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In this study, an experimental study and numerical calculations using 
fiber model were conducted for four high-strength concrete shear walls 
with boundary columns under low cyclic load. The boundary column and 
shear wall were divided into fiber elements, and PERFORM-3D finite 
element analysis software was used to carry out push-over analysis on the 
test specimens. The results show that the finite element analysis results 
were in good agreement with the experimental results. The proposed anal-
ysis method could perform elasto-plastic analysis on the high-strength 
concrete shear wall with boundary columns without distinguishing the 
categories of frame column and shear wall. The seismic performance of 
high-strength concrete shear wall with boundary columns was analyzed 
using the following parameters: axis compression ratio, height to width 
ratio, ratio of vertical reinforcement, and ratio of longitudinal reinforce-
ment in the boundary column. The results show that the increase in the 
axial compression ratio causes the bearing capacity of the shear wall to 
increase at first and then to decrease and causes the ductility to decrease. 
The increase in the height to width ratio causes the bearing capacity of 
the shear wall to decrease and its ductility to increase. The ratio of verti-
cal reinforcement was found to have little effect on the bearing capacity 
and ductility. The increase in the ratio of longitudinal reinforcement in 
boundary column resulted in a significant increase in the bearing capacity 
and caused the ductility to decrease at first and then to slowly increase.
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1. Introduction

Use italic for emphasizing a word or phrase. Do not 
use boldface typing or capital letters except for section 
headings (cf. remarks on section headings, below). As the 
name implies, high-strength concrete exhibits very high-
strength. In addition it has several other advantages, such 
as high elastic modulus, durability, good impermeability, 
and leak resistance. High-strength reinforced concrete 

used in high-rise and super high-rise buildings can reduce 
the size of the shear wall section and the structure weight. 
However, high-strength concrete is very brittle and causes 
a poor deformation ability of the shear wall. Therefore, 
improving the seismic behavior of high-strength con-
crete shear walls is very important. Studies showed that 
the seismic performance of high-strength concrete shear 
walls could be effectively improved by setting boundary 
columns at both ends of the wall [1].This approach was 
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found also to improve the wall’s ductility index to meet 
the design requirements. The common analysis methods 
of shear walls with boundary columns are to equate the 
column with the wall or to separate the wall and column. 
One disadvantage of the later is that the deformation co-
ordination of wall and column elements in the adjacent 
boundary cannot be guaranteed and the bearing capacity 
of members is underestimated [2]. In this study, PER-
FORM-3D finite element software and fiber model were 
used to perform nonlinear numerical simulation of high-
strength concrete shear wall with boundary columns. This 
is a nonlinear analysis method for high-strength concrete 
shear walls with side columns, which can be used in engi-
neering applications, because it can meet the engineering 
requirements with sufficient accuracy.

Establishment of Numerical Model

PERFORM-3D software, formerly known as the Drain-
3D program, was developed by Professor Powell from the 
University of California, Berkeley [3]. It mainly uses fiber 
unit model to perform seismic elasto-plastic analysis of 
complex and super high-rise buildings. PERFORM-3D 
adopts fiber wall unit to be used with shear walls. Axi-
al-bending characteristics of shear walls are represented 
by concrete fiber and reinforcement fiber sections. Shear 
characteristics are represented by elastic or elasto-plastic 
shear materials. In PERFORM-3D, the shear wall unit 
based on the fiber model is constructed according to the 
multi-vertical bar element model (MVLEM) theory [4] 
(Fig.1). The fiber wall element satisfies the assumption 
of flat section, and hence the upper and lower parts of the 
element are always rigid rods that are used to maintain the 
plane. Vertical spring kv1,kv2... kvn simulates the bending 
effect of the entire wall section, and the horizontal spring 
ks simulates the shear dislocation deformation at the top 
and bottom.

Figure 1. Schematic diagram of the MVLEM unit

PERFORM-3D shear wall fiber model separately defines 
reinforcement and concrete fiber units and then assembles 

them. The end restraint area can be simulated using con-
fined concrete fiber. The shear wall with boundary column 
analyzed in this study divided both boundary column and 
shear wall into fiber elements (Fig.2) without distinguishing 
between the column and the wall components. In the shear 
wall simulation, the vertical grid division was carried out 
for the height of the shear wall. The length of the vertical 
elements is determined based on the FEMA356 recommen-
dation [5], taking half of the wall length. The axial force was 
applied to the joint at the top of the wall.

Figure 2. Fiber section division

2. Material Constitutive Model

2.1 Concrete

The boundary column concrete was simulated using 
the Mander constrained concrete constitutive model [6]. 
The concrete in the web part was considered to be un-
constrained and was modeled according to the stress-
strain curve provided in appendix C of Code for design of 
concrete structures [7]. However, tensile strength was not 
considered in both restrained and unrestrained concretes.

PERFORM-3D software restricted that the concrete con-
stitutive curve can only be composed of multiple broken 
lines, as shown in Fig.3. In Fig.3, Y is the yield point, U is 
the peak point, UL is the transient horizontal segment, L is 
the beginning of the stress decline, R is the residual stress 
value, and X is the material maximum deformation point. 
In this study, the constitutive relationship of concrete was 
fitted assuming that the enclosed area under the broken line 
segment and the enclosed area under the Code curve were 
equal [8]. In addition, initial stiffness of the broken line is 
assumed to be the value of the elastic modulus.

Figure 3. Concrete multi-line constitutive relationship 
under axial compression

DOI: https://doi.org/10.30564/jcr.v2i1.2694
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2.2 Rebar

The rebars were simulated according to the three-fold 
constitutive model (Fig.4), where fY is the yield strength, 
fU is the ultimate strength, and the stiffness reinforcement 
coefficient is 0.01.

Figure 4. Reinforcement constitutive relationship

3. Calculation Results and Parameter Analysis

3.1 The Experiment

Following reference [1], four high-strength concrete shear 
walls with boundary columns were selected for numerical 
simulation. The height of the specimen section was 1000 
mm, while the dimensions of the boundary column and 
wall web sections were 200 mm × 200 mm and 600 mm × 
100 mm, respectively, (Fig.5). C80 concrete was used as 
the high-strength concrete. Table 1 shows the basic para-
meters of the specimen as well as the strength of reinforced 
concrete. The diameter of the stirrups in all specimens was 
5 mm. The spacing between the stirrups of DHPCW-01 and 
DHPCW-03 was 30 mm and between those of DHPCW-02 
and DHPCW-04 was 40 mm. The ultimate tensile strength 
of stirrup was 737.5 MPa. Table 2 shows the mechanical 
properties of the reinforcement bars obtained from the test.

(a) Elevation view           (b) Elevation view 2-2

350 350300 260 260480

(c) Elevation view 2-2 of DHPCW-01and 03

350 350300 260 260480

(d) Elevation view 2-2 of DHPCW-02 and 04

Figure 5. Geometry and reinforcement of specimens (mm)

Table 1. Parameters of the specimen

Specimen 
number H/mm Height to width 

ratio

Cube compressive 
strength

/Mpa

Axial compres-
sion ratio

DHPCW-01 2200 2.1 94.22 0.28

DHPCW-02 2200 2.1 96.89 0.21

DHPCW-03 1600 1.5 99.56 0.21

DHPCW-04 1600 1.5 89.33 0.21

Table 2. Mechanical properties of rebars

Reinforcement type fY (N/mm2) fU (N/mm2)

25 485.1 654.3

16 452.9 614.6

12 460.0 667.9

10 494.0 575.2

8 474.2 579.0

6.5 419.3 550.3

Horizontal loads were applied by reciprocating actu-
ators and the horizontal loading point was located in the 
center of the loading beam at the top of the wall. Figure 6 
shows the loading device, in which the vertical load was 
provided by vertical hydraulic jack. A horizontal load was 
applied by an electro-hydraulic servo actuator. The cyclic 
horizontal load is controlled by a mixture of force and 
drift. Cracks occurred at the bottom of all boundary col-
umns of all specimens. As the load increased, the cracks 
in the boundary columns extended to the wallboard and 
developed to the upper part of the specimens. Finally, the 
concrete at the bottom of the boundary columns and webs 
was crushed, and the longitudinal reinforcement was fold-
ed and exposed. Bending failure occurred in specimens 
DHPCW-01 and DHPCW-02, and shear failure occurred 
in specimens DHPCW-03 and DHPCW-04. Figure 7 
shows the failure mode and crack distribution in each 
specimen.

DOI: https://doi.org/10.30564/jcr.v2i1.2694
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Figure 6. Test setup
Notes: 1.speciment 2.reaction wall 3.actuator 4. horizontal connection 5. 
Rigid beam 6.jack 7. sliding support 8.reaction frame 9.pressure beam 
10.anchor bolt 11.displacement meter 12.dialgage

(a) DHPCW-01

(b) DHPCW-02

(c) DHPCW-03

(d) DHPCW-04

Figure 7. The failure mode and crack distribution in 
specimens

3.2 Comparison between Calculation and Experi-
mental Results

According to the above calculation method, the 
boundary column and the wall web were divided into 1 
and 5 fiber sections, respectively, while the wall was verti-
cally divided into 4 units. According to Code for design of 
concrete structures [7], the conversion relationship between 
the cube compressive strength fcu and the axial compressi-
ve strength fc is given as follows:

fc = 0.88αc1αc2 fcu (1)

where αc1 is the ratio of prism strength and cube 
strength and αc2 is the brittleness reduction factor, which 
was assumed to be 0.82 and 0.87, respectively, for the C80 
concrete. The axial compressive strength of the concrete 
in each specimen can be obtained according to Equation 1.

The parameters obtained from the concrete compres-
sion constitutive curve are as follows: σU = fc, εU = 0.0016, 
εL = 0.0021, εR = 0.0045, εX = 0.01, σY = 39.8MPa, and σR/
σU = 0.2. The elastic modulus of C80 concrete is 38000 
MPa [7]. The εX value of the reinforcement is 0.1. The elas-

DOI: https://doi.org/10.30564/jcr.v2i1.2694
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tic modulus of reinforcement is determined according to 
Code for design of concrete structures [7].

Push-over analysis was carried out on all specimens. 
Figure 8 illustrates a comparison between the analysis and 
the test values of each specimen. Figure 8 shows that the 
analysis curve was in good agreement with the test curve. 
In addition, the initial stiffness, yield load, peak load, and 
ultimate displacement of the specimen were accurately 
simulated. The results verified the feasibility and accura-
cy of the elasto-plastic analysis method for high-strength 
concrete shear wall with boundary column using the fiber 
model

           

(a) DHPCW-01

(b) DHPCW-02

           

(c) DHPCW-03

(d) DHPCW-04

Figure 8. Comparison between the experimental and ana-
lysis results using skeleton curves

3.3 Parameter Analysis

In order to further study the seismic performance of 
high-strength concrete shear walls with boundary co-
lumns, the axial compression ratio, height to width ratio, 
ratio of vertical reinforcement, and ratio of longitudinal 
reinforcement in the boundary columns were selected for 
push-over analysis of high-strength concrete shear walls 
with boundary columns. The values of the parameters that 
were not set as variables in the analysis were set as the va-
lues obtained from DHPCW-02.

(1) Axial compression ratio
 Figure 9 and Table 3 show the analysis results at 

different axial compression ratios (from 0.1 to 0.6). 
The yield displacement was calculated using the equal 
energy method [9]. The ultimate displacement was found 
to be the displacement corresponding to the peak load 
when it drops to 85% [10]. With the increase in the axial 
compression ratio, the bearing capacity first increased 
and then decreased, and the ultimate displacement 
showed a decreasing trend. At an axial compression 
ratio of 0.5, the bearing capacity reached 943.40 kN, 
which is 85.9 % higher than that obtained at an axial 
compression ratio of 0.1. However, the displacement 
ductility coefficient decreased from 6.45 to 4.99. At 
an axial compression ratio of 0.6, the bearing capacity 
slightly decreased at an axial compression ratio of 0.5. 
In addition, the ultimate displacement decreased to 
16.62 mm, and the displacement ductility coefficient 
dropped to 1.82. Therefore, in order to ensure the seis-
mic ductility of the shear wall with boundary columns, 
it was suggested that the axial compression ratio should 
not exceed 0.5.

DOI: https://doi.org/10.30564/jcr.v2i1.2694
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Figure 9. The effect of axial pressure ratio on the skeleton 
curve

Table 3. Test results under various axial compression 
ratios

axial compres-
sion ratio

bearing capac-
ity

yield displace-
ment

ultimate 
displacement

displacement 
ductility fac-

tor
0.1 507.37 9.36 60.42 6.45
0.21 648.92 9.69 61.06 6.30
0.3 796.88 9.54 59.21 6.21
0.4 899.42 9.95 56.12 5.64
0.5 943.40 9.80 48.91 4.99
0.6 912.51 9.13 16.62 1.82

(2) Height to width ratio
Figure 10 and Table 4 show the calculation results 

when the height to width ratio increased from 1.0 to 3.0. 
The increase in the height to width ratio causes the bear-
ing capacity to decrease from 1291.21 kN to 485.07 kN, 
i.e., a 62.4% decrease. However, the ultimate displace-
ment increased from 17.33 mm to 88.5 mm, and the duc-
tility of displacement also gradually increased. The ductil-
ity coefficient of displacement increased from 3.85 to 6.67, 
i.e., it increased 1.73 times. These results show that the 
high-strength concrete shear wall with boundary columns 
exhibited good ductility with both low shear walls with 
a height to width ratio of 1.0 and high shear walls with a 
height to width ratio of 3.0.

Figure 10. The influence of height to width ratio on skele-
ton curve

Table 4. The result for various height to width ratios

height to 
width ratio

bearing 
capacity

yield dis-
placement

ultimate dis-
placement

displacement ductili-
ty factor

1.0 1291.21 4.49 17.33 3.85

1.5 917.84 6.04 32.04 5.30

2.0 648.92 9.69 61.06 6.30

2.5 592.84 11.09 68.99 6.22

3.0 485.07 13.27 88.50 6.67

(3) Ratio of vertical reinforcement
Figure 11 and Table 5 show the effect of the ratio of 

vertical reinforcement on the high-strength concrete 
shear wall with boundary columns. When the ratio of 
vertical reinforcement increased from 0.55% to 1.31%, 
the bearing capacity increased only by 8.5%, and the 
ultimate displacement and displacement ductility co-
efficients remained almost unchanged. Therefore, the 
high-strength concrete shear wall with boundary col-
umns do not require large number of vertically distrib-
uted rebars.

Figure 11. The effect of the vertical reinforcement ratio 
on skeleton curve

Table 5. The results of various ratios of vertically distri-
buted reinforcements

ratio of vertical 
reinforcement

bearing 
capacity

yield dis-
placement

ultimate 
displacement

displacement 
ductility 

factor

0.55% 648.92 9.69 61.06 6.30

0.84% 686.07 9.52 60.70 6.37

1.31% 704.07 10.09 60.65 6.02

DOI: https://doi.org/10.30564/jcr.v2i1.2694
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(4) The ratio of longitudinal reinforcement in boundary 
columns

Figure 12 and Table 6 show the calculation results 
when the ratio of longitudinal reinforcement in boundary 
columns increased from 1.16% to 4.62%. This increase 
was accompanied with an increase in the bearing capac-
ity from 507.23 kN to 711.45 kN, i.e., a 40.3% increase. 
The limit displacement slowly increased, while the duc-
tility coefficient of displacement decreased at first and 
then slowly increased, because the yield displacement 
increased at first and then decreased. The displacement 
ductility coefficients were all greater than 6. Therefore, 
the ratio of longitudinal reinforcement in boundary col-
umns had a significant impact on the bearing capacity, 
and increasing it could improve the bearing capacity of 
high-strength concrete shear wall with boundary col-
umns.

Figure 12. The effect of the ratio of longitudinal rein-
forcement in boundary columns on the skeleton curve

Table 6.Test results for various ratios of longitudinal rein-
forcement in the boundary columns

ratio of longitudinal 
reinforcement

bearing 
capacity

yield dis-
placement

ultimate 
displace-

ment

displacement 
ductility factor

1.16% 507.23 7.46 61.03 8.17

2.60% 648.92 9.69 61.06 6.30

4.62% 711.45 9.46 65.21 6.89

4. Conclusions

(1) The analysis results of the load-displacement curve 
were found to be close to the experimental results. The 
initial stiffness, yield load, peak load, and ultimate dis-
placement of the specimen were found to be accurately 

simulated. Thus, the analysis method proposed here is 
able to accurately predict the bearing capacity, displace-
ment, and ductility of high-strength concrete shear wall 
with boundary columns.

(2) The axial compression ratio was found to have 
a great impact on the bearing capacity and ductility of 
high-strength concrete shear walls with boundary col-
umns. When the axial compression ratio increased from 
0.1 to 0.6, the bearing capacity first increased and then 
decreased, and the ratio reached 0.6, the bearing capac-
ity began to decrease. However, the ductility decreased 
in all cases, and the displacement ductility coefficient 
experienced a sudden change at an axial compression 
ratio of 0.6.

(3) As the height to width ratio increased from 1 to 3, 
the bearing capacity decreased by 62.4%, and the dis-
placement ductility coefficient increased from 3.85 to 6.67, 
i.e., an increase of 1.73 times.

(4) The ratio of vertical reinforcement was found to 
have a little effect on the seismic behavior of high-strength 
concrete shear wall with boundary columns. Therefore, 
this type of walls should not be equipped with too many 
vertical rebars. The ratio of longitudinal reinforcement in 
boundary columns was found to have a significant effect 
on the bearing capacity, while the ductility was found to 
decrease at first and then slowly increase.
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