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Abstract. In practical application, the design of energy dissipation usually adopts the concept 

design, that is, to estimate damper quantity by repeating calculation. However, few studies 

have quantitatively analyzed the energy dissipation structure. This paper proposed two 

analysis methods to analysis the damper quantity of energy dissipation structure, 

the multiple-yield-strength method, and the damping-performance-curve method. Both of them 

can calculate the optimal damping quantity of the structure by adding metal dampers. The 

multiple-yield-strength method refers to that the yield strength of the metal damper is set by the 

multiple of the yield strength of the original structure. The optimal damper quantity of metal 

dampers can be analyzed by time history analysis. The damping-performance-curve method 

refers to that the target story displacement of the original structure is set. According to the 

relationship between the target displacement and the shear force in the 

damping-performance-curve, the stiffness of the original structure to achieve the target story 

displacement angle is derived, the stiffness is taken as the optimal damping of the metal 

damper. The optimal damping quantity is added to the original structure for comparative study 

which is calculated by the two methods. Both of them have reference value, and it could be 

beneficial for the promotion of energy dissipation. 

1. Introduction 

The earthquake has caused immeasurable losses to human beings. It is very important to improve the 

seismic performance of buildings in areas which are in high earthquake incidence. Therefore, people's 

lives and property are guaranteed to be safe, and it can mitigate the disaster. 

The principle of energy dissipation structure to reduce seismic response is that: firstly, the system 

period has been reduced by the addition of dampers. The damper consumes most of the energy when 

an earthquake occurs, thus it protects the original structure. Then, the viscous property of the damper 

http://www.youdao.com/w/introduction/#keyfrom=E2Ctranslation
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can increase the damping of the structure [1]. Therefore, the damper structure has good seismic 

performance, which is compared with the traditional seismic structure. 

The application of energy dissipation technology has been widely used. However, it is mostly 

conceptual design. How many dampers should be installed in the structure? It is usually obtained by 

estimating and checking again and again. There is no quantification of that, how much damping should 

be set for a given structure [2]. The optimal damping quantity is added to the original structure for 

comparative study which is calculated by the two methods in this paper. Both of them have reference 

value, and it could be beneficial for the promotion of energy dissipation [3]. 

2. The example model 

The example model is a 30-storey spatial steel frame structure in this paper. It has 7 trusses of 

horizontal frame and 4 trusses of longitudinal frame. The bottom layer is 5.5 meters high, the others 

are 4 meters high (See Figure 1). The column has a box section. The length and width of the column is 

600 millimeters, and wall thickness is from 19 millimeters to 50millimeters, the wall thickness 

decreases with the height of the floor. The beam has H-shaped section, the size is 792×300×14×22. 

The steel model is Q345. The modulus of elasticity is 206GPa. The mass of each layer is assumed to 

be 980kg·m-2. The schematic diagram of structure with metal dampers has been showed in Figure 2. 

In order to research the internal relationship between the damper quantity and the seismic 

performance of the structure, the energy dissipation damping effect of shear frame has been only 

discussed under the action of lateral ground motion in this paper. The storey shear force and storey 

displacement curves are obtained by using pushover analysis method [4]. The three-line standard 

model is used to represent the restoring force characteristics, and the parameters of the restoring force 

characteristics of each storey are shown in Table 1. This is just a way of simplifying the calculation, 𝛿1, 

𝛿2 are respectively representative displacement of the structure, 𝑘1, 𝑘2 , 𝑘3  are respectively representative 

stiffness of  the structure. 

          
Figure 1. The original structure             Figure 2. The structure with metal dampers 

http://dict.youdao.com/w/millimeter/#keyfrom=E2Ctranslation
http://dict.youdao.com/w/millimeter/#keyfrom=E2Ctranslation
http://dict.youdao.com/w/millimeter/#keyfrom=E2Ctranslation
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Table 1. Dimensions of structural elements 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Oscillatory differential equation and the earthquake motion 

The vibration differential equation of multi-particle system model is as follows under seismic action. 

         1f f gM x C C x K K x M x   + + + + = −                        （1） 

In the formula, [𝑀] represents mass matrixes of structure; [𝐶] represents viscous damping 

matrixes of structure, and [𝐶] = 𝛼[𝑀] + 𝛽[𝐾]； [𝐶𝑓] represents the damping coefficient matrix of 

additional viscous dampers, and it is only considered in a liner state. 
[𝐾] represents the structural stiffness matrix, which is came by pushover analysis; 

[𝐾𝑓] represents the structural stiffness matrix of additional viscous dampers; 

{𝑥},{𝑥̇}, {𝑥̈}  respectively represent displacement, velocity, acceleration response vectors of the 

structure;{𝑥𝑔}  represents seismic acceleration. 

4. Seismic waves 

In this paper, two artificial seismic waves are used to analyze the elastoplastic time history of the 

structure, which are respectively called the KOBE wave, the TOHOKU wave. Their curve of 

acceleration time history is shown in Figure 3. The time interval of seismic wave was 0.01s, and the 

seismic fortification intensity were 8 degrees. The design earthquake group was the first group, and the 

site classification is Ⅱ. 

In this paper, the Wilson-θ method [5] is used for the seismic response of the structure by 

time-history analysis. The acceleration conversion value is set as 70cm/s2 under frequent earthquake; 

and the acceleration conversion value is set as 400cm/s2 under rare earthquake. The time interval of 

seismic waves is 0.01s, and it lasts for 30s.  

story 𝛿1(m) 𝛿2(m) 𝑘1(N·m-1) 𝑘2(N·m-1) 𝑘3(N·m-1) 

1 0.021 0.028 8.2×108 2.2×108 6×107 

2 0.024 0.034 7.0×108 1.7×108 4×107 

4 0.026 0.037 6.3×108 1.8×107 2×107 

9 0.030 0.070 5.6×108 2.8×107 8×106 

12 0.030 0.060 5.2×108 4.0×107 6×106 

15 0.029 0.100 5.0×108 1.9×107 5×106 

18 0.030 0.100 4.3×108 9.0×106 2×106 

21 0.026 0.100 3.9×108 1.3×107 3×106 

26 0.023 0.100 2.5×108 3.7×106 9×106 

28 0.020 0.100 1.5×108 8.8×106 2×106 

30 0.010 0.000 9.1×107 2.3×107 6×106 

http://dict.youdao.com/w/earthquake%20motion/#keyfrom=E2Ctranslation
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(a) Art KOBE wave              (b) Art TOHOKU wave 

Figure 3. Earthquake wave 

The empirical of formula basic natural vibration period for high-rise structure is that T=（0.1-0.15）

n, when n=30,T=(3~4.5) seconds [6].  The original structure before setting dampers is named 

structure-O, its fundamental period is T=5.645seconds by modal analysis. The difference between the 

analysis result and the empirical value is very small. The calculation model is reasonable. 

5. The multiple-yield-strength method 

The ratio is set as λ , which represents the ratio of the yield strength of each layer of additional metal 

damper to the original structure. The cases of λ=0.1, 0.2, 0.3, 0.4 and 0.5 were selected for analysis. 

The energy dissipation structures are respectively called structure-A, structure-B, structure-C 

structure-D and structure-E, when λ is respectively 0.1, 0.2, 0.3, 0.4, 0.5. The solid line represents the 

yield strength distribution of the structure-O, while the other dashed lines represent the yield strength 

distribution of the metal dampers set in the structures -A to E in figure 4.  

The yield displacement of the metal damper is set as 0.003m [7], which is approximately 1/10 of the 

yield displacement of the structure-O. The lateral stiffness of energy dissipation structure is composed 

of lateral stiffness of the main structure and the metal damper，which is showed in Figure 5. 
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Figure 5. Lateral stiffness 

http://www.youdao.com/w/earthquake%20wave/#keyfrom=E2Ctranslation
http://www.youdao.com/w/lateral%20stiffness/#keyfrom=E2Ctranslation
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Time history analysis is used to research the damping effect of the six example models from 

structure-O to structure-E under the rare earthquake action of two kinds of seismic waves, and the 

analysis results are as follows. 

Figure 6 shows the absolute displacement of storeys. The displacements of each layer of the 

structure gradually decrease from showing on the figure. The displacement values of the 

corresponding calculation model are not significantly different with λ=0.3, 0.4 and 0.5. 
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(a)Art KOBE wave         (b)Art TOHOKU wave 

Figure 6. Absolute displacements of floors 
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(a)Art KOBE wave         (b)Art TOHOKU wave 

Figure 7. The shear force of the original structure 

 

Figure 7 shows the shear force of their original structures, which is not included the shear force on 

the damper. The storey shear force of the original structure floor decreases obviously, with the 
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increasing of the input damping quantity. It indicates that the damper has damping effect. 

It concluded that there is little difference in response values under the action of two kinds of waves, 

when   is 0.3, 0.4 and 0.5. However, the response value of the structure-C model is much smaller 

than the structure-O model, and the damping effect is obvious compared with the original structure, 

Thus, the optimal damping can be determined as λ= 0.3. 

6. Damping-performance-curve 

The principle of setting dampers to reduce seismic response is based on the shortening of system 

period due to the additional stiffness of damper. The other side, the absorbing energy of dampers can 

reduce the seismic response of the structure [8-11]. The damping-performance-curve method is that 

the equivalent period and the equivalent damping ratio of the system can be deduced by earthquake 

response spectrum. 

Then, the maximum displacement of the energy dissipation system can be obtained by multiplying the 

reduction rates of displacement by the maximum displacement of the original structure. The maximum 

shear force of the energy dissipation system can be obtained by multiplying the reduction rates of 

acceleration by the maximum shear forces of the original structure. The damping-performance-curve 

method can calculate the optimal damping of the structure with additional dampers without time 

history analysis. 

The energy dissipation damping system is composed of the main structure, supports and dampers. The 

supports and dampers constitute the structural additional system. The additional system and the 

original structure constitute the energy dissipation system. The stiffness of the additional system is Ka, 

the stiffness of the original structure is Kf and the stiffness of energy dissipation system is K. The 

stiffness of brace is Kb, and the stiffness of damper is Ka. The relationship between them is shown in 

Equation (2), (3) below. 

db KK
K

11

1
a

+
=

                       （2） 

fa KKK +=
                          （3） 

6.1 Damping-performance-curve 

The damping performance curve is a function graph of displacement reduction rate (Rd) and 

acceleration (shear force) reduction rate (Ra) expressed by two basic parameters of the system, which 

are ductility coefficient μ and additional system elastic stiffness ratio Ka/Kf, as shown in figure 8. 

The relationship is as follows: 

eq

hD




401

401 0

+

+
=

                                （4） 

fa

peq
KK

p
p

p /1

1
,

)1(1
ln

2
0

+
=

−+
+=






            （5） 

ξ0 represents the initial damping ratio of the original structure。 

fa

feq
KK

TT
/+

=




                        （6） 

f

eq

hd
T

T
DR =

                              （7） 



WMCAUS 2021
IOP Conf. Series: Materials Science and Engineering 1203  (2021) 022075

IOP Publishing
doi:10.1088/1757-899X/1203/2/022075

7

Tf represents natural period of structure. 
2














=

eq

f

da
T

T
RR

                                 （8） 

0.0 0.4 0.8 1.2

0

1

2

3

4

3

1

8
20 2

1



K
a
/K

f

4

2

9 4
0.5

S
h
e
a
r 

F
o

rc
e
 R

e
d

u
c
ti

o
n
 R

a
te

(R
a
)

Displacement Reduction Rate(R
d
)  

Figure 8. Damping performance curve 

 

6.2 Computational procedure 

Firstly, the elastic stiffness of the original structure should be calculated, and the calculation results 

have been shown in the table 1.  The Initial damping ratio 0  is set as 0.02. 

Secondly, the natural period of the original structure is 5.645seconds. Then it is simplified to an 

equivalent point system, The displacement response value of the structure is 1.38 meters by referring 

the displacement response spectrum (Figure 9). The storey displacement angle is 1/60. 

The target storey displacement angle is set as 1/150, so the target storey displacement reduction rate 

is 0.4, which is obtained by the ratio between target storey displacement angle and the storey 

displacement angle of the original structure.  
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Figure 9. Displacement response spectrum 

http://www.youdao.com/w/earthquake%20response%20spectrum/#keyfrom=E2Ctranslation
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Thirdly, two parameters are given initial values, which are ductility coefficient 


and additional 

system elastic stiffness ratio Ka/Kf. The displacement reduction rate is calculated according to formula 

(7). The two parameters are adjusted continuously until the target displacement reduction rate and the 

calculated displacement reduction rate are approximately zero. At this point, Rd=0.40, Rd=0.657. The 

maximum displacement of the energy dissipation system is the values using the reduction rates of 

displacement to multiply the maximum displacement of the original structure. The maximum shear 

force of the energy dissipation system is the values using the reduction rates of acceleration to 

multiply the maximum shear force of the original structure. 

At last, the elastic stiffness of each layer can be calculated by formula (9). This stiffness is 

determined as the optimal damping of the additional metal damper of the structure.  

)0()(

)(

)(

1

1

2

−+•=
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=

=
aifi

f
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n

i

ii

n

i

fi

i

i
ai KK

K

K

hQ

hK

h

Q
K 

                  (9) 

6.3 Damping effect analysis 

The optimal damping quantity is added to the original structure to analyze damping effect, which is 

calculated by the damping-performance-curve method. The results are shown in the figures below. The 

dashed lines represent the results based on damping-performance-curve method, and the solid line 

represents the damping effect of the original structure without dampers. As can be seen, it has a good 

damping effect on the original structure. 
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Figure 10. Absolute displacements of floors 
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Figure 11. The velocity of floors 
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Figure 12. The acceleration of floors 
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Figure 13. The plastic ratio of floors 
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Figure 14. The shear force of floors 

7. Compare the two methods 

The optimal damping quantity is added to the original structure for comparative study which 

is calculated by the two methods. Their seismic response values are compared in Figure 15 to 

18. The response value of damping-performance-curve method is smaller than that of the 

multiple-yield-strength method. 

The optimal damping quantity can be determined as λ= 0.3, which was calculated by the 

multiple-yield-strength method. When λ = 0.3, the ductility coefficient μ  is 8.67, and 
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additional system elastic stiffness ratio Ka/Kf is 0.657. At this point, Rd=0.784,Ra=0.81.When 

the damping-performance-curve method is used to calculate the optimal damping, the 

ductility coefficient λ is 4, and the elastic stiffness ratio of the additional system Ka/Kf is 

0.657. At this point, Rd=0.40, Ra=0.657.The optimal damping can be determined by as 

μ=4.So the response value of damping-performance-curve method is smaller than the 

multiple-yield-strength method. 

0

10

20

30

0.0 0.4 0.8 1.2 1.6
Displacement(m)

S
to

re
y

structure-O

multiple-yield-strength method

damping-performance-curve method
0

10

20

30

0.0 0.4 0.8 1.2 1.6
Displacement(m)

S
to

re
y

structure-O

multiple-yield-strength method

damping-performance-curve method

 

(a)Art KOBE wave         (b)Art TOHOKU wave 

Figure 15. Absolute displacements of storeys 
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Figure 16. The velocity of storeys 
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Figure 17. The plastic ratio of storeys 
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Figure 18. The shear force of storeys 

8. Conclusions 

When the economy and damping effect were synthetically considered, The optimal damping quantity 

of the structure is λ= 0.3, which was calculated by the multiple-yield-strength method. The optimal 

damping quantity only corresponds to a set of solutions by deducing from the damping performance 

curve. 

When the damping-performance-curve method is used to calculate the optimal damping quantity, 

the ductility coefficient μ is 4, and the elastic stiffness ratio of the additional system Ka/Kf is 0.657. 

At this point, Rd=0.40, Ra=0.657. The optimal damping quantity corresponds to several groups of 

solutions by deducing from the damping performance curve. According to different ductility 

coefficients and additional elastic stiffness values of the system, it can be calculated multiple sets of 

solutions, which were all satisfied the target displacement reduction rate. Specific solutions are 

selected according to actual needs. Both of them have reference value, and it could be beneficial for 

the promotion of energy dissipation. 

Acknowledgment(s)  

This work is supported by the natural science foundation of Jiangsu higher education, the project name 

is “The Design Method of Energy Dissipation Structure Based on Damping performance Curve of 

Single Degree of Freedom System”, and the project number is 20KJB560011. 

References 

[1]   Japan Association of Vibration Isolation Structures. Passive damping structure design and 

construction manual[M]. Beijing: China building industry press.2008. 

[2]   Y. Deng, Z. Yun, and D. Xue-song. Rearch on the Total Energy Consumption Ratio of Dampers 

between Stories in Passive Energy Dissipation Structures[J]. Earthquake Resistant 

Engineering and Retrofitting, pp. 26-33. 2009 

[3]   P. Xingzhu, and H. Fangqian. Analysis on the optimal damping amount of the high-rise steel 

frame structure of energy dissipation.[J] CHINA CIVIL ENGINEERING JOURNAL, pp. 

282-288, 2010. 

http://www.youdao.com/w/conclusion/#keyfrom=E2Ctranslation
http://www.youdao.com/w/consider/#keyfrom=E2Ctranslation
http://dict.youdao.com/w/project%20number/#keyfrom=E2Ctranslation
http://www.youdao.com/w/china%20building%20industry%20press/#keyfrom=E2Ctranslation


WMCAUS 2021
IOP Conf. Series: Materials Science and Engineering 1203  (2021) 022075

IOP Publishing
doi:10.1088/1757-899X/1203/2/022075

12

[4]   P. Xingzhu, Z. Li, and R. Zhengquan.Time history analysis of seismic response of high-rise 

building structures[M]. Beijing: China Water Power Press, 2006 

[5]   L. Aiqun. Structural damping control [M].北京: Beijing: China Machine Press, 2007. 

[6]   Chinese architectural structure load standards (GB50009-2012) [S], 2012. 

[7]   Shimizu Construction Earthquake Research Institute. Seimic shock-free,shock-suppression[M] 

        Tokyo: Akakuni, 2000. 

[8]   K. Kasai, and Y. Watanabe. Vibration control structure performance. The Conference of the 

Architectural Society of Japan, "Analysis of the Performance of the Structures and 

Structures with Seismicity and Seismicity." pp19-37,1997. 

[9]   K. Kasai, Y. M. Fu , and A. Watanabe. Passive control systems for seismic damage mitigation 

[J]. Journal of Structural Engineering. pp. 501-512. 1998. 

[10]   Y.M. Fu, and K. Kasai. Comparative Study of Frames Using Supplemental Viscoelastic and 

Viscous Dampers [J]. Journal of Structural Engineering. pp.513-522,1998. 

[11]   K. Kasai. The main purpose and performance of the model vibration control are discussed 

privately. 2000 Tokyo Institute of Technology Vibration Control Structure, pp.61-76, 2000. 

http://www.youdao.com/w/China%20Machine%20Press/#keyfrom=E2Ctranslation

