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Numerical analysis of shear resistance of concrete filled double-steel-plate
composite walls with shear stud connectors

WEI Fangfang s ZHU Youhua » YU Jun
(College of Civil and Transportation Engineering, Hohai University, Nanjing 210098,P. R. China)

Abstract: The concrete filled double steel plate composite wall (CFDSPCW) with shear stud connectors is a
new type of construction component for high-rise buildings that resist lateral force. In this paper, the in-
plane shear resistance of CFDSPCWs is studied with nonlinear finite element analysis using ANSYS. To
this end, some assumptions were made to simplify the numerical model. Based on the experimental results
and the formula of shear-slip of stud connectors in the literature, a constitutive relationship explaining the
shear-slip of shear stud connectors is proposed using curve fitting. Then, the finite element model of the
experimental CFDSPCW is established and validated through experimental results. Thereafter, the study
presents the effects of key parameters including the space of stud connectors, the thickness of both the steel
plate and concrete core, the concrete strength, and the span-depth ratio of walls on the shear resistance of
CFDSPCWs. The results indicate that the thickness of both the steel plate and the concrete core, and the
strength of concrete are the most critical factors affecting the shear resistance of CFDSPCWs, and the
spacing of stud connectors affects the failure mode of CFDSPCWs.
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1 Introduction

As the lateral load is considered to be the
dominant factor in the structural design of a high-
rise building, the lateral force-resisting system is
the most important part of a high-rise building™".
Concrete filled double steel plate composite walls

(CFDSPCWs) with shear stud connectors are
proposed as a new type of shear wall structure®™.
The steel-concrete-steel (SCS) wall developed by
the Corus Company'" consists of two steel plates
and a concrete core. The SCS wall integrates the
advantages of steel and concrete and has a high
shear resistance and lateral stiffness. The SCS wall
is constructed using shear connector rods attached
to both steel plates through a high-speed rotational
friction weld process. However, the interaction
between the concrete and steel plates is too
complicated to be used in a high-rise building. In
order to simplify the interaction of the steel plates
and the concrete core of the composite shear wall,
the CFDSPCW with shear stud connectors was
developed by Nie et al. , and is suitable for high-
rise buildingst™.

At present, there are dozens of buildings with
CFDSPCW structures used as the lateral force-
resisting components worldwide, which are mainly
distributed in high seismic intensity regions such as
North America and Japan. There are some
domestic buildings using this CFDSPCW structure
such as the main structure of an Avalokitesvara
statue’™, the tube structure of the Yancheng TV

towert®

1, and the main structure of the Guangzhou
East Tower"™, which indicates that the use of this
type of structure is still in the early stage in China.

Due to its good mechanical performance,
convenient construction and high reliability, the
stud connector has become the most widely used
shear connector and is also used in the CFDSPCW
structure studied for this paper. In addition, to

improve the integrity of the composite shear wall

and strengthen the lateral restraint of the internal

concrete, stud connectors are welded onto each

L8]

steel plate. Moy et al. **’ conducted a push-out test

of stud connectors and studied their shear stiffness

al. [7,9]

and strength. Nie et experimentally

investigated  the  seismic  performance  of
CFDSPCWs with stud connectors under different
axial compression ratios, shear span to effective
depth ratios and intervals between stud connectors.
Their results showed that the CFDSPCW had good
ductility and energy dissipation capacity, and thus
could potentially be applied in high-rise buildings.
There are also studies of the shear resistance of
steel-concrete composite walls!'”*, Wei et al. [
carried out numerical analyses and theoretical
analyses on CFDSPCWs using friction welded
transverse bars as shear connectors and proposed a
formula to calculate the shear capacity of the
CFDSPCWs.  Zhu et al MV

numerically investigated the shear behavior of

CFDSPCWs with plate stiffeners and shear studs as

corresponding

combined shear connectors, and then proposed an
analytical solution for shear capacity based on the
diagonal compression model of shear mechanism
that considered concrete damage. Guo et al. ™'
proposed a strut and tie model to calculate the
shear capacity of CFDSPCWs with

boundary elements under cyclic loading tests. The

confined

model consists of distributed diagonal compression
struts made of concrete and the diagonal tension tes
contributed by face steel plates. Moreover, the ties
are perpendicular to the struts and the contribution
of the walls’ axial compression on the shear
resistance is considered based on curve-fitting. Ji et
al. "* conducted cyclic tests on five steel-concrete
composite shear walls, in which steel plates were
encased in concrete or put on surface with a
concrete core, The test data, together with that of
46 steel-concrete shear walls, were used to evaluate
the formulae of shear capacity adopted in different

al, '

codes. Xiong et experimentally and

numerically investigated three CFDSPCWs under
formula for

cyclic loading, and proposed a
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calculating shear capacity of CFDSPCWs through
curve fitting on top of the shear capacity formula of
reinforced concrete shear wall. Zhang et al. [**
derived the shear capacity and corresponding shear
strain of CFDSPCWs used in nuclear engineering at
the elastic, concrete cracking, steel plate yielding
and final stages based on the assumption of perfect
composite effects between the concrete and steel
plates, in which the ultimate capacity was derived
model. In

based on the cross-diagonal strut

summary, the systematic analysis of the shear
resistance and behavior of CFDSPCWs with shear
stud connectors used in high-rise buildings is still
rare in the literature. It is not clear whether the
apply to
CFDSPCWs with only shear stud connectors that

In addition,

current shear capacity formulae

are used in high-rise buildings.
previous numerical studies and theoretical analyses
presume that there is a perfect composite effect
between the concrete and steel plates. However, in
practice, a slip between the shear studs and the

concrete core could occur.

In this paper, the shear resistance of
CFDSPCWs with shear stud connectors is
numerically studied using the ANSYS finite

element analysis software. The numerical models
consider the shear-slip effect between the concrete
and studs, and the contact of steel plates and
concrete core. The numerical model was initially
validated by previous experimental results and then
used to investigate the effects of key parameters on
the shear resistance of CFDSPCWs. The key
parameters include the interval between the shear
stud connectors, the thicknesses of steel plates and
concrete plates, the strength of the concrete, and

the height-width ratio of the walls.
2 Numerical modeling and validation

2.1 Simplification of the model

In order to focus on the shear resistance of a
CFDSPCW, we have made some assumptions to
develop a simplified model of a CFDSPCW, as

in Fig. 1. These assumptions are as
follows'™: 1) Between the CFDSPCW and the

surrounding frame beams, as well as the columns,

shown

the nodes at the four corners are pin connections,
and the effect on the lateral resistance of frame
bending is ignored; 2) the flexural stiffness of the
frame beams and columns is adequate to provide
sufficient anchorage capacity for a CFDSPCW; and
3) the axial deformations of both the frame beams
and the columns are ignored. Since the entire
beams are connected to the walls, the axial
deformation of frame beams can be ignored. To
avoid the effect of the overturning moment of
columns on the shear resistance of a CFDSPCW,

the axial deformation of frame columns is ignored

as well.

CFDSPCW
Fig. 1 Simplified model of a CFDSPCW structure

As shown in Fig. 1, AD and BC represent the
frame columns, while AB and DC denote the frame
beams. The section dimensions of the frame
columns and beams are H300 mm X 300 mm X 10
mmX 15 mm., in which the section is 300 mm in
width and in depth and the thickness of web and
flange is 10 mm and 15 mm, respectively., The
yield strength of all the
CFDSPCWs was 235 MPa.

material properties of the CFDSPCW specimens

steel used in the

The geometric and

used for the parametric studies are listed in Table
1. H and L represent the height and the span (or
width) of the CFDSPCW specimens. respectively;
B was the height-width ratio ( H/L) of the
CFDSPCW, d, was the interval between the shear
stud connectors, ¢, and ¢. were the thickness of
each face steel plate and concrete core,
respectively; and f.. was the strength of the

concrete,
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Table 1 Geometric and material properties of CFDSPCW specimens

No. H/m L/m B=H/L ds/mm to/mm t./mm feuk/MPa
WO 3 3 1 300 10 200 30
W11 2.4 3 0.8 300 10 200 30
Wiz 3.6 3 1.2 300 10 200 30
W13 4.5 3 1.5 300 10 200 30
W14 6 3 2 300 10 200 30
W21 3 3 1 200 10 200 30
W22 3 3 1 600 10 200 30
W31 3 3 1 300 6 200 30
W3z 3 3 1 300 8 200 30
W33 3 3 1 300 20 200 30
W41 3 3 1 300 10 300 30
W42 3 3 1 300 10 400 30
W43 3 3 1 300 10 700 30
W51 3 3 1 300 10 200 20
W52 3 3 1 300 10 200 40
W53 3 3 1 300 10 200 50
W54 3 3 1 300 10 200 80

2.2 Description of finite element model

The finite element (FE) model of a CFDSPCW
structure is shown in Fig. 2. All the elements used
are part of the ANSYS software. The concrete is
modeled using the solid element SOLID65. The
constitutive model of the concrete in the Code for
Concrete Structure Design (GB 50010-2010) is used
in this paper. Steel plates were modeled using the
SHELIL181 element. The ideal elastic-plastic model
was used for the constitutive model of steel plates.
The SOLID45 element was used for the frame

beams and columns.

Fig. 2 Finite element model of a CFDSPCW structure

The formula for the shear-slip of shear stud
connectors-'™ is given by the Eq. (1).

V=V, d—e™)" (D
where V, is the ultimate shear capacity of the shear
stud connectors, S is the relative slip of shear stud
connectors and concrete; m and n represent the
curve-fitted parameters, which are related to the

Based on the given
[17]

dimensions of the shear wall.
formula for the shear-slip of shear connectors-'” and
the push-out tests of stud shear connectors*'", the
shear-slip relationship parameters of stud shear
connectors can be curve-fitted.

The nonlinear spring element COMBIN39 is
used for modeling the shear stud connectors™®”,
The spring stiffness is calculated by the nonlinear
shear-slip relationship given by Eq. (1). A contact
element is used for the interaction between the
concrete plate and the steel plate. CONTAL73 is
used for the internal surface of the steel plates, and
TARGE170 is used for the external surface of the
concrete plate; these elements are paired to
represent the interface between the steel plate and
surfaces are

the concrete plate. The contact
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assumed to be smooth and without the inter-
penetration of concrete and steel. The concrete
plate and the steel plate transfer normal pressure to
each other, but the normal tensile force is not
considered.

The lateral load is applied with displacement-
control. The largest lateral displacement is limited
to 1/50 times that of the inter-story drift angle. At
the same time, the initial elastic lateral stiffness K,
is set as the slope at the origin point of the load-
displacement curve.

2.3 Finite element analysis

The finite element analysis consisted of three

steps. First, an FE model of a CFDSPCW without

any initial geometrical imperfections  was

constructed and applied with displacement
constraints.

Second, because of the effects of processing,
transportation, installation and other factors, steel
plates in practical engineering applications will
inevitably have some initial deformation and initial
defect. The unit force FF was applied in the FE
model of the CFDSPCW. From the buckling
eigenvalue analysis, the first buckling mode of the
CFDSPCW was obtained and used for generating
the initial geometrical imperfections. which should
be considered to demonstrate the out-of-plane
buckling and the geometric nonlinearity of the steel
plates. According to the requirement of flatness of
a concrete plate in a steel-concrete composite shear
wall structure, the maximum amplitude of the
initial defects of the steel plate is Lyu/1 000 (L,
is the length of the longer edge of a steel plate)!?!.

Third, an FE model of a CFDSPCW with its
initial geometrical imperfections was constructed.
lateral

The displacement constraints and the

displacement were applied to the FE model

considering any large deformations, material

nonlinearity and/or geometric nonlinearity. To
calculate the ultimate shear capacity of the
CFDSPCW., the equilibrium path of the load and

displacement was traced using the arc-length

method.
2.4 Validation of numerical model

A quasi-static seismic experiment of a
CFDSPCW structure with stud connections was
reported in the literature [ 9]. The dimensions of
the composite shear wall in the test are shown in
Fig. 3. The section dimension of the two concrete-
filled steel tubular columns Cincluding the steel
tubes) was 100 mm X 120 mm. The sectional
dimensions of the composite wall Cincluding the
steel plates) was 600 mm X 90 mm. The concrete
plate and the steel plates were connected with stud
connectors at an interval of 100 mm. The
thicknesses of the steel plates and steel tubes were

3 mm. The yield strength of the steel is 360 MPa.

The cubic compressive strength of concrete
was 27. 5 MPa.
studs
+ + 1/-* +
+ o+ o+ o+ o+
| : 8
g:D & + + + + + |
+F 4+ o+ o+ %
LIOOL 600 1100 P K
1 800 1
o L} N =
(=]

100]  4x100=400 |100)
| © 60 " ]

(a)Section (b )Elevation

Fig. 3 Dimensions of the test model(mm )

To validate the FE model of the CFDSPCW
structure, the results of numerical analysis were
compared with the experimental results as shown in
Fig. 4; this shows that the numerical results are
almost the same as the experimental results at the
linear elastic stage. With the increasing of the
displacement, the load-displacement curve of the
numerical analysis deviated from the experimental
curve; but both of the curves show the same trend
and are very close to each other in terms of ultimate
shear resistance. The experimental and numerical
resistance was 1015.5 kN and 997.6 kN,
respectively, and the latter is approximately 98%
of the former. Therefore, this FE model of the
CFDSPCW  structure was extended for use in

parametric studies.
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Fig. 4 Comparison of the load-displacement curves

3 Shear mechanism of composite walls

Based on the experimental and numerical results of
the CFDSPCW under shear with different shear
connectors, the shear mechanisms were identified and
mechanical-based formulae were derived to calculate the
Basically,

formulae are all based on the cross-diagonal strut and

ultimate shear capacity. the proposed

tie model, i e , the concrete forming diagonal
compression struts between cracks and steel plates
contributing diagonal tension ties. Moreover, the
concrete cracked in the diagonal direction, and the
diagonal tension yielding was perpendicular to the

Lol As a result, the shear capacity was

cracks
simply contributed by steel tension and concrete
compression. The major difference is the formula
of concrete compression in the following four
models. To determine the critical parameters
related to the shear capacity, and to compare the
numerical results with the analytical results, four
formulae are listed as follows:

1) The contribution of the concrete core to the
shear bearing capacity of CFDSPCWs is considered
in two ways: the nominal shear acting at the
section along the span direction, and the diagonal
compression strut''™, This can be written as

V, = 0.6/,A, +0.39f57A, +

0. 24 ft.cos 0 VL7 + H” (2)

2) In addition to Eq. (2), the effect of the

concrete damage on the diagonal strut is considered™' ;
this can be expressed as

V. = 0.577f,A, 4 0. 39 %5 A, +
0.18f.t.cos 6 /L? + H". (3)

3) The contribution of the concrete to the shear
capacity is represented by a diagonal compression
strut only, and the effect of shear-span to effective
depth ratio is considered"* as Eq. (4).

0.65— f./180
A +0.15

4) The formula used in Code for Design of
(JG] 138-2012)"  and

V., = 0.5f,A. +0.5[.A. (4

Composite Structures
Technical Speci fication for Concrete Structures of
Tall Buildings (JGJ 3-2010)'%) was based on the
shear failure of steel plate-encased concrete
composite shear walls and analogically modified for
the shear capacity of CFDSPCWs under small

J[14]

shear-span ratios and zero axial loads"'"', as shown

below.

Ve=0.5fA+0.5.A.0.7— f./200) (5)
where f; is the yield strength of the steel plates;
fe and f. are the compressive strength of the
standard concrete cube and prisms, respectively; @
is the angle of diagonal tension strips with respect
to the horizon; A, and A, are the total cross section
area of the steel plate and concrete core along the
span, respectively; and A is the shear-span ratio of
the wall.

In accordance with the above-mentioned shear
mechanism, the critical parameters for the shear
resistance of CFDSPCWs includes the mechanical
and geometric properties of concrete and steel
plates. Therefore, the strength of the concrete,
the thickness of the steel plate and the concrete
plate, and the height-width ratio of the wall are
used for parametric studies. It should be noted that
the height-width ratio is similar to the shear-span
ratio of walls, but the former is always a little bit
smaller. In addition, the interval between the stud
connectors is a critical parameter that ensures the
composite effect of the CFDSPCW, and thus is

used for parametric study as well.

4 Parametric analysis of the shear
resistance of CFDSPCWs

Parametric analyses were performed to
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investigate the effects of several critical parameters
on the shear resistance of CFDSPCWs, which
included the interval between the stud connectors,
the thickness of the steel plate and the concrete
plate, the strength of the concrete and the height-
width ratio of the wall on the shear performance of
CFDSPCWs.

4.1 Effect of the interval between stud shear connectors

Specimens W0, W21 and W22 in Table 1 were
used to study the effect of the interval between the
stud connectors (d,) on the shear resistance of
CFDSPCWs, and the interval changed from 200
mm to 600 mm.

Fig. 5(a) shows the load-displacement curves
of CFDSPCWs. The curves are the same at the
elastic stage, indicating that the interval between
the stud connectors had only a minor effect on the
initial elastic stiffness of the CFDSPCWs. When d,
was smaller than 300 mm, the load-displacement
curves have no obvious softening part. The
capacity of CFDSPCWs slightly increases with
increasing displacement and changes to the plastic
stage smoothly, However, when d, was equal to
600 mm, the curve slightly softens after the
ultimate capacity.

Fig. 5 (b) shows the shear stress-angle curves
of the steel plates, in which the angle equals the
ratio of the applied lateral displacement and the

wall height. The steel plates can reach the shear

strength (= 235//3) no matter what the interval
between the stud connectors is. But when d, is
equal to 600 mm, the shear stress-angle curve
obviously softens after the shear yielding of the
steel plates. Out-of-plane buckling of the steel
plates occurs at the maximum lateral displacement
of 54 mm because the interval between the stud
connectors is too large to restrain the steel plates,
as shown in Fig. 6(a). When d, is smaller than 300
mm, the shear stress-angle curves do not differ
much after the shear yielding of the steel plates.
The maximum out-of-plane displacement of the

steel plates is not larger than 1. 1 mm, as shown in

Fig. 6 (b), suggesting that when d, is not larger
than 300 mm, the out-of-plane buckling of the steel
plates can be effectively prevented, and the whole

steel plates are able to contribute to the shear

resistance of CFDSPCWs.

16F
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Fig. 6 Displacement contours of steel plates at

different intervals between stud connectors (mm)

4.2 Effect of the height-width ratio of the wall
Specimens WO, W11, W12, W13 and W14 in
Table 1 were used to study the effect of the height-

width ratio of the walls (8) on the shear resistance

of CFDSPCWs, in which 8 changes from 0. 8 to 2.
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Fig. 7(a) shows that § significantly affects the
initial elastic lateral stiffness K, of CFDSPCWs,
K, approximately linearly decreases with an
increase of B. Fig. 7 (b) shows that when B
increased from 0. 8 to 2 it resulted in the shear
capacity decreasing by only 6. 9% from 15. 5 MN to
14. 5 MN, indicating that the effect of the wall
height-width ratio is insignificant. This is because
the composite shear wall makes full use of the
shear capacity of the steel plates and the concrete
plate, and the lateral load is transferred through

the whole cross section of a CFDSPCW.
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4.3 Effect of the thickness of the steel plate
Specimens W0, W31, W32 and W33 in Table

1 were used to study the effect of the thickness of a

Ct)

in which the

steel plate on the shear resistance of

CFDSPCWs, plate’s thickness
changed from 6 mm to 20 mm.

Fig. 8 (a) shows that the load-displacement
curves show no obvious softening, and the
structure entered the plastic stage smoothly. With
the shear capacity of the
CFDSPCW improves significantly. Fig. 8 (b) and
(c¢) show that both the initial lateral stiffness and

the shear capacity of the CFDSPCW increased

an increase of t.,

linearly with the increase of ¢,.
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3 —*1,=20 mm
0
0 10 20 30 40 50 60
Lateral displacement/mm
(a)load—-displacement curves
5.0
~45
£
z 40
N
(=
T35
>
3.0
25
6 8 10 12 14 16 18 20 22
t/mm
(b)K,—t, curves
26
24
z 2
=
.20
g 18
=9
g 16
o
i‘; 14
Al
10 : ‘
4 6 8 10 12 14 16 18 20 22
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(¢ ) Shear capacity—t, curve

Fig. 8 Effect of the thickness of steel plates on

the shear resistance

4.4 Effect of the thicknesses of the concrete plate

Specimens W0, W41, W42 and W43 in Table
1 were used to study the effect of the thickness of a
concrete plate (z.) on the shear resistance of
CFDSPCWs, in which the thickness changed from
200 mm to 700 mm.

Fig. 9 (a) shows that the load-displacement
curves display no obvious softening, and the
structure entered the plastic stage smoothly due to
the good composite effect of the concrete and steel
plates. As t. increased, the shear capacity of the
CFDSPCWs
Fig. 9(b) and (c¢) demonstrate that both the initial

improved significantly. Moreover,
lateral stiffness and the shear capacity increased
linearly with an increase of .. In CFDSPCWs, the
concrete plate between the steel plates bears the
lateral load and provides lateral stiffness, and also
prevents the out-of-plane buckling of the steel
plates. However, after taking the weight and the

space of the structure into consideration, the
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thickness of concrete plate should not be too large.
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4.5 Effect of the strength of the concrete

Specimens W0, W51, W52, W53 and W54 in
Table 1 were used to study the effect of the
strength of the concrete ( f.x) on the shear
resistance of the CFDSPCWs in which the strength
changed from 20 MPa to 80 MPa,

Fig. 10(a) shows that the initial elastic lateral
stiffness at the elastic stage gradually increased as
the strength of the concrete increased. Fig. 10(b)
shows that the shear capacity of the CFDSPCWs
rises linearly as the strength of the concrete
increases. Furthermore, the higher strength of
concrete can reduce the wall’s weight and requires
less space for the structure. As a result, the shear
capacity of CFDSPCWs could be improved by using
high strength concrete, especially for high-rise
buildings.

4.6 Comparisons of numerical and analytical results

Fig. 11 shows the comparisons of the peak
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(b ) Shear capacity—f,, curve
Fig. 10 Effect of the strength of concrete

on the shear resistance

capacities predicted by Egs. (2) ~ (5) and the
current numerical analysis. Clearly, the numerical
results reasonably agree with the predicted results
in terms of the effects of different parameters; and
the relative errors between the numerical results
and, for example, Eq. (2), are about 9%-19%.
Therefore,

larger, indicating that the results of Egs. (2) ~(5)

the numerical results are generally

are on the safe side.

28 -

»r i;: E;Tze;iual results E\
s
- N,/ / /.
- A4\ e
-I/- .\.¥ / /Dﬁz/\-_.
_5:?;?;5; :7 /:/ A
Lo—o— e—e— /

6 1 1 1 1 1l
wo Wll W12 W13 Wl4 W31 W32 W33W41 W42 W43 WSl W52W53 W54 W21 W22
CFDSPCW specimens

Shear capacity/MN

— — — — — [ 15 8]
(=] N £ (=) = (=] N kS
T T T

|

9

=

=

3

%

Fig. 11 Comparisons of the peak capacities predicted by

Egs. (2) ~(5) and the current numerical analyses

5 Conclusions

This paper presents the results of extensive
studies of the shear resistance of CFDSPCWs.

Based on the relevant parametric analyses, the
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conclusions are as stated below:

1) The interval between the stud connectors
significantly affected the shear performance of the
CFDSPCWs. Intervals between stud connectors
that were not larger than 300 mm were able to
effectively prevent the plates from out-of-plane
buckling, and prevent the degradation of the shear
capacity of the CFDSPCWs.

2) In accordance with the assumption that the
frame beams and columns surrounding CFDSPCW s
are hinge connected and are rigid, the height-width
ratio of the wall had a notable effect on the initial
elastic stiffness, and aminor effect on the shear
capacity of the CFDSPCWs.

3) The shear resistance of CFDSPCWs can be
improved by increasing the thickness of the steel
and the concrete plate and the strength of the
concrete. But, after taking the weight and the
space of the structure into consideration, the
thickness of the concrete plate should not be too

large.
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