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Abstract

In order to improve the seismic behavior of reinforced concrete (RC) shear walls in high-rise structures, this research recommends employing
an embedded cold-formed steel section (ECFS) composite wall. In order to determine how well composite shear walls withstand seismic
activity, a battery of tests was run on four different specimens: two specimens with embedded CFS composite walls, one normal RC walls,
and one cold formed steel bracing frame (CFSB-F). Specifically. A discussion was held regarding the experimental behavior of test
specimens, covering topics such as load-deformation characteristics, damage development, energy dissipation, stiffness, failure mode, and
ductility. As a result of the findings, it appears that composite shear walls that incorporate cold-formed steel have greatly improved lateral
load can be reached over conventual wall by about 178 %, also Significantly enhancing stiffness of wall, and improvement in energy
dissipation capacities by 16 %. Result showed good stability and performance of the composite shear wall with seismic loads in deformation
capacity. Additionally, it was shown that crushing concrete could be reduced effectively. The maximum lateral load capacity was predicted
using the Chinese Code for Design of Composite Structures. The comparison indicates a strong correlation between the test results and the
estimated findings.

Keywords: Composite shear walls; Encased R-C walls; Quasi-static load; Cold-formed steel; skeleton curves.

1. Introduction

Over the past few years, a significant number of new skyscrapers have been built. Shear walls are typically the primary
structural elements responsible for resisting lateral loads in these types of buildings. The magnitudes of the overall shear force
escalate with the elevation of the structure. An increase in the thickness of the reinforced concrete (R.C) shear wall can lead to
a decrease in its effective area and ability to deform, which in turn can negatively impact the seismic performance of the entire
R.C structure. Researchers have enhanced the seismic performance and deformation capacity of the shear wall by using
improvement strategies and conducting several investigations. Shear walls with concealed bracings are one example of these
measures [1, 2].

Another method of reducing cracking is the use of steel-concrete composite shear walls. Composite shear walls have a
lower cracking rate than RC shear walls, have a greater ductility and have a greater energy dissipation capacity than RC shear
walls [3-5], the high rigidity and good overall performance of composite walls make them less susceptible to local buckling
and lateral drift during earthquakes [6, 7]. Steel reinforced concrete shear walls [8], composite steel shear walls with an outer
wrapping [9-12], composite shear walls with a concealed truss [13], and embedded composite steel plate-concrete shear walls
[14, 15] are some of the subtypes of composite steel concrete shear walls. Integrating embedded steel sections with concrete
results in the formation of composite shear walls, which are designed to make the most of the combination of steel and
concrete.

Steel and concrete are able to carry vertical loads simultaneously as a result of this mechanism. Consequently, the shear
wall can carry a greater load, has a smaller sectional size, and has a greater lateral stiffness, which can improve the structure's
seismic performance overall. An experimental steel-concrete composite element is numerically analyzed and tested by Dan et
al [16], Cho. [17], Qian et al [18], H. Omare [19].

Most noticeably different from one experimental element to the next is the configuration of the assembly of steel
component inserted in the wall cross section and the encased element of the steel cross section. To secure the steel profiles to
the concrete, several steel studs featuring heads are incorporated. Through the incorporation of steel tubing or section steel
into the edge members, reinforced concrete shear walls can effectively augment their ductility, stiffness, and capacity to
sustain loads. Recent research has led to the development of a new composite wall system that includes steel truss components
integrated within it. This system incorporates web bracing diagonal members, which serve to enhance the wall's resistance to
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shear stresses and its ability to dissipate energy [20- 22].

Further construction benefits can be obtained by incorporating cold-formed thin-walled (CFTW) steel sections into RC
walls, thereby decreasing the quantity of reinforcing bars that are necessary. A CFTW steel sections can first be erected in
both sides, and can be help to be sufficiently strong and stiff for all of the construction loads to be carried. The CFTW steel
sections can be reinforced with reinforcement bars, while the formwork can be screwed with holes for the cover. Therefore, it
is possible to reduce the amount of conventional formwork to a great extent [23, 24].

An analysis of the structural response of composite shear walls embedded with CFTW steel sections was examined in this
study by examining the hysteretic responses, strength degradation characteristics and stiffness, failure pattern, ductility and
energy dissipation capacity of the walls.

2. Experimental Program

2.1. Material Properties
Mixtures of concrete made for normal strength the concrete was made with a combination of natural sand for the fine
aggregate, dolomite for the coarse aggregate, and 42.5 percent cement. It is produced by Helwan cement company in Egypt,
Table 1 displays these mixtures.

Table 1: Proportioning of concrete mixes.

Cement (kg) 350
Sand (kg) 750
Gravel (kg) 1150
Water (liter) 180
Volume (m?) 1

Concrete with an exacting specification of 30 MPa compressive strength was utilized in the construction of each test
specimen. Upon the 28th day, the mean compressive strengths of the concrete measured in standard cubic sample tests of 150
mm by 150 mm by 150 mm were 28.89 MPa, 31.79 MPa, 35.88 MPa, and 33.1 MPa, respectively. Fig. 1 displays the
preparation and testing of the compressive strength of the cubes.

Figure 1: Testing the compressive strength of the cubes
The coupon tests were performed on a universal testing machine; three coupons were tested for each material coil. According
to the results of the coupon tests, the steel sheets that were utilized in this investigation conform the minimum standards for
ductility. as shown in Fig. 2 Stress-strain of steel grade ST-37. The stress strain curve was constructed by using the average of
the results of three different experiments performed in each group.

Steel grade ST-37
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Figure 2: Stress-strain of steel grade ST-37
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Table 2 displays the mechanical properties of the steel materials utilized for the tested walls, such as hot-rolled plain and
ribbed steel bars for wall reinforcement, steel tube members, and cold-formed thin-walled sections.
Table 2: Properties of steel material

Type of steel Eg (N/mm?) F, (N/mm?) F, (N/mm?)
C80 * 58.5 % 1.5 2%105 378 424
Steel Tube 1.95*105 272 325
No. 8 HPB 2.08 *10 5 230 327
No. 10 HRB 2.11*105 504 565

2.2. Specimen Details
A total of four one-third scaled R.C. wall and composite shear walls, identified by Control Wall (C-W), Embedded Cold
Formed Steel Bracing Wall (ECFSB-W), Embedded Cold Formed Steel Wall (ECFS-W), and Cold Formed Steel Frame
(CFS-F), were erected and evaluated while subjected to both lateral loads and vertical load. It is important to note that all four
specimens have identical overall dimensions, including a top loading block of 1100 mm * 250 mm * 250 mm, a wall portion
of 1200 mm * 140 mm * 700 mm, and a base block of 1300 mm * 350 mm * 450 mm. We used eight hot-rolled plain bars
(HRPs) of nominal diameter 8 mm and yield strength 240 MPa as horizontal reinforcement spaced 150 mm apart, and eight
hot-rolled ribbed bars (HRBs) with a diameter 10 mm and yield strength 500 MPa as vertical reinforcement spaced 220 mm
apart. The embedded section and web braces for specimen ECFSB-W were made of CFS C shape steel sections and steel tube
with an internal diameter of 30mm and thickness of 2mm. The specimen ECFS-W contained vertical CFS C channel shapes of
steel with dimensions of C80 * 58.5 * 1.5. Fig. 3 has a comprehensive description of the dimensions and characteristics of the
shear wall, and the CFS-sectional dimensions encased in walls. Table 3 contains an overview of the main provided details and
specifications for the four specimens. Fig. 4 displays the process of preparing a specimen and casting concrete.

Table 3: Specimen’s details

Specimens C-W ECFS-W ECFSB-W CFSB-F
length x thickness x height 1200 mm x 700 mm x 140 mm —_
vertical wall reinforcement 8§ @10 8 @10 8 @10 _—
Horizontal wall reinforcement 7 @ 8/m 7 @ 8/m 7 @ 8/m —_—
Steel form chord type —_ L 80-15 L 80-15 L 80-15
Steel form brace type B — —_— Tube Tube
bracing 2mm bracing 2mm
Axial ratio 0.1 0.1 0.1 0.1
1100 mm
l ‘ l 1| 4No.12
zomm | ] T e
11— —1
700 mm
8No.10
1200 mm 7No.8/m 140Trnrn [ i " ]
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Figure 3: Specifications of the examined samples
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b) Casting Concrete
Figure 4: casting concrete and preparing specimen

Preparing steel frame in cased frame works

a)

2.3. Testing Setup

With the purpose of simulating earthquake conditions, three composite wall specimens were put through a series of tests that
involved applying cyclic lateral load reversals and constant axial loads. The specimen was fastened to the sturdy frame using
high-strength steel rods, as depicted in Fig. 5. In order to maintain a consistent axial force on the specimen, a hydraulic jack
was used. The jack, which could support loads up to 1500 kN, was fastened to the frame girder using rods made of high-
strength steel. Applying this force to the specimen was equivalent to applying the axial load ratio with a value of 0.1. As per
the provided definition, the ratio of axial compression is determined by dividing the axial compression load exerted on the
cross section by its overall capacity to bear axial loads. For details on the axial compressive applied load for each specimen,
see Table 3. The top beam was equipped with two 100 mm stroke, horizontal hydraulic actuators that could withstand loads
up to 1000 KN. Testing of all specimens was conducted under cyclically increasing horizontal loads, since the top beam was
designed to transmit both constant vertical load and cyclic axial Hz forces. To prevent overturning and sliding during testing,
in order to support the base block, a stiff beam was installed on both sides. The test was divided into two parts to make
loading easier. The horizontal load was raised by 8 kN until it reached 24 kN at the start of the test. After that, the increase in
the horizontal load dropped to 5 kN until the first crack in the concrete was seen going in the direction of the positive load.
The loading pattern was then repeated in the opposite way until the first crack in the concrete showed up. We looked at the
strength and stiffness degradation properties for each amount of displacement by doing two cycles. Testing was halted when
either the axial load was insufficient to complete the task at hand or the lateral applied load capacity fell below 85% of its
maximum Hz lateral load.
Seif-balancing frame
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Load cell Loading Beam
Horizontal jack / Hornizontal jack
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a) Detailed Graph for lab. setup

b) Lab. Setup
Figure 5: Specimens test setup
As shown in Fig. 6, adequate instrumentation was set up to test the specimens, Measure and document the applied force and
change in deformation shape. Strain gauges were affixed at certain locations on reinforcement and embedded CFS members to
quantify strain. Load cells and linear variable differential transformers (LVDTs) were placed atop the specimen in order to
measure the lateral load and displacement. Additionally, experimental observations were documented, including the
progression of fracture formation and the sequence of yielding.

LVDT (2) ]LSLDT ™)

- T
I =
o] S e— " 1

1
LVDT (3)

O ]
LVDT (4) i
/ !
::%:° | %
/I
)

Strain gauge on CFS

4| Strain gauge on Vertical HRB

LVDT (5)

Figure 6: Installation details of the strain gauge and LVDT

3. Results and Discussion
3.1. General Observations
With a force of 39 kN, the specimen C-W was cracked. A number of inclined cracks emerged, each with a 1.35 mm

lateral displacement. At 3.5 mm lateral displacement, the inclined cracks started to widen and horizontal cracks showed on the
bottom wall. By the time 13.5 mm lateral displacement reached the boundary region, the wall's concrete had begun to crush. A
maximum displacement of 15.2 mm was recorded during the loading cycles, when concrete spall off happened on the
compression part at the bottom of the wall. The cracking load in specimen ECFS-W was 59 kN. The crack spread rapidly at a
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displacement of 5.5 mm after cracking vertically at 1.2 mm on the compression side of the wall corner. A buckling formed on
the longitudinal reinforcing bars, When the compressive side of the wall's concrete spalled off due to a 10 mm lateral
displacement. The embedded CFS C-shaped steel member buckled at a displacement of 11.5 mm as well. Because the
boundary elements were severely crushed by the concrete, the lateral load carrying capability of the ECFSW dropped
dramatically at a 12 mm lateral displacement. The experimental phenomena observed during ECFSB-W were very similar to
those observed during ECFSW. Cracking loads of 65 kN were observed for specimen ECFSBW. Conversely, tube bracing
provided greater strength for specimen ECFSBW, which promptly buckled in response to a 13 mm lateral displacement,
followed by the embedded CFS C-shaped truss chord buckling and longitudinal rebar fracture. Two factors contributed to the
eventual collapse of CFSB-F: local buckling in the CFS C shape component and the bolted connection between the steel
section and the tube bracing, which experienced an incredibly modest lateral force. Before and after the wall was subjected to
severe lateral load, the cracking patterns of each specimen are depicted in Fig. 7.

a) Failure pattern for C-W specimen

b) Failure pattern for ECFS-W specimen
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c) Failure pattern for ECFS-W specimen
Figure 7: Failure pattern of specimen

3.2. Hysteretic Cycles

Fig. 8a shown C-W specimen hysteresis loops involving shear force and lateral displacement. Hysteretic loops did not
indicate obvious pinching during initial loading cycles. The specimen was yielded at a displacement of 3.36 mm after 97.5 kN
of shear force was applied. In the both loading directions, the peak capacities to bear lateral loads were 118.6 kN, with
corresponding displacements of approximately 14.7 mm. At a distance of 15.2 mm, the lateral load in two side of the wall
decreased substantially and the surface concrete spalled off at the wall web. A relatively brittle failure pattern was observed
for C-W, along with poor ductility and energy dissipation capability compared to other specimens.
As can be seen in Fig. 8b, the relationship between shear force and lateral displacement for ECFS-W is presented. In this
case, the crack started widely with a displacement of 1.33 mm. This resulted in a lateral capacity of 78 kN as a result of the
displacement. The maximum shear forces were measured to be 184.8 kN in both side for the loading position. As a result of
the 9 mm lateral displacements, neither the lateral load nor the stiffness was affected in any way. The test was terminated
because to the fact that the CFS was buckling and the boundary element concrete had a significant crushing, which resulted in
a lateral displacement of 11.5 mm.
ECFSB-W exhibits a relationship between shear force and lateral displacement in Fig. 8c. The specimen demonstrates a
linear correlation between lateral load and displacement up to a magnitude of 73 kN. The greatest lateral force measured in the
positive loading direction was 198.5 kN, with a corresponding maximum displacement of 13.2 mm. In the negative loading
direction, the maximum obtained load was 207.9 kN, with a lateral displacement of 11 mm. According to Fig. 8d, a specimen
of CFS-F failed rapidly as a result of local buckling at a corresponding lateral load of 10 kN. CFS-F cannot resist lateral loads
independently, but when enclosed in a R.C wall, it can enhance the overall resistance to lateral loads. Remarkably, the
difference between ECFS-W and E CFSB-W is evident when compared to C-W.
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Figure 8: Specimen hysteresis loops for lateral load versus displacement relationships
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3.3. Skeleton Curves

The skeleton curves illustrated in Fig. 9 represent the maximum loads applied to the test walls, in both directions, for each
loading displacement, at the first cycle. According to the figure, shear walls exhibit ductile failure behavior during flexural
failures, exhibiting minimal reduction in strength as displacement increases after reaching maximum load.

250
200
150
100
=
=3
o
3
|
T-20 -15 15 20
% —Aa—C-W
- —8—ECFS-W
—e— ECFSB-W

-250
Lateral Displacement (mm)

Figure 9: Test walls skeleton curves.

3.4. Ductility
The equivalent energy approach that was provided by Park [25] was utilized in order to determine the displacement ductility
of each individual specimen. With the use of the following equation, the ductility of every specimen was determined by
utilizing the ductility coefficient ().

p=A/4, 1)
where A, horizontal displacement at the time of failure, and A,, at the yielding point. A summary of all specimens' ductility
coefficients is provided in Table 4.

Table 4: Summary of all specimens' ductility coefficients

Specimen Ay (mm) A, (mm) Ductility p
C-W 3.36 12.59 3.74
ECFS-W 2.36 6.06 2.56
ECFSB-W 3.79 7.51 1.98

A comparison of ECFS-W and ECFSB-W to C-W showed higher lateral load capacities, however, there was a greater
reduction in ductility by 31 % and 49 %, respectively, when compared to C-W. It is important to note that the envelope curves
of ECFS-W and ECFSB-W were nearly identical to one another, that exemplifies the high level of stability and performance
of the encased shear wall with seismic loads.

3.5. Stiffness and Strength of Specimens
When cyclic loading was applied to embedded CF steel shear wall specimens, a Secant stiffness analysis was carried out in
order to evaluate the stiffness degradation that occurred as a result of the loading. The Secant stiffness (Ki) of the composite
wall specimens was determined by performing calculations using the provided equation.

Ki=Pi/Ai (2)
Where, P;and A, are the maximum lateral loads and displacement of the first iy, loading cycle.
Throughout the loading operation, the stiffness of all specimens dropped in accordance with a power law as the displacement
of the specimens increased. Fig. 10 illustrates the correlation between stiffness and lateral displacement. The initial stiffness
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of ECFS-W and ECFSB-W was larger than C-W. There was a very similar pattern for the degradation of stiffness in each
specimen. C-W, however, demonstrated a much faster degradation of stiffness after significant strength degradation compared
to other specimens, suggesting that tube bracing and embedded CFS have a beneficial effect. After loading all specimens
except C-W, the stiffness degradation characteristics were very similar, demonstrating an insignificant effect of the tube
bracing on stiffness degradation characteristics during the entire loading procedure.

200
180 »
160 T
140 ||

120
—t— C-W
—a— ECFS-W
80 T ECFSB-W

P/A (Kn/mm)

-20 -15 -10 -5 0 5 10 15 20

Lateral Displacement A (mm)

Figure 10: changes in the rate of stiffness deterioration in experimental walls

3.6. Dissipated Energy

Dissipation of energy through hysteretic damping (Wd) is a crucial factor in evaluating the seismic performance of a shear
wall as it plays a significant role in reducing earthquake damages and minimizing the strength and ductility requirements of
the structure in seismic design. Based on the area enclosed by the hysteresis loop at each loading increment, the dissipated
energy can be calculated [26], as shown in Fig. 11.

F(1)

A

F, —

Hysteresis loop

Umax u

Equivalent hysteresis loop

Figure 11: Energy dissipated from an equal-amplitude hysteresis loop [26]

A shear wall's energy dissipation capacity can be assessed by measuring its equivalent viscous damping ratio (geq). According

to [26], it is defined as follows:
w
Eeq = 4*11:;15 3)

As shown in Fig. 9, WD represents the dissipated energy, while WS represents the elastic strain energy that can be calculated
by using the trilateral area (the vertically hatched area).

This Fig. 12 presents the number of cycles in which the specimens dissipated energy during the loading cycle. The wall
demonstrated a favorable energy dissipation capacity based on the observation that all specimens showed a significant
increase in dissipated energy as the loading displacement increased consecutively. In comparison with the other specimens,
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the ECFSB-W exhibited the most advantageous energy dissipation capacity due to tube bracing and the concentration of steel
channel members at the sides. The energy dissipation capacities of specimens ECFS-W and ECFSB-W were increased by 14
%, and 16%, respectively, as compared with specimen C-W. There is no doubt that tube bracing and CFS can effectively
enhance shear wall energy dissipation.
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Figure 12: dissipated energy and number of cycles

4. Shear Strength Evaluation

Shear strength of reinforced concrete walls with CFS trusses embedded therein were examined in this research according to
the Chinese Code for Design of Composite Structures JGJ 138-2016 [27]. This composite wall's shear strength is estimated
to be affected by five factors: the concrete's shear strength, the axial load, the horizontally distributed reinforcement, the
encased steel channel, and the encased steel bracing. With the following equation,

Vo = Vre + Vsc + Vsp 4)
Vec = (1/(42 = 0.5)) (0.4  f * by, * hyyo + 0.1 % N x (A /A) + 0.8 = fyp * (Asn/S) * huo 5
Vse = (0-32/‘4) * fo*Aqg (6)
Vsp = (fg *Ag+ @ *fy *Aé) * cos(0) 0

Where V|, is the total lateral shear force in shear wall, Vgc, Vsc, and Vg represent shear force from concrete, embedded CFS,
and encased steel bracing respectively, A The shear span ratio of a wall is limited to 1.5 to 2.2 and taken in this study equal
2.2,£=0.395 * fco'55 , by, the thickness of wall, hy, depth of effective shear, N is the axial load, which may be determined using
the formula N=0.2*{.*b,,*h,o , A area of the wall's total cross-section, Ay the cross section area of the web, fy, is the
horizontal reinforcing bars' yield strength., Ay, It represents the the entire surface area of the horizontal reinforcing at a
distance of S, where S stands for the distance between the horizontal reinforcing bars, A, is the cross section area of encased
CF steel section in the wall boundary of one side, f, represents the yield strength of a CF steel section that is encased., Ag, A,
are tensile and compressive area of steel tube diagonal bracing, 0 is the angle of diagonal member and taken in range sixty
degree for all specimen, and ¢ denotes the stability coefficient of the web brace under compression and take for bracing equal
0.537. This value is determined by the Chinese code for design of steel structures (GB500017-2003). The value for each
specimen is presented in Table 5.
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Table 5: Shear strength calculations and their components

Specimen Viest (Kn) JGJ 138-2016 Vies!Va
Vre (Kn) Vsc (Kn) Vs (Kn) Vi (Kn)
C-W 118.6 119.5 _ _ 119.52 0.99
ECFS-W 184.8 119.5 25.04 — 144.56 1.26
ECFSB-W 207.9 119.5 25.04 72.70 217.27 0.96

There is a striking agreement between the tested wall and the numerical calculation with respect to the maximum lateral load,
as shown in Fig. 13.

M test Result Numerical calculation
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1]
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< 100
5
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0 |
C-W ECFS-W ECFSB-W CFS-F

Figure 13: relation between tested wall and numerical calculation

5. Conclusion

This research program is aimed at proposing and studying shear walls embedded with CF steel members, Shear walls that
are specifically designed for high-rise buildings in earthquake-prone zones are more suitable than traditional shear walls. four
specimens were tested to evaluate seismic performance Based on their maximum lateral load capacity, energy dissipation
capabilities, post-yielding deformation, and strength and stiffness degradation characteristics, based on the data and results,
the following conclusions can be discussion.

B ECFS-W and ECFSB-W demonstrated 160% and 178% higher lateral load capacities compared to C-W, but also
exhibited a 31% and 49% reduction in ductility, respectively. The stiffness analysis indicated superior stability and
performance of the composite shear for specimens ECFS-W and ECFSB-W under seismic loads in comparison to C-W.
Specimens ECFS-W and ECFSB-W showed a 14% and 16% improvement in energy dissipation capacities compared to
specimen C-W.

. The experimental results show that the shear walls crushing failure pattern may be effectively changed by using
embedded CF steel and tube braces. A favored failure pattern was noted in specimens that had embedded CF steel and tube
bracing. Tube Bracing may help improve the deformation capacity, ductility, and energy dissipation of RC composite shear
walls, according to a hysteretic response of the specimens.

B Steel tube bracing increases the amount of lateral forces applied to the wall web area. The wall web area must
withstand these stresses, leading to the formation of additional inclined cracks in the wall web. The experiments on ECFS-W
and ECFSB-W showed a big similarity in results, indicating that increasing the volumetric steel ratio for tube bracing will not
significantly change the lateral load capacity and failure patterns of the wall.

. It is possible to accurately predict the maximum lateral load capacity of composite walls with encased CF steel
using the calculation method provided in the Chinese Code for Design of Composite Structures (JGJ138-2016 2016).
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