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Abstract — In this paper, a new type of composite shear wall which is emplaced with double steel plates, concrete-filled steel 
tubular frames and artificial vertical seams is proposed. In order to study its seismic behavior, three shear wall specimens were 
constructed and then tested to failure under cyclic lateral loading. The failure mode, load-carrying capacity, ductility, stiffness 
degradation, hysteresis behavior and energy dissipating capacity showed in the course of the test are studied. The main research 
results are as follows: firstly, the double steel plates shear wall specimen with concrete-filled steel tubular frames and seams show  
excellent performance in load-carrying capacity, ductility, stiffness degradation and energy dissipating capacity; secondly, double 
steel plates is more effective than concealed bracings in respect of improving seismic behavior of shear wall specimens.  
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I.    INTRODUCTION 

In modern society, there are more and more large-scale 
and complicated high-rise buildings whose core anti-
earthquake vertical system are shear walls or core tubes 
composed of shear walls. So it is very important to improve 
the seismic behavior of shear walls in order to preventing the 
structures from seismic collapse. The studies aim to improve 
the seismic behavior of shear walls have made a series of 
achievements in recent ten or twenty years.  

The seismic behavior of composite shear walls which 
emplaced with concrete-filled steel tubular frames are 
studied in the references[1-4]. The results show that the 
constraint effect of concrete-filled steel tubular frames can 
increase load-carrying capacity and energy dissipating 
capacity of shear wall specimens significantly. The structural 
measures of setting up artificial vertical seams in ordinary 
reinforced concrete shear walls are studied in the 
references[5,6]. The results show that the seams can improve 
the ductility and energy dissipating capacity of shear wall 
specimens and provide the specimens a nice yield order in 
the course of destruction. Steel plates of different forms are 
applied to shear walls in the references[7-9]. The results of 
experimental study show that the steel plates can increase 
initial stiffness and load-carrying capacity of shear walls 
specimens effectively.    

In this paper, a new type of composite shear wall (that is 
the following specimen NSW3) is put forward through 
combining the advantages of concrete-filled steel tubular 
frames, artificial vertical seams and steel plates. In order to 
study its seismic performance, three shear wall specimens 
were constructed and then tested to failure under cyclic 
lateral loading.   

II. TEST PROGRAM 

A.   Description of shear wall specimens 

Three shear wall specimens are respectively denoted as 
NSW1, NSW2, NSW3. The thickness of specimens both are 
50mm and the shear span ratio of specimens both are 2.5. 
The cross-sections of concrete-filled steel tubular frames of 
three specimens is rectangular and its dimension is 50 
mm×50mm. The concealed bracings are made by steel strip 
of which thickness and width are 1.2mm and 40mm 
respectively. Besides, the thickness of steel plates is 1.2mm. 
The main differences of structural measures of three 
specimens are shown in table I.   

TABLE I.   ESSENTIAL PARAMETERS OF THE SPECIMENS 

Number 
of 

specimens 

Double 
steel 

plates or 
not 

Concealed 
bracings 

or not 

Concrete-
filled steel 

tubular 
frames or not 

Artificial 
vertical 

seams or not 

NSW1 No No Yes Yes 

NSW2 No Yes Yes Yes 

NSW3 Yes No Yes Yes 

 
The artificial vertical seams of specimens are made by 

pre-embedding thin veneers in the specimens. The thin 
veneers are not taken out after concrete pouring. The 
distributing bars of specimens are not cut off in artificial 
vertical seams. There are U shaped shear keys between the 
frames and the wallboards. The steel plates are opened with 
seams every 100mm and the steel strips are spot welded each 
other. There are several steel bars weld connected between 
two layers of steel plates in order to prevent steel plates from 
stripping from concrete prematurely. The dimensions and 
reinforcement details of specimens are shown in Figure 1. 
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                                     (a)NSW1 

 
                                      (b)NSW2 

 
(c)NSW3 

Figure 1.  The dimensions and reinforcement details of specimens 

B.   Material properties 

Three specimens were casted at the same time. The 
compressive strength of concrete cube block is 51.4 MPa. 
The mechanical properties of steels are shown in table II. 

 
 
 
 
 

TABLE II.   MECHANICAL PROPERTIES OF STEELS 

Type of 

steel 

Yield 

strength 

/MPa 

Ultimate 

strength/ 

MPa 

modulus of 

elasticity/

MPa 

Elongation 

steel pipe 216 433 1.95×105 23％ 

steel wire  305 400 1.85×105 21％ 

 

C.   Test setup and loading sequence 

The test setup is shown in Figure 2. In order to apply 
cyclic lateral loading to the specimens, hydraulic jacks were 
placed on the top loading beam, and each hydraulic jack was 
supported to the steel frame through a roller to minimize the 
friction and allow free movement of specimens in lateral 
loading direction. Axial load which maintained constant 
value throughout the test was applied to the center of the 
specimens. Subsequently, the cyclic lateral displacement 
history was applied by the actuator under displacement 
control. 

 
Figure 2.  Test setup 

III. TEST RESULTS 

A. Experimental observations 

The failure mode of specimens in the last stage of the 
cyclic lateral loading test is shown in Figure 3. All the 
specimens were considered to be failure when the strength 
decreased to 85% of the peak lateral load. The main failure 
characteristics of three specimens are demonstrated as 
follows. 

1) Specimen NSW1: 
The first flexural crack of specimen NSW1 occurred at 

the bottom of wallboards. As the cyclic lateral loading 
increased, many horizontal tiny cracks continuously 
appeared and gradually extended to the position in which 
artificial vertical seams were set up. At later stage of the 
loading, the wallboard is split into three small wall limbs 
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which had bigger height-width ratio by the artificial vertical 
seams. Subsequently, the friction and extrusion between 
small wall limbs played a important role in the dissipation of 
seismic energy. When the specimen were failure, the 
reinforcing steels and concrete-filled steel tubular frames at 
the bottom position were buckled seriously. 

 

   
                      (a) NSW1                                      (b) NSW2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                            (c) NSW3 

Figure 3.  Failure modes of specimens 

2) Specimen NSW2: 
The first flexural crack of specimen NSW2 occurred 

even later than that of specimen NSW1. At later stage of the 
loading, cracks continuously appeared and the wallboard is 
split into three small wall limbs as specimen NSW1. There 
were three ways to dissipate the seismic energy. The first 
way is cracking of reinforced concrete. The second way is 
friction and extrusion between small wall limbs. The third 
way is deformation of concealed bracings. As a whole, the 
specimen NSW2 showed an expected flexure-dominant 
behavior in accordance with the design process and the 
distribution of cracks was even and dense. 

3) Specimen NSW3: 
As the cyclic lateral loading increased, the welding 

position of steel strips were disconnected. Subsequently, the 
steel plates on both sides of the wallboard were buckled and 
stripped from the concrete. There was no relative 

displacement between concrete-filled steel tubular frames 
and reinforced concrete wallboard because of the role of 
shear keys. There were three ways to dissipate the seismic 
energy. The first way and the second way are same as 
specimen NSW1. The third way is deformation of the double 
steel plates. The specimen NSW3 showed an expected 
flexure-dominant behavior in accordance with the design 
process, with the crushing of the compressed concrete and 
the buckling of the concrete-filled steel tubular frames at the 
bottom position. 

B.   Load-carrying capacity 

The measured value of cracking load (Fc), yield load ( Fy), 
ultimate load ( Fu), and the calculated value of yield ratio (μyu 
=Fy/Fu) are shown in Table III. The following conclusions 
can be drawn from Table III. 

The cracking load, yield load and ultimate load of 
specimen NSW2 increase by 28.04%, 12.06%, 15.68%, 
while yield ratio decrease by 3.13%, respectively, compared 
with specimen NSW1. It shows that the concealed bracings 
can improve load-carrying capacity and deformation capacity 
of specimen significantly. 

The yield load and ultimate load of specimen NSW3 
increase by 13.30% and 15.06%, while yield ratio decrease 
by 1.55%, respectively, compared with specimen NSW2. It 
must be pointed out that characteristic parameters of concrete 
cracking of specimen NSW3 is very difficult to detect 
because there are double steel plates outside the concrete(the 
same below). It can be concluded that double steel plates are 
more obvious than concealed bracings in respect of 
improving load-carrying capacity of specimens. Besides, the 
developing process from the yield load to ultimate load of 
specimen NSW3 is longer than that of specimen NSW2. 

TABLE III.   LOAD-CARRYING CAPACITY OF SPECIMENS 

Number of 

Specimens 
Fc /kN Fy /kN Fu/kN 

Relative 

value to Fu 
μyu 

NSW1 21.4 59.7 74.6  1.00 0.800 

NSW2 27.4 66.9 86.3  1.16 0.775 

NSW3 - 75.8 99.3  1.33 0.763 

 

C.   Ductility 

The value of displacement, ductility coefficient and 
maximum displacement angle of three specimens are shown 
in Table IV. Where Uc is cracking displacement, Uy is yield 
displacement, Ud is the ultimate displacement corresponding 
to the point where the load capacity decreases to 85% of the 
maximum lateral load, μ=Ud /Uy is ductility coefficient and 
θp is the maximum displacement angle. The following 
conclusions can be drawn from Table IV.   

The cracking displacement, yield displacement, ultimate 
displacement, ductility coefficient and maximum 
displacement angle of specimen NSW2 increase by 9.42%, 
5.56%, 13.22%, 7.32% and 8.51% respectively, compared 
with specimen NSW1. It shows that the concealed bracings 
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are of great benefit to improve the plastic deformation 
capacity of specimens. 

The yield displacement, ultimate displacement, ductility 
coefficient and maximum displacement angle of specimen 
NSW3 increase by 9.65%, 11.68%, 1.82 % and 6.82% 
respectively, compared with specimen NSW2. It can be 
concluded that the double steel plates are more effective than 
concealed bracings in respect of improving the plastic 
deformation capacity of specimens. 

TABLE IV.   DISPLACEMENT, DUCTILITY COEFFICIENT AND 
MAXIMUM  DISPLACEMENT ANGLE OF SPECIMENS 

Number of 

Specimens 
Uc /mm Uy /mm Ud /mm μ θp 

NSW1 1.38 10.80 22.16 2.05 1/51 

NSW2 1.51 11.40 25.09 2.20 1/47 

NSW3 - 12.50 28.02 2.24 1/44 

 

D.   Stiffness degradation 

It is noted that each specimen experienced significant 
decreases in their stiffness as drift levels increased. It is of 
interest to determine the magnitude of stiffness degradation 
experienced by each specimen. The stiffness of specimens at 
typical stages are shown in Table V. Where Ko is initial 
elastic stiffness, Kc is initial cracking stiffness and Ky is yield 
stiffness. The curves of stiffness degradation of three 
specimens with the increase of displacement angle are shown 
in Figure 4. 

TABLE V.  STIFFNESS OF SPECIMENS AT TYPICAL STAGES 

Number of 

Specimens 
Ko/(kN/mm) Kc/(kN/mm) Ky/(kN/mm) 

NSW1 31.07 15.51 5.53 

NSW2 32.24 18.15 5.87 

NSW3 32.95 - 6.01 

 

 
Figure 4.  Curves of stiffness degradation with the increase of 

displacement angle 

The following conclusions can be drawn from Table V 
and Figure 4.  

The initial elastic stiffness, initial cracking stiffness and 
yield stiffness of specimen NSW2 increase by 3.77%, 
17.02% and 6.15% respectively, compared with specimen 
NSW1. Besides, the curve of stiffness degradation of 
specimen NSW2 is more gentle than that of specimen NSW1. 
It shows that the concealed bracings can delay the stiffness 
degradation of specimen effectively. 

The initial elastic stiffness and yield stiffness of specimen 
NSW3 increase by 2.20% and  2.39%  respectively, 
compared with specimen NSW2. Besides, the curve of 
stiffness degradation of specimen NSW3 is more gentle than 
that of specimen NSW2. It can be concluded that the double 
steel plates are more effective than concealed bracings in 
respect of delaying the stiffness degradation of specimens. 
Consequently, the specimen NSW3 gets the stablest stiffness 
of three specimens in the later stage. This advantage can 
enhance emergency capacity of the specimen and is very 
benefit to ensure the specimen not to be collapse in violent 
earthquake. 

E.   Hysteretic behavior and energy dissipating capacity 

The hysteresis curves of three specimens are shown in 
Figure 5. As seen in Figure 5, the hysteresis curves of 
specimens NSW2 and NSW3 are more plump than that of 
specimen NSW1. There is a relatively palpable pinching 
phenomena in hysteresis curve of specimen NSW1. 

The amount of energy absorbed by a specimen during 
any cycle is defined as the area enclosed within the hysteretic 
loop for that cycle. So the area of the hysteretic curve formed 
by outside envelope is taken to be a main index (ES) of 
energy dissipating capacity for three shear wall specimens. 
The index ES of specimens and their relative values are 
shown in Table VI. 

 
(a) NSW1 

 
                                               (b) NSW2 
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                                         (c) NSW3 

Figure 5.  Hysteretic curves of each specimen 

TABLE VI.  THE ENERGY DISSIPATING CAPACITY AND 
RELATIVE VALUE OF SPECIMENS 

Number of 

Specimens 

Energy 

dissipating capacity 

ES/kN·mm 

Relative 

Value 

NSW1 2733.3  1.00 

NSW2 3389.1  1.24 

NSW3 4661.5  1.71  

 
As seen in Table VI, the energy dissipating capacity of 

specimen NSW3 increases by 70.54% compared with 
specimen NSW1 and increases by 37.54% compared with 
specimen NSW2. It can be concluded that the double steel 
plates and concealed bracings are of great benefit to improve 
energy dissipating capacity of shear wall specimens, and the 
former is more effective than the latter on achieving this goal. 

H.   Skeleton curves 

Skeleton curves of three specimens are shown in Figure 6. 
As seen in Figure 6, the specimens NSW2 and NSW3 are 
more excellent than specimen NSW1 in respect of the load-
carrying capacity, ultimate displacement and energy 
dissipating capacity. Besides, the specimen NSW3 is better 
than specimen NSW2 in respect of the indexes above. The 
skeleton curves of specimens continue to confirm the 
conclusions presented previously in this paper. 

 
Figure 6.  Skeleton curves of specimens 

IV. CONCLUSIONS 

The double steel plates shear wall specimen with 
concrete-filled steel tubular frames and seams show a 
excellent performance in load-carrying capacity, ductility, 
stiffness degradation and energy dissipating capacity. The 
reason is that seismic behavior of the specimen has been 
improved significantly by the structural measures which 
conclude double steel plates, concrete-filled steel tubular 
frames and artificial vertical seams. 

The double steel plates is more effective than concealed 
bracings in respect of improving seismic behavior of shear 
wall specimens. 
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