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Abstract: In order to provide a good solution for the treatment and utilization of construction waste,
especially waste concrete and to promote the development of green construction to some extent, in this
paper, a new composite shear wall filled with demolished concrete lumps (DCLs) and self-compacting
concrete (SCC) was proposed, and its seismic performance after fire was investigated. Based on
quasi-static tests of four composite shear walls filled with DCLs and SCC, three after a standard fire
and one contrastive specimen without fire, the effects of fire exposure time, fire-retardant coating
on the edge constraint steel pipe column, and the width-thickness ratio on seismic performance of
composite shear walls after fire were studied. The failure patterns, bearing capacity, hysteretic loops,
ductility, skeleton curves, rigidity degradation curves, and energy dissipation of shear walls were
analyzed and compared. Test results indicate that the bearing capacity of the shear wall after 60 min
of standard fire is slightly lower than the contrastive specimen without fire, but specimens still have
good seismic performance. The interlayer displacement angle of the shear wall after a fire still meets
the requirement of regulations. The fire-retardant coating on the edge of concealed steel pipe column
has a limited effect on the seismic performance of specimens after a fire. The horizontal bearing
capacity and energy dissipation capacity of shear walls after a fire can obviously be improved by
properly increasing the width-thickness ratio.

Keywords: composite shear wall; demolished concrete lumps; fire; quasi-static test; seismic performance

1. Introduction

With the advancement of modern civilization, construction waste has gradually be-
come a serious international problem. Construction waste accounts for approximately half
of the solid waste generated globally each year, and the amount of construction waste will
increase significantly in the coming years [1]. According to the National Bureau of Statistics
of China 2020 [2], the weight of construction waste generated in China alone reached
approximately 1585.65 million tons of which waste concrete accounts for approximately
48.35%. This construction waste, if it is directly piled up or landfilled, will waste a large
amount of land resources and also pollute the environment. Utilizing construction waste
in the production of new concrete can have a significant environmental and economic
impact [3]. In addition, using construction waste to manufacture recycled aggregates has
the potential to reduce CO2 emissions and the need for natural aggregates [4]. Based on
this background, recycled concrete came into being.

Self-compacting concrete, also referred to as self-consolidating concrete, is the concrete
that is able to flow under its own weight and completely fill the formwork, while maintain-
ing homogeneity even in the presence of congested reinforcement, and then consolidating
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without the need of vibration [5]. SCC is characterized by very good flowability and
workability. Moreover, it is well known that the introduction of self-compacting concrete
(SCC) has improved both concrete technology and working safety and health conditions
due to the removal of mechanical compaction in construction sites [6–8]. However, SCC
prepared with recycled concrete aggregate needs to be deeply investigated.

In the modern construction industry, various precast concrete structure systems have
emerged due to the speed of construction, quality of products and industrialization of
construction, and research on the performance of precast structures is also common [9–12].
Among them, the composite shear wall structure is a relatively new form of precast concrete
structure. The composite shear wall is divided into three layers from the direction of
thickness. The inner and outer sides are prefabricated, connected by truss steel bars, with a
cavity in the middle, and self-compacting concrete is poured on site [13,14]. The composite
shear wall does not require socket joint or slurry anchor connection, with good integrality,
smoothness on both sides of the panels characteristics. The composite shear wall combines
the advantages of fast construction progress of precast structure and good integrality of
cast-in-place structure. The prefabricated component not only replaces the formwork of
the cast-in-place component on a large scale but also provides a certain structural strength
for the shear wall structure and an operation platform for the structure construction,
reducing the pressure of the support system, which conforms to the development trend of
modernization of the construction industry [15–18].

In recent years, many scholars at home and abroad have conducted a large number of
experimental studies on the seismic performance of composite walls. Soheil Shafaei et al. [19]
conducted a study of a concrete-stiffened steel plate shear wall (CSPSW) with a reinforced
concrete panel on one side and a gap between the concrete panel and the steel frame. The
results showed that the reinforced concrete panel thickness had a remarkable and direct
influence upon the shear capacity and the ultimate strength of the CSPSW; furthermore, it
was dependent upon the thickness of the infill steel plate. Increasing the concrete panel
thickness up to a specific value enhanced the shear capacity and the ultimate strength;
however, with a further increase beyond that, the shear capacity and the ultimate shear
strength of CSPSW remained constant.

In another study by Soheil Shafaei et al. [20], the authors aimed to understand wall–
frame and steel–concrete interactions. The results showed that, in CSPSWs, the percentage
of absorbed shear forces by the infill composite wall was always greater than the infill plate
of its corresponding SPSW. By increasing the drift, the shear yielding of the steel plate led
to a reduction of the shear force absorption. The reduction continued until the bulk of
shear stiffness of CSPSW was provided by the frame. At the beginning of lateral loading,
steel–concrete interactions increased until the shear yield of the steel plate. Following this
stage, a sudden decrease took place in the shear force absorption of the reinforced concrete
(RC) panel.

M. Hasim Kisa et al. [21] analyzed the behavior of composite shear walls with L-shaped
vertical steel sheets compared to conventional shear walls. The authors observed that
composite shear walls with L-shaped cold-formed steel sheets had lateral load capacities
ranging from 11% to 14% more than the conventional RC shear wall. Placing cold-formed
steel sheets on the outer side of boundary regions could effectively improve the flexural
capacity of a shear wall. However, according to the results of the study, this would depend
not only on the configurations of cold-formed steel sheets but also on their cross-section
slenderness ratio.

The in-plane shear behavior of composite steel-concrete shear walls was investigated
by M. Farzam et al. [22]. Results revealed that increasing the thickness of the steel plate
increased the yield and ultimate shear strengths; increasing the spacing between shear
studs reduced the shear resistance to some extent; steel-plate composite (SC) walls with
iron angles had a higher yield and ultimate shear resistance than walls with studs; and the
wall with minimum reinforcement behaved better than the wall with no reinforcement in
terms of ductility and shear strength.
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Five concrete filled double-skin steel-plate composite (CFDSC) wall specimens were
tested under constant axial compressive force and lateral reversed cyclic loading by Shao-
Teng Huang et al. [23] to investigate the seismic behavior of the wall considering the effect
of axial force ratio and shear span ratio. The favorable seismic performance and great
energy dissipation capacity of the CFDSC walls were demonstrated in the test.

However, studies on the seismic performance of composite shear walls after a fire are
still relatively few. In the modernization process, high-rise and super high-rise buildings
are becoming more and more common, and seismic as well as fire resistance are becoming
more and more important in structural design [24–27]. Shear walls have good seismic
performance as load-bearing elements, but after both a fire and a high temperature, their
seismic performance is affected [28–31]. Whether the seismic performance of composite
shear walls can meet the design requirements after a high temperature or whether the
buildings can still be put into use after proper repair and reinforcement treatment remains
to be further studied [32,33]. Therefore, it is necessary to conduct an experimental study
on the seismic performance of composite shear walls filled with DCLs and SCC after a fire
from the perspective of disaster prevention and mitigation.

In this paper, the seismic performance of this new composite shear wall filled with
DCLs and SCC after a fire was investigated. Four composite shear wall specimens with
edge constraint square steel pipe columns were made and tested, three of which were
subjected to a standard fire, and one of which was a contrastive specimen without fire.
The effects of fire exposure time, fire-retardant coating, and the width-thickness ratio on
seismic performance of composite shear walls after a fire were studied. This study can
provide a technical basis and an experimental reference for the safety evaluation and
seismic reinforcement of shear walls after a fire.

2. Experimental Program
2.1. Specimen Design and Material Properties

In this test, a total of four infilling DCLs and SCC composite shear walls with edge
constraint square steel pipe columns were designed. The design and the production of
the specimens were basically the same as those in reference [34], and these specimens
were numbered SW1 to SW4. The dimensions and structure of specimens are shown in
Figure 1. The upper and lower ends of each specimen were designed with reinforced
concrete rigid beams whose stiffness were much higher than the wall panels. The upper
reinforced concrete rigid beam was the loading beam, and the lower was the foundation
beam. The specimens were cast in the following order: in the first step, precast wallboard
was cast with ordinary concrete, including formwork and thermocouple arrangement; in
the second step, the precast wallboard with square steel pipe was assembled when the
precast wallboard was cured to a certain strength; in the third step, the foundation beam
was cast; in the fourth step, concrete was poured into the cavity of the precast wallboard
and the square steel pipe for an approximate thickness of 20 mm and then the finished
DCLs and SCC were placed alternately into the cavity of the precast wallboard and the
square steel pipe, with auxiliary vibration; and, finally, the loading beam was poured with
cast-in-place SCC.

The concrete casting of specimens is shown in Figure 2.
The yield strength and ultimate strength of steel slabs and steel bars are shown in

Table 2. The cubic compressive strength of precast wall slab concrete on the day of the
seismic test was 26.7 MPa. Self-compacting concrete was commercial concrete, with a cubic
compressive strength of 63 MPa on the day of the seismic test.

The core samples of 75 × 75 mm (diameter × height) were obtained from the waste
foundation beams by the core drilling method before the waste concrete was broken, and the
compressive strength of the core samples was measured on the test day. According to the
Technical specification for testing concrete strength with drilled core, the cubic compressive
strength was converted to 39.7 MPa. The waste concrete used in this experiment was
artificially broken into DCLs with characteristic dimensions of 60~80 mm (Figure 3). Then,
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the finished DCLs and SCC were placed alternately into the cavity of the precast wall
panels and the square steel pipes, with auxiliary vibration. The detailed casting process of
specimens can be found in reference [34].
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Figure 2. Concrete casting of specimens. (a) Formwork; (b) Thermocouple arrangement; (c) Precast
wallboard pouring; (d) Precast wallboard pouring completed; (e) Precast wallboard and steel pipe
assembling; (f) Casting of foundation beam; (g) Wet DCLs; (h) Cavity pouring. The variables studied
experimentally included fire exposure time, fire-retardant coating on the edge constraint steel pipe
column, and the width-thickness ratio. The basic parameters of each specimen are detailed in Table 1.
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Table 1. Detailed parameters of specimens.

Specimen
Number

Replacement Rate of
Abandoned Concrete

(%)

Wall Limb Width
(mm)

Wall Limb
Thickness

(mm)

Thickness of
Fire-Retardant Coating

for Steel Pipe (mm)

Fire Exposure
Time (min)

Axial Compression
Ration

SW1 20 1000 200 0 0 0.18
SW2 20 1000 200 0 60 0.18
SW3 20 1000 200 20 60 0.18
SW4 20 1200 200 0 60 0.18

Table 2. Strengths of steel plate and steel bars.

Steel Type Nominal Thickness
(mm)

Measured Thickness
(mm) Yield Strength (MPa) Ultimate Strength (MPa)

Q235B 2 1.77 340.7 467.6
HRB400 8 8 430.1 594.2
HRB400 20 20 443.6 620.2
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Figure 3. Demolished concrete lumps (DCLs).

2.2. Test Setup and Loading Process

This test was carried out in two stages. The first stage was the open fire test. To ensure
that the loading beams and foundation beams avoided damage during the open fire test,
two layers of fire-retardant coating were wrapped on the concrete surface of loading beams
and foundation beams from SW2 to SW4. The ends of the wall restrained columns were
coated with two layers of fire-retardant coating to ensure that both sides of shear wall
specimens were exposed to the fire (Figure 4).
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Figure 4. Fire protection treatment of specimen.

The second stage was the quasi-static test of shear walls after a standard fire. Spec-
imens SW2 to SW4 were placed indoors for 30 days after the open fire test. Then, the
quasi-static test was carried out on all specimens (SW1 to SW4). The vertical load was
applied by a hydraulic jack with a range of 3200 kN, and the pressure sensor was placed un-
der the jack. The repeated horizontal push–pull load was applied by MTS electro-hydraulic
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servo actuator with a range of 1600 kN, fixed to the reaction wall. The test setup is shown
in Figure 5.
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2.3. Monitoring Point Arrangement

To obtain the axial deformation of specimens during the open fire test, vertical dis-
placement gauges were set around the top of loading beams, as shown in Figure 6.
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SW3; (b) Arrangement of LVDTs on SW4.

The embedded thermocouples were at half the height of specimens and were used
to measure the internal temperature field. There were seven thermocouples embedded in
each specimen (SW2 to SW4) among which T1 was located inside the prefabricated wall
panel at a distance of approximately 5 mm from the fire surface; T2 was approximately
50 mm from the fire surface; T3 was approximately 100 mm from the fire surface; T4 was
attached to the outer wall of the square steel tube; T5 was located at the midpoint of the
connection between the concrete center and the outer wall of the square steel tube; T6 was
located at the concrete center of the edge-constrained steel tube core; and T7 was close to
the vertical steel bars, measuring the temperature field of vertical steel bars during the
open fire test. The arrangement of each thermocouple is shown in Figure 7.

The content of a quasi-static test after a fire mainly included the failure process
and failure modes of specimens under various levels of horizontal loads and horizontal
displacements. The layout of each displacement meter is shown in Figure 5, where LVDT1
was set on the loading beam; LVDT2 and LVDT3 were set at three points of shear wall
height; LVDT4 was set at the center of the loading beam perpendicular to the specimen
direction; LVDT5 and LVDT7 were arranged in the horizontal direction at the junction
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of the steel tube and prefabricated wall panel; and LVDT6 was arranged vertically at the
junction of the steel tube and the precast wall panel.
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Figure 7. Arrangement of thermocouples in specimens (unit: mm). (a) Arrangement of thermocouples
in SW2 and SW3; (b) Arrangement of thermocouples in SW4; (c) Thermocouples side profile.

At the beginning of the test, a predetermined vertical load was first applied to the
shear wall specimen and then a repeated push–pull horizontal load was applied under the
condition that the vertical load was basically stable. In this test, we adopted displacement
control [35], and the specific loading system is shown in Figure 8. The displacement angle
values of each stage are shown in Table 3.
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Table 3. Loading value.

Series Displacement Angle Displacement Values (mm) Cycles Series Displacement Angle Displacement
Values (mm) Cycles

∆1 1/1000 1.70 1 time ∆6 1/100 17.00 3 times
∆2 1/800 2.12 1 time ∆7 1/75 22.67 3 times
∆3 1/500 3.40 3 times ∆8 1/50 34.00 3 times
∆4 1/300 5.67 3 times ∆9 1/30 56.67 3 times
∆5 1/200 8.50 3 times ∆10 1/25 68 3 times

3. Test Results
3.1. Open Fire Test Results Analysis
3.1.1. Phenomenon

The patterns of specimens after the open fire test are shown in Figure 9. It can be
observed from the figure that the concrete of the three specimens was light yellow after
60 min of fire, and a few horizontal cracks appeared on the concrete surface of precast
wall panels on both sides of the shear walls, and the steel bars in walls were not exposed.
The outer surface of steel tubes on the concealed columns of SW2 and SW4 were mostly
dark black, and steel tubes had a slight buckling phenomenon; SW3 was equipped with
fire-retardant coating on the steel tubes of concealed columns, so the steel tubes did not
appear bulging and were relatively flat.
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Δ5 1/200 8.50 3 times Δ10 1/25 68 3 times 

3. Test Results 

3.1. Open Fire Test Results Analysis 

3.1.1. Phenomenon 

The patterns of specimens after the open fire test are shown in Figure 9. It can be 

observed from the figure that the concrete of the three specimens was light yellow after 

60 min of fire, and a few horizontal cracks appeared on the concrete surface of precast 

wall panels on both sides of the shear walls, and the steel bars in walls were not exposed. 

The outer surface of steel tubes on the concealed columns of SW2 and SW4 were mostly 

dark black, and steel tubes had a slight buckling phenomenon; SW3 was equipped with 

fire-retardant coating on the steel tubes of concealed columns, so the steel tubes did not 

appear bulging and were relatively flat. 
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Figure 9. Patterns of specimen after fire. (a) SW2; (b) SW3; (c) SW4.

3.1.2. Temperature Field Analysis
Furnace Temperature

Figure 10 shows the comparison of the measured average air temperature–exposure
time curves in the furnace and ISO-834 standard fire curve, the actual fire heating curves
have diversity, in order to unify and compare, many countries and organizations have
formulated the standard fire heating curve for the component fire resistance test to assess
the component fire resistance limit [36], during the open fire test of SW2 to SW4 in this test.
It can be seen that the measured heating curves of SW3 and SW4 were generally consistent
with the standard fire curve, while there were certain deviations in the furnace heating
curve of specimen SW2. This was because the experimental furnace had not been used for
four months before this test, and the workability of this experimental furnace was affected
by moisture. After the open fire test of SW2, the workability of this furnace returned
to normal.
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Measured Temperature-Time Curve

Figure 11 shows the curves of temperature variation with time at the seven monitoring
points during the open fire test. It can be seen that the temperature of three specimens
all increased with fire time. In the same cross section, measured concrete temperature
gradually decreased with increasing depth of the monitoring points. The temperature of
steel pipes outer surface of concealed column and wall concrete surface of SW2 and SW4
were higher, the rest of the internal concrete were lower than 35 ◦C, and the temperature
of core concrete was approximately 150 ◦C. Because of the fire-retardant coating on the
steel pipe column, the temperature of the steel pipe column cross section of SW3 was lower
than that of specimen SW2 and specimen SW4, but the temperature change of the wall
cross section was almost the same as that of SW2 and SW4. In addition, the maximum
temperature of the three specimens vertical reinforcement was approximately 500 ◦C. Fire
for 60 min caused some degree of damage to the outer edges of specimens, while the
properties of core concrete were basically the same as those at a normal temperature.

3.1.3. Axial Deformation Analysis

The axial deformation–fire time curves of specimens are shown in Figure 12, and the
axial deformation was positive with expansion deformation. It can be seen from the figure
that the axial deformation of SW2, SW3, and SW4 were 2.12 mm, 1.6 mm, and 2.29 mm,
respectively. The axial deformation variation of the three specimens were basically the
same, and they were all in the expansion stage.

3.2. Analysis of Seismic Test Results after Fire
3.2.1. Phenomenon

When specimens were in the elastic stage, there were no visible cracks on the surface
of the shear wall concrete and no buckling phenomenon on the steel tubes of concealed
columns. After specimens entered the yield stage, buckling occurred, then horizontal cracks
were formed, and diagonal cracks gradually appeared. When specimens entered the failure
stage, fire specimens and non-fire specimen showed different failure patterns. The diagonal
cracks of concrete on the surface of specimen SW1, which was not subjected to fire, extended
and widened, forming the principal diagonal cracks in the shape of an “X”. The concrete at
the junction of steel tubes and precast wall panels displayed a spalling phenomenon and
the bending steel bars were exposed. However, diagonal cracks of concrete on the surface
of SW2 to SW4 did not form principal diagonal cracks. The wall panels were divided
into some diamond-shaped pieces by several crossed diagonal cracks, and the concrete
was peeled off in a large area at the corner of the wall panels (This may be due to the
fact that under the combined effect of high temperature and axial load, the fire specimens
were internally damaged to some extent. With the further action of low reversed cyclic
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loads, micro-cracks originally generated during fire time continued to expand, resulting
in eventual failure without forming the principal diagonal cracks. [37–39]). The failure
patterns of specimens are shown in Figure 13. The cracks depicted in blue were those
generated during the open fire test, and the cracks depicted in red were those generated in
this seismic test.
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In the test process, the failure characteristics of SW1 were similar to those in refer-
ence [34], and the failure characteristics of SW2 to SW4 were roughly the same. Taking
specimen SW2 as an example, the failure process, phenomenon, and characteristics were
analyzed and introduced. Figure 14 shows the failure process and phenomenon of SW2.

(1) When the displacement angle was 1/1000, specimen was in the elastic stage, there
was no visible crack on the concrete surface of the wall panel and no bulge on the steel
tubes of concealed columns;

(2) When the displacement angle was 1/800, the first horizontal crack occurred at
the junction of the prefabricated wall panel and steel tubes, which was 280 mm above the
foundation beam;

(3) When the displacement angle was 1/500, the concrete cracks on the surface of the
precast wall panel began to increase, and the steel tubes did not bulge;

(4) When the displacement angles were 1/300 and 1/200, steel tubes on both sides of
specimen showed slight bulges under compression, but the bulges disappeared under an
opposite side loading condition. At the same time, diagonal cracks began to appear on the
surface of the precast wall panel;

(5) When the displacement angle was 1/50, the horizontal displacement reached
34 mm, diagonal cracks of concrete on the surface of the precast wall panel did not form
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the principal diagonal cracks. The wall was divided into some diamond-shaped pieces by
several crossed diagonal cracks, and the concrete began to peel off;

(6) When the displacement angle was 1/30 till failure, lateral deformation of the
specimen was severe. The concrete peeled off over a large area and steel bars were exposed
under bending. In addition, there were two bulges on the left side of specimen and one on
the right side, but no penetrating crack was formed.
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3.2.2. Hysteretic Loop

The horizontal load-displacement hysteretic loops of composite shear walls are shown
in Figure 15 from which the following conclusions can be drawn:

(1) At the initial stage of loading, the hysteretic loops were long and narrow, and the
surrounding area was small. The specimens were in the elastic stage without residual
deformation; when the specimens entered the yield stage, cracks appeared on the surface
of precast wall panels and steel tubes of concealed columns bulged. The hysteretic loops
had a platform section near the peak load and a “pinching” phenomenon appeared. The
area of hysteretic loops increased rapidly, showing good energy dissipation capacity; with
the further increase of the displacement angle, the horizontal bearing capacity decreased
obviously, and the hysteretic loops presented an inverse S shape when the ultimate bearing
capacity was reached;

(2) The hysteretic loops of SW2 were similar to those of SW1 in general, and the
maximum horizontal load was almost the same. It can indicate that infilling DCLs and SCC
composite shear walls with edge constraint square steel tubes still retained good seismic
performance after a fire for 60 min.



Buildings 2022, 12, 1308 13 of 20

Buildings 2022, 12, x FOR PEER REVIEW 12 of 20 
 

 

 

(c)  

Figure 12. Vertical deformation–time curves of specimens. (a) SW2; (b) SW3; (c) SW4. 

3.2. Analysis of Seismic Test Results after Fire 

3.2.1. Phenomenon 

When specimens were in the elastic stage, there were no visible cracks on the surface 

of the shear wall concrete and no buckling phenomenon on the steel tubes of concealed 

columns. After specimens entered the yield stage, buckling occurred, then horizontal 

cracks were formed, and diagonal cracks gradually appeared. When specimens entered 

the failure stage, fire specimens and non-fire specimen showed different failure patterns. 

The diagonal cracks of concrete on the surface of specimen SW1, which was not subjected 

to fire, extended and widened, forming the principal diagonal cracks in the shape of an 

“X”. The concrete at the junction of steel tubes and precast wall panels displayed a spalling 

phenomenon and the bending steel bars were exposed. However, diagonal cracks of con-

crete on the surface of SW2 to SW4 did not form principal diagonal cracks. The wall panels 

were divided into some diamond-shaped pieces by several crossed diagonal cracks, and 

the concrete was peeled off in a large area at the corner of the wall panels (This may be 

due to the fact that under the combined effect of high temperature and axial load, the fire 

specimens were internally damaged to some extent. With the further action of low re-

versed cyclic loads, micro-cracks originally generated during fire time continued to ex-

pand, resulting in eventual failure without forming the principal diagonal cracks. [37–

39]). The failure patterns of specimens are shown in Figure 13. The cracks depicted in blue 

were those generated during the open fire test, and the cracks depicted in red were those 

generated in this seismic test. 

  

(a) (b) 

Buildings 2022, 12, x FOR PEER REVIEW 13 of 20 
 

  

(c) (d) 

Figure 13. Failure patterns of specimens. (a) SW1; (b) SW2; (c) SW3; (d) SW4. 

In the test process, the failure characteristics of SW1 were similar to those in reference 

[34], and the failure characteristics of SW2 to SW4 were roughly the same. Taking speci-

men SW2 as an example, the failure process, phenomenon, and characteristics were ana-

lyzed and introduced. Figure 14 shows the failure process and phenomenon of SW2. 

(1) When the displacement angle was 1/1000, specimen was in the elastic stage, there 

was no visible crack on the concrete surface of the wall panel and no bulge on the steel 

tubes of concealed columns; 

(2) When the displacement angle was 1/800, the first horizontal crack occurred at the 

junction of the prefabricated wall panel and steel tubes, which was 280 mm above the 

foundation beam; 

(3) When the displacement angle was 1/500, the concrete cracks on the surface of the 

precast wall panel began to increase, and the steel tubes did not bulge; 

(4) When the displacement angles were 1/300 and 1/200, steel tubes on both sides of 

specimen showed slight bulges under compression, but the bulges disappeared under an 

opposite side loading condition. At the same time, diagonal cracks began to appear on the 

surface of the precast wall panel; 

(5) When the displacement angle was 1/50, the horizontal displacement reached 34 

mm, diagonal cracks of concrete on the surface of the precast wall panel did not form the 

principal diagonal cracks. The wall was divided into some diamond-shaped pieces by 

several crossed diagonal cracks, and the concrete began to peel off; 

(6) When the displacement angle was 1/30 till failure, lateral deformation of the spec-

imen was severe. The concrete peeled off over a large area and steel bars were exposed 

under bending. In addition, there were two bulges on the left side of specimen and one 

on the right side, but no penetrating crack was formed. 

   

(a) (b) (c) 

Figure 13. Failure patterns of specimens. (a) SW1; (b) SW2; (c) SW3; (d) SW4.

Buildings 2022, 12, x FOR PEER REVIEW 13 of 20 
 

  

(c) (d) 

Figure 13. Failure patterns of specimens. (a) SW1; (b) SW2; (c) SW3; (d) SW4. 

In the test process, the failure characteristics of SW1 were similar to those in reference 

[34], and the failure characteristics of SW2 to SW4 were roughly the same. Taking speci-

men SW2 as an example, the failure process, phenomenon, and characteristics were ana-

lyzed and introduced. Figure 14 shows the failure process and phenomenon of SW2. 

(1) When the displacement angle was 1/1000, specimen was in the elastic stage, there 

was no visible crack on the concrete surface of the wall panel and no bulge on the steel 

tubes of concealed columns; 

(2) When the displacement angle was 1/800, the first horizontal crack occurred at the 

junction of the prefabricated wall panel and steel tubes, which was 280 mm above the 

foundation beam; 

(3) When the displacement angle was 1/500, the concrete cracks on the surface of the 

precast wall panel began to increase, and the steel tubes did not bulge; 

(4) When the displacement angles were 1/300 and 1/200, steel tubes on both sides of 

specimen showed slight bulges under compression, but the bulges disappeared under an 

opposite side loading condition. At the same time, diagonal cracks began to appear on the 

surface of the precast wall panel; 

(5) When the displacement angle was 1/50, the horizontal displacement reached 34 

mm, diagonal cracks of concrete on the surface of the precast wall panel did not form the 

principal diagonal cracks. The wall was divided into some diamond-shaped pieces by 

several crossed diagonal cracks, and the concrete began to peel off; 

(6) When the displacement angle was 1/30 till failure, lateral deformation of the spec-

imen was severe. The concrete peeled off over a large area and steel bars were exposed 

under bending. In addition, there were two bulges on the left side of specimen and one 

on the right side, but no penetrating crack was formed. 

   

(a) (b) (c) 

Buildings 2022, 12, x FOR PEER REVIEW 14 of 20 
 

   

(d) (e) (f) 

Figure 14. Failure processes and modes of specimen SW2. (a) Displacement angle 1/800; (b) Dis-

placement angle 1/500; (c) Displacement angle 1/300; (d) Displacement angle 1/200; (e) Displacement 

angle 1/50; (f) Displacement angle 1/30. 

3.2.2. Hysteretic Loop 

The horizontal load-displacement hysteretic loops of composite shear walls are 

shown in Figure 15 from which the following conclusions can be drawn: 

(1) At the initial stage of loading, the hysteretic loops were long and narrow, and the 

surrounding area was small. The specimens were in the elastic stage without residual de-

formation; when the specimens entered the yield stage, cracks appeared on the surface of 

precast wall panels and steel tubes of concealed columns bulged. The hysteretic loops had 

a platform section near the peak load and a “pinching” phenomenon appeared. The area 

of hysteretic loops increased rapidly, showing good energy dissipation capacity; with the 

further increase of the displacement angle, the horizontal bearing capacity decreased ob-

viously, and the hysteretic loops presented an inverse S shape when the ultimate bearing 

capacity was reached; 

(2) The hysteretic loops of SW2 were similar to those of SW1 in general, and the max-

imum horizontal load was almost the same. It can indicate that infilling DCLs and SCC 

composite shear walls with edge constraint square steel tubes still retained good seismic 

performance after a fire for 60 min. 

  

(a) (b) 

  

(c) (d) 

-80 -60 -40 -20 0 20 40 60 80
-600

-400

-200

0

200

400

600

P
(k

N
)

 (mm)

-80 -60 -40 -20 0 20 40 60 80
-600

-400

-200

0

200

400

600

P
(k

N
)

 (mm)

-80 -60 -40 -20 0 20 40 60 80
-600

-400

-200

0

200

400

600

P
(k

N
)

 (mm)

-80 -60 -40 -20 0 20 40 60 80
-800

-600

-400

-200

0

200

400

600

800

P
(k

N
)

 (mm)

Figure 14. Failure processes and modes of specimen SW2. (a) Displacement angle 1/800; (b) Displace-
ment angle 1/500; (c) Displacement angle 1/300; (d) Displacement angle 1/200; (e) Displacement
angle 1/50; (f) Displacement angle 1/30.
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Figure 15. Hysteretic curves of specimen. (a) SW1; (b) SW2; (c) SW3; (d) SW4.

3.2.3. Horizontal Bearing Capacity

(1) The horizontal bearing capacity of SW2 was equivalent to SW3. The horizontal
bearing capacity of infilling DCLs and SCC composite shear walls were mainly related to
the strength of longitudinal reinforcement in walls, the strength of concrete in steel tubes,
and the strength of wall concrete. In addition, according to the calculation in reference [40],
the reduction factors of the concrete strength in steel tubes were almost the same as those of
the concrete strength in the walls of specimens SW2 and SW3. The results showed that the
horizontal seismic bearing capacity of composite shear walls, filled with DCLs and SCC,
and subjected to a standard fire on both sides for 1 h is not affected by spraying 20 mm
fire-retardant coating on concealed column steel tubes;

(2) Compared with SW2, the bearing capacity and energy dissipation capacity of SW4
were significantly improved. Therefore, appropriately increasing the width-thickness ratio
has a significant impact on the seismic performance of specimens after a standard fire.

3.2.4. Skeleton Curve

Figure 16 shows the effect of different parameters on the skeleton curves of shear
walls. The important data for the skeleton curves of specimens are given in Table 4, where
Py, Pue, and Pul represent the yield load, peak load, and ultimate load of specimens,
respectively, and ∆y, ∆p, and ∆u represent yield displacement, peak displacement, and
ultimate displacement, respectively. The yield load and the yield displacement were
determined on the skeleton curves according to the Park method [41]. Ultimate load refers
to the load size when the horizontal load dropped to 85% of the peak load. It can be seen
from Figure 16 and Table 4 that:
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Figure 16. Envelope curves of specimen. (a) Fire exposure time; (b) Fire-retardant coating; (c) The
width-thickness ratio.

Table 4. Summary of test results.

Specimen
Number

∆y
(mm)

Py
(kN)

∆p
(mm)

Pue
(KN)

∆u
(mm)

Pul
(kN) µ ξeq

SW1 8.09 422.68 33.62 510.93 50.14 434.29 6.198 0.184
SW2 10.94 386.36 34.39 478.99 48.51 407.14 4.434 0.182
SW3 10.98 379.14 33.99 474.87 55.31 403.64 5.037 0.181
SW4 14.26 588.08 50.675 707.76 54.08 601.60 3.792 0.245

(1) At the initial stage of test loading, the skeleton curves varied linearly when the
specimens were in the elastic stage. With the increase of displacement, the skeleton curves
sloped toward the horizontal axis and the slopes decreased. After the specimens entered
the yield stage, a plateau section appeared in the curves. The skeleton curves dropped
gently when reaching the peak load, and the specimens were in good ductility;

(2) The ultimate displacement angles of four shear walls were all over 1/50, which
met the requirement of the 1/120 limit of the elastic-plastic displacement angle of shear
wall structures under strong earthquakes in the code for the seismic design of buildings
(GB 50011-2010) [42];

(3) Comparing SW2 with SW1, it can be seen that 60 min of fire had little effect
on the horizontal bearing capacity of infilling DCLs and SCC composite shear walls.
According to Figure 16a, the skeleton curves and stiffness of the two specimens were
roughly the same (The skeleton curve is the trajectory of the maximum peak of horizontal
force reached by each cycle of loading, reflecting the different stages and characteristics
of force and deformation of components.), indicating that the seismic performance of
composite shear walls filled with DCLs and SCC are basically equivalent to non-fire
specimen when subjected to standard fire for 60 min;
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(4) Comparing SW2 with SW3, the skeleton curves of the two specimens almost
overlapped, and the variation trends of the horizontal bearing capacity as well as stiffness
of the two specimens were roughly the same. Therefore, fire-retardant coating has little
effect on the seismic performance of specimens after a standard fire;

(5) The comparison of peak loads and ultimate displacements of specimens SW2
and SW4 showed that appropriately increasing the width-thickness ratio has a significant
effect on the seismic performance of infilling DCLs and SCC composite shear walls after a
standard fire.

3.2.5. Ductility Analysis

According to Table 4, the following conclusions can be drawn:
(1) The displacement ductility factors of specimens met the requirement of seismic

design ductility factor not less than 3.0, indicating that composite shear walls filled with
DCLs and SCC have good deformation capacity after a standard fire;

(2) When subjected to fire for 60 min, the ductility factor of composite shear walls was
28.46% lower than at a normal temperature, which indicates that fire exposure time has a
significant effect on the deformation capacity of shear walls;

(3) Fire-retardant coating on the edge constraint steel pipe columns improves the
seismic deformation capacity of shear walls after a standard fire to some extent, while
increasing the width-thickness ratio reduces the ductility capacity of shear walls filled with
DCLs and SCC.

3.2.6. Energy Dissipation Capacity

Figure 17 shows the unicyclic energy dissipation curves of specimens. It can be seen that:
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(1) All specimens showed the same variation trend of energy dissipation capacity.
With the increase of displacement angles, the energy dissipation capacity of each specimen
also increased;

(2) The influence of fire on the energy dissipation capacity of infilling DCLs and SCC
composite shear walls is slight;

(3) Fire-retardant coating on the edge constraint steel pipe columns has little effect on
the energy dissipation capacity of specimens after a fire;

(4) Appropriately increasing the width-thickness ratio can improve the energy dissipa-
tion capacity of specimens after a standard fire.

3.2.7. Stiffness Analysis

The stiffness degradation of each specimen is shown in Figure 18. It can be seen from
the figure that:
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Figure 18. Stiffness degradation curves. (a) Fire exposure time; (b) Fire-retardant coating; (c) The
width-thickness ratio.

(1) All specimens showed the same variation trend of stiffness, that is, with the increase
of displacement angles, the secant stiffness of infilling DCLs and SCC composite shear wall
specimens gradually decreased;

(2) Compared with SW1, the initial stiffness of SW2, subjected to fire for 60 min,
decreased by 44%. At the later loading stage, specimens entered the plastic stage, and the
secant stiffness of both specimens tended to be consistent;

(3) The stiffness degradation curves of SW2 and SW3 were almost overlapping, indi-
cating that spraying fire-retardant coating on the surface of concealed column steel pipes
has little effect on the stiffness degradation of composite shear walls filled with DCLs and
SCC after a standard fire;

(4) Appropriately increasing the width-thickness ratio can improve the stiffness of
infilling DCLs and SCC composite shear walls and slow down their stiffness degradation
to some extent.
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4. Conclusions

(1) After 60 min of fire, the failure displacement angles of all shear wall specimens
were all over 1/50, which met the requirement of the 1/120 limit of the elastic-plastic
displacement angle of shear wall structures under strong earthquakes in the Seismic Design
Code for buildings;

(2) After 60 min of fire, the displacement ductility factors of shear wall specimens
varied from 3.792 to 4.434, which met the requirement of no less than 3.0 of the Seismic
Design Code, indicating that infilling DCLs and SCC composite shear walls still have good
deformation capacity after 60 min of fire;

(3) The horizontal bearing capacity, initial stiffness, deformation capacity, and energy
dissipation capacity of specimens after 60 min of fire were lower than those without fire,
but the overall decline was slight, indicating that the composite shear walls filled with
DCLs and SCC still have good seismic performance after 60 min of fire;

(4) The effect of fire-retardant coating on the edge of a concealed steel pipe column on
horizontal bearing capacity, deformation capacity, initial stiffness, stiffness degradation and
energy dissipation capacity of specimens after fire is limited. When the load was relatively
small, the excess bearing capacity of the end restraint column and the wall was large, and
the loading beam played the role of load redistribution. Without fire-retardant coating, the
bearing capacity and seismic performance of the end restraint column after fire damage had
no significant effect on the whole wall. Therefore, fire-retardant coating has no significant
effect on the seismic performance of the composite shear wall;

(5) Appropriately increasing the width-thickness ratio can obviously improve the
horizontal bearing capacity of shear walls after a standard fire. In addition, the initial
stiffness, stiffness degradation, and energy dissipation capacity were improved to different
degrees, but deformation capacity was reduced. The results showed that increasing the
width-thickness ratio has a significant effect on the seismic performance of composite shear
walls filled with DCLs and SCC after a standard fire;

(6) There are many possible factors affecting the seismic performance of composite
shear walls after fire, this paper investigated and analyzed just three aspects, namely, fire
exposure time, fire-retardant coating on the edge constraint steel pipe column, and the
width-thickness ratio. Future research work may be carried out in the following aspects:
cooling methods of shear walls after fire, curing age of shear walls, test axial compression
ratio, and other possible factors.
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