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 The seismic load can bring serious damages to the coupling beams and frame beams in 

the frame-shear wall structure. Such damages can hardly be repaired, causing functional 

loss to the structure. One of the best ways to consume seismic energy input, rationalize 

the damage mode of structure, and prevent serious damages to the main components is 

to install metal rubber (MR) dampers materials in the frame-shear wall structure. Based 

on Park and Ang’s damage model, this paper presents pertinent formulas of damage 

indexes, and uses them to quantify the failure mode. Then, the correspondence was 

established between damage level of the target structure, reasonable damage mode, and 

damage index. Finally, two ABAQUS models of an 18-floor frame-shear wall structure 

were constructed: an uncontrolled structure (traditional frame-shear wall structure) and a 

controlled structure (frame-shear wall structure with MR dampers). Through comparative 

analysis, the characteristic parameters of the damper were determined for the reasonable 

damage mode, and the failure mechanism of the target structure was identified accurately 

under seismic load. 
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1. INTRODUCTION 

 

The traditional frame-shear wall structure is a composite 

lateral force-resisting system with two major components: the 

frame and the shear wall. Under seismic load, the two 

components work together to resist the external force.  

The ideal energy consumption mode of this structure is as 

follows: under small seismic load, the shear wall bears most of 

the seismic shear force, and the overall structure remains in an 

elastic state. Under moderate and large seismic load, many 

coupling beams and frame beams yield to consume most of the 

seismic energy, the bottom of the wall limbs yields first to 

enter the plastic state; Meanwhile, the frame beams, as the last 

defense against seismic damage, remains plastic and carries 

much of the seismic shear force. 

However, the actual seismic damage data of frame-shear 

structures indicate that: the frame-shear wall structure 

designed as per the current design codes often fails to act as a 

composite lateral force-resisting system, which consumes a 

proper amount of energy to prevent possible damage modes. 

The failure undermines the seismic fortification of the 

structure. Even if the frame-shear structure realizes seismic 

fortification, the coupling beams and frame beams would have 

serious and irreparable damages, causing functional loss to the 

structure [1-3].  

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

waving and punching the spring coils of wound thin metal 

wires [4]. The MR is highly deformable and flexible, capable 

of consuming lots of energy [5, 6].  

This paper installs MR dampers on the coupling beams of 

the frame-shear wall structure, and models the new structure 

on ABAQUS. Then, the effect of MR dampers on seismic 

control of the structure was analyzed, the failure mode was 

quantified by damage indexes, and the characteristic 

parameters of the dampers were determined for the reasonable 

damage mode, according to the actual damage level of the 

target structure. 

 

 

2. DAMAGE QUANTIFICATION METHOD AND 

DAMAGE INDEXES 

 

2.1 Concept of damage index and damage theory 

 

Seismic damage is the leading cause of structure collapse. 

For frame-shear structure, the damage mode needs to be 

quantified by the damage indexes of the structure and its 

components. Before quantification, two preparatory works 

must be completed: 

(1) Determine the damage indexes of the structure and its 

components;  

(2) Establish the correspondence between the damage level 

of target structure, reasonable damage mode, and damage 

indexes under earthquakes of different intensities [7-9]. 

Damage index D is a variable about the degree of damage 

to the structure or its components. It is generally defined as the 

ratio of the cumulative amount of an index to its allowable 

amount. Since the 1990s, many seismic engineers have 

explored deep into the quantification of seismic damage of 

structures, and proposed numerous calculation models for 

seismic damage indexes [10-14]. There are two common 

features of these models: 
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(1) The damage index generally falls in [0, 1]. If D=1, there 

is no damage; if D=1, the structure/component fails due to 

cumulative damage. 

(2) The damage index is a single-valued increasing function, 

and the damage process is irreversible. 

The seismic damage of a structure is essentially the 

combined effect of the deformation and energy consumption 

of the structure under seismic load. Therefore, the seismic 

damage of the structure cannot be evaluated solely based on 

structural deformation or energy consumption. Instead, 

damage models should be chosen to illustrate the failure 

mechanism of the structure under seismic load. This is very 

important to the aseismatic design of planned structures, and 

the seismic evaluation of built structures. 

Currently, many seismic design models have been 

developed based on damage performance, in the light of 

different quantitative damage indexes. Following the 

definition of damage index, Jason et al. [15] established a 

weighted linear combination two-parameter model for seismic 

damage, and gave a simplified calculation method for the 

damage index. Through energy analysis, Krätzig et al. [16] 

introduced an improved genetic algorithm to develop an 

intelligent optimized design for the seismic performance and 

damage control of structures, and provided the corresponding 

optimization program. Targeting the stiffness degradation 

damage model, Nguyen et al. [17] proposed a design method 

directly based on the damage performance. Li et al. [18] 

calculated the structure (component) damage index, using the 

force and deformation curves of the reinforced concrete 

structure (component) obtained through pushover analysis, 

combined the damage index with capacity spectrum method 

into a simple and practical structural damage assessment 

method, and validated the combined method by comparing the 

calculation results against the results of time history analysis. 

Based on performance design, Ibarra et al. [19] defined the 

goal of seismic performance of the three-level seismic design 

reinforced concrete frame structures, which involves multiple 

variables (displacement, and energy) and indexes (overall 

damage index, maximum inter-floor displacement angle, 

number of hysteresis loops, and floor energy concentration 

coefficient. By Park and Ang’s dual-parameter damage model, 

Ou et al. [20] systematically studied the seismic damage 

theory of reinforced concrete structures, namely, the method 

of standard design plus damage checking calculation. 

 

2.2 Determination of damage indexes 

 

2.2.1 Component damage indexes 

Based on many failure test data of reinforced concrete 

beams and columns, Park and Ang [21] proposed a dual-

parameter damage model that linearly combines maximum 

deformation with cumulative hysteretic energy consumption. 

In their model, the damage index can be expressed as: 
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where, δcu is the ultimate failure deformation of the component 

under monotonic load; Qy is the yield strength of the 

component; δm and ∫dE are the maximum deformation and 

cumulative hysteretic energy consumption; β is the energy 

consumption factor of the component: 

 

0( 0.447 0.073 0.24 0.314 )0.7 w

tn
  = − + + +  (2) 

 

where, λ is the shear span ratio of the component (λ=1.7 if its 

value is smaller than 1.7); n0 is the axial compression ratio 

(n0=0.2, if its value is smaller than 0.2); ρt is the reinforcement 

ratio of all longitudinally stressed steel bars (ρt=0.75% if its 

value is smaller than 0.75%); ρw is the volumetric stirrup ratio. 

Drawing on Park and Ang’s damage model, the damage 

indexes of different components were calculated as follows: 

 

(a) Coupling beams and frame beams: 
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where, φm is the actual maximum curvature of the beams; My 

is the yield bending moment of the beams; Eh is the cumulative 

hysteretic energy consumption of the beams; 𝜑𝑐𝑢 = 𝜇𝜙 ⋅ 𝜑𝑦 is 

the ultimate failure curvature of the beams. Note that μϕ is the 

curvature ductility coefficient, and φy is the yield curvature of 

the beams: 
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where, at and ac are the areas of the steel bars under tension 

and compression, respectively; ε0 is the ultimate compressive 

strain of concrete; b and d are the cross-sectional width and 

effective height of the beams, respectively; dc is the distance 

from the edge of the compressive zone to the steel bars in the 

compressive zone; 𝑓𝑐
′  is the compressive strength of the 

concrete. 

 

(b) Frame columns 
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 (5) 

 

where, xcu is the ultimate failure displacement of frame 

columns under monotonic load; Fy is the yield shear force of 

frame columns; xm and Eh are the actual maximum 

displacement and cumulative hysteretic energy consumption 

of the frame columns, respectively. 

For shear-type inter-floor columns, the inter-floor yield 

shear force Fy and cross-sectional yield bending moment My 

follow the following relationship: 

 

2 /y yF M H=  (6) 

 

where, H is the calculated floor height of the structure. The My 

value can be obtained by the definition of yield and the 

assumption that the plane remains flat: 
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where, fy is the designed strength of steel bars; fc is the 

designed compressive strength of concrete; 𝑓𝑐
′ is the maximum 

compressive stress of concrete at cross-sectional yield; b, h, 

and h0 are the width, height and effective height of the cross-

section of the frame columns; η is the height coefficient of the 

compressive zone of the concrete; a is the distance from the 

edge of the compressive zone to the steel bars in the 

compressive zone; n0 is the axial compression ratio of the 

bottom cross-section of the frame columns in each floor; As 

and ρt are the area of tensile steel bars of the frame column 

cross-section and its reinforcement ratio, respectively; Es and 

Ec are the elastic moduli of the steel bars and the concrete, 

respectively. 

The ultimate failure displacement of the frame columns can 

be described as xcu=μcuxy, where μcu is the failure ductility 

coefficient; xy is the yield displacement. 

For compression-flexural components with a relatively 

large shear span (>4), the inter-floor yield displacement can be 

calculated by: 
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where, ρw is the volumetric stirrup ratio of the frame columns; 

αw is the stirrup type coefficient (αw = 1.0, 2.05 and 3.0, for 

ordinary, spiral, and composite stirrups, respectively); 𝜇𝑐𝑢
′  is 

the ductility coefficient when the ultimate shear force Fu is 

reduced by 10%. 

 

(c) Shear wall limbs 

 

m h

cu y cu

x E
D

x F x
= +


 (9) 

 

where, xcu is the ultimate failure displacement of wall limbs 

under monotonic load; Fy is the yield shear force of wall limbs; 

xm and Eh are the actual maximum displacement and 

cumulative hysteretic energy consumption of wall limbs, 

respectively. The energy consumption factor can be calculated 

by: 

 

0( 0.37 0.08 0.61 0.25 )0.66 w

tn
  = − + + +  (10) 

 

where, xcu is the ultimate failure displacement of wall limbs 

under monotonic load: 
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where, xy and xp are the yield displacement and plastic 

displacement of the wall limbs, respectively; H is the height of 

the wall limbs on each floor; φy and φu are the yield curvature 

and the ultimate curvature of the bottom cross-section of the 

wall limbs, respectively; lp is the length of the plastic hinge 

area; hw is the cross-sectional height of the shear wall. 

 

2.2.2 Structure damage index 

The damage index of the entire structure can either be 

calculated as the weighted sum of the damage indexes for local 

components, or characterized by the overall features of the 

structure. In most practices, the damage level of the entire 

structure is determined by weighing the damage indexes of the 

components. Thus, the weight coefficients must be configured 

carefully to reflect the relative importance of the component 

(floor) to overall stability of the structure. The key components 

(floors) that greatly affect the failure mechanism of the 

structure should be assigned with large weight coefficients. 

Focusing on shear-type reinforced concrete structures, Ou et 

al. [20] developed a structure damage index in view of the 

significance of weak floors and floor sequence. Their structure 

damage index is adopted for this research: 
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where, Dj is the damage index of the j-th floor of the structure; 

n is the number of floors of the structure; 𝑤𝑗 =
(𝑛+1−𝑗)𝐷𝑗

∑ (𝑛+1−𝑖)𝐷𝑖
𝑛
𝑖=1

 is 

the weight coefficient of the damage index of the j-th floor, 

which considers the significance of both weak floors and floor 

sequence. The weaker the floors, the greater the floor damage 

Dj; the lower the floor, the larger the coefficient (n+1-j). 

Considering their importance to the overall structure, the 

components of the frame-shear wall structure were divided 

into significantly important components (wall limbs), slightly 

important components (frame columns), and slightly 

unimportant components (coupling beams, and frame beams). 

To compute the floor damage index Dj, the weight coefficients 

of different components ηw, ηc, ηcb and ηb were set to 1.0, 1.0, 

0.5, 0.5, respectively: 
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where, Dwj, Dcj, Dcbj, Dbj are the damage indexes of the wall 

limbs, frame columns, coupling beams, and frame beams of 

the j-th floor, respectively. 

The structure damage index reflects the overall damage 

level of the structure. Apart from that, the overall damage 
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indexes of different components were computed to determine 

their energy consumption (damage mode) under seismic load: 

 

w j wjD w D= , 
c j cjD w D=  

cb j cbjD w D= , 
b j bjD w D=  

(14) 

 

where, Dw, Dc, Dcb, and Db are the overall damage indexes of 

the wall limbs, frame columns, coupling beams, and frame 

beams, respectively. 

 

 

3. SEISMIC RESPONSE OF UNCONTROLLED 

STRUCTURE AND DAMAGE MODE 

 

3.1 Parameters of uncontrolled structure model  

 

In the target structure, the bottom floor is 4.5m tall, while 

all the other floors are 3.6m tall. All floors have the same plane 

layout (Figure 1). The total height of the structure is 65.7m. 

The designed seismic intensity is 8 degrees; the designed basic 

seismic acceleration is 0.20g; the seismic group is Group 1, 

Class II site; the seismic levels of the shear wall and the frame 

are both level I. In addition, each floor was uniformly 

distributed with a dead load of 8.0kN/m2 and a live load of 2.0 

kN/m2. 

 

 
 

Figure 1. Plane layout of the original structure 

 

The concrete strength of shear walls and frame columns is 

C40 on floors 1-9, and C35 on floors 10-18. The concrete 

strength of frame beams is C30. On the edges of the frame 

columns and shear walls, the restraint components adopt 

HRB400 grade longitudinal steel bars; the steel bars of the 

frame beams, the longitudinal steel bars of the coupling beams 

and the steel bars of the shear walls are of HRB335 grade. 

Moreover, the shear walls are reinforced by 0.3% vertical and 

horizontal steel bars, and embedded with HPB235 grade 

stirrups. 

 

 
 

Figure 2. Finite-element model of uncontrolled structure 

Here, a finite-element model (Figure 2) is established on 

ABAQUS, in which the wall limbs and coupling beams are 

simulated as layered shell elements; the frame, wall end 

columns and concealed columns are simulated as beam 

elements. 

 

3.2 Seismic response and damage mode 

 

The uncontrolled structure was subject to the seismic load 

of the El Contro wave with an input peak acceleration of 

400gal. The peak inter-floor displacement, and the peak 

absolute acceleration of each floor are shown in Figure 3 and 

Figure 4, respectively. The damage indexes of the overall 

structure and its components are shown in Table 1. The 

distribution of the damage indexes of the frame-shear wall 

structure and its components along the floors is shown in 

Figure 5. 

It can be seen that the peak inter-floor displacement of the 

first floor was much larger than that of any other floor, and the 

damage indexes of the frame columns and shear walls on the 

first floor were much greater than those of the beams. 

Therefore, the structure damage index on the first floor was 

relatively large, and the overall structure was severely 

damaged. 

In addition, the structural damage mainly concentrated on 

the 1st, 2nd, 3rd, 6th, and 7th floors, and the wall limbs and 

frame columns on these floors were damaged more severely 

than the beams; under large seismic load, the wall limbs, frame 

columns, and frame beams were damaged slightly, moderately, 

and slightly, in turn; But the unreasonable damage mode 

brought severe damages to the overall structure. 
 

 
 

Figure 3. Peak inter-floor displacement of each floor 

 

 
 

Figure 4. Peak acceleration of each floor 
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Table 1. Damage indexes of the structure and its components 

 
 Wall limbs Frame columns Frame beams Overall structure 

Damage index 0.274 0.4 0.219 0.784 

Damage level Slight Moderate Slight Severe 

 

 
(a) Distribution of wall limb damage indexes along the floor 

 
(b) Distribution of frame column damage indexes along the 

floor 

 
(c) Distribution of the sum of frame beam and coupling beam 

damage indexes along the floor 

 
(d) Distribution of overall structure damage indexes along the 

floor 

 

Figure 5. Distribution of damage indexes of overall structure and its components along the floor 

 

 

4. DAMAGE MODE OF CONTROLLED STRUCTURE 

AND PARAMETERS OF MR DAMPERS  

 

4.1 Characteristic parameters of MR dampers 

 

The 18-floor frame-shear wall structure with MR dampers 

was built based on the finite-element model of the 

uncontrolled structure. The coupling beams were broken in the 

middle, and MR dampers were added to the broken positions. 

These dampers were simulated as rod elements. Then, the 

coupling beams were linked up by lateral rigid connecting rods 

to transmit axial loads. The length and cross-sectional area of 

the rod elements were determined according to the preset yield 

force ratio and yield displacement ratio of the MR dampers. 

Figure 6 shows the finite-element model of the controlled 

structure. 

 

 
 

Figure 6. Finite-element model of controlled structure 

To consume most of the seismic energy, the MR dampers at 

the middle of the coupling beams should consume energy 

before the wall limbs yield. This paper takes the yield force 

ratio of the damper to the coupling beam end (the most 

vulnerable part of the beam) as a characteristic parameter of 

the damper. Besides, the yield displacement ratio of the 

damper to the wall limbs was selected as another characteristic 

parameter. The two characteristic parameters were calculated 

as follows: 

(1) The yield force ratio of the damper Γ 

According to the stress-strain constitutive relationship of 

the metal rubber materials, the expression of the yield force 

ratio of the damper is: 

 

A
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where, Fstr is the maximum shear force of coupling beam end 

when the structure yields. Its value was obtained by the 

Pushover method. 

(2) The yield displacement ratio of the damper Δ 
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=  (16) 

 

where, Δstr is the relative displacement of coupling beam end 

obtained through geometrical calculation when the structure 

yields; Δdam is the damper deformation. 

Next, an inverted triangular load was applied on the 

controlled structure, and pushover analysis was carried out to 

obtain the static pushover curve. According to the maximum 
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shear force at coupling beam end and the maximum inter-floor 

displacement when the structure yields, the area A and the 

length L of the damper were determined. During the parameter 

analysis, the yield force ratio was set to Γ=0.8, 1.0, and 1.2, in 

turn; and the yield displacement ratio was set to Δ=0.4, and 0.8 

in turn. Hence, a total of six parameter combinations were 

discussed (Table 2). 

 

Table 2. Parameters of MR dampers in coupling beams of the 

18-floor frame-shear structure 

 
 Δ=0.8 Δ=0.4 

Γ=0.8 A=0.5475m2, L=33mm A=0.5475 m2, L=55mm 

Γ=1.0 A=0.438 m2, L=33mm A=0.438 m2, L=55mm 

Γ=1.2 A=0.365 m2, L=33mm A=0.365 m2, L=55mm 
Note: A—damper area, L—damper length 

 

4.2 Influence of damper parameters on the damage of 

overall structure and its components 

 

Under the Northridge wave with an amplitude of 400 gal, 

the peak inter-floor displacements of the uncontrolled 

structure and the controlled structure with different damper 

parameter combinations are compared in Figure 7. It can be 

seen that, when damper parameters were Γ=1.2 and Δ=0.4, the 

response of the structure to large seismic load were controlled 

well. 

Table 3. Damage indexes of overall structure and its 

components of the uncontrolled and controlled structures  

 

 
Wall 

limbs 

Frame 

beams 

Frame 

columns 

Overall 

structure 

Uncontrolled 

structure 
0.169 0.149 0.218 0.536 

Γ=0.8, Δ=1.0 0.172 0.166 0.221 0.559 

Γ=0.8, Δ=0.8 0.158 0.165 0.223 0.546 

Γ=1.0, Δ=0.4 0.156 0.147 0.212 0.515 

Γ=1.0, Δ=0.8 0.175 0.156 0.229 0.56 

Γ=1.2, Δ=0.4 0.142 0.129 0.185 0.456 

Γ=1.2, Δ=0.8 0.169 0.151 0.220 0.54 

 

Table 3 compares the damage indexes of overall structure 

and its components between the uncontrolled structure and the 

controlled structure with different damper parameter 

combinations. To reflect the damage control effect of the 

controlled structure, the damage index change rate R was 

defined as: 

 

N

Nc

D

DD
R

−
=  (17) 

 

where, Dc and DN are the damage indexes of the controlled 

structure, and the uncontrolled structure, respectively. 

                
(a) Δ=0.4                                                                            (b) Δ=0.8 

 

Figure 7. Peak inter-floor displacements under Northridge wave (PGA=400gal) 
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Figure 8. Damage indexes of uncontrolled structure and its 

components along the floor 

 
 

Figure 9. Damage index change rates R of a controlled 

structure and its components along the floor 

 

 
 

Figure 10. Seismic damage cloud of uncontrolled structure 

 
 

Figure 11. Seismic damage cloud of a controlled structure 
 

Figures 8 display the distribution of damage indexes of 

overall uncontrolled structure and its components along the 

floor, while Figure 9 present the distribution of R values of the 

controlled structures with Γ=1.2 and Δ=0.4 and its components 

along the floor. Figures 10 and 11 are the cloud maps of the 

concrete tensile damage of uncontrolled and controlled 

structures, respectively. 

As shown in Figure 9, the change rates of damage indexes 

of controlled structure were all negative, suggesting that the 

damage of the controlled structure with installed dampers was 

controlled to a certain extent. When damper parameters were 

Γ=1.2 and Δ=0.4, the inter-floor displacement, as well as the 

damages of local components and the overall structure were 

controlled effectively. 

Comparing the damage indexes of overall structure and its 

components, as long as the parameters were in a reasonable 

range, the control effect of the dampers improved with the 

growing damper stiffness. 

As shown in Figure 10, the structural damage mainly 

concentrated on the 2nd, 3rd, 6th, and 10th floors. The wall 

limbs and frame columns of these floors were damaged more 

severely than the beams.  

From Figures 10 and 11, it is learned that the damper 

installation improved the control of structure damage. 

 

 

5. CONCLUSIONS 

 

Drawing on Park and Ang’s damage model, this paper 

presents formulas of damage indexes based on the actual 

experimental data on different components, and then 

calculated the damage indexes of the overall structure and its 

component. After that, an 18-floor frame-shear wall structure 

was modeled on ABAQUS with and without dampers. The 

parameters of uncontrolled and controlled structures were 

compared in details. The main conclusions are as follows: 

(1) The component damage indexes were derived from the 

ultimate damage curvature, peak deformation, and cumulative 

hysteretic energy consumption. 

(2) The correspondence between damage level of target 

structure, reasonable damage mode, and damage index of 

uncontrolled and controlled frame-shear wall structures were 

obtained under seismic waves of different intensities. 

(3) A total of six combinations of damper parameters were 

designed for parameter analysis: yield force ratio=0.8, 1.0, 1.2, 

and yield displacement ratio =0.4, 0.8. Under the Northridge 

wave with a peak acceleration of 400 gal, the peak inter-floor 

displacements of uncontrolled structures with different 

parameter combinations were compared, revealing that the 

structure response to large seismic load could be controlled 

well at the damper parameters Γ=1.2 and Δ=0.4. 

(4) The damage indexes of uncontrolled structure and its 

components, as well as the damage index change rate of a 

controlled structure along the floor were examined carefully. 

The results show that the optimal damage control effect on the 

structure and its components was achieved at the damper 

parameters Γ=1.2 and Δ=0.4. 
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