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a b s t r a c t

Sheathing with sprayed lightweight mortar (SLM) is proposed to enhance the performance of shear walls
framed with cold-formed steel (CFS). Full-scale specimens were tested to assess the failure mode,
strength, stiffness, ductility, and energy absorption achieved. Slippage between the CFS framing and the
SLM significantly increased the walls’ strength and stiffness and restricted crack propagation. The failure
mode typically involves local buckling of the end studs. Specimens with SLM on the front and calcium
silicate boards (CSBs) on the back were weaker than specimens with SLM sheathing on both sides. Joint-
strengthened knee elements or X-shaped steel-strap bracings increased the load-bearing capacity and
reduced the ductility of the specimens.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

As alternatives to timber structures, structures framed with
cold-formed steel (CFS), consisting of CFS members and light-
weight sheathing, are suitable for load-bearing and enclosure
systems in low-rise residential and commercial buildings. Because
of their many advantages, which include light weight, dimensional
stability, cost effectiveness, full recyclability, and workability, such
structures have been widely employed in recent years in North
America, Europe, Australia, Japan, and China. CFS-framed shear
walls constitute the main force-resisting members of such struc-
tural systems, which typically consist of steel frames (including
studs, tracks, blocking members, and bracing members) and
lightweight sheathing attached to the CFS members by self-drilling
screw connections. The shear walls support the vertical loads
transferred from the floors and roofs, as well as horizontal wind
and seismic loads. The mechanical behaviour of such structures
under horizontal loads is complex. The relevant standard of the
American Iron and Steel Institute, AISI S213 [1], was based on the
results of a series of monotonic and cyclic tests conducted on CFS-
framed shear walls by Serrette et al. [2–4].

Fülöp and Dubina [5] also conducted a series of monotonic and
ring, Xi’an University of Ar-
n 710055, Shaanxi Province,
cyclic loading tests on full-scale CFS-framed walls with different
types of sheathing, including walls made of corrugated sheets,
gypsum boards, and oriented strand boards (OSBs). The results
showed that the shear resistance of the wall panels was significant
in terms of both rigidity and load-bearing capacity and that the
hysteretic behaviour was characterised by significant pinching.
Failure was initiated in the bottom track around the anchor bolt,
and this heightened the need for strengthening the corners. The
damage gradually increased in the seam fasteners until overall
failure of the wall panels occurred.

Pan and Shan [6] conducted an experimental study on the
structural strength of CFS-framed shear walls sheathed with
gypsum boards, calcium silicate boards (CSBs), and OSB panels.
Two aspect ratios, 1.0 and 2.0, were used in the design of the test
specimens. The CFS walls with the OSB panels were found to have
the highest ultimate strength, followed by the CFS walls with CSB
panels and the CFS walls with gypsum boards. For the same aspect
ratio, the ultimate strengths of the wall specimens with one-sided
sheathing were approximately 50% of those of the specimens with
two-sided sheathing. Design ductility ratios of 6.6, 3.8, and
3.9 were suggested for CFS-framed walls sheathed with gypsum
boards, CSB panels, and OSB panels, respectively.

Nithyadharan [7] tested eight different CFS-framed shear walls
sheathed with CSB panels and observed that the failure process
involved titling, bearing, and pull-through of the screws, followed
by complete separation and rigid body rotation of the CSB panels.
The ultimate strength and energy dissipation increased with
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Fig. 1. Details of wall specimens: (a) wall specimen with SLM on both sides and
(b) wall specimen with SLM on the front side and CSB panels on the back side.
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increasing board thickness and screw edge distance. The wall pa-
nels with a Type B board arrangement (two boards with a dis-
continuity at the intermediate stud) underwent considerably lar-
ger deformations than those with a Type A board arrangement (a
single board across which shear was transferred) because of the
additional relative slippage at the screws in the interior studs of
the former.

Liu [8] conducted a series of cyclic tests on full-scale CFS walls
sheathed with OSB panels. The results indicated that the primary
energy dissipation mechanism occurs at the fastener-to-sheathing
connections and involves tilting, bearing, and pull-through. The
use of interior gypsum boards was observed to increase the initial
stiffness and modestly increase the strength, while the other be-
haviours were similar to those observed in cases with a ledger
track and no interior gypsum board. Overall, the hysteretic beha-
viour of the CFS wall panels was found to include a severe
pinching response. Equivalent energy elastic plastic (EEEP) and
Pinching4 models fitted to the tested data were recommended for
use in nonlinear history analysis.

Zeynalian [9] studied the structural behaviour of CFS-framed
shear walls sheathed with fibre-cement boards (FCBs) under cyclic
lateral loading and concluded that the lateral resistance of CFS
walls sheathed with FCB panels under cyclic loading was sa-
tisfactory with regard to both the shear strength and ductility and
Table 1
Description of test specimens.

Number Group Specimen labela Type of CFS frame Type of s

1 Type A F-KB Knee elements No sheath
2 F-XB X-shaped bracing on both sides

3 Type B W-NB-1 No bracing SLM on b
4 W-NB-2
5 W-KB-1 Knee elements
6 W-KB-2
7 W-KB-S-1 Knee elements with joint-

strengthening8 W-KB-S-2
9 W-XB-1 X-shaped bracing on both sides

10 W-XB-2

11 Type C W-NB-CSB No bracing SLM on th
back side12 W-XB-CSB X-shaped bracing on one side

a The notations of the letters in the specimen labels are as follows: F: frame, W: w
silicate board, S: joint-strengthening.
that the design was thus usable in seismic regions. The removal of
FCB panels from one side was observed to decrease both the
strength and ductility of the wall, although this modification could
be made efficiently when diagonal stud elements were used at the
corners of the wall.

The US Army Corps of Engineers (USACOE) published TI 809-07
[10], which stipulates more stringent guidelines for the design of
CFS-framed shear walls than the AISI Standard [1]. The USACOE
standard suggests that in calculating the shear capacity of a CFS
wall, it is reasonable to ignore the contribution of the sheathing on
both sides and rely on only the strength of the CFS frame. Zey-
nalian [11–13] conducted experimental and numerical studies of
CFS frames with knee elements and concluded that although CFS
frames exhibit relatively high maximum drifts, their strengths are
lower than those of X-shaped bracing systems. Knee-stud bracing
systems can thus only be used in low-seismic-activity regions
where the required lateral resistance capacity is low.

Moghimi [14,15] investigated the shear behaviour of CFS
frames with steel-strap X-shaped bracing. The results showed that
local and distortional buckling of the frame members occurred in
stable modes and that strap-braced CFS frames could be used to
provide a considerable amount of shear capacity after the ap-
pearance of the first signs of buckling. The addition of brackets to
the four corners of a CFS frame could also be used to considerably
improve the lateral performance of the frame assemblies. By
choosing appropriate perforated straps, the strap alongside the
distributed holes could be made to reach yielding, thus avoiding
the tearing of the strap at the tension unit location or at the strap-
to-frame connection.

Iuorio and Macillo [16,17] conducted experimental and theo-
retical studies to evaluate the seismic behaviour of CFS-strap-
braced stud walls. Their results showed satisfactory agreement
between the theoretically predicted and experimentally de-
termined behaviour of the walls and connection systems in terms
of shear capacity. The study results also highlighted the need for
careful design of the wall corners because their behaviour might
significantly affect the overall wall response. Moreover, the beha-
viour factor values provided by AISI S213 [1] were widely con-
firmed by the experimental tests, with the code values corre-
sponding to the lower limits of the experimental results.

In recent years, some researchers have proposed new con-
necting and sheathing techniques to improve the shear resistance
of CFS-framed shear walls. Serrette [18,19] used steel pins and
structural adhesive to attach structural wood sheathing, and the
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Fig. 2. Configurations of CFS frames: (a) CFS frame without bracing, (b) CFS frame with knee elements, (c) CFS frame with joint-strengthened knee elements, and (d) CFS
frame with X-shaped bracings.
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shear capacity was found to be roughly the same as that achieved
using self-drilling screws. To decrease the required thickness of
CFS-framed shear walls further, Yu [20,21], DaBreo [22], Shakiba-
nasab [23], and Mohebbi [24] studied the shear behaviour of such
walls with plain steel sheathing and found their strength and
stiffness to be considerable. Vigh [25] used low-profile corrugated
steel sheets instead of plain steel sheathing to reduce the out-of-
plane deformation of the sheathing, and the corrugated shear wall
was observed to exhibit higher shear strength and good ductility.
Mowrtage [26] proposed a new sheathing technique whereby
shotcreted ribbed steel sheets are used to improve the stability
and load-bearing capacity of walls. He found that the lateral load-
bearing capacity of walls sheathed using the proposed technique
was approximately twice that of walls sheathed by traditional
boards.

In engineering practice, complicated detailing of CFS-framed
shear walls is needed to meet thermal, acoustic, and fire resistance
requirements. In traditional construction, a thermal insulator in
the form of expanded polystyrene (EPS) boards, extruded
polystyrene (XPS) boards, or insulation cotton is placed inside the
cavities or on the external surfaces of the steel frames. Breathable
paper and waterproof membranes are also applied on the external
facades of the walls to minimise energy loss by vapour exchange
between the wall and the external environment.

To simplify the detailing of the walls, improve the thermal,
acoustic, and fire resistance performance, and increase the stabi-
lity and load-bearing capacity of the structure, a new sheathing
technique for CFS-framed shear walls using sprayed lightweight
mortar (SLM) is introduced in this paper. The construction pro-
cedure is as follows: (1) A thermal insulation material consisting
of, for example, EPS boards or XPS boards, is placed in the cavity of
the CFS frame, with a small gap left between the insulation ma-
terial and the steel members. (2) Lightweight mortar is sprayed to
fill the gap, ensuring that the CFS members are all covered.
(3) Lightweight mortar of a certain thickness is sprayed on both
sides of the CFS frame (Fig. 1a), or only on the front side of the
wall, while the back side is sheathed with traditional boards
(Fig. 1b). The SLM used in the shear walls is a type of gypsum 



Fig. 3. Cross-sectional dimensions of CFS frame members: (a) stud, (b) track, (c) blocking, and (d) knee element.

Fig. 4. Locations of pre-punched holes in studs.
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mortar consisting mainly of the mortar mixture, polystyrene par-
ticles, and a mineral binder. After being sprayed, the material
quickly hardens and develops substantial strength and ideal
thermal, acoustic, and fire resistance properties. The material not
only has a low carbon footprint but also significantly improves
living standards.

To assess the shear behaviour of this new type of CFS-framed
shear wall, two specimens of a CFS frame, eight specimens of a
CFS-framed shear wall with SLM sheathing on both sides, and two
specimens of a CFS-framed shear wall with SLM on the front side
and CSB panels on the back side were tested under reversed cyclic
loading. The hysteretic and envelope curves obtained are pre-
sented in this paper. The failure modes, load-bearing capacity,
lateral stiffness, ductility, stiffness deterioration, and strain varia-
tion in the CFS members of the wall specimens were also analysed.
The results of this study provide a basis for the theoretical analyses
and engineering application of the proposed type of CFS wall.
2. Test programme

2.1. Test specimens

The test specimens were divided into three groups, namely,
Type A, comprising CFS frames; Type B, comprising CFS-framed
shear walls with SLM sheathing on both sides; and Type C, com-
prising CFS-framed shear walls with SLM sheathing on the front
side and CSB panels on the back side. The details of the grouping,
labelling, and description of the test specimens are presented in
Table 1.

Each test specimen had an overall width of 2400 mm, a height
of 3000 mm, and CFS studs spaced at 600 mm. In accordance with
the Chinese Standard GB 50018-2002 [27], the specimens were
fabricated using steel grade Q235B. The configurations of the steel
frames are shown in Fig. 2. The CFS frame was composed of studs
(89 mm web�35 mm flange�10.6 mm lip�1.0 mm thickness),
tracks (92.2 mm web�41.5 mm flange�1.2 mm thickness), 



Fig. 5. Hold-down device: (a) connection with the test frame and (b) detailed dimensions of the hold-down device.
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blocking members (90.6 mm web�41.3 mm flange�1.0 mm
thickness), and diagonal bracing members, as shown in Fig. 3. The
knee elements had the same sectional dimensions as the studs,
except that their thickness was 0.8 mm. The steel-strap X-shaped
bracing was 98 mm wide and 1.0 mm thick. In compliance with
the Chinese Standard GB/T 15856-2002 [28], the CFS members
were connected by ST4.8-grade (d¼4.8 mm) wafer-head self-
drilling screws. Two studs joined back to back by a single row of
self-drilling screws spaced at 300 mm were used on the two ver-
tical sides of the CFS frame. To facilitate the installation of service
pipelines inside the wall frames, the web of each stud had three
pre-punched circular holes 34 mm in diameter (Fig. 4), and an-
other hole of the same diameter was punched in the centre of each
knee element. The hold-down devices were attached to the web
from the top or bottom of the end studs using nine 5.5-mm-dia-
meter hex-head self-drilling screws and connected to the test
frame by a 16-mm-diameter threaded-anchor rob, as shown in
Fig. 5.

For the CFS frame with joint-strengthened knee elements
(Fig. 2c), 1.8-mm-thick gusset plates were employed to connect the
knee elements to the studs, tracks, and blockings using ST4.8-
grade wafer-head self-drilling screws, as shown in Fig. 6a and b.
This connection method was used to increase the stiffness of the
connections and improve the utilisation rate of the knee elements.
For the CFS frame with X-shaped bracings (Fig. 2d), 1.8-mm-thick
gusset plates were also used to strengthen the connection with the
aid of X-shaped bracings, as shown in Fig. 6c. The number of
screws required was determined based on the principle that the
strength of the groups of screws must be equal to the yield
strength of the steel strap [29].

The construction procedure for the CFS-framed shear wall
specimens with SLM sheathing on both sides (Type B) was as
follows. First, the CFS frame was assembled (Fig. 7a). Second, 90-
mm-thick EPS boards were placed in the cavity of the CFS frame,
with a gap of 30 mm left between the EPS boards and the CFS
members (Fig. 7b). Third, lightweight mortar was sprayed into the
gap, ensuring that all the CFS members were completely covered
by the mortar (Fig. 7c). Finally, 30-mm-thick lightweight mortar
and 10-mm-thick decorative mortar were sprayed on both sides of
the CFS frame (Fig. 7d). The details of the Type B wall specimens
are shown in Fig. 1a. The details of the CFS-framed shear wall
specimens with SLM sheathing on the front side and 10-mm-thick
CSB panels on the back side (Type C) were essentially the same as
those of the Type B wall specimens, with the exception that CSB
panels instead of lightweight mortar were used to sheath the back
side (Fig. 1b). The CSB panels were attached to one face of the CFS 



Fig. 6. Details of connections: (a) connection of knee elements to studs and
blockings, (b) connection of knee elements to tracks and end studs, and
(c) connection of X-shaped bracings to tracks and end studs.
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frame using ST4.2-grade (d¼4.2 mm) self-drilling bugle-head
screws spaced at 150 mm at the periphery of the frame members
and interior studs and blocking members spaced at 300 mm, as
shown in Fig. 8. Because one piece of the CSB panel was
2440 mm�1220 mm, three pieces had to be jointed in the hor-
izontal direction. To facilitate observation of cracking of the wall
during the test, a coat of white paint was applied to the wall
surface.

 

 

2.2. Material properties

The material properties of the CFS members were tested in
accordance with the Chinese Standard GB/T 228.1-2010 [30]. The
results are summarised in Table 2. The compressive strength and
elastic modulus of the lightweight mortar and decorative mortar
used in the test were measured in accordance with the Chinese
Standard JGJ/T 70-2009 [31]. The results are presented in Table 3.
The 10-mm-thick CSB panels were orthotropic, and their density,
elastic modulus, and flexural strength along their major and minor
axes were determined in accordance with the Chinese Standard
GB/T 17657-1999 [32]. The results are presented in Table 4.

2.3. Test setup

The experiments were performed in the Structures and Seismic
Laboratory at Xi’an University of Architecture and Technology. The
configuration of the test setup is shown in Fig. 9. Vertical loads
were applied to the test specimens by a 200-kN hydraulic jack. A
sliding guide was installed between the top reaction beam and the
hydraulic jack to synchronise the loading point with the horizontal
movement of the test specimens. Horizontal cyclic loads were
applied by a 250-kN MTS actuator with a displacement range of
7125 mm. Lateral bracing was installed on top of the wall speci-
mens to prevent out-of-plane deformation of the specimens,
thereby ensuring only in-plane deformation. The tracks of the wall
specimens were connected to the top spreader beam and the
bottom reaction beam by eight 16-mm-diameter high-strength
friction-grip bolts to facilitate transfer of the horizontal shear load.
Because the vertical loads applied to the wall specimens were
resisted by the studs, as has also been observed in engineering
practice, 20-mm-thick steel backing plates were placed on the top
and bottom tracks, which correspond to the locations of the studs,
to ensure a proper vertical load transfer path.

2.4. Loading protocols

The vertical loads listed in Table 1 were applied once and
maintained during each test. For the horizontal cyclic loading
protocol for Specimen F-KB, the displacement control method
based on Method B of the ASTM Standard [33] was employed
because of the relatively low shear capacity and lateral stiffness of
the specimen. In accordance with Ref. [13], the loading protocol
consisted of one full cycle at lateral amplitudes corresponding to
1.25%, 2.5%, 5%, 7.5%, and 10% of the ultimate displacement and
three full cycles at amplitudes corresponding to 20%, 40%, 60%,
80%, 100%, 120%, 140%, 160%, and 180% of the ultimate displace-
ment. In accordance with Appendix B of the Chinese Standard JGJ
227-2011 [34], the loading protocols for all the other wall speci-
mens utilised the force–displacement combined control method.
Before yielding of the wall specimens, a load increment of 3 kN
was implemented in one full cycle. After yielding, the displace-
ment control method was applied, wherein one increment of the
yield displacement during three full cycles was implemented until
the load decreased to 80% of the peak load. The yield displace-
ments of the wall specimens were determined using the test re-
sults in Ref. [35].  



Fig. 7. Construction procedure of wall specimens with SLM on both sides: (a) assembling of the CFS members, (b) installation of the EPS boards, (c) covering of the CFS
members with mortar, and (d) spraying of lightweight mortar on both sides.

Fig. 8. Connection of CSB panels to CFS frame.

Table 2
Material properties of steel.

Nominal
thickness
(mm)

Yield
stress (Fy)
(MPa)

Ultimate
stress (Fu)
(MPa)

Elastic mod-
ulus (MPa)

Elongation (%)

0.8 288.80 336.90 1.99�105 26.25
1.0 290.08 351.82 1.94�105 29.81
1.2 291.32 352.51 1.95�105 34.21
1.8 303.50 361.71 1.91�105 37.73

Table 3
Material properties of lightweight mortar and decorative mortar.

Material type Material namea Compressive
strength (MPa)

Elastic modulus
(MPa)

Lightweight
mortar

INSULTERM 600 1.67 1860

Decorative
mortar

MYCA 63 13.62 12,760

a Material names according to Guangzhou CRUPE System Building Materials
Co., Ltd.
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2.5. Instrumentation

Eight linear variable differential transformers (LVDTs) were
used in the tests, as shown in Fig. 10. One LVDT (D1) was used to 



Table 4
Material properties of CSB panels.

Density (kg/m3) Elastic modulus (MPa) Flexural strength (MPa)

Major axis Minor axis Major axis Minor axis

1370 7450 5370 14.04 9.32

Fig. 9. Setup of test specimens.

Fig. 10. Locations of LVDTs on test specimens.

Fig. 11. Locations of strain gauges on test specimens: (a) CFS frame with knee
elements and (b) CFS frame with X-shaped bracings.
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measure the gross in-plane horizontal displacement. Two LVDTs
(D2 and D3) were used to measure the relative slippage between
the wall specimen and the bottom reaction beam. Four LVDTs (D4–
D7) were used to measure the vertical displacements on the east
and west sides at the bottom of the wall panel, relative to the
bottom reaction beam. One LVDT (D8) was used to measure the
out-of-plane deformation at the centre of the wall panel. To de-
termine the strain variations in the CFS frame members, including
the studs, tracks, blocking members, knee elements, and steel-
strap X-shaped bracings, the strain gauges were arranged on the
wall specimen as shown in Fig. 11. The strain gauges were placed
on both sides of the X-shaped bracings at the same location to
enable observation of the buckling of the steel strap. For the sec-
tions of the other steel member, the strain gauges were located at
the centre of the flange. All the LVDTs and strain gauges were
connected to a data logger for automatic data acquisition during
the testing.

The in-plane displacement tΔ measured by LVDT D1 consisted
of three components, namely, the net in-plane displacement netΔ
due to the shear deformation of the wall specimens, the rigid body
deformation sΔ caused by the slippage between the wall specimen
and the bottom reaction beam, and the deformation due to the
rigid rotation of the wall specimen, as shown in Fig. 12. The net in-
plane displacement netΔ , which can be used to analyse the shear
capacity of a wall specimen, is calculated as follows:

1net t sΔ Δ Δ Δ= − − ( )φ

H
H L 2t

1
1Δ Δ=

−
×

( )
 



Fig. 12. Calculation of net in-plane deformation: (a) constitution of the horizontal deformation and (b) rigid rotation of the wall panel.

Fig. 13. Failure modes of CFS frame (Type A): (a) local buckling of the connection, (b) screw pull-out, (c) flexural–torsional buckling of the end studs, (d) local buckling of the
web, and (e) flexural–torsional buckling of the interior studs.
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3s 2 3Δ Δ Δ= − ( )

L L L
H

H
L L L 42 3 2 3

5 7 4 6Δ
Δ

Δ Δ Δ Δ=
+ +

=
+ +

× [( − ) − ( − )]
( )φ

α

where the displacements 1Δ � 7Δ are measured by LVDTs D1–D7, as
shown in Fig. 10; H is the height of the wall specimen; L is the
width of the wall specimens; L1 is the distance from LVDT D1 to
the top of the wall; and L2 and L3 are the distances from the end of
the wall panel to LVDTs D4 and D5, respectively.
 



Fig. 14. Failure modes of wall specimens (Type B): (a) cracking of the mortar layer, (b) separation of the SLM layer from the bottom of the end studs, (c) local buckling of the
bottom of the end studs, (d) slip between the CFS frame and the SLM layer, and (e) screw pull-out.
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3. Failure phenomena

3.1. Type A specimens

In Specimen F-KB, continuous increase in the horizontal dis-
placement caused the self-drilling screws used to attach the knee
elements to the blockings to begin to tilt. At the peak load, the
connections of the blockings to the knee elements experienced
severe local buckling (Fig. 13a), resulting in the pull-out of the self-
drilling screws (Fig. 13b).

In Specimen F-XB, because the width-to-thickness ratio of the
steel strap was relatively large, the steel straps in the different
directions could only bear the tensile forces under horizontal
loading. During cyclic loading, there was alternating tightening of
the tensile straps and slackening of the compressive straps, and
only the tensile straps provided lateral resistance. At the stage of
the 12-mm cycle, flexural–torsional buckling of the end studs on
the west side occurred (Fig. 13c). As the horizontal displacement
increased further, local buckling of the web occurred on the end
studs (Fig. 13d), and flexural–torsional buckling of the interior
studs occurred (Fig. 13e).

3.2. Type B specimens

When a Type B specimen was loaded to 27–36 kN, a diagonal
crack first appeared in the mortar layer. As the load increased
further, more crossing diagonal cracks appeared (Fig. 14a), and the
SLM layer and the bottom of the end studs were gradually sepa-
rated (Fig. 14b). When the peak load was reached, local buckling of
the bottom of the end studs occurred (Fig. 14c). Meanwhile, re-
lative slippage occurred between the CFS frame and the outside
SLM layer (Fig. 14d). As the horizontal displacement increased
further, the net section of the bottom of the end studs sometimes
fractured under tension, and the self-drilling screws used to con-
nect the end studs to the bottom track were pulled out (Fig. 14e).
As the slippage between the steel frame and the outside SLM layer
became more severe, the propagation of all the cracks was
arrested.

3.3. Type C specimens

When the load applied to a Type C specimen was increased to
24–30 kN, cracks appeared in the mortar layer and at the corners
of the CSB panels (Fig. 15a). As the load increased further, several
crossing diagonal cracks appeared in the mortar layer (Fig. 15b).
Relative movements of the individual CSB panels were observed,
and the self-drilling screws along the edges of the panels failed by
bearing or pull-through (Fig. 15c). At the peak load, local buckling
of the bottom of the end studs occurred. As the horizontal dis-
placement increased further, the CSB panels separated from the
CFS frame due to the pull-through of the self-drilling screws along
the edges of the panels (Fig. 15d).
4. Analysis of test results

4.1. Hysteresis curves

The hysteresis curves of the test specimens are shown in Fig. 16,
where the abscissa represents the net in-plane displacement cal-
culated using Eq. (1). The conclusions drawn from examination of
the curves are as follows:  



Fig. 15. Failure modes of wall specimens (Type C): (a) cracking of the corners of the CSB panels, (b) cracking of the mortar layer, (c) screw pull-though, and (d) separation of
the CSB panels from the steel frame.
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(1) In Specimen F-KB, because the studs cross through the webs of
the blockings, the section of the blocking members at the
joints is weakened. Together with the fact that the stiffness of
the connections of the knee elements to the blocking mem-
bers is weak, this causes both the load-bearing capacity and
the lateral stiffness of the steel frame to be low. When failure
occurs at a connection node of a knee element, there is an
apparent degradation of the strength and stiffness of the steel
frame. As the frame is completely unloaded, a certain degree
of negative stiffness can be observed from the hysteresis
curve.

(2) Owing to the relatively large width-to-thickness ratio of Spe-
cimen F-XB, the steel strap can only resist tension; it is hardly
able to withstand compression. When completely unloaded,
the tensile force acting on the steel strap is reduced to ap-
proximately zero, while the compressive strap provides no
resistance to the lateral load. The ‘no-load slip’ phenomenon
and the ‘pinching’ effect are therefore severe in the hysteresis
curve.

(3) The Type B and Type C test specimens rapidly reach the
elastic–plastic stage, and the hysteresis curves are spindle-
shaped during the initial cycles. When unloaded, the speci-
mens still exhibit residual deformation. As the load is in-
creased, the hysteresis curve develops an arced shape, and a
certain level of ‘pinching’ is observed. After the hysteresis
curve changes from an arced shape to a reversed ‘S’ shape, the
‘pinching’ effect becomes distinct. At the same stage of the
displacement amplitude cycle, the area of the hysteresis loops
decreases with increasing loading cycles, and the load-bearing
capacity and lateral stiffness also decrease. At the peak load,
the hysteresis curve again gradually changes from a reversed
‘S’ shape to a ‘Z’ shape. This is caused by the failure of the self-
drilling screws along the edges of the CSB panels, local buck-
ling of the bottom of the end studs, and relative slippage be-
tween the steel frame and the SLM layer. The ‘pinching’ effect
becomes progressively more severe, and apparent degradation
of the strength and stiffness can be observed from the hys-
teresis curves.

(4) Appropriate increasing of in the vertical loads can be per-
formed to improve the bonding–slippage behaviour between 
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Fig. 16. Hysteresis curves of test specimens: (a) Specimen F-KB, (b) Specimen F-XB, (c) Specimen W-NB-1, (d) Specimen W-NB-2, (e) Specimen W-KB-1, (f) Specimen W-KB-
2, (g) Specimen W-KB-S-1, (h) Specimen W-KB-S-2, (i) Specimen W-XB-1, (j) Specimen W-XB-2, (k) Specimen W-NB-CSB, and (l) Specimen W-XB-CSB.
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the steel frame and the outside SLM layer. Hence, for a test
specimen with the same specifications, increasing the vertical
load will weaken the ‘pinching’ effect observed in the hys-
teresis curve, but the shear capacity will also be decreased.

(5) The installation of joint-strengthened knee elements and
X-shaped bracings increases the load-bearing capacity of a
wall with an SLM layer and also moderates the ‘pinching’ ef-
fect observed in the hysteresis curves.
4.2. Envelope curves

The envelope curves of the test specimens were obtained by
enveloping the peak points of the force during the first cycle of
cycles with the same displacement amplitude, as shown in Fig. 17.
The following can be observed: (1) The envelope curves have no
distinct yield point when the linear elastic stage is relatively short
and the apparent non-linearity occurs at an early stage. (2) Be-
cause of the complete covering of the inner SLM and the strong
interaction between the CFS frame and the outside SLM layer or
CSB panels, the sheathed CFS walls have higher shear capacities 
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Fig. 17. The envelope curves of test specimens under cyclic loads.

Fig. 18. Equivalent elastic–plastic bilinear model: (a) AISI Standard and (b) ECCS
Recommendation.
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and lateral stiffnesses than the simple CFS frames. (3) For wall
specimens with the same specifications, increasing the vertical
load decreases the load-bearing capacity and the corresponding
lateral displacement at the peak force. However, the magnitude of
the vertical load has little effect on the trend of the envelope
curves at the early stage of the loading.

4.3. Characteristic values of loads and displacements

The characteristic values of the loads and displacements, in-
cluding the elastic load Pe, yield load Py, peak load Pmax, and
ultimate load Pu, as well as the corresponding lateral displace-
ments eΔ , yΔ , maxΔ , and uΔ , are defined here on the basis of the test
results. Because of the non-linearity and the absence of a distinct
yield point on the envelope curves, the characteristic values of the
loads and displacements were determined using the following two
methods.

4.3.1. AISI Standard [1]
According to this method, the peak point ( maxΔ , Pmax) is de-

termined as the maximum load and the corresponding displace-
ment on the envelope curves. The elastic point ( eΔ , Pe) is located at
0.4Pmax. The ultimate point ( uΔ , Pu) is defined as the point of the
80% post-peak load. The yield point ( yΔ , Py) is determined using an
ideal perfectly elastic–plastic bilinear model that is capable of
dissipating an equivalent amount of energy (area A1¼ A2 in
Fig. 18a). The initial lateral stiffness k0 can be determined as the
secant stiffness to the load Pe, and point C is the yield point.

4.3.2. ECCS Recommendation [36]
This method for determining the elastic point ( eΔ , Pe), the peak

point ( maxΔ , Pmax), and the initial stiffness k0 is the same as that of
the AISI Standard. The yield point ( yΔ , Py) can be obtained as the
point of intersection of the elastic line k0 with the line 0.1k0, which
is the tangent to the envelope curve of the test specimens, as
shown in Fig. 18b. The ultimate point ( uΔ , Pu) is determined as the
intersection point of the horizontal yield line with the envelope
curve in the downloading branch.

The characteristic values of the loads Pe, Py, Pmax, and Pu, as well
as the displacements eΔ , yΔ , maxΔ , and uΔ , which are determined by
the above two methods, are divided by the wall width L
(¼2400 mm) and the height H (¼3000 mm), respectively, to ob-
tain the corresponding loads per unit length Pe

′ , Py
′ , Pmax

′ , and Pu
′ and

drift angles eθ , yθ , maxθ , and uθ . The characteristic values de-
termined are given in Table 5. The AISI Standard [1] uses the peak
load per unit length Pmax

′ as the nominal value Pnom for the design
of CFS-framed shear walls, while the Chinese Standard JGJ 227-
2011 [34] uses the yield load per unit length Py

′ . The peak load and
the yield load per unit length of each test specimen are compared
in Fig. 19. From Table 5 and Fig. 19, it can be seen that the differ-
ence between the results obtained by the AISI Standard and the
ECCS Recommendation is relatively small. Based on the values
obtained using the AISI Standard, the following conclusions are
drawn:

(1) The shear capacity and lateral stiffness of Specimen F-KB were
low. The yield and peak loads were only 1.03 and 1.16 kN/m,
respectively, while the failure drift angle was close to 1/25. It is
therefore important from an economic perspective to consider
the interaction between the type of steel frame and the
sheathing method in the design of CFS-framed structures. In
Specimen F-XB, the X-shaped bracings substantially increased
the load-bearing capacity of the CFS frames. The yield load and
peak load of Specimen F-XB were 9.6 and 9.7 times those of
Specimen F-KB, respectively.

(2) The strong interaction between the steel frame and SLM layer
in the Type B wall specimens significantly increased both the
load-bearing capacity and lateral stiffness. The yield loads of
the test specimens were 19.27–25.00 kN/m, the peak loads
were 21.35–29.10 kN/m, and the shear deformations were re-
latively small. The drift angles under the peak load were only
1/299–1/106. Because the connections of the knee elements
were weak, there was not much improvement in the shear
performance of the wall specimens with knee elements.
However, local strengthening of the connections of the knee
elements using gusset plates increased the yield and peak
loads of the CFS walls by approximately 20% and 21%,

 

 

 



Table 5
Characteristic values of loads and displacements.

No. Specimen Loading
direction

eθ (rad) Pe
′ (kN/

m)
maxθ

(rad)
Pmax

′ (kN/
m)

AISI Standard ECCS Recommendation

yθ (rad) Py
′ (kN/

m)

uθ (rad) Pu
′ (kN/

m)
yθ (rad) Py

′ (kN/

m)

uθ (rad) Pu
′ (kN/m)

1 F-KB Positive 1/243 0.45 1/42 1.13 1/110 1.00 1/25 0.91 1/114 0.97 1/26 0.97
Negative 1/305 0.47 1/41 1.18 1/136 1.06 1/25 0.95 1/147 0.98 1/25 0.98
Average value 1/271 0.46 1/42 1.16 1/121 1.03 1/25 0.93 1/128 0.98 1/26 0.98

2 F-XB Positive 1/439 4.22 1/107 10.55 1/201 9.19 1/97 8.44 1/189 9.80 1/103 9.80
Negative 1/399 4.76 1/117 11.90 1/176 10.78 1/104 9.52 1/166 11.41 1/114 11.41
Average value 1/418 4.49 1/112 11.23 1/188 9.98 1/100 8.98 1/177 10.61 1/108 10.61

3 W-NB-1 Positive 1/1075 9.88 1/125 24.69 1/516 20.58 1/91 19.75 1/578 18.38 1/63 18.38
Negative 1/1271 10.26 1/106 25.65 1/517 22.69 1/66 20.52 1/737 17.70 1/62 17.70
Average value 1/1167 10.07 1/115 25.17 1/543 21.64 1/76 20.14 1/648 18.04 1/63 18.04

4 W-NB-2 Positive 1/1339 8.54 1/248 21.35 1/594 19.27 1/107 17.08 1/615 18.63 1/122 18.63
Negative 1/1622 8.90 1/251 22.23 1/997 19.82 1/102 17.79 1/999 17.10 1/97 17.10
Average value 1/1463 8.72 1/249 21.79 1/744 19.55 1/105 17.43 1/762 17.86 1/108 17.86

5 W-KB-1 Positive 1/1034 10.10 1/152 25.25 1/472 22.17 1/86 20.20 1/513 20.40 1/87 20.40
Negative 1/1163 9.54 1/152 23.84 1/525 21.13 1/108 19.08 1/566 19.63 1/109 19.63
Average value 1/1095 9.82 1/152 24.55 1/498 21.65 1/96 19.64 1/539 20.01 1/97 20.01

6 W-KB-2 Positive 1/1250 8.94 1/120 22.35 1/561 19.95 1/73 17.88 1/636 17.59 1/72 17.59
Negative 1/1493 9.57 1/116 23.91 1/693 20.65 1/86 19.13 1/833 17.08 1/63 17.08
Average value 1/1364 9.25 1/118 23.13 1/620 20.30 1/79 18.50 1/721 17.34 1/67 17.34

7 W-KB-S-1 Positive 1/1071 11.53 1/114 28.81 1/498 24.78 1/86 23.05 1/591 20.89 1/82 20.89
Negative 1/1083 11.64 1/134 29.10 1/506 24.91 1/95 23.28 1/576 21.89 1/89 21.89
Average value 1/1075 11.58 1/123 28.96 1/502 24.85 1/90 23.17 1/583 21.39 1/85 21.39

8 W-KB-S-2 Positive 1/1339 10.98 1/196 27.43 1/607 24.20 1/127 21.95 1/662 22.15 1/130 22.15
Negative 1/1224 11.35 1/189 28.37 1/563 24.65 1/143 22.70 1/593 23.38 1/147 23.38
Average value 1/1277 11.16 1/193 27.90 1/584 24.42 1/136 22.32 1/626 22.76 1/138 22.76

9 W-XB-1 Positive 1/1478 11.54 1/157 28.84 1/612 25.00 1/108 23.07 1/721 21.23 1/102 21.23
Negative 1/1304 11.51 1/214 28.77 1/611 24.53 1/167 23.02 1/620 24.17 1/175 24.17
Average value 1/1382 11.52 1/181 28.80 1/612 24.76 1/131 23.05 1/667 22.70 1/129 22.70

10 W-XB-2 Positive 1/1277 10.79 1/203 26.98 1/602 22.85 1/136 21.58 1/613 22.44 1/147 22.44
Negative 1/1596 10.51 1/299 26.27 1/730 22.94 1/120 21.02 1/730 22.94 1/169 22.94
Average value 1/1415 10.65 1/242 26.63 1/661 22.90 1/128 21.30 1/667 22.69 1/157 22.69

11 W-NB-CSB Positive 1/952 8.85 1/172 22.14 1/542 19.23 1/94 17.71 1/564 18.49 1/100 18.49
Negative 1/1128 8.53 1/162 21.32 1/630 18.75 1/93 17.05 1/713 16.57 1/89 16.57
Average value 1/1033 8.69 1/167 21.73 1/583 18.99 1/93 17.38 1/630 17.53 1/94 17.53

12 W-XB-CSB Positive 1/932 10.85 1/129 27.13 1/244 24.58 1/110 21.71 1/233 25.83 1/124 25.83
Negative 1/1014 11.55 1/167 28.86 1/289 26.30 1/103 23.09 1/281 27.01 1/127 27.01
Average value 1/971 11.20 1/145 28.00 1/265 25.44 1/106 22.40 1/254 26.42 1/126 26.42
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respectively. In addition, the fitting of steel-strap X-shaped
bracings not only enhanced the overall stability of the wall
frames during construction but also increased their yield and
peak loads by 16% and 18%, respectively, compared to those of
the wall specimens without bracings. Although the load-
bearing capacity of the wall specimens with either joint-
strengthened knee elements or X-shaped bracings can be
improved to some extent, the constraint of the bracing
members decreases the shear drift.

(3) Increasing the vertical load increased the axial compression of
the studs, and this decreased the load-bearing capacity and
shear deformation of the walls. The peak loads and
corresponding displacements of the wall specimens subjected
to a vertical load of 60 kN were reduced by 4–13% and 21–58%,
respectively, compared to those of the specimens subjected to
a vertical load of 30 kN.

(4) The shear capacity of the Type C wall specimens was similar to
that of the specimens with SLM sheathing on both sides.
However, the usable floor area of a building with Type C walls
is increased by the reduced wall thickness achieved by the
sheathing method.
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Fig. 19. Characteristic values of loads: (a) peak load and (b) yield load.
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4.4. Ductility ratio

The ductility factor (μ) is the ratio of the ultimate displacement

uΔ to the yield displacement yΔ :

/ 1.0 5u yμ Δ Δ= > ( )

where the displacements yΔ and uΔ are calculated using the
methods recommended by AISI [1] and ECCS [36]. The calculated
ductility ratios are summarised in Table 6 and illustrated in Fig. 20.
The following observations can be made: (1) Specimen F-XB ex-
hibited poor ductility because of the abrupt buckling of the end
studs and the resulting rapid decrease in the load. (2) The Type B
wall specimens exhibited good ductility because of the interaction
between the steel frame and the SLM layer. The installation of the
CFS bracing members increased the axial stress of the end studs
and decreased the ultimate displacement, resulting in a reduction
of the ductility ratio. Local reinforcement of the bottom of the end
studs, which appeared to buckle locally under horizontal loads, is
recommended in engineering practice to improve the shear ca-
pacity and ductility of such walls. (3) The Type C wall specimens
exhibited lower ductility than the specimens with SLM sheathing
on both sides. This is because the self-drilling screws along the
edges of the CSB panels in the former almost failed by bearing or
pull-though.

4.5. Lateral stiffness and stiffness degradation

The lateral stiffness of each of the test specimens was de-
termined as the secant stiffness to a load of 0.4 Pmax, as
recommended by ECCS [36]. The results are listed in Table 6.
Fig. 21 shows that the weak connections of the knee elements had
a negligible effect on the stiffness of the wall specimens. However,
the fitting of the joint-strengthened knee-elements and X-shaped
bracings increased the stiffness by 9% and 27%, respectively. Be-
cause the screw connections of the CSB panels to the CFS frame
were weaker than the interaction between the frame and an SLM
layer, the Type C wall specimens had lower stiffness than the
specimens with SLM sheathing on both sides.

Fig. 22 shows the curves of the secant stiffness versus the drift
angle, which reflect the stiffness degradation of each wall speci-
men during the test, where the locus was determined using the
secant stiffness calculated from the peak load points of the first
cycle of cycles with the same displacement amplitude. Because the
end studs of Specimen F-XB buckled abruptly, its stiffness de-
gradation curve has a catastrophe point, which is undesirable from
the perspective of structural seismic behaviour. However, there are
no obvious catastrophe points in the stiffness degradation curves
of the other wall specimens. The secant stiffness of the walls de-
creased gradually with increasing displacement, but the stiffness
degradation rate was relatively slow.

4.6. Energy absorption

The energy absorption is given by the area under the envelope
curve, that is, the load–displacement curve. Table 6 lists the energy
absorptions of the different test specimens at the ultimate dis-
placement. Although the results for the ultimate point ( uΔ , Pu)
obtained by the methods recommended by AISI [1] and ECCS [36]
differ, the differences between the amounts of energy absorbed as
calculated by the two methods is relatively small, as shown in
Fig. 23. Comparison of the energy absorptions of the different test
specimens revealed the following: (1) The energy absorptions of
Specimens W-KB-1 and W-XB-1 were 5.5 and 2.4 times those of
Specimens F-KB and F-XB, respectively. The energy absorption of
CFS-framed shear walls with SLM layers is therefore evidently
superior to that of simple steel frames. This is because some en-
ergy is dissipated through the bonding slip between the CFS frame
and an SLM layer. (2) Because the fitting of X-shaped bracings in
CFS walls increases the axial force acting on the end studs, which
are prone to local buckling, the energy absorption can be reduced
by 24.9–35.9%. (3) The relatively weak strength of the screw
connections between the CSB panels and the steel frame caused
the energy absorption of the Type C wall specimens to be slightly
lower than those of the specimens with SLM sheathing on both
sides.

4.7. Strain analysis

The data acquired with the strain gauges were used to evaluate
the strain variations during the tests. Positive strain values denote
tensile strain, while negative values denote compressive strain.
The variations of the strains in the CFS members, including the
studs, blocking members, knee elements, and steel-strap X-shaped
bracings, are summarised below.

4.7.1. Studs, blocking members, and knee bracing elements
The load–strain (P–ε) curves of the studs, blocking members,

and knee elements of Specimen W-KB-S-1 are shown in Fig. 24.
Before the peak load, the increases in the strains of the studs of the
test specimen were linear. At the peak load, the strain of the end
studs was close to the yield strain, but those of the three interior
studs were still small. Meanwhile, the strains of the blocking
members and knee elements were within the elastic range. Due to
the weak connections of the CFS members, the steel frame mainly
resisted the horizontal load by means of the resultant overturning

 

 

 



Table 6
Test parameters of test specimens.

No. Specimen Loading direction eΔ (mm) Pe (kN) k0 (kN/mm) AISIμ ECCSμ EAISI (J) EECCS (J)

1 F-KB Positive 12.35 1.09 0.09 4.35 4.35 254 244
Negative 9.84 1.13 0.12 5.46 5.80 280 273
Average value 11.09 1.11 0.10 4.85 4.98 267 259

2 F-XB Positive 6.84 10.13 1.48 2.07 1.83 515 486
Negative 7.52 11.42 1.52 1.70 1.46 528 465
Average value 7.18 10.78 1.50 1.87 1.63 522 476

3 W-NB-1 Positive 2.79 23.70 8.50 5.65 9.15 1447 2152
Negative 2.36 24.62 10.43 8.75 11.86 2344 2465
Average value 2.57 24.16 9.47 7.11 10.35 1896 2309

4 W-NB-2 Positive 2.24 20.49 9.16 5.54 5.03 1678 1530
Negative 1.85 21.35 11.54 9.78 11.92 1427 1497
Average value 2.05 20.92 10.23 7.12 7.43 1553 1514

5 W-KB-1 Positive 2.90 24.24 8.37 5.50 5.90 1693 1669
Negative 2.58 22.89 8.89 4.87 5.17 1264 1247
Average value 2.74 23.56 8.63 5.20 5.55 1479 1458

6 W-KB-2 Positive 2.40 21.45 8.95 7.63 8.84 1827 1864
Negative 2.01 22.96 11.44 8.09 13.27 1630 2179
Average value 2.20 22.21 10.20 7.84 10.76 1729 2022

7 W-KB-S-1 Positive 2.80 27.66 9.87 5.76 7.19 1884 1980
Negative 2.77 27.94 10.08 5.35 6.48 1719 1830
Average value 2.79 27.80 9.98 5.55 6.83 1802 1905

8 W-KB-S-2 Positive 2.24 26.34 11.75 4.70 5.09 1205 1195
Negative 2.45 27.23 11.10 3.95 4.04 1086 1051
Average value 2.35 26.79 11.42 4.31 4.54 1146 1123

9 W-XB-1 Positive 2.03 27.69 13.65 5.68 7.05 1521 1602
Negative 2.30 27.62 11.99 3.65 3.54 911 867
Average value 2.17 27.65 12.82 4.66 5.16 1216 1235

10 W-XB-2 Positive 2.35 25.90 11.02 4.43 4.17 1073 984
Negative 1.88 25.22 13.40 6.08 4.33 1261 879
Average value 2.12 25.56 12.21 5.18 4.24 1167 932

11 W-NB-CSB Positive 3.15 21.25 6.75 5.78 5.63 1351 1258
Negative 2.66 20.46 7.69 6.76 7.98 1340 1397
Average value 2.91 20.86 7.22 6.23 6.67 1346 1328

12 W-XB-CSB Positive 3.22 26.05 8.09 2.22 1.88 1248 1076
Negative 2.96 27.71 9.36 2.81 2.20 1515 1172
Average value 3.09 26.88 8.73 2.49 2.03 1382 1124
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moment produced by the axial tensile or compressive forces ex-
erted by the end studs.

4.7.2. Steel-strap x-shaped bracings
The load–strain (P–ε) curves of the test specimens with steel-

strap X-bracings are shown in Fig. 25. During the testing of Spe-
cimen F-XB, the tensile strap was always tight, while the com-
pressive strap was slack. In Fig. 25a, the measurements obtained
with the strain gauges on opposite sides of the same point on the
slack strap are of opposite signs, which indicate the buckling of the
compressive strap. Under the peak load, the strain of the tensile
strap was at the yield stage, as shown in Fig. 25b. Because the
strong interaction between the steel frame and the SLM layers
weakened the contribution of the X-shaped bracings to the lateral
performance, the strain of the X-shaped bracings in Specimen
W-XB-1 were low compared to that of the bracings in Specimen
F-XB. In addition, the restriction of the out-of-plane deformation
of the compressive strap by the outside SLM layer caused the
strain measurements on opposite sides of the same point on the
compressive strap to be negative (Fig. 25c). This restriction limits
the buckling of the compressive strap and improves the applic-
ability of CFS walls.
5. Comparison with CFS walls with traditional sheathing

The shear behaviour of the CFS-framed shear walls with SLM
sheathing is compared with that of CFS-framed shear walls with
traditional sheathing in Table 7. It can be seen that the peak loads
of the walls with SLM sheathing on both sides were 64.6%, 49.8%, 
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and 20.0% higher than those of walls sheathed with gypsum
boards, CSB panels, and OSB panels, respectively. The interaction
between the CFS frame and the SLM layers is evidently stronger
than the connections between the CSB panels and the steel frame.
The lateral stiffness of CFS walls with SLM sheathing on both sides
is more than eight times greater than that of walls with traditional
panels, and the shear deformations of walls with SLM sheathing
on both sides are only 18–28% of those of walls with gypsum
boards, CSB panels, or OSB panels. Moreover, the new sheathing
technique using SLM modestly improves the ductility of a CFS
shear wall.
6. Conclusions and recommendations

A total of twelve full-scale specimens, including two bare CFS
frames, eight CFS-framed shear walls with SLM sheathing on both
sides, and two CFS-framed shear walls with an SLM layer on the
front side and CSB panels on the back side were tested under re-
versed cyclic loading. Based on the test results, the following
conclusions are drawn:

(1) The failure modes of a CFS frame with knee elements are
tilting or pull-out of the screws used to connect the knee
elements to the blocking members and local buckling of the
flange of the blocking members at the connection to the knee
elements. Both the load-bearing capacity and lateral stiffness
of this type of steel frame are low. When a CFS frame with
steel-strap X-shaped bracings is subjected to cyclic loading,
there is alternating tightening of the tensile strap and slack-
ening of the compressive strap. Failure eventually occurs due
to flexural–torsional buckling of the end studs after local
buckling of the web. In addition, under the peak load, the
stress of the tensile strap reaches the yield level.

(2) A CFS-framed shear wall with SLM sheathing on both sides
fails by local buckling of the bottom of the end studs and re-
lative slippage between the steel frame and the outside SLM
layer. Although cracking of the mortar layer occurs, the overall
stability and integrity of the wall are well preserved at the
ultimate stage. In a CFS-framed shear wall with an SLM layer
on the front side and CSB panels on the back side, in addition
to the above failure modes, there is also apparent relative
movement of the individual CSB panels and separation of the
panels from the steel frame. This is due to pull-through of the
self-drilling screws along the edges of the panels.

(3) Because of the strong interaction between the steel frame and
the SLM layers, the load-bearing capacity and lateral stiffness
of a CFS-framed shear wall with SLM sheathing on both sides
are quite high. Because of a certain amount of slippage be-
tween the steel frame and the outside SLM layer at the ulti-
mate stage, CFS walls with SLM sheathing exhibit good 
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Table 7
Comparison of present test results with those in Ref. [6].

Study Specimen label Aspect (mm�mm) Type of sheathing Studs-tracks Pmax (kN/
m)

maxθ (rad) k0
a (kN/

mm)
AISIμ

Present W-NB-1 2400�3000 30-mm SLM layer on both sides C89�35�10.6�1.0,
U92.2�41.5�1.2

25.17 1/115 11.83 7.11

Ref. [6] FFM-G12-FT 2400�2400 12-mm gypsum boards on both
sides

C92�65�12�1.6, U95.2�45�1.6 15.29 1/32 1.41 6.68

FFM-C09-HT 1200�2400 9-mm CSB panels on both sides C92�65�12�1.6, U95.2�45�1.6 16.80 1/21 0.92 3.52
FFM-O12-FO 2400�2400 12-mm OSB panels on one side C92�65�12�1.6, U95.2�45�1.6 20.98 1/31 1.43 3.12

a Stiffness was calculated using k0¼α[P/Δ]0.4Pmax, where α is the aspect ratio of the wall specimens [6].
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ductility and energy absorption, and this restricts the propa-
gation of cracks in the mortar layer.

(4) Because of their weak connection, knee elements do not sig-
nificantly improvement the shear capacity and lateral stiffness
of a CFS wall. The use of joint-strengthened knee elements and
X-shaped bracings increases the load-bearing capacity but
decreases the drift angle of a wall with SLM sheathing on both
sides.

(5) Increasing the vertical load reduces the load-bearing capacity
and shear deformation of a wall with SLM sheathing but has
little effect on the lateral stiffness. Because increasing the
vertical load strengthens the bonding slippage between the
steel frame and the outside SLM layer, the ‘pinching’ effect
observed in the hysteresis curve of a CFS-framed shear wall
should therefore be moderated.

(6) The self-drilling screws used to connect the CSB panels to the
steel frames are weaker than the interaction between the CFS
frame and the SLM layer. This causes the shear capacity of the
wall with SLM sheathing on the front side and CSB panels on
the back side to be slightly lower than that of a CFS-framed
shear wall with SLM sheathing on both sides. Moreover, the
former type of wall is thinner and thus increases the usable
floor area of a building in which it is used.

(7) The peak loads of a CFS wall with SLM sheathing on both sides
are 64.6%, 49.8%, and 20.0% higher than those of similar walls
sheathed with gypsum boards, CSB panels, and OSB panels,
respectively. Compared to the use of traditional sheathing, the
proposed use of SLM sheathing not only considerably in-
creases the lateral stiffness of a CFS wall but also modestly
improves the ductility of the overall structure.

The present work was a preliminary experimental study on the
shear capacity of CFS-framed shear walls with SLM sheathing.
Based on the test results, the following recommendations are
made to facilitate further study of the proposed type of CFS-
framed shear walls.

(1) Because the bottom parts of the end studs are prone to local
buckling during testing, they should be strengthened to im-
prove the shear capacity, ductility, and energy absorption of
the wall.

(2) Relative slip between the steel frame and the SLM layers was
observed in the present tests, and it is therefore necessary to
experimentally investigate the behaviour of the bonding slip
to determine the values of relevant parameters for numerical
and theoretical analyses of the proposed type of wall.

(3) Considering the desire for enhanced shear capacity, the
amount of lightweight mortar that is sprayed on both sides of
the steel frame should be reasonably reduced. This would also
reduce the cost of the wall and increase the usable floor area
of the building.
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