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Abstract: A prefabricated frame–shear wall structure is a major structure in an assembled building.
To find a method of connecting a shear wall and columns that can both reduce the amount of wet work
required and maintain adequate stiffness, we propose connecting the shear wall to the vertical frame
using rectangular concrete-filled steel tube keys (RCFSTKs). Static tests of a cast-in-place frame–shear
wall structure without keys and a prefabricated structure with RCFSTKs were conducted to compare
their seismic performance. The feasibility of the new method was analyzed. Finite element models
were then set up to determine if plain concrete blocks between RCFSTKs could be removed and to
identify the influence of different parameters on the cyclic performance of the assembled structure.
The results show that the use of RCFSTK is practical. Compared with a dimensionally similar cast-in-
place shear wall–column construction, a prefabricated shear wall connected to columns by RCFSTKs
has a fuller hysteresis curve, better ductility, slightly higher energy dissipation, and slightly slower
degradation of stiffness and bearing capacity. The removal of inter-key concrete blocks significantly
reduces bearing capacity and initial stiffness. The cyclic performance of the assembled structure
is primarily influenced by the number of RCFSTKs, the thickness of the steel tube key wall, and
the axial compression ratio, with less effect from key unit height, steel strength, and concrete grade
in RCFSTKs.

Keywords: RCFSTKs; frame column; shear wall; fabricated concrete structure; cyclic performance

1. Introduction

Assembled concrete structures have the advantages of fast construction, high pro-
duction efficiency and good engineering quality. They have been widely used in various
buildings. A frame–shear wall structure is composed of frames and shear walls. Due to the
combination effect [1], it has the advantages of flexible building layout, large spacing and
good lateral resistance. An assembled frame–shear wall structure combines the advantages
of the assembled concrete structure and the frame–shear wall structure, and it has been
proved to have good cyclic performance [2,3]. This promotes their application in areas
requiring seismic fortification.

Prefabricated shear walls, prefabricated frame beams and columns are the important
components of a prefabricated frame–shear wall structure. How to connect them is the key
technical problem of this structure. Two widely used assembly methods for such a structure
exist in China. One is to prefabricate a shear wall, frame columns, and frame beams as a
complete unit for subsequent assembly; this method is suitable when the wall, columns, and
beams are small. Researchers [1–5] conducted a series of studies on this kind of structure
and found that its cyclic performance was similar to that of a cast-in-place one. The second
method is to prefabricate a wall, columns, and beams as independent units for subsequent
assembly; this method is suitable when these components are larger. The feasibility of this
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method has been demonstrated by Zhao et al. [6]. There is less research into assembled
frame–shear wall structures from other countries where the assembly method mainly used
is to attach shear walls to the outside of the frame plane [7,8].

We study the second case. For the second method, it is necessary to study how to
ensure a rigid connection between the shear wall and columns. Tong et al. [9] investigated
a single-story structure of walls and columns connected with straight bars, U-shaped
bars, straight U-shaped bars, and link bars using compression–shear tests and static tests.
Gao et al. [10–12] examined the feasibility of connecting the shear wall and columns
with U-bar in the graduate student apartment building of Shenyang Jianzhu University.
Anion et al. [13] proposed setting keys on the surface of the wall and columns. The
preceding studies all require pouring concrete or grout in or around the connection interface,
which necessitates a relatively large amount of wet work. To reduce the amount of wet work
and increase industrialization, Chinese researchers proposed using pure steel members to
connect walls and columns. Gao et al. [14] investigated the mechanical properties of this
type of structure using numerical models and found that its stiffness was very low and did
not meet the level required to resist deformation. So, it becomes a topic of concern to find a
method of connecting a shear wall and columns that can both reduce the amount of wet
work required and maintain adequate stiffness.

Because the method using pure steel members to connect walls and columns can not
meet the requirement of stiffness, we propose a method that uses rectangular concrete-filled
steel tube keys (RCFSTKs). This paper investigates the cyclic performance of a prefabricated
shear wall and column unit connected by RCFSTKs to determine the feasibility of using
RCFSTKs in connecting prefabricated components in order to develop a wall and column
connection method that facilitates more rapid assembly.

2. Structure of Wall and Columns Connected by RCFSTKs

Frame–shear wall structure showing the wall and columns connected by RCFSTKs is
as Figure 1. The part embedded in the wall–column interface consists of a steel shear plate,
a bottom steel plate, and an anchor steel plate welded together (Figure 1a). The RCFSTK is
formed by filling the steel tube with concrete (Figure 1b). The plain concrete block inserted
between the keys is shown in Figure 1c. If there are no RCFSTKs or plain concrete blocks,
there will be gaps between the surface of the column and shear wall, which will reduce the
bearing capacity and initial stiffness. The embedded parts are fixed at the sides of the wall
and the columns. During assembly, the RCFSTKs are first welded between the steel shear
plates, and then the plain concrete blocks are placed between the RCFSTKs, as shown in
Figure 1; the joint gap is then filled with grout. This method can provide enough stiffness
because the gap of column and shear wall are all filled with steel, concrete or grout. In
addition, it can also reduce the wet work because the plain concrete blocks are prefabricated
and only a small amount of wet gout is used. The internal force between the shear wall
and the column includes shear, axial tension and compression force along the RCFSTKs
and moment. The tension force is transferred by the steel of RCFSTKs, the moment is
transferred by the RCFSTKs, and the other forces are transferred by the RCFSTKs, plain
concrete blocks and grout.
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Figure 1. Frame–shear wall structure showing the wall and columns connected by RCFSTKs. (a) 

Embedded part; (b) RCFSTKs; (c) Plain concrete block.  
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XJ cast-in-place cast-in-place 1080 × 200 400 × 400 

ZP prefabricated RCFSTKs 800 × 200 400 × 400 

The dimensions and reinforcement of the two specimens are shown in Figures 2 and 

3. The concrete grade was C40; the steel plates were 4 mm thick Q235; the stirrups were 

HPB300; the tension bars were HRB400. 
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Figure 2. Geometric dimensions and reinforcement of specimen XJ. (a) Geometric dimensions and 

reinforcement of specimen XJ; (b) 1–1; (c) 2–2; (d) 3–3. 

Figure 1. Frame–shear wall structure showing the wall and columns connected by RCFSTKs. (a) Em-
bedded part; (b) RCFSTKs; (c) Plain concrete block.

3. Test Program
3.1. Test Specimen Design

A testing program was designed for specimens of two different single-story shear wall
structures, XJ and ZP. Wall XJ was a single-story cast-in-place shear wall, while wall ZP
was a prefabricated shear wall attached to the supporting columns with RCFSTKs. The
dimensions are shown in Table 1.

Table 1. Design parameters of specimens.

Wall ID Specimen Type Wall and Column
Connection Method

Wall Section b × h
(mm)

Column, Loading Beam, and
Ground Beam Sections b × h (mm)

XJ cast-in-place cast-in-place 1080 × 200 400 × 400
ZP prefabricated RCFSTKs 800 × 200 400 × 400

The dimensions and reinforcement of the two specimens are shown in Figures 2 and 3.
The concrete grade was C40; the steel plates were 4 mm thick Q235; the stirrups were
HPB300; the tension bars were HRB400.
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Figure 3. Geometric dimensions and reinforcement of specimen ZP. (a) Geometric dimensions and
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3.2. Mechanical Properties

The testing results of the mechanical properties are shown in Table 2.

Table 2. Mechanical properties of concrete, steel bars, and steel plate.

Materials
Modulus of Elasticity

E
(105 N/mm2)

Yield Strain
εy

(µε)

Yield Strength
fy

(MPa)

Tensile Strength
fu

(MPa)

Cube Compressive
Strength of Concrete

fck (MPa)

Concrete 0.34 - - - 42
Steel plate 2.1 1304 274 352 -

Steel bar (A8) 1.4 3100 434 584 -
Steel bar (C10) 2.2 2400 528 604 -
Steel bar (C18) 1.7 2335 397 563 -

3.3. Loading Program

The test loading device is shown in Figure 4. The specimen was fixed to the test bench
by lateral struts, ground beams, ground anchor bolts, and compression beams. The vertical
load was applied through the reaction beam, jack, pressure sensor, steel distribution beam,
and loading beam, and a sliding plate support was set between the pressure sensor and the
steel distribution beam. The horizontal load was applied through the loading frame, an
MTS system horizontal actuator, loading head, tension bar, and loading plate.
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3.4. Loading System

The test loading system is shown in Figure 5. Before the test, a pre-load was applied
to check the equipment for connection reliability and data measurement accuracy. In test
loading, the predetermined vertical load was applied and remained constant, and then
the horizontal load was applied. The controlled loads were 1000 kN vertical and 200 kN
horizontal. The horizontal load was cycled once per stage, and the vertical load was
calculated using an axial compression ratio of 0.4, totaling 4000 kN. Until the specimen
yielded (at the horizontal load Fy), the loading was changed to cyclic displacement loading,
with the grade difference of yield displacement ∆ and cycling twice per stage. The test
ended when the bearing capacity dropped to 85% of the peak load [15,16]. The push
direction was positive, while the pull direction was negative.
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3.5. Measurement Program

Figure 6 shows the arrangement of sensors for testing specimen ZP. Six displacement
gauges measured the horizontal displacement of the loading beam (D1), the horizontal
displacement of the shear wall (D2–D4), and the vertical and horizontal displacements of
the ground beam (D5–D6). Eight reinforcement strain gauges were arranged to measure the
strain of longitudinal bars at the outer corners of the column footings (S1–S2, S1’–S2’) and
at the outer footings of the walls (S3–S4, S3’–S4’). Four strain gauges were arranged at the
upper and lower ends of the steel plates of RCFSTK A. Four strain gauges (A1–A4) measured
the strain generated by bending stress, and one strain flower (A5) was placed at the center of
the side steel plate to measure the strain generated by shear stress. The other RCFSTKs (B–H)
were arranged with the same strain gauge and flower patterns as RCFSTK A.
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4. Specimen Damage and Comparative Analysis
4.1. Specimen Damage
4.1.1. Specimen XJ

There was little sign of damage as loading commenced. When loaded to −750 kN,
a slight diagonal crack appeared in the upper left corner of the shear wall. When loaded
to 1200 kN, a diagonal crack appeared in the lower right corner of the shear wall. When
loaded to −1200 kN, a vertical crack appeared in the middle left side of the shear wall.
When loaded to 1600 kN, the specimen yielded, and the loading became displacement
loading. When loaded to −1∆, a longer diagonal crack appeared in the right side of the
shear wall oblique cracks. When loaded to +2∆, oblique cracks appeared at the foot of
the right frame column, and as displacement increased, oblique cracks developed and
extended to the left and right sides of the shear wall. When loaded to −2∆, additional
horizontal bending cracks appeared in the frame column, and the foot of the left column,
the right side of the wall, and the right column were obviously damaged. When loaded
to +3∆, the foot of the column and the foot of the wall were seriously damaged, and the
bearing capacity was <85% of the maximum. When the displacement returned to zero, the
test ended. The final damage of the specimen XJ is shown in Figure 7.
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4.1.2. Specimen ZP

There was also little sign of damage as loading started. When loaded to 600 kN,
vertical cracks appeared in the center of the shear wall. When loaded to 1000 kN, vertical
cracks appeared in the horizontal direction of the shear wall at about a quarter of the wall
length. When loaded to 1200 kN, diagonal cracks appeared at the upper part of the foot of
the frame column. When loaded to 1600 kN, the specimen yielded, and the loading became
displacement loading. When loaded to −1∆, horizontal cracks appeared in the lower left
part of the shear wall, and diagonal cracks appeared at the lower end of the vertical cracks
and reinforced concrete blocks in the middle of the shear wall. When loaded to +2∆, more
diagonal cracks appeared in the shear wall, and diagonal cracks appeared in the upper part
of the right frame column. When loaded to −2∆, more uniform damage occurred in both
the shear wall and frame column. When loaded to +3∆, cracks developed and extended
rapidly in the specimen, and the damage was obvious. The bearing capacity was <85% of
the maximum value. When the displacement returned to zero, the test was stopped. The
final damage of the specimen ZP is shown in Figure 8.



Coatings 2022, 12, 1584 7 of 23Coatings 2022, 12, x FOR PEER REVIEW 7 of 24 
 

 

 

Figure 8. Final damage of specimen ZP. 

4.2. Comparative Analysis of Damage 

The damage to specimens XJ and ZP were compared. The locations of the first crack 

in the frame column were different. The first crack in XJ appeared at the foot of the frame 

column, while the first crack in ZP appeared at the upper part of the column foot and was 

more evenly distributed vertically along the column. The vertical distributions of cracks 

in the two types of shear walls were different: the cracks in ZP were more evenly distrib-

uted along the height of the wall, while the cracks in XJ were distributed mainly in the 

lower part of the wall. The reason for these differences is that when an RCFSTK transfers 

the internal forces between the frame column and the shear wall, it produces a concen-

trated force perpendicular to the frame column. This changes the location where the max-

imum bending moments of the frame columns and the shear wall appear so that both the 

columns and the wall of ZP are subjected to more uniform bending moments in the verti-

cal direction than XJ. Therefore, the fabricated frame–shear wall structure using RCFSTKs 

to connect the wall and columns, ZP, withstands the applied force better than XJ. 

The sequence of the occurrence of vertical and diagonal cracks in the shear wall dif-

fered between specimens XJ and ZP. In XJ, diagonal cracks appeared first and then vertical 

cracks; in ZP, that order was reversed. The corresponding horizontal loads were different 

for the appearance of vertical cracks, with the loads being 1200 kN for XJ and 600 kN for 

ZP. The load was greater for XJ than for ZP because the elastic modulus of the grout was 

less than that of the concrete, and there might also be gaps in the joint parts introduced 

during assembly, which together led to the uncoordinated vertical deformation of the as-

sembly. 

  

Figure 8. Final damage of specimen ZP.

4.2. Comparative Analysis of Damage

The damage to specimens XJ and ZP were compared. The locations of the first crack
in the frame column were different. The first crack in XJ appeared at the foot of the frame
column, while the first crack in ZP appeared at the upper part of the column foot and was
more evenly distributed vertically along the column. The vertical distributions of cracks in
the two types of shear walls were different: the cracks in ZP were more evenly distributed
along the height of the wall, while the cracks in XJ were distributed mainly in the lower
part of the wall. The reason for these differences is that when an RCFSTK transfers the
internal forces between the frame column and the shear wall, it produces a concentrated
force perpendicular to the frame column. This changes the location where the maximum
bending moments of the frame columns and the shear wall appear so that both the columns
and the wall of ZP are subjected to more uniform bending moments in the vertical direction
than XJ. Therefore, the fabricated frame–shear wall structure using RCFSTKs to connect the
wall and columns, ZP, withstands the applied force better than XJ.

The sequence of the occurrence of vertical and diagonal cracks in the shear wall
differed between specimens XJ and ZP. In XJ, diagonal cracks appeared first and then
vertical cracks; in ZP, that order was reversed. The corresponding horizontal loads were
different for the appearance of vertical cracks, with the loads being 1200 kN for XJ and
600 kN for ZP. The load was greater for XJ than for ZP because the elastic modulus of the
grout was less than that of the concrete, and there might also be gaps in the joint parts
introduced during assembly, which together led to the uncoordinated vertical deformation
of the assembly.

5. Analysis of Test Results
5.1. Load–Displacement Hysteresis Curve

The load–displacement hysteresis curves of specimens XJ and ZP are shown in
Figure 9.
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5.2. Skeleton Curve

Figure 10 shows the load–displacement skeleton curves of specimens XJ and ZP. Table 3
lists the corresponding characteristic index values. Characteristic index values were defined
according to Reference [17]: peak load is the maximum load on the specimen; damage
load is 85% of the peak load; yield load is calculated by the energy equivalence method;
the ductility coefficient is the ratio of damage displacement to yield displacement; initial
stiffness is the ratio of 20% of yield load to the corresponding displacement.
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Table 3. Characteristic index values in the load–displacement skeleton curves of specimens XJ and ZP.

Specimen ID Yield Load
(kN)

Ultimate
Load (kN)

Failure Load
(kN)

Initial Stiffness
(kN/mm)

Ductility
Ratio

XJ 1583 1769 1503 131 2.7
ZP 1443 1653 1405 101 3.3

Figure 10 and Table 3 illustrate that: the load–displacement skeleton curves of each
specimen have distinct elastic, elastoplastic, and decreasing sections. The skeleton curve of
ZP was below that of XJ in both elastic and inelastic rising sections; yield load, ultimate
load, failure load, and initial stiffness were 9%, 6%, 6%, and 23% less, respectively. However,
the inelastic decreasing section of ZP was significantly above XJ and decreased slowly;
the ductility ratio was 22% greater than that of XJ. This was due to the elastic modulus
of the grout being less than that of the concrete. Voids might also have been introduced
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into the joint parts during assembly, which resulted in a lower initial stiffness of the
fabricated structure and less bearing capacity than that of the cast-in-place structure, but
the deformation capacity and ductility of the fabricated structure increased.

In summary, the initial stiffness of the fabricated frame shear wall using RCFSTKs
to connect the wall and columns (ZP) was less than that of the cast-in-place structure
(XJ). However, the difference in initial stiffness was not great, and decreasing the stiffness
or adjusting factors that affect stiffness enable the design requirements to be met. The
difference between the bearing capacity of ZP and that of XJ was small, while the ductility
of ZP was significantly better than that of XJ.

5.3. Stiffness Degradation

The stiffness degradation curves of specimens XJ and ZP are shown in Figure 11. The
secant stiffness K (referred to simply as stiffness) indicates the stiffness degradation of the
specimens; it is calculated by Equation (1) [18,19]:

K =
|Pi|+ |−Pi|
|∆i|+ |−∆i|

(1)

where Pi and −Pi are the forward and reverse ultimate cyclic loads in cycle i, and ∆i and
−∆i are the displacements corresponding to these loads.
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Figure 11 shows that at the beginning of loading, the slopes of the stiffness degradation
curves of specimens XJ and ZP were steep, indicating that the stiffness of each specimen
decreased rapidly. When the displacement was <5 mm, the stiffness of ZP decreased less
rapidly than that of XJ. Halfway through loading, the slopes of the stiffness degradation
curves of each specimen became less steep, indicating that the stiffness of each specimen
decreased slowly; differences between XJ and ZP in stiffness were small. In the later stage of
loading, the slopes of the stiffness degradation curves of each specimen further decreased,
implying that stiffness degradation changed slowly for both specimens and tended to be
the same.

In conclusion, the rate of stiffness degradation of ZP, with the wall attached to the
frame columns using RCFSTKs, was slower than that of XJ at the early stage of loading,
and the difference in stiffness degradation between XJ and ZP decreased as the load
increased and finally converged. The reason for the difference in stiffness degradation
at the early stage of loading is similar to that given in the Section Skeleton Curve; the
eventual convergence of stiffness degradation is due to the pores in the joint part of ZP
being gradually compacted under the horizontal reciprocating load. The difference in
elastic modulus between grout and concrete has little effect on the stiffness of the overall
structure in the inelastic phase.
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5.4. Bearing Capacity Degradation

The bearing capacity degradation coefficients of specimens XJ and ZP are shown in
Table 4. The bearing capacity degradation coefficient indicates the degree of continuous
degradation in structural bearing capacity caused by plastic deformation of the structure
during equal amplitude cyclic loading. It is defined as the ratio of the second to the first
cyclic ultimate load [20,21].

Table 4. Bearing capacity degradation coefficients of specimens XJ and ZP.

Specimen ID 1∆ −1∆ 2∆ −2∆

XJ 0.94 0.94 0.89 0.86
ZP 0.95 0.92 0.96 0.96

Note: Since the damage of the third cycle was severe and the bearing capacity had decreased to <85% of the
ultimate load, the third cycle was only cycled once.

It can be seen from Table 4 that in cycles +1∆ and −1∆, the bearing capacity degra-
dation coefficients of specimens ZP and XJ were similar. The reason is that in the first
cycle, specimen deformation was primarily elastic deformation. In cycles +2∆ and −2∆,
the bearing capacity degradation coefficient of ZP was greater than that of XJ. The reason is
that there were gaps between the RCFSTKs, the plain concrete blocks, and the wall and
columns. The bearing capacity degradation of ZP is therefore greater than that of XJ.

5.5. Energy Dissipation

The energy dissipation coefficients E of specimens XJ and ZP are shown in Table 5.
E are calculated for the cycle of the first line in the table. They measured the energy
dissipation capacity of the specimens [22,23]. E is the ratio of the total energy (S(ABC + CDA))
to the elastic energy (S(OBE + ODF)) of a hysteresis loop. A greater value of E indicates
a greater energy dissipation capacity of the structure. The equation for E is shown as
Equation (2), and a graph is shown in Figure 12.

E =
S(ABC + CDA)

S(OBE + ODF)
(2)

Table 5. Energy dissipation coefficients of specimens XJ and ZP.

Specimen ID 1∆ 2∆ 3∆

XJ 0.58 0.69 1.23
ZP 0.58 0.75 1.28
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Figure 12. Graphical representation of energy dissipation coefficient calculation.

Table 5 shows that the energy dissipation capacity of specimen ZP was greater than
that of XJ, but the overall difference was not significant with the maximum difference
<10%. This is because the RCFSTK bonds in ZP affect structural energy dissipation, but
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the proportion of RCFSTK bonds in the overall structure is small, so the increase in energy
dissipation capacity is insignificant.

5.6. Steel Strain and Steel Tube Stress

To analyze stress conditions in the frame columns and shear walls during the loading
of specimens XJ and ZP, the load–strain curves of the reinforcements of each specimen at
S1–S2 (at the foot of the column, shown in Figure 6) and S3–S4 (at the foot of the wall) were
obtained (Figure 13).
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Figure 13. Typical load–strain curves for the steel bars of each specimen. (a) Strain of steel bar at S1;
(b) Strain of steel bar at S2; (c) Strain of steel bar at S3; (d) Strain of steel bar at S4.

Figure 13 shows that the reinforcement in both the frame column and the shear wall
of specimen XJ yielded or nearly yielded during loading, whereas the reinforcement at
the same locations in ZP did not. This indicates that the overall force of the prefabricated
frame–shear wall structure using RCFSTKs is uniform, and the force dissipation is better
than that of the cast-in-place structure.

To analyze the stress conditions in the interface of the wall and the column for specimen
ZP, the load–strain curves of the steel plates in RCFSTKs A1–D1 (upper and lower steel
plate ends, shown in Figure 6) and the load–stress curves of the steel plates in E5–H5 (side
steel plate centers) were plotted (the stresses were calculated from the strains measured by
the strain gauge flowers) (Figures 14 and 15).
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Figure 14. Load–strain curves of the steel plates at the top and bottom of the RCFSTKs. (a) Steel 

plate strain at RCFSTK A1; (b) Steel plate strain at RCFSTK B1; (c) Steel plate strain at RCFSTK 
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Figure 14. Load–strain curves of the steel plates at the top and bottom of the RCFSTKs. (a) Steel plate
strain at RCFSTK A1; (b) Steel plate strain at RCFSTK B1; (c) Steel plate strain at RCFSTK C1; (d) Steel
plate strain at RCFSTK D1.
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Figure 15. Load–stress curves of the steel plates at the side center of the RCFSTKs.(a) Steel plate 
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Figure 15. Load–stress curves of the steel plates at the side center of the RCFSTKs. (a) Steel plate
stress at RCFSTK E5; (b) Steel plate stress at RCFSTK F5; (c) Steel plate stress at RCFSTK G5; (d) Steel
plate stress at RCFSTK H5.
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Figure 14 shows that the maximum strain values at the top and bottom ends of the
steel plates of the RCFSTK were much lower than the yield strain of the steel plates, so the
plates did not yield. Figure 15 shows that the maximum stress values at the center of the
side steel plates of RCFSTK were greater than the yield stress of the steel plates, so the side
steel plates yielded. This means that RCFSTK failure is predominantly shear deformation
and is capable of coordinating the shear deformation of the shear wall and columns.

6. Finite Element Parametric Analysis
6.1. Finite Element Modeling Methods and Verification

We set up several finite element models of the test specimen walls using Abaqus, as
described in References [24–27]. The model boundary conditions were consistent with the
test arrangement. The attributes of C3D8R were assigned to the concrete solid units, the
linear steel units were T3D2, and the steel plate shell units were S4R. Concrete was used
in the plastic damage model, steel in the bilinear model, and steel plate in the trilinear
model [28]. The material behavior is shown as follows: Figure 16a is the concrete compres-
sion behavior; Figure 16b is the concrete tension behavior; Figure 16c is the reinforcement;
Figure 16d is the steel plate. The material parameters in the nonlinear principal structure
model were defined according to the measured material properties shown in Table 2. The
steel bar, anchoring steel plate, and bottom steel plate were embedded in the concrete of
the wall and columns using Embedded Region. The end of the steel tube and the bottom
steel plate of the embedded elements were connected by binding (Tie). Friction contact
with a friction coefficient of 0.6 was set for the interfaces between the steel tube and the
concrete, between the concrete in the steel tube and the embedded elements, and between
the plain concrete block and the steel tube.
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Figure 16. Constitutive Relations. (a) Concrete compression behavior. (b) Concrete tensile behavior.
(c) Reinforcement behavior. (d) Steel plate behavior.
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The finite element simulation and physical test load–displacement hysteresis curves and
skeleton curves are shown in Figures 17 and 18, respectively, for comparison. The characteristic
index values of the test and simulated load–displacement skeleton curves are shown in Table 6.
The error of each index was generally ≤10%, and the maximum was <14.6%. These results
show that the model is accurate and can be used for subsequent studies.
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Figure 17. Physical test and simulated hysteresis curves for comparison. (a) XJ; (b) ZP.
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Table 6. Comparison results of physical tests and simulation.

Wall ID Result
Load (kN) Initial Stiffness

(kN/mm)
Ductility

Ratio
Energy Dissipation

CoefficientYield Ultimate Failure

XJ
test 1583 1769 1503 131 2.7 1.23

simulation 1353 1658 1409 143 2.9 1.31
error 14.5% 6.3% 6.3% 9.2% 7.4% 6.5%

ZP
test 1443 1653 1405 101 3.3 1.28

simulation 1298 1519 1291 112 3.7 1.34
error 10.0% 8.1% 8.1% 10.9% 12.1% 4.7%

6.2. Necessity of Both RCFSTKs and Plain Concrete Blocks

Although using RCFSTKs and plain concrete blocks to connect the wall and columns
can reduce the wet work, making the connection is not straightforward. To determine
whether the RCFSTKs and plain concrete blocks must be installed together, as in the
physical test, or whether, to simplify construction, the RCFSTKs could be installed without
concrete blocks or concrete blocks could be installed without RCFSTKs, we set up an
Abaqus model of ZP and three models with equivalent dimensions to simulate the effects
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of modifying the shear wall–column interface on skeleton curves and characteristic indexes.
Details of the models are shown in Table 7.

Table 7. Model characteristics.

Model Model Type Model Characteristics

ZP Assembly Set plain concrete blocks between RCFSTKs
JJWK Assembly No plain concrete blocks between RCFSTKs
QZYK Assembly Gaps between the wall and columns
QZWK Assembly No gaps between the wall and columns

The load–displacement skeleton curves of the four models are shown in Figure 19,
and the characteristic index values of each model are shown in Table 8.
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Table 8. Characteristic indexes given by load–displacement skeleton curves for each model.

Model Ultimate Load
(kN)

Failure Load
(kN) Yield Load (kN) Initial Stiffness

(kN/mm)

ZP 1519 1291 1298 138
JJWK 1193 1014 951 102
QZYK 884 752 683 43
QZWK 1028 874 833 66

Figure 19 and Table 8 show that, in absolute terms, the model load–displacement
skeleton curve of JJWK (without plain concrete blocks between RCFSTKs) was significantly
lower than that of ZP. The yield load, ultimate load, failure load, and initial stiffness of
JJWK were 26.7%, 21.5%, 21.5%, and 26.1% less than those of ZP. The load–displacement
skeleton curve of QZWK (without RCFSTKs and without gaps between the wall and
columns) was lower than that of ZP, and the yield load, ultimate load, failure load, and
initial stiffness were all significantly less than those of ZP. The QZWK curve was higher
than that of specimen QZYK (with gaps between the wall and column) but lower than the
ZP curve, and its yield load, ultimate load, failure load, and initial stiffness were 35.8%,
32.3%, 32.3%, and 52.2% less than those of curve ZP. These results indicate that it is essential
that the wall–column connection includes both RCFSTKs and plain concrete blocks; if
not, the bearing capacity and initial stiffness of the wall and column connection will be
significantly insufficient.

The corresponding plastic strain clouds of each model were obtained for the breaking
points of the models (Figure 20) to determine the causes of the preceding results.
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(c) Model QZYK; (d) Model QZWK.

Figure 20 shows that the concrete damage mechanisms of models JJWK and ZP were
similar. Both show the damage to the shear wall was distributed between the RCFSTKs,
which indicates that the RCFSTKs coordinate the deformation between walls and columns.
Because there were no plain concrete blocks between RCFSTKs in JJWK, the initial stiffness
and bearing capacity were less than those of ZP. The damaged area of QZWK was concen-
trated at the foot of the column and showed prominent bending damage; the shear wall
was less affected by the forces, so its load–displacement skeleton curve was higher than
that of QZYK. In QZYK, there was a gap between the wall and the column, so the loaded
beam and shear wall both show the damage caused by the action of axial force (i.e., the
damaged area was distributed vertically), and its load–displacement skeleton curve was
the lowest.

6.3. Analysis of Influencing Factors

We set up 20 models to study the effects of various factors on the cyclic performance
of the shear wall using RCFSTKs. Parameters that were varied in the models were the
number of RCFSTKs n, RCFSTK unit height h, RCFSTK steel tube wall thickness t, the
axial compression ratio of ZP ζ, the reinforcing steel strength Q, and the concrete grade G.
The values of the characteristic indexes of the load–displacement skeleton curves for each
model are shown in Table 9. Only one parameter was varied in each model and the default
parameter values were the settings for model ZP.
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Table 9. Values of characteristic indexes of load–displacement skeleton curves for each model.

Parameter
Value

Yield Load
(kN)

Ultimate
Load (kN)

Failure Load
(kN)

Initial Stiffness
(kN/mm)

Ductility
Ratio

Energy Dissipation
Coefficient

n = 2 1224 1486 1263 95 2.7 0.39
n = 4 1242 1508 1282 158 2.8 0.47
n = 6 1413 1885 1603 160 3.0 0.58
n = 8 1421 1889 1606 160 3.2 0.67
h = 15 1356 1874 1593 160 3.0 0.65
h = 20 1421 1889 1606 160 3.2 0.67
h = 25 1533 2010 1709 162 2.8 0.62
t = 4 1280 1519 1291 112 3.7 1.34
t = 8 1421 1889 1606 160 3.2 0.67

t = 12 1228 1755 1492 162 3.8 0.84
ζ = 0.2 1209 1698 1443 160 3.6 0.68
ζ = 0.4 1421 1889 1606 160 3.2 0.67
ζ = 0.5 1507 1984 1686 160 2.8 0.54

Q-Q235 1421 1889 1606 160 3.2 0.67
Q-Q390 1568 1998 1698 163 2.9 0.63
Q-Q420 1593 2048 1741 167 2.8 0.61
G-C25 1562 2050 1743 142 2.8 0.61
G-C30 1553 1909 1623 153 2.9 0.63
G-C40 1421 1889 1606 160 3.2 0.67
G-C50 1411 1879 1597 164 3.4 0.73

6.3.1. Influence of the Number of RCFSTKs

Figure 21 shows the load–displacement skeleton curves for each model with vertical
and cyclic loading when the number of RCFSTKs (n) was 2, 4, 6, or 8.
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Figure 21. Load–displacement skeleton curves for models with different numbers of RCFSTKs.

Figure 21 and Table 9 show that bearing capacity increased as the number of RCFSTKs
increased. When the number of RCFSTKs increased from 2 to 6, the values of all character-
istic indexes of the specimen increased; the yield load, ultimate load, and failure load of
the models increased by 15.4%, 26.9%, and 26.9%; the initial stiffness increased by 68.4%;
and the ductility ratio and energy dissipation coefficient increased by 11.1% and 48.7%.
When the number of RCFSTKs increased from 6 to 8, the energy dissipation coefficients
increased by 15.5%, and the other characteristic index values increased by <5%. This is
explained as follows. When the number of RCFSTKs is small, they cannot coordinate the
deformation between walls and columns. The values of each characteristic index therefore
increase as the number of RCFSTKs increases. When the number of RCFSTKs is sufficient
to coordinate the deformation between walls and columns, further increasing the number



Coatings 2022, 12, 1584 18 of 23

becomes equivalent to increasing the steel content inside the structure that resists structural
stress, and only the energy dissipation capacity and ductility of the structure increase.

In summary, an increase in the number of RCFSTKs significantly influenced the cyclic
performance of the structure. An increase within a particular range will enhance various
cyclic performance indexes of the structure. However, beyond this range, continuing to
increase the number of RCFSTKs will only increase the ductility and energy dissipation
capacity of the structure.

6.3.2. Influence of RCFSTK Unit Height

Figure 22 shows the load–displacement skeleton curves for the models in which the
unit height of the RCFSTKs was varied (h = 15, 20, and 25 cm) under vertical load and
cyclic loads with other parameters were unchanged.
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Figure 22 and Table 9 show that there were no significant differences in the load–
displacement skeleton curves of the models. When the unit height of the RCFSTK was
increased from 15 to 25 cm, the yield load, ultimate load, and failure load of the specimen
increased by 13.1%, 7.3%, and 7.3%, respectively. Since the RCFSTK deformation was
primarily shear deformation, increasing its unit height improved its resistance to shear
deformation, so the overall structural load carrying capacity was enhanced. The initial
stiffness, ductility ratio, and energy dissipation coefficient of the models all increased and
then decreased as the unit height increased. However, the overall change was small. When
the RCFSTK unit height increased from 15 to 20 cm, the ductility ratio increased by 6.7%,
but the other index values increased by <3%. When the RCFSTK unit height increased from
20 to 25 cm, the ductility ratio decreased by 12.5%, and the energy dissipation coefficient
decreased by 7.3%; all other index values decreased by <4%. The main reason for this is
that an increase in RCFSTK unit height is effectively an increase in steel content inside the
structure, so the index values increase. However, when the unit height exceeds a particular
value, deformation and damage of the steel plate are reduced. The damage is transferred
to the concrete, so the index values decrease. In summary, the change in RCFSTK unit
height has little effect on the cyclic performance of the structure in general; as the section
height increases, the bearing capacity of the structure improves, and the ductility ratio
and energy dissipation capacity first increase and then decrease; the initial stiffness is
almost unchanged.

6.3.3. Influence of Wall Thickness of RCFSTKs

Figure 23 shows the load–displacement skeleton curves of the models in which the
RCFSTK steel tube wall thickness t was 4, 8, and 12 mm under vertical load and cyclic
loads with all other parameters unchanged.
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Figure 23. Load–displacement skeleton curves for models with different RCFSTK steel tube wall
thickness.

Figure 23 and Table 9 show that the wall thickness of the steel tube has an obvious
impact on the load–displacement skeleton curve. The yield load, ultimate load, and failure
load of the models first increased and then decreased, and when the wall thickness of the
steel tube increased from 4 to 8 and then to 12 mm, the values of the indicators first increased
respectively by 11.0%, 24.4%, and 24.4% and then decreased by 13.6%, 7.1%, and 7.1%. The
initial stiffness of the models consistently increased; when the wall thickness of the steel
tube increased from 4 to 12 mm, initial stiffness increased by 15.2%. The ductility ratios
of the models and the energy dissipation coefficients first decreased and then increased.
When the wall thickness of the steel tube increased from 4 to 8 and then to 12 mm, these
indicators first decreased respectively by 15.8% and 50% and then increased by 18.8% and
25.4%. The principal reason is that the RCFSTKs undergo shear deformation, and increasing
the wall thickness of the steel plate improves the capability of the RCFSTK to resist shear
deformation. However, as the wall thickness increases, the damage is transferred to the
concrete, so the index value has a turning point.

In summary, these three models show that the change in steel tube wall thickness has
a pronounced effect on the seismic performance of the structure. As the steel tube wall
thickness increases, the bearing capacity of the structure first increases and then decreases,
while the ductility and energy dissipation capacity first decrease and then increase, and the
initial stiffness always increases.

6.3.4. Influence of Wall Thickness of RCFSTKs

Figure 24 shows the load–displacement skeleton curves of each model under vertical and
cyclic loads with axial compression ratios (ζ) 0.2, 0.4, and 0.5, and other parameters unchanged.
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Figure 24 and Table 9 show that the load–displacement skeleton curves of the models
differed significantly with different axial pressure ratios. When the axial pressure ratio
increased from 0.2 to 0.5, the yield load, ultimate load, and failure load of the models
increased by 24.6%, 16.8%, and 16.8%, respectively, while the ductility ratio and energy
dissipation factor decreased by 22.2% and 20.6%, respectively, with no change in initial
stiffness. The reasons for these changes are similar to those for the changes in the cast-in-
place structure caused by different axial pressure ratios. Change in axial pressure ratio has
a pronounced effect on the cyclic performance of the structure. As the axial pressure ratio
increases, the bearing capacity of the structure increases, while the ductility and energy
dissipation capacity decrease, and the initial stiffness remains unchanged.

6.3.5. Influence of RCFSTK Steel Strength

Figure 25 shows the load–displacement skeleton curves of each model with RCFSTK
steel strengths (Q) of Q235, Q390, and Q420 under vertical load and cyclic load and all
other parameters remained unchanged.
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Figure 25 and Table 9 show that the load–displacement skeleton curves of the speci-
mens differed slightly. When the RCFSTK steel strength increased from Q235 to Q420, the
yield load, ultimate load, failure load, and initial stiffness of the models increased by 12.1%,
8.4%, 8.4%, and 4.1%, respectively. The displacement ductility ratio and energy dissipation
coefficients decreased by 12.5% and 9.0%. The principal reason for these changes is that
the RCFSTKs are mainly subjected to shear deformation and increasing steel strength can
increase RCFSTK resistance to shear stress and thus decrease deformation. Overall, the
change in the steel strength of the RCFSTKs has little effect on the cyclic performance of the
structure. As steel strength increases, bearing capacity and initial stiffness of the structure
increase, while the ductility ratio and energy dissipation capacity decrease.

6.3.6. Influence of RCFSTK Concrete Grade

Figure 26 shows the load–displacement skeleton curves of each model with concrete
grades in RCFSTK (G) of C25, C30, C40, and C50 under vertical and cyclic loads and other
parameters remained unaltered.

Figure 26 and Table 9 show that the load–displacement skeleton curves of the models
differed slightly. When the strength of the concrete inside the steel tube increased from
C25 to C50, the yield load, ultimate load, failure load, and initial stiffness of the specimen
increased by 9.6%, 8.4%, 8.4%, and 12.3%, respectively, and the displacement ductility
ratio and energy dissipation coefficient decreased by 21.4% and 19.7%, respectively. The
reason for these changes is similar to the reason for changes in RCFSTK steel strength. The
change in RCFSTK concrete grade generally had little effect on the cyclic performance of
the models. As the concrete grade of the shear wall and columns increases, the bearing
capacity and the initial stiffness of the structure increase, while the ductility ratio and
energy dissipation capacity decrease.
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7. Conclusions

To find a method of connecting a shear wall and columns that can both reduce the
amount of wet work required and maintain adequate stiffness, we propose connecting the
shear wall to the vertical frame using rectangular concrete-filled steel tube keys (RCFSTKs).
Static tests and finite element models were used to study their cyclic performance. The
feasibility of the new method was analyzed. In addition, the influence of different parame-
ters on the cyclic performance of the assembled structure was identified. The following
conclusions can be obtained.

(1) In terms of transferring force, RCFSTK produces a concentrated force perpendicular
to the frame column when transferring the internal force between the column and
the wall. This force changes the locations of the maximum bending moments of the
column and the wall, making the bending moments more uniform in the vertical
direction and improving the mechanical properties of the wall and the column.

(2) The RCFSTKs yielded in the center of their lateral steel plates, while the ends of the
steel plates on the upper and lower surfaces did not yield. This indicates that the
RCFSTKs are predominantly subjected to shear deformation and are important in
coordinating shear deformation of the walls and columns.

(3) The prefabricated frame–shear wall structure using RCFSTKs, compared with the
cast-in-place structure, has a fuller hysteresis curve, greater total energy consumption,
better ductility, slightly higher energy consumption capacity, and slightly lower
stiffness degradation and bearing capacity. The difference in bearing capacities was
slight, so practical use of the proposed prefabricated structure is feasible.

(4) Removing the RCFSTKs or the plain concrete blocks between them, or both, will signif-
icantly decrease the bearing capacity and initial stiffness of the prefabricated column–
wall unit by 21.5%–52.2%. Thus, both RCFSTs and the concrete blocks between them
are necessary. How to simplify the construction merits further investigation.

(5) The cyclic performance of the prefabricated structure is influenced largely by the
number of RCFSTKs, steel tube wall thickness, and axial compression ratio while to a
lesser extent by the key height, steel strength, and concrete grade of the RCFSTKs.
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