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1. Introduction
Compared with other natural hazards, earthquake 

imposes the most serious destructive effect on human 
society and it is most sudden [1]. At present, early 
warning technique is still not developed. Human be-
ings can only depend on passive prevention methods 
such as enhancing quakeproof property of buildings. 

For some important buildings such as sports stadium 
and station, there is corresponding quakeproof de-
sign which can resist certain intensity of earthwork. 
To visually reflect quakeproof property of buildings, 
architectural engineering standard also sets corre-
sponding quake-proof grade, and specifies corre-
sponding specifications. Due to functional attribute 
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Stadium buildings are important population-intensive buildings where various social activities are held frequently. 
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This research takes sports stadium buildings for example, combines architectural characteristics and quakeproof 
requirements of sports stadium and introduces fuzzy assessment theory. Deep analysis is carried out from the site 
environment, foundation, major structure, building materials and components which influence quakeproof proper-
ty. On this basis, this paper proposes a set of scientific comprehensive assessment index system, and applies fuzzy 
comprehensive assessment to construct quakeproof property assessment model of sports stadium. Meanwhile, 
based on case study of Wukesong Stadium, this paper verifies feasibility of this assessment system. The research 
shows that this method has certain reference significance for quakeproof property assessment of similar stadiums.
Keywords: STADIuM BuILDINgS, QuAKePRooF, Fuzzy CoMPReHeNSIve ASSeSSMeNT



Metallurgical and Mining Industry1062 No. 9 — 2015

Machine building
of stadiums, quakeproof grade of sports stadiums 
has high requirements, and quakeproof assessment 
process is more rigorous. Thus, many scholars study 
architectural quakeproof problems. B. Li and H.M. 
zhang present a building earthquake disaster simu-
lation system. The system can estimate the destruc-
tion of buildings by different earthquakes, and ana-
lyze the quake-proof ability of different buildings[2]. 
Sun zifa systematically expounded quakeproof de-
sign and problems of olympic stadiums according to 
seismic intensity area where Beijing is located, and 
pointed out concrete quakeproof measures[3]. Dong 
guozhen et al. mainly studied the important func-
tions of sports on earthquake prevention and disas-
ter reduction from physiology and psychology, and 
explained the important significance of sports stadi-
um on improving quakeproof grade[4]. Chen gang 
analyzed economic effects of seismic isolation tech-
nology on quake resistance from the perspective of 
engineering economy, and studied its development 
prospect in quake-proof building application[5]. Su 
Ting set forth technical principles of seismic isolation 
system and energy dissipation design and indicated 
the importance and practical significance of such new 
techniques through comprehensive analysis of devel-
opment course of structural quakeproof and seismic 
dissipation technology of Chinese housing build-
ings[6]. zhao Xiaojie et al. applied PKPM and Mi-
das software to carry out elastic analysis of different 
types of earthquake for the structure of a sports sta-
dium in Taicang. on this basis, they put forward cor-
responding reinforcement design scheme to achieve 
the quakeproof goal[7]. Huang zhen et al. analyzed 
quakeproof property of Wutaishan Stadium in Nan-
jing, gave quakeproof capacity evaluation value of 
this stadium by combining structure features of this 
stadium and offered basis for continuous transforma-
tion and reinforcement[8]. It thus can be seen that cur-
rent researches on quakeproof property involve vari-
ous aspects of architectural quake resistance, ranging 
from quakeproof technology and quakeproof t design 
philosophy to quakeproof assessment. But, there is 
short of individual research aiming at characteristic 
buildings, and there are too many similar researches. 
Based on predecessors’ researches, this paper takes 
stadium for example and creatively proposes a set of 
quakeproof property evaluation index system spe-
cially evaluating such buildings and verifies it, in the 
hope of offering reference for implementing quake-
proof planning and reducing disaster losses.

2. Theoretical basis
In September 2012, Adobe Company released 

Adobe Audition v5.0 version of Audition. Because 

this version is a part of Adobe Creative Suite software 
package, this version is also called Adobe Audition 
CS6 [8]. In this paper, Adobe Audition CS6 version 
is used to handle relevant audio files. 

earthquake destruction principle is that, destruc-
tion results in rapid energy release in geologic struc-
ture change and seismic wave with certain vibration 
frequency forms. When vibration frequency of build-
ings is close to master vibration frequency of earth-
quake, horizontal and longitudinal acting force will 
destroy buildings[9]. The destruction forms include 
three types: 1. structural destruction. In such case, 
supporting walls of buildings will fracture, which will 
affect overall structure; 2. gravity load destruction. It 
mainly refers to destruction to the walls, pillars and 
beams of buildings so that bearing capacity is insuf-
ficient and buildings collapse; 3. foundation failure 
destruction. This is because the foundation of build-
ing has no quakeproof reinforcement treatment. In the 
earthquake, buildings sink and tilt[10]. 

Accordingly, in terms of quakeproof design of 
buildings, it is necessary to cut down the influence 
of natural vibration, enhance strength and reduce 
destruction of earthquake. generally, quakeproof 
intensity reference value of buildings is set to the 
seismic intensity whose probability of occurrence is 
10% within 50 years[11]. According to the purpose of 
buildings, quakeproof is classified into four types: A, 
B, C and D. It is required to prevent rare and frequent 
earthquakes and achieve the basic goal of “no damage 
in small earthquake, no repair in medium earthquake 
and no collapse in serious earthquake” [12]. 

In view of architectural characteristics and quake-
proof demand of stadiums, this paper applies fuzzy 
comprehensive assessment to evaluate and analyze 
quakeproof property. Fuzzy comprehensive assess-
ment, based on the principle of fuzzy mathematics, 
applies maximum membership degree and fuzzy 
transformation principle to achieve quantitative as-
sessment of complex and multiple factors. It is appli-
cable to the assessment objects with many influence 
factors and fuzzy relations. Through setting fuzzy set, 
this method expands the amount of assessment infor-
mation, comprehensively reflects hierarchy and ob-
jectivity of assessment objects, accurately divides the 
membership degree and gains assessment results. Ac-
cording to this method, this paper will construct sta-
dium quakeproof property assessment index system.

3. Construction of quakeproof property assess-
ment system

As one category of key buildings, quakeproof 
property requirement of stadiums is higher than that 
of common civil buildings. overall assessment of 
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quakeproof property of stadiums involves complex 
factors, and many uncertain fuzzy factors exist. Thus, 
this paper will first combine fuzzy comprehensive 
assessment method to establish stadium quakeproof 
property assessment index system and form factor set 
in comprehensive assessment. Then, in combination 
of experts’ opinions, evaluation and calculation are 
carried out, and the membership degree is differen-
tiated from the perspective of the influence of each 
factor on quakeproof property. Thus, the judgment 
matrix is gained. Next, the weight of each index is 
figured out according to characteristic value method. 
Finally, stadium quakeproof property assessment 
model is confirmed.

3.1. Construction of assessment index system
In view of its public attribute, stadium generally 

adopts corresponding quakeproof design, and the dif-
ference lies in different quakeproof intensity. How to 
subdivide intensity grade? A set of scientific, compre-
hensive and objective assessment indexes is needed. 
According to architectural quakeproof design and 
property requirements, stadium quakeproof property 
assessment should include architectural structure, 
building materials and foundation structure etc. The 
main assessment index system is shown in Table 1.

It is known Form Table 1 that, there are many fac-
tors influencing stadium quakeproof property, includ-
ing geological environment and load distribution of 
peripheral area. If peripheral load is excessive and 
distributed densely, peripheral foundation settlement 
will be affected, thus leading to subsidence and defor-
mation. Meanwhile, the following factors will impose 
serious impacts on stadium quakeproof property: 
poor foundation of stadium, foundation liquidation 
failure, settlement deformation, irrational design of 
major structure, poor vertical and lateral deformation 
property, disqualified building material rigidity and 
intensity, layout defect of quakeproof equipment and 

common equipment. For example, to enhance quake-
proof intensity of materials, stadium design usually 
adopts specific xxx. In order to further differentiate 
the influence of various indexes on the whole, judg-
ment matrix and index weight are constructed in com-
bination of experts’ opinions.

3.2. Construction of judgment matrix and in-
dex weight

In line with fuzzy comprehensive assessment 
theory, after assessment index system is confirmed 
(i.e. factor set is set up), judgment matrix should be 
constructed to analyze the influence of single index 
on overall property. The basic steps are as follows: 
establish judge met set v= (v1, v2 v3, …, vm); each 
element vi represents all kinds of possible total as-
sessment result. Fuzzy comprehensive assessment 
aims to gain the optimal assessment result from judg-
ment set based on considering all influence factors.

Secondly, we assume ( )k
i jx  is the membership de-

gree of the jth comment according to the ith factor 
of assessment object considered by the kth expert. If 
tem-mark system is adopted, overall membership de-
gree can be figured out: 
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Finally, characteristic value method is used to 
establish weight set A. For the elements in R, they 
multiply according to the line and m power is con-
ducted to gain geometric mean of elements in each 

Table 1. Stadium quakeproof property assessment index system

Target layer Criterion layer Index layer Attribute 

Stadium 
quakeproof 

property

Stadium quakeproof property area Peripheral load distribution Qualitative 

Stadium foundation underground water distribution Qualitative 
geology stability Quantitative 

Stadium structure

graphic design Qualitative 
Façade modeling Qualitative 

Wall bearing capacity Quantitative 
Beam column bearing capacity Quantitative 
Structural distortion capacity Quantitative 

Building materials Material rigidity and intensity Quantitative 
Material quakeproof property Qualitative 

Accessory equipment  energy dissipation equipment Quantitative 
Common equipment Quantitative 
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this value passes characteristic root test, jw is index 
weight; conversely, it is necessary to continue to ad-
just judgment matrix until the value passes test. Char-
acteristic root test method is as follows: 
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If CR≤0.10, it is considered judgment matrix owns 
satisfying consistency, and jω  is weight coefficient 
of index; RI=(0,0.12,0.15,0.35,0.38,0.45,0.49,0.56, 
0.83,1.25,1.39,1.42).

3.3. Confirmation of assessment model
In accordance with stadium quakeproof prop-

erty requirements and fuzzy comprehensive assess-
ment theory, when weight set and judgment matrix 
of assessment index system are known, correspond-
ing comprehensive assessment model can be gained 
through fuzzy transformation. 

( )1 2, ,...,T
i i i i i inB R b b bω= =  (4)

Where, iω  is weight set; Ri is judgment matrix; bij 
is the membership degree of assessment object when 
the ith factor influences the whole;   is a composition 
operator, and common composition operators include 
factors deciding operator M( , ), main factor high-
lighting factor M( , • ), weighted average opera-
tor M(+,• ) and geometric mean operator M (• , -) . 
Considering stadium quakeproof property is jointly 
decided by the site, main structure and building ma-
terials. Thus, in Formula (4), composition operator
  is weighted average operator M(+, • ). This op-
erator takes into account of effects of all factors, and 
reserves all information of single-factor assessment. 
Besides, it is well applied in engineering construc-
tion assessment. So, this operator is adopted for fuzzy 
transformation. In addition, in combination of build-
ing quakeproof grade classification GB 50223, mem-
bership degree of assessment model is set to four in-
tervals (0.6-0.9) which correspond to 6-9 quakeproof 
grades. Through arithmetic treatment of sequential 
value of the assessment model, specific correspond-
ing intervals are divided to visually and overall reflect 
stadium quakeproof property.

4. Example verification
“Wukesong” Stadium was the basketball stadium 

of 2008 Beijing olympic games. As one of iconic 

stadiums, it has undertaken all kinds of large-scale 
and medium-scale sports events, vocal concerts and 
exhibitions except basketball competition in olympic 
games. It belongs to a comprehensive stadium with 
complete functions. Its building design and quake-
proof property are superior to other transformed and 
expanded stadiums. Like Bird's Nest and the Water 
Cube, its design quakeproof intensity is grade 8, and 
its service life is 100 years. This means within the 
service life, the stadium can still ensure stable struc-
ture and functions within grade 8 earthquake inter-
ference. It owns excellent quakeproof property. 

To verify the feasibility of stadium assessment 
model, quakeproof property of this stadium is overall 
evaluated as per 2008 version of Code for Seismic 
Design of Buildings (gB50011-2001) and in combi-
nation of quakeproof design of Wukesong Stadium. 
In accordance with evaluation index system, this 
paper first analyzes regional environmental condi-
tions of Wukesong Stadium. Wukesong Stadium is 
located at the intersection of Haidian, Fengtai and 
Shijingshan in Beijing and can accommodate about 
18000 people. Its overall covered area is about 
350000m2, and it is located on the main traffic ar-
tery. All kinds of supporting facilities are complete. 
This means peripheral load of the stadium is heavy. 
Seeing from seismic belt distribution, it is located in 
heavy grade 6 area. Its congenital conditions have 
no advantage, so quakeproof property should be 
enhanced. Secondly, seeing from main structure of 
Wukesong Stadium, central structure is 10m lower 
than the ground. The competition layer and interlay-
er are on the first and second floors above the ground. 
The stadium presents bowl-shaped structure, and the 
external façade presents a façade. To reach grade 8 
quakeproof effect, this stadium adopts cast-in-place 
reinforced concrete framework - shear wall structure 
below the two floors under the ground. Framework 
- shear wall structure system is applied for the wall, 
framework and beam column of elevator room and 
pipeline shaft. Meanwhile, both-way orthorhombic 
truss system is adopted around the space with axis 
span of 120x120m from the second floor to the roof, 
and 20 supporting pillars are arranged to form cast-
in-place reinforced concrete framework - shear wall 
structure system, which contributes to enhancing 
quakeproof property of overall structure. In the as-
pect of foundation structure, according to the features 
of natural foundation, strip foundation under pillar, 
single foundation under column, local raft foundation 
and strip foundation under wall are adopted, respec-
tively to ensure to adapt different axial force require-
ments of vertical bearing members. In the design, 
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pressure test is carried out for Wukesong Stadium 
under three conditions (frequent earthquake, design 
earthquake and rare earthquake) to make sure 20 
steel columns, roof, outrigger of bleachers and steel 
support at side direction keep elastic state, and meet 
quakeproof demand. Reference standards of mem-
bers are shown in Table 2.

except quakeproof design of the above basic 
structures, Wukesong Stadium also adopts energy 
dissipation technology. viscous dampers and energy 
dissipation devices are set up in quantity at key struc-
ture positions and hysteresis deformation is adopted 
in order to disperse the impacts of seismic energy on 
key parts, reach quakeproof effects and reduce earth-
quake destruction. In combination of the above basic 

quakeproof information, this stadium applies this in-
dex system to carry out relevant evaluation.

Based on stadium quakeproof assessment index 
system, the judgment set v= (v1, v2, v3, v4, v5) = 
(stadium area, stadium foundation, stadium structure, 
building materials, accessory equipment) of judgment 
matrix is first confirmed. Comprehensive judgment 
may be made form these five aspects. In combina-
tion of evaluation opinions of 10 experts, quakeproof 
property of Wukesong Stadium is scored according 
to the five dimensions. The full score is 100. In com-
bination of Formula (1), membership vector i jr  at-
tached to judgment v forms.

Thus, judgment matrix is gained according to For-
mula (2). 

Table 2. Technical specification of building quakeproof design (part)

Member name grade 6 Type II 
building 

grade 7 Type III and 
Type Iv sites grade 8 grade 9

Longitudinal bar of center 
pillar and center pillar

Total reinforcing bar 
≥0.5% Tiepiece ≥0.2% Total reinforcing bar 

≥0.6%
Total reinforcing 

bar ≥0.8%
Longitudinal bar of corner 

pillar 
Total reinforcing 

bar≥0.7% Tiepiece ≥0.2% Total reinforcing bar 
≥0.8%

Total reinforcing 
bar ≥1.0%

Stirrup at upper and lower ends 
of pillar —— φ6-200 φ6-200 φ8-150

Beam-end stirrup interval —— Same with non-
quakeproof design 200 150

Full-height stirrup of short 
pillar —— Same with non-

quakeproof design φ8-150 φ8-100

Section width of pillar —— Not less than 300mm
300-400mm

(type III and Type Iv 
sites)

400mm

*Date source: Code for Seismic Design of Buildings (gB50011-2001) 2008 version

0. 65 0. 72 0. 82 0. 68 0. 75
0. 69 0. 78 0. 85 0. 72 0. 66
0. 72 0. 70 0. 88 0. 73 0. 71
0. 68 0. 76 0. 81 0. 78 0. 77
0. 62 0. 74 0. 84 0. 82 0. 69( )
0. 71 0. 75 0. 83 0. 79 0. 72
0. 66 0. 73 0. 85 0. 78 0. 70
0. 61 0. 78 0. 84 0. 72 0. 66
0. 65 0. 73 0. 81 0. 76 0. 81
0. 62 0. 71 0

i j n mR r ×= =

. 82 0. 77 0. 75

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

In combination of Formula (2)-(3), weight set of 
stadium quakeproof property assessment index sys-
tem is gained as follows: 

( 0. 06, 0. 14, 0. 54, 0. 15, 0. 11)jω =

According to Formula (4), quakeproof property 
assessment model of Wukesong Stadium is gained as 
follows:

1 2
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79
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T
i i i i i i nB R b b bω= =

=

 

Through arithmetic treatment, comprehensive as-
sessment value of quakeproof property of Wukesong 
Stadium is gained (0.79). According to membership 

rules, it is known this assessment value amounts to 
grade 8 in quakeproof property. Thus, quakeproof 
property grade of this stadium indeed reaches grade 
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8 from the perspective of fuzzy comprehensive as-
sessment. It can be seen from sequential value that, 
10 experts evaluate quakeproof property of the sta-
dium differently from regional position, foundation, 
main structure, building materials and stadium equip-
ment and even have a large gap in some aspects. For 
instance, during evaluating quakeproof property of 
stadium equipment, some experts give the score of 
only 0.66 (grade 6); some experts consider it reaches 
grade 8. In evaluation items, the experts have rela-
tively consistent opinions on traditional and objective 
quakeproof indexes such as regional position, foun-
dation, main structure and building materials. This 
indicates Wukesong Stadium does well in traditional 
quakeproof technology. However, in terms of appli-
cation of quakeproof equipment, experts’ opinions 
differ. on the one hand, this is because they do not 
totally agree on actual effects of quakeproof equip-
ment; on the other hand, this also reflects large de-
velopment space of new quakeproof technology and 
certain growth potential. In the future, to enhance 
quakeproof effects of stadium equipment while im-
proving stadium quakeproof property is an approach 
worth trying.

5. Conclusions
As an important building in a city, the stadi-

um bearing the mission of enriching people’s life 
is the center of cultural entertainment activities. 
once earthquakes and other disasters happen, the 
stadium may become the shelter of the public or 
the disaster site. The key lies in stadium quake-
proof property. How to evaluate stadium property 
in earthquake resistance and disaster reduction is 
especially important. This paper introduces fuzzy 
comprehensive assessment method and establishes 
a ser of comprehensive assessment index system 
from such aspects as geographical environment, 
stadium structure and non-structural members. ex-
ample verification of Wukesong Stadium shows 
this assessment system points out the quakeproof 
grade of this stadium is 0.79, and anti-seismic 
grade is 8. This is consistent with design quake-
proof intensity. This indicates this assessment sys-
tem is feasible in evaluation of similar stadiums. 
Meanwhile, this assessment system verifies excel-
lent quakeproof property of olympic venues. In 
the future, quakeproof technology of large-scale 
public buildings will have a very wide prospect. It 
is very significant to boost quakeproof property of 
stadiums for ensuring people’s life safety, social 
prosperity and stability.
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