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Abstract: To improve the seismic behavior of shear walls, a new composite shear wall composed
of a steel-fiber-reinforced high-strength concrete (SFRHC) web and two square concrete-filled steel
tube (CFST) columns, namely a steel-fiber-reinforced concrete shear wall with CFST columns, is
proposed in this paper. Therefore, the main purpose of this paper is to present an experimental
investigation of the seismic behavior of the SFRHC shear wall with CFST columns. Pseudo-static
tests were carried out on seven composite shear walls, and the seismic performance of the shear walls
was studied and quantified in terms of the aspects of energy consumption, ductility and stiffness
degradation. Furthermore, the experimental results indicated that adding steel fiber can effectively
restrain the crack propagation of composite shear walls and further help to improve the ductility
and energy dissipation capacity of composite shear walls and delay the degradation of their lateral
stiffness and force. Moreover, the seismic behavior of the SFRHC shear wall with CFST columns
was obviously superior to that of the conventionally reinforced shear wall, in terms of load-bearing
capacity, ductility, stiffness and energy dissipation capacity, because of the confinement effect of the
CFST columns on the web. Finally, the preliminary study demonstrated that the composite shear
wall has good potential to be used in regions with high seismic risk.

Keywords: composite shear wall; steel-fiber-reinforced high-strength concrete; square concrete-filled
steel tubes; seismic behavior; load-bearing capacity

1. Introduction

Reinforced concrete shear walls are the key vertical bearing and lateral force-resisting
component in high-rise buildings, widely used in earthquake-prone areas [1–4]. Its seis-
mic performance is directly related to the overall safety of buildings. The research on
earthquake damage shows that the main reason for the serious damage or collapse of
shear walls lies in their poor ductility and energy dissipation capacity [5,6]. In the cur-
rent design code, the axial compression ratio of shear walls should be strictly limited to
meet the ductility requirements and avoid brittle failure. Therefore, the wall is often very
thick, which reduces the usable area of the building and increases the self-weight of the
structure. On the other hand, the restrained edge members of ordinary reinforced concrete
shear walls must be equipped with many stirrups to effectively restrain the concrete and
prevent longitudinal reinforcement from buckling under compression [7]. However, dense
reinforcement increases the cost and affects the construction quality [8,9].

In order to overcome the shortcomings of ordinary reinforced concrete (RC) shear
walls, researchers have put forward various forms of composite shear walls and con-
ducted a great deal of research on their seismic behavior [10–15]. Meghdadaian [16,17],
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Kizilarslan [18–20] and Hu et al. [21] studied the seismic performance of composite shear
walls with steel plates. Shi [22] and Jiang [23] studied the performance of double-skin com-
posite walls subjected to in-plane cyclic loading. Zhang [24,25] studied the seismic behavior
of composite shear walls with high-strength steel bars under cyclic loading. Yan [26,27]
studied the seismic performance of concrete-filled composite plate shear walls. Researchers
have also explored the use of steel trusses [28,29] and steel–concrete–steel composite plates
for further reinforcement [30,31].

Among all kinds of composite shear walls, concrete-filled steel tube (CFST) side
column shear walls are particularly attractive because the boundary element of concrete-
filled steel tubes can help to resist external loads and serve as an additional constraint
to restrain concrete. Ren [32] studied a composite shear wall composed of a reinforced
concrete wall web and two boundary columns filled with carbon-fiber-reinforced polymer
concrete. The results showed that the seismic performance of shear walls with CFST
boundary columns was better than that of ordinary shear walls. The proposed composite
shear wall had similar bearing capacity to the shear wall with double-skin CFST columns,
but it had better ductility and greater dissipation capacity. Yan [33] proposed a type of
steel–concrete–steel sandwich composite shear wall with J-hook connectors and CFST
columns. The test results showed that all the concrete-filled steel tubular columns with
the boundary experienced bending failure. Zhou [34,35] proposed a precast concrete-
encased high-strength concrete-filled steel tube composite shear wall with twin steel tube
connections. The experimental results showed that the composite shear wall had better
hysteric behavior, ductility, stiffness degradation and energy dissipation capacity.

In the past several years, the application of steel-fiber-reinforced concrete (SFRC) has
been found increasingly in practice. Some researchers have conducted tests on the seismic
behavior of SFRC shear walls. Due to the excellent properties of SFRC, such as tensile
strength, shear resistance and crack resistance, SFRC can significantly improve the seismic
performance of shear walls and reduce the phenomenon of steel bar blockage. Moreover,
the ductility, energy dissipation capacity and bearing capacity of SFRC shear walls increase
with an increase in the steel fiber volume fraction. Smarzewski [36,37] studied hybrid
fiber-reinforced high-performance concrete deep beams with and without openings. The
results showed that the initial cracking load, ultimate bearing capacity, toughness and
ductility were improved with an increase in hybrid fiber content. Lim [38], Kang [39]
and Choun [40] carried out cyclic loading tests on SFRC shear walls. The experimental
results indicated that the seismic performance of the shear wall was obviously improved
by adding steel fiber. Wei [41] studied the compression behavior of ultra-high-performance
reinforced concrete columns confined by round steel tubes. The results demonstrated that
the strength and ductility of the circular steel tube columns with steel fibers were greatly
improved. Xu [42] investigated the seismic behavior of ultra-high-performance steel-
fiber-reinforced concrete thin-walled steel tube columns under cyclic loading. The cyclic
performance of the ultra-high-performance steel-fiber-reinforced concrete thin-walled steel
tube columns was obviously better than that of ordinary-strength concrete-filled steel tube
columns. Similarly, Lu [43] experimentally investigated the seismic behavior of steel-fiber-
reinforced high-strength concrete (SFRHC) composite shear walls with different steel fiber
volume fractions.

To sum up, previous research has mainly focused on concrete-filled steel tube shear
walls or steel-fiber-reinforced concrete shear walls, with very little research on SFRHC
shear walls with CFST columns. Therefore, this paper is devoted to exploring the seismic
performance of composite shear walls by adding steel fibers with different volume fractions
into square steel tubes by conducting experiments. The main parameters of the specimen
include the steel fiber volume fraction, frame style, axial compression ratio and shear span
ratio. Then, the failure characteristics, hysteretic curves, load-carrying capacity, stiffness
degradation, energy dissipation capacity and deformation capacity of the specimens are
discussed and studied in detail.
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2. Experimental Program
2.1. Test Specimens and Materials

In accordance with the Chinese GB 50010-2010 [44] and GB 50936-2014 [45] standards,
a total of 7 specimens were designed in this paper, including 1 ordinary RHC shear wall
without CFST columns and 6 SFRHC shear walls with two CFST columns. The details of
all specimens are summarized in Table 1, where the parameters mainly include the frame
style (with or without CFST columns), steel fiber volume fraction (0, 0.5%, 1.0% and 1.5%),
axial compression ratio (0.1 and 0.2) and shear span ratio (1.0 and 1.5).

Table 1. Detailed parameters of the test specimens.

Joint
Number

Web Concrete
Type

Dimension (mm ×mm ×mm) Steel Fiber
Volume Fraction (%)

Axial Compression
Ratio

Shear Span Ratio
Wall Web Steel Tube

RHC-0 C60 975 × 750 × 120 – 0 0.2 1.5
CFST-1 C60 975 × 750 × 120 120 × 120 × 3 0 0.2 1.5
CFST-2 CF60 975 × 750 × 120 120 × 120 × 3 0.5 0.2 1.5
CFST-3 CF60 975 × 750 × 120 120 × 120 × 3 1.0 0.2 1.5
CFST-4 CF60 975 × 750 × 120 120 × 120 × 3 1.5 0.2 1.5
CFST-5 CF60 975 × 750 × 120 120 × 120 × 3 1.0 0.1 1.5
CFST-6 CF60 600 × 750 × 120 120 × 120 × 3 1.0 0.2 1.0

Note: C stands for normal concrete; CF stands for steel-fiber-reinforced concrete.

The configurations and reinforcing details of the specimens with a shear span ratio of
1.5 are shown in detail in Figure 1, where the web height of the composite shear walls is
975 mm, and the cross-section is 750 mm × 120 mm (Figure 1a). Two CFST columns with
the same side length of 120 mm and thickness of 3 mm were installed in the composite shear
wall (Figure 1b). In addition, to fix the wall and apply the load, a foundation beam with
a cross-section of 450 × 500 mm2 and a top beam with a cross-section of 250 × 300 mm2

were designed. To ensure reliable connections between the CFST columns and the shear
wall web, U-shaped connectors [46] were also welded to the steel tubes (Figure 1e). The
web height of the CFST-6 specimen was 600mm, while the other parameters were kept the
same as the test specimens mentioned above.

2.2. Materials

Two kinds of concrete (RHC (C60) and SFRHC (CF60)) were poured into the wall
webs, as shown in Table 1. It is worth noting that C60 was used to cast the foundation
beam, top beam and CFST columns. Ordinary Portland cement and clean tap water were
used in the experiment. Coarse aggregate and fine aggregate were selected from gravel
with a continuous grain size of 5–20 mm and natural river sand, respectively. Uniform
distribution of steel fiber is the key to preparing steel-fiber-reinforced concrete. To avoid
the agglomeration of steel fiber, a forced mixer was selected for mixing. Firstly, all the dried
mixed crushed stone, sand and steel fiber were added to the cement and high-range water-
reducing admixture and mixed evenly. Then, water was injected while stirring. The steel
fibers were used to form a hook shape, with an aspect ratio of lf/df = 35 mm/0.55 mm = 64
and tensile strength of 1345 MPa. The detailed composition of the concrete is listed in
Table 2.

For each type of steel-fiber-reinforced concrete, four groups of cube specimens and two
groups of hexagonal prism specimens were prepared and cured under the same conditions.
Then, a material test was conducted to obtain the cube compressive strength after curing
for 28 days and on the day of the formal test, respectively. On the day of the test, two
groups of prismatic specimens were used to measure the compressive strength and elastic
modulus of the concrete. The material test results measured according to Chinese standard
GB/T50081-2002 [47,48] are listed in Table 2.
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Figure 1. Dimensions and reinforcing details of the specimens. (a) Reinforcements of the specimens with CFST columns;
(b) Solid diagram of the specimens; (c) Cross-section of the CFST specimens; (d) Cross-section of the RHC-0 specimen;
(e) Dimensions of U-shaped connector (unit: mm).

Finally, the thicknesses of the CFST columns and U-shaped connectors were 3 mm
and 2 mm, respectively, and they were composed of cold-formed steel tubes. The strength
grade of the reinforcing bar and steel plate was HRB400 and Q235B, respectively, according
to the Chinese GB/T228-2002 standard [49]. Table 3 presents the material properties of the
steel plate and reinforcing bar.
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Table 2. Mix proportion and mechanical properties of concrete.

Concrete
Type

Steel Fiber Volume
Fraction (%)

Mix Proportion (kg/m3)

fc (MPa) ft (MPa)
Modulus of

Elasticity (Mpa)Steel
Fiber Water Cement Sand Stone Water

Reducer

C60 0 0.0 164 529 646 1110 5.819 55.3 2.8 41,500
CF60 0.5% 39 164 529 646 1110 5.819 55.5 3.7 41,600
CF60 1.0% 78 164 529 646 1110 5.819 55.9 6.2 42,100
CF60 1.5% 117 164 529 646 1110 5.819 56.8 7.9 42,300

Table 3. Material properties of steel plate and bar.

Category Yield Strength fy (MPa) Ultimate Strength fu (Mpa) Elastic Modulus (Mpa)

C6 369.2 521.6 185,000
2 mm plate 236.67 323.20 188,000
3 mm plate 307.07 392.20 198,000

2.3. Experimental Device and Loading System

The test loading device is shown in Figure 2. Firstly, the shear wall specimen was
placed in the vertical reaction frame of the test loading system, and then the foundation
beam of the specimen was fixed to the rigid floor with anchor bolts and horizontal com-
pression beams. The vertical axial force was applied by a hydraulic jack of 2000 kN. The
upper end of the hydraulic jack was connected with the vertical reaction frame through
rolling support to ensure that the vertical axial force could move synchronously when
the shear wall specimen moved horizontally. The lower end of the hydraulic jack was a
rigid distribution beam with high rigidity to ensure that the vertical axial force could be
uniformly applied to the wall. A horizontal cyclic load was applied by an electro-hydraulic
servo-hydraulic actuator.

All shear wall specimens were subjected to horizontal low-cyclic loading under con-
stant axial force. After the test began, a corresponding axial load was exerted on the loading
beam and then loaded horizontally. Horizontal loading was controlled by displacement,
and the loading system is shown in Figure 3. The displacement was expressed as the drift
ratio θ, which is defined as the ratio of the lateral displacement at the loading point (∆)
to the height of the loading point above the wall base (H). The yield drift ratio θym was
designated as 1/400 according to the research in the literature [50]. Before the yield drift
ratio θym, the rotation levels of 0.5 θym and 0.75 θym were imposed. After the yield drift
ratio θym, three loading cycles were repeated at each drift level according to 1θym, 2θym,
3θym and so on. When the axial force could not be maintained or the lateral force degraded
below 85% of the peak lateral force, the test was stopped.

Figure 2. Cont.
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Figure 2. Experimental setup: (a) Schematic diagram; (b) Photo.

Figure 3. Loading history.

3. Test Results and Discussion

To better understand the seismic performance of the SFRHC shear wall with CFST
columns, the effects of some key parameters on the behavior of the specimens are discussed
and clarified in detail in this section, in terms of failure mode, hysteretic behavior, ductility,
stiffness degradation and energy dissipation capacity.

3.1. Failure Modes

The loading program described in the previous section was conducted on all speci-
mens, and the failure modes of the specimens at yield, peak point and failure point were
recorded, respectively. Three keys are defined in the ‘skeleton curves’ section. Figure 4
shows the failure process of all specimens, and Figure 5 gives the failure modes of all the
tested specimens. From Figures 4 and 5, it can be found that: (1) at the yield point (Y
point), inclined cracks of nearly 45◦ developing obliquely downward in the wall webs were
observed; in addition, the paint for CFST-series specimens was peeling at the column feet
of the steel tubes on both sides, but to different extents; (2) as the force increased to the
maximum value (P point), the distribution pattern of cracks remained unchanged, and
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the width and number of cracks appreciably increased compared with the yield point
Y; concrete spalling at the column-foot-restrained edge of specimen RHC-0 was serious;
obvious outward bulges of the steel tubes on both sides of CFST-series specimens were
observed; at the same time, there was concrete spalling in the wall webs in the middle
of the CFST-1 and CFST-2 specimens; (3) when the force was reduced to 85% of the peak
value, the specimen reached the ultimate state (point U), and the bearing capacity of the
specimen decreased obviously; the concrete at the column-foot-restrained edge of the
RHC-0 specimen was seriously peeled off; the buckling degree of the steel tubes on both
sides of the CFST-series specimens gradually increased until torn, and the concrete at
the foot of the column peeled off. The concrete in the middle of the CFST-1 and CFST-2
specimens also displayed extensive spalling. In particular, the failure modes for most of
the specimens mainly comprised bending failure.

Figure 4. The failure process of all specimens: (a) RHC-0; (b) CFST-1;(c) CFST-2; (d) CFST-3; (e) CFST-4; (f) CFST-5;
(g) CFST-6.
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Figure 5. Failure patterns of shear wall specimens after test: (a) RHC-0; (b) CFST-1; (c) CFST-2; (d) CFST-3; (e) CFST-4;
(f) CFST-5; (g) CFST-6.

Compared to the RHC-0 specimen, the CFST-1 specimen was relatively slow to pro-
duce cracks, and the crack width was also reduced. Both RHC-0 and CFST-1 specimens
were subjected to bending and shear failure. The main crack widths of RHC-0 and CFST-1
were 2.54 mm and 1.82 mm, respectively. In comparison to the RHC-0 specimen, the main
crack width of the CFST-1 specimen was reduced by 28.3%. The main reason for this was
that the confinement effect of the CFST columns to the wall webs was stronger than that of
the reinforced concrete side columns.

With the increase in the steel fiber volume fraction, the crack formation and devel-
opment tended to slow down. Under the peak force, with a steel fiber volume fraction
of 0%, 0.5%, 1.0% and 1.5%, the main crack widths of the CFST-1, CFST-2, CFST-3 and
CFST-4 specimens were 1.82 mm, 1.25 mm, 1.07 mm and 0.84 mm, respectively. Compared
to specimen CFST-1, the main crack widths of the CFST-2, CFST-3 and CFST-4 specimens
were decreased by 31.3%, 41.2% and 53.8%, respectively. This was mainly due to the
effective bonding between the steel fiber and concrete, which could improve the overall
bearing capacity of the specimens and effectively delay the cracking process of shear wall
specimens. At the same time, after the specimen cracked, the steel fiber running through
both sides of the crack still needed to consume a great deal of energy in the process of
pulling out, which inhibited the development of the crack width. It could be seen that steel
fiber was able to significantly improve the shape of the cracks, and the cracks in the wall
were generally thin and dense, limiting the width of the main cracks and alleviating the
crushing and spalling of the concrete. In addition, CFST-2, CFST-3 and CFST-4 specimens
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all suffered from bending failure, indicating that the addition of steel fiber can change the
failure mode of shear walls.

Compared to the CFST-3 specimen, the failure rate of the CFST-5 specimen increased,
and the failure degree of the steel tubes decreased. However, the failure characteristics
of the two specimens and the distribution of cracks in the wall concrete were essentially
the same.

With the increase in the shear span ratio from 1.0 to 1.5, the failure mode changed
from shear failure to flexural failure. The specimens with a shear span ratio of 1.0 showed
minor spalling on the wall web surface, while the shear wall specimens with a shear span
ratio of 1.5 showed concrete spalling at the column foot.

3.2. Hysteretic Curve

The lateral force vs. lateral displacement hysteretic curves for all tested specimens
are given in Figure 6. At the initial stage of the load, the load increased linearly with
the increase in the displacement, indicating that the composite shear walls were in the
elastic phase. In other words, no residual deformation occurred at the loading point. With
the increase in the applied displacement, the area of the hysteresis loop became larger.
Immediately after the vertical cracks formed in the wall web, the stiffness of the hysteretic
curve decreased slightly and the strength increased steadily. Obvious residual deformation
could be observed when the lateral force returned to zero. These curves were pinched
slightly to form an arch. With the further development of concrete cracks and continuous
yielding of longitudinal reinforcement in the tensile zone, the specimens gradually yielded,
and the hysteretic curve became an inverted S shape with an evident pinch. After reaching
the peak force, the residual deformation became more apparent. Due to the crushing and
spalling of concrete and the tearing of the steel pipes, the stiffness and strength decreased
significantly. Under the same displacement level, with the increase in the number of cycles,
the bearing capacity tended to decrease obviously. At the final failure, the hysteretic curve
of the specimen was between the inverted S shape and the Z shape.

Figure 6. Cont.



Fibers 2021, 9, 75 10 of 19

Figure 6. The hysteretic curves: (a) RHC-0; (b) CFST-1; (c) CFST-2; (d) CFST-3; (e) CFST-4; (f) CFST-5; (g) CFST-6.
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Comparative analysis of the hysteretic curves for the RHC-0 and CFST-1 specimens
showed that the elastic–plastic deformation and bearing capacity of the composite shear
wall were improved, as a result of the confinement effect of the CFST columns on the shear
walls. The peak force and displacement of the CFST-1 specimen were increased by 26%
and 21% compared with the RHC-0 specimen. This was mainly due to the better restraint
effect of the CFST-1 confined frame on the wall compared to the RHC-0 confined frame. On
the one hand, this shows the reliable confinement effect of steel tubes on the core concrete.
At the same time, the concrete in the steel tube can effectively prevent local damage caused
by the concave shape, thus improving the bearing capacity of shear wall specimens. On the
other hand, the effective connection between the concrete-filled steel tubular frame column
and the middle wall causes the concrete-filled steel tubular frame column to mainly bear
the bending action of the specimen. The shear wall panel mainly bore the shear action,
which could cause the two to demonstrate better synergy.

With the increase in the steel fiber volume fraction, the elastic–plastic deformation,
bearing capacity and hysteresis loop area of each hysteretic curve further increased, as
shown in Figure 6. Compared to the CFST-1 specimen, the peak forces of CFST-2, CFST-3
and CFST-4 specimens were increased by 16%, 31% and 46%, respectively, and the peak
displacements were increased by 9%, 14% and 22%, respectively. The experimental results
showed that increasing the volume ratio of steel fiber can improve the bearing capacity of
the wall and enhance the elastic–plastic deformation and energy dissipation capacity of
the wall.

With the increase in the axial compression ratio, compared to the CFST-5 specimen, the
peak force of the CFST-3 specimen was increased by 14%, and the peak displacement was
decreased by 4%. The hysteresis loop areas of the two specimens were approximately equal,
which indicates that the axial compression ratio had little effect on the energy consumption
of the specimens.

As the shear span ratio increased from 1.0 to 1.5, the peak force of the CFST-3 specimen
was decreased by 45% and the peak displacement was increased by 46% compared with
the CFST-6 specimen. At the same time, the former showed a significant pinching effect.

3.3. Skeleton Curve

By connecting the peak points of each loading increment in sequence on the hysteresis
curve, lateral force versus lateral displacement skeleton curves of the specimens could
be obtained, as shown in Figure 7. The effects of the frame type, steel fiber volume ratio,
axial compression ratio and shear span ratio on the bearing capacity and elastic stiffness
of specimens can be clearly observed. In the elastic stage, the force and displacement
were linear. After cracking, the curve had an obvious turning point, showing stiffness
degradation. With the increase in displacement, the force increased further until the peak
point was reached. After this, the curve suddenly dropped as the specimen was tested to
failure. Table 4 lists the strength and displacement at different characteristic points. Fy and
∆y (yield displacement) were determined using the energy equivalence method [51], as
shown in Figure 8.
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Figure 7. Skeleton curves of test specimens with (a) different frame style; (b) different steel fiber volume fraction; (c) different
axial compression ratio; (d) different shear span ratio.

Table 4. Strength and displacement at different characteristic points.

Joint
Number

Cracking Point Yield Point Peak Point Ultimate Point
µ EtotalFcr (kN) ∆y (mm) Fy (kN) ∆y (mm) Fm (kN) ∆m (mm) Fu (kN) ∆u (mm)

RHC-0 132.22 1.86 308.52 9.32 383.71 18.56 325.37 24.2 2.60 65.09
CFST-1 166.27 2.51 405.89 10.27 481.76 22.41 414.42 28.48 2.77 108.06
CFST-2 199.72 2.69 425.65 10.51 523.73 26.03 451.19 32.5 3.09 154.96
CFST-3 245.56 2.92 455.53 11.01 548.95 29.42 473.53 38.13 3.46 194.92
CFST-4 285.59 3.47 480.54 10.84 585.95 32.67 504.27 41.9 3.87 289.42
CFST-5 202.29 2.56 417.62 10.81 483.13 30.54 417.14 41.02 3.79 191.34
CFST-6 398.32 1.38 807.17 8.82 993.36 20.15 844.68 23.5 2.66 157.9

Note: Fcr is crack force. ∆cr is crack displacement. Fy is yield force. ∆y is yield displacement. Fm is peak force. ∆m is peak displacement.
Fu is ultimate force. ∆u is ultimate displacement. µ is the ductility coefficient. Etotal is accumulative energy dissipation.
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Figure 8. The method to determine yield point.

Figure 7a compares the skeleton curves of specimens with different frame styles.
Compared to the RHC-0 specimen, the CFST-1 specimen had a larger envelope. In addition,
the slope of the CFST-1 specimen’s curve was larger than that of the RHC-0 curve at the
initial loading stage, which indicates that the initial stiffness of the CFST shear wall was
larger than that of the RHC curve.

Figure 7b presents the skeleton curves of specimens with different steel fiber volume
fractions. Compared to specimen CFST-1, the crack force (Fcr) of CFST-2, CFST-3 and CFST-4
specimens with 0.5%, 1.0% and 1.5% steel fiber volume fractions was improved by 20%, 48%
and 72%, respectively. The ∆cr, ∆y, ∆m, ∆u and corresponding forces increased significantly.
This indicated that increasing the steel fiber volume fraction in the wall web was beneficial
to delay the concrete cracking and improve the load-bearing capacity and deformation
capacity. A higher steel fiber volume fraction usually leads to a greater improvement.

Figure 7c gives the skeleton curves of specimens with different axial compression
ratios. The two specimens show similar initial stiffness. Compared with the CFST-5
specimen, the cracking force and yield force of CFST-3 were increased by 21% and 9%, and
the corresponding cracking displacement and yield displacement were increased by 14%
and 2%.

Figure 7d shows the skeleton curves of specimens with different shear span ratios.
Compared to the CFST-6 specimen, the cracking force and yield force of the CFST-3
specimen were decreased by 38% and 44%, while the corresponding cracking displacement
and yield displacement were increased by 112% and 25%. Moreover, the skeleton curve of
the CFST-6 specimen rose sharply, and the bearing capacity dropped rapidly after reaching
the peak value, indicating that its stiffness decayed rapidly after reaching the peak force.

3.4. Ductility Coefficient and Energy Dissipation

The energy dissipation capacity of specimens can be measured by the area of their
lateral force vs. lateral displacement envelope. Deformation capacity is an important index
of the seismic performance of composite shear walls, which is defined as the displacement
ductility coefficient µ.

µ =
∆u

∆y
(1)

where ∆u is the ultimate displacement and ∆y is the yield displacement. The calculated
values of the total energy dissipation (Etotal) and ductility coefficient for each test are
presented in Table 4 and Figures 9 and 10.
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Figure 9. The ductility coefficient.

Figure 10. The energy dissipation.

In comparison to specimen RHC-0, the ductility coefficient and energy dissipation of
the CFST-1 specimen were improved by 7%, and 66%, respectively. In addition, compared
to the CFST-1 specimen, the ductility coefficients of CFST-2, CFST-3 and CFST-4 specimens
were improved by 8.83%, 14.17% and 21.77%, respectively, and the energy dissipation
was improved by 43%, 80% and 168%, with the increase in the steel fiber volume fraction
from 0 to 0.5%, 0.5% to 1% and 1% to 1.5%. The results indicated that adding steel fiber
to concrete can significantly improve the ductility and energy dissipation of specimens.
However, increasing the axial compression ratio has little effect on the energy dissipation
and has a negative effect on the ductility of walls. As the axial compression ratio increased
from 0.1 to 0.2, compared with the CFST-5 specimen, the energy dissipation of the CFST-3
specimen was increased by only 2% and the ductility coefficient was decreased by 9%. In
comparison to the CFST-6 specimen, the ductility coefficient and energy dissipation of the
CFST-3 specimen were improved by 30% and 23%, respectively. This shows that increasing
the shear span ratio can effectively improve the ductility and energy dissipation of an
SFRHC shear wall with CFST columns.
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3.5. Stiffness Degradation

The secant stiffness was used to characterize the stiffness degradation of the specimens
under various loadings, and it was calculated according to the Specification for Seismic
Test Buildings in China [51].

Ki =
|+Fi|+ |−Fi|
|+∆i|+ |−∆i|

(2)

where +Fi and −Fi are the peak forces in the positive and negative directions under the ith
loading, respectively; +∆i and −∆i are the displacements corresponding to the peak force
in the positive and negative directions under the ith loading, respectively.

The secant stiffness of specimens with different displacements is shown in Figure 9.
It can be seen that the stiffness degradation trend of all specimens was very close. At
first, the stiffness degradation was fast, but the stiffness degradation slowed down as
the specimen entered the yield stage. When the specimens were close to failure, the
stiffness difference between the specimens became the smallest. The secant stiffness of each
specimen decreased with the increase in displacement.

Figure 11a shows the effect of the frame style on the stiffness degradation of the
specimens. This indicates that the composite shear walls with CFST columns had higher
stiffness than the RHC shear wall without CFST columns. The initial stiffness of the CFST-1
specimen was 1.1 times that of the RHC-0 specimen, and the stiffness degradation curve
slowed down. This implies that the confinement effect of the CFST columns on the wall
webs could effectively mitigate the stiffness degradation and increase the initial elastic
stiffness of the shear wall specimens.

Figure 11b compares the effect of steel fiber volume fraction on the stiffness degra-
dation of the specimens. With the increase in the steel fiber volume fraction, the stiffness
degradation rate of SFRHC specimens was slightly slower than that of RHC specimens, es-
pecially in the crack development stage. The reason for this is that the steel fiber prevented
crack propagation and improved the stress redistribution in the rapid crack development
stage. Therefore, crack development was postponed and distributed more uniformly.
Hence, the stiffness degradation rate decreased, and the impact of the steel fiber was
gradually reduced.

Figure 11c shows the effect of the axial compression ratio on the stiffness degradation
of specimens. The initial stiffness of CFST-3 and CFST-5 specimens was similar. However,
in the later loading process, the stiffness degradation rate of the CFST-3 specimen was
more significant.

Figure 11d presents the effect of the shear span ratio on the stiffness degradation of
the specimens. When the shear span ratio increased from 1.0 to 1.5, the initial stiffness of
the shear wall specimens decreased by 64%, but the stiffness degradation curve tended to
slow down.
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Figure 11. The stiffness degradation with (a) different frame style; (b) different steel fiber volume fraction; (c) different axial
compression ratio; (d) different shear span ratio.

4. Conclusions

In this paper, the hysteretic behavior of SFRHC shear walls with CFST columns under
cyclic loading was studied via experiments. The deformation, stiffness degradation and
energy dissipation of specimens were discussed. Based on the experimental results of the
current research, the main conclusions were drawn as follows:

• Compared to the ordinary shear wall, the cracking force, yielding force, peak force,
deformation capacity, ductility and energy dissipation capacity of the composite shear
wall were significantly improved; in particular, the energy dissipation capacity was
increased by 66%. This demonstrated that CFTS columns can significantly improve
the seismic performance of SFRHC shear walls, due to the confinement effect on the
shear web.

• With the addition of steel fiber, the energy dissipation capacity, ductility coefficient
and load-bearing capacity of the specimens were increased. In addition, the failure
mode of the shear wall changed from shear failure to bending failure due to the crack
resistance of steel fiber.

• Comparative analysis of seismic performance between CFST-3 and CFST-5 specimens
demonstrated that increasing the axial compression ratio of shear walls can increase
the cracking force, yield force and peak force of specimens, and has little influence
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on the energy consumption. However, it has a negative impact on the ductility of
the specimens.

• Comparative analysis of seismic performance between CFST-3 and CFST-6 specimens
illustrated that increasing the shear span ratio of shear walls can increase the ductility
and energy dissipation of specimens. However, it decreased the cracking force, yield
force and peak force (all >35%).
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