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Abstract

Double skin steel-concrete composite walls have been increasingly used in civil engineering applications. However, the
advantages of these walls have not been fully recognized due to the lack of appropriate technical guidelines for capacity design.
In this paper, the local buckling strength of steel plate were firstly reviewed in terms of specifications incorporated in several
modern codes. A methodology to predict the strength of steel plate with restraint of both concrete and shear studs was proposed
based on the explicit solution for local buckling of steel plate in composite shear walls subjected to uniform axial compression
and with elastically rotational restraint at loaded and unloaded edges. The results were compared with various previous
experimental data and good agreement was observed. Furthermore, the load carrying capacity of composite walls was derived
from the superposition of the contribution of steel plate and concrete. The predicted values from the proposed equations,
together with the resulted determined from modern codes, were compared with the experimental results. It was found that both
the proposed method and JEAG 4618 offer reasonable predictions while AISC 360 and KEPIC-SNG always underestimate the

actual values.

Keywords: Composite shear wall, compression, local buckling, capacity design, modern codes

1. Introduction

Traditionally reinforced concrete structural walls has
been widely-used in multi-story buildings to resist both
gravity load and lateral load imposed by earthquake or
wind (le Roux and Wium, 2012). Based on proper principle
of capacity design, reinforced concrete walls can deform
inelastically without significant loss of strength and stiffness.
However, extensive research (Su and Wong, 2007) shows
that the reinforced concrete walls exhibit poor ductility
and deformation capacity when subjected to high axial
load ratio. The upper limit for the axial load ratio is specified
in modern codes and standards (EN 1998-1, 2008; ACI
318-08, 2008; GB 50011-2010, 2010). Eurocode 8 (EN
1998-1, 2008) requires that the axial load ratio should be
no greater than 0.35 and 0.4 for reinforced walls with
high and medium ductility, respectively. Chinese Code
for seismic design of buildings (GB 50011-2010, 2010)
limits the axial load ratio to be no greater than 0.5 for
reinforced concrete walls in buildings higher than 80 m in
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severe seismic zones. Due to the requirements incorporated
in these codes, the lower stories of high-rise buildings are
often designed as rather thick sections. The ductility of
reinforced concrete walls can also be achieved by arranging
additional transverse reinforcement at the confined boundary
elements. The lower bound of transverse reinforcement at
the boundary elements of walls are also specified in modern
codes to effectively confine the concrete in compression
and prevent buckling of vertical rebars. This however,
results in dense stirrups at the wall boundaries and causes
construction difficulty (Qian et al., 2012).

In recent years, a considerable amount of steel-concrete
composite walls have been developed and applied to
nuclear power plants and high-rise buildings in seismic
regions. These walls, combining the best characteristics
that steel and concrete have to offer, can be one of the
alternatives for new forms of structural systems which
have high strength and energy dissipation capacity under
large axial compression and lateral load. As a matter of
fact, steel-concrete composite structures have been
widely used in engineering applications in the form of
concrete-filled steel tubular columns (Mohanraj et al,
2011). In general, steel-concrete composite walls can be
classified into three categories. The first category is the
steel-encased concrete composite walls, which have steel
panel embedded in concrete walls. The second consists of
a concrete core section integral with steel face plates,

@ Springer
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Figure 1. Typical double skin steel-concrete composite shear wall.

namely double skin composite walls. The third comprises
steel or composite boundary frame and reinforced concrete
infill wall.

A typical double skin composite wall normally contains
no conventional in-plane reinforcement (i.e., vertical or
horizontal rebar) or shear reinforcement (i.e., stirrups or
T-headed bars). The steel skin plates are connected to the
core concrete with regularly spaced shear studs or cross
tie-bars as shown in Fig. 1. Double skin composite walls
offer excellent architectural and structural merits over
conventional reinforced concrete walls, particularly in terms
of their strength-to-weight ratio, deformation capacity,
and aesthetic appearance. Additionally, the steel skin
plates can serve as a convenient formwork for pouring
concrete and provide confinement for the cured concrete.
By confining the concrete in a composite wall, an
increase in the compressive strength of concrete will be
achieved in addition to preventing the concrete from
spalling while subjected to overload. Furthermore, the
concrete inside the steel plate prevents the steel from
buckling inwards. Despite the awareness of these advantages,
this type of construction is still not being fully exploited
due to the lack of guidelines in determining appropriately
the design capacity. This dearth of information is even
more pronounced with regards to the capacity of double
skin composite walls subjected to axial compressive load.

Previous research on the experimental performance of
double skin composite walls has included that of Eom et
al. (2009), Ji et al. (2013), Nie ef al. (2013), and Huang
and Liew (2016). Eom ef al. (2009) conducted cyclic tests
to evaluate the seismic response of isolated and coupled
double skin composite walls with rectangular and T-shaped
cross sections. Ji et al. (2013) and Nie ef al. (2013)
proposed a new detailed composite wall and tested it
under large axial compression and reversed cyclic lateral
loading. The wall was composed of concrete filled tube
columns at the boundaries and concrete filled double-
steel-plate wall body that was either connected by tie
bolts or divided into several compartments by vertical

stiffeners transversely connected by distributed batten
plates. Huang and Liew (2016) introduced J-hook connector
to connect the external steel plates to improve the composite
action between the steel face plates and concrete core to
form an integral unit capable of resisting extreme loads.
A series of tests were conducted to investigate the
structural behavior of the proposed wall under combined
compression and uniaxial bending.

Previous study on the analytical simulation of double
skin composite walls has been conducted by Emori (2002),
Hossain and Wright (2005), Vecchio and McQuade (2011),
and Hu et al. (2014). Emori (2002) proposed the equations
for ultimate compressive and shear strength based on
superposition of the calculated strengths of steel plates
and concrete. Hossain and Wright (2005) used a finite
element model to simulate the axial load behavior of the
composite wall consisting of double-skinned profiled
steel sheet in filled with concrete. Vecchio and McQuade
(2011) used the disturbed stress field model to analyze the
wall elements. The computational model was incorporated
into a two-dimensional nonlinear finite element analysis
algorithm. Hu et al. (2014) developed an analysis program
to investigate the moment-curvature behavior of composite
walls based on a fiber section approach.

As can been seen from the literature review, few
investigations considering the compressive capacity of
composite walls have been conducted. Furthermore, the
available equations specified in various design codes for
general composite walls do not agree with each other as
can be seen from the discussion in the following sections.
Therefore, it is of importance to evaluate the accuracy of
the prediction by modern codes. Meanwhile, there is a
need to develop simply yet efficient approach to determine
the strength of composite walls.

This paper first discussed the specifications related to
the local buckling strength of steel plate incorporated in
several modern design codes. Following an introduction
of the explicit solutions by Qin (2016) for local buckling
of steel plate in composite shear walls subjected to
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uniform axial compression and with elastically rotational
restraint at loaded and unloaded edges, the equations to
determine the local buckling strength of steel plate with
shear studs inside was proposed. Based on the principle
of superposition, the formula for the load carrying capacity
of composite walls was developed. The presented analytical
models were then compared with previous experimental
data. The work in this paper provides design methodology
for double skin steel-concrete composite walls applied in
nuclear power plants. It can also be the basis for the
development of design of double skin composite walls
subjected to combined shear and compressive loadings in
high-rise buildings.

2. Buckling of Steel Plate

2.1. Euler’s column formula

The steel skin plate can be regarded as a column whose
length and width correspond to the spaces between the
shear studs along the vertical and horizontal direction,
respectively. The surface plate buckles in between the
shear stud rows. The buckling strength can then be
derived from the Euler’s column theory.

The critical load (or Euler load) P, for columns
under axial compressive load can be determined by

2
7 El
Pcr,Euler = 2 (l)
(kEulerl)

where E is the elastic modulus of steel; / is the moment
of inertia of plate; kg, is the effective length factor; and
[ is the equivalent length of the calculated plate and is
equal to the space between the shear studs (B).

Then the elastic buckling stress o, ..~ can be obtained
by dividing the Euler load by the cross-sectional area of
the steel plate as,

1 7 r ﬂE
, Eul
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cr,Euler — — (2)
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where 4 is the cross-sectional area of the steel skin plate;
and ¢ is the thickness of the steel skin plate.

2.2. American standard AISC 360-10

The critical stress, o, 4sc, in Specification for Structural
Steel Buildings ANSI/AISC 360-10 (2010) is specified in
Section E3 and determined as follows:
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where K is the effective length factor of members subjected
to compression and shall be taken as 1.0 for composite
walls; L is the laterally unbraced length of the wall; 7 is
the radius of gyration; F) is the specified minimum yield
stress; and F, is the elastic buckling stress determined by
Eq. (5). Note that the two inequalities for calculating the

limits, one based on K and one based on ]—:2, provide
the same result.

e
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2.3. Japanese standard JEAG 4618-2005

According to technical guidelines for seismic design of
steel plate concrete structures JEAG 4618-2005 (2005),
the buckling load (P, jz4;) and the elastic buckling stress
(0urjE4c) can be calculated as

Py 1pa6= OurgpacA ()
(a) When B <600/.ff,

- Y
Oerypac=1Jy @)

(b) When g >600/.fF,
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12k)546(B/1)

Ocr,JEAG =

where f; is the yield strength of the steel; kjz4¢ is the
effective length factor and can be taken as 0.7 and the
other parameters have been previously defined.

2.4. South Korea standard KEPIC-SNG

Based on the South Korea design code KEPIC-SNG
(KEA 2010), the compressive capacity of the steel skin
plate (P.,.xgpic) can be determined as

Py kepic= e kepicA )

The corresponding buckling stress is calculated by

kyzpicB
Oy KEPIC = (1.5 —0.043%—90@)@ <f, (10)
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where kyzp;c is the effective length and can be taken as
0.5, &, is the nominal compressive strain and can be taken
as 0.002 and the other parameters have been previously
defined.

2.5. Proposed equations

Qin (2016) proposed an explicit formulas for local
buckling of steel plate in composite shear walls subjected
to uniform axial compression and with elastically rotational
restraint at loaded and unloaded edges. It is normally
assumed that the steel plate is clamped at the loaded
edges and simply supported at the unloaded edges. The
corresponding critical local buckling stress o, is given
by,

5.4677E

=2 AE 11
12(1 V) (B/1) an

cr,e

where B is the width of steel plate in composite wall, v is
the Poisson’s ratio of steel and can be taken as 0.3 and the
other parameters have been previously defined.

However, the presence of shear studs was not considered
in the above solution. For the composite wall which has
shear stud to enhance the composite action between the
steel plate and infilled concrete, the shear studs do
provide restraint to the steel plate. It may argue that the
restraint offered by shear studs is not as strong as that by
the adjacent plate. As a matter of fact, one half-wave was
observed to develop across approximately two rows of
shear studs (Chen et al., 2015). Consequently, the width
of steel plate (B) in Eq. (11) was replaced by two times
the spacing between shear studs (2B) to account for the
effect of shear studs, as given by,

546717E
C,,p=Tszy (12)
48(1—)(B/1)

The limits for stud spacing-to-plate thickness ratios
(B/f) can be determined from Eq. (12). The elastic
modulus of steel was taken as E =2.06x10° MPa, and
Possion’s ratio v=0.3.

= 54677 _ 504
(B/f)= [2201Z 2 22 (13)
Va8,

Therefore, the local buckling strength can be calculated
as,

o, =7, if 2<% (14a)
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Figure 2. Comparison with previous data.

et al., 1991, Usami et al., 1995, Kanchi ef al., 1996) and
South Korea (Choi and Han, 2009) have comprehensively
investigated the compressive performance of composite
walls by experiments. Thirty-five composite walls were
tested with steel skin plates having stud spacing-to-plate
thickness ratios (B/f) ranging from 20 to 50. Zhang ef al.
(2014) once suggested to use the Euler’s column buckling
curve with effective length coefficient kg, equal to 0.7
to represent the critical buckling stress. However, it can
be seen from Fig. 2 that Euler’s column theory is the
upper bound for the solution. It is on the unconservative
side if Euler’s formula is used to predict the critical
buckling stress. The values calculated by the proposed
equations were also plotted in Fig. 2. It can be found that,
in general, the formulas proposed in the present study has
better accuracy with the experimental values. It is also
more conservative to employ Eq. (12) to approximate the
potential critical local bucking strength of the composite
walls.

Zhang et al. (2016) tested four composite walls with
double-skinned steel plate and infilled concrete subjected
to concentric loadings with stud spacing-to-plate thickness
ratios ranging from 20 to 56. The readers can refer to
Zhang et al. (2016) for detailed information of the tests.
The specimen details, along with the comparisons among
the experimental data and estimated values from different
modern codes and proposed formula in this paper, were
provided in Table 1. It can be observed that both AISC
360 and KEPIC-SGN significantly underestimate the critical
strains, while JEAG 4618 overestimate the experimental
values. Relatively speaking, the proposed method in this
paper provides the most suitable predictions for the tested
data. Meanwhile, the impact of stud spacing-to-plate
thickness ratio of the steel plate becomes significant for
the cases where the local buckling occurs before the
yielding.
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Table 1. Comparison between the proposed values and the data by Zhang et al. (2016)
Specimen No. Widthxdepthxthickness E/t Ee E4ISC EJEAG EKEPIC Eproposed
(mm>xmmxmm) HE HE HE HE HE
SCW-1 1160x1100x230 56 404 171 535 144 394
SCW-2 1160x1100x230 38 720 499 1162 625 855
SCW-3 1160x1100x230 31 981 677 1243 812 1243
SCW-4 1160x1100x230 20 N/A 965 1243 1106 1243

Note: &, is the measured critical strain from the tests; €4ss¢, €546 Exepic, Ad Eproposeq are the predicted values of strain by AISC 360,
JEAG 4618, KEPIC-SGN, and the method proposed in this paper, respectively.

Table 2. Comparison for load carrying capacity of composite walls

Specimen No. E/t l](v‘[\? A{:{? Nlif\/;(f Nllif\?IC Nplr(oI]\J})sed Ne /NAIS(' Ne /NJEAG Ne /NKEPIC N]f:(/):ivgd
SCW-1 56 9380 8479 9185 8427 8912 1.11 1.02 1.11 1.05
SCW-2 38 12123 9115 10400 9359 9805 1.33 1.17 1.30 1.23
SCW-3 31 9976 9460 10557 9721 10557 1.05 0.94 1.03 0.94
SCW-4 20 11433 10018 10557 10291 10557 1.14 1.08 1.11 1.08
Average 1.16 1.05 1.14 1.08

Standard deviation 0.10 0.08 0.10 0.10

Note: N, is the load carrying capacity recorded from the tests; N sc, Njzac Nirpic, and Npposeq are the predicted values of load
carrying capacity by AISC 360, JEAG 4618, KEPIC-SGN, and the method proposed in this paper, respectively.

3. Strength of Composite Wall

3.1. Equation based on superposition

Having predicted the buckling strength of steel plate
restrained by concrete, it is possible to determine the load
carry capacity of composite wall (N,,) based on the
summation of the contributions of the steel plate () and
the infilled concrete (,), which assembles the method
adopted by Choi ef al. (2014), Hossain et al. (2015), and
other researchers, as given by,

N,=N,tN, (15)
where N, and N, are calculated by the following equations,
N,= 0,4, (16)
N.=/fA, a7

where o, can be determined by Eqs. 14(a) and (b); 4,
and A, are the cross-sectional area of steel plate and
concrete, respectively; £, is the compressive strength of
concrete and other parameters have been previously
defined.

3.2. Validation of the proposed equations

In order to validate the accuracy of the proposed equations,
the theoretical results from the formulas proposed above
were compared to the data in the study conducted by
Zhang et al. (2016). The predicted values by different
modern codes were also provided. It should be noted that
in Zhang et al’s test, four plates were welded to form a
box section and the concrete was poured inside. The local

buckling would occur at the front and bottom plates
rather than the side plates. Therefore, o, was used to
obtain the contribution from the front and bottom plates
while £, was employed to calculate the contribution of the
side plates.

Comparisons of the results among the previous experimental
data (Zhang et al., 2016), results from modern codes, and
predicted values by the proposed equations are shown in
Table 2. It can be found that among the four listed methods,
in general, the load carrying capacity of composite walls
can be appropriately estimated by the proposed method
and JEAG 4618, while AISC 360 and KEPIC-SNG
provide relatively conservative results for all specimens.

4. Conclusions

Analytical procedures for estimating the local buckling
strength of steel plates and load carrying capacity of
composite walls have been developed in this research.
The following conclusions are based on the results and
observations presented herein.

(1) The methods incorporated by several modern design
codes were introduced. The proposed local buckling
strength of steel plate with shear studs inside the wall was
based on the classic plate analysis and the explicit
solution for local buckling of steel plate in composite
walls.

(2) The proposed method for load carrying capacity of
composite walls rely on the superposition of the contributions
from steel plate and concrete.
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(3) The predicted results for local buckling of steel
plate by the proposed methods agree best with the
experimental results comparing to the prediction by other
design codes. Meanwhile, the approximation for load carrying
capacity of composite walls by both the proposed equation
in this paper and JEAG 4618 provide reasonable values,
while AISC 360 and KEPIC-SNG always overestimate
the experimental data.
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Notation

A . cross-sectional area of the steel skin plate

A, A, . cross-sectional area of steel plate and
concrete, respectively

B . width of the plate in composite wall

B . space between the shear studs

E . elastic modulus of steel

F, : elastic buckling stress

F, : specified minimum yield stress

fe : compressive strength of concrete

s . yield strength of the steel

1 : moment of inertia of plate

K . effective length factor of members subjected
to compression

Kiuier . effective length factor in Euler’s column
theory

e . effective length factor in JEAG-4618

kxepic . effective length factor in KEPIC-SNG

L . laterally unbraced length of the wall

I : equivalent length of the calculated plate

Nasc . predicted values of load carrying capacity
by AISC 360

N, : contribution of concrete to load carry
capacity of composite wall

N, : load carrying capacity recorded from the
tests

Nizsc : predicted value of load carrying capacity

by JEAG 4618

Nxepic : predicted value of load carrying capacity
by KEPIC-SGN

Nyroposed . predicted value of load carrying capacity
by the proposed method

N; : contribution of steel plate to load carry
capacity of composite wall

N, : load carry capacity of composite wall

P Euter : Euler load

Pk : buckling load by JEAG 4618

P..xepic . compressive capacity of the steel skin

plate by KEPIC-SNG

r : radius of gyration

t : thickness of the steel skin plate

O AISC : critical stress specified in ANSI/AISC
360-10

Opre : proposed critical local buckling stress

O Evler . critical buckling stress based on Euler’s

column theory

Oy JEAG . critical stress specified in JEAG 4618

O KEPIC . critical stress specified in KEPIC-SNG

Ourp : proposed critical local buckling stress

E4Isc : predicted values of strain by AISC 360

&, : measured critical strain from the tests

EIEAG : predicted values of strain by JEAG 4618

EKEPIC : predicted values of strain by KEPIC-
SGN

& : nominal compressive strain

Eproposed : predicted values of strain by the method
proposed in this paper

v : Poisson’s ratio of steel
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