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Abstract: The reinforced concrete (RC) shear wall serves as one of the most important 
components sustaining lateral seismic forces. Although they allow advanced seismic 
performance to be achieved, RC shear walls are rather difficult to repair once the physical plastic 
hinge at the bottom part has been formed. To overcome this, a damage-controllable plastic hinge 
with a large energy dissipation capacity is developed herein, in which the sectional forces are 
decoupled and sustained separately by different components. The components sustaining the 
axial and the shear forces all remain elastic even under a rarely-occurred earthquake, while the 
bending components yield and dissipate seismic energy during a design level earthquake. This 
design makes the behavior of the system more predictable and thus more easily customizable to 
different performance demands. Moreover, the energy dissipation components can be 
conveniently replaced to fully restore the occupancy function of a building. To examine the 
seismic behavior of the newly developed component, three 1/3-scale specimens were tested 
quasi-statically, including one RC wall complying with the current design codes of China, and 
two installed with the damage-controllable plastic hinges. Each wall was designed to have the 
same strength. The experimental results demonstrated that the plastic-hinge-supported walls had 
a better energy dissipation capacity and damage controllability than the RC specimen. Both 
achieved drift ratios greater than 3% under a steadily increasing lateral force. 
Keywords: plastic-hinge-supported wall, damage control, sub-assemblage test, decoupled design 
of sectional forces, buckling restrained brace 

 
1 INTRODUCTION 

 
Reinforced concrete (RC) shear walls play important roles in resisting the lateral forces exerted 
by earthquakes and winds because of their great stiffness [1-3]. They are often used together with 
frame structures to forge multiple defenses against earthquakes. In this dual system, the shear 
walls not only bear a large amount of the seismic force, but also redistribute the story drift to a 
more uniform pattern to prevent adverse drift concentration. Despite the various advantages of 
RC shear walls, they are susceptible to extensive damage during severe earthquakes, which is 
usually irreparable. Because of the complex coupling between bending moment, shear and axial 
forces, the damage typically initiates from the toe of an RC shear wall, and gradually extends to 
the web as an inclined crack [4]. Although most RC shear walls are intentionally designed with a 
larger shear capacity than the bending strength to realize a more ductile pattern, unexpected 
shear cracks often develop together with horizontal ones, as observed in recent earthquakes in 
Wenchuan and Chile, making RC shear walls difficult to repair [5].  

Great efforts have been made to mitigate these typical damage patterns at the bottom part of 
RC shear walls. One option, rather than enhancing the RC shear wall, is to separate it from the 
foundation by physically terminating the longitudinal reinforcement at the interface [6]. Such an 
intentionally separated wall system, also called a rocking wall [7-9], rocks back and forth on the 
surface of the foundation during a powerful earthquake. Because there is no moment to be 
sustained at the rocking surface, the wall members are protected from cracks. Correspondingly, a 
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rocking wall transfers a very limited shear force from the superstructure to the foundation, so 
that it contributes negligible lateral stiffness, particularly for structures governed by the first 
vibration mode. This is essentially different from an RC frame-wall dual system, where the RC 
shear wall provides a very high stiffness and bearing capacity to the horizontal loads. Therefore, 
a rocking wall is often used as an additional component to restrain a frame to a more uniform 
deformation pattern along its height [10]. To realize this function, special requirements arise for 
the stiffness and strength of a rocking wall to maintain its elasticity [11], and local damage along 
the rocking surface must be completely prevented [12-14]. Because of its rocking nature, it is 
relatively easy to apply new components, such as passive dampers and post-tensioned tendons, to 
a rocking wall, to ensure that the entire structure achieves the desired seismic performance [15, 
16]. Although the rocking wall system has many advantages in controlling the seismic responses 
of frame structures, it is less effective for high-rise structures, where higher vibration modes 
cannot be ignored. A large overturning moment often develops in high-rise buildings subjected to 
severe earthquakes. Lacking a moment resistance, a rocking wall is not sufficient to balance this 
overturning effect.  

Another option is to enhance its performance by the use of more ductile components or 
configurations. For example, replaceable foot parts can be installed at the toes of an RC wall to 
prevent premature cracks at this position. Mao et al. conducted an experiment on four sections of 
walls with replaceable rubber bearings [17]. The results showed that although the lateral bearing 
capacity of the walls with rubber bearings was lower than that of the RC wall, their deformability 
was twice as high. Rather than rubber bearings, Liu et al. used a steel damper at the foot part [18], 
which pronouncedly improved the ductility and energy dissipation capacity. However, shear-type 
damage was not prevented. This undesired damage pattern is largely determined by the small 
aspect ratio of walls. To improve wall flexibility, Deng et al. designed a web with vertical slots, 
allowing the aspect ratio of the elements between slots to be significantly enlarged [19]. The 
flexible deformation of these elements was further confined by steel shear links installed in the 
slots. The wall with the revised configuration, named the slotted shear wall, experimentally 
proved to have a better energy-dissipating ability, and the simple design method ensured the 
“strong shear and weak bending” mechanism. Shear-type cracks were evidently prevented. 
However, the appearance of bending cracks at the foot parts could not be well controlled.  

To completely control both shear and bending cracks, a new shear wall system is developed 
herein with a damage-controllable plastic hinge at the bottom, which on the one hand provides a 
large moment capacity and shear strength to meet the seismic demand of severe earthquakes, and 
on the other hand features a large energy dissipation capability to control the overall structural 
responses. More appealingly, all plastification is absorbed by replaceable dampers, thus 
protecting the entire RC part without significant damage. This paper first describes the 
configuration of the proposed wall system with a damage-controllable plastic hinge. Then, the 
design methods are given for the stiffness and the strength, respectively. To demonstrate the 
design philosophy, three specimens are designed and quasi-statically tested. Finally, the test 
results are discussed together with future prospects.  

 
2 CONFIGURATION OF PLASTIC-HINGE-SUPPORTED WALL 

 
Fig. 1 (a) illustrates the application of the proposed plastic-hinge-supported wall (PSW) system. 
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Conceptually, there is no difference between the proposed wall system and the traditional RC 
wall (RCW) system. Both are designed to resist large horizontal forces, and serve as the first 
seismic defense against major earthquakes. Specifically, the proposed wall system uses a 
damage-controllable plastic hinge to replace the damage-prone area of the traditional RC shear 
wall. As shown in Fig. 1 (b), the damage-controllable plastic hinge is pre-fabricated by steel 
members, and consists of a foundation beam, a transfer beam, two chevron steel braces, and two 
energy dissipaters.  

The two energy dissipaters and the two chevron steel braces are installed between the transfer 
beam and the foundation beam. The foundation beam is to be embedded into the concrete. The 
two chevron steel braces are assembled head-to-head and connected by a physical hinge. 
Different types of physical hinges can be used. One option is the hinge developed by Wada et al. 
[10]. Each branch of the chevron brace is securely connected to the transfer beam or the 
foundation beam by bolts. The two chevron braces are responsible for sustaining the axial load 
and the shear load, but have very limited moment capacity. On the top surface of the transfer 
beam, there are two rows of studs, which are designed to transfer the shear force from the 
superstructure to the damage-controllable plastic hinge. At each end of the transfer beam, there is 
a steel angle, which forms the boundary element of the RC shear wall of the superstructure. After 
the superstructure is constructed, both the chevron braces are subjected to the gravity transferred 
from the superstructure. Then, the two energy dissipaters are installed on each side of the pair of 
braces to provide the moment resistance. Each energy dissipater is designed as a line element 
with a hinge at each end, one hinge being connected to the transfer beam and the other to the 
foundation beam by bolts. With these connections, the energy dissipaters can be quickly replaced 
once damage occurs.  

 

       
Fig. 1 RC frame and plastic-hinge-supported wall structure: (a) structural layout, (b) 

configuration and components of the PSW 
 

3 DESIGN METHOD 
 
In the PSW, the gravity and the shear force are sustained by the physical hinge between the two 
chevron braces, while the bending moment is undertaken by the two energy dissipaters. This 
decoupled mechanism decreases the risk of unexpected bending–shear failure. The two chevron 
braces and the associated physical hinge are designed to remain elastic even under a 
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rarely-occurred earthquake. Only the pair of energy dissipaters are specifically designed to 
consume a large amount of seismic energy when subjected to a design level earthquake or larger. 
Note that the energy dissipaters can be easily and quickly replaced once any damage is observed, 
so that the building function can be restored immediately. This is very important, particularly for 
buildings designated as a base for emergency rescue after major disasters.  

To design the strength and the stiffness of the proposed structural member, a simplified 
mechanical model is sketched in Fig. 2, where the thick solid lines represent the components 
deemed to be rigid. The top triangle represents the rigid body configured by the transfer beam 
and the top chevron steel brace, while the bottom triangle is that configured by the foundation 
beam and the lower chevron steel brace. Between the two chevron braces is a pin representing 
the physical hinge. The thin vertical line on each side represents an energy dissipater. Two red 
dots divide the thin line into three segments, corresponding to the two elastic connecting regions 
and the energy dissipation region, respectively. A key to all symbols in this figure can be found 
in the Nomenclature section.  

The overturning moment M and the horizontal shear force V are transferred from the upper 
stories through the transfer beam. The mid-span of the transfer beam is defined as the reference 
point. In this way, the lateral deformation of the proposed structural member can be divided into 
the pure bending and the pure shear deformations, as shown in Fig. 2 (b) and (c), respectively. 
The pure bending deformation is actually caused by the rigid body rotation of the upper triangle 
about the pin, while the pure shear deformation is introduced by the elastic deformation of both 
chevron steel braces.  
 

 
Fig. 2 Simplified model of the PSW: (a) non-deformed shape, (b) flexural deformation pattern, (c) 

shear deformation pattern 
 

3.1 Lateral stiffness  
Ignoring the geometric stiffness caused by gravity, the overall lateral stiffness Keq is in essence 
the series combination of the flexural stiffness Kf and the shear stiffness Ks. The flexural stiffness 
is entirely provided by the energy dissipaters when the upper triangle rotates about the pin, as 
shown in Fig. 2 (b). Given the axial stiffness of the energy dissipater, Kd, the energy dissipaters 
balance the moment caused by the overturning moment, M, and the lateral shear force, V. Taking 
the pin as the reference point, the equilibrium equation is formulated as Eq. (1):  
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Here a small deformation is considered, and the influence of the shear drift on the axial 
deformation of the energy dissipaters is ignored. Supposing that M = 2V × h2, which is assumed 
in the specimen design, the flexural stiffness can be derived as Eq. (2):  
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Next to be considered is the shear deformation, as shown in Fig. 2 (c). The shear force is 
resisted by the chevron braces and the pair of dampers, expressed as Eq. (3):  
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where Vd is the horizontal component of the axial force provided by both energy dissipaters. 
Because the deformation is small, it is a second-order infinitesimal and can be ignored. That is, 
the shear stiffness is entirely provided by the brace: Ks = Kb, which is given by Eq. (4):  
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   Now the total deformation δ can be expressed as  

 f s     (5) 

Substituting Eqs. (1) and (3) into the above equation, and considering the definition of the lateral 
stiffness under the lateral shear force V, the following relationship is derived:  
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Using Eq. (6), the lateral stiffness at the reference point can be obtained. Note that M and V are 
usually not independent. They are related by the distribution of the lateral force profile.  
 
3.2 Strength of dissipaters 
According to the design target, the chevron steel braces and the associated physical hinge are to 
remain elastic even during a rarely-occurred earthquake, while the two energy dissipaters start to 
yield under a design level earthquake. If the moment and the shear force transferred from the 
superstructure are Mu and Vu, respectively, and the influence of the shear deformation, as shown 
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in Fig. 2(c), is ignored, the strength of the dissipaters is given by Eq. (7):  
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where Γ represents the mechanical difference between the dissipater properties when deformed 
under compression and under tension. Given different seismic intensities and the prescribed 
performance levels, Ff may represent the yielding strength or the ultimate strength, depending on 
the definition of the moment and the shear force.  
 

4 SPECIMEN DESIGN 
 

To examine the seismic performance of the proposed structural system, a quasi-static test was 
conducted. Three specimens were designed to represent lower-two-story shear walls, and were 
fabricated at 1/3 scale, with the loading capacity adapted correspondingly. The three specimens 
included two PSWs with different hinge configurations, and one RCW for comparison.  
 
4.1 Design of RCW 
The RCW specimen consisted of three components, i.e., the loading beam, the wall piece, and 
the foundation beam, as shown in Fig. 3(a). To avoid premature failure of the wall, a column 
with a size of 200 × 200 mm was placed along each side of the wall. Through the foundation 
beam, the wall specimen was fixed securely to the reaction floor of the laboratory. The loading 
beam was used to connect the loading devices and distribute the axial load uniformly across the 
overall section of the wall. The wall had a height of 3,600 mm, a width of 2,000 mm, and a 
thickness of 160 mm. The aspect ratio was 1.8. Detailed dimensions of the wall and the 
reinforcements are summarized in Fig. 3 (b) and Table 1. The vertical rebars of the RCW 
specimen were all fully anchored into the loading beam and foundation beam. The RCW 
specimen was cast using C30 concrete. All of these designs satisfy the seismic design code of 
China [20] and the design code for concrete structures in China [21, 22]. They also satisfy all of 
the requirements of ACI318 [23]. 
 

Table 1. Design of RCW (units: mm) 

Components Cross-section 
Reinforcement 

Position Type(1) Number/Diameter/Spacing 

Loading 
beam 

300 × 300 
Longitudinal rebars HRB400  6φ12 

Stirrups HRB335 φ8@100 

Wall 1600 × 160 
Horizontal rebars HRB400 φ8@100 

Vertical rebars HRB400 φ8@250 

Boundary 
elements 

200 × 200 
Longitudinal rebars HRB400  4φ12 

Stirrups HRB335 φ8@100 

Foundation 
beam 

1050 × 500 
Longitudinal rebars HRB400  24φ12 

Stirrups HRB335 φ8@200 

1: Industrial standard for building structures in China [21].  
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Two methods were used to evaluate the bearing capacity of the RCW. The first used the 
equations given by the Chinese design code for concrete structures [21] to calculate the ultimate 
shear strength Vu and the ultimate flexural strength Mu.  

The second method used the sectional analysis software Response-2000 [24] for calibration. 
This program allows the analysis of beams, columns and walls subjected to arbitrary 
combinations of axial load, moment and shear. Here, the loading and boundary conditions were 
similarly defined as a cantilever wall piece loaded simultaneously in the axial and horizontal 
directions. The gravity load sustained by the RCW specimen was 960.96 kN, equivalent to an 
axial force ratio of about 0.2, defined as the gravity load divided by the product of the design 
strength of C30 concrete (14.2 MPa) and the gross area of the wall.  

The flexural and shear strength of the RCW specimen were evaluated by the two methods, 
and are compared in Table 2 in terms of the mean values for each material, as listed in Table 3, 
which were measured directly from standard material samples. The flexural strength calculated 
by the code equation was similar to that obtained from Response-2000, while there was a larger 
difference in the shear strengths, for which Response-2000 estimated a smaller value. 
Nonetheless, even in the latter case the shear strength was approximately 1.75 times the shear 
demand from the flexural behavior, thus ensuring the “strong shear and weak bending” 
mechanism. The values obtained from Response-2000 were ultimately chosen as the target 
values to design the PSW specimens, because they closely matched the loading and boundary 
conditions of the experiment.  
 

    
Fig. 3 Design of RCW: (a) Configuration; (b) Reinforcements (units: mm) 

 

Table 2.  Ultimate bearing capacities of RCW specimen (units: kN, m) 

 Code equations Response-2000 

Mu,rcw 1534.48 1648.3 

Vu,rcw 1210.80 768.4 

Vt= Mu,rcw / Ht 
(1) 409.19 439.5 

Ω= Vu,rcw / Vt 
(2) 2.96 1.75 

1: Ht is the height of 3.75 m from the loading point to the bottom cross-section of the specimens;  
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2: Ω is a characteristic that reflects the redundancy of the wall to avoid shear failure.   
 

Table 3. Average strength measured from standard material samples (units: MPa) 

Concrete 
Compressive strength of 150 mm 

cubic specimens 
(fcu,m) 

Compressive strength of prismatic 
specimens(1)  

(fc,m) 
C30 37.09 24.81 

Steel type 
Yielding strength 

(fy,m) 
Ultimate tensile strength 

(fu,m) 
HRB335 405.0 586.7 

HRB400-φ8 460.0 708.3 
HRB400-φ12 591.7 748.3 

Q235 277.5 452.5 
Q345 345.0 540.0 

1: According to the Chinese design code for concrete structures [21], fc,m = 0.88 × 0.76 × fcu,m 

     
4.2 Design of PSW 
4.2.1 Configuration of PSW specimens 
The first story of the PSW specimen was replaced by an intentionally designed plastic hinge, 
which consisted of a pair of chevron steel braces, a physical hinge, and a pair of energy 
dissipaters. Two types of physical hinges were examined in this study. One was a gear-shaped 
support (PSW-1), and the other was a pin support (PSW-2), as shown in Fig. 4 (a) and (b), 
respectively. Both specimens used buckling restrained braces (BRB) as the energy dissipaters. 
All components of the plastic hinge were fixed on a steel foundation beam for the convenience 
of the bolt or weld connection. This configuration is similar as that applied in the G3 building of 
Tokyo Institute of Technology retrofitted by a pin-supported wall [10]. The second story of the 
PSW specimen was fabricated from concrete with identical steel reinforcements to the RCW 
specimen. To securely connect the concrete part to the bottom steel part, each boundary element 
of the RC part contained one H-shaped steel member, with one end welded to the transfer beam 
and the other extended into the loading beam. Further, another two rows of headed shear studs 
were welded to the top surface of the steel transfer beam, as shown in Fig. 4 (c). These 
specifications helped to transfer the bending moment and the shear force from the superstructure 
to the plastic hinge without damaging the steel-to-concrete interface. To ensure that the PSWs 
had comparable mechanical properties to the RCW, the BRBs, the physical hinges, and the 
steel-to-concrete connections were carefully designed. The proposed PSW is all configured by 
steel members so that it can be prefabricated in a factory and shipped to the construction site for 
installation.  
 
4.2.2 Design of BRBs 
In this configuration, only the BRBs behaved plastically to consume the seismic energy, so the 
lateral strength of the proposed system was principally dependent on the strength of the BRBs. 
Given that the ultimate shear strength of the RCW, Vt, was calculated as 439.5 kN by 
Response-2000, the corresponding ultimate strength of the BRBs, Nbu, can be computed by Eq. 
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(7), where Vu is equal to Vt, and Mu is calculated by Eq. (8):  

lpu hVM  t                                (8) 

where hlp is the vertical distance from the loading point to the top surface of the transfer beam. 
Then, the cross-section of the BRB was designed following the procedures given by Xie et al. 
[25]. These design procedures are summarized in Table 4. The area of the plastic segment of the 
BRBs was 1972 mm2, and the corresponding yield strength was 465 kN. To guarantee the 
elasticity of the connecting segments, the ultimate strength under compression was amplified by 
1.2 to obtain the design strength of the connectors.  

Another important design parameter is the length of the plastic segment. This was determined 
by the overall deformation of the PSW. Ignoring the influence of the shear deformation, the 
deformation demands on the BRBs depend solely upon the flexural rotation of the plastic hinge, 
as shown in Fig. 2 (b). It was assumed that the lateral deformation of the plastic hinge would 
reach 1% story drift under a rare earthquake, corresponding to the ultimate strength state. With 
the geometric dimensions given in Fig. 4, the deformation demands on the BRBs were calculated 
as 18.58 mm and 15.50 mm for PSW-1 and PSW-2, respectively. Note that the physical hinge of 
PSW-1 was shaped as a gear, and the center of rotation lay on one side of the gear, resulting in 
different deformations in the tensile and compressive BRBs. In contrast, PSW-2 used a pin 
support with a symmetric pattern. Under the conservative assumption that all deformation would 
occur within the plastic segment, the length of this segment was chosen as 630 mm to keep the 
maximum strain less than 3%. The remaining space was sufficient to accommodate the elastic 
connector segments.  
 

 

Fig. 4 PSW specimens (units: mm): (a) PSW-1: plastic hinge with gear-shaped support; (b) 
PSW-2: plastic hinge with pin support 

 

Table 4 Strength and cross-section design of BRB (units: kN, mm)  
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Plastic segment of BRB Elastic connector 

Ultimate strength(1,2,3) 

bu ( )y aykN f A   

Section area 

 A  

Yield strength 

by ( )y aykN f A  

Design strength 

1.2( )c y aykF f A  

697.62 1972 465.08 837.14 

1: fayk is the characteristic yield stress of Q235 steel for the plastic segment of the BRB, taken as 235 MPa; 

2: ηy is the over-strength factor of 1.2 [25];  

3: ω is the strain-hardening adjustment factor of 1.6 [25]. 
 
4.2.3 Design of physical hinges 
The gear-shaped support for PSW-1 and the pin support for PSW-2 are shown in Fig. 5(a) and (b), 
respectively. The pin support was designed with sufficient margin from yielding by considering 
the multiple shear faces on the shaft of the pin. Designing the gear-shaped support using the 
equations above was more challenging, because the contact surface depends on the axial load 
and the lateral deformation. To examine the performance of this type of support, a model of the 
gear-shaped support with an adjacent chevron brace was built in the general-purpose finite 
element software ABAQUS [26]. Linear solid elements with reduced integration were used for 
all of the steel components. A plastic model with a von-Mises hardening rule was used to 
simulate the steel yield behavior. The modeled support sustained a lateral loading Vu,rcw and a 
gravity force N on the top surface. The contour of the von-Mises stress is shown in Fig. 5(c), 
where the maximum stress is 292 MPa, lower than the nominal yield stress of Q345 steel. The 
maximum stress occurred at the joint line from the brace to the gear-shaped support.  
 

 

Fig. 5 Details of physical hinges: (a) gear-shaped support of PSW-1; (b) pin support of PSW-2; 
(c) von-Mises stress contour of gear-shaped support and the associated chevron brace 

 
4.2.4 Design of steel-to-concrete connection 
The PSW replaces the bottom part of a piece of shear wall, while the upper RC wall will be 
designed according to the current seismic design code according to the seismic demands 
obtained from the overall design procedure. To guarantee the transferring of the force from the 
upper part to the PSW, the connection between them must be carefully designed. To this end, 
steel members were used together with reinforcement rebars in the boundary elements of the RC 
part to transfer the bending moment at the steel-to-concrete interface. To ensure that the upper 
RC part remained elastic, the design force for the steel-to-concrete connection was 
approximately double the expected force. Accordingly, a hot-rolled H-shaped steel member with 
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a section of H90 × 64 × 8 × 10 was chosen to be embedded in each boundary element [27]. On 
both sides of the web were welded a series of headed shear studs to avoid slippage between the 
steel member and the surrounding concrete. The headed studs had a diameter of 13 mm and a 
length of 60 mm, and were arranged at intervals of 200 mm. Another two rows of headed shear 
studs, with a diameter of 16 mm, a length of 100 mm, and an interval of 100 mm, were welded 
on the top surface of the steel transfer beam. They were responsible for transferring the shear 
force at the steel-to-concrete interface.  
 
4.2.5 Design of connecting beams 
The upper transfer beam and the bottom foundation beam are also key members to practically 
realize the seismic performance of PSW. Both are supposed to remain elastic during entire 
loading process. The transfer beam is connected to the upper RC wall by the three specifications 
and can be viewed as uniformly fixed beam along the top surface. Therefore, the local damages 
such as weld fracture and local buckling are the major concerns. The position connected with the 
BRB and the chevron brace is deemed as the most critical point. Considering the twice the 
design force of BRB and the corresponding shear force, the cross-section of the transfer beam 
was selected as 300x200x12x20mm, and several stiffeners were added to prevent local buckling. 
Similar procedures were used to determine the size of the foundation beam. The cross-section 
was finally enlarged to 500x700x12x20mm to adapt to the anchors of the reaction floor. In the 
real application, the foundation beam will be embedded into the post-casted concrete foundation 
to prevent local damage of the foundation. This configuration has been demonstrated as a 
successful design by the G3 building during the 2011 Tohoku earthquake [10]. 
 
4.2.6 Expected stiffness of the specimens 
With all of these configurations, the lateral stiffness of the first story of the PSW specimens can 
be quantified by the method introduced in Section 3. The lateral stiffness is defined as the ratio 
of a unit concentrated lateral force imposed at the loading beam to the horizontal deformation of 
the first story of the specimens. The necessary parameters to calculate, respectively, the flexural 
stiffness and the shear stiffness are provided in Fig. 6 (a) and (b). The results are listed in Table 5 
and are compared with the lateral stiffness of the RCW specimen. Both the flexural stiffness and 
the shear stiffness of the PSW specimens were far below the corresponding values of the RCW 
specimen, which indicates that it is difficult to achieve a similar stiffness with the current 
configuration of the PSWs, although a similar strength was realized. To achieve the serviceability, 
a larger cross section might be adopted for the PSW, or more pieces of PSWs shall be adopted. 
Alternatively, a steel plate might be adopted to improve the shear stiffness, and the dampers with 
larger stiffness could be employed to increase the flexural stiffness. This possibility shall be 
experimentally investigated in the future. 
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Fig. 6 Parameters for (a) flexural stiffness and (b) shear stiffness 
 

Table 5 Stiffness of specimens (units: kN/mm) 

Specimen  Kf Ks Keq 

RCW 571.7 2022.2 445.7 

PSW-1 188.0 714.0 148.8 

PSW-2 260.5 762.8 193.9 

 
5 EXPERIMENTAL SCHEME 

 
5.1 Loading setup 
The loading frame shown in Fig. 7 was used for the cyclic test. The foundation beam was 
securely clamped to the reaction floor. The loading beam was connected to a 1,000 kN hydraulic 
actuator in the horizontal direction. One 3,000 kN oil jack was used to provide a constant load to 
represent the gravity of the superstructures. To distribute the vertical force uniformly across the 
wall’s section, a rigid steel beam was inserted between the specimen and the oil jack. The oil 
jack was fixed to a slider, which was free to move horizontally to adapt to the lateral deformation. 
Two pairs of “pantograph” devices [28] were connected to the transfer beam and the loading 
beam at the first and second story level to avoid undesired out-of-plane deformation, but without 
providing any extra restraint in the vertical or horizontal in-plane directions.  
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Fig. 7 Test setup 

 
The vertical load, 960.96 kN, was first applied to the specimen before the BRBs were 

installed, so that all gravity was sustained by the X-shaped brace and the physical hinge. Then, 
the pair of BRBs were installed by use of adapters with slots that allowed the BRBs to be easily 
installed or replaced. Once the BRBs were installed, the horizontal actuator moved 
quasi-statically in a reversal mode. The loading protocol is specified in Table 6. Note that the 
story drift ratio refers to the drift in the first story. It was measured from the displacement 
transducer connected to the mid-height of the transfer beam and divided by the height of 1,650 
mm. In the prescribed protocol, the loading cycles with an amplitude of 1/2,000 served as the 
pre-load to examine the loading control system and the data acquisition system. The other cycles 
were selected according to the performance indices stipulated by the Chinese code for the 
seismic design of buildings [20]. The drift ratios of 1/800 and 1/550 are the limits of 
“serviceability” of RC frame-wall buildings and RC frame buildings, respectively. The ratio of 
1/200 represents the “reparability” state under a design level earthquake, and the drift ratios of 
1/100 and 1/50 are defined as the “ultimate state” of RC frame-wall buildings and RC frame 
buildings, respectively. The test for the RCW specimen was terminated when the specimen lost 
15% of its horizontal load-bearing capacity as a result of the compressive crushing of concrete at 
the toe of the wall. However, the tests for the two PSW specimens were not stopped until the last 
cycle was completed. 

 

Table 6 Loading protocol 

Story drift ratio  1/2000 1/800 1/550 1/200 1/100 1/50 1/30 

Number of cycles 2 2 2 2 2 2 1 

 
5.2 Measurement scheme 
Displacement transducers (DT), strain gauges (SG) and angular transducers (AT) were used to 
measure the displacements, the strains and the drift ratio of the specimens. Figs. 8 (a) and (b) 
show the locations of the DTs and SGs on the RCW specimen and the PSW specimens, 
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respectively. They were symmetrically deployed about the middle line.  

 

Fig. 8 Measurement scheme: (a) Specimen RCW; (b) Specimens PSW-1 and PSW-2. 
 

SG-1 strain gauges were used to measure the strain of the flanges of the embedded H-shaped 
steel member. They were placed approximately 100 mm away from the top surface of the 
transfer beam. SG-2 gauges measured the strains of all vertical reinforcements in the RC walls. 
SG-3 gauges were used to measure the strain of the shear studs along the steel-to-concrete 
interface. DT-1 displacement transducers were deployed to measure the overall lateral 
deformation of the middle line of each specimen. The DT-1 in the red triangle was used as the 
control displacement to calculate the story drift. DT-2 transducers were used to measure the axial 
deformation of the boundary elements and the BRBs to obtain the flexural deformation of the 
lower story. The shear deformation of the X-shaped braces was measured by DT-3. DT-4 and 
DT-5 monitored the deformations of the BRB connections in terms of extension and rotation, 
respectively. DT-6 and DT-7 were used to monitor the rotation and the slip along the 
steel-to-concrete interface. Finally, DT-8 and DT-9 were used to monitor the rotation and slip of 
the foundation beam.  
 

6 TEST RESULTS AND DISCUSSION 
 

6.1 Overall responses 
The skeleton curves of the three specimens are compared in Fig. 9 (a). The lateral force of the 
RCW decreased in the final phase, when the amplitude was larger than 1/100. In contrast, the 
bearing capacity of the PSWs increased slowly but steadily even under a deformation of 1/30, 
indicating a better seismic performance than the RCW specimen. The secant stiffness values 
corresponding to the first cycle of each amplitude are compared in Fig. 9 (b). A substantial 
difference can be observed between the RCW and PSW specimens in their initial stiffness, which 
was approximately 227 kN/mm for the RCW, but averaged just 73 kN/mm for the two PSW 
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specimens. The former value is just over half of the expected design value of the RCW specimen, 
as listed in Table 5, and the latter value is less than 1/3 of the design stiffness of the PSW 
specimens. The loading gap, slippage, and initial cracks in the RC parts were the major causes of 
this difference. Note that the stiffness degraded much faster for the RCW, and closely matched 
the PSW secant stiffness after the drift ratio exceeded 1/200.  

 

Fig. 9 Comparison of (a) the skeleton curves and (b) the secant stiffness of the specimens 
 

 

Fig. 10 Hysteretic curves for base shear vs. story drift ratio of (a) specimen RCW, (b) specimen 
PSW-1, and (c) specimen PSW-2 

 
The relationship of the base shear force to the drift ratio is plotted in Fig. 10 for the three 

specimens. The hysteretic loop of the RCW specimen showed a typical pinching because a large 
portion of the deformation was of the shear type. The PSW specimens, dominated by flexural 
deformations, demonstrated a better energy dissipation capacity than the RCW specimen. The 
blue dots represent the bearing force close to the drift ratio of 1/100. Note that the hysteretic 
curves of the PSW specimens displayed gap-type behavior when the force was close to zero, 
which became more pronounced with increasing amplitude. This behavior was caused by the 
presence of gaps at the BRB connections. 

The measured yield loads Vy,m, the peak loads Vp,m, and the loads close to the target drift of 
1/100 Vt,m are listed in Table 7 for the three specimens. Note that these values are the averaged 
values of the positive and negative loading directions. The measured yield load Vy,m was 
determined using the recommend method specified in FEMA 356 [29]. Specimens PSW-1 and 
PSW-2 gained peak loads of 596 kN and 559 kN, respectively, at the end of the tests, 20% larger 
than the peak load of the RCW. The measured Vt,m values at a story drift of 1/100 differed from 
the expected design value, Vp,m = 439.5 kN, by approximately +6.0%, −6.0%, and −10.0%, 
indicating the good predictive ability of the design equations. 
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Fig. 11 compares the accumulated energy dissipation of the three specimens. Before the story 
drift reached 1/100, the three specimens dissipated similar amounts of energy. However, at 
greater drift ratios, the PSW specimens consumed more energy than the RCW; at a story drift 
ratio of 1/50, they consumed roughly twice as much. This difference between the two wall types 
was due to the much greater energy consumption by the BRBs in the PSW compared with the 
RC boundary element in the RCW.  

The shear deformation and the flexural deformation of the PSWs are plotted in Fig. 12. The 
shear deformation was almost negligible. Clearly, the proposed system is an effective 
configuration to decouple the compound flexure–shear behavior and prevent the shear failure 
commonly observed in RC walls.  

 

Table 7.  Lateral load-bearing capacity of specimens (units: kN). 

Specimen 
No. 

Vy,m Vp,m 
(1) μ1= Vp,m/ Vp,d Vt,m

 (1) μ2= Vt,m/ Vp,d 

RCW 389.348 
467.194 
(0.9%) 

1.06 
467.194 
(0.9%) 

1.06 

PSW-1 500.977 
595.636 
(3.2%) 

1.36 
414.833 
(1.0%) 

0.94 

PSW-2 498.458 
559.409 
(3.1%) 

1.27 
396.639 
(0.9%) 

0.90 

1: The percentage in brackets is the story drift corresponding to each measured load.  

 
6.2 Concrete damage 
For the RCW, horizontal cracks were initially observed at the base region of the boundary 
elements at a story drift ratio of approximately 1/800, as shown in Fig. 13 (a). Meanwhile, 
horizontal cracks appeared at the construction joint between the first and the second stories. As 
the drift increased, more horizontal cracks developed along the height of the wall. They extended 
toward the center line of the wall and gradually became inclined, indicating a shear–flexural 
mixed damage mode. Beyond a drift ratio of 0.9%, where the specimen reached its peak load, 
spalling of the concrete cover was observed at the edges of the wall base, apparently weakening 
the strength of the specimen. At a drift ratio of approximately 2.9%, the longitudinal rebars in the 
boundary element buckled, and significant crushing occurred in the subsequent loading cycles, 
leading to complete failure. Photos of the final state are shown in Fig. 14, where the crushing of 
concrete, fracturing, and the buckling of the steel reinforcements can be clearly observed. The 
RC part of the PSW specimens also cracked, but at a much later loading cycle than for the RCW 
specimen. The first PSW crack was observed at a drift of 1/100, and none of these cracks 
exceeded 0.2 mm in width. No special treatment is needed to repair such cracks. Figs. 15 and 16 
show the damage that developed in PSW-1 and PSW-2, respectively.  
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Fig. 11 Comparison of energy dissipation 

 

Fig. 12 Deformation decomposition of: (a) specimen PSW-1, (b) specimen PSW-2 
 

 

Fig. 13 Concrete cracks in RCW: (a) 1/800; (b) 1/550; (c) 1/100; and (d) 1/50 
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Fig. 14 Photos of final states at a drift ratio of 1/30: (a) crushing pattern; (b) local damage at the 

west boundary element toe; and (c) local damage at the east boundary element toe 

 

Fig. 15 Concrete cracks in PSW-1 at drifts: (a) 1/100; (b) 1/50; and (c) 1/30 

 

Fig. 16 Concrete cracks in PSW-2 at drifts: (a) 1/100; (b) 1/50; and (c) 1/30 
 

6.3 Performance of BRBs 
The physical hinges and X-shaped braces of the PSW specimens remained completely elastic 
even when the story drift ratio reached 1/30. All plastification was absorbed by the pair of BRBs. 
The force history can be obtained for each BRB using Eq. (7). Two displacement transducers 
were used to measure the deformations along the entire length of the BRBs and of the plastic 
segment. The total deformation and the deformation of the plastic segment are denoted ΔT and ΔP, 
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respectively. The corresponding gauge lengths are lT and lP, as shown in Fig. 17 (a). With these 
calculated and measured data, the axial force of one of the BRBs of PSW-1 is plotted with 
respect to ΔT and ΔP, shown as the black line and the red line in Fig. 17 (b), respectively. It can 
be inferred that there were gaps within the connector segment of the BRBs. PSW-2 performed 
similarly, as shown in Fig. 17 (c); in this case, the axial deformation was deflected from its 
original position because this BRB sustained part of the gravity due to an installation error.  

The hysteretic curves of both BRBs with respect to the axial strain are given in Fig. 18 for 
the two PSW specimens. All BRBs performed stably and consumed a large amount of energy, as 
expected, even when loaded to more than 4% strain.  

 

 
Fig. 17 Hysteretic curves of east BRBs: (a) gauge length of lT and lP; (b) PSW-1; and (c) PSW-2 

 

Fig. 18 Axial hysteretic curves of BRBs: (a) west BRB of PSW-1; (b) east BRB of PSW-1; (c) 
west BRB of PSW-2; and (d) east BRB of PSW-2 

 
6.4 Strain distribution along steel-to-concrete interface 
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Finally, the strain distribution along the steel-to-concrete interface was examined. The maximum 
strains at each amplitude are plotted in Fig. 19 for the headed shear studs along the interface. 
They increased with the amplitude. However, the absolute values were relatively small, less than 
100 με, implying that most of the shear force was not transferred through the shear studs. 
Nonetheless, it is recommended that the headed shear studs be retained for the sake of any 
potential shear damage along the interface. 

The axial strains of the embedded H-shaped steels and the vertically distributed rebars at 
various drift levels are shown in Fig. 20. The strains of the embedded H-shaped steels were much 
higher than those of the vertically distributed rebars, but did not exceed the yield strain. Because 
of the low strain level of each vertical distributed rebar, it is recommended not to weld them onto 
the top flange of the transfer beam, thus making construction much easier.  
 

 

Fig. 19 Strains of headed shear studs in specimens: (a) PSW-1 and (b) PSW-2 

 

Fig. 20 Strains of embedded steel and vertical distributed rebars: (a) PSW-1; and (b) PSW-2 
 

7 CONCLUSIONS 
 

This study proposed a plastic-hinge-supported wall to replace the damage-prone bottom part of 
traditional RC walls. It works as a plastic hinge, consuming a large amount of energy via 
installed energy dissipaters. Other than these dissipaters, the remaining components remain 
elastic even under a rarely-occurred earthquake. The wall can be expected to offer several 
advantages: (1) the energy dissipaters can consume considerably more energy than traditional 
RC plastic hinges; (2) the energy dissipaters can be replaced easily and the building function can 
be restored quickly after a severe earthquake, thus rendering the building highly resilient; and (3) 
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the complex internal forces are decoupled and are sustained by separate structural components, 
easily realizing the “strong shear and weak bending” mechanism. To verify the performance of 
the proposed structural system, three 1/3-scaled specimens were constructed and tested 
quasi-statically. The major findings were as follows:  

(1) The strength of the PSW specimens was approximately identical to that of the RCW when 
the drift ratio reached 1%. This validates the strength-design method for predicting the 
mechanical properties of the PSWs at the prescribed deformations. The lateral stiffness of the 
PSWs was much lower than that of the RCW due to the considerable loss of shear stiffness. This 
is a problem to be addressed in the future.  
   (2) The use of BRBs as energy dissipaters guaranteed a stable force behavior, thus 
consuming a larger amount of energy than the traditional RC plastic hinges. They can be easily 
installed or replaced because of their slotted bolt pattern. The PSW specimen was dominated by 
the flexural deformation, which in turn allowed the BRBs to work effectively.  

(3) The X-shaped braces and both types of physical hinges remained elastic throughout the 
entire experiment. The separation of the internal force pattern sustained by the individual 
structural components facilitated the “strong shear and weak bending” mechanism. 

(4) The specifications of the steel-to-concrete interface proved very effective in transferring 
the overturning moment and the shear force from the superstructure to the plastic-hinge supporter. 
However, there is room for optimization, because some components took only a low level of 
strain.  

The proposed PSW was demonstrated to be an effective configuration to improve the seismic 
performance of RC frame-wall structures. However, further studies shall be conducted to 
validate its effectiveness in controlling the overall structural responses, the possibility to realize a 
larger stiffness, and the performance in the out-of-plane. These will be addressed in the future 
studies. 
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NOMENCLATURE 
 
M: overturning moment caused by the external load. 

V: lateral shear force caused by the external load. 

h1: vertical distance from the upper surface of the foundation beam to the expected rotational axis (blue dot). 

h2: vertical distance from the horizontal central axis of the transfer beam to the expected rotational axis (blue 

dot). 

b1–b2: horizontal distance from the vertical central axis of the west dissipater and the east dissipater, 

respectively, to the expected rotational axis (blue dot). 

L1–L4: distances from the expected rotational axis (blue dot) to the pin connections (yellow dots) of the 
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dissipaters, respectively. In this case, they were assumed to be equal and represented by L. 

Ld: axial length between two pins (yellow dots) of the dissipaters.  

θ1 & θ2: half of the included angle of the non-deformed lower chevron brace and the top counterpart, 

respectively. In this case, they were assumed to be equal to 45 degree. 

α & β: included angles of lines L1 and L3, and lines L2 and L4, respectively. 

δf: horizontal deformation of the transfer beam when the system experiences flexural deformation only. 

θf: rotational angle of the upper Chevron brace when the system experiences flexural deformation only. 

Ff: axial yield tension of the dissipater when the system experiences flexural deformation only. 

Γ: compression strength adjustment factor.  

ΔFT: deformation of the dissipater under tension when the system experiences flexural deformation only. 

ΔFC: deformation of the dissipater under compression when the system experiences flexural deformation only. 

δs: horizontal deformation of the transfer beam when the system experiences shear deformation only. 

Fs: axial yield tension of the dissipater when the system experiences shear deformation only. 

ΔST: deformation of the dissipater under tension when the system experiences shear deformation only. 

Keq, Kf, and Ks: equivalent lateral stiffness, flexural stiffness, and shear stiffness.  

Kd: axial stiffness of the energy dissipater. 

Vd: horizontal component of the axial strength of the energy dissipater. 

Ab and Abs: areas of the H-shaped gross cross-section and its web plate, respectively, on the steel braces. 

μ: shear stress distribution coefficient, approximately equal to Ab/Abs for an H-shaped cross-section. 

Vu,rcw & Mu,rcw: ultimate shear strength and ultimate flexural strength of the RCW specimen, respectively. 

N & Vt: vertical load and lateral load. 

fcu,m, fc,m : measured compressive strengths of 150 mm cubic and prismatic concrete specimens, respectively. 

fy,m, fu,m: yield strength and ultimate tensile strength of reinforcement and steel. 

hlp: vertical distance from the loading point to the top surface of the transfer beam. 

Nby, Nbu: axial yield strength and ultimate tensile strength of a BRB’s steel core. 

Fc: design strength of the connections of the BRBs. 

A: area of the cross-section of a BRB’s steel core. 
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