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 In reinforced concrete (RC) frame-shear wall structure, the coupling beam needs to yield 

before the wall limbs are damaged, in order to dissipate the energy of the external load. 

However, the coupling beam has a limited energy dissipation capacity. Once severely 

damaged, the coupling beam is difficult to be repaired, which hinders the structural 

recovery after an earthquake. Considering excellence of metal rubber (MR) in hysteresis 

energy dissipation and deformation self-reset, this paper changes the energy dissipation 

mode of the coupling beam by adding an MR damper to the beam. Firstly, the stress-

strain curve of MR was obtained through mechanical experiments, and used to construct 

the constitutive model of the material. Then, the parameters of the damper were designed 

based on the constitutive model. Next, the MR dampers were installed on the coupling 

beams of a 12-layer RC frame-shear wall structure. The authors analyzed the time 

histories of the elastoplastic dynamics of the structure under seismic actions, and 

calculated the seismic responses like interlayer displacement, absolute acceleration, and 

base shear force. These parameters were compared with those of the structure without 

the damper, and the output-deformation envelope curve of the damper on each layer were 

obtained. In this way, the authors studied how the parameters of the MR damper affect 

the seismic response of RC frame-shear wall structure. The results show that adding the 

MR damper to coupling beam can effectively weaken the seismic response of the RC 

frame-shear wall structure. 
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1. INTRODUCTION 

 

In ductility-based seismic design, the coupling beam is the 

main energy dissipator in reinforced concrete (RC) frame-

shear wall. Before the wall limbs are damaged, the coupling 

beam yields and consumes most of the energy. With a small 

span-depth ratio, the coupling beam often suffers from brittle 

shear failure. Once severely damaged, the coupling beam is 

difficult to be repaired, which hinders the structural recovery 

after an earthquake. 

Energy dissipation has been proved to be an effective 

technique to enhance the seismic resistance of structures. By 

this technique, an energy dissipator with strong energy-

dissipating capacity is added to the target structure. During 

normal use, the dissipator ensures the lateral stiffness of the 

structure, and keeps the structure in an elastic state. If a major 

earthquake occurs, the damping of the energy dissipator will 

increase with the lateral displacement, which dissipates 

seismic energy in a concentrated manner and reduces the 

vibration response of the structure. In this way, the main 

structure will be protected from seismic damage. 

The structural vibration control was conceptualized by 

American scholar J.T.P. Yao in 1972. Since then, various 

energy-dissipating and shock-absorbing (EDSA) devices have 

emerged. Many scholars have explored deep into structural 

vibration control. Marko et al. [1] of Queensland University of 

Technology in Australia suggested digging holes at different 

heights of the shear wall, and install EDSA devices in the holes. 

Bagheri et al. [2] also proposed to open crenel-shaped vertical 

seams along the vertical central axis of the shear wall, and 

deploy vertical EDSA devices in these seams. Park and Yun 

[3] attempted to improve the energy-dissipating capacity of 

coupling beam by replacing the beam with mild steel energy-

dissipating components. The EDSA devices adopted in the 

above studies will have irreversible inelastic deformations 

after an earthquake, and need to be further replaced. 

Metal rubber (MR) is an elastic porous material formed by 

winding thin metal wires into spring coils, followed by 

weaving and punch molding [4]. This novel material has been 

widely applied in engineering machinery, military, aerospace, 

marine, and shipping, thanks to its large damping, light weight, 

good flexibility, strong capacity of impact energy absorption, 

high resistance to high or low temperature, and slow aging 

process. Experimental evidences suggest that the MR, 

however deformed under external load, can return to the 

original shape after the load is removed, that is, the material 

possesses unique super-elasticity and strong capacity of 

energy dissipation [5-8]. 

This paper aims to improve the ductility of coupling beam, 

and give fully play to its energy-dissipating capability. To this 

end, an EDSA device was designed based on the MR for the 

coupling beam of RC frame-shear wall structure. The 

proposed device can fully dissipate seismic energy, control the 

seismic response of the structure, and automatically return to 

the original shape after the earthquake, eliminating the need 

for replacement. 
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2. CONSTITUTIVE MODEL OF MR 

 

Many experiments have shown that the MR is a nonlinear 

dry friction damping material with good deformation self-reset 

ability [9-13]. The material has a double-line functional 

constitutive relationship (memory resilience). In terms of non-

memory resilience, the elastic resilience contains a strong 

third-order nonlinear term [14]; the damping force mainly 

encompasses the primary viscous damping term, plus a 

negligible high-order velocity term. The restoring force of the 

MR damper is featured by nonlinear hysteresis. The damping 

components of the damper involve both viscous damping and 

dry friction damping components [15-17]. These complex 

factors must be considered in the design of the constitutive 

model. 

Chen et al. [18] described the overall stiffness of the MR 

with the series and parallel connections of small curved beams, 

and derived the constitutive relationship through experiments. 

After repeated experiments, Zhou et al. [19] proposed an 

experimental method to determine the layup coefficient based 

on the meso-level constitutive model of combined 

deformation of micro springs, and then established a 

constitutive equation containing the meso-structure 

information of the MR. Ma et al. [20] conducted macro-

mechanical analysis on the third-order nonlinear hysteresis 

functional constitutive relationship between force and 

displacement of MR vibration isolator. Jiang et al. [21] created 

the deformation models of MR components through 

experiments. 

In this paper, the constitutive model of the MR is set up 

through experimental fitting. The least squares (LS) method 

was adopted to perform piecewise linear fitting on the 

experimental data, under the principle that equal envelope 

areas mean equal energies. The Matlab software was selected 

as the computation platform. 

Based on the previous compressive tests on the MR [22], 

the stress-strain curve of the specimen (temperature: room 

temperature; loading frequency: 1Hz; relative density: 0.27; 

maximum strain amplitude: 20%) in the last cycle was divided 

into a loading segment and an unloading segment. Then, the 

loading segment was fitted piecewise by the LS method, 

producing the lines OA and OB in Figure 1. Thus, the initial 

elastic modulus of the simplified model, the elastic modulus 

of the strain-hardening segment, the hardening stress, and the 

hardening strain were determined. Finally, the lines BC and 

CO were obtained by the said principle, such that the envelope 

area of the simplified model equals that of the test curve.  

 

 
 

Figure 1. The model fitting of strain hardening lines 

As shown in Figure 1, the loading and unloading segments 

are respectively divided into two lines; The stiffness in the 

second line of the loading phase is greater than the initial 

loading stiffness, i.e. the initial stiffness of the material. 

The constitutive model established by the above method 

boasts a simple form and clear characteristic parameters in 

each phase, and thus greatly facilitates the parameter design of 

any damper based on the MR. The simplified model not only 

characterizes the strain hardening features of the material, but 

also agrees with the test curve. The dissipated energy of the 

model equals that of the test curve, and is easy to calculate. 

 

 

3. FINITE-ELEMENT MODEL OF DOUBLE-LIMB 

SHEAR WALL 

 

ABAQUS, as a powerful engineering software for finite-

element simulation, provides a solution to various problems, 

from linear analysis to nonlinear simulation. Therefore, this 

software was selected to model the target structure. 

 

 
(a) Planar view 

              
(b) Vertical view               (c) Ribs in coupling beam 

 
(d) Ribs in shear wall 

 

Figure 2. The plan and rib arrangement of the structure 

 

The target structure is a 12-layer RC frame-shear wall 

structure. A segment of the double-limb shear wall was 

selected for research. The total height of the structure is 43.2m, 

3.6m per layer. The specific dimensions of the structure are 

shown in Figures 2(a) and (b).  

According to the general decoration conditions, the load on 

each floor was assumed as constant at 4.0kN/m2. Considering 

the slope making layer and thermal insulation layer, the load 

on the roof was treated as constant at 4.5kN/m2. The linear 

loads of peripheral walls and parapet walls were set to 

5.0kN/m. The dead weights of structural beams, columns, and 

shear wall were calculated based on their cross-sectional 
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dimensions and bulk density of concrete. The live load was 

uniformly taken as 2.0kN/m2, and the concrete strength of 

structural members was uniformly treated as C35. 

As shown in Figures 2(c) and (d), HPB235 hot-rolled rebars 

were adopted for the horizontal and vertical rebars of wall 

panels, and the stirrups of edge members in beams and shear 

wall. HPB335 hot-rolled rebars were adopted for the 

longitudinal rebars of edge members in beams and shear wall.  

The concrete was simulated by the concrete constitutive 

model embedded in ABAQUS. The elastic modulus, Poisson’s 

ratio, and density of concrete were set to E=23,103MPa, μ=0.2, 

and 2,700kg/m3, respectively. 

The RC frame-shear wall structure contains four columns, 

12 coupling beams, and a double-limb shear wall. During the 

finite-element modeling, the beams and edge columns of the 

shear wall were meshed into C3D84 solid elements, where the 

rebars were simulated by separation method. The limbs of the 

shear wall were meshed into S4R shell elements, where the 

rebars were simulated as an embedded rebar layer. The 

isotropic hardening two-line model was adopted for the rebars. 

The hardening features of rebars were derived from the 

hardened tensile plastic stress-strain curve. 

Figure 3 presents the finite-element model of the double-

limb shear wall on ABAQUS. 

As shown in Figure 4, each MR damper was installed at the 

middle of a RC coupling beam (i.e. disconnecting the coupling 

beam vertically in the middle). The MR damper was simulated 

by the T3D2 elements in the Truss Library.  

Based on the user-defined subroutine interface of ABAQUS, 

the constitutive model of the MR was compiled in Fortran, and 

embedded in ABAQUS Material Library. 

 

 
 

Figure 3. The finite-element model of double-limb shear 

wall 

 

 
 

Figure 4. The location of MR damper in coupling beam 

4. DETERMINATION OF MR PARAMETERS 

 

By the constitutive modeling method of the MR, a 

constative model was fitted according to the test curve of the 

MR with relative density of 0.27 and strain amplitude of 30% 

(Figure 5). 

 

 
 

Figure 5. The spectrum curves of energy dissipation capacity 

and elastoplastic demand 

 

After the MR damper had been installed on the coupling 

beam, the secant stiffness of the constitutive model increased 

once the MR entered the stress hardening phase, while the 

output of MR damper started to rose. The ensuing growth in 

the additional stiffness of the coupling beam caused the overall 

stiffness of the structure to rise, thereby amplifying the 

acceleration in seismic response. 

To avoid poor control effect, the damper length and area 

were designed based on the stress and strain, when the 

maximum strain of the damper arrives at the inflection point 

between the two lines in the constitutive curve (i.e. the 

moment before entering the stress hardening segment). Then, 

the MR damper parameters were configured as σA=1.44MPa 

and εA=0.243, under the situation that the damper output 

maximizes when the strain in the constitute model reaches 

24.3%. 

 

4.1 Design of damper output and cross-sectional area 

 

When the overall structure yields, the maximum shear force 

at the end of the coupling beam appears on the right side of the 

third layer. The freebodycut command in the ABAQUS was 

called to extract the shear force of 456kN (Figure 6). 

 

 
 

Figure 6. The shear force at the beam ends on the third layer 
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According to the equilibrium conditions, the shear force is 

numerically equal to the output of the damper, that is, the 

damper output is 45.6 tons. The cross-sectional area A of the 

damper can be calculated by: 

 

2max

24.3%

456
0.316

1.44

DF KN
A m

MPa
= = =  (1) 

 

4.2 Design of damper length L 

 

When the overall structure yields, the interlayer 

displacement peaks on layer 8, i.e. Δfy=3.31mm. Figure 7 

shows the geometric relationship between the relative 

deformation of beam ends and interlayer displacement. It can 

be seen that this relationship can be described as: 

 

c
by fy

l

H
 =   (2) 

 

where, lc and H are the length and height of the coupling beam, 

respectively; Δfy is interlayer displacement. 

From formula (2), the relative displacement at the beam 

ends of layer 8 can be obtained as 𝛥𝑏𝑦 =
𝑙𝑐

𝐻
⋅ 𝛥𝑓𝑦 = 2.5 ×

3.31𝑚𝑚 = 8.275𝑚𝑚 . Then, the damper length can be 

derived from this displacement: 

 

24.3%

34( )bL mm



= =  (3) 

 

 
 

Figure 7. The relationship between the relative deformation 

of beam ends and interlayer displacement 

 

To sum up, the damper parameters were preliminarily 

determined as length L=34mm, and cross-sectional area 

A=0.316m2. These parameters were taken as benchmark 

parameters to design different combinations of characteristic 

parameters of the damper, analyze the relationship between 

these parameters and EDSA effect, and identify the most 

reasonable damper design. 

 

4.3 Definition of characteristic parameters  

 

In the EDSA structure of the coupling beam, the damper 

must yield before the beam to dissipate energy. Therefore, the 

yield force ratio of damper to beam end (the most unfavorable 

part of the beam) was considered a characteristic parameter of 

the damper. 

Since the MR damper should act as the main dissipator of 

seismic energy, the damper on the coupling beam must yield 

before the wall limbs to dissipate energy. Hence, the yield 

displacement ratio of damper to wall limbs was selected as the 

other characteristic parameter of the damper. 

 

(1) Yield force ratio Γ 

According to the stress hardening constitutive model of the 

MR, σA=1.44MPa and εA=0.243 at the first strain hardening 

point. The damper parameters were configured under the 

conditions of this point. The yield force ratio can be defined 

as: 

 

A

F

F

F

A

str

dam

str

.
==  (4) 

 

where, Fstr=456kN is the maximum beam-end shear force 

obtained by the Pushover method when the structure yields; 

Fdam is the damper output. 

 

(2) Yield displacement ratio Δ 

 

LA

str

dam

str

.


=




=  (5) 

 

where, Δstr is the beam-end relative displacement derived from 

geometric relationship; Δdam is damper deformation. 

Then, two yield force ratios (0.5 and 1) were designed based 

on the beam-end shear force on the layer with the maximum 

interlayer displacement, when the structure yields; two yield 

displacement ratios (0.6 and 1) were designed based on the 

vertical displacements at the middle of the coupling beam 

when the wall limbs yield. The four parameters were grouped 

into four parameter combinations. The damper area and length 

corresponding to each combination is presented in Table 1. 

 

Table 1. The parameter designs of MR damper 

 
 Δ=1.0 Δ=0.6 

Γ=1.0 
A=0.316m2, L=34mm 

(Kd=0.55×105N/mm) 

A=0.316m2, L=56mm 

(Kd =0.335×105N/mm) 

Γ=0.5 
A=0.632m2, L=34mm 

(Kd =1.12×105N/mm) 

A=0.632m2, L=56mm 

(Kd =0.669×105N/mm) 
Note: A, L, and Kd are the area, length, and initial stiffness of the damper, 

respectively.  

 

 

5. COMPARATIVE ANALYSIS 

 

The seismic responses of the structure with damper 

(controlled model) and that without damper (uncontrolled 

model) were compared under the action of Chi-Chi seismic 

wave, whose peak acceleration was 400Gal. 

 

5.1 Interlayer displacement and acceleration  

 

Figures 8(a)-(d) compare the interlayer displacements and 

absolute accelerations of the dampers with different parameter 

combinations. All the four dampers achieved satisfactory 

EDSA effect: the interlayer displacement was effectively 

controlled except for t=27-33s; the absolute acceleration of 

each layer was controlled well except for t=24-28s.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 8. The time histories of interlayer displacement and 

acceleration under different parameter combinations (ChiChi-

400gal) 

Figure 9 presents the distribution curves of interlayer 

displacements and peak accelerations across the layers. Under 

rare earthquakes, when the yield force ratio was the same 

(Γ=0.5), the parameter combination with relatively large yield 

displacement ratio (Δ=1) had relatively small interlayer 

displacement, and relatively good control effect. The 

controlled models could not control the absolute acceleration 

well under major earthquakes; the peak acceleration did not 

change greatly with the yield force ratio or yield displacement 

ratio. When the force ratio was the same, the parameter 

combination with relatively small yield displacement ratio 

(Δ=0.6) had relatively good control effect on acceleration. 

 

 
(a) 

 
(b) 

 

Figure 9. The curves of interlayer displacement and peak 

acceleration (ChiChi-400gal) 

 

5.2 Damper output and deformation 

 

Figure 10 compares the damper output-deformation curves 

of the uncontrolled models with two parameter combinations, 

namely, Γ=0.5, Δ=0.6 and Γ=0.5, Δ=1. It can be seen that the 

damper output-deformation hysteresis curves were of the same 

shape as the established constitutive model. On all 12 layers, 

none of the damper output-deformation curves entered the 

stiffness hardening segment. This reduces the additional 
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stiffness brought by the damper to the entire structure, 

promoting the control effect on acceleration. 

The hysteresis curves of the dampers only covered a part of 

the ideal hysteresis curve. Therefore, the energy dissipation 

capability of the dampers was not fully exerted. The relatively 

large damper outputs appeared on layers 6-9, peaking on layer 

8 (800kN).  

Comparing the damper outputs and deformations of the two 

parameter combinations, the damper deformation was greater 

under Γ=0.5, Δ=0.6, because the damper is longer than that 

under the other combination. Hence, it is preliminarily 

concluded that: with the same material and area, the damper 

length is negatively correlated with stiffness, and positively 

with damper deformation. 

 

 
 

Figure 10. The damper output-deformation curves 

 

5.3 Base shear 

 

Figure 11 compares the time histories of the base shears 

before and after damper installation.  

 

 
 

Figure 11. The base shears before and after damper 

installation 

 

Before the damper was installed, the maximum base shear 

was 3,650kN; after damper installation, the maximum base 

shear was 3,300kN. Hence, the base shear of the structure was 

not ideally controlled by installing 12 dampers to the coupling 

beams. 

 

 

6. CONCLUSIONS 

 

This paper installs MR dampers with self-reset function at 

the middle of coupling beams in RC frame-shear wall structure, 

and analyzes the time histories of the nonlinear dynamics of a 

12-layer structure with these dampers. By comparing the 

controlled and uncontrolled models, different combinations of 

characteristic parameters of the damper were compared in the 

control effect of the seismic response of the structure. The 

main conclusions are as follows: 

(1) The MR damper can yield due to the vertical relative 

displacement, induced by the bending of wall limbs, at the 

middle of the disconnected coupling beam, and thereby 

dissipate the seismic energy. The addition of MR dampers can 

control the seismic responses (interlayer displacement and 

absolute acceleration) of the structure to a certain extent. 

(2) Under the same yield force ratio, the damper stiffness 

increases with the characteristic parameter of interlayer 

displacement Δ. The higher the stiffness, the better the control 
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of interlayer displacement. Under the same yield displacement 

ratio, the control effect on seismic response increases with the 

decline of the yield force ratio. 

(3) The relatively large damper outputs appeared on layers 

6-9, peaking on layer 8 (800kN). Comparing the damper 

outputs and deformations of the two parameter combinations, 

the damper deformation was greater under Γ=0.5, Δ=0.6. 

(4) The base shear of the structure was not ideally controlled 

by installing 12 dampers to the coupling beams. 
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