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aggregate was also issued and imple-
mented in 2011.3

In order to meet the requirements of 
structural applications using RAC, 
plenty of research results about mate-
rial properties of RAC have been made 
available in recent years.4–7 These 
results indicated that the amount 
of recycled aggregates utilised had 
remarkable influence on the compres-
sive strength of concrete. However, it 
had only a minor influence on the bond 
strength when the deformed rebar was 
applied. For the plain rebar, the bond 
strength decreases with the increase 
in the recycled aggregate replacement 
ratio. The shape of the stress–strain 
curves of RAC was similar to that of 
natural aggregate concrete (NAC), but 
the slope of the stress–strain curves 
decreased. Some results about basic 
mechanical properties and hysteretic 
behaviour of structural reinforced 
concrete members made of RAC have 
also been achieved, such as beam,1,8 
column,1,9 beam–column joint,10 
shear wall,11 frame12,13 and frame–
shear wall.14 By comparing the results 
obtained, it can be noted that, when 
recycled coarse aggregate instead of 
natural gravel was used, the bearing 
capacity and hysteretic behaviour of 
members was similar, but the defor-
mation of members made of RAC was 
greater. The members made of RAC 
showed adequate structural behav-
iour, so they could be applied in actual 
structures under the proper design and 
within the proper limit of application. 
Those research achievements provide 
reliable test data for the application 
of RAC in building structures. But 
majority of those experimental results 
were obtained by means of static test-
ing. Experimental studies on dynamic 
behaviour of structural reinforced con-
crete members made of RAC are fairly 
few. To better understand the effect of 
recycled aggregate replacement ratio 
on dynamic behaviour of RAC mem-
bers under earthquake action, this 
paper presents an experimental inves-
tigation of the dynamic behaviour 

growth has been increasingly con-
strained by limited resources and the 
environmental concerns. According to 
statistics, China’s annual consumption 
of cement is 820 million t and accounts 
for 55% of the world’s total consump-
tion. It is estimated that approximately 
200 million t of waste concrete are cur-
rently produced annually in the main-
land of China.2 On the other hand, to 
protect the decreasing cultivated land, 
construction of traditional clay brick 
multi-story residential structures has 
already been prohibited in most cit-
ies in China. Therefore, use of the 
recycled aggregate concrete (RAC) in 
new multi-story residential buildings 
is encouraged by the Chinese govern-
ment. Some factories have been built 
to produce recycled aggregates using 
waste concrete. The technical speci-
fication for application of recycled 

Introduction

The use of recycled waste concrete 
has two main environmental benefits: 
managing the growing waste disposal 
crisis and protecting depleted natural 
sources of aggregates. In recent years, 
it has also become an economical solu-
tion for concrete construction as the 
prices of natural aggregates and the 
cost of waste storage were increasing 
significantly in many regions.1 China is 
one of the largest resource consumers 
in the world but with shortage of natu-
ral resources; however, its economic 
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Experimental studies on the structural reinforced-concrete shear wall members 
using recycled aggregate concrete (RAC) have been focusing on static loading 
conditions. The dynamic tests on the reinforced concrete members made of RAC 
are fairly few. Shaking table tests are necessary because it is difficult to predict the 
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made of NAC, a shear wall made of recycled coarse aggregate concrete, and three 
shear walls made of recycled coarse and recycled fine aggregate concrete with dif-
ferent reinforcement arrangements. Dynamic characteristics and responses of all 
specimens at different loading stages were determined experimentally, and a com-
parison of failure modes was presented. The earthquake response time-history 
analysis of each specimen was also conducted using the finite element software 
ABAQUS. The ABAQUS results showed good agreement with the test results. 
The comparison of results showed that, when the reinforcement arrangement was 
the same, the seismic performance of the shear wall made of recycled coarse and 
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greatly improved by installing concealed bracings.
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coarse natural aggregates were of the 
kind used typically in ready-mix con-
crete construction in North China. 
The waste concrete was from the 
beams and columns of a demolished 
RC frame structural project in Xi 
Dan of Beijing, having original con-
crete strength grade of C20. The waste 
concrete was processed into recycled 
aggregates by a local construction and 
demolition recycling plant. The recy-
cled fine aggregate and coarse aggre-
gate were of the second level specified 
in Chinese Code GB/T 25176-201016 
and GB/T 25177-201017, respectively. 
The mix proportion and mechanical 
property of the concrete are listed in 
Table 4. The shaking table tests were 
conducted at the Key Laboratory 
of Urban Security and Disaster 
Engineering at the Beijing University 
of Technology, Beijing, China. The 
dimensions of the table were 3 m × 
3 m; the maximum load capacity was 
10 t; the frequency was 0.1–0.5 Hz; the 
acceleration could reach 2.5g without 
load or 1.0g with full load; vibration 
was along the single horizontal direc-
tion. The gravity load trough was fixed 
to the specimen by bolts, and construc-
tion measures were taken carefully to 
make sure that there was no relative 
displacement between the load trough 
and the specimen. The distance from 
the fixed bolts to the wall base was 
600 mm, resulting in a nominal aspect 
ratio of 1 : 1 for the specimen. To main-
tain in-plane stability of the shear wall 
during the test, four supporting poles 
were installed around the specimen 
and were connected to the load trough 
by slide bolts. The whole test device 
is shown in Fig. 2. The designed axial 
compression ratio of the shear wall 
was 0.12, but the mass of the wall was 
only 0.063 t, so that the added mass at 
the top of the specimen was 7 t. The 
distance from the counterweight’s cen-
troid to the wall base was 975 mm.

did not. The  experimental results of 
the NAC shear walls with concealed 
bracings showed that, due to concealed 
bracings linking the boundary columns 
and concealed beams to yield truss 
behaviours, and concealed bracings 
could restrict the development of diag-
onal cracks, and the stiffness of shear 
walls obviously improved after con-
crete cracking. This made it possible to 
restrain greater deformation of shear 
walls made of RAC. All five specimens 
had the same overall dimensions. The 
dimensions and reinforcement layout 
of the specimens are shown in Fig. 1. 
The thickness and length of the cross-
sections of the specimens were 70 
and 600 mm, respectively. A 170 mm 
× 250 mm deep beam was cast on top 
of the wall panel, and additional mass 
was loaded to the specimen at mid-
depth of the top beam. D8 (diameter 
= 8 mm) steel bars were used for the 
longitudinal reinforcement of bound-
ary region and concealed bracing. D4 
(diameter = 4 mm) galvanised iron 
wires were used for the stirrups of 
the boundary region, the cross-ties of 
the concealed bracing and the distrib-
uting bars in the web region. Table 3 
lists the mechanical properties of the 
steel bars. The test specimens were 
made of fine stone concrete and the 
size distribution of coarse aggregate 
was 5–10 mm. The designed concrete 
strength grade for the specimens was 
C30. The fine natural aggregate and 

of shear walls made of RAC by con-
ducting shaking table tests. Five low-
rise shear walls were tested, and the 
research focused on the influences of 
different recycled aggregate replace-
ment ratio and reinforcement arrange-
ments on the shear wall performance.

Experimental Details

Design of the Specimens

In order to reduce the size effect 
under consideration of the capacity of 
the shaking table, the reduction scale 
for the specimen was determined as 
1 : 3 (a reduction scale used usually 
in the static testing of reinforced con-
crete shear wall). According to the 
similitude requirements, five 1 : 3 scale 
low-rise shear wall specimens were 
designed and constructed in this proj-
ect. The similitude coefficient of speci-
mens is provided in Table 1. The five 
shear wall specimens were labelled as 
SW1, SW2, SW3, SW4 and SW5. SW1 
was made of NAC. SW2 was made of 
recycled coarse aggregate concrete. 
SW3, SW4 and SW5 were made of 
recycled coarse and recycled fine 
aggregate concrete. As presented in 
Table 2, the specimens SW1, SW2 and 
SW3 had the same reinforcement as 
SW5, except for the concealed brac-
ings.15 SW4 had the same total amount 
of reinforcement as SW5, whereas the 
difference between the two was that 
SW5 had concealed bracings but SW4 

Physical 
quantity

Ratio of similitude 
(specimen/prototype)

Physical quantity Ratio of similitude 
(specimen/prototype)

Strain e 1 Linear displacement x 1/3

Stress s 1 Acceleration a 1

Elastic 
modulus E

1 Time t (1/3)1/2

Stiffness K 1/3 Mass m 1/9

Table 1: Similitude coeffi cient of specimens

Recycled aggregate SW1 SW2 SW3 SW4 SW5

0 Coarse 
 aggregate

Coarse and 
fi ne aggregate

Coarse and 
fi ne aggregate

Coarse and 
fi ne aggregate

Horizontal web reinforcement (mm) D4@125 D4@125 D4@125 D4@65 D4@125

Horizontal web reinforcement ratio (%) 0.29 0.29 0.29 0.55 0.29

Vertical web reinforcement (mm) D4@125 D4@125 D4@125 D4@65 D4@125

Vertical web reinforcement ratio (%) 0.29 0.29 0.29 0.55 0.29

Longitudinal reinforcement in concealed bracings 0 0 0 0 4D8 mm

One-legged ties in concealed bracings 0 0 0 0 D4@70 mm

Total reinforcement ratio in wall body (%) 0.58 0.58 0.58 1.10 1.10

Longitudinal reinforcement in boundary elements (mm) 8D8 8D8 8D8 8D8 8D8

Stirrups in boundary elements (mm) D4@70 D4@70 D4@70 D4@70 D4@70

Table 2: Properties of specimens
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earthquake ground motions, and the 
magnitude of peak ground accelera-
tion (PGA) varied over the approxi-
mate range of 0.1, 0.15, 0.2, 0.3, 0.4g 
etc. The actual PGA measured by the 
accelerometer on the surface of the 
shaking table during the experiment 
is shown in Table 5. The time scale 
was compressed by the factor of √⎯

1/3 
= 0.577, according to the similitude 
law. The scaled values of time inter-
val and duration of time of the earth-
quake motions were then 0.02 × 0.577 
= 0.01154 s and 50 × 0.577 = 30.581 s, 
respectively.

The natural frequency of each speci-
men was measured through low-ampli-
tude white noise excitation during 
the test. The test measurements also 
included the lateral absolute accelera-
tion and drift responses on the roof 
of each specimen, the lateral absolute 
acceleration responses at the  position 

Fig. 1: Steel rebar details of specimens (Units in mm). (a) SW1, SW2 and SW3; (b)SW4 and (c) SW5
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Steel bar Yielding strength 
fy (MPa)

Ultimate strength 
fu (MPa)

Elastic modulus 
Es (MPa)

D4 312.42 351.68 1.79×105

D8 338.20 492.88 1.98×105

Table 3: Mechanical properties of steel bars

Specimen Mix proportion (kg) Cubic 
compression 

strength fcu (MPa)

Elastic 
modulus Ec 

(MPa)
Cement Fine 

aggregate
Coarse 

aggregate
Water

SW1 100 125 250 50 35.5 3.13 × 104

SW2 100 125 250 53 32.6 2.68 × 104

SW3–SW5 100 125 250 55 31.2 2.35 × 104

Table 4: Mix proportion and mechanical property of concrete

Test Procedure and Measurements

The objectives of this experimental 
research were: (a) to test and compare 
the natural frequencies and dynamic 
responses (responses of accelera-
tion, drift and shear force) of the five 
specimens subjected to various levels 

of earthquake ground motions, (b) 
to compare the seismic performance 
and failure modes among the five 
specimens.

The five specimens were subjected to 
shaking table motions that  simulate 
the El Centro (1940) N–S component 
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frequency decrement of SW5 was 
lower than that of SW3 and SW4. The 
reason was that the bolt pin function 
of the concealed bracings stayed and 
restricted the development of diagonal 
cracks such that the stiffness decrement 
of SW5 was slower than that of SW3 
and SW4. The reinforcement ratio of 
SW4 was higher than that of SW3, but 
the natural frequencies decrement of 
SW4 was faster than that of SW3. This 
shows that the discreteness of stiffness 
degradation for shear walls made of 
recycled coarse and recycled fine aggre-
gate concrete was considerably high. 
This was because the effect of recycled 
fine aggregate on the mechanical prop-
erty of concrete was greater than recy-
cled coarse aggregate, and the quality 
of structural members made of recycled 
fine aggregate could not be controlled 
easily in the construction process.

Acceleration Response

The measured maximum absolute 
acceleration responses of the five 
specimens are listed in Table 7. The 
comparisons of roof acceleration his-
tory responses among five specimens 
subjected to the strongest earthquake 
excitation for 3 s, before and after con-
crete cracking as well as after initial 
cracks appeared, are shown in Fig. 3. 
It can be seen from Table 7 and Fig. 3 
that under the same level of ground 
motion, the acceleration responses 
increased with the increase in recycled 
aggregate replacement ratio before 
concrete cracking, and the reinforce-
ment ratio did not have a significant 
effect on the acceleration responses 
at this stage. When initial cracks 
appeared, as shown in Table 6, the 
shaking table’s peak  acceleration of 

results shown in Table 6 indicate that the 
natural frequency of the five specimens 
decreased gradually with the increase 
in specimens’ damage level. This was 
because the diagonal cracks developed 
continually and the plastic deformations 
increased gradually as the experiment 
progressed. After a similar excitation, 
the natural frequency of SW1, SW2, 
SW3, SW4 and SW5 decreased by 18.5, 
19.5, 21.9, 37.1 and 20.9%, respectively. 
It showed that the stiffness degradation 
of shear walls made of RAC increased 
with the increase in the recycled aggre-
gate replacement ratio. The  natural 

of the counterweight’s centroid and 
at the top of the base, as well as the 
strain at the end of the longitudinal 
reinforcement in the boundary region.

Experimental Results and 
Interpretation

Natural Frequency of Vibration

The natural frequency of each specimen 
measured in different stages is listed in 
Table 6. The change of the natural fre-
quency reflects the variation character-
istics of the specimens’ stiffness. The 

Fig. 2: Test setup. (a) Schematic diagram (Units in mm) and (b) photograph
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Signal 
number

The peak ground acceleration (g)

SW1 SW2 SW3 SW4 SW5

1 0.137 0.109 0.112 0.108 0.099

2 0.194 0.179 0.171 0.169 0.173

3 0.224 0.229 0.202 0.177 0.212

4 0.305 0.329 0.328 0.327 0.341

5 0.425 0.402 0.402 0.414 0.412

6 0.560 0.478 0.412 0.580 0.474

7 0.622 0.603 0.489 0.659 0.657

8 0.700 0.696 0.597 0.768 0.731

9 0.713 0.858 0.763 0.779 0.856

10 0.759 0.896 0.875 0.918 0.899

11 0.898 1.210 0.927 0.975 1.080

12 0.952 1.190 1.273 1.015 1.140

13 1.020 1.300 1.411 1.071 1.231

14 1.020 1.340 1.455 1.257 1.240

15 1.050 1.450 1.522 1.467 1.395

16 1.281 1.500 1.652 1.542 1.400

17 1.774 1.760 1.677 1.598 1.465

18 1.765 1.780 1.793 1.626 1.555

19 1.720 1.789 1.602

20 1.760 1.826

Table 5: Test procedure
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SW1 SW2 SW3 SW4 SW5

Test time ƒ (Hz) Test time ƒ (Hz) Test time ƒ (Hz) Test time ƒ (Hz) Test time ƒ (Hz)

Before wave 
excitation

8.32 Before wave 
excitation

8.05 Before wave 
excitation

8.18 Before wave 
excitation

8.25 Before wave 
excitation

8.27

After 0.224g 
wave excitation

8.29 After 0.229g 
wave excitation 
(crack occurred)

7.40 After 0. 202g 
wave excitation 
(crack occurred)

7.36 After 0.327g 
wave excitation 
(crack occurred)

7.99 After 0.341g 
wave excitation 
(crack occurred)

7.85

After 0.305g 
wave excitation 
(crack occurred)

7.88 After 0.402g 
wave excitation

7.15 After 0. 597g 
wave excitation

7.04 After 0.659g 
wave excitation 

7.00 After 0.657g 
wave excitation 

7.37

After 0.713g 
wave excitation

7.21 After 0.603g 
wave excitation

6.80 After 1.411g 
wave excitation

6.92 After 1.015g 
wave excitation

6.48 After 0.856g 
wave excitation

6.90

After 1.020g 
wave excitation 

6.82 After 1.190g 
wave excitation

6.53 After 1.455g 
wave excitation

6.45 After 1.257g 
wave excitation 

6.08 After 1.231g 
wave excitation 

6.86

After 1.720g 
wave excitation

6.78 After 1.760g 
wave excitation

6.48 After 1.793g 
wave excitation

6.39 After 1.626g 
wave excitation

5.19 After 1.602g 
wave excitation

6.54

Table 6: Test results of natural frequency of specimens

SW1 SW2 SW3 SW4 SW5

Input 
(g)

Roof acceleration 
(g)

Input 
(g)

Roof acceleration 
(g)

Input 
(g)

Roof acceleration 
(g)

Input 
(g)

Roof acceleration 
(g)

Input 
(g)

Roof acceleration 
(g)

0.137 0.155 0.109 0.117 0.112 0.103 0.108 0.125 0.099 0.119

0.194 0.172 0.179 0.175 0.171 0.213 0.169 0.187 0.173 0.197

0.224 0.231 0.229 0.208 0.202 0.226 0.177 0.204 0.212 0.242

0.305 0.378 0.329 0.315 0.328 0.402 0.327 0.377 0.341 0.363

0.425 0.465 0.402 0.451 0.402 0.467 0.414 0.453 0.412 0.46

0.560 0.631 0.482 0.555 0.412 0.632 0.580 0.653 0.474 0.621

0.622 0.883 0.603 0.858 0.489 0.715 0.659 0.806 0.657 0.861

0.700 0.896 0.696 0.875 0.597 0.852 0.768 0.892 0.731 0.995

0.713 0.912 0.858 1.199 0.763 0.954 0.779 0.923 0.856 1.078

0.759 0.925 0.896 1.431 0.875 1.271 0.918 1.121 0.899 1.154

0.898 0.931 1.210 1.53 0.926 1.438 0.975 1.125 1.080 1.297

0.952 0.942 1.190 1.789 0.927 1.478 1.015 1.281 1.140 1.386

1.020 1.021 1.300 1.835 1.273 1.784 1.071 1.321 1.231 1.452

1.020 1.117 1.340 1.838 1.411 1.993 1.257 1.654 1.240 1.498

1.050 1.279 1.450 2.151 1.455 2.112 1.467 1.895 1.395 1.512

1.281 1.369 1.500 2.171 1.522 2.135 1.542 1.985 1.400 1.726

1.774 2.21 1.760 2.192 1.677 2.178 1.598 2.106 1.465 1.911

1.765 2.397 1.780 2.291 1.793 2.189 1.626 2.164 1.555 2.219

1.720 2.386 1.789 2.419 1.602 2.338

1.760 2.397 1.826 2.817

Table 7: Maximum acceleration responses of specimens

SW2 and SW3 were 24.9 and 33.8%, 
respectively, lower than that of SW1, 
but the shaking table’s peak accelera-
tion of SW4 and SW5 were 7.2 and 
11.8%, respectively, higher than that 
of SW1. It shows that the initial stiff-
ness and lateral resistance of shear 
walls decreased with the increase in 
recycled aggregate replacement ratio. 
This is because the elastic modulus 
and compressive strength decreased 
with the increase in recycled aggre-
gate replacement ratio. By increasing 
the reinforcement ratio or by installing 
concealed bracings, the principal ten-
sile stress in the wall can be more dis-

tributed for reinforcement; especially, 
for the inclined reinforcement in the 
concealed bracings, the lateral resis-
tance of the shear wall made of RAC 
could be improved. When the maxi-
mum roof drift angle of the specimens 
exceeded the limit value 1/120 defined 
in Chinese Code GB50011,18 under 
the same level of ground motion, the 
acceleration responses decreased with 
the increase in recycled aggregate 
replacement ratio, but increased with 
the increase in reinforcement ratio. 
The acceleration responses could be 
further increased by installing the 
concealed bracings. The reason was 

that the increase in recycled aggre-
gate replacement ratio speeds up the 
development of diagonal cracking. 
On the contrary, the increase in rein-
forcement ratio strengthened the bolt 
pin function of the reinforcement, and 
restricted the development of diagonal 
cracking.

Drift Response

The measured results of each speci-
men’s maximum roof drift angle in 
different stages are listed in Table 8. It 
can be seen from Table 8 that when the 
five specimens were subjected to the 
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SW1 SW2 SW3 SW4 SW5

Input (g)
Roof drift 

angle Input (g)
Roof drift 

angle Input (g)
Roof drift 

angle Input (g)
Roof drift 

angle Input (g)
Roof drift 

angle

0.137 1/3200 0.109 1/3548 0.112 1/2914 0.108 1/3232 0.099 1/3627

0.194 1/2205 0.179 1/3548 0.171 1/2133 0.169 1/2162 0.173 1/2675

0.224 1/1126 0.229 1/2675 0.202 1/1784 0.177 1/1343 0.212 1/2133

0.305 1/722 0.329 1/1528 0.328 1/1525 0.327 1/1067 0.341 1/1525

0.425 1/478 0.402 1/1187 0.402 1/1187 0.414 1/629 0.412 1/1451

0.560 1/396 0.482 1/1183 0.412 1/1187 0.580 1/535 0.474 1/1187

0.622 1/285 0.603 1/629 0.489 1/892 0.659 1/414 0.657 1/764

0.700 1/285 0.696 1/593 0.597 1/764 0.768 1/223 0.731 1/595

0.713 1/278 0.858 1/534 0.763 1/566 0.779 1/194 0.856 1/428

0.759 1/267 0.896 1/446 0.875 1/412 0.918 1/191 0.899 1/323

0.898 1/250 1.210 1/412 0.926 1/314 0.975 1/167 1.080 1/249

0.952 1/238 1.190 1/382 0.927 1/289 1.015 1/149 1.140 1/232

1.020 1/236 1.300 1/281 1.273 1/218 1.071 1/124 1.231 1/214

1.020 1/233 1.340 1/254 1.411 1/206 1.257 1/120 1.240 1/165

1.050 1/164 1.450 1/232 1.455 1/188 1.467 1/119 1.395 1/147

1.281 1/148 1.500 1/175 1.522 1/155 1.542 1/113 1.400 1/142

1.774 1/126 1.760 1/147 1.677 1/102 1.598 1/109 1.465 1/122

1.765 1/122 1.780 1/109 1.793 1/88 1.626 1/101 1.555 1/120

1.720 1/119 1.789 1/88 1.602 1/109

1.760 1/109 1.826 1/106

Table 8: Maximum roof drift angles of specimens

Fig. 3: Time histories of roof accelerations. (a) Before cracking; (b) first c racking; (c) after cracking
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same level of 18th time shaking table 
motion, the maximum roof drift of 
SW2, SW3, SW4 and SW5 increased by 

11.8, 38.0, 20.7 and 1.4%, respectively, 
compared with that of SW1. It indi-
cates that under the same peak accel-

eration of excitation, the drift response 
increased with the increase in recycled 
aggregate replacement ratio, and the 
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those in SW2. The cracks in the shear 
wall decreased with the increase in the 
recycled aggregate replacement ratio, 
but the maximum width of the cracks 
increased. The cracks in SW4 were 
more than those in SW3 and the cracks 
in SW4 were thinner. This shows that 
the ductility of the low-rise shear walls 
made of RAC can be improved by 
increasing the reinforcement ratio. The 
final  failure mode of each  specimen 
is shown in Fig. 5. It can be seen that 

improve significantly the earthquake 
resistance capacity of low-rise shear 
walls made of RAC.

Failure Mode

Figure 4 shows the failure mode of 
each specimen when the roof drift 
angle reached the limit value 1/120. It 
can be seen from Fig. 4 that the cracks 
in SW2 were less than those in SW1, 
and the cracks in SW3 were less than 

concealed bracings could decrease the 
drift response significantly after the 
concrete cracking started to occur. The 
reason was that the lateral stiffness 
decrement of the shear walls increased 
with the increase in recycled aggregate 
replacement ratio at the failure stages. 
For the shear wall with concealed brac-
ings, the concealed bracings restricted 
the development of diagonal cracks 
and linked the concealed columns 
in the boundary regions and the top 
beam to yield truss behaviours, thereby 
improving the lateral stiffness greatly.

Base Shear Response

Under the ground motions, the maxi-
mum nominal base shear of each speci-
men at the moment t, Fi(t)max, can be 
determined as follows:

Fi(t)max = |– mai(t)|max (1)

where m is the centralised mass at the 
roof of the specimen, ai is the centroid 
acceleration for the i time excitation. 
The maximum values of the base shear 
are shown in Table 9. It can be con-
cluded from Table 9 that the earth-
quake resistance capacity of low-rise 
shear wall decreased with the increase 
in recycled aggregate replacement 
ratio, and it increased with the increase 
in reinforcement ratio. In addition, 
the concealed bracings were able to 

SW1 SW2 SW3 SW4 SW5

Input (g) Base shear 
(kN)

Input (g) Base shear 
(kN)

Input (g) Base shear 
(kN)

Input (g) Base shear 
(kN)

Input(g) Base shear 
(kN)

0.137 10.85 0.109 8.190 0.112 7.210 0.108 8.75 0.099 8.33

0.194 12.04 0.179 12.25 0.171 14.91 0.169 13.09 0.173 13.79

0.224 16.17 0.229 14.56 0.202 15.82 0.177 14.28 0.212 16.94

0.305 26.46 0.329 22.05 0.328 28.14 0.327 26.39 0.341 25.41

0.425 32.55 0.402 31.57 0.402 32.69 0.414 31.71 0.412 32.20

0.560 44.17 0.482 38.85 0.412 44.24 0.580 45.71 0.474 43.47

0.622 61.81 0.603 60.06 0.489 50.05 0.659 56.42 0.657 60.27

0.700 62.72 0.696 61.25 0.597 59.64 0.768 62.44 0.731 69.65

0.713 63.84 0.858 83.93 0.763 66.78 0.779 64.61 0.856 75.46

0.759 64.75 0.896 100.17 0.875 88.97 0.918 78.47 0.899 80.78

0.898 65.17 1.210 107.10 0.926 100.66 0.975 78.75 1.080 90.79

0.952 65.94 1.190 125.23 0.927 103.46 1.015 89.67 1.140 97.02

1.020 71.47 1.300 128.45 1.273 124.88 1.071 92.47 1.231 101.64

1.020 78.19 1.340 128.66 1.411 139.51 1.257 115.78 1.240 104.86

1.050 89.53 1.450 150.57 1.455 147.84 1.467 132.65 1.395 105.84

1.281 95.83 1.500 151.97 1.522 149.45 1.542 138.95 1.400 120.82

1.774 154.70 1.760 153.44 1.677 152.46 1.598 147.42 1.465 133.77

1.765 167.79 1.780 160.37 1.793 153.23 1.626 151.48 1.555 155.33

1.720 167.02 1.789 169.33 1.602 163.66

1.760 167.79 1.826 197.19

Table 9: Maximum base shears of specimens

Fig. 4: Failure mode of specimens with 1/120 roof drift angle. (a) SW1, (b) SW2, (c) SW3, 
(d) SW4 and (e) SW5

(a) (b) (c)

(d) (e)
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from the Chinese Code GB5001025 
were used for the constitutive relation, 
as presented in Eqs. (2) and (3).

s = (1 – dt)Ece (2)

s = (1 – dc)Ece (3)

where s is the concrete stress, e is 
the concrete strain, dt is the damaged 
parameter of concrete in tension, dc is 
the damaged parameter of concrete in 
compression and Ec is the elastic mod-
ulus of concrete.

The damaged parameter of concrete 
in tension or compression is obtained 
from Eqs. (4) and (5).

When x ≤ 1, dt = 1 – rt[1.2 –0.2x5] 
 (4.1)

When x > 1, dt = 1 – rt/[a t (x – 1)1.7+ x]
 (4.2)

where x = e/et; rt = ft
* /(Ec et); ft

* is the 
uniaxial tensile strength; et is the cor-
responding peak tensile strain with ft

*. 
at is the parameter at the descent stage 
of the concrete tensile stress-strain 
curves and its value can be obtained 
in Chinese Code GB50010 according 
to ft

*.

When x ≤ 1, dc = 1 – rcn /(n – 1 + xn)
 (5.1)

When x > 1, dc = 1 – rc /[a c (x – 1)2+ x]
 (5.2)

where x = e/ec; rc = fc
*/(Ec ec); n = Ec 

e/(Ec e – fc
*); fc

* is the uni-axial pris-
matic compression strength; ec is the 

dimensional (2D) Bernoulli-beam 
 elements coupled with continuum 
damage mechanics can be used.19 In 
order to include the shear behaviour 
of walls, several macroscopic models 
that were able to take into account 
the  flexural–shear interaction were 
proposed in literature.20–22 To simu-
late damage of squat RC shear walls 
under lateral loads, a simplified model 
based on concepts and methods of 
damage and fracture mechanics was 
proposed.23 Because macroscopic ele-
ments are simplified analytical mod-
els, they require relatively limited 
storage and much less computational 
effort than the microscopic elements. 
However, it is difficult to determine 
the appropriate parameters of simpli-
fied constituent elements for different 
types of RC walls.

ABAQUS, a general purpose finite 
element analysis program, is widely 
used to analyse mechanical, structural 
and civil engineering problems. It is 
traditionally known as a non-linear 
finite element analysis software pack-
age. ABAQUS is capable of conduct-
ing both linear and non-linear analyses 
with various material models and time-
dependent analysis tools. Therefore, 
ABAQUS6.124 was selected for the 
simulation analysis of each specimen. 
Figure 6 shows the mesh of the shear 
wall. The ABAQUS models were 
based on the measured mechanical 
properties of concrete and steel bars. 
Steel bars were defined as isotropic 
elastic-plastic material. The damage-
plasticity model was used for NAC 
and RAC. The uniaxial tension and 
compression stress–strain equations 

specimen SW3 was the most severely 
damaged, and specimen SW5 had the 
slightest damage among the five speci-
mens. The diagonal cracks of SW2 and 
SW3 had developed into main cracks, 
resulting in the loss of the earthquake 
resistance capacity. Because the earth-
quake resistance capacity and ductil-
ity of the low-rise shear walls made 
of RAC could be greatly improved 
by concealed bracings, SW5 demon-
strated a fairly slight damage level.

All  five specimens’ failure character-
istic was shear failure according to the 
phenomenon in the tests, as shown 
in Figs. 4 and 5. When the maximum 
crack width of the five specimens 
reached 0.2 mm after the test, the 
shaking table’s peak acceleration of 
SW1, SW2, SW3, SW4 and SW5 were 
1.281, 1.21, 0.926, 1.015 and 1.231g 
respectively. Compared with specimen 
SW1, the PGA for specimens SW2, 
SW3, SW4 and SW5 were decreased 
by 5.5, 27.7, 20.8 and 3.9% respec-
tively. At the final failure, the maxi-
mum roof drift of SW2 and SW5 was 
almost the same as that of SW1, while 
the maximum roof drift of SW3 and 
SW4 was increased greatly compared 
with that of SW1. Thus, the seismic 
performance of SW2 and SW5 was 
close to that of SW1.

Finite Element Simulation

Finite element models of RC shear 
walls can be classified into two types: 
macroscopic elements and microscopic 
elements. For the bearing walls domi-
nated by flexure, a macroscopic model 
consisted of using multi-layered two 

Fig. 6: Finite element mesh in ABAQUS Fig. 5: Final failure mode of specimens. (a) SW1, (b) SW2, (c) SW3, (d) SW4 and (e) SW5 

(a) (b) (c)

(d) (e)
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on the whole model and was propa-
gated in the following steps. Then an 
implicit dynamic step was created and 
measured acceleration boundary con-
ditions were applied to the bottom 
surface of the wall panel.

Based on the above modelling, the 
linear perturbation step in ABAQUS 
was used to obtain the initial fre-
quency of the specimens.26 The calcu-
lated initial frequency for specimens 
SW1, SW2, SW3, SW4 and SW5 was 
9.45, 8.92, 8.45, 9.20 and 9.31 Hz, 
respectively. Compared with the 
measured initial frequency, the error 
was 13.6, 10.8, 3.3, 11.5 and 12.6%, 
respectively.

The constraint relation of Embedded 
was used to simulate the interaction 
between the steel bars and the con-
crete. The added mass on the top of 
the models was defined as “point 
mass”, and assigned to the central 
node of the loading beam to simu-
late the axial pressure and the inertial 
force generated by the added mass. 
In order to simulate the energy dis-
sipation in the models, the material 
damping was defined in the material 
property and the damping coefficient 
of 5% was defined in the point mass 
definition. In the analysis process, the 
general static step was created first, 
and then the gravity load was applied 

 corresponding peak compression 
strain with fc

*; ac is the parameter at 
the descent stage of concrete com-
pression stress–strain curves and its 
value can be obtained in Chinese 
Code GB50010 according to fc

*.

In the ABAQUS modelling, steel bars 
and concrete were separated, and t  he 
truss element T3D2 and solid ele-
ment C3D8R were respectively used 
for the element type of steel bars 
and concrete. The T3D2 is a linear, 
three-dimensional (3D), two-node 
rod that can carry only tensile or com-
pressive loads. The C3D8R is a 3D 
eight-node hexahedral element, and 
it is linear with reduced integration. 

Fig. 7: Comparison of roof acceleration time histories before cracking. (a) SW1, (b) SW2, (c) SW3, (d) SW4 and (e) SW5
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a good agreement with the measured 
result after cracking, and the calcu-
lated results of the other four speci-
mens made of RAC are in reasonable 
agreement with the measured results. 
With the increasing degree of dam-
age, the effect of cumulative damage 
on the computed results increased, 
resulting in an increase in the compu-
tational error. When close to the shear 
walls collapse, the effect of cumulative 
damage on the computed results could 
not be ignored, and the complex prob-
lem needed further research. In gen-
eral, the numerical simulation analysis 
method used for shear walls made of 
NAC can be used for analysis of shear 
walls made of RAC.

acceleration history response of the 
five specimens is shown in Fig. 8. After 
concrete cracking, the peak accelera-
tion of the input seismic waves for 
specimens SW1, SW2, SW3, SW4 and 
SW5 was 0.622, 0.603, 0.597, 0.580 and 
0.657g, respectively. The comparison 
of measured-to-calculated values for 
the roof acceleration history response 
in the elastic-plastic stage of the five 
specimens is shown in Fig. 9. It can be 
seen from Figs. 7 and 8 that the cal-
culated results of each specimen are 
in a good agreement with the tested 
results at both the elastic stage and 
the first cracking stage. It can be seen 
from Fig. 9 that the calculated result 
of specimen SW1 made of NAC is in 

The dynamic analysis at the elastic 
stage and elastic-plastic stage for the 
five specimens was carried out. The 
acceleration responses at different 
stages were extracted from the analy-
sis results, and were compared with 
the measured results. Before concrete 
cracking, the peak acceleration of the 
input seismic waves for specimens 
SW1, SW2, SW3, SW4 and SW5 was 
0.194, 0.179, 0.171, 0.177 and 0.173g, 
respectively. The comparison of mea-
sured-to-calculated values for the roof 
acceleration history response in the 
elastic stage of the five specimens is 
shown in Fig. 7. When initial cracks 
appeared, the comparison of mea-
sured-to-calculated values for the roof 

Fig. 8: Comparison of roof acceleration time histories at the start of cracking. (a) SW1, (b) SW2, (c) SW3, (d) SW4 and (e) SW5
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response of the shear walls made of 
RAC was greater than that of the 
shear wall made of NAC, and the drift 
responses increased as the ratio of 
the recycled aggregate replacement 
increased. The use of concealed brac-
ings in low-rise shear walls was found 
to reduce the lateral drift response.

4. Under the same peak acceleration of 
shaking table, the damage degree of 
the low-rise shear wall made of recy-
cled coarse aggregate concrete was 
close to that of the shear wall made 
of NAC. The damage degree of the 
low-rise shear wall made of recycled 
coarse aggregate and recycled fi ne 
aggregate concrete was relatively 
severe. If more  reinforcements are 

bracings was slower than that of 
the shear walls without concealed 
bracings.

2. When initial cracks appeared, the 
shaking table’s peak acceleration 
of the low-rise shear walls made 
of RAC was lower than that of the 
shear wall made of natural aggre-
gate concrete, and the reduced 
degree increased with the increase 
in recycled aggregate replacement 
ratio. The situation was found to 
improve by increasing the reinforce-
ment ratio, especially by installing 
concealed bracings.

3. During the failure of the shear walls, 
when the level of ground motion was 
basically the same, the lateral drift 

Conclusions

1. The initial stiffness of the low-
rise shear walls made of RAC was 
weaker than that of the shear wall 
made of NAC. After the concrete 
cracking, the stiffness degradation 
of the low-rise shear walls increased 
with the increase in the recycled 
aggregate replacement ratio, result-
ing in an increase in the reduced 
degree of natural frequency. The 
concealed bracings had no signifi -
cant effect on the initial stiffness 
of the low-rise shear walls made of 
RAC. But after the concrete crack-
ing, the stiffness decrement of the 
low-rise shear wall with  concealed 

Fig. 9: Comparison of roof acceleration time histories after cracking. (a) SW1, (b) SW2, (c) SW3, (d) SW4 and (e) SW5
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[4] Xi ao JZ, Li JB, Zhang C. Mechanical proper-
ties of recycled aggregate concrete under uniax-
ial loading. Cem. Concr. Res. 2005; 35: 1187–1194.

[5] Xi ao JZ, Falkner H. Bond behaviour between 
recycled aggregate concrete and steel rebars. 
Constr. Build. Mater. 2007; 21: 395–401.

[6] Ta bsh SW, Abdelfatah AS. Influence of recy-
cled concrete aggregates on strength proper-
ties of concrete. Constr. Build. Mater. 2009; 3(2): 
1163–1167.

[7] Be lén GF, Fernando MA, Diego CL, Sindy 
SP. Stress-strain relationship in axial compres-
sion for concrete using recycled saturated coarse 
aggregate. Constr. Build. Mater. 2011; 25(5): 
2335–2342.

[8] Sat o R, Maruyama I, Sogabe T, Sogo M. 
Flexural behavior of reinforced recycled aggre-
gate concrete beam. J. Adv. Concr. Technol. 2007; 
5(1): 43–61.

[9] Bai  GL, Liu C, Zhao HJ. Experimental 
research on seismic behavior of recycled con-
crete frame columns [in Chinese]. J. Earthquake 
Eng. Vib. 2011; 31(1): 61–66.

[10] Co rinaldesi V, Letelier V, Moriconi G. 
Behaviour of beam-column joints made of recy-
cled-aggregate concrete under cyclic loading. 
Constr. Build. Mater. 2011; 25(4): 1877–1882.

[11] Ca o WL, Dong HY, Zhang JW. Study on 
seismic performance of RAC shear wall with dif-
ferent shear-span ratio. In Proceedings of the 2nd 
International Conference on Waste Engineering 
and Management, Shanghai, China, 2010; pp. 
652–660

[12] Xi ao JZ, Sun YD, Falkner H. Seismic perfor-
mance of frame structures with recycled aggre-
gate concrete. Eng. Struct. 2006; 28: 1–8.

[13] Ca o WL, Yin HP, Zhang JW, Dong HY, 
Zhang YQ. Seismic behavior experiment of 
recycled concrete frame structures [in Chinese]. 
J. Beijing Univ. Technol. 2011; 37(2): 191–198.

[14] Ca o WL, Zhang JW, Yin HP, Chen JL. 
Experimental study on the seismic behavior of 
recycled concrete frame-shear-wall structure [in 
Chinese]. Eng. Mech. 2010; 27(SII): 135–141.

used in the low-rise shear wall made 
of RAC, more cracks would appear 
with smaller widths. The concealed 
bracings in low-rise shear wall made 
of RAC restricted the development 
of the diagonal cracks, as the results 
of the lateral load-carrying and 
deformation capacity of the shear 
wall were signifi cantly improved.

5. Compared with the low-rise shear 
wall made of NAC, the seismic 
capacity of the low-rise shear wall 
made of recycled coarse aggregate 
concrete was relatively weaker but 
still met the requirements of seismic 
design. The concealed bracings were 
able to greatly improve the seismic 
capacity of the low-rise shear walls 
made of RAC and they were suitable 
for use in structures made of RAC.
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