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Abstract: In order to guarantee the safety service and life-span of long-span cable-stayed bridges, the uncertain

type of analytic hierarchy process ( AHP) method is adopted to access the bridge condition. The correlative

theory and applied objects of uncertain type of AHP are introduced, and then the optimal transitive matrix

method is chosen to calculate the interval number judgment matrix, which makes the weights of indices more

reliable and accurate. Finally, with Harbin Songhua River Cable-Stayed Bridge as an example, an index system

and an assessment model are proposed for the condition assessment of this bridge, and by using uncertain type

of AHP, the weights of assessment indices are fixed and the final assessment results of the bridge are calculated,

which proves the feasibility and practicability of this method. The application of this assessment method can

provide the scientific basis for maintenance and management of long-span cable-stayed bridges.
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Long-span bridges, an important part of the coun-
try’ s infrastructure, play a pivotal role in communica-
tions and maintain the lifelines of the national econo-
my. With the increasingly growing number of long-
span cable-stayed bridges, people are more concerned
with the safety, durability and applicability of these
bridges. The present Code for Maintenance of Highway
Bridges and Culvers (JTG H11—2004)"" is mainly for
medium and mini-sized span beam bridges and arch
bridges. However, there are no mature theories and
methods concerning the maintenance, management and
assessment system of long-span bridges which are still
at probing and researching stages. In order to guarantee
the safety service and life-span of long-span cable-
stayed bridges and assess bridge conditions scientifical-
ly, a system is developed for condition assessment of
long-span cable-stayed bridges. The assessment system
applies system engineering theory and improves the tra-
ditional expert assessment methods. The assessment
modes of the system are as follows:

1) Establish a hierarchical model of condition as-
sessment and make a list of assessment indices;

2) Determine the final weight of each assessment
index in the whole assessment system;
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3) Determine the value of each bottom assessment
index by the investigation and inspection of experts or
technical personnel;

4) Use the variable weight synthesizing method to
obtain the final assessment results.

In the whole assessment, the core is to obtain the
weight of each assessment index by an uncertain type
of analytic hierarchy process ( abbreviated as AHP).
This paper describes it in detail and takes Harbin Song-
hua River Bridge as an example to establish the condi-
tion assessment system.

1 Uncertain Type of AHP

1.1 A brief introduction to AHP

AHP was proposed by American operational re-
1l "and it is applicable to
decision-making problems that involve complex hierar-
chies and multiple indices. AHP can deal with the qual-
itative and quantitative factors of the decisions, and it is
practical, systematic and terse'”’. The condition assess-
ment of long-span cable-stayed bridges is a complex
decision-making problem. AHP can make the factors
that affect bridges orderly and hierarchical, establish re-
lationship models with multiple hierarchies, and obtain
the upper assessment indices from the lower ones, by
which the assessment results of the whole bridge can be
finally obtained'*. Generally speaking, four steps are
involved while assessing long-span cable-stayed bridg-
es by AHP:

(D Establish the orderly hierarchy of the bridge

searcher Saaty in the 1970s
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assessment. Put similar or closely related assessment in-
dices in the same lay and propose relation assessment
models with multiple hierarchies. Besides, the numbers
of assessment indices cannot exceed nine in the same
lay' .

(2 Construct a judgment matrix. Assessment indi-
ces in each lay are compared in pairs. If there are n in-
dices in a certain lay, they will construct the judgment
matrix A:A =(a;)
lows:

The properties of A are as fol-

nxn*

a; >0; a; :L; a,;=1
i
The value of a; is from 1 to 9. Their definitions are de-
scribed in Tab. 1.

(3 Obtain the relative weights of the assessment
indices by calculating the judgment matrix; namely, get
the weights of indices in their lay by calculating the
judgment matrix constructed by the indices in each
lay.

(@ Obtain the final weights of the assessment indi-
ces of each lay; namely, get the relative weights of all
the indices in each lay to the final index.

Tab.1 Measurement of judgment matrix A

Intensity of

relative importance Definition
1 Equal importance
3 Weak importance (of one over the other)
5 Strong importance
7 Demonstrated importance over the other
9 Absolute importance

Other numbers from 1 to 9 Intermediate values between

1.2 Uncertain type of AHP

In the assessment of long-span cable-stayed bridg-
es, due to the complexity and uncertainty of objective
factors, it is difficult for experts to render accurate
judgments to the relative importance of assessment in-
dices. Namely, it is difficult for experts to describe the
importance between any two indices with accurate
numbers. Consequently, interval numbers are adopted to
describe the relative importance while comparing as-
sessment indices in pairs, for instance, the interval
numbers of importance of one assessment index to an-
other are [3.5, 4.5]. The interval numbers reflect the
uncertainty and fuzziness of things better and help ex-
perts express their opinions more easily'® . Subsequent-
ly, obtain the weight of each assessment index by cal-
culating the interval number judgment matrix. The
method introduced here is called an uncertain type of
AHP.

The properties of an interval number judgment
matrix in an uncertain type of AHP are the same as

those of a judgment matrix in AHP. The only differ-
ence lies in that, in an uncertain type of AHP, each
matrix element is composed of interval numbers ( see
Tab.2).

Tab.2 Judgment matrix of uncertain type

of AHP A =(a;)

nxn

a; a, a,

lap.ap] Lag,, a1

a, [LL] [1.1]

Las,, az,]

11 1
[afn’“z]] t1.1]

1.3 Analysis and selection of several algorithms of
the uncertain type of AHP

In fact, it is a complex process to get the weight
of each assessment index by calculating the interval
number judgment matrix, and the calculation methods
are not uniform or accurate. There are many methods to
calculate the interval number judgment matrix, such as
the interval number random sample method, the inter-
val number eigenvalue method (IME), the consistency
approximation and weight calculation method of the
judgment matrix, the interval number logarithm least
second multiplication (ILLSM) and so on'"”. The a-
nalysis and contrast of these methods are made and the
conclusions are as follows:

The interval number random sample method was
adopted in Ref. [4]. However, its workload is too large
to include the whole information of judgment matrices,
and the results of the decisions cannot fully reflect the
bases of the decisions. Ref. [8] proposed the consisten-
cy approximation and weight calculation method of the
judgment matrix which can make full use of all judg-
ment information given by experts to construct the con-

sistency judgment matrix, and applied the error transfer
formula to calculate the weights. Nevertheless, the re-
sults will be incorrect, even negative when the judg-
ment matrix given by experts lack consistency. The
method in Ref. [7] gives too large an interval to use
when the judgment matrix given by experts lacks con-
sistency. After analysis, the optimal transitive matrix
method""”’ is adopted in this paper to calculate the
judgment matrix and obtain the weight of each assess-
ment index. This method is easy to use and it is more
accurate; and it can include all the information of the
judgment matrix. Besides, it depends little on the con-
sistency of the judgment matrix given by experts.
1.4 Theoretical introduction of optimal transitive

matrix of uncertain type of AHP

Based on the original optimal transitive matrix
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method"'”’, the improved calculation process is as fol-
lows:

(D Experts give the interval number judgment ma-
trix A = (ay),,, according to the importance of each
assessment index(see Tab.2).

(@ Divide the matrix A into two matrices:
(a;),,and (a;),,,,and calculate them respectively
(herein, both (a;),,, and (a; )
(a;),x.)-Let B =1nA = (Ina;)
symmetry interval matrix.

(3 Based on the theorem'"”, C = (€;)uxn 18 the

1<, are denoted by
then B is the dis-

nxn?

. . . 1
optimal transitive matrix of B, ¢; = o 2 (by —by) .
k=1

@ Let A™ =exp(C) = (e%) then A™ is the
consistency interval matrix.
(5 Normalize A ", and then calculate the weight of

each assessment index by averaging the sum:

Sa;
j=1
> 2 ay
k=1 j=1
6 Calculate the two matrices (a;) and

nxn

nxn?

(a;),.,, respectively, and combine their results w;
and w;" together. Thus, the weight interval of the uncer-
tain type of AHP judgment matrix can be fixed, that is
(w;,w;"),. Finally, calculate the weights of the assess-
ment indices by averaging the interval numbers.

2 Harbin Songhua River Cable-Stayed
Bridge Condition Assessment

Harbin Songhua River Cable-Stayed Bridge is the
first long-span cable-stayed bridge in Heilongjiang
province, and it is the symbolic project on the mainline
of the highway around Harbin city. The main bridge is
a double-tower, double-plain cable-stayed bridge with
steel-concrete girder; its spans are 44 + 136 +336 + 136
+44 m with a 33.2 m width. For such a large bridge,
how to maintain and accomplish condition assessments
are the main tasks.

Next, Harbin Songhua River Cable-Stayed Bridge
will be taken as an example to introduce the process of
calculating the weight of each assessment index by the
uncertain type of AHP and by conducting the condition
assessment.

Tab.3

2.1 Calculation of the condition assessment indices

and weights

Affected and restricted by many factors, Harbin
Songhua River Cable-Stayed Bridge has the character-
istics of multiple hierarchies and uncertainty. There-
fore, its condition assessment index system is a com-
plex system with multiple hierarchies. The steps of cal-
culating the weight of each assessment index by the
uncertain type of AHP are as follows.

1) Establish an orderly hierarchy of condition as-
sessment

A condition assessment model is proposed with
the aim of safety and endurance of the Harbin Songhua
River Cable-Stayed Bridge, and it is an index model
with multiple targets and hierarchies. Tower, cable,
girder, abutment and foundation and affiliated facilities
are chosen as the first lay assessment indices; twenty-
two elements such as profile and stress are chosen as
the second lay indices; twenty independent elements in-
cluding chloride ions and concrete compressive are
chosen as the third lay indices. Assessment indices in
each lay and their mutual relations model are shown in
Fig. 1",

2) Establish the judgment matrices

When experts establish the judgment matrices, the
interval number judgment matrix model is adopted in
order to reflect the fuzzy and uncertain relationships a-
mong assessment indices. In the following, the first lay
indices judgment matrix established by some experts is
cited as an instance, which is shown in Tab. 3. A =
(a;)s.s is an interval number judgment matrix, in
which the element a,;, = [1, 1] means that the
“abutment and foundation” index is as important as the
“abutment and foundation” index (see Tab. 1). The el-
ement a,; =[8,9] means that compared with the “affil-
iated facilities” index, the importance of the “abutment
and foundation” index lies between ‘“demonstrated im-
portance” and “absolute importance”. The meanings of
other elements in the matrix are like those above.

3) Calculate the relative weight of each assess-
ment index

The relative weight of each index in its lay can be
obtained by adopting the optimal transitive matrix
method of the uncertain type of AHP to calculate the

Indices judgment matrix of the first lay established by some experts

a;

a;

Abutment and foundation Tower Girder Cable Affiliated facilities
Abutment and foundation [1,1] [1,2.5] [3.5,4.5] [4,5] [8,9]
Tower [0.4,1] [1,1] [1,2] [3,4] [6.5,8]
Girder [0.22,0.29] [0.5,1] [1,1] [1.5,2.5] [4,5]
Cable [0.20,0.25] [0.25,0.33] [0.4,0.67] [1,1] [3,4]
Affiliated facilities [0.11,0. 13] [0.13,0. 15] [0.2,0.25] [0.25,0.33] [1,1]
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judgment matrices established by experts. For example,
the relative weights of the first lay assessment indices
are obtained by calculating the judgment matrix ( see
Tab. 3):

Weale =0- 0927, Wiggiiaced pacitivies =0- 0375
All the relative weights of the assessment indices
of Songhua River Cable-Stayed Bridge calculated by
the method above are shown in Fig. 1. The underlined

Woer =0.4380, w., =0.2720, wyy, =0.159 38 numbers are the relative weights.
I The first lay ‘ The second lay The third lay
0155 Chioride ions 99
0287 0423 Profile 96 10.062  Conerete compressive 98
- 9710126 gyress 95 1 0121 Steel-bar corrosion 98
0451 Sll?;}?tr;te 98 19325 Conerete crack 97
0.171 Cable tensi 10.126  gyrface damage 97
———— Cable tension 96 0211 .
L==--  Carbonization depth 100
10170 cover 98 P
0.112 96 8?% Anchor system 94 0155 Chloride ions 99
m Vibration 95 1 0.062  Concrete compressive 98
L —=— Area loss 98 1 0121 Steel-bar corrosion 95
0173 Bridge deck 97  —— 0325 Concrete crack 96
1 0207 Joint state 99 1 0126 Syrface damage 97
0.162 97 10.150 Profile 93 L0211 Carbonization depth 99
0.238  Steel longitudinal o
Condition and | 27 023 Snder %8 o Chiride ons 98
assessment - Steel cross girder 97 | 0062 Conerete compressive 97
0.249 . | 0121 Steel-bar corrosion 96
——— C t 1 97
0.148 onerete quality 10325 Concrete crack 99
0.401 Abutment 97 ——— Even settlement 98 0126 gurface d
1,000 and 0345 | 2220 Surface damage 95
. neven settlement 99 | 51 o
foundation 0.258 . : Carbonization depth 96
—=——  Foundation scour 93 0148
———2>_  Run-through crack 100
0233 Deck 10454 syrface damage 97
pavement [ 0.398  Accidented 926
0.064 Lighting 0385 joint gap 99
facility 0.326  Rubber aging 98
| 0.118  Flex status 98
0.038 A‘fﬁ!@t‘ed 96 1 0.195 o int 99 10109 joint pavement cracking 100
facilities [ 0.062_ vehicle noise 98
1 0.096 ?re}llltzage 0408 /- terial abrasion 95
actiy | 0.148 Underlay cracking 98
0.412 . 0.167  Anchor cracking 94
L——— Bearing 95 — (125 . . .
——=— Relative dislocation 95
| 0.118 Dirtiness and steel degradation 94
0.034

Bottom armor plate rust 97

Fig.1 Frame of condition assessment of Harbin Songhua River Cable-Stayed Bridge

4) Calculate the final weight of each assessment
index

The final weights of all assessment indices can be
calculated according to the above results. For example,
the final weight of the third lay assessment index “sur-
face damage” to the second lay indices “deck pave-
ment” and even to the first lay index “affiliated facili-
ties” is 0. 454 x0. 233 x0. 038 =0. 004 02. The calcula-
tion of other indices’ final weights is the same.
2.2 Condition assessment results of Harbin Song-

hua River Cable-Stayed Bridge

After obtaining the weight of each assessment in-

dex of Harbin Songhua River Cable-Stayed Bridge,

each index is scored on the basis of expert advice,
Code for Maintenance of Highway Bridges and Cul-
vers'! | history inspection and manual examination. The
score of each assessment index is shown in Fig. 1. The
full score of each assessment index is 100. For exam-
ple, the score of drainage equipment is 95, which means
that the drainage equipment of the bridge is in an ex-
cellent state.

In the light of Ref. [ 1], there are five ranks as to
the assessment results: excellent (88 to 100), good (60
to 87), medium (40 to 59), bad (20 to 39), worse (0 to
19). From Fig. 1, with condition assessment scoring 97,
Harbin Songhua River Cable-Stayed Bridge is in excel-
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lent condition.
3 Conclusion

In view of the defects of the traditional AHP, the
uncertain type of AHP was adopted in the condition as-
sessment of long-span cable-stayed bridges so as to re-
flect the fuzzy and uncertain relationships among as-
sessment indices better. The improved optimal transi-
tive matrix method was first applied to the condition
assessment of long-span cable-stayed bridges. This
method is easy to use, and its calculating results of the
weights are authentic and credible for various judgment
matrices. Besides, the main factors which affect the
safety and endurance of the bridges can be fully con-
sidered by applying the uncertain type of AHP to the
condition assessment of long-span cable-stayed bridg-
es. Furthermore, it can guarantee the safety and endur-
ance of the long-span cable-stayed bridges and prolong
their lives by establishing a complete and reasonable
assessment system to maintain and manage them in a
timely manner. In the end, by illustrating the condition
assessment of Harbin Songhua River Cable-Stayed
Bridge, the application of the uncertain type of AHP to
long-span cable-stayed bridges is introduced. A hierar-
chy model for cable-stayed bridges with steel-concrete
girder is proposed, and the feasibility and applicability
of uncertain type of AHP are proved.

References

[1] Ministry of Communications of China. JTG H11—2004
Code for maintenance of highway bridges and culvers [ S].
Beijing: China Communications Press, 2004. (in Chinese)

[2] Yu R, Tzeng G H. A soft computing method for multi-crite-

ria decision making with dependence and feedback [J].
Applied Mathematics and Computation, 2006, 180 (1):63 —
75.

[3] Jie Yuxin, Hu Tao, Li Qingyun, et al. Application of analyti-
cal hierarchy process in the comprehensive safety assess-
ment system of Yangtze River levee [J]. Journal of Tsing-
hua University: Science and Technology, 2004, 44 (12):
1634 — 1637. (in Chinese)

[4] Hurley W J. Analytic hierarchy process: a note on an ap-
proach to sensitivity which preserves rank order [J]. Com-
puters and Operations Research,2001,28(2):185 —188.

[5] Luo Zhengging, Yang Shanlin. Comparative study on sever-
al scales in AHP [J]. System Engineering—Theory and

Practice,2004,24(9):51 —60. (in Chinese)

[6] Cheung F K T, Kuen J L F, Skitmore M. Multi-criteria eval-
uation model for the selection of architectural consultants
[J]. Construction Management and Economics, 2002, 20
(7):569 —580.

[7] Saaty T L, Vargas L G. Uncertainty and rank order in the
analytic hierarchy process [J]. European Journal of Opera-
tional Research, 1987,32(1):107 —117.

[8] Xu Xianyun, Yang Yongqing. The consistency approxima-
tion and weight calculation method of the judgment matrix
in the uncertain type of AHP [J]. System Engineering—
Theory and Practice, 1998,18(2):19 —22. (in Chinese)

[9] Beynon M. DS/AHP method: a mathematical analysis, in-
cluding an understanding of uncertainty [J]. European
Journal of Operational Research,2002,140(1): 148 —164.

[10] Du Hongshan, Li Hongjie, Zheng Qingyu. The optimal
transitive matrix method in the uncertain type of AHP
[J]. Journal of Qufu Normal University, 1997,23(4):37 —
40. (in Chinese)

[11] Huang Qiao, Ren Yuan, Wu Honglin. The research on the
maintenance and management system of Harbin Songhua
River Cable-Stayed Bridge [ R]. Harbin: Harbin Institute
of Technology, 2006. (in Chinese)

AHERBE RS HAEMHFRESITEPRIEA

+* ' 4

N

w? kT

("R R FHE L il TR, a7 210096)
(PobRIE T Ak R PHR R TABFRAT, 75 R IE 150000)

E A T ARRIF AN % 228 AR R A & &, R R Z AR R 5T k4 R 0d
RERATIHE. NBT R TR RS A K IR o 5 XS5 AR % o IR 8 B B 48 09 7
B, Z AR T AR AR 36, B A L F 4 RAR A T 5. b RIEAN LT A A
B, AR R EEE RS RIS T BAARE TS G IATIR R A B AERAL #0027 45 5 AR A9 X
F iAW AT B A R LRSI AE AL, IER] T R0y sk 0 TTATE S 52 R . SRR AE Oy ok 6 R

BRI EAEA 0 I AP F BB T A 3 09 1R 3.

KERIF A s RS- s R A AR R 5T 5 X 8] ) W7 46 %

HE %S U448.27



