSCSW subjected to compression load,;

P, rem is the ultimate compressive capacity based on FE analysis; fc and A

indicate the yield strength and cross-sectional area of the concrete core; f,

and A, indicate the yield strength and cross-sectional area of steel plates.

The scatter distribution of the strength index ratio is illustrated in Fig. 9. It
is noticeable that the ratio was close to the linear fitting, which means the wall's
ultimate compressive capacity takes the full section capacity. However, the
ultimate compressive capacity tends to decrease with the height of the wall being
raised. This exhibits that the shear wall cannot achieve its section capacity due
to premature failure, which causes local bucking, concrete crushing, and global
buckling. Additionally, the mean ratio value of the strength index is 96% with
standard deviations (Std.v) 0.04.

4.5. Ultimate compressive capacity and failure modes

4.5.1. Ultimate compressive capacity

The ultimate compressive capacity of FE models can be calculated from
load-displacement curves as presented in Table.4. Test results revealed that
increasing the wall height led to a decrease in ultimate compressive capacity,
initial stiffness, and ductility, while vertical displacement increased. Specifically,
at a wall height of 600mm, the ultimate bearing capacity was 8659kN, but it
decreased to 7200kN and 6735kN for heights of 1500mm and 3000mm,
respectively. The initial stiffness was 9845 kN/mm, then declined by roughly
37% and 18% when the height increased from 600mm to 1500mm and 3000mm,
respectively. The ductility index was 1.20%, 1.12%, and 1.31%, with heights
changing from 600mm to 1500mm and 3000mm. Therefore, height is a
significant factor influencing the overall performance of the DSCSWs.

Using different types of connectors showed that both compressive capacity
and initial stiffness increased with the use of headed studs and T-stiffeners, while
the ductility index and vertical displacement exhibited the opposite behavior.
Specifically, the axial bearing capacity increased from 6735kN to 8060kN and
8063KN when bolt connectors, headed studs, and T-stiffeners were used. Initial
stiffness was 1759kN/mm with bolt connectors, and it increased by 76% with
both headed studs and T-stiffeners, as shown in the table. 4. The ductility index

showed minimal variation, the ductility index was 1.31% with bolt connectors,
then declined to 1.17% and 1.13% with the use of headed studs and T-stiffeners,
respectively. Overall, the axial bearing capacity, stiffness, and ductility index of
the DSCSWs are primarily influenced by the steel faceplate and material
resistance of the wall. Headed stud and T-stiffener connectors outperformed bolt
connectors and are recommended for enhancing the overall performance of the
DSCSWs.

4.5.2. Failure modes

Three main styles of deformation patterns were observed in the FE
simulation of compression tests of DSCSWs. The first failure mode, concrete
crushing deformation, is described by the high yielding of the concrete core
between two vertical connectors, where the concrete tends to crush, as depicted
in Fig. 10(a). This type of deformation occurs due to the straight growth of the
concrete core under axial compression. The excessive axial load causes the
concrete to reach its compressive limit, leading to localized crushing. This
failure mode emphasizes the need for sufficient confinement within the wall
system to prevent premature crushing and improve the axial load capacity. The
second failure mode is steel faceplate buckling, as presented in Fig. 10(b-c). In
this case, the steel faceplates tend to buckle outward in the middle due to
insufficient connections between the concrete core and the steel plates. This poor
connection allows the steel plates to deform, resulting in a deformation strip
zone along the shear connectors. The confinement effect afforded by the steel
faceplates is crucial for enhancing the compressive capacity of the concrete core.
By improving the steel-concrete interface and using effective connectors, the
ultimate capacity of DSCSWs can be significantly increased, as evidenced by
the absence of this failure mode in well-designed models. The third failure mode,
global buckling, occurs when the height-to-width H / w ratio of the wall is
greater than 22 with the arranging both bolts and T-stiffeners connectors, as
depicted in Fig. 10(c). In this case, out-of-plane deformation happens, especially
when the wall height reaches 3000mm, leading to several buckling strips along
the length of the wall. This global buckling is more likely when the wall is taller
relative to its width, and it results in a noticeable deflection under axial load.
However, the steel faceplates and connectors continue to provide confinement
to the concrete core, mitigating the severity of this failure mode and protecting
the wall from large-scale deflections.

The findings from the FE simulations highlight critical failure modes in
DSCSWs and provide valuable insights for improving the design and structure
of these systems. To prevent concrete crushing failure, it is essential to ensure
adequate confinement of the concrete core using high-performance shear
connectors, which can increase the axial load-bearing capacity. Enhancing the
connection between the steel plates and concrete core is vital in terms of steel
faceplate buckling. This can be achieved by using more robust connectors, such
as T-stiffeners or headed studs, which improve the steel-concrete bond and
prevent excessive deformation of the faceplates. Lastly, global buckling can be
mitigated by optimizing the height-to-width ratio of the shear wall to maintain a
balance between the wall’s stiffness and its ability to resist axial loads.
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Fig. 10 FE Failure modes of DSCSWs

5. Discussions of parametric analyses

Based on the verified models, FE parametric analyses were operated to
examine the impact of five factors on the compressive behavior of DSCSWs.
These factors include the type of connectors, wall height, steel plate thickness,
bolt connector spacing, and concrete core thickness. This section will examine
the influence of these parameters on ultimate compressive capacity, initial
stiffness, ultimate vertical displacement, and ductility index.

5.1. Effect of different types of connectors

Three types of connectors were used in this research: bolts, headed studs,
and T-stiffeners. These connectors were installed in the FE models across four
scenarios: bolts, headed studs, bolts with headed studs, and bolts with T-
stiffeners, as presented in Fig. 11(a). The ultimate compressive capacity and
ductility index increased with the use of bolts, headed studs, bolts with headed
studs, and bolts with T-stiffeners. Among these, bolts, headed studs, and T-
stiffeners provided higher ultimate capacity, stiffness, and ductility index
compared to bolt connectors. Specifically, the ultimate compressive capacity
slightly increased when bolts and headed studs were used separately. However,
using bolts with headed studs and bolts with T-stiffeners increased the
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compressive capacity by 1.9% and 7.1%, respectively. In terms of initial
stiffness, the value was 10424 kN/mm when bolts were used. This gradually
increased by 2.65% with headed studs and by 3.54% with bolts with headed
studs. A significant increase of 18.29% was observed when bolts with T-
stiffeners were used. Additionally, the ductility index showed a substantial
increase, following the order: 1.22, 1.49, 1.82, and 2.43. These results suggest
that the initial stiffness, ductility index, and ultimate compressive capacity of
DSCSWs are primarily influenced by the steel plates and the material's
resistance. It can be concluded that installing bolts with T-stiffener connectors
provides comparable composite action and structural performance to other types
of connectors. Therefore, bolts with T-stiffeners are highly recommended for
use in composite structures. Furthermore, as shown in Fig. 11(b), T-stiffener
connectors resulted in less vertical displacement compared to other connectors,
with reductions of approximately 6.67%, 14%, and 16.41% compared to bolts,
headed studs, and bolts with headed studs, respectively. Consequently, it can be
concluded that bolts with T-stiffener connectors offer comparable compressive
behavior to other connectors in terms of vertical displacement, ultimate bearing
axial load, initial stiffness, and ductility index. This was further validated by
another comparison in this study involving different wall heights, as shown in
Figs. 12(a-b) and 13(a-b).
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Fig. 11 Effect of different types of connectors on compressive performance with 600mm heights
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Fig. 13 Effect of different types of connectors on compressive performance with 3000mm heights

5.2. Effect height of DSCSW walls

The height of the DSCSWs was modified to study its effect on strength and
ductility, as shown in Fig. 14. The results revealed that the ultimate compressive
capacity of the walls decreased with increasing height. Similarly, the initial
stiffness and ductility exhibited the same trend as the ultimate compressive
capacity. In contrast, the vertical displacement increased with the height.
Specifically, the ultimate axial compression load was 8870 kN when the height
was 600 mm. This value decreased by 7.3% and 11.5% for heights of 1500 mm
and 3,000 mm, respectively. The initial stiffness was 10424 kN/mm for the 600
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mm height, but it significantly decreased by 61.1% and 79.9% for the 1500 mm
and 3000 mm heights, respectively. Meanwhile, the vertical displacement
gradually increased from 1.22 mm at 600 mm height to 2.83 mm and 5.30 mm
at 1,500 mm and 3,000 mm, respectively, as shown in Fig. 14. Thus, height has
a major impact on the ultimate compressive capacity, initial stiffness, ductility,
and displacement of the walls, as the models are more likely to fail due to global
and local buckling with increasing height, as shown in Fig. 14. These results
have been not only numerically validated but also experimentally verified (see
Fig. 7(a-e) and Table 4).
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Fig. 14 Effect of heights of the wall on the compressive performance of DSCSW
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5.3. Effect of thickness of steel plates

Fig. 15 illustrates the influence of the steel plate thickness on the strength
and ductility of DSCSWs. The graph shows that the ultimate compressive
capacity increased from 7239 kN to 8105 kN, 8870 kN, 9702 kN, and 10621 kN
as the thickness of the steel plates increased from 4 mm to 5 mm, 6 mm, 7 mm,
and 8 mm, respectively, as shown in Fig. 15(a). Furthermore, reducing the
thickness of the steel plates would lower the confinement of the concrete core
due to increased local buckling resistance, directly affecting the wall’s stiffness.
A thinner steel plate would also negatively affect the tensile strength of the bolt
connectors, as reduced plate thickness leads to higher buckling. The initial
stiffness of the walls slightly increased with the rising thickness of the steel
plates. Specifically, when the steel plate thickness was 4 mm, the initial stiffness
was 9010 kN/mm. This increased by 7.8%, 15.7%, 25.2%, and 35.0% for
thicknesses of 5 mm, 6 mm, 7 mm, and 8 mm, respectively, as displayed in Fig.

Ps(%)

105

15(a). Additionally, the thickness of the steel faceplate significantly impacted
vertical displacement. As the steel plate thickness increased, vertical
displacement decreased. For example, with a 4 mm thickness, the vertical
displacement was 1.65 mm. However, increasing the thickness to 5 mm, 6 mm,
7 mm, and 8 mm reduced the ultimate vertical displacement to 1.42 mm, 1.26
mm, 1.22 mm, and 1.02 mm, respectively, as shown in Fig. 15(b). On the other
hand, the ductility index exhibited an opposite trend to vertical displacement,
increasing as the steel plate thickness rose. Specifically, when the steel plate
thickness was 4 mm, the ductility index was 0.93%. This value steadily
increased to 1.18%, 1.32%, 1.38%, and 1.42% for thicknesses of 5 mm, 6 mm,
7 mm, and 8 mm, respectively, as shown in Fig. 15(b). In conclusion, the
thickness of the steel plates has a significant impact on the overall mechanical
properties of DSCSWs. Increasing the steel plate thickness enhances the
DSCSW’s compressive performance by increasing the steel content in the
section, improving the system's overall mechanical properties.
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Fig. 15 Effect of thickness of steel plates on axial compression behavior of DSCSW

5.4. Effect of spacing of bolt connectors

Different bolt spacing values were used to study the impact of spacing on
the overall mechanical properties of DSCSWSs under axial compression. Fig. 16
presents the impact of bolt connector spacing on strength and ductility. It can be
observed that there is no significant difference in compressive capacity or initial
stiffness with varying spacing. Specifically, when the spacing between bolts was
120 mm, the ultimate axial bearing load of the wall was 8425 kN. This value
decreased as the spacing increased. When the spacing was adjusted to 160 mm,
200 mm, and 240 mm, the compressive capacity decreased by 1%, 2.4%, and
3.1%, respectively. This reduction is attributed to the increasing slenderness
ratio, which rose from 20% to 26.67%, 33.33%, and 40%. Furthermore,
increasing the spacing had a minor effect on the initial stiffness of DSCSWs. As
the spacing increased from 120 mm to 160 mm, 200 mm, and 240 mm, the initial
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stiffness values declined from 4200 kN/mm to 4,59 kN/mm, 4054 kN/mm, and
3977 kN/mm, respectively, as illustrated in Fig. 16(a). In addition, Fig. 16(b)
illustrates the effect of spacing on the ductility index and ultimate displacement.
The graph clearly shows that the ductility index slightly decreased as the bolt
spacing increased. Specifically, when the spacing was 120 mm, the ductility
index was 1.93%. This value progressively reduced by 31.6%, 36%, and 45.6%
for spacings of 160 mm, 200 mm, and 240 mm, respectively. Similarly, the
ultimate vertical displacement increased as the ductility index decreased due to
the increasing spacing. When the spacing was 120 mm, the ultimate
displacement was 2.69 mm. This value increased to 2.89 mm, 2.92 mm, and 3.15
mm for spacings of 160 mm, 200 mm, and 240 mm, respectively. In conclusion,
the spacing between bolt connectors has a minor impact on compressive capacity
and initial stiffness but significantly affects ultimate vertical displacement and
the ductility index.
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Fig. 16 Effect of spacing between bolts connectors on compressive performance DSCSW

5.5. Effect of thickness of the concrete core

Fig. 17 illustrates the effect of thickness of concrete core on the overall
compressive stability of DSCSWs. It can be observed that raising the concrete

core thickness significantly enhanced both the ultimate compressive capacity
and initial stiffness. Specifically, strengthening the core thickness from 98 mm
to 108 mm, 118 mm, 128 mm, and 138 mm resulted in a 4.8%, 9.2%, 10.9%,
and 12.5% increase in the ultimate compressive capacity of the walls,
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respectively. Additionally, the initial stiffness increased with the thickness of
the concrete core. More specifically, the initial stiffness rose from 9244 kN/mm
to 9861 kN/mm, 10424 KkN/mm, 10985 kN/mm, and 11,587 kN/mm,
respectively, as shown in Fig. 17(a). This reveals that the concrete core
significantly impacts the ultimate compressive capacity and initial stiffness of
the wall. It is also evident that the concrete core thickness minimally influences
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the ultimate vertical displacement and ductility index. The ultimate vertical
displacement ranged from 1.12 mm to 1.30 mm, and the ductility index varied
from 1.16% to 1.36%, as shown in Fig. 17(b), which can be considered
negligible. In conclusion, the core thickness significantly impacts the ultimate
compressive capacity and initial stiffness of DSCSWs but has a minor effect on
the ductility index and ultimate vertical displacement.
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Fig. 17 Effect of concrete core’ thickness on axial compression behavior of DSCSW

6. Analysis of compressive resistance of DSCSW
6.1. Code methods

In AISC 360 [59], the ultimate compressive capacity of composite
structures subjected to axial compression load can be calculated as follows.

P.

P — Pno (0658)%: when Pno / Pe <225 (8)
! 0.877P P,/P, >225

P,="f,A+085fA (©)

”Z(Eleﬂ) (10)

where P denotes section capacity of DSCSW subjected to axial load and, A
and A are the cross-sectional area of concrete and steel plates, fy denotes

yield strength of steel plates f denotes compressive strength of concrete P,

elastic critical buckling load that can be calculated by effective flexural rigidity
(Ely)=E]l,+C,El, i C;=0.6+2(A/A+A)<09 , K denotes

effective length factor, L is laterally unbraced length of the member.
The ultimate compressive capacity of DSCSW could be determined based
on Eurocode 4 [60], as the following

P =f,A +085fA (11)

For composite structures, the buckling strength can be predicted by
multiplying the section capacity by bucking reduction factor x

R=xR 42
P I S (13)
P+’ - 22
T [P, (14)
PC[
p=05[L+a,(1-0.2)+17] (15)

where P is ultimate strength of composite shear wall under compression force,

z reduction factor which is function of the relative slenderness A and
imperfection, a, is an imperfection factor corresponding to appropriate
buckling curve, and it can be gotten from Table 6.5 in Eurocode 4. P, elastic

critical buckling force that determined by effective flexural rigidity as follow
(El4)=E],+0.6E, -

6.2. Analytical method

To simplify the ultimate compressive resistance calculations, the following
assumptions may be applied.

(1) As DSCSW is composed of steel plates and concrete core, so the
ultimate compressive resistance (Pu) provided by the compressive strength of

steel (PS) plates and concrete core (Pc) .

P=P.P

u c S

(16)

(2) Inthe loading stage, the concrete core and steel plates work compositely,
and the previous research on composites shears walls showed that the
compressive of concrete core P, can be determined as follows;

P =¢Ac, an

where ¢ denotes to reduction factor equals 0.85 according to AISC-360 and
Eurocode 4; AC and o denotes the concrete core's cross-sectional and ultimate

compressive capacity, respectively. Yan has suggested a method to calculate
(o, ) inRef [20].

(3) According to Akiyama [61] study, the yield stress of steel plates can be
determined as follows:

I = (18)
T« TTIR2(S L)

where ES Modules of elasticity of steel; S denotes spacing among connectors;

ts denotes the thickness of steel plates; K is the coefficient of effective length,

and its value is considered as 0.7 for the safety factor.

In order to investigate the influence of the slenderness ratio of steel plates
on the buckling behavior of DSCSWSs, Wei et al. [62] conducted buckling
analysis and ultimate stress state, and the following equation was suggested to
consider the steel plates’ buckling stress.
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(4) Based on numerical and experimental results on DSCSWs, the type of
connectors with steel plates provide confinement to the concrete core and raise
the ultimate capacity of composite walls. In contrast, it is noticeable that neither
AISC-360 nor Eurocode 4 included the effect of connectors. However, Yan et
al. [20] suggested that the steel on the concrete deformation plane could be
considered to offer confinement. The confinement stress ( &, ) was defined as

(19)

an average equal stress allocated across the relevant area, which can be
represented by

T
g, SZ

where T, denotes the tensile strength of connectors; S denotes the spacing

between two connectors. The tensile resistance of connectors in the DSCSW can
be determined according to the degree of confining stress acting on the concrete

core. Hence, T, can be calculated by the equations recommended by Yan at
[20, 63-65].

(5) According to test and FE results, the failures of slender DSCSW are
inelastic local and global buckling correlating with yielding of steel plates and
crushing of concrete core. Therefore, general slenderness and stability of the
wall should be taken into considerations, and it can be considered by multiplying
the section capacity by stability coefficient () as follows

R =9R (e1)

1-0.6542 for 4, <0.215

’= Ziﬂoz[(o.gea 0.34, +42) —|[(0.965+ 0.34, + 42)* — 422 1for 4, > 0.215

(22)
Table 4
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(23)

I.+1.E /E,

A + AGC lo—Cr

where P, is ultimate compressive capacity; ¢ is stability coefficient [66]; 4, is

generalized slenderness ratio; |, is the effective unbraced length of the member;

elastic modulus of concrete and steel; |c and |S inertia moment of concrete and
steel.

6.3. Validations

The ultimate compressive capacity projections are validated with the FE
modeling outcomes in Table 5. Fig. 18 shows a scatter plot illustrating the
numerical-to-prediction ratio for the results obtained using AISC-360, Eurocode
4, and the analytical method. The mean ratios for AISC-360 and Eurocode 4 are
1.04 and 1.02, respectively, both with the same standard deviation (Std. v) of
0.05. This similarity arises since the criteria in these code methods were initially
developed for concrete-filled steel tube columns and do not account for
variations in connector types or premature local buckling of steel plates.
Additionally, both Table 5 and Fig. 18 reveal that the prediction ratios from these
code methods were lower for walls with a height of 600mm, as they were treated
as short shear walls. In contrast, the analytical method yields the average
percentage of 1.00 with a standard deviation (Std. v) of 0.03. These high mean
ratios and low standard deviations emphasize the enhanced accuracy of the
analytical method, which incorporates the confinement effect of steel plates and
various connector types. Furthermore, Fig. 18 demonstrates that more than 90%
of the analytical models fall within the #5% prediction error range. In conclusion,
the analytical method provides reliable estimates of the ultimate compressive
capacity for DSCSWs with different connector types.

Comparison of ultimate compressive capacity between the numerically and analytically

items P, rem P, aisc Rieca F)u,AnalyticaI Pure / R aisc Rore / Riecs Rire / F)u,Analylical
DSCSW-1 7239 6970 7035 6993 1.04 1.03 1.04
DSCSW-2 8105 7879 7948 7906 1.03 1.02 1.03
DSCSW-3 8870 8791 8864 8818 1.01 1.00 1.01
DSCsw-4 9702 9705 9783 9732 1.00 0.99 1.00
DSCSw-5 10621 10623 10705 10650 1.00 0.99 1.00
DSCSW-6 9024 8791 8864 8800 1.03 1.02 1.03
DSCSW-7 9552 9359 9442 9387 1.02 1.01 1.02
DSCSsw-8 8898 8791 8864 8800 1.01 1.00 1.01
DSCSW-9 8057 8110 8204 8137 0.99 0.98 0.99
DSCSW-10 8460 8452 8534 8478 1.00 0.99 1.00
DSCsw-11 9043 9128 9195 9156 0.99 0.98 0.99
DSCSW-12 9202 9465 9525 9493 0.97 0.97 0.97
DSCSW-13 8425 8416 8482 8613 1.00 0.99 0.98
DSCsw-14 8338 8416 8482 8530 0.99 0.98 0.98
DSCSW-15 8226 8416 8482 8491 0.98 0.97 0.97
DSCSw-16 8186 8416 8482 8469 0.97 0.97 0.97
DSCSw-17 8257 8416 8482 8474 0.98 0.97 0.97
DSCsw-18 8280 8416 8482 8474 0.98 0.98 0.98
DSCsSw-19 8810 8937 9004 9020 0.99 0.98 0.98
DSCSW-20 7853 7201 7207 7672 1.09 1.09 1.02
DSCsw-21 8191 7201 7207 7659 1.14 1.14 1.07
DSCSW-22 8350 7580 7548 8111 1.10 111 1.03
DSCSwW-23 7979 7201 7207 7659 1.11 1.11 1.04
average 1.04 1.02 1.00
Std.v 0.05 0.05 0.03
where P, rr denotes numerical results of compressive capacity, Pu,Alsc , Pu,EC4 and Pu,Analytical indicate predictions of compressive resistance by AISC-360, Eurocode 4 code and

analytical method, respectively.
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Fig. 18 Comparison between FE analysis results and prediction equations

7. Conclusion

This paper examines the axial compression behavior of DSCSWs. Steel
faceplates are prone to buckling between two rows of connectors due to the weak
bond between the steel faceplates and the concrete core. To prevent local
buckling, separation of steel plates, and to enhance the overall compressive
performance of DSCSWs, various methods such as bolts, headed studs, and T-
stiffeners have been proposed. In this study, FE modeling was developed and
validated with five tested specimens to ensure the accuracy of the results. A
parametric analysis was then performed to investigate several key factors based
on the verified results. Lastly, the ultimate compressive capacity of DSCSWs
was predicted using AISC-360, Eurocode 4, and the analytical method, and the
results were compared with those obtained from FE parametric studies. The
conclusions drawn from the study are as follows.

(1) The comparison between test and FE modeling results shows that the FE
models slightly overestimate both the ultimate compressive capacity and
initial stiffness of DSCSWSs by 7%. The standard deviations for
compressive capacity and stiffness test-to-FE predictions are 0.06 and 0.04,
respectively. Discrepancies in the FE models are primarily due to
variations in the concrete modulus of elasticity and the loading process.
Although the FE models can capture the failure modes including local
buckling, concrete crushing and global buckling.

As the wall height increased, the ultimate bearing capacity, initial stiffness,
and ductility index showed a decreasing trend, suggesting that height
significantly influences the overall performance of DSCSWs. Different
types of connectors were also tested, with the results showing that headed
studs and T-stiffeners enhanced both compressive capacity and initial
stiffness while they reduced the ductility index and vertical displacement.
Specifically, using headed studs and T-stiffeners improved axial bearing
capacity and stiffness compared to bolt connectors, although ductility
slightly decreased with these connectors. Overall, steel faceplate material
and connector type play key roles in the performance of DSCSWs, with
headed studs and T-stiffeners proving to be more effective than bolt
connectors.

The study also identified three primary failure modes in the FE simulations:
concrete crushing, steel faceplate buckling, and global buckling. These
failure modes emphasize the importance of adequate confinement for the
concrete core and the need for robust connections between the steel plates
and concrete core to prevent deformation and improve axial load capacity.
Furthermore, optimizing the height-to-width ratio of the shear wall is
crucial in mitigating global buckling and maintaining overall stability.
T-stiffeners and headed studs significantly improve the compressive
capacity, initial stiffness, and ductility of DSCSWSs compared to bolts.
Combining bolts and T-stiffeners provides the best performance, including
reduced vertical displacement. Wall height greatly impacts compressive
capacity, stiffness, and displacement, with taller walls showing reduced
strength and increased displacement, highlighting a higher risk of buckling.
These findings emphasize the importance of selecting appropriate
connectors and optimizing height-to-width ratios in DSCSW design to
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ensure stability and enhanced performance.

The compressive capacity of DSCSWs is substantially impacted by the
thickness of the steel plates, the spacing of bolt connectors, and the
thickness of the concrete core. Increasing the thickness of the steel plate
improves compressive capacity, with values rising as the thickness
increases from 4 mm to 8 mm. The concrete core thickness also plays a
key role, with greater thicknesses leading to higher compressive capacity.
On the other hand, the spacing between bolt connectors has a minor effect
on compressive capacity, with only a slight decrease observed as the
spacing increases. In conclusion, increasing steel plate thickness and
concrete core thickness enhances the compressive capacity of DSCSWs,
while bolt connector spacing has a relatively minor impact.

The predictions of ultimate compressive capacity based on the AISC-360-
10 code and Eurocode 4 method showed reasonable agreement with the
FE results. The average values for these two methods are 1.04 and 1.02,
respectively, with the same standard deviation of 0.05. On the other hand,
the analytical method was proposed to predict the ultimate compressive
capacity of DSCSWs by considering the confinement effect of steel
faceplates and different types of connectors. The mean value of this
method is 1.00, with a standard deviation of 0.03. Therefore, this method
provides acceptable results and can be used for design purposes.

®)

(6)
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