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Abstract: Through an experimental investigation of the seismic performance of diagonally braced cold-formed thin-
walled steel composite walls subjected to vertical loads, the mechanical properties, failure modes, and hysteresis
properties of the walls were elucidated. In addition, the influence of a sheathing panel on the hysteresis
performance, ductility, and energy dissipation of the composite walls was analyzed. The experimental results show
that the shear bearing capacity of the single-sided oriented strand board (OSB) panel wall was increased by 38. 79 %
compared with the non-panel wall under the same vertical load. The shear bearing capacity, ductility coefficient, .,
and energy dissipation factor, E, of the single-sided OSB panel composite wall with an axial compression ratio of
0. 24 were increased by 7. 5%, 4.5%, and 4. 1%, respectively, compared to the wall with an axial compression
ratio of 0. 165 however, the yield displacement was reduced by 8. 1%. The cold-formed thin-walled steel composite
wall with diagonal bracing exhibited good seismic performance. After verifying the reliability of the finite element
model, the influence of the axial compression ratio of the wall stud and the yield strength of the steel components
on the mechanical performance of the wall was investigated through a variable parameter analysis. The results
showed that with the increasing axial compression ratio, the shear bearing capacity of the wall was improved. In
addition, reducing the yield strength of the steel components significantly reduced the shear capacity of the
composite wall. Finally, according to the Technical Specification for Low-rise Cold-formed Thin—walled Steel
Buildings (JGJ 227-2011) and AISI S400-15, the resistance partial coefficient of the wall was derived, which
determines the design value for the shear bearing capacity under a horizontal earthquake.
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1 Introduction

In recent years, green prefabricated buildings
have been vigorously promoted in China, and cold-
formed thin-walled steel structure residential
systems have rapidly emerged as representative
prefabricated building structures. The composite
wall, which consists of a panel material and steel
keel, is the main bearing member of cold-formed
thin-walled steel structure residential systems.

Blum et al. 'Y studied the bending support of
cold-formed thin-walled steel walls. Through tests
and analysis, design expressions for support
stiffness and strength were proposed, and the
of minimum stiffness  and

concepts support

corresponding imperfections were introduced.
Hikita et al. '*! carried out an investigation of the
shear bearing capacity of a light steel frame shear
wall subjected to an extra gravity load under
monotonic and low-cycle reverse loads. The results
showed that the existence of an additional gravity
load had no obvious effect on the shear bearing
capacity of a steel frame shear wall with a plate.
Tian et al. ) carried out a theoretical analysis of a
cross flat steel-braced cold-formed steel frame
wall. Based on the angle-displacement method, a
first-order elastic analysis was used to predict the
shear bearing capacity of the cross flat steel braced
cold-formed steel frame wall. Gad et al. ' studied

the interaction between the components of a cold-
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formed steel composite wall and the shear bearing
capacity of the whole wall. Horizontal low-cycle
reverse loading tests were carried out on a cold-
formed steel wall with cross-bracing and a panel,
revealing that the yield strength of the x-cross
bracing controlled the bearing capacity of the wall.

Liu® studied the hysteresis properties of a
steel plate shear wall and an anti-buckling steel
plate shear wall subjected to vertical loads. The
results indicated that the shear bearing capacity and
energy dissipation capacity of the steel plate shear
wall and anti-buckling steel plate shear wall were
reduced as a result of the vertical load, but the
lateral stiffness of the anti-buckling steel plate
shear wall was not affected by the vertical load.
Hao et al. ') studied the shear bearing capacity of a
cross steel strip braced composite wall consisting of
a cold-formed thin-walled steel frame and light
weight mortar. A joint plate was added to the
specimens to strengthen the screw connection
between the brace and the steel skeleton in the
experiments. The results showed that the shear
bearing capacity of the composite wall was greatly
improved by the joint plate. Dong' studied the
shear bearing capacity of a cold-formed thin-walled
composite wall with a sandwich steel plate. The
results showed that the cross steel strip controlled
the shear bearing capacity of the wall; reducing the
screw spacing could improve the lateral stiffness

Chen™®

and shear bearing capacity of the wall.
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carried out an investigation of the shear bearing
capacity of a cold-formed thin-walled composite wall
with cross bracing. It was noted that the buckling of
the side column of the cross-braced wall under
monotonic loading was caused by the eccentric tension,
while the damage to the wall under a low-cycle reverse
load was due to the extrusion deformation of the lower

1) studied the seismic

guide beam. Wang et al.
behavior of cold-formed thin-walled walls with diagonal
braces. The results showed that the arrangement of the
diagonal bracings resulted in improvement of the load
bearing capacity, stiffness and energy dissipation of the
walls. However, the diagonal brace increased the
lateral performance to a limited extent, because the
connection between the diagonal brace and the
transverse brace was weak and buckling of the
transverse brace occurred early. The integrity of the
wall panel has a significant influence on the lateral
performance of the wall. Reducing the screw spacing
around the wall panel can improve the bearing
capacity, stiffness, and energy dissipation capacity of
the wall markedly; however, the ductility will
decrease.

Although there have been many experimental
studies and theoretical analyses of the seismic
thin-walled steel

performance of cold-formed

composite walls, studies on the mechanical
behavior of cold-formed thin-walled steel composite
walls are uncommon; systemic studies on the
seismic performance of such walls under vertical
loading are still lacking. In this study, an
experimental investigation and theoretical analysis
of a diagonally braced cold-formed thin-walled steel
composite wall under vertical loading were carried
out to investigate the mechanical properties, failure
modes, and hysteresis properties of the wall. In
addition, the influence of the axial compression
ratio of the wall studs and the yield strength of the
steel components on the seismic performance of the
wall were also investigated. Based on the results of
the experiments and finite element parameter
analysis, a design method and suggestions for these

walls in seismic design are proposed.

2 Wall Design

2.1 Wall Structure

In these experiments, six full-sale cold-formed
thin-walled steel composite walls with diagonal
bracing were designed and divided into three groups
based on the inclusion of a panel and the value of
the vertical force,each group of walls was identical
in material, size, and loading method. The
configurations are detailed in Table 1. The first
group of walls was placed under a vertical load of
80 kN without a panel. The second group was
placed under a vertical load of 80 kN and included a
single-sided oriented-strand board (OSB) panel.
The third group was placed under a vertical load of
120 kN and included a single-sided OSB panel. The
first and second groups were compared to analyze
the effect of the panel on the shear bearing capacity
of the wall. The second and third groups were
compared to analyze the effect of different vertical
loads (i. e. » the axial compression ratio of the wall
stud) on the shear bearing capacity of the wall with
a single-sided OSB panel. The wall numbers and
test parameters are listed in Table 1.

The columns of the composite wall were composed
of C-section cold-formed thin-walled steel member
(C140 mm X 40 mm X 11 mm X 1, 2 mm) spaced at
400 mm; the upper guide beam, lower guide beam,
and diagonal bracing of the wall were composed of
U-section cold-formed thin-walled steel member
(U143 mmX 40 mm X 1. 2 mm). The columns on
both sides of the wall and the middle column were
composed of two C-shaped cold-formed thin-walled
steel members and connected to the I-section by a
double row of self-tapping screws. In addition, the
side columns were covered by U-section cold-
formed thin-walled steel members to avoid
premature buckling, and the self-tapping screws
were spaced at 100 mm. The diagonal bracing was
composed of two C-section cold-formed thin-walled
which were connected to the

steel members,

I-section by a double row of self-tapping screws.
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The openings at the middle of the diagonal bracing
To

screw connection between the

were used to keep the column continuous.
strengthen the
diagonal bracing and the column, the inter-section
of the diagonal bracing and the column was
strengthened locally by a 3-mm-thick gusset plate.
The thickness of the OSB panel of the wall was 12
mm., and the size of a single panel was 2. 4 mm X
1. 2 mm Cheight X width).

outside of the wall,

On the inside and
self-tapping screws were
spaced at intervals of 150 mm between the panel

and the steel frame. The steel frames were

assembled using ST4800 self-tapping screws, the
OSB panel and the steel frame were assembled

using ST4835 the

connection between the anti-drawing component

self-tapping screws, and
and the steel frame was made with ST5330 self-
tapping screws. The anti-drawing components at
the four corners of the wall were connected to the
upper guide beam and the lower guide beam by
M16 bolts, while the upper guide beam and the
upper guide were connected to the loading device
with M12 bolts.

are depicted in Fig. 1.

Detailed dimensions of the wall

Table 1 Wall number and test parameters

Wall Wall parameters Bracing Loading
Number Grouping Panel
number (HXb) form Loading mode Vertical force /kN

1 First group Al—1
without )

2 Wall Al Al—2

2.4 mX2.4m Low-cycle

3 Second group A2—1
column spacing with V-shape reverse 80

4 Wall A2 A2—2

400 mm loading

5 Third group A3—1
with 120

6 Wall A3 A3—2

2.2 Material properties

The material properties of the Q345 steel and
the OSB panel were measured as set out in standard
GB/T228. 1-2010") by making plate specimens.

The measurement results for the Q345 steel and
the material properties of the OSB panel are listed

in Tables 2 and 3, respectively.

Table 2 Material property test results of steel

Nominal Yield strength /(N » mm2) Tensile strength/ (N * mm %) Elongation/ % Elasticity modulus/MPa
Number

dimension Test value Average Test value Average Test value Average Test value Average

S—1 363 469 45 175 491
200 mm>X 10 mmX

S—2 360 358 464 462 44 44, 4 173 507 178 820. 37

1. 2 mm
S—3 350 454 44 187 462

Table 3 Physical properties of 12-mm-thick OSB panel

Index Unit 12 mm-thick OSB plate
Static bending strength[ parallel/vertical ] MPa 22/11 or 22/7. 86
Bending elasticity modulus|[ parallel/vertical ] MPa 3500/1 400
Internal bond strength MPa Ximax:0. 793 Xiuin : 0. 53
24 h Water absorption and thickness swelling % Xiin:7. 15 X0ax: 8.9
Deviation of board density % +10
Moisture content % 5.7
Formal dehyde emission E1 stage[ E2 stage ] mg/L 0. 02
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Fig. 1 Dimension of walls(mm)

2.3 Loading device and testing procedure

The test loading device is shown in Fig. 2. At
the four corners of the top and bottom of the wall, the
wall and the top and bottom beams of the loading device
were connected with M16 bolts, in which 150 mmX
150 mmX 20 mm (length X width X thickness)
rectangular cushion blocks were arranged, to allow
the vertical load to be accurately transferred to each
wall stud. In addition, the wall was fastened to the
slots in the top and bottom beams of the loading
device by M12 bolts spaced at a distance of 400
mm. The horizontal actuator was connected to the
web of the top guide beam through the top loading
beam. On the lateral side of the top loading beam,
sliding bracings were arranged to provide a lateral
restraint force and prevent loss of out-of-plane
stability.

In accordance with the requirements for shear
tests of cold-formed thin-walled steel walls set out
in standard JGJ 227-201117,

points were arranged as shown in Fig. 3. Eight

the measurement

displacement sensors were arranged to measure the

displacements of the wall specimens and the loading

[Vertcal clectro-hydraulic
Horizonial clcctro-hydraulic senoactuator Vertical
cloctro-hydraulic
servoacutor |! Topheam & s acar Lateral sliding
g support
I

= ] |
20 mm-~thickness
Protal cushion block
frame frame
Reaction | | Specimen wall Protal frare | Specimen wall
Fixed frame Fixed Frame|
Experimental 20 mm-—thickn
[ [ device o ook~
1 T T 11
[T | Botombeem ][]
Connccting

1-1 Profile

h

Fig. 2 Test loading device
device (Fig. 3). Sensor D1 was used to measure the
displacement of the horizontal actuator connected
to the top beam, sensor D2 measured the horizontal
relative displacement between the wall specimen
and the top loading beam, and sensors D3 and D4
measured the relative slipping displacements
between the wall and the bottom loading beam.
Sensors D5 and D6 were used to measure the
vertical relative displacement between the wall and
the bottom loading beam; sensors D7 and D8
measured the vertical relative displacement between
the bottom loading beam and the ground. In Fig. 3,
“A” represents the vertical distance from sensor D2
to the bottom surface of the top loading beam,
which was set as 600 mm; “B” and “C” represent
the horizontal distances from sensors D5 and D6 to

the lateral surface of the side column of the wall,

which were set as 100 mm.

g Iz

D5, D6

I§ ﬂrl?—'\

Fig. 3 Displacement meter arrangement(mm )

2.4 Loading process

The previous finite element simulation predicted a
yield displacement of the wall of 12 mm. The tests
were conducted using the displacement control method

under a horizontal low-cycle reverse load. A preload



No. 1 XU Yunpeng set al. :Seismic performance of diagonally braced cold- formed thin-walled steel composite walls 125

was applied at a rate of 0. 4 mm/s with a displacement
increment per stage of 0. 125 A, until 3 mm and cycled
once. Then, the formal loading stage was applied,
with a displacement increment per stage of 4 mm until
12 mm (yield displacement), and cycled once per
stage. After yielding, the wall was loaded with a
displacement increment per stage of 0. 5 A, and cycled
three times until the wall was destroyed.

In these tests, the vertical force was loaded to
the specified value once through the vertical
actuator. The vertical force was initially kept
constant and readings from all sensors were
recorded simultaneously. The vertical force was
applied using the load-control method at a rate of
0.2 kN/s. During the horizontal loading process.,
the displacement data for each sensor and the
actuator load were collected and recorded by a ZI-

160 data collection instrument.
3 Test results and analysis

3.1 Test observations

3.1.1 Wall Al

For wall Al, the experimental phenomenon was
basically the same, so only wall Al-1 is described.
Owing to the low in-plane stiffness of the wall
without a panel, the force increased slowly with
increasing horizontal displacement; thus the change
was not obvious in the early stage of the test.
When the horizontal displacement reached 12 mm,
obvious wrinkles appeared in the flange of the
diagonal bracing close to the upper guide beam,
and the thrust of the horizontal actuator reached
24.03 kN. With further increase in the horizontal
displacement, the wrinkles in the left and right
diagonal bracings occurring at the area of the
When the

horizontal displacement reached 18 mm, the local

gusset plate became more obvious.

buckling of the diagonal bracing subjected to
pressure was obvious, and the deformation was
larger, as shown in Fig. 4(a).

When the horizontal displacement reached 24

mm, the self-tapping screws of the gusset plate in

W i &
(a) Local buckling of (b ) Shear fracture of screws
at gusset plate

diagonal bracing

(¢ )Severe damage of  (d ) Snap of diagonal bracing

screws at gusset plate

Fig. 4 TFailure of wall Al-1

the middle bottom of the wall exhibited sliding and
then shear failure as the test was carried out. At
the inter-section with the middle gusset plate, the
diagonal bracing exhibited severe bending, and
some of the self-tapping screws were torn out, as
shown in Fig. 4(b) and (c). Meanwhile, the gusset
plate and the wall frame connection exhibited
obvious dislocation. As the horizontal displacement
continued to increase, the deformation of the wall
also continued to increase, but the load began to
When the

reached 42 mm, the left bracing was pulled to

decrease. horizontal  displacement
breaking, as shown in Fig. 4(d). With increasing
horizontal displacement, the deformation of the
wall was accelerated, and the load decreased.
When the load reached 85% of the ultimate load,
the test was stopped.
3.1.2 Wall A2

For wall A2, the experimental phenomenon was
basically the same, so only wall A2-1 is described.
Owing to the effect of the OSB panel on the lateral
stiffness of the wall, the force increased rapidly

At the

elastic stage of the wall, the flange of the diagonal

with increasing horizontal displacement.

bracing close to the upper and lower guide beam

exhibited obvious wrinkles in the tension and
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compression process, as shown in Fig. 5(a). When
the horizontal displacement reached 18 mm., the
bending of the left and right diagonal bracing at the
gusset plate became more obvious, and the screws
connecting the OSB panel to the steel skeleton at
the corners became cut into the panel, as shown in
Fig. 5 (b).
reached 30 mm, the bearing capacity reached 50. 12

When the horizontal displacement

kN. The compression diagonal bracing at the
gusset plate in the middle bottom of the wall
exhibited intense bending, while the lower guide
beam and the stud exhibited different levels of
buckling, as shown in Fig. 5(¢). At the joint area
on the back of the OSB panel, the screws became
embedded into the panel, causing minor shedding
of the OSB panel, as shown in Fig. 5(d). When the
horizontal displacement reached 36 mm., the screws
on the gusset plate at the intersection of the V-
shaped diagonal bracing were torn out, the
diagonal bracing and upper and lower guide beams
were severely deformed, and sliding occurred
between the gusset plate and the guide beam, as
shown in Fig. 5(e).

When the horizontal displacement reached 48
mm, the screws connecting the middle gusset plate
and the lower guide beam were torn out, the joint
area was severely deformed, and the screws at the
bottom corner on the back of the OSB panel were
torn out. This resulted in different levels of
shedding of the OSB panel, as shown in Fig. 5({).
With
deformation of the wall accelerated and the load

decreased. When the load reached 85% of the
ultimate load, the test was stopped. The global

increasing horizontal displacement, the

failure mode is shown in Fig. 5(g).
3.1.3 Wall A3

For wall A3, the experimental phenomenon was
basically the same, so only wall A3-2 is described.
In the elastic stage, the test behavior of wall A3-1
and A3-2 was similar to that of wall A2-1 and A2-
2. In the reverse loading process, the flange of the

diagonal bracing subjected to pressure at the gusset

(a)Yield of flange of
diagonal bracing

A/

(b ) Shear fracture of screws
at gusset plae

(d) Shedding of the OSB
panel at joint area

(¢) Yield of lower guide
beam and studs

(f) Shedding of the OSB

panel at corners

(e ) Slipping of the
gusset plate

L% B RS
(g ) Global failure mode
Fig. 5 Failure of wall A2-1

plate exhibited obvious local buckling, as shown in
Fig. 6 (Ca).

reached 12 mm, the screws in the bottom corner of

When the horizontal displacement

the OSB panel became embedded into the panel,
the wrinkles of the compressive diagonal bracing at
the gusset plate became more obvious, and a
noticeable relative angle occurred between the
gusset plate and lower guide beam, as shown in
Fig. 6 (b).

increased from 12 mm to 18 mm, the upper parts of

When the horizontal displacement

the left and right studs exhibited obvious buckling;
the deformation of the flange and crimping of the
studs is shown in Fig. 6 (c). With further increase
in the horizontal displacement, the force applied to
the wall increased. When the displacement reached

24 mm, the bearing capacity reached 55. 99 kN,
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The buckling of the middle stud near the lower
guide beam at this point is shown in Fig. 6(d). As
the horizontal displacement continued to increase,
the bearing capacity began to decrease, and the
screws in the middle part of the gusset plate were
torn out, as shown in Fig. 6(e).

At the joint area on the bottom of the OSB panel,
the screws were cut into the panel and caused minor
shedding of the panel. As the horizontal displacement
continued to increase, the screws connecting the lower
guide beam and the middle part of the gusset plate were
torn out, and the diagonal bracing subjected to
pressure became severely wrinkled and deformed.
When the horizontal displacement reached 48 mm, the
bearing capacity decreased to 39. 62 kN. Meanwhile,
the screws connecting the panel and the steel skeleton
were cut into the panel, and different degrees of
separation occurred between the corner of the panel and
the steel skeleton, as shown in Fig. 6 ({). With
increasing horizontal displacement, the deformation of
the wall accelerated and the load decreased. When the
load reached 85% of the ultimate load, the test was
stopped. The global failure mode is shown in Fig. 6(g).

The observed test behaviors reveal that
without the constraint from the panel, the shear
bearing capacity of wall Al was small, but the
lateral stiffness of the wall was improved owing to
the effect of the V-shaped diagonal bracing and the
gusset plate. Most of the damage occurred in the
area of the gusset plate, and the shear fracture of
the screws and breaking of the diagonal bracing
represented failure of the wall. Compared with
wall Al, the lateral stiffness and shear bearing

A2 were

constraint from the panel. The shear failure of the

capacity of wall improved by the
screws in the gusset plate and panel represented
failure of the wall. Comparing wall A3 with wall
A2, as a result of the increased vertical load, the
side studs of wall A3 exhibited buckling earlier,
but both wall A3 and A2 were destroyed when the
screws on the gusset plate and panel underwent
shear fracture and the middle studs and guide

beams yielded.

(a)Yield of flange of
diagonal bracing

(b ) Rotation of the
gusset plate

he middle stud
o

¥ »
I

(e ) Shear fracture of screws (f)Shear fracture of OSB
at gusset plate

panel in bottom

(g ) Global failure mode

Fig. 6 Failure of wall A3-2

3.2 Test data processing

The whole lateraldisplacement, §,, at the top
of the wall measured during the tests consists of
three parts: §, is the lateral displacement of the top
of the wall when the wall undergoes rotation
caused by the extension of the anchor bolts, &, is
the relative sliding displacement between the wall
and 6 is
deformation of the wall (Fig. 7).

and the pedestal, the actual shear
Thus, the actual lateral displacement at the
top of the wall, which is the shear deformation

(4), can be expressed with Eq. (1).
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A:8:8()78[76¢ (1)
where §,is the actual data measured by sensor D2
considering the height reduction. It is defined as

the actual lateral displacement of the top of the

1 HD;

wall: 0 = 5 <H—6oo

actual displacement of the horizontal actuator, and

+D1>, where D, is the

H represents the distance from sensor D2 to the
center line of the horizontal actuator (600 mm).

01 is the relative sliding displacement between
the wall and the pedestal, which is the difference
between the data recorded by sensors D3 and
D4.6,=(D;—Dy).

8, is the displacement of the top of the wall

. _ H
caused by the wall rotation:6,= LEIBIC
(Ds—Dg) —(Ds —D;) s where L is the length of

the wall, and B and C represent the distances from

'5a76a:

sensors D3 and D4 to the top of the lateral side of
the wall (B=C=100 mm).

The actual shear deformation of the wall is

as follows
1/ HD, P
4 =0 = (= fss+Di )= (D, =D
_ H  rp,—DoH—(D.—D>] (2
L+B+C 6 8 5 7

The hysteretic loops of the horizontal load
versus the displacement response for the wall under
cyclic loading are presented in Fig. 8 (a)-(f). The
skeleton curve for the wall is the envelope formed
by connecting all of the peak points of the
hysteretic curve (connecting the peak points of the
hysteretic curve in the first cycle of the three cyclic
groups). The maximum load on the skeleton curve
and the corresponding lateral displacement are
P.., and the
Apexs of the wall,

defined as the peak load,
corresponding deformation,

respectively, After the peak load is reached, the

load on the skeleton curve and the corresponding
lateral displacement when the load decreases to
85% of the maximum load is defined as the
ultimate load, P,,and corresponding deformation,
A, ,of the wall, respectively. The yield load and
yield displacement were determined using the area
reciprocal method on the skeleton curve according
to JGJ 101-2015"%, The ductility coefficient is the

ratio of the peak displacement and yield
©n = AJA,.

dissipation factor, E, is used to measure the

displacement, 1. e. , The energy
energy dissipation capacity of the specimen; the

calculation is given in Eq. (3) and Fig. 9.

E_ Area of envelope of hysteretic loop Siscicoa)
Area of the triangle Sose-opr

(3)

(a)Wall A1-1

60,
z 50

(f)Wall A3-2

(e)Wall A3-1

Fig. 8 Hysteresis curve of

3.3 Analysis of the test results

The test data for the six composite walls are
summarized in Table 4. From Fig. 8 (a)-({) and
Table 4, the following can be observed:

All six composite walls had similar hysteresis
curves. Owing to the improvement in the lateral

stiffness of the wall caused by the diagonal bracing
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» of horizontal pushing and pulling, the wall
exhibited some "no-load slipping"  behavior.
B However, the unloading stiffness was relatively
[ ééﬁ large, the curve of the unloading phase had an
. A / c’ E - obvious slope, and the wall had a little restoring

D
Fig. 9 Calculation method of energy dissipation coefficient

and the gusset plate, the hysteresis curves were
full and fusiform at the beginning of the test, and
When the

horizontal displacement reached a certain degree,

almost no wall slipping occurred.
the wall entered the plastic stage, the hysteresis
curve became arched, the area of the hysteresis
loop increased, and the hysteresis curve exhibited a

'

' pinch" phenomenon. At the same horizontal
displacement, the area of the hysteresis curve
decreased with the increasing number of cycles,

and the bearing capacity decreased. In the process

force. Thus the residual deformation of unloading
As  the

displacement continued to increase, the stiffness of

was relatively  small. horizontal
the wall gradually decreased, and the hysteresis
curve transformed from a bow-shape to an inverse
S-shape. At the end of the test, the stiffness
degradation of the wall was intensified, the bearing
capacity was significantly reduced, the slip of the
wall increased, and the horizontal segment of the
hysteresis loop became longer. At this time, the
energy dissipation capacity of the wall was low,
and the "pinching" phenomenon in the middle of
the hysteresis loop was more obvious. The energy
dissipation capacity of wall Al was better than that

of walls A2 or A3.

Table 4 Data processing results of wall shear test

Peak Peak Yield Yield Ultimate Ultimate Energy Shear bearing
Wall ) ) ) Ductility o )

load displacement load displacement load displacement dissipation capacity/

number factor p
Prax /KN Apax/mm Py/kN Ay/mm P,/kN A,/mm factor E (kN *m™1)
Al-1 38.23 23.87 32.73 15. 66 32.50 35. 71 2.28 0. 67 15.93
Al-2 37.65 22.11 33.06 15. 46 32.00 23.97 1. 55 0. 64 15. 69
A2-1 53. 06 23.94 45,78 17. 26 45. 10 38.67 2.24 0.49 22.11
A2-2 55.72 23. 86 49. 07 16. 54 47. 36 44. 39 2. 68 0. 46 23.22
A3-1 57.03 24. 46 48.91 15. 97 48. 48 37.43 2.34 0.51 23.76
A3-2 50. 50 22.11 45. 63 16. 02 42.93 26. 62 1. 66 0.71 21.04
The shear bearing capacity of wall specimen improved by the action of the large axial

A2 was 38.79% higher than that of wall specimen
Al, but the difference in the ductility coefficient,
i » of the two was not significant, indicating that
the restraint effect of the panel on the wall was
strong and the shear bearing capacity of the wall
was improved markedly. The shear bearing
capacity of wall specimen A3 was 7. 5% higher
the
difference in the ductility coefficient, g, was not

the

capacity and ductility coefficient of the wall were

than that of wall specimen A2 However,

significant, indicating that shear bearing

compression ratio but not significantly.

4 Finite element analysis

4.1 Finite element verification

Finite element (FE) models of the tested
composite walls were constructed using the FE
software ABAQUS 6. 14. S4R shell elements with
linear reduced integration were used to simulate the
wall skeleton, gusset plate, and OSB panel. The
FE model of wall A2 is shown in Fig. 10.

The grid size of the wall steel skeleton and
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Coupling horizontal displacement
reference point RP-1

Coupling all the degrees of
freedom at the bottom

Fig. 10 Finite element model of wall A2
OSB panel was 20 mm, while the grid size of the
gusset plate was 10 mm. The following values
were used: for the steel, a yield strength f, =358
MPa, modulus of elasticity E=178 820 MPa, and
Poisson’s ratio v=0. 3; for the OSB panel, which
was simplified as an isotropic material, a tensile
strength f,= 7. 86 MPa, modulus of elasticity E=
3 500 MPa, and Poisson’s ratio v=0. 3. The self-
tapping screw connection was created from the
joint section in the interaction module and the
translation type of the self-tapping screw
connection was defined as a sliding plane. The
rotation type was defined such that the Ul of each
connection in the local coordinate system
(perpendicular to the plane of the panel) was
constrained, while U2 (the direction of the vertical
actuator) and U3 (the direction of the horizontal
actuator) had editable degrees of freedom. Based

on shear tests of the self-tapping screw connection,

the load-displacement curves for the connection

between the OSB panel and steel plate and the steel
plate-steel plate were obtained as the parameter
options for this connection section'®. The six
degrees of freedom were constrained in the global
coordinate system of the web of the bottom beam
to simulate the fixed boundary conditions at the
bottom of the wall. Reference point RP-1 was
established for coupling the connection with the web
of the top beam of the wall.

Besides the degrees of freedom in the
movement direction of the top beam represented by
U2 and U3, the other four degrees of freedom were
constrained. Meanwhile, for reference point RP-1,
the displacement-loading amplitude was set to be
the same as the displacement of the hysteretic
loading to simulate the loading process of the tests.

A comparison between the hysteresis curve
obtained with the FE analysis and the hysteresis
curve obtained in the experiments is shown in Fig.
11. A similar comparison of the skeleton curves is
shown in Fig. 12, and comparisons of the FE and
experimental yield load, peak load, and shear
bearing capacity is given in Table 5.

Fig. 11, 12, and Table 5 indicate that the
hysteresis curve and skeleton curve obtained with
the FE analysis were roughly consistent with the
experimental curves. However, the hysteresis loop
from the FE results is fuller than that from the

experimental results.

Table 5 Comparison between the average of the experimental results and the finite element analysis results

Yield load  Yield displacement Peak load Peak displacement Shear bearing
Modd P,/kN A, /mm P /KN Aps/mm capacity/ (kN + m™)

Test 32.90 15. 56 37.94 29. 84 15. 81

Wall A1 Finite element 35. 14 14. 25 39.61 20. 91 16. 50
Error/ % 6. 81 8.42 4.40 30. 00 4.36

Test 47.43 16. 90 54. 39 23.90 22.67

Wall A2  Finite element 54. 07 15. 97 60. 90 21.73 25. 38
Error/% 14.0 5.5 12.0 9.08 11. 95

Test 47. 27 16.0 53.77 23.29 22.40

Wall A3 Finite element 54.22 15.71 61. 22 21. 66 25.51
Error/ % 14. 70 1. 81 13. 86 7.0 13. 88
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The error of the yield load and yield
displacement, peak load and peak displacement,
and shear bearing capacity of the wall between the
FE analysis and the experimental results was
generally less than 15%, which indicates that the
FE model can effectively simulate the mechanical
performance of the wall under hysteresis loading,

and the finite element model is reliable,

40 50
A/mm

— A1-1 Test result
—— A1 Finite element anslysis result

(a) Comparison of wall A1-1

0L
— A2-1 Test result
—-60 A2 Finite element anslysis result

(b ) Comparison of wall A2-1

Zeot
<

— A3-1 Test result
760t —— A3 Finite element anslysis result

(¢ ) Comparison of wall A3-1
Fig. 11 Comparison of the hysteresis curve between

the finite element and test

4.2 Influence of the yield strength of steel on the
seismic performance of the wall

Based on the FE model of the cold-formed
thin-walled steel composite wall with a single-sided
OSB panel and diagonal bracing (wall A2), the
influence of steel strength grades Q235 (f, =245
N/mm*) and Q345 (f, = 358 N/mm’) on the
mechanical properties of the wall was investigated.
The FE modeling method was the same as in
Section 4. 1, and the vertical load was 80 kN.
Comparisons of the obtained hysteresis curves and

skeleton curves are shown in Fig. 13.

z
< 40
i \
20 \
e L ‘
40 =30 20 -10 10 20 30 40 50
\ 0 A/mm
N —=—Test Al-1
—40| —e—Test A1-2
—— Finite element Al

(a) Comparison of wall Al

60
A/mm

40

-60 -40 20
== Test A2-1

o— Test A2-2
60— Finite element A2

e

-50 -40 -30 -20 -10 10 20 30 40 50
—30F A/mm
~40} —® Test A3-1

N\, —¢— Test A3-2
_60 —* Finite element A3

(¢ ) Comparison of wall A3
Fig. 12 Comparison of the skeleton curve

between the finite element and test

As shown in Fig. 13, compared with the Q235
steel wall, the yield load of the Q345 steel wall was
increased by 39. 68%, the yield displacement was
increased by 37. 08%, the peak load was increased
by 38. 25%, the peak displacement was increased
by 25. 61%., and the shear bearing capacity was
increased by 35. 31%. The shear bearing capacity
of the composite wall was thus significantly
improved by increasing the yield strength of the
steel skeleton. This is because the failure of the
wall was mainly caused by the yielding of the studs

and guide rails, the yielding or fracture of the
diagonal bracing at the area of the gusset plate
during the process of tension and compression, the
shear failure of the screws at the area of joint plate
and the corner of the wall plate, and the shear
failure of the wall panel. Therefore, the yield
strength of the steel is an important factor affecting

the shear bearing capacity of walls with diagonal

bracing.
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Fig. 13 The hysteresis and skeleton curves of finite element

analysis

4.3 Influence of the vertical load on the seismic
performance of the wall

Based on the FE model of the cold-formed
thin-walled steel composite wall with a single-sided
OSB panel and diagonal bracing (wall A2), the
influence of varying the vertical load (0, 80, 120,
160, 200, 240, 280, and 320 kN) on the
mechanical properties of the wall was investigated.
The FE modeling method was the same as in
Section 4. 1. The specimen numbering scheme is
summarized in Table 6. A comparison of the
skeleton curves for the eight models is shown in
Fig. 14. The relationship between the peak load
and the axial compression ratio of the wall is shown
in Fig. 15, and the results of the FE analysis of the

wall specimens are presented in Table 6.

Table 6 The finite element analysis results of the walls

Model Vertical Axial compression Yield load Yield displacement Peak load Shear bearing
number load /kN ratio Py/kN Ay/mm Prox /KN capacity /(kN e m~1)
A2-0 0 0 53. 30 16. 68 59.43 24.76
A2-80 80 0.16 54. 07 15. 97 60. 90 25.38
A2-120 120 0. 24 54.22 15. 71 61.22 25.51
A2-160 160 0.32 54.79 15. 66 61. 96 25. 82
A2-200 200 0. 40 54. 90 15. 61 62. 32 25.97
A2-240 240 0. 48 55. 67 15.59 62. 82 26.18
A2-280 280 0. 56 55.92 15. 57 62.91 26. 21
A2-320 320 0. 64 56. 02 15. 56 62. 94 26. 23
z 60t 63.0 W
< ol 62.5 ,.’//
sl 62.0 B
. ‘ ’ ‘ § 61.5 L
30 20 -10 10 20 30 610 . ~
L —=—A2-P0  A/mm & L
—e— A2-P80 60.5 .
L Y —4— A2-P120 It
-401 —¥—A2-P160 60.0F 7
+ A2-P200 ,
-60 | —«— A2-P240 59.5¢7
A2-P280
—e A2-P320 59.0 . R ‘ R .
00 01 02 03 04 05 06 07

Fig. 14 The comparison of skeleton curves

As indicated in Table 6, Fig. 14, and Fig. 15,
the load-displacement curves of the walls under a
vertical load exhibited roughly the same trend, and
there was little variation in the peak load. With the

increasing axial compression ratio, the peak load of

Middle column axial compressive ratio
Fig. 15 The relationship between peak load and axial

compression ratio

the wall gradually increased, and the content of
this increase varied from high to low. When the

axial compression ratio reached approximately 0. 6,
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the peak load of the wall tended to be stable. The
yield displacement of the wall increased with the
increasing axial compression ratio, which indicates
that the lateral stiffness of the wall also increased
with the increasing vertical load.

For the ordinary steel plate shear wall, the
steel plate was confined only by the steel frame and
the middle area of the steel plate was
unconstrained. The vertical load would lead to the
increase of the out-of-plane deformation of the steel
plate shear wall, and the reduction of lateral
stiffness and shear bearing capacity-”'. But for the
cold-formed thin-walled steel composite wall, the
application of a vertical load was likely to
strengthen the constraint effect of the panel on the
steel skeleton. The shear bearing capacity under a
vertical load of 320 kN (axial compression ratio of
0. 64) was 5. 9% higher than that under no vertical
load. The increase was not obvious, and the
specific reasons need to be studied in further
research.

In conclusion, the application of a vertical load
was likely to strengthen the constraint effect of the
panel on the steel skeleton. The bearing capacity
and lateral stiffness of the wall both slightly
increased with the increasing axial compression
ratio. When the axial compression ratio reached

approximately 0. 6, the peak load of the wall

tended to be stable.
5 Design suggestions for cold-formed
thin-walled steel composite walls

with diagonal bracing

Based on the safety factor for the allowable

stress design in American code AISI-15M*, the

1

"equal safety factor " principle is used to

approximate the "equivalent resistance partial

factor" according to the probability limit-state
design method in China. This is then combined
with the yield bearing capacity to obtain the design
value for the shear bearing capacity of composite

walls. This method ensures that the calculation

results are basically the same as the reliability in
the American code.,

Allowable stress design (ASD) for horizontal
earthquake action can be described as follows

P nominal
K

where Sgy 1s the standard value of the horizontal

Sk < €Y

shear force of the wall under horizontal earthquake
action; Prpoming 1s the "nominal shear strength" of
the wall, which is taken as the unit peak load of
the wall, P,..; and K is the safety factor, which is
defined as 2. 5 under horizontal earthquake action.
The expression for the probability limit state
design method in China for horizontal earthquake

action is as follows

Py
YoYenYr

where, ¥, is the coefficient for the importance of a

P
Yo VenSenk << 7:‘35}?111( < (5
R

structure, which is generally taken as 1. 0; g, is
the partial factor of the horizontal earthquake
action, taken as 1. 3; Py is the standard value of
the shear bearing capacity of the wall, taken as the
unit yield load of the wall, P,"""; and i is the
partial factor for the resistance of the wall.

The monomials on the right sides of Egs. (4)
and (5) were equated and simplified to obtain the
partial factor for the resistance of the wall under
the action of a horizontal earthquake.

_ KP. _ 2.5P,
Yo }/Ellp nominal 1- SP max.

At present, structural design in China employs

(6)

7R

the probability limit state design method. The
determination of the design value for the shear
bearing capacity of the wall, P, mainly involves
the standard value of the shear bearing capacity,
Py, and the resistance partial factor, Y. of the

structure, as follows™?

0

By substituting Eq. (6) into Eq. (7), the
design value for the shear bearing capacity of the
wall under horizontal earthquake action can be

obtained as follows
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P = 0.52P,.x (8
the the

recommended design values for the shear bearing

According to above method,

capacity per unit length of the composite walls
obtained through the experiments and FE analysis

are listed in Table 7.

Table 7 Shear capacity design values under horizontal earthquake action

Axial Unit peak Unit Resistance Design value
Wall Wall Steel Vertical
compression load/ yield load/ partial of shear bearing
number parameters  strength /kN  load /kN
ratio  (kNem ') (kNem™!) factor capacity/(kN+m~!)
Al-1 2.4mX2.4m 80 0.16 15.93 13. 64 1. 65 8. 27 Test
345
Al-2 No panel Q345 80 0.16 15. 69 13.78 1. 69 8.15
A2-1 80 0.16 22.11 19. 08 1. 66 11.49
2.4 mX2.4m
A2-2 80 0.16 23.22 20. 45 1. 69 12.10
single-sided
A3-1 120 0. 24 23.76 20. 38 1. 65 12. 35
OSB panel
A3-2 120 0. 24 21. 04 19. 01 1.74 10. 93
2.4mX2.4m Q345 Finte
Al 80 0.16 16. 50 14. 64 1.71 8. 56
No panel element
A2(A2-80) 80 0. 16 25. 38 22.53 1.71 13.18
A3(A2-120) 120 0. 24 25.51 22.59 1.70 13.29
A2-0 0 0. 00 24.76 22.21 1.73 12. 84
A2-160 2.4mX2. 4m 160 0.32 25. 82 22.83 1.70 13.43
A2-200 single-sided 200 0. 40 25.97 22. 88 1. 69 13.54
A2-240 OSB panel 240 0. 48 26. 18 23.20 1.70 13. 65
A2-280 280 0. 56 26. 21 23. 30 1.71 13.63
A2-320 320 0. 64 26. 23 23. 34 1.71 13. 65
A2-Q235 Q235 80 0.16 18. 35 16. 13 1. 69 9.54
Based on the results in Table 7, test behavior of the wall. Therefore, it is recommended to

observations, and the wall structure and
influencing factors for the shear bearing capacity of
the wall, the following design suggestions for cold-
formed thin-walled steel composite walls with
diagonal bracing are proposed:

1) In the tests, the failure of the composite
wall with a single-sided OSB panel mostly occurred
in the gusset plate area and the corner of the panel.
This was shown by the shear fracture of the screws
the breakage of the

the

in the gusset plate area,

diagonal bracing caused by reciprocating
deformation of the flange in the process of tension
and compression, the yielding of the studs and the
lower guide rail, and the shear fracture at the
corner of the panel. Finally, shear fracture of the

screws on the gusset plate represented the failure

include a gusset plate at the intersection of the
diagonal bracing and the steel skeleton in the
design of these walls.

2) The yield strength of steel is an important
factor affecting the shear bearing capacity of walls
with diagonal bracing. Thus, it is suggested that in
the design of cold-formed thin-walled composite
walls with diagonal bracing, steel with a higher
yield strength should be selected.

3) For the cold-formed steel

thin-walled
composite wall, the application of a vertical load
was likely to strengthen the constraint effect of the
panel on the steel skeleton, and the shear bearing
capacity under a vertical load of 320 kN (axial
compression ratio of 0. 64) was 5. 9% higher than

that under no vertical load. But the increase was
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not obvious, therefore, it is suggested that the
influence of the vertical load on the shear bearing
capacity of the wall should not be the focus of too
much attention in the design of cold-formed thin-

walled steel composite walls with diagonal bracing.

6 Conclusions

In this study, through an experimental
investigation and FE analysis of the seismic
performance of diagonally braced cold-formed thin-
walled steel composite walls subjected to a vertical
load, the following conclusions could be drawn:

1) The failure of walls with no panel mostly
occurred in the joint area. This manifested as
inclined slippage and shear fracture of the screws in
the gusset plate area, breakage of the diagonal
bracing caused by the reciprocating deformation of
the flange in the process of tension and
compression, and yielding of the flange of the
lower guide rail and the bottom of the middle
studs. The failure mode observed in the composite
wall with a single-sided OSB panel was mostly
oblique slipping and shear fracture of the screws in
the gusset plate area, severe deformation and
yielding of the studs and the lower guide rail, and
shear fracture of the screws at the corner of the
panel and the joint area. The studs in composite
walls with a higher axial pressure yielded earlier
and exhibited more deformation when destroyed.

2) The panel had a strong restraint effect on
and made a

the composite wall significant

contribution to improving the shear bearing
capacity of the diagonally braced wall. The yield
strength of the steel was an important factor
affecting the shear bearing capacity of walls with
diagonal bracing. However, the axial compression
ratio had little influence on the shear bearing
capacity of the wall, and when the axial
compression ratio reached a certain level, the shear

bearing capacity fluctuated minimally and became

stable.

3) Based on the experiments and FE analysis
and according to the design norms and theoretical
background of JGJ 227-2011 and American code
AISI-15, "the partial coefficient of resistance"” of
the wall was derived, and the design value for the
shear bearing capacity of the wall under the action
of a horizontal earthquake was determined,
providing a reference to guide the structural design

of these walls.
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