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Abstract: Frame and rocking wall (FRW) structures have excellent resilient performance during earthquakes. However, 
the concrete at interfacial corners of rocking walls (RWs) is easily crushed due to local extreme compression during the 
rocking process. An innovative RW with a curved interface is proposed to prevent interfacial corners from producing local 
damage, enhancing its earthquake resilient performance (ERP). The precast wall panel with a curved interface is assembled 
into an integral self-centering hybrid rocking wall (SCRW) by two post-tensioned unbonded prestressed tendons. Moreover, 
two ordinary energy dissipation steel rebars and two shear reinforcements are arranged to increase the energy dissipation 
capacity and lateral resistance. Two SCRW specimens and one monolithic reinforced concrete (RC) shear wall (SW) were 
tested under pseudo-static loading to compare the ERPs of the proposed SCRW and the SW, focusing on studying the eff ect of 
the curved interface on the SCRW. The key resilient performance of rocking eff ects, failure modes, and hysteretic properties 
of the SCRW were explored. The results show that nonlinear deformations of the SCRW are concentrated along the interface 
between the SCRW and the foundation, avoiding damage within the SCRW. The restoring force provided by the prestressed 
tendons can eff ectively realize self-centering capacity with small residual deformation, and the resilient performance of the 
SCRW is better than that of monolithic SW. In addition, the curved interface of the SCRW makes the rocking center change 
and move inward, partially relieving the stress concentration and crush of concrete. The rocking range of the rocking center 
is about 41.4% of the width of the SCRW.
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1   Introduction 

Earthquakes, as a type of destructive natural disaster, 
usually endanger human life safety and social economy. 
Traditional monolithic concrete shear walls are widely 
used in high-rise building structures in seismic areas due 
to their large in-plane stiff ness and high bearing capacity. 
However, due to the complexity and uncertainty of 
earthquakes, previous earthquake damage investigations 
(Fintel, 1995; Zhang and Jin, 2008; Sun and Yan, 2015) 
show that monolithic shear wall structures are often 
severely damaged with large residual deformation 
after major earthquakes. Traditional criteria in the 

seismic design of reinforced concrete (RC) structures 
consider zones where plastic hinges can develop. Due to 
yielding in the plastic hinges, structural ductility can be 
achieved, with energy dissipation under cyclic loading 
and a reduction in seismic inertial action. This behavior, 
however, results in severe damage to the structure after 
the design earthquake, and hence the need for diffi  cult 
and expensive repair work. Therefore, the seismic 
performance goal of building structures is gradually 
tilted from ensuring life safety to restoring the structural 
functionality of buildings, to achieve the purpose of no 
or minimal residual deformation of building structures 
after earthquakes. Furthermore, the new design criteria 
that are not only linked to human safety at the ultimate 
limit state (ULS) but also consider damage-limiting 
performance. Among these, self-centering (SC) seismic 
structures have attracted much research attention in the 
earthquake engineering community. Compared with 
traditional seismic structures, the most prominent feature 
of the SC structures is that the residual deformation can 
be completely or basically recovered after unloading. The 
SC structures produce little residual deformation, and can 
be restored to normal use with or without a small amount 
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of maintenance after earthquakes (Zhou and Lu, 2011; 
Naserpour and Fathi, 2022). The self-centering hybrid 
rocking wall (SCRW) is mainly composed of three parts: 
shear wall, post-tensioned unbonded prestressed tendons 
and energy dissipators (Hu et al., 2018). Such structures 
combine the performance of self-centering and energy 
consumption, which produce little residual deformation, 
and can be restored to normal use with or without a small 
amount of maintenance after earthquakes. An opening 
joint between the bottom of the wall and the foundation 
is set to produce the SCRW, which can decrease the 
lateral stiff ness of the wall, providing nonlinear behavior 
and increasing the deformation ability of the wall. The 
constraint at the bottom of the rocking wall under the 
horizontal load can be relaxed, therefore, the wall can 
rotate slightly along the surface within both ends of the 
wall, which eff ectively reduces the bearing capacity 
demand of the wall and the foundation.

Three types of typical hysteresis curves of 
conventional monolithic shear wall, prestressed-only 
rocking wall (RW) and SCRW are shown in Fig. 1. For 
the last two RW structures, the unbonded prestressed 
tendons, if left in the unbonded prestress range over a 
certain length, may remain in the elastic stage during 
rocking. Therefore, the restoring force provided by the 
elastic prestressed tendons will essentially prevent the 
occurrence of residual lateral displacements. Since the 
concrete is not bonded to the tendons, considerably less 
cracking is induced than in monolithic shear walls that 
rely solely on bonded reinforcements to provide the 
lateral force resistance. The behavior of such a structure 
can be described as bilinear elastic, and cosmetic damage 
is restricted to the bottom corners of the RW structure. 
By armoring the ends of a prestressed concrete shear 
wall with steel plates and embedding a mating steel plate 
in the foundation, which makes it possible to avoid any 
damage, the concept was fi rst proposed by Mander and 
Cheng (1997). One potential disadvantage of this purely 
bilinear elastic structure is the lack of energy dissipation 
capacity, as shown in Fig. 1(a). By incorporating energy 
dissipators such as low yield strength reinforcements 
(Restrepo and Rahman, 2007; Zhou et al., 2021a) 
between the shear wall body and the foundation, a 
level of hysteretic damping can be introduced to reduce 
the structure’s response to seismic excitation, while 
still ensuring that the SC characteristics provided by 

the combination of gravity and prestressing force are 
preserved (Fig. 1(b)). In addition, monolithic shear wall 
structures can dissipate large amounts of energy, see 
Fig. 1(c), but this is provided through structural nonlinear 
deformation and damage that results in degradation in the 
stiff ness, as well as residual deformation (Holden et al., 
2003). In contrast, prestressed-only structures dissipate 
little energy, which is expected to lead to displacement 
demands larger than for those structures in which energy 
dissipation can take place. The SC hybrid structures 
incorporating energy dissipators can be designed to 
combine the benefi ts of both structures, thus providing a 
good dissipation and showing SC characteristics as well 
as no damage.

Scholars have done much research on SCRWs, 
which has resulted in a good understanding of their 
behavior and guidelines for their design. Kurama et al. 
(1999) proposed a direct displacement-based seismic 
design method for SCRWs. Recommendations are given 
for the selection of wall design characteristics, such as 
the initial stress, location and unbonded length of post-
tensioned tendons, height of RW, the number of spiral 
reinforcements, etc. The corresponding analytical model 
was established, and nonlinear time history analysis 
was performed in DRAIN-2DX using the beam-column 
element in fi ber model, which showed that the SC 
concrete walls exhibited nonlinear elastic behavior in 
design basis earthquakes and were virtually undamaged. 
Hu et al. (2013) established a fi nite element numerical 
analysis model and theoretical analysis model of an 
SCRW containing both prestressed tendons and dampers, 
which focused on the way to simulate the prestressed 
tendons, dampers, and horizontal connections between 
the RW and foundation. A numerical simulation of the 
SCRW subjected to repeated loading was carried out 
and the results were compared with those from the 
theoretical analysis. The results show that the hysteresis 
curve of the SCRW displayed a characteristic “fl ag-
shape” hysteretic response under repeated loading, and 
there was no residual displacement after it unloaded 
completely. In terms of experiments, Preze et al. (2002, 
2004) showed that unbonded prestressed precast concrete 
shear walls have good SC performance and can be used 
in high-intensity seismic areas. Holden et al. (2003) 
and Smith et al. (2013) studied the seismic performance 
improvement between the SCRW and conventional 

(a) (b) (c)

Fig. 1  Schematics of RC wall hysteresis curves: (a) prestressed-only RW; (b) SCRW; (c) monolithic shear wall

Fo
rc

e

Fo
rc

e

Fo
rc

e

Displacement Displacement Displacement



No. 1    Su Xing et al.: Resilient performance of self-centering hybrid rocking walls with curved interface under pseudo-static loading     67

monolithic precast shear wall. The results show that the 
SCRW has excellent energy dissipation and SC ability 
without residual drifts.

The research studies described above focused on the 
overall seismic performance, but ignored the damage to 
the rocking element itself. The corners of RC rocking 
elements will crush during the rocking motion, and 
these structures should be specially retrofitted. Vertical 
cracks and splitting of the concrete cover at the wall 
toes were observed while rocking in the tests of three 
prestressed concrete walls (Lu and Wu, 2017). Xu et al. 
(2018) showed that spalling and crushing of concrete 
often occur at the bottom corners of the SC walls under 
cyclic loadings, causing the loss of tendon force and 
SC capability, and potentially triggering out-of-plane 
buckling. Therefore, corners of the SCRW need to be 
designed with less damage to avoid crack and stress 
concentration. Armoring steel plates are typically 
embedded in the toes of traditional rocking walls to 
limit the risk of damage caused by the concentration 
of compressive stresses at the wall base during rocking 
(Mander and Cheng, 1997). Experimental tests have 
shown that such damage can be avoided completely 
when armoring systems are combined with the use of 
fi ber-reinforced concrete (Solberg et al., 2009). Since 
it is not always easy to install an effi  cient armoring 
system, the response of wall toes without an armoring 
system is of interest. To prevent severe damage at the 
bottom of the walls when rocking,  pin connection 
was proposed by Wada et al. (2009). Cui et al. (2019) 
employed polyurethane elastomer in rocking walls 
to prevent the corners from being crushed during the 
rocking motion. The rocking walls performed well in 
cyclic tests, exhibiting little damage and no fl exural 
cracks. To prevent the bottom of the rocking wall from 
being damaged during rocking,  rubber pads are set at 
the corners, and the lower part of the rocking walls are 
fabricated with high-strength grout (Li et al., 2020). Due 
to the insuffi  cient tensile capacity of rubber, the rubber 
bearings may become damaged or even fail during the 
ground motion (Hu et al., 2017). Moreover, Xu et al. 
(2018) removed the easily damaged elastoplastic feet 
and replaced them with the disc spring device (DSD), 
which is an axial SC energy dissipation device designed 
by combining disc springs and exhibits a high stiff ness 
and bearing capacity. Under this mechanism, the SCSW-
DSD exhibits typical fl ag-shaped hysteretic behavior 
and has a robust SC capability. However, the concept of 
low damage to concrete components has still not been 
adequately realized in current research studies. 

The above summaries show that both experimental 
and theoretical research of SC RWs has reached a 
relatively mature stage. However, there are fewer articles 
that systematically compare the resilience performance 
of monolithic SWs and SCRWs in combination with 
specifi c resilience performance indexes as well as the 
resilience indexes’ limits specifi ed by the three-level 
fortifi cation target for conventional structures, and the 

four-level fortifi cation target for resilient structures. This 
study also focuses on the  damage-limiting performance of 
SC walls and proposes an SCRW with curved interfaces. 
Although many of the studies noted above have been 
proposed to avoid damage and stress concentration in 
corners,  most of them propose new devices or material 
to replace the RC in the corners. A disadvantage of this 
approach is that the devices or materials are embedded 
in the elements which are diffi  cult to remove and replace 
after a strong seismic event. Furthermore, it is not 
always easy to install an effi  cient device in the process of 
retrofi tting SCRW. Therefore, there are few studies that 
change the structural form of SC walls to achieve damage-
limiting design of SCRW corners.  The retrofi tting of 
the SCRW into an SCRW with curved interface not 
only avoids the complicated installation of new devices 
leading to diffi  cult removal after the earthquake but 
can also eff ectively solve the problem of damage to the 
corners of the wall, and eff ectively release the stress 
concentration, which truly achieves the goal of damage-
limiting performance of SCRW. Therefore, in this study, 
the indicators aff ecting the resilient performance of the 
SCRW are analyzed in detail based on experimental 
studies and compared with the conventional monolithic 
shear wall to illustrate the superiority of seismic 
performance and resilient behavior in the SCRWs. The 
curved interface in the SCRW, and the change of stress 
concentration phenomenon combined with experimental 
and theoretical analysis, is discussed as well as how to 
achieve damage-limiting performance of the wall corner.

2  Overview of pseudo-static test

2.1  Specimen design

The purpose of this test is to verify the SC and 
energy dissipation mechanisms of the SCRWs, as 
well as the earthquake resilient performances (ERPs) 
compared with a conventional monolithic shear wall. 
To this end, a pseudo-static loading test scheme was 
adopted. A total of three specimens were made in this 
experiment, numbered as SW-1, RW-1, and RW-2, 
among which SW-1 is a traditional monolithic shear 
wall for comparison, and RW-1 and RW-2 are both 
SCRWs. Except for the diff erent yield strengths of the 
energy-dissipating bars and initial prestress values, the 
other parameters are the same. Based on the design 
code of RC structures of China, the concrete strength 
grade is C35, the reinforcements of specimens are 
all made of HRB335 steel bars, and the unbonded 
prestressed tendons with a nominal diameter of 12.7 mm 
in the SCRW specimens are used. The initial pre-stress 
fpi of the SCRW specimens are 0.35fptk and 0.45fptk, 
respectively (fptk is the standard value of the ultimate 
strength of prestressed tendons, which is 1860 MPa). The 
dimensions of the tested RW are 2800 mm (height) ×
1400 mm (width) ×160 mm (thickness), and the height-
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where λ is the bending moment contribution ratio, Mprs 
is the contribution of prestress to bending capacity, 
MN is the contribution of axial compression to bending 

Fig. 2 Schematic of reinforcement in details of SCRW 
              specimens RW-1 and RW-2

Fig. 3  Schematic of reinforcement in details of monolithic 
              specimen SW-1

width ratios are both 2. The top of the tested SCRW is 
equipped with a reinforcing area reinforced by a dense 
mesh of rebars, and steel plates are embedded at the 
top and both ends of the top. An RC base is designed 
to support the SCRW, forming the rocking surface 
between the bottom of the upper SCRW and the RC 
foundation. The reinforcements and prestressed tendons 
passing through the rocking surface are designed to bear 
the bending moment and lateral force. Meanwhile, the 
friction along the rocking surface is also expected to 
provide a part of the lateral resistance. In addition, the 
edge areas at both ends of the conventional shear wall 
are confi gured to simulate the actual reinforcement of the 
wall in a real project. The schematics of the monolithic 
shear wall and the SCRWs are shown in Figs. 2 and 3, 
respectively, where PT, RE, and RS denote prestressed 
tendon, energy-dissipating reinforcement, and shear 
reinforcement, respectively. The vertical axial load for 
all the test walls was determined to be 200 kN. More 
details on the test walls are given in Table 1. The radius 
of the curved interface is 137 mm.

For the monolithic shear wall, the longitudinal 
reinforcements passing through the bottom surface 
between the shear wall and the foundation are used for 
both connecting the shear wall to the foundation and 
dissipating seismic energy in earthquakes, which is the 
major cause for the residual deformation of the shear 
wall in the lateral reciprocating loading (Dang et al., 
2014). However, the main reason why there is almost 
no residual deformation for the SCRW with energy 
dissipators is that it has the powerful SC ability provided 
by prestressed tendons and the gravity of SCRW. It is 
generally believed that for the SCRWs with energy 
dissipation devices, the SC eff ect occurs only when the 
resisting bending moment provided by the prestressed 
tendons is greater than that provided by energy 
dissipation devices (Stanton et al., 1997). To quantify 
the SC ability provided by the prestressed tendons and 
the energy dissipation capacity provided by the energy-
dissipating bars, the moment contribution ratio λ given 
by the NZS 3101: Part 1 (2006) was used in this study 
to refl ect the relative confi guration ratio of energy-
dissipating bars and prestressed tendons in the structure, 
which in turn determines the relative capacity of SC and 
energy dissipation:

prs N

s

M M
M





                            

(1)

Table 1  Main design parameters of specimens

Specimens
Prestressed tendon Energy-dissipating rebar Axial force

λ
                                           fpi / fptk   ee (mm) fy (MPa) N (kN)

SW-1        ‒        ‒       ‒       ‒         ‒              ‒ 200 0.89
RW-1 2Φs12.7 268 0.35 2Φ16 152 400 200 2.47
RW-2 2Φs12.7 268 0.45 2Φ16 152 450 200 1.85

                       Note: ep and ee denote the eccentricity of prestressed tendons and energy-dissipating bars, respectively

Confi guration ep Confi guration 
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capacity, Ms is the contribution of energy-dissipating bars 
or other energy-dissipating devices to bending capacity.

For self-centering shear wall (SCSW) structures, 
the ACI ITG-5.1-07 (2007) mentioned that to meet the 
requirement where the energy consumption ratio is not 
less than 1/8, the bending moment contribution of the 
energy-consuming reinforcements shall not be less than 
25% according to the research of Kurama (2002) (the 
corresponding bending moment contribution ratio is 3). 
The SC ability of SCSWs basically disappears when the 
bending moment contribution of the energy-dissipating 
bars reaches 40% (the corresponding bending moment 
contribution ratio is 1.5). A reasonable design of the 
bending moment contribution ratio can ensure that the 
structure has suffi  cient energy dissipation capacity and 
at the same time has the advantage of SC for the SCRWs. 
Therefore, it is critical to study the limit of the bending 
moment contribution ratio. At the same time, ACI ITG-
5.2-09 (2009) suggested that the calculation formula of 
the minimum initial prestress to ensure that the wall-
base opening is closed after the earthquake is in Eq. (2).

ps pi s u0.9A f N A f    
                    

(2)

Among them, Aps denotes the cross-sectional area of the 
prestressed tendons,  fpi denotes the initial prestressing 
force, N is the sum of the self-weight of the wall and the 
vertical axial forces, As is the total cross-sectional area of 
the energy-dissipating reinforcements, and fu denotes the 
ultimate tensile strength of the energy-dissipating bar. 
Equation (2) shows that the restoring forces provided 
by both prestressed tendons and vertical axial forces 
should be greater than the energy dissipation forces from 
the energy-dissipating rebars to ensure suffi  cient SC 
capacity of the SCRWs. Therefore, the initial prestress 
of the prestressed tendons in the test should meet the 
requirements of the above recommendations, and the 
main design parameters of each test specimen are shown 
in Table 1.

2.2   Production of specimens

 The three specimens were produced in two diff erent 
ways. The construction procedure of the conventional 
monolithic concrete shear wall was adopted for 
specimen SW-1. Moreover, for specimens RW1 and 
RW-2 of the SCRWs, the procedure of prefabricating the 
foundation and the wall, separately, and then assembling 
was adopted. Before the concrete was poured, the PVC 
conduits were pre-buried at a given position of the 
prestressed tendons, and the energy-consuming bars 
and shear reinforcements were reserved in both sides 
near the middle of the rocking wall root after the plain 
reinforcements were bounded to the support formwork 
of the rocking wall. In addition, holes were reserved at 
the positions of the concrete foundation corresponding 
to the prestressed tendons, energy-consuming bars, 
and shear reinforcements. After rebars were all in 

the given positions, the concrete was casted into the 
formwork, and then cured for 28 days. After that, the 
RC wall was assembled with the foundation for testing 
after the concrete reached the expected strength. The 
prestressed tendons, energy-dissipating bars and shear 
reinforcements were inserted into the corresponding 
reserved holes. Two ends of each prestressed tendon 
were fi xed through special prestressed anchorages at 
the bottom of the foundation and the top of the rocking 
wall. Meanwhile, a mechanical sensor was installed to 
measure the real-time change values of the prestressed 
tendon. The prestressed anchorage and mechanical 
sensor were separated by a 10 mm thick steel plate to 
prevent the damage of sensor, as shown in Fig. 4. The 
energy-dissipating bars were fi xed at the bottom of the 
foundation with a special anchorage of reinforcement, as 
shown in Fig. 5.

2.3  Mechanical properties of material

The concrete strength grades of all the specimens are 
C35, the reinforcements are made of HRB335, and the 
prestressed tendons are made of seven-wire steel strands 
with ultimate strength of 1860 MPa (fptk = 1860 MPa) 
and nominal diameter of 12.7 mm (Φs = 12.7 mm). The 
main design parameters of the specimens are shown in 
Table 1. The measured mechanical properties of concrete 
are shown in Table 2, and the measured mechanical 
properties of reinforcements and prestressed tendons are 
shown in Table 3.

Fig. 4  Anchorage in details of prestressed tendon

Fig. 5  Assemblage of base and reinforcements



70                                               EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION                                            Vol. 23

2.4  Experimental program

In this test, a pseudo-static loading scheme was 
carried out with an MTS produced electro-hydraulic 
servo actuating system in the Structural Engineering 
Laboratory of Shenyang Jianzhu University, China. 
The loading scheme was formulated with reference to 
the “Seismic Test Regulations for Buildings of China” 
(JGJ/T101-2015, 2015). The schematic of loading setup 
is shown in Fig. 6. The vertical axial force was applied 
by a hydraulic jack with the rated force of 200 kN, and the 
horizontal loading was also applied by an MTS produced 
electro-hydraulic servo actuator. The ACI ITG-5.1-07 
(2007) suggested that the drift of the SCRW during 
the loading process should not exceed the drift limit 
θlim to prevent the prestressed tendons from yielding or 
breaking during the loading process, and its expression 
is shown in Eq. (3).

w
lim

w

=0.8 0.5
h
l

 
                          

(3)

where hw and lw denote the height and width of the 
SCRW, respectively. The aspect ratios of the specimens 
are 2.0, and the drift limit calculated according to Eq. (3) 
is about 2.1%. In order to have a deeper understanding 
of the mechanical characteristics of the SCRW in this 

loading process, the test completed sign was determined 
when either each prestressed tendon yielded, or the 
drift of the rocking wall reached 3%. However, for the 
monolithic shear wall, the end of loading is marked as 
when the horizontal load-carrying capacity dropped to 
85% of the maximum value. 

The specimens in the test were loaded by both force 
and displacement control schemes, as shown in Fig. 7. A 
photo of the experimental setup is shown in Fig. 8.  For 
the monolithic shear wall experiment, a vertical force of 
30 kN was preloaded before starting the test to eliminate 
the internal unevenness of the specimen and check 
whether the experimental equipment and each measuring 
instrument worked properly. When formally loaded, a 
lateral force of 20 kN was taken as the fi rst stage. The 
load control stage had two cycles for each loading level, 
whereas the displacement control stage had two cycles 
for each lateral drift level. The “3/4-rule” (Priestley 
and Park, 1987) was employed in the loading scheme. 
Specifi cally, in the load control stage, the SW-1 was 

Table 2  Compressive strength of concrete

Material 
type

Curing age 
(Day)

Average compressive strength 
(MPa)

Concrete 28 28.1

 Table 3  Mechanical properties of reinforcing steel and strand

Material type d  
(mm)

Measured 
value of  fy

fy 
(MPa)

Measured 
value of  fu

fu 
 (MPa)

E 
(GPa)

Reinforcement 12 341.01 352.60 480.23 477.51 2.0
350.56 475.30
366.23 477.66

14 346.68 343.16 478.73 486.11 2.0
342.61 488.22
340.21 491.93

16
(National standard)

406.67 402.68 532.41 524.58 2.0
402.63 521.40
400.56 520.82

16
(Not national standard)

439.78 447.89 626.49 624.73 2.0
460.64 625.48
443.25 622.23

Stranded wire 12.7 1384 1400 1515 1520 1.95
1410 1530
1400 1510

 Fig. 6  Schematic of experimental setup
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monolithically loaded until the applied force equaled 3/4 
of the nominal yield force, Fy, which was obtained from 
a moment–curvature analysis of the wall base section. 
The wall yield displacement, Δy, was then determined as 
4/3 times the average peak displacement reached within 
this cycle. The yield displacement is 3.8 mm. Then the 
loading scheme was changed to the displacement control 
stage. For the following stage, there was also two cycles 
for the same peak displacement until the specimen 
failed. The end of the monolithic shear wall test was 
marked as when the lateral load-carrying capacity had 
dropped to 85% of the maximum value. For the SCRW 
experiment, similarly, a vertical force of 16 kN was 
preloaded in the SCRW specimen before starting the test 
to eliminate the internal unevenness of the specimen and 
check whether the test equipment and each measuring 
instrument were in normal operation. When offi  cially 
loaded, a lateral force of 10 kN was loading for the fi rst 
stage. For each stage, there was also two cycles with the 
same peak loading force until the tested SCRW yielded 
with the yield displacement of 8 mm. Then the loading 
scheme was also changed to the displacement control 
one, and the loading step was the displacement of 8 mm. 
Considering the unpredictability of the SCRW test, the 
loading would be terminated if one of the following 
phenomena occurs:

(1) Each prestressed tendon yields. 
(2) The drift of the SCRW reaches 3%. 
(3) The body of the SCRW slips.
(4) The SCRW is seriously damaged.
(5) Each energy-dissipating bar is damaged.

2.5  Measurement system

The loads, displacements, and prestressing forces of 
the prestressed tendons of each specimen were measured 
in the tests, and the measurement point arrangement 
of the typical specimen RW-1 is shown in Fig. 9. The 
lateral displacement gauges (D7, D8 and D9) arranged 
along the SCRW height were used to measure the lateral 
displacements at the positions of diff erent heights in 
each loading step. Moreover, a lateral displacement 
gauge (D6) was arranged on the side surface of the 
foundation to measure the slip of the foundation. Five 
more displacement gauges (from D1 to D5) were 
arranged at the root of the SCRW specimen to measure 
the opening and closing uplifts of the joint between the 
SCRW and the foundation. In addition, two load sensors 
were arranged at the ends of the two prestressed tendons, 
therefore, the real-time change values of the prestressing 
forces during the whole test process can be obtained 
through the load sensors.

3  Analysis of test results

3.1  Test phenomenon and failure modes

For the monolithic shear wall SW-1 specimen, 
a bending-shear failure mode was observed. Lateral 
cracks appeared in the corners at the bottom of the SW-1 
specimen during the early stage of loading, and extended 
and gradually developed into inclined cracks during the 
medium stage of loading. Finally, the concrete in the 
corners peeled off  and the reinforcements were broken 
or buckled, with the bearing capacity declined. The 
experimental phenomena of specimen SW-1 at the wall 
roots under the drifts of 0.04%, 0.17%, 0.95% and 1.25%, 
are shown in Fig. 10.  The above four drifts roughly 
corresponded to those of the conventional shear wall 
SW-1 at the states of concrete cracking, reinforcement 
yielding, ultimate and failure. The failure mode for 
SW-1 is shown in Fig. 11.

For the SCRW specimens of RW-1 and RW-2, the 
opening joint between the bottom of the rocking wall 

Fig. 8  Photo of experimental setup Fig. 9  Measurement point arrangement

Fig. 7  Loading scheme
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and the foundation gradually enlarged during the loading 
process. Compared with the number and length of cracks 
for the monolithic shear wall specimen of SW-1, there 
were almost no cracks in both RW-1 and RW-2 under the 
same drift during the rocking process. The failure mode 
of the SCRW specimens were the excessive deformation 
(rotation), which may concentrate at the opening joint 
between the bottom of the rocking wall and foundation, 
eff ectively reducing the damage of the wall itself. In the 
end, the rocking wall showed little lateral slips along the 
rocking surface, demonstrating the eff ectiveness of the 
shear reinforcement in the test. The typical failure mode 
of the SCRW specimens is shown in Fig. 12. There were 
few cracks in the SCRW specimens even if they had 
reached the destruction level (θde = 1.2%). 

3.2  Hysteresis curves

The hysteresis curves of all specimens of SW-1, 
RW-1 and RW-2 are shown in Fig. 13, in which the 
vertex displacements had been deducted from the 
displacements caused by the base slip. In the hysteresis 
curve in Fig. 13(a), it was found that the curve at the 
early loading stage was basically in straight lines, and 
the envelope areas of hysteresis loops were narrow and 
small, which denotes the specimen was in an elastic 
working state with little residual deformation. As the 
cracks appeared in the corners at the bottom of specimen 
SW-1, the areas of the hysteresis loops started to 
gradually increase. As the cracks gradually developed, 
the areas of hysteresis loops kept increasing until the 
outermost reinforcement yielded, and the specimen 
entered the displacement control stage. Then, the 
stiff ness degradation of the specimen accelerated, and 
the residual deformation continued to increase, and the 
hysteresis curves became more plump with the increase 
of the loading displacement. At the end of the loading, 
the concrete on both sides of the SW-1 foot was crushed, 
and the outermost concrete was pulled off . At the same 
time, the lateral bearing capacity dropped sharply.

The hysteresis curves of RW-1 and RW-2 are shown 
in Figs. 13(b) and 13(c). Note that the  hysteresis curves 
display a characteristic “fl ag-shape” hysteretic response 
under the combination of prestressed tendons and 

energy-dissipating bars, which verifi es the excellent 
ability of SC and energy consumption. At the beginning 
of loading, the specimens are approximately in an 
elastic state. An uplift at the specimen corners could 
be observed, and the initial state of rocking is reached 
with the increase of loading displacement. Then, the 
interfaces between the SCRW and the foundation 
alternatively open and close (called the breathing eff ect), 
and the slope (stiff ness) of the hysteresis curves were 
signifi cantly reduced, signifying that the curves reached 
the started rocking point. Meanwhile, the envelope area 
of the hysteresis loop is still small with a very narrow 
shape, and the main energy consumption comes from the 

Fig. 10  Experimental phenomena of specimen SW-1 in diff erent drifts: (a) θcr=0.04%; (b) θy=0.17%; (c) θpe=0.95%; (d) θde=1.2%
(a)                                                             (b)                                                                (c)                                                             (d)

Fig. 11  Overall failure mode of specimen SW-1

Fig. 12  Overall failure mode of specimen RW-1



No. 1    Su Xing et al.: Resilient performance of self-centering hybrid rocking walls with curved interface under pseudo-static loading     73

rocking deformation of the SCRW. The envelope area of 
the hysteresis loop begins to increase after the energy-
consuming reinforcement yields. Then, the hysteresis 
curves become plump, and the stiff ness begins to 
deteriorate. Elastic restoring forces can be provided all 
the time during the rocking due to the material properties 
of prestressed tendons. As a result, the SCRW specimens 
have almost no residual deformation, verifying the 
excellent resilient performance.

All the residual deformations after unloading of the 
SCRWs are much smaller than that of the monolithic 
RC shear wall, indicating the superior SC ability of the 
SCRWs. However, it can also be seen from Figs. 13(b) 

and 13(c) that the hysteresis curves do not return to 
the original point of loading, which was mainly due to 
the weak shear strength at the connection between the 
SCRW and the foundation, resulting in a small amount 
of slippage along the interface under the lateral load. 
At the same time, the hysteresis loop area of the SCRW 
is smaller than that of the monolithic RC shear wall, 
indicating that the energy consumption capacity of the 
latter is better than that of the former. The interface 
of the rocking wall and the foundation can open by 
cutting off  the connection of the vertical reinforcement 
at the shear wall edges, and the energy consumption of 
the reinforcement at the wall edge is greatly reduced. 
However, the energy consumption capacity of the SCRW 
with energy-dissipating reinforcements has been greatly 
improved compared with the prestressed-only rocking 
wall (Perez et al., 2007).

The envelope area of the hysteresis loop is always 
smaller in the second cycle than in the fi rst cycle 
during the same loading step, and the envelope area of 
the hysteresis loop becomes larger with the increase 
of loading steps. This might be because the cyclic 
loading can lead to the accumulation of damage to the 
components and the slippage in the anchorage of the 
prestressed tendons, resulting in the degradation of 
the strength and stiff ness of the specimens. Under the 
continuous cyclic loading, the damage accumulation of 
the energy dissipator is much more serious; therefore, 
the peak value and slope of the lateral bearing capacity 
in the second cycle of cyclic loading is lower than in the 
fi rst cycle.

In addition, the initial prestress and yield strength 
of energy-consuming bars of RW-2 increase compared 
with RW-1. It can be seen from the hysteresis curves 
that increasing the initial value of prestressing force can 
improve the early stiff ness and lateral resistance of the 
SCRW. When the hysteresis curves are in the elastic 
stage, the rocking wall with the smaller initial prestress 
has better energy dissipation capacity than that with the 
larger one, which is because the larger initial prestress 
will limit the deformation of the rocking wall and the 
cracking of the concrete. The specimen RW-2 with 
higher yield strength of energy-dissipating bars has better 
abilities of energy consumption and self-centering, and 
the hysteresis curves are plumper when the hysteresis 
curves are in plastic stages. 

3.3  Skeleton curves

In the pseudo-static test, all the peak load points of 
the cyclic loading of the hysteresis curve are connected 
to form an envelope curve, and the skeleton curves of the 
three specimens are shown in Fig. 14. The characteristics 
of the skeleton curves can be described as follows.

(1) The skeleton curve of the monolithic shear wall 
SW-1 presents a typical “S” shape, which denotes that 
the skeleton curve rises rapidly before reaching the 
peak load, and after reaching the peak load, the skeleton 

Fig. 13  Hysteretic curves of specimens: (a) Specimen SW-1;
               (b) Specimen RW-1; (c) Specimen RW-2
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curve fi rst slowly descends and then drops sharply after 
the outer reinforcement is broken. The skeleton curves 
of the RW-1 and RW-2 for the SCRWs show a typical 
“multi-lines” shape. According to the related research 
of Kurama et al. (1999) on the SCRW, the point where 
the skeleton curve in Fig. 15 had an obvious turning can 
be called the softening point. At the softening point, the 
stiff ness of the wall decreases signifi cantly due to the 
gradual increase in the opening of the wall-foundation 
joint.

(2) The bearing capacity of specimen RW-2 at the 
softening point increases as the initial prestress increases, 
as shown in Fig. 15. Specimen RW-2 with larger initial 
prestress has higher stiff ness in the elastic stage than 
that with a smaller one. The change in skeleton curves is 
produced by the combination of prestressed tendons and 
energy-consuming reinforcements with the increase of 
loading displacement. The stiff ness of specimen RW-2 
after the softening point increases due to the increase 
of yield strength of the energy-dissipating bars. The 
specimen RW-1 with lower yield strength of the energy-

consuming bars yields fi rst, and the yield load was 
smaller than that of RW-2. It can be concluded that the 
value of initial prestress will aff ect the elastic stiff ness 
of the skeleton curves before the softening point. In 
addition, the strength of the energy-dissipating bars will 
aff ect the plastic stiff ness of the skeleton curves after the 
softening point, yield load and yield deformation of the 
SCRWs.

3.4  Resilient performance

The resilient performance of a structure is evaluated 
mainly from the following four aspects: (1) High strength 
and little damage; (2) Excellent ability of deformation; 
(3) Superior SC ability, which can return to its original 
position without residual deformation after undergoing 
major deformations; (4) Superior energy dissipation 
capacity. The structures combining the above four 
advantages are called resilient structures. Based on the 
damage of the SCRW discussed in the above section, the 
resilient performance of the SCRW will be studied from 
the three aspects of deformation, SC ability, and energy 
dissipation capacity in the following section.

In this study, the resilient performance index is 
available for reference, combined with the three-level 
seismic  fortifi cation goal of “not damaged in minor 
earthquakes, repairable in moderate earthquakes, and 
not collapsed in major earthquakes” in China. The 
drift limits of RC structures are shown in Table 4 
(Zhang et al., 2013). Therefore, the curves of diff erent 
resilient indicators under diff erent seismic drift limits 
can be obtained, and the improvement of the seismic 
performance of the SCRW is further illustrated according 
to the capacity of ductile deformation, SC performance, 
and energy dissipation capacity, in which MI E, MO E,
and MA E denote minor, moderate, and major earthquakes 
in the curves describing diff erent resilient indicators, 
respectively.

3.4.1  Capacity of ductile deformation

In seismic design, the term “ductility” refers to the 
ability of a structure to withstand large-amplitude cyclic 
deformations in the inelastic range without a large 
reduction in strength. During these cyclic deformations, 
resilient structures are often able to dissipate large 
amounts of energy. The displacement ductility coeffi  cient 
required for a typical structure designed by the codes in 
China may vary from 1 for elastic structures to 6 for 
ductile ones, depending on the level of seismic design 
force required for the strength of the structure.

Table 4  Drift limits of existing reinforcement concrete structures

Structural 
performance level

Minor earthquakes
(Immediate use)

Moderate earthquakes
(Use after repairing)

Major earthquakes
(Life safety and collapse prevention)

Drift limits
(Drift (%))

1/550 1/250 1/100 ~ 1/50

Drift (%)

Drift (%)
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N
)

Fig. 14  Skeleton curves of all specimens
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Fig. 15  Skeleton curves of SCRW specimens
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The displacement ductility coeffi  cient μ is used to 
measure the deformation capacity of the SCRW and 
monolithic shear wall structures, and its expression is 
shown in Eq. (4).

u

y







                                   
(4)

where Δu and Δy denote the destructive displacement 
and yield displacement of the specimen, respectively, 
and the determination method is shown in Fig. 16. 
The destructive displacement Δu is the corresponding 
displacement of the ultimate load on the skeleton curves. 
The yield displacement Δy adopts the equivalent elastic-
plastic yield displacement based on the reduced stiff ness 
suggested in Park (1989), which corresponds to the Y 
point in Fig. 16.

The displacement ductility coeffi  cient of monolithic 
shear wall specimen SW-1 is 1.83, and the ductility 
coeffi  cient of the SCRW specimens RW-1 and RW-2 
are 1.96 and 1.91, respectively, after calculation. The 
displacement ductility coeffi  cients of the SCRW RW-1 
and RW-2 is slightly larger than that of SW-1 according to 
the calculation method of yield displacement suggested 
by Park (1989). This is because the “yield displacement” 
calculated according to Fig. 16 is much larger than the 
displacement of the specimen entering the nonlinear 
point, which is shown in Fig. 15. At the same time, the 
displacement corresponding to the peak load of rocking 
wall is selected as the failure displacement, which is 
smaller than the actual failure displacement. Since the 
SCRWs did not fail, the loading process was terminated 
in advance before the descending section appeared. 
Therefore, the failure displacement method selected for 
the shear wall was the same as that of the rocking wall for 
the sake of comparison, and both were smaller than the 
actual failure displacement. As a result, the displacement 
ductility coeffi  cients calculated by Eq. (4) were smaller 
than the actual ones. In fact, the damage of the SCRW is 
much later than the monolithic shear wall SW-1, so that 
the deformation capacity of the former is much larger 
than the latter.

3.4.2  Self-centering performance

In addition to the decrease in damage and superior 
deformation ability of the SCRWs compared with 
monolithic shear wall, another signifi cant advantage of 
resilient performance is SC capacity, which is evaluated 
by the SC coeffi  cient and residual deformation. 

(1) The calculation formula of SC coeffi  cient γ 
is shown in Eq. (5), where Δr denotes the residual 
deformation of the structure or component after 
unloading, and Δm represents the maximum deformation 
in the same hysteretic loop. The SC coeffi  cient γ is 
used to measure the SC ability of the structure or the 
component. The better the SC performance is, the larger 
the SC coeffi  cient is, and its value is between 0 and 1.

r

m

1 



              

                  
(5)

(2) The deformation of the specimen as unloading 
to zero after all levels of loading is called residual 
deformation, which is a major indicator to evaluate the 
SC performance of the SCRW. Considering that there is 
a certain error in the force of the specimen during the 
cyclic loading, the absolute residual deformation Δr,a is 
used in this study to analyze the SC performance of each 
specimen. The fi rst cycle of each loading level is taken 
as the basis for calculating the residual deformation. The 
expression is listed in Eq. (6).

r,a r,p r,t   
                           

(6)

where Δr,p denotes the residual deformation in push 
loading and  Δr,t represents the residual deformation in 
tension loading. The SC coeffi  cients γ of the SCRWs 
are all around 90%, which is shown in Figs. 18 and 19. 
Combined with the drift limit in the structural seismic 
code, the SCRWs are maintained elasticity in minor 
earthquakes without any residual deformation. There 
was little residual deformation in moderate earthquakes. 
The residual deformation of the SCRW was only 3‒4 mm 
in major earthquakes, proving the superior SC and 
seismic performance. The residual deformation of the 
SCRW was mainly due to the loss of prestressing forces 
caused by the loosening and slippage of the prestressed 
tendon anchorage in the later stage of loading. At the 
same time, comparing the SC coeffi  cient γ and absolute 
residual deformation Δr,a of the two rocking specimens, 

Fig. 16  Defi nition of yield and ultimate displacements

Fig. 17  Displacement ductility factors of all specimens



76                                               EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION                                            Vol. 23

the specimen RW-2 with increased initial prestress has 
a higher SC coeffi  cient, indicating that increasing the 
initial prestress can improve the SC performance of the 
SCRWs. 

From Fig. 20, when the monolithic shear wall 
specimen SW-1 cracked and yielded in the early stage 
of test loading, a few residual drifts had been generated, 
but the residual drifts of the SCRW specimen RW-1 and 
RW-2 are almost 0. The residual drifts of all specimens 
increased as the peak displacement increased in the 
later stage of test loading. Specimen SW-1 failed when 
θ was equal to 1.2%, and the residual drift was 1.05%, 
which exceeded 50% of the maximum displacement 
of specimen SW-1. The maximum drifts of specimen 
RW-1 and RW-2 were 2.5%, and the residual drifts were 
0.13% and 0.17%, respectively, which was only about 
5%‒6% of the maximum displacement of the SCRW. 
Moreover, the residual drifts of RW-1 and RW-2 were 
much less than the limit of residual drift allowed by 
the four-level seismic fortifi cation target of resilient 
structures. The allowable residual drift limit of four-
level seismic fortifi cation target is 0.5% (Zhou et al., 
2021b). The SCRWs have better SC ability compared 
with monolithic shear walls and increasing the initial 
prestress can eff ectively reduce the residual displacement 
and improve the SC performance.

3.4.3  Energy dissipation

The energy dissipation of each hysteretic loop 
was used to compare the energy consumption of each 
specimen in this study, as shown in Figs. 21 and 22. 
The energy dissipation of each specimen increased as 
the displacement increased. The energy dissipation of 
shear wall specimen SW-1 was increased after entering 
the plasticity state, meanwhile, the energy consumption 
of the SCRW specimens RW-1 and RW-2 increased 
gradually after the yield of each energy-dissipating 
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Fig. 20  Residual drifts of all specimens
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Fig. 21  Energy dissipation in a hysteretic loop of the SCRWs
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Fig. 22  Energy dissipation in a hysteretic loop of all specimens
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Fig. 18  SC coeffi  cients of RW-1 and RW-2
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Fig. 19  Absolute residual deformation of RW-1 and RW-2
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rebar. The energy consumption of the monolithic 
shear wall specimen SW-1 in its main stages such as 
cracking, yielding, ultimate, and failure were all larger 
than those of SCRW specimens RW-1 and RW-2. The 
energy consumption of the specimen SW-1 reached 
14 kN·m when the shear wall failed. However, the energy 
consumption of the SCRW specimens RW-1 and RW-2 
at the same drifts were only 2 kN·m‒3 kN·m, which 
was much smaller than that of the specimen SW-1. The 
maximum energy consumption of the SCRW specimens 
RW-1 and RW-2 as fi nishing the test was also smaller 
than that of the specimen SW-1, indicating that the 
energy dissipation capacity of the SCRWs was smaller 
than that of the monolithic shear wall. This is mainly 
because the shear wall specimen can dissipate energy 
through its plastic deformation, concrete cracking, and 
steel yielding, and various energy dissipation sources 
enhance the energy dissipation capacity. However, the 
energy consumption of the SCRW will be reduced due 
to  the reduction of energy dissipation reinforcements 
caused by the opening joint between the rocking wall 
and foundation. The major energy consumption of the 
SCRW is generated by the yield deformation of energy 
dissipation reinforcements during the rocking process.

From Fig. 21, the energy consumption of the 
SCRW was eff ectively enhanced with the increasing 
yield strength of energy-consuming rebars. The energy 
consumption curves of the two specimens RW-1 and 
RW-2 were overlapped before the energy dissipation 
rebar yielded, which denoted the energy consumption in 
each hysteresis loop were almost the same, indicating 
that the seismic energy was mainly dissipated by the 
rocking and deformation of the SCRWs. The energy 
dissipation of the specimen with higher yield strength 
of energy dissipation rebar was signifi cantly greater 
than that of the specimen with lower yield strength after 
the energy dissipation rebar yielded, indicating that the 
seismic energy was mainly dissipated by the energy 
dissipation rebars.

The equivalent viscous damping coeffi  cient ξe, is 
used to quantify the energy dissipation, which can be 
calculated using the following equation and is illustrated 
in Fig. 23.

ABC ADC
e

OBE ODF2 ( )
S S

S S





                           
(7)

in which, SABC and SADC are the shaded areas enclosed 
by the F–Δ loop in Fig. 23, and SOBE and SODF are the 
areas of the triangles OBE and ODF, respectively. The 
ξe results thus calculated for each test wall are shown 
in Fig. 24. It can be clearly seen from the fi gure that the 
monolithic shear wall SW-1 had more energy dissipation 
capacity than the other two SCRWs.

3.5  Changes in prestressing forces

The SC ability and experimental process of the 

SCRW were directly aff ected by the loading states of 
prestressed tendons. The entire test will fail once the 
prestressing tendons were yielded. During the test, 
the changes of prestressing forces were monitored in 
real time by load sensors on the prestressed tendons 
to ensure that the prestressed tendons were always in 
elastic states. Moreover, the curves of prestress changing 
with the drifts were plotted according to the monitored 
test data, as shown in Figs. 25 and 26. The prestressing 
forces increased or decreased periodically with changes 
in drifts due to the joints between the rocking wall and 
foundation alternately opening and closing; therefore, 
the unbonded prestressed tendons located inside the wall 
were alternately stretched and released, which caused 
the prestresses to change alternately.

Combined with Figs. 25(a) and 25(c), the prestressing 
force in the left prestressed tendon began to decay until 
the seventh hysteresis loop, and after that, the loss of 
prestress gradually increased.  The loss of prestress 
reached about 39% of initial prestress at the twentieth 
loop. The reason why there was little prestress loss at the 
beginning of the test, and much loss in the later stage of 
the test, was due to the elongation and “compression” 
of prestressed tendons. At the beginning of the test, the 
elongation and “compression” of prestressed tendons 
was small, and the anchors were not loosened, so that 
the stretching value of prestressed tendons returned to 
the initial point when the SCRW was returned to its 

Fig. 23 Schematic for calculation of equivalent viscous 
                damping ratio

Fig. 24  Equivalent damping ratios of all specimens
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original position, where the prestress was equal to its 
initial value without loss. However, in the later stage 
of the test, the anchors loosened and slipped due to the 
repeated stretching and compression of the prestressed 
tendons. Therefore, the prestressed tendons could no 
longer return to their original stretching length when the 
SCRW returned to its original point. Thus, the prestresses 
were lost, and the amount of loss became larger as the 
displacements increased. 

The left prestressed tendon with lower initial 
prestress was decayed in the seventh loop, while the 
right prestressed tendon with higher initial prestress 
was decayed around the twelfth loop when comparing 
the left and right prestressed tendons of RW-1, as shown 
in Figs. 25(b) and 25(d). In addition, the prestress loss 
of the left prestressed tendon was signifi cantly larger 
than that of the right prestressed tendon. After the test, 
the prestress loss of the left tendon reached 39% of the 
initial prestress, while the right prestress loss was only 
19.8% of the initial prestress. Comparing the left and 
right prestressed tendons of RW-2, as shown in Fig. 26, 
the left prestressed tendon decayed in the twelfth circle, 
while the right prestressed tendon began to decay around 
the fourth circle. After the test, the prestress loss of the 
left prestressed tendon reached 29.3% of the initial 
prestress, and the right prestress loss was 49% of the 
initial prestress. It can be concluded that the larger initial 

prestress can not only reduce the prestress loss, but also 
delay the time of prestress loss.

The drift limit corresponding to the seismic 
fortifi cation target was added in Figs. 25(c) and 25(d), 
Figs. 26(c) and 26(d). The prestress loss of specimen 
RW-1 within the drift limit corresponding to minor and 
moderate earthquakes were both 0 without prestress 
loss. But the prestress loss of the left tendon within 
the drift limit corresponding to major earthquakes was 
within 20%, and the right one with larger initial prestress 
was only 7%. Comparing specimen RW-2, the prestress 
loss of the left and right prestressed tendons within the 
corresponding drift limit under minor earthquakes is 
0 without prestress loss. The prestress loss of the left 
prestressed tendon within the drift limit corresponding 
to moderate earthquakes was 1.88%, but the loss of 
the right one was 23%. The prestress loss within the 
corresponding drift limit under major earthquakes 
was within 20% on the left side and 41% on the right 
side. The reason for the sharp increase in the loss of 
the prestress on the right side may be that the anchor 
was very loose at the beginning of the test and could 
not anchor the prestress, resulting in a large loss of the 
prestress, which was a test error. As a result, designing a 
resilient anchorage to anchor the prestress is one of the 
major diffi  culties in seismic engineering.

From Figs. 25 and 26, the prestressed tendons had 

(a) (b)

(c) (d)
Fig. 25  Changes of prestressing force in prestressed tendons of RW-1: (a) Hysteresis curve for the left prestressed tendon;                             
                    (b) Hysteresis curve for the right prestressed tendon; (c) Typical hysteresis loop for the left prestressed tendon; (d) Typical 
                 hysteresis loop for the right prestressed tendon
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diff erent degrees of prestress loss. Through analysis, it 
is inferred that the main reasons for the loss of prestress 
are as follows. (1) There were contact gaps between 
the surfaces of concrete and prestressed tendons, the 
surfaces of the rocking wall and the foundation. The gaps 
were closed due to the repeated squeezing of the rocking 
walls during the loading process, and a small amount of 
compression deformation may also have occurred in the 
fi ber mortar cushion, which may have caused the initial 
stretching value of the prestressed tendon to retract 
and led to prestress loss. (2) The deformation of the 
anchorage during the rocking process of the wall may 
have caused the anchorage to loosen and slip, causing 
the stretching of prestressed tendons to shorten, resulting 
in the loss of prestressing forces.

3.6  Analysis of curved interface

The bottom surface of the SCRW was designed as 
a curved interface to improve the rocking capacity and 
reduce the damage of concrete at two corners of the 
rocking wall due to the concentrated local excessive 
compressive stress. It is investigated whether the rocking 
center of the SCRW can be changed due to the existence 
of the curved interface during the rocking process, to 
obtain the eff ect of the curved interface on the SCRW. 
The bottom of the rocking wall would be separated from 

the foundation with opening and closing deformation 
during the rocking process. In the experiment, fi ve 
displacement gauges at the joint between the rocking 
wall bottom and foundation were arranged to measure 
the opening and closing amount of the joint during 
the rocking process. The overlapping point of the fi ve 
displacement gauges in diff erent hysteresis loops was 
regarded as the rocking center. The readings of the 
displacement gauges under diff erent hysteresis loops in 
the push and tension directions are shown in Figs. 27 
and 28; that is, the changes of the rocking center in the 
pushing and tensioning states. It is observed that the 
rocking center of the rocking wall moved alternately 
from the middle position to both sides during the rocking 
process. The rocking center in pushing state was changed 
from ‒0.04 m, which is the initial center of rocking, to 
‒0.25 m, the fi nal center of rocking. Meanwhile, the 
rocking center in the tension state was changed from 
0.25 m, the initial center of rocking, to 0.34 m, the fi nal 
center of rocking. The result shows that the existence of 
the curved interface could make the rocking center of 
the SCRW move outward, successfully preventing the 
phenomenon of the rocking center remaining unchanged 
during the rocking process and leading to the crush of 
concrete at the corners.

The following assumptions are made for the SCRW 
to obtain the theoretical value of rocking center. (1) The 

(a) (b)

(c) (d)

Fig. 26  Changes of prestressing force in prestressed tendons of RW-2: (a) Hysteresis curve for the left prestressed tendon; 
                  (b) Hysteresis curve for the right prestressed tendon; (c) Typical hysteresis loop for the left prestressed tendon; (d) Typical 
                hysteresis loop for the right prestressed tendon
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SCRW is simplifi ed into a rigid body model, that is, 
the eff ect of energy dissipation and SC of the rocking 
wall due to concrete crushing and spalling is ignored. 
The schematic of the forces of the rigid model is shown 
in Fig. 29. Meanwhile, the contact surface between the 
rocking wall bottom and the foundation is divided into 
two situations after simplifying to the rigid body model: 
fully contacted situation and rocking-point contacted 
one, which simplifi es the nonlinear problem of the 
contact between the rocking wall and the foundation. (2) 
The prestressed tendons do not yield in the entire rocking 
process of the SCRW, that is, they are always maintained 
in an elastic state. The prestressed tendons only provide 
elastic restoring forces without any energy dissipation 
in the SCRW, and the constitutive relationship of the 
prestressed tendon is shown in Fig. 30. (3) The energy 
dissipation rebars are considered as ideal elastoplastic 
materials, and the constitutive relationship is shown 
in Fig. 31. (4) There is no sliding in the surface of the 
rocking wall and the foundation under the action of 
lateral interfacial shear force.

The center of the SCRW is taken as the origin. The 
direction to the right of the origin is regarded as positive, 
and the left is negative. The force equilibrium equations 
along two directions are shown in Eqs. (8) and (9).

y p1 p2 e1 e2 N0 0F N G F F F F F        ；    (8)

0M                                     (9)

where N denotes the axial force, G denotes gravity, Fp1 
and Fp2 denote the prestressing forces generated by the 
prestressed tendons, Fe1 and Fe2 denote the tensile forces 
generated by the energy-dissipating reinforcements, and 
FN represents the reaction force of the ground to the wall. 
Meanwhile, M denotes the moment generated by each 
force in the system.

The moment equilibrium equations are formulated 
by taking the moment at point A, and the clockwise 
moment is regarded as negative and the counterclockwise 
is positive. As a result, the approximations of rocking 

Fig. 29  Schematic of forces of rocking wall

Fig. 30  Constitutive relation of prestressed tendon

Fig. 31  Constitutive relation of energy dissipation rebar
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Fig. 28  Rocking center position changes during tensioning

Fig. 27  Rocking center position changes during pushing
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center in push and tension are obtained, shown in Eqs. (10) 
and (11), respectively.

e1 e1 p1 p1 e2 e2 p2 p2

e1 e2 p1 p2

 (Push)
F h F x F x F x F x

x
N G F F F F

        


    
(10)

e1 e1 p1 p1 e2 e2 p2 p2

e1 e2 p1 p2

 (Tension)
F h F x F x F x F x

x
N G F F F F

        


    
(11)

where h denotes the height of the RW, xe denotes the 
distance between the energy-consuming rebar and the 
center of the RW, and xp denotes the distance between 
the prestressed tendon and the center of the RW.

The coordinate positions of rocking center in 
diff erent hysteresis loops for the test and the theoretical 
solutions are shown in Figs. 32 and 33, respectively. The 
theoretical values of the rocking center are calculated 
from Eqs. (10) and (11). The theoretical solutions of 
the rocking center are in good agreement with the 

experimental values, but in the fi rst few loops, when the 
rocking center is at the center of the wall, the theoretically 
obtained rocking center is closer to the two sides of the 
wall. This is because the actual friction in the early stage 
of the test is larger than the friction obtained from the 
theorical center of rocking; therefore, the rocking center 
obtained from the theoretical analysis does not match the 
test value well.

From the above curved interface analysis, the 
following conclusions can be made: (1) During 
the rocking process, the curves drawn by the fi ve 
displacement gauges arranged at the bottom of the 
wall tend to be a straight line, indicating that the upper 
structure is equivalent to a rigid body during the rocking 
process, which is consistent with the assumption of plane 
cross-section. (2) The rocking process is linear, and the 
rocking center is constantly changing with the rocking 
process due to the existence of the curved interface. The 
estimated rocking center is listed in Eqs. (10) and (11), 
respectively. The rocking range is shown in Table 5, and 
the maximum rocking range is 41.4% of the wall width 
corresponding to the major earthquakes. 

4  Finite element analysis

4.1  Finite element model verifi cation

A numerical simulation analysis according to the 
interface of the proposed SCRWs is carried out based 
on ABAQUS software, aiming at further comparing the 
ERP of SCRWs with the right-angle interface and curved 
one and the change of stress concentration phenomenon 
at the wall corners. 

In the fi nite element model (FEM), shown in Fig. 34, 
the damage constitutive relationship for concrete and the 

Fig. 34  FEM of SCRW
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Fig. 33  Rocking center position range of test and theoretical 
              results

Positions in rocking center (m)

Fig. 32  Rocking center position range
Positions in rocking center (m)

Table 5  Rocking center ranges in earthquakes

Minor earthquakes Moderate earthquakes Major earthquakes

8.9% of rocking wall width 24.3% of rocking wall width 41.4% of rocking wall width



bilinear kinematic hardening constitutive relationship 
for rebar are used, which are suggested by the code in 
China. The C3D8R elements are adopted in the solid 
part of the model, and the truss elements are applied 
for the reinforcements and the prestressed tendons. The 
contact relationship between the conventional rebar 
and concrete was set as the embedded region, and the 
contact relationship between the prestressed tendon 
and concrete is handled as follows: two small sections 
of prestressed tendons are cut out at both ends of the 
wall with cutting tools, and these two small sections 
are also embedded in the anchorages at the upper 
and lower ends using the embedded region, while the 
middle prestressed tendons are not set in contact with 
the concrete, i.e. the middle unbonded prestressing 
tendons can slip freely with the concrete at will. The 
“cooling method” is used to apply prestressing forces 
in the prestressed tendons according to the principle 
of thermal expansion and contraction. The energy-
consuming reinforcement is bound in a similar way to the 
prestressed tendons, while the anchorages at both ends 
of the energy-consuming reinforcement are like that of 
the prestressing tendons, and two small sections are cut 
out at both ends of the energy-consuming reinforcement 
and embedded in the wall and the anchorage at the top 
and bottom, respectively, by the embedded region. To 
maintain the reliability of the anchorage and to prevent 
the concrete from being too severely damaged by the 
concentrated force, the length of the anchorage section 
can be increased as necessary. For the section of energy-
consuming reinforcement located in the foundation, no 
contact relationship with the concrete is set, i.e., the 
energy-consuming reinforcement in the foundation can 
slip freely with the concrete at will. Concrete is set as 
the concrete damaged plasticity. The contact surfaces of 
other components are set as hard contact in the normal 
direction, and the friction coeffi  cient in the tangential 
direction. The specifi c friction coeffi  cient is set according 
to the material properties of the contact surface. The 
settings such as loading and boundary conditions are the 
same as the test.

To verify the accuracy of the established FEM, a 
typical test result of the SCRW for case 2 (RW-2) was 
selected for comparison with the numerical simulation. 
The comparison for hysteresis curves of FEA simulation 
and experiment is shown in Fig. 35.

From Fig. 35, the general trends for both the 
hysteresis curves match very well. There is a “pinching 
phenomenon”, which comes from the relative slip 
between the contact surface and the lateral deformation 
of prestressed tendons during the loading. Moreover, the 
initial stiff ness of the SCRW in the FEA result is little 
higher than the experimental one due to the ideal contact 
surfaces in the FEA on one hand, and the experimental 
contact surface with initial tiny defects on the other 
hand, causing the slip during the experimental loading 
process. In addition, the curves of the experimental 
result are relatively plumper, while the simulation curves 

have a better pinch eff ect. This is because the boundary 
conditions and the bolt pre-tightening force are ideal in the 
FEA. Since the numerical simulation and experimental 
results are in good agreement, and the general trends are 
basically the same, it can correctly refl ect the resilience 
of the proposed SCRWs such as the horizontal bearing 
capacity, SC performance and energy dissipation 
capacity corresponding to the experimental conditions.

4.2  ERPs of  SCRWs with the right-angle and curved 
       interfaces

Steel plates are added at the bottom of the wall to 
keep the same condition for the FEA and experiment to 
obtain a reasonable comparison. After the comparison, 
the next parametric analysis is performed without steel 
plates at the bottom of the wall to investigate more 
clearly the eff ects of curved interfaces and right-angle 
interfaces on the stress and damage distribution at the 
bottom of the wall.

The comparison for hysteresis curves and SC 
coeffi  cients of SCRWs with the right-angle interface and 
curved one are shown in Figs. 36 and 37, respectively. 
The SC eff ect of the SCRW with curved interface is 
signifi cantly improved, the residual displacement is 

 Fig. 35  Comparison for hysteresis curves of FEA simulation 
               and experiment

Fig. 36  Comparison for hysteresis curves of SCRWs with the 
              right-angle interface and curved one
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almost zero, and the wall damage is greatly improved. 
It greatly improves both the SC performance and the 
seismic performance of the SCRWs.

The existence of the curved interface can eff ectively 
prevent the wall from being damaged. Therefore, the 
dissipation energy capacity can be slightly reduced due to 
the corresponding small damage-induced deformation; 
meanwhile, the stiff ness degradation of the SCRW is 
slowed down to some extent, shown in Fig. 38.

The concrete cumulative compression damage at the 
bottoms of SCRWs with right-angle and curved surfaces 
as returning to the origin are shown in Figs. 39 and 40, 
respectively. The existence of the curved interface 
reduces the concrete cumulative compression damage at 
the wall bottom, while the damage with the right-angle 
interface is relatively serious.

The comparisons of the stress in the Z-direction at the 
bottom of the SCRWs with the right-angle interface and 
curved one are shown in Figs. 41 and 42, respectively. 

Fig. 38 Comparison of the equivalent viscous damping 
             coeffi  cient of SCRWs with the right-angle interface 
                 and curved one

Fig. 39 Cumulative compressive damage at the bottom of 
               SCRWwith right-angle interface

Fig. 40 Cumulative compressive damage at the bottom of 
               SCRW with curved interface

Fig. 41  Stress in z-direction at the bottom of SCRW with right-
             angle interface

Fig. 42 Stress distribution in z-direction at the bottom of 
               SCRW with curved interface
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Fig. 37 Comparison for SC coeffi  cients of SCRWs with the 
               right-angle interface and curved one
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The existence of the curved interface eff ectively releases 
the stress concentration phenomenon at the bottom of the 
wall, therefore, the stress distribution with a maximum 
compressive stress of 27.71 MPa on the curved interface 
is more uniform than that of 85.45 MPa on the right-
angle interface.

5  Conclusions

(1) The deformation mode of the SCRWs under 
lateral pseudo-static loading can be described as the 
rigid body confi ning rotation caused by the joint opening 
and closing of the rocking wall and the foundation. The 
deformation mode makes the SCRW concentrate the 
nonlinear deformation at the joint between the rocking 
wall and the foundation, causing little damage to the 
rocking body.

(2) The hysteresis curves of the SCRW display 
the typical characteristic of “fl ag-shape” response. 
The residual drifts of the SCRW under the pseudo-
static loading meet the limit of the four-level seismic 
fortifi cation target, achieving the purpose of self-
centering. The SC ability of the SCRWs is mainly 
determined by prestressed tendons. The larger initial 
prestress can both reduce the prestress loss and delay the 
time of prestress loss.   

(3) The hysteresis curves of the SCRW are not 
as plump as those of the monolithic shear wall. The 
energy dissipation of the SCRW is reduced due to the 
reduction of the energy dissipation rebars caused by 
the breathing eff ect of the rocking joint between the 
wall and foundation. As a result, the energy dissipation 
capacity of the SCRW is slightly smaller than that of the 
monolithic shear wall. However, the energy dissipation 
capacity has been greatly improved compared with the 
prestressed-only rocking wall.                           

(4) The deformation of the SCRW meets the 
assumption of the plane section. In the experiment, the 
existence of the curved interface can change the rocking 
center and prevent the concrete at the corners from 
damage since the rocking center remained changed under 
the rocking process and reduced the local compressive 
stress. 

(5) The curved interface can reduce the damage at 
the bottom corners and in the wall body of the SCRW, 
enhancing the SC ability and seismic resistance. More 
importantly, the existence of the curved interface can 
reduce the accumulated compressive damage and stress 
concentration at the bottom of the wall, achieving the 
goal of damage-limiting design.

(6) The ERP of the SCRW is better than that of the 
monolithic shear wall, which has a potential application 
prospect in earthquake resilient structures.
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