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Abstract

RC shear walls have been widely used in tall buildings in earthquake prone areas around the world due to their high lateral
stiffness and strength. It has been found from the past earthquake that RC shear walls easily suffer severe damage
concentrating at the bottom. In this study a new type of earthquake resilient RC shear wall with the new replaceable energy-
dissipation components installed at the two bottom corner of the wall was proposed. The replaceable component is mainly
composed of the buckling-restrained mild steel core and the concrete filled steel tube. During the strong earthquake the
damage is expected to concentrate at the replaceable components rather than the other part of the wall so that the shear wall
can be easily repaired and the building can restore its function quickly after the earthquake. The quasi-static tests under
cyclic loading were carried out on one traditional RC shear wall specimen and two new shear wall specimens with the
aspect ratio of 3.2 and the axial compressive load ratio of 0.25 due to the limitation of loading capacity. The test results
show that the new shear wall specimen installed with the replaceable components has much higher carrying capacity,
ductility, and energy-dissipation capacity, and a little bit higher lateral stiffness than the traditional shear wall specimen. For
the two new shear wall specimens, the one with larger cross-sectional area of replaceable components has a little bit higher
carrying capacity, lower ductility, and larger energy-dissipation capacity. Compared with the traditional shear wall
specimen, the lateral force-top displacement hysteretic behavior of new shear wall specimens is more stable, with less
strength and stiffness degradation after the peak load. As expected, although the damage behavior of all the specimens is
flexure-dominating, for the new shear wall specimens the damage mainly concentrates at the replaceable components while
the left part is well protected, and for the traditional shear wall specimen the damage concentrates at the bottom. Compared
with the earthquake resilient shear wall installed with replaceable rubber bearings developed in the literature, the new shear
wall proposed in this study has larger lateral strength and stiffness, and the remaining part excluding the replaceable
components is better protected when subjected to the strong earthquake. The numerical models for all the specimens were
constructed by using the commercial software ABAQUAS. The pushover analyses were conducted. The computational
results agree well with the test results. Finally, by using the verified numerical models the seismic behavior of the
specimens with higher axial compressive load ratio which matches the real case more in tall buildings was investigated in
order to overcome deficiency of the experimental study due to the loading condition limitation. The simulation results show
that in the case under higher compressive loading the seismic performance of the new shear wall is improved similarly with
the carrying capacity and deformation capacity much higher than that of the traditional shear wall.
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1. Introduction

Earthquakes cause not only the direct economic loss from the damage of the structural components and non-
structural components, but also the indirect economic loss from the temporary suspension of living and
production. The economic loss will be reduced significantly if the structure can retain or restore its function
rapidly after the earthquake. The earthquake resilient structure is the structure which can restore immediately the
structural function after an earthquake without significant retrofit. Up to now, there are mainly three types of
earthquake resilient structures developed by the researchers, i.e., the rocking structures [1, 2], the self-centering
structures [3, 4], and the structures with replaceable structural components [5, 6].

. )

Reinforced concrete (RC) shear walls have been widely used in tall buildings in earthquake prone areas
due to their high lateral stiffness and strength. It has been found from the past earthquake experience that the RC
shear walls in some tall buildings suffered severe damage that concentrated at the bottom, including the crushing
and spalling of the concrete, and the buckling or fracture of the longitudinal reinforcement. These kinds of
damage are generally very difficult to be repaired, and the cost of repair is very high. To reduce the seismic
damage of the shear walls, several types of rocking and self-centering shear wall structures were proposed and
implemented in real buildings [7-10]. In addition, the concept of replaceable component was applied in coupling
beams of shear wall structures [11, 12].

The new shear wall with the replaceable energy-dissipation components installed at the two bottom
corners was proposed by Lu et al. [13]. The improved seismic performance of the new shear wall was verified by
the tests. However, from the tests it was found that compared with the normal RC shear wall the lateral stiffness
of the new shear wall decreases and the hysteretic behavior of the replaceable component is not very stable. The
seismic performance of the new shear wall could be better if the performance of the replaceable component is
improved.

In this study, a new kind of replaceable component installed at the two bottom corners of RC shear walls
was put forward. Compared with the previous replaceable corner component, the stiffness and energy-dissipation
capacity of the new replaceable corner component are much higher. In addition, the construction details of the
new shear wall is improved so that the replaceable component can be replaced more conveniently after the
strong earthquake and the remaining part can be better protected. The tests on RC shear walls installed with the
replaceable components were carried out under cyclic loading to verify its performance. The static pushover
analysis using commercial software ABAQUAS was carried out for the new shear wall and the traditional RC
shear wall. The numerical model was verified by the test results. Finally, the influences of the axial compressive
load ratio on the new shear wall were investigated.

2. Description of new replaceable component

A typical RC shear wall installed with replaceable components at the two bottom corners is shown in Fig.1. In
order to complement the lateral stiffness and shear strength of the RC shear wall and prevent the non-replaceable
zone from the damage, the steel plate is embedded at the bottom part of the shear wall.
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Fig. 1 — RC shear wall with replaceable components at two bottom corners
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The constitution of the new replaceable component is shown in Fig.2. The replaceable part, which is
located between the top and bottom connection plate, is comprised of the buckling-restrained mild steel core and
the concrete filled steel tube (CFST). In order to relieve the bonding between the steel core and the concrete, the
surface of the steel core is coated with the plastic film. The two ends of the steel core are strengthened by
installing the stiffening rib to prevent them from local failure. When the replaceable component is subjected to
the tension, the inner mild steel core will be stretched alone, and the concrete surrounding the steel core does not
come into play. When it is compressed, the bulking of the inner mild steel core will be restrained due to the
constraint of the surrounding concrete because the core steel is subjected to compression together with the
concrete.
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Fig. 2 — Replaceable component

3. Static tests under cyclic loading

3.1 Test specimens

One traditional RC shear wall named CT and two new shear walls named NEW1 and NEW?2 installed with the
replaceable components at the two bottom corners were designed. All the dimensions of the specimens are
identical. The dimensions and steel reinforcement of the specimens are shown in Fig.3. The cross-section length
and thickness are 1200mm and 140mm, respectively. The only difference between the two new shear walls is the
replaceable component. The parameters of the replaceable components are listed in Table 1.

Table 1 — Parameters of replaceable components

Inner core CFST
Specimen | Total Length of Lgngt_h of Cross-sectional Cr_oss- E)_(ternal Thickness
number | length stiffening yielding o2 of yielding sectional | Diameter | of steel
/(mm) | segment/(mm) segment segment/(mm?) areaz .Of steel pipe
/(mm) [(mm?) | pipe/(mm) [ /(mm)
NEW1 500 130 370 640 7527 114 6
NEW?2 500 130 370 560 5801 102 6
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Fig. 3 — Constructional details

3.2 Test procedure

First, a vertical load was exerted on the top of specimens by hydraulic jacks and kept approximately constant
throughout the entire testing process. The axial compression load ratio for all specimens is 0.25. Prior to
cracking of the concrete in the specimens, the horizontal loading was controlled by the force with one cycle at
individual force amplitude. After cracking, the lateral load was applied by displacement control with three cycles
at individual displacement amplitude. Throughout all test processes, the lateral displacement, force, and the steel
strains were recorded electronically. The test setup is shown in Fig.4.
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Fig. 4 — Test setup

3.3 Failure mode

As the specimen CT is concerned, the initial damage occurred in the form of horizontal cracks appearing at the
bottom of the boundary element. Subsequently, the initial yielding of the longitudinal reinforcement in the
boundary element near the pedestal was indicated by the measured strain. Then the diagonal cracks on the web
were observed immediately. With the increase in the displacement amplitude, new horizontal and diagonal
cracks formed, and the maximum crack width as well as the maximum residual crack width increased. The initial
crushing and then spalling of the concrete cover at the bottom of the boundary element was detected. The
spalling of the concrete cover extended from the edges of the wall to the web during the later loading. After the
concrete cover at the bottom edge completely spalled off and the stirrup and longitudinal reinforcement were
exposed, the onset of longitudinal bar buckling at the bottom of the boundary element was observed during
subsequent loading cycles. The longitudinal bars fractured after buckling.

The sequences of observed damage were similar for the two new shear wall specimens. The behavior of
the specimens was flexure-dominant. The development of damage was as follows: cracking of the concrete at the
bottom edge of the inner web wall, tensile yielding of the inner steel core in the replaceable component, tensile
yielding of the longitudinal reinforcement at the bottom edge of the web wall, tensile yielding of the steel plate,
tensile yielding of the outer steel tube in the circumferential direction, at the bottom edge concrete crushing and
spalling, buckling and then fracture of the longitudinal reinforcement, and the fracture of the inner steel core in
the replaceable component. It was confirmed that the yielding of the replaceable component occurred before the
yielding of the bottom edge of the wall.

Figs.5 and 6 show the damage in the three specimens at the stage with the top drift ratio of 1/100 and 1/50,
respectively. It can be found that compared with the traditional shear wall, in the new shear walls the occurring
of damage in the main part of the wall was postponed, and the damage was reduced significantly.

(@) CT (b) NEW1 (c) NEW2
Fig. 5 — Damage in the specimens at stage with top drift ratio of 1/100
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(@ CT (b) NEW1 (c) NEW2
Fig. 6 — Damage in the specimens at stage with top drift ratio of 1/50

3.4 Lateral force-top displacement relationship

The lateral force-top displacement hysteretic curves for specimens are shown in Fig.7. Compared with CT, the
hysteretic behavior of NEW1 and NEW2 is more stable, with less strength and stiffness degradation after the
peak load. The skeleton curves are shown in Fig.8. The results derived from the hysteretic curves and skeleton
curves are listed in Table 2. The carrying capacity of NEW1 and NEW 2 is 35% and 29% on average in two
directions, respectively, higher than that of CT. The displacement ductility factor of NEW1 and NEW2 is 80%
and 92% on average in two directions, respectively, higher than that of CT. The total energy of NEW1 and NEW
2 dissipated until ultimate limit state is 3.71 and 3.69 times, respectively, of that of CT. NEW1 with larger cross-
sectional area of replaceable components has a little bit higher carrying capacity, lower ductility, and larger
dissipated energy than NEW?2. In addition, the lateral stiffness of the new shear wall is a little bit higher than that
of the traditional shear wall.
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Fig. 7 — Lateral force-top displacement hysteretic curves
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Table 2 — Summary of experimental results

Yield Ultimate - Energy
Specimen | displacement(mm) Peak load(kN) displacement(mm) Ductility factor dissipation
until
b ultimate
UMBET | positive | Negative | Positive | Negative | Positive | Negative | Positive | Negative “?IllltlSta)te
‘m
CT 21.2 14.8 246.9 204.5 80.1 70.2 3.78 4.74 197.17
NEW1 13.3 15 3219 286.2 105.7 111.5 7.96 7.40 731.31
NEW2 13.8 14.7 305.3 276.6 119.9 112.4 8.66 7.66 727.14
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4. Finite element analysis
4.1 Analytical model

The finite element models for the two types of shear wall specimens as shown in Fig.9 were established by using
the commercial software ABAQUAS. The steel rebars were simulated by the space truss element T3D2. The
concrete, the steel tube, the steel plate, and the steel core were simulated by linear reduced integration three-
dimensional solid element C3D8R. Let Y direction be the axial direction of replaceable components, then the
inner steel core and the concrete are coupled at the X and Z direction to simulate the CFT constraint effects on
the inner core, while the DOF in Y direction is released to simulate the relative displacement between the inner
core and the CFT.

The plasticity damage model based on continuum damage mechanics was adopted to describe the
nonlinear behavior of the concrete. In this model two damage patterns, tensile cracking and compressive
crushing, are considered. Tensile damage factor d; and compressive damage factor d. are used to measure the
damage level of two damage patterns and decrease the stiffness accordingly. The Mander model [14] was used to
describe the stress-strain behavior of the concrete. The damage factor can be expressed by the following
equations [15]:

oE*
d =1-—; L <
" (1/b -1 +o,E; 1)
N o.E
c T pl _ -1
g A/b,-1)+0o.E, )

. . . . [ [
where subscript ¢ and t represent compression and tension, respectively, b;=0.9, b,=0.7, and €Cp and 8tp are the

plastic compression strain and the tension strain, respectively. The mechanical properties of steel were defined
by the kinematic and isotropic combined model in ABAQUS. The bilinear relationship models the uniaxial
stress-strain behaviour of the steel. It is characterised by the modulus of elasticity, the yield strength and the
post-yield stiffness.

Steel
& rebar

Inner
ﬂ core

(a) Traditional shear wall (b) Steel rebars in traditional (c) New shear wall (d) Steel in new shear wall
shear wall
Fig. 9 — Finite element models

4.2 Analytical results

The pushover analysis was carried out for the three specimens. The comparison of calculated lateral force-top
displacement skeleton curves with test results is shown in Fig.10. The analytical results agree well with the test
results. The vertical plastic strain responses of the specimens at the stage with the top drift ratio of 2% are shown
in Fig.11. The strain responses roughly agree with the damage of the specimens shown in Fig.6.
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Fig. 10 — Comparison of lateral force-top displacement skeleton curves
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Fig. 11 — Plastic strain component at the stage with the top drift ratio of 2%

In the real case the axial compressive load ratio of the shear wall in tall buildings could be higher that the
specimens in this test. Therefore, the performance of the specimens with the axial compressive load ratio of 0.4
and 0.6 was studied by using the above verified analytical models in addition. The vertical plastic strain
responses of the specimens at the stage with the top drift ratio of 1.5% are shown in Fig.12. It can be found that
as expected, the compressive damage of the new shear wall concentrates on the replaceable component while the
left part keeps almost intact, the tensile strain of the new shear wall is also much lower than the traditional shear
wall.



16" World Conference on Earthquake, 16WCEE 2017
Santiago Chile, January 9th to 13th 2017

PE, PE22

(Avg: TE%)
+1.120e-02
+3.000e-03
+2,500e-032
+2.000e-03
+1.500e-032
+1.000e-032
+5.000e-04
+3.402e-10
-5.000e-04
-1.000e-02
-1.500e-03
-2.000e-03
-2.500e-032
-3.000e-03
-1.472e-02

PE, PE2Z

(4vg: 75%)
+4.207e+02
+3.000e-03
+2,.500e-03
+2.000e-03
+1.500e-03
+1.000e-03
+5,000e-04
+32.492e-10
-5.000e-04
-1.000e-02
-1.500e-03
-2.000e-03
-2.500e-03
-3.000e-03
-2.235e+30

(a) CT with axial compressive load ratio of 0.4 (b) NEW1 with axial compressive load ratio of 0.4

PE, PE22 PE, PE22

(Avg: 75%) (4vg: 7593
+4.321e+01 +1.0508-02
+2.0002-03 +3,000e-03
+2.5008-03 +2.5008-03
+2.000e-03 +5.0006-
B 1T
+1.0008-03 -
+5.000e-04 +50006-04
+3.4928-10 +3,4028-10
-5.0002-04 -5.0002-04
-1.0008-03 -1.0008-03
-1.5008-03 -1.E002-03
-2.0002-03 -2,000e-03
-2.5008-03 -2.5008-03
-2.0002-03 -3.000e-03
-2.2358+30 -1.7078-02

(a) CT with axial compressive load ratio of 0.6 (b) NEW1 with axial compressive load ratio of 0.6
Fig. 12 — Plastic strain component at the stage with the top drift ratio of 1.5%

The comparison of the lateral load-top displacement skeleton curve is shown in Fig.13. It is indicated that
in the case under higher compressive loading similarly the carrying capacity and deformation capacity of the
new shear wall are much higher than that of the traditional shear wall.
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Fig. 13 — Lateral load-top displacement skeleton curve

4. Conclusions

An earthquake resilient RC shear wall installed with a new kind of replaceable component at the two bottom
corners was proposed in this study. The constructional details of the replaceable component was introduced. The
improved seismic performance of the new shear wall was verified by the quasi-static tests carried out on the new
shear wall. The analytical models for the two types of shear walls were developed with the aid of the commercial
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software ABAQUAS and verified by the test results. The test and finite element analysis results show that the
new earthquake resilient RC shear wall has much higher ductility and strength than the traditional RC shear wall.
Compared with the shear wall with replaceable rubber bearings, the new shear wall proposed in this study has
larger lateral strength and stiffness, and the remaining part excluding the replaceable components is better
protected when subjected to the strong earthquake.
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