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ABSTRACT

Concrete-filled double-skin steel tube (CFDST) attracts attention from researchers for it
exhibits high strength, good ductility and energy dissipation capacity. In this paper, CFDST
frame with beam-only-connected precast reinforced concrete shear wall system is pro-
posed, and all the joints used high-strength bolt connection to realize fully-prefabricated
construction. Three specimens were tested to obtain the seismic performance and coopera-
tive mechanism of such proposed systems, and the contribution of beam-only-connected
precast reinforced concrete shear wall (BRW) was quantified by comparing the results of
these specimens. The results show that: (1) the BRW cooperated well with the CFDST frames,
and it significant enhanced the lateral stiffness and strength of the CFDST frame; (2) all
specimens tolerated more than 4% inter-story drift ratio, indicating that the specimens have
good lateral deformation capacity; (3) the specimen with two pieces of BRW (BF-BRW-B)
exhibited better ductility ratio by comparing with the specimen without BRW (BF) and with
only one piece of BRW (BF-BRW-A); (4) relative brittle failure was occurred on the BRW in BF-
BRW-A due to the shear force, which resulted in significant strength degradation and
ductility reduction of the specimen, but two BRWs in BF-BRW-B could mitigate such
situations. Lastly, equations were proposed to predict the lateral resistance of the test
specimens.

© 2019 Politechnika Wroclawska. Published by Elsevier B.V. All rights reserved.

performance and lower cost were desired for the engineers,

1. Introduction and concrete-filled steel tube (CFST) was proposed for its high

strength and stiffness, good ductility and energy dispassion
In the past several decades, more and more high-rise buildings capacity. In the recent decade, the concrete-filled double-skin
have been constructed all around the world, especially in the steel tube (CFDST) was proposed because of its better

metropolises. Thus new structural systems with better performance, fire and corrosion resistances and less self-
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weight [1]. A CFDST component includes an outer tube and an
inner tube, the inner tube could provide more restraining force
for the infilled concrete and provide vertical and lateral
resistance if the outer tube was damaged. Many researchers
conducted experimental and analytical investigations on the
CFDST components, such as its performance of CFDST
columns subjected to cyclic bending loads [2], the theoretical
calculation for compressive bearing capacity of CFDST
columns [3], the numerical modeling method for compression
performance prediction of CFDST columns [4], the perfor-
mance of CFDST columns subjected to pure torsion load [5], the
bending-shear performance of CFDST columns [6], and the
numerical modeling method for performance simulation of
CFDST short columns [7]. The mentioned advantages were
demonstrated in these investigations, and such findings
promote further applications of CFDST frame structures in
engineering practice.

Due to the advantages of CFDST components, the perfor-
mance of CFDST structures is attracting researchers' attention,
especially for the CFDST frame structures. Many researches
have been conducted for CFST frames, including the numerical
modeling method of concrete-filled SHS column frames [8],
test research of CFT/BRB frame [9], the modeling method of the
behavior of panel zone in CFST frame [10], the effects of
modeling level selection for seismic fragility of CFST frame
[11], the seismic behavior of CFST frames with semi-rigid
connections [12], the cyclic behavior of CFST column to
composite beam frame [13], and seismic performance of CFST
frame with steel plate shear wall and composite steel plate
shear wall [14]. It was found that the CFST frames exhibit high
lateral resistance and energy dissipation capacity, however,
the investigations on the CFDST frames are insufficient
because of the different mechanical behavior between CFST
and CFDST components. In recent years, Zhang et al.
performed quasi-static tests on CFDST column-reinforced
concrete (RC) beam joints [15] and CFDST column-steel beam
joints [16], and aimed to investigate the seismic performance
of CFDST in frame structures, it was found that the CFDST
column-steel beam joints exhibit better performance, but the
ductility of the joints was reduced due to fracture of weld
connections. Hu et al. [17] developed a simplified numerical
model for the CFDST frame buildings, and assessed the
seismic risk of a case CFDST frame building, however, it was
indicated that such proposed model was only verified by the
test results of the joints, but not of the frame structure.
Besides, a fully-prefabricated CFDST frame system was
proposed, only high-strength bolts were used for the beam-
to-column joints and the column-to-column joints. The
seismic performance of the proposed frame system has been
investigated, and comparative specimens with different types
of construction details were also tested and analyzed [18].

In the regions with high seismicity, the lateral resistance
and the lateral stiffness of the frame building are insufficient.
To avoid large deformation and to ensure the safety of the
frame buildings in strong earthquake regions, shear wall was
proposed as a strengthen component that can be infilled into
the frames, including steel plate shear wall (SPSW) and
reinforced concrete (RC) shear wall. The shear walls could
enhance the strength and stiffness of the frame building,
and could reduce the collapse consequences of them due to

earthquake, because the shear walls would become the second
defense line of the frame structure [19]. Due to the good fire
resistance and large lateral stiffness, the RC shear walls are
commonly used in frame buildings, and the seismic perfor-
mance of different types of RC shear walls has been
investigated in literature, including the innovative seismic-
resistant steel frame with RC infill walls [20], the steel frames
with concrete sandwich panels [21] and the partially re-
strained steel frame-RC infill walls [22]. These types of RC
shear walls are commonly connected with boundary columns
and boundary beams. It was found that the shear force of the
shear walls would transfer to the boundary frame and resultin
additional forces for the boundary columns, thus large section
of columns was needed to resist the additional force derived by
the shear walls, such finding was reported by many research-
ers [23-25]. Therefore, researches suggested that separating
the RC shear walls from the boundary columns and the RC
shear walls was connected only with the boundary beams,
including the steel frame with separated RC infill walls [26] and
the steel frame partially infilled with RC wall systems [27].
Generally, such suggestion was also proposed in SPSW and
composite shear wall system, and this kind of shear wall was
commonly named as beam-only-connected shear wall, in-
cluding steel plate shear walls with beam-connected web
plates [28], LYS and HYS steel plate shear walls connected to
frame beams only [29], steel plate shear walls with composite
columns and infill plate plates connected to beams only [30]
and steel frame equipped with steel panel wall [31]. However,
the beam-only-connected RC shear walls are scarcely investi-
gated, especially in CFDST frames. If a RC shear wall infill
frame structure encountered a severe earthquake, the dam-
aged RC shear wall might not easy be repaired or retrofitted
because most of the RC shear wall infill frame systems used
the cast-in situ construction. Such construction was common-
ly used because few connecting technologies were proposed to
realize fabricated connection between the boundary frames
and the RC shear walls, especially for the steel frames with RC
shear walls [27].

Therefore, this paper used high-strength bolts to connect
the beam-only-connected RC shear wall (BRW) and the
boundary CFDST frame to realize fabricated construction of
this structural system. One CFDST frame specimen and two
CFDST frame with BRW specimens were designed and tested.
These specimens were designed in 1/2 reduced scale with
single-story and single-bay. The failure mechanism and
seismic performance of the test specimens were investigated
and compared. The structural design method for lateral
capacity prediction of the BRWs is also proposed and validated.

2. Experimental work
2.1.  Bare frame (BF) specimen

A fully-prefabricated concrete-filled double-skin steel tube/
moment-resisting frame (PCFDSF, this paper abbreviates it as
BF) specimen was designed based on an actual concrete-filled
steel tube frame structure, and such bare frame was used as a
benchmark model in the test program of this paper. Due to the
limitation of the test condition, the bare frame was scaled
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down to 1:2-scaled size, and it was designed as single-bay and
single-story. The total height and the story height of the bare
frame were 1.62 m and 1.5 m, respectively. The bay length of
the bare frame was 3.0 m. The bare frame was constructed by
two concrete-filled double skin steel tube (CFDST) columns
and a H-section steel beam. The CFDST column includes a
square-section outer tube and a circular-section inner tube,
and concrete was pulled into the space between the outer and
inner tubes. The side length and the plate thickness of the
outer tubes were 250 mm and 8 mm, respectively. The
diameter and the plate thickness of the inner tubes were
133 mm and 6 mm, respectively. The section height, flange
width, web thickness and flange thickness of the steel beam
were 244 mm, 175 mm, 7 mm and 11 mm, respectively.

In this paper, a fully-prefabricated construction technology
is proposed. Both the beam-to-column joints and the column-
to-column joints were connected by high-strength bolts, and
both of the novel splicing-type column-to-column connection
and the novel block-strengthened connection are proposed,
respectively.

The construction details and the dimensions of the
proposed splicing-type connection are shown in Fig. 1 and
Fig. 2, respectively. A single-story CFDST column in the BF
specimen was divided into two parts: the upper half part
(700 mm in height, Fig. 1(a)) and the bottom half part (700 mm
in height, Fig. 1(b)). Four T-shape stiffeners and a splicing plate
were welded around the inner tube in each part, and were
connected with the outer tube of each part, as shown in Fig. 1
(a) and (b). These parts could be assembled in the factory, and
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the concrete was pulled into the space between the inner tube
and the outer tube at this stage. Then these parts can be
transformed to the construction site and can be connected by
connecting the splicing plates, and a pair of U-shape
encapsulation components were used to seal up the splicing
regions, as shown in Fig. 1(c). The completed CFDST column is
shown in Fig. 1(d).

The dimensions details of the proposed block-strength-
ened connection are shown in Fig. 3. Among the stiffeners, the
cover plates and the blocks were used to strengthen the
connections. As shown in Fig. 1(a), both of the stiffeners and
the cover plates were welded with the upper half of the CFDST
column in the factory. Then the steel beam was placed
between the cover plates and was connected with these plates
and CFDST column by high-strengthen bolts. The blocks were
placed at the end of steel beam and were connected with the
steel beam and CFDST column by high-strengthen bolts

(Fig. 4).

2.2. Beam-only-connected precast reinforced concrete
shear wall

Beam-only-connected precast reinforced concrete shear wall
(BRW) is proposed to enhance the BF in the regions with severe
earthquake. By comparing with the steel plate shear wall, the
RC shear wall exhibits good fire-resistance and can be used
as thermal-insulating wall. By changing the size and the
numbers, the BRWs could provide transformable space for
architecture requirements. In this paper, two BF-BRWSs speci-
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Fig. 1 - Spicing-type column-to-column joint (a. the upper half part; b. the bottom half part; c. details of column-to-column

connection; d. the connected CFDST column).
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Fig. 3 - Dimensions of the beam-to-column connection (unit: mm).

mens were designed with different numbers of BRW, and they
were labeled as BF-BRW-A (one piece of BRW) and BF-BRW-B
(two pieces of BRW), and the detailed dimensions of these RC
shear walls are presented in Fig. 5. The detailed dimensions of
these specimens are presented in Table 1. The thickness of
these walls was 60 mm, the thickness of concrete cover was
20 mm. Both of the plan size and thickness of these walls were
reduced due to the 1/2-scaled size of the specimens. The
diameter of the reinforcement bars was 5 mm, and the bars
were two layers and were placed along two directions. The
diameter of the high-strength bolts was 16 mm and the
diameter of the bolt hole was 18 mm. The boundary frame of
these shear walls were same with the BF specimen.

2.3. Test setup

Fig. 6 shows the diagram of the test setup and the photograph
is shown in Fig. 7. Both of the lateral load and the vertical load
were subjected to the test specimens. The lateral load was
imposed by a hydraulic actuator, and the vertical load was
imposed by hydraulic jack. The test specimens were placed on
the rigid base beam and the base beam was connected with
the base platform. Two supports and two trapezoid beams
were used to restrain the lateral and vertical displacement of
the base beam, respectively. A loading block was placed
between the actuator and the specimens to transfer the lateral
load. Two pairs of rolling supports were placed to restrain the
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Fig. 5 - Dimensions and measuring points of the RC shear walls.

Table 1 - Dimensions of the specimens.

Specimen CFDST frame (mm) Number of SPW  Dimension of SPW (mm)
BF CFDST column: 1600 (length), 250 (side length of outer tube) and 133 0 None

BF-BRW-A (diameter of inner tube) 1 1480 (length) x 1236 (height)
BF-BRW-B Beam: HM 244 x 175 x 7 x 11 2 1324 (length) x 1236 (height)

Note: 244 mm, 175 mm, 7 mm and 11 mm are the height, flange width, web thickness and flange thickness of the HM 244 x 175 x 7 x 11 beam.

out-of-plane deformation of the specimens during the loading
stage, and such supports were connected with the lateral
restraint beams, as shown in Fig. 7.

2.4.  Loading pattern and measurements

The vertical load on each column was a constant load, and it
was determined by the axial compression ratio of 0.5 and to
represent the gravity loads from the above stories in the
prototype building. The constant vertical load was applied on
the CFDST columns preferentially and it was controlled by
force. Then the cyclic lateral load was imposed on the right

CFDST column by the actuator, and it was controlled by
displacement. The controlled displacement loading pattern
was determined by the Chinese standard JGJ 101-1996 [32], and
a diagram of the loading pattern is shown in Fig. 8.

Both of the linear variable displacement transformers
(LVDTs) and strain gauges were used to measure the
deformation and stress distribution of the test specimens,
respectively. The LVDTs measured the lateral displacement
of the specimens, the shear deformation and the rotation
deformation the beam-to-column joints, the lateral displace-
ment of the base beam and the shear deformation of the
RC shear walls. The lateral force of the specimens was
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measured by the actuator. Several uniaxial strain gauges
were used to record the stress distribution and stress
transformation of the RC shear walls, and these gauges are
depicted in Fig. 5.

2.5.  Mechanical properties of the materials

The mechanical properties of the steel and concrete materials
were determined by material tests. Three standard material
test specimens were produced and were tested, and the
average values of these results were selected to represent the
material properties of these materials. Fig. 9 shows the
dimensions of the standard material test specimens of steel,
where by, Lo, L, ¥, D, H and C are 25 mm, 90 mm, 120 mm,
30mm, 50mm and 150 mm, respectively. The a, is the

thickness of the standard material test specimens. The yield
strength, elastic modulus and tensile strength of the steel
members are shown in Table 2.

The compressive strength of the concrete material was
measured by compressive testes on three standard 28-day
proper-cured standard concrete cubes with 100 mm x
100 mm x 100 mm. The compressive strength of the concrete
in CFDST columns and the RC shear walls were 24.5 MPa and
22.0 MPa. The tensile strength of the concrete in RC shear wall
was 1.8 MPa. The pretension force of the frictional high-
strength bolts was 100 kN, 155 kN and 490 kN for the grade
levels of M16, M20 and M36, respectively. These bolts were
designed as 10.9-grade, which means the yield strength and
the yield strength ratio of these bolts were 1000 MPa and 0.9,
respectively.
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3. Results of the test specimens
3.1.  Observed behavior of the specimens

The failure mode of the BF specimen is presented in Fig. 10.
Until 16 mm loading step, no obvious phenomenon was

observed on the BF specimen, and it behaved in approximate
elasticity. When the lateral drift reached 20 mm, noises were
detected at the beam-to-column connections and the first crack
was also detected on the weld between the stiffener and the
CFDST column near by the beam-to-column connection. As the
lateral drift reached 24 mm, more cracks formed on the welds
between the stiffeners and the CFDST columns, and these
cracks developed along the length of the welds. The stiffeners
separated from the left CFDST column when the lateral load
reached 60 mm, and obvious sliding deformation was detected
at the beam-to-block connections. The stiffeners nearby the left
column base buckled at this loading step. In the next loading
step, the outer tube of the right CFDST column buckled, and the
welds between the stiffeners and the CFDST columns nearby
the column bases torn, as shown in Fig. 10(b) and (d). When the
lateral drift reached 76 mm, the BF specimens failed with large
plastic buckling deformation of CFDST column and strength
degradation, as shown in Fig. 10(c) and (e). The final failure
mode of the BF specimen is shown in Fig. 10(a).

The failure mode of the specimen BF-BRW-A is presented in
Fig. 11. Minor cracks were observed on the RC shear wall when
the lateral drift reached 4 mm, and these cracks were located
at the four corners of the shear wall. The width of these cracks
was no more than 0.5 mm and the length was no more than
10 cm. These cracks formed because the normal stress derived
from bending moment exceeded the tensile strength of the
concrete. These cracks developed steadily and some more
minor cracks were formed at the end of the shear wall during
the 6 mm loading step. Most of these cracks were developed
along the horizontal direction and vertical direction. At the
8 mm loading step, an obvious diagonal crack was formed
at the middle-bottom region and the width was 0.2 mm.
Some cracks extended to the bottom of the shear wall, and
the maximum length of these cracks was about 20 cm. The

Table 2 — Material properties of steel.

Items Thickness or Yield strength Tensile strength Elastic modulus
diameter fy/MPa fu/Mpa Es/Mpa
Outer tube 8 366.42 444.67 2.14 x 10°
Inner tube 6 309.33 453.67 2.09 x 10°
Beam flange 11 296.33 437.00 2.11 x 10°
Beam web 7 280.33 42133 2.08 x 10°
Reinforcement bars 5 246.67 450.33 2.07 x 10°

Fig. 10 - Failure patterns of the specimen BF (a. final failure mode; b. failure of the left beam-to-column joint; c. failure of the
left CFDST column; c. failure of the right beam-to-column joint; c. failure of the right CFDST column).
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diagonal cracks at the central position of the shear wall
extended during the 10 mm loading step, and the width was
0.6 mm when the lateral drift reached 12 mm. The diagonal
crack was formed because of the shear stress derived from
shear force exceeded the shear strength of the concrete, and
the angle of the diagonal crack was about 45°. The maximum
length of the cracks reached 27 cm, but the width of these
cracks was not increased so much. At the 14 mm loading step,
a principal crack was formed at the upper-left corner of the
shear wall nearby the angle, and the maximum width of the
crack was 1.5 mm. In the negative loading stage of this loading
step, another principal crack appeared at the right-top corner
of the shear wall, and the width of the crack was 2.0 mm. More
diagonal cracks appeared on the central region of the shear
wall, and many cracks at the positions of the four corners
developed into the central region. As the lateral drift reached
20 mm, minor spalls of the concrete were observed at the
upper-right corner. The concrete crashed at the upper-left
corner when the lateral drift was 24 mm, and then similar
phenomenon appeared at the other corners of the shear walls
atthe nextloading step. Due to the concrete crashed at the four
corners, as shown in Fig. 11(d), the effective shear resisting
section area of the shear wall was reduced, thus the maximum
shear stress of the sections at the ends of the shear wall
increased obviously. Cracks started to form at the central
region of the upper and bottom sections, and these cracks
developed quickly along with the strength degradation of the
test specimen. Local buckling appeared at the cover plates and
the steel beam due to the large bending moment derived from
lateral force, as shown in Fig. 11(a) and Fig. 11(b), respectively.
At the 36 mm loading step, the cracks at the four corners
developed across the thickness direction of the shear wall, and
reinforcement bars at these positions exposed obviously.
Besides, cracks were formed on the welds in the beam-to-
column connections. The capacity of the specimen decreased
suddenly at the 40 mm loading step, straight-line joint failure
was observed at the upper section of the RC shear wall, and the
RC shear wall basically lost its capacity at this loading step. As
the lateral drift was 52 mm, cracks were observed on the welds
between the stiffeners and the CFDST column at the position

of column bases, and these cracks developed along the welds.
Local buckling then developed on the CFDST columns nearby
the column bases, and the buckling developed quickly and
obviously during 60 mm loading step. When the lateral drift
was 68 mm, the welds between the stiffeners and the cover
plates torn, and the plate of the CFDST columns nearby the
stiffeners torn quickly. The test was terminated at the 76 mm
loading step due to large strength degradation of the speci-
men, and the final failure mode of the BF-BRW-A is shown in
Fig. 11(a).

The failure mode of the specimen BF-BRW-B is presented
in Fig. 12. There were two pieces of BRW in the specimen
BF-BRW-B, which was different with the specimen BF-BRW-A.
When the lateral drift was 4 mm, some minor cracks appeared
on the upper-right corner of the left BRW and the upper-left
corner of the right BRW, the thickness and the length of these
cracks were no more than 0.28 mm and 20 cm, respectively. At
the 6 mm loading step, cracks were formed on the corners of
the BRWs because of the action of the normal stress. As like the
specimen BF-BRW-A, these cracks developed steadily along the
vertical and the horizontal directions. Besides, diagonal cracks
were formed at the central region of the BRWs at this loading
step. These diagonal cracks developed, and the maximum one
was about 10 cm in length when the lateral drift was 10 mm.
The maximum width and length of the cracks at the corners
were about 0.7 mm and 40cm, respectively. These cracks
extended during from the 12 mm to the 20 mm loading step.
When the lateral drift reached 24 mm, the concrete at the
upper-left of the left BRW and the right BRW crashed, and
the specimen reached its ultimate capacity. Then the cracks
extended to the ends of the shear walls, and the maximum
length of the cracks was about 58 cm. The cracks started to
extend along the upper and bottom sections of the BRWs,
especially for the right BRW, which resulted strength degrada-
tion of the specimen. The right BRW almost lost its capacity due
to straight-line joint failure at the upper section during the
40 mm loading step, and the capacity of the specimen reached a
lower peak value when the lateral drift was 44 mm, as shown in
Fig. 12(d). The flange plate of the steel beam and the cover plate
buckled at this loading step, as shown in Fig. 12(b) and (c). The
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Fig. 12 - Failure characteristics of the specimen BF-BRW-B (a. finial failure mode; b. local buckling at the left beam-to-column
joint; c. local buckling at the right beam-to-column joint; failure mode of two piece of BRW-Bs).

left BRW still supplied lateral resistance during the 52 mm and
60 mm loading steps, and the capacity of the specimen slightly
increased. But the specimen reached its ultimate capacity
when the lateral drift was 60 mm, large area of concrete
crashed and the weld between the stiffeners and the CFDST
columns torn. Local buckling occurred at the steel plates of the
CFDST columns nearby the column bases, both of the left BRW
and the right BRW separated from the boundary frame. The
capacity of the specimen decreased sharply due to the failure of
the BRWs and the CFDST frames. The welds between the
stiffeners and the CFDST columns nearby the column base and
the welds between the cover plates and the CFDST column torn,
and the plastic deformation derived from local buckling of the
column bases developed obviously. The test of the specimen
BF-BRW-B was terminated at the 84 mm loading step, and the
final failure mode of the BF-BRW-B is shown in Fig. 12(a).

3.2 Load-displacement curves

The hysteretic curves and the envelop curves of the specimens
are shown in Fig. 13. It can be found that all specimens exhibit
good performance and deformation capacity. Both of the
initial stiffness and the ultimate capacity of the CFDST frames
were enhanced by the beam-only-connected precast RC shear
walls. The shuttle shape of the hysteretic curve of the BF
specimen indicates that this specimen has good ductility and
energy dissipation capacity. Two obvious stages can be
observed in Fig. 13(b), the lateral resistance decreased sud-
denly when the lateral drift reached 40 mm. Because the RC
shear wall failed at this loading step, and the boundary frame
supplied the lateral resistance, thus the hysteretic curve of the
BF-BSW-A during 44-76 mm was similar with the one in BF
Specimen. But for the specimen BF-BSW-B, three obvious
stages were observed. The lateral resistance suddenly de-
creased when the lateral drift reached 44 mm, and it increased
during 52 mm to 60 mm. Then the lateral resistance of the BF-
BRW-B decreased sharply after 60 mm loading step.

The lateral loads, lateral drift, initial stiffness and displace-
ment-based ductility ratio of the test specimens at the yield
point and ultimate point are shown in Table 3. The initial
stiffness is selected as the slope of the envelop curves at the
first loading step (2 mm). The average stiffness of the BF-BRW-
A and the BF-BRW-B enhanced 25.95kN/mm (50.8%) and

57.59 kN/mm (58.7%) by comparing with the value for the BF,
respectively. The average lateral resistance of the BF-BRW-A
and the BF-BRW-B enhanced 188.72 kN (33.4%) and 331.88 kN
(58.7%) by comparing with the value for the BF, respectively.
These specimens tolerated more than 4% inter-story drift ratio
and still exhibited considerable loading capacity, and 4% is
limitation inter-story drift ratio of the collapse prevention (CP)
performance level in FEMA 356 [34] for steel-moment resisting
frame structures. FEMA 356 is a guidance for performance-
based seismic design of building structures in Unite States, and
the performance levels are proposed to define the damage
states of building structures. Besides, the deformation capacity
of the test specimens is also larger than the limitation value
(2%) for steel structures subjected to rare earthquake in the
Chinese standard GB 50011-2010 [35]. The ductility ratio is
calculated as the ratio of yield displacement to the maximum
displacement. The yield displacement is determined by the
equal-energy methodology proposed in literature [25], which is
the most commonly used method to determine the yield point
of cyclic test specimens, the detailed diagram of the method is
shown in Fig. 14. The maximum displacement is determined
as the displacement of the specimens when the lateral load
degraded to 85% of the ultimate values [32]. The average
ductility ratio of the BF-BRW-B is slight larger than the value of
the specimen BF, however, the value for the BF-BRW-A is less
than the value for other two. Because there was a sudden
degradation on lateral capacity of the BF-BRW-A due to the
sudden failure of the BRW.

3.3.  Stiffness and strength degradation

The secant stiffness K curve is used to present the stiffness
degradation of the test specimens in the loading process, and
reflects the whole damage process of the test specimens. The
secant stiffness can be calculated by

| +Pi| + [Py
U+ Al -4

(1)

where K; is the secant stiffness of the specimens at the ith
loading step; +P; and —P; are the peak load at the ith positive
and negative loading steps, respectively; +4; and —A4; are
the corresponding displacement at the ith positive and nega-
tive loading steps, respectively.
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Fig. 13 - Load versus displacement curves for the test specimens.

Table 3 - Results of some key points of the test specimens.

Specimen Direction Yield Maximum Ductility ratio  Elastic stiffness
W= Amax/ Ay Ke (kKN/mm)
Py (kN) Ay (mm) ¢y (%) Pmax (KN)  Amax (MM)  gmax (%)

BF Positive 479.13 15.11 1.01 564.34 60.88 4.06 4.03 51.55
Negative —425.79 —18.67 1.24 —565.50 —76.00 5.07 4.07 50.58

BF-BRW-A Positive 618.58 15.92 1.06 739.06 41.65 2.78 2.62 80.25
Negative —583.61 -16.32 1.09 —768.22 —41.44 2.76 2.53 73.79

BF-BRW-B Positive 906.44 15.80 1.05 1018.62 67.12 4.47 4.26 114.48
Negative —860.76 -17.52 1.17 —954.33 —73.92 4.93 4.21 102.84

Note: Py and Pp,ax are the yield load and the ultimate capacity, respectively; Ay and Ay are the yield drift and the maximum drift, and the ¢y
and gmax are the corresponding drift ratio, respectively; K. is the initial lateral stiffness.
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Fig. 14 - Diagram for determining yield point.

The secant stiffness curve of the test specimens is shown in
Fig. 15(a). It can be found that the BF-BRW-B exhibits largest
secant stiffness in the whole loading process, and the value of
the BF-BRW-A is lower than the value of BF-BRW-B but larger
than the value of BF. The results indicate that the BRWs could
effectively enhance the lateral stiffness of the CFDST frames in
the whole loading process, and the lateral stiffness of the
CFDST frames could be efficiently enhanced by increasing the
amount of BRWs, which is also demonstrating the good
cooperative working relationship between CFDST frames and
BRWs. For the BF-BRW-A, the enhancement on secant stiffness
by comparing with the BF is diminished when the lateral drift
reached 44 mm, because the BRW damaged seriously at the
40 mm loading step.

The strength degradation coefficient 2 is used to present the
strength degradation behavior of the test specimens due to
cyclic loads at the same level of lateral loads, such coefficient
could reflect the stability of lateral resistance of the test
specimens subjected to cyclic loads. The calculation of the
coefficient is

Pl:+1
_

P

Mj =5
J

120
100 |
804, o

60 ® @

40 —=—BF

e le, ~e- BF-BRW-A

20 . -—— BF-BRW-B

—8 % 4 (mm)
0 R R, e
0 20 40 60 80 100

(a) Lateral stiffness

where 1; is the strength degradation coefficient of the speci-
mens at the jth loadinglevel subjected to ith loading cycle, P}* 1
is the peak load of the specimens at the jth loading level
subjected to (i + 1)th loading cycle, P; is the peak load of the
specimens at the jth loading level subjected to first loading
cycle.

The strength degradation coefficient of the test specimens
is shown in Fig. 15(b). The coefficients of the specimens
are larger than 0.85 and most of them are larger than 0.95,
indicating that lateral resistance of the CFDST frame and
CFDST frame with beam-only-connected BRW structures is
stable subjected to cyclic loads. Generally, the coefficients
decrease with increasing of the lateral drift. In the early
loading stages (lateral drift is less than 32 mm), the BF exhibits
the highest coefficients, and the values of the BF-BRW-A
are higher than the values of BF-BRW-B. Because the BRW
damaged successively in the early loading stages, and such
damages would result in strength degradation of the speci-
mens, especially for the BF-BRW-B. There is a sharp degrada-
tion for BF-BRW-A when the lateral drift was 40 mm, because
the BRW damaged seriously at this loading step. Then the
coefficient of BF-BRW-A is similar with the value of BF because
the BRW was almost destroyed at the following loading steps.
But for BF-BRW-A, no sharp degradation was occurred because
two pieces of BRWs were placed and the damage process of
the BRWs was slowly.

3.4. Ultimate capacity of the BRW members

According to the suggestion by Jiang et al. [25], the ultimate
capacity of the BF-BRWs can be simplified as the sum of the
capacities of the BF and the infilled BRWs. Such simplified
method was verified by cyclic tests on four specimens
conducted by Jiang et al. [25]. Thus the ultimate capacity of
the BF-BRWs can be calculated by

V:Vf+Vw:Vf+sum(Vwi,i:1,2,...) (3)

where V; is the capacity of the bare frame, V,, is the total
capacity sum of the BRWs and V,,; is the capacity of the ith
BRW.
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Fig. 15 - Degradation curves of the test specimens.
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Fig. 16 - Mechanical diagram of the BF-BRW-B.

The capacity of the CFDST frame has been investigated [18],
the interaction relation of the axial force, bending moment
and shear force is considered, and the capacity was also
verified by the test results. In this paper, only the ultimate
capacity of the BRWs in the specimens is calculated. Taking
the specimen BF-BRW-B for example, the mechanical diagram
is depicted in Fig. 16. The V,,; and V,,, are the shear force of
the left BRW and the right BRW, respectively; Vg and Vj, are
the shear force of the left column and the right column,
respectively.

The height-to-length ratio (2h/1) is 1.61 and 1.78 for the BRW
in the BF-BRW-A and the BF-BRW-B, respectively. Due to the
length-to-height ratio of these BRWs is less than 2.0, thus
the BRWs can be considered as a deep beam based on the
Chinese Standard GB 50010-2010 [33], which is a standard for
designing of reinforced concrete structures. The deep beam
model is used to predict the lateral resistance of the BRWs,
because the bend-shear mechanical behavior of the BRWs is
similar with a fixed deep beam. Thus two BRWs can be
simplified a fixed deep beam, as shown in Fig. 17, and
the lateral resistance of a BRW can be calculated as half of the
resistance of the deep beam subjected to a concentrated load.

The ultimate capacity of a deep beam subjected to a
concentrated load can be calculated by

un = Pmu
175 (ho/1-2), As, (5-ho/l), Ag
*A+1.0ftbl°+TfW§l°+Tfyh§I° @

where 1 is the shear-span ratio of the assumed deep beam, and
it is 0.25 due to the hy/l < 2.0; ho/l is the length-to-height ratio
of the assumed deep beam, and it is defined as 3.0 due to the
ho/l < 2.0; a5 is the cover thickness of the BRW,; | and I,
(lo=1- 2as) are the length of the BRWs and effective height
of the assumed deep beam, respectively; h and hy is the effec-
tive height of the BRWs and the effective length of the as-
sumed deep beam; f; is the tensile strength of concrete; f;, and
fyn are the yield strength of the reinforcement bars along
the vertical and horizontal directions, respectively; Asy/sh
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Fig. 17 - Diagram of the deep beam model.

and Agy/sy are the stirrup ratio of the reinforcement bars along
the vertical and horizontal directions, respectively.

Thus the ultimate capacity of the BRWs in the specimens BF-
BRW-A and the BF-BRW-B can be calculated according to Eq. (4),
and the predicted results as well as the test results are compared
in Table 4. Where the V. and the V., are the predicted
ultimate capacity and the ultimate capacity obtained from the
test, respectively. Due to the specimen BF-BRW-B has two pieces
of BRW, thus the V. is determined as two times of the ultimate
capacity of BRW-B. It can be found that the maximum error
between the predicted and the test results is 14.7%, and the
predicted ultimate capacity of the BRWs in the test specimens is
larger than the test result. Because the bolt connections between
the BRW and the steel beam (wall-to-frame bolt connections)
damaged during the tests, which resulted in reduction on the
ultimate capacity of the test specimens.

4, Conclusion

This paper presents experimental investigations on the
concrete-filled double-skin steel tube/moment-resisting
frames with beam-only-connected precast reinforced concrete
shear walls, three large scale specimens were tested and
compared, the conclusions are:

(1) The main failure mode of the beam-only-connected
precast reinforcement concrete shear walls (BRW) was
shear-bending failure based on the experimental observa-
tion. Cracks were firstly formed at the four corners and the
central region of the BRWs due to the normal stress and the

Table 4 - Comparison on ultimate capacities of the predicted and the test results.

Member 1 ho lo by Agy/sn Agn/sy Wi Vexp Vipre/Vexp
(mm) (mm) (mm) (mm?/m) (mm?/m) (kN) (kN)

BRW-A 1480 2380 1440 0.25 1.63 226.0 202.72 1.115

BRW-B 1340 2380 1300 0.25 1.63 260.0 (one) 453.12 1.147

519.9 (two)




ARCHIVES OF CIVIL AND MECHANICAL ENGINEERING I9 (2019) 967-980 979

shear force derived from bending moment and shear force,
respectively. Then, the concrete at the four corners crashed
due to the action of the bending moment, and the effective
section area of the section at the ends of the BRWs
decreased successively. Lastly, the BRW failed due to
reduced section area and increased shear force.

(2) The BRWs significant enhanced the initial stiffness and
ultimate capacity of the CFDST frame. The increments on
initial stiffness were 25.95 kN/mm (50.8%) and 57.59 kN/
mm (58.7%) of the BF-BRW-A and the BF-BRW-B, respec-
tively. The increments on ultimate capacity were 188.72 kN
(33.4%) and 331.88 kN (58.7%) of the BF-BRW-A and the BF-
BRW-B, respectively. It is indicated that the proposed
beam-only-connected precast RC shear walls and the
proposed frame-to-wall bolt connections are effective to
strengthen the CFDST frames.

(3) The ultimate inter-story drift of the test specimens was
larger than 4.0%, which is larger than the limited value of
steel structures subjected to rare earthquake (2%) in the
Chinese Standard GB 50011-2010 [35] and collapse preven-
tion (CP) performance limit (4%) of steel moment-resisting
frame structures in FEMA 356 [34]. It is demonstrating that
the proposed fully-prefabricated structural system exhibits
good ability in lateral deformation and suitable for high-
rise buildings in earthquake regions.

This paper suggested that the BRW could be design by

estimated deep beam model, and the formula on the

capacity calculation of fixed RC deep beam in the Chinese
standard GB 50010-2010 [33] was proposed to predict
the ultimate capacity of the BRW. The predicted results
were also validated by the test results, the maximum error
was no more than 14.7%.

=

It should be highlighted that the qualitative data presented
in this paper are derived from the limited numbers of
specimens. But the presented data are the sole validation
test data for the proposed system in the current knowledge.
The authors would conduct further analytical study to reach
more general results, which could be used for seismic design of
the proposed system.
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