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Abstract: Based on the theory of pattern recognition, the concept of closeness degree between fuzzy sets is

brought into the condition assessment of long span bridges. Using the fuzzy analytic hierarchy process (FAHP),

a mathematical model of a multi-objective assessment of a long span suspension bridge is set up. An example is

given to show the procedure in the synthetical condition assessment of the Runyang Suspension Bridge, which

includes the hierarchical division, the definition of factor weights and fuzzy membership functions, and the

calculation of closeness degrees, etc. The assessment combines both the data from the health monitoring system

and the manual tests. The classification of evaluation items as well as the calculation of deterministic and

nondeterministic items is presented. Compared with the traditional method of point rating, this method can better

describe the discreteness of monitoring data and the fuzziness in the condition assessment.
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Much attention has been paid on the health moni-
toring of long span bridges, and many large bridges
have been equipped with health monitoring systems.
However, the work on data processing and assessment
remains somewhat neglected. As a complex system, the
long span bridge is influenced by many factors, and re-
lationships among these factors and the behavior of the
bridge are rather complicated. Most of these factors
cannot be described quantitatively by a few functions
or evaluation items. Furthermore, some items them-
selves have features of fuzziness and discreteness. In
such cases, the traditional qualitative assessment meth-
ods are rather limited, and they need to be improved by
the use of theories and methods of “soft science”'' ™.
Based on the theory of pattern recognition, the concept
of closeness degree between fuzzy sets is brought into
the synthetical assessment of bridges. Using the fuzzy
analytic hierarchy process ( FAHP), a mathematical
model of multi-hierarchy assessment of a long span
suspension bridge is set up and an example is also pro-
vided in this paper.

1 Closeness Degree

In the condition assessment of a long span bridge,
sometimes the evaluation item is one or a series of de-
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terministic numbers, while more often than not, the
item turns out to be a continuous fuzzy set with a cer-
tain distribution character, or a series of deterministic
and discrete numbers.

For a limited field U = {x,, x,, x5, ..., x, },A or B
is the fuzzy vector on U, respectively, where A = {q,,
»a,},B={b,,b,,by,....b,}.Let A-B and A
OB be the inner product and outer product of fuzzy
sets A and B respectively, A-B and A OB < [0, 1],
then there are formulas as follows:

A-B=V(a,N\b) (1)

a,, a, ..

AOB = \(a,Vb,) (2)
By Egs. (1) and (2), the fuzzy closeness degree

can be constructed to describe the proximity or distance
of fuzzy sets A and B as follows:

(A,B) :%[A-B+(1—A®B)] (3)

where (A, B) is called the Zadeh closeness degree.
Provided that A is the data set of a stress gauge within
a certain period, and B is the comment set “Excellent”,
the closeness degree (A, B) shows how close the eval-
uation item “stress” is to the condition grade “Excel-
lent”.
To enhance the application of a closeness degree
in a bridge assessment, sometimes the concept of a
“Grill closeness degree”!” can be adopted,
{,(A,B) =(A-B) \(1 -AOB) (4)
where (A, B) represents the Grill closeness degree.
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2  Mathematical Model of Multi-Objective
Assessment

On the assumption that there are two limited fields

5% V=¥ .93, - ¥, ), where U
is the factor set composed of a number of factors in a

U={x,x,,x, ..

multi-objective assessment; V is the comment set com-
posed of several assessment attributes. Moreover, differ-
ent factors have various weights in the final evalua-
tion, so the factor weight W is itself a fuzzy vector on

U, where W = {w,, w,, w,, ....w,} € F(U), Zwi =1.
i=1

Likewise, m numbers of comment are not absolute af-
firmation or denial in fuzzy cases, so the results of a
synthetical assessment can also be regarded as a fuzzy
set on V, namely,
B={b,,b,,b,,....0,} eF(U)

where b; denotes the portion of the j-th remark in the
whole assessment objective V.

Let R be the fuzzy relationship between U and V,
R=(ry)
applied, and the corresponding mathematical model of

.xm- Then by R the fuzzy transform T, can be
a fuzzy multi-objective assessment can be established
as follows:

(D Factor set U = {x,, x,, x5, ..
ple, the factor set “concrete quality” is made up of the

., X, }. For exam-

concrete strength, the depth of carbonization, the poten-
tial of steel corrosion, the thickness of concrete cover,
and the concrete crack.

) Comment set V ={y,, y,, s, ---, ¥, } . For exam-
ple, the comments “Excellent (E), Good (G), Fair
(F), Bad (B), Unacceptable (U)” make up the com-
ment set “potential of steel corrosion”. When the po-
tential exceeds —200 mV, meaning no corrosion occurs
in this area, the score is 100, and the corresponding
comment is “Excellent”, while when the potential is
under -350 mV, the possibility of corrosion overruns
90% , the score is 60, and the corresponding comment is
“Unacceptable”. Medium situations can be treated by

interpolation.
3 Fuzzy transform Ty: F(U)—F(V)
AlA-R (5)
where R is the fuzzy relationship matrix between U and
V.R=(r), -

In this way, the ternary system(U, V, R) forms a
mathematical model of the fuzzy multi-objective as-
sessment. Now, if a weight vector W is input, where W
={w,, wy, wy, ..., w,} € F(U), through the fuzzy
transform 7%, a synthetical assessment result B can be
obtained, where B = {b,, b,, b;, ..., b, } € F(U), name-

ly,
T
{b,,by, by, ...ub,} ={w;, wy, Wy, .c,w, ) o
iy Tnp Tim
T. r. t.
21 2 2
. " (6)
rnl v, n2 e rmn

Using the Zadeh operator or weighted average op-
erator, the final assessment result b, can be gained ac-
cording to the principle of maximal membership, where
b, =max{b,, b,,b,, ..., b,}.

For a long span bridge, there are many factors to
be considered, which may belong to different hierar-
chies or categories, so the definition of factor weights
must be carried out in different hierarchies. In this
study, the hierarchies of a bridge assessment is parti-
tioned using FAHP'™ , and the triangular fuzzy number
is substituted for the traditional “O to 9” scale. Finally,
based on the possibility formula, the factor weights are
computed by the priority of a judgment matrix. The re-
sults may embody the fuzziness of expert judgment
more effectively. Subsequently, the assessment will be
made in different levels, using the evaluation model
presented above. By summarizing these results level by
level through Ty, the final statement on a bridge condi-
tion can be obtained.

3 Example

With a main span of 1 490 m, the Runyang Sus-
pension Bridge is the longest bridge in China and the
third longest in the world when it was opened to traffic
in 2005. To get a comprehensive understanding of the
performance of the bridge, a structural health monito-
ring system was established. The topological structure
of the health monitoring system is shown in Fig. 1.

Provided that a thorough test is conducted after
some years of service, the test includes the stress of
suspenders and main cables, the line shape of steel box
girder and tower, the corrosion of steel, and the con-
crete properties, etc. Now combined with the data from
the monitoring system, a comprehensive assessment is
made using FAHP.

First, the membership function of the comment set
is set up. As for the traditional method of point rating,
the comment set is deterministic. When the comment
score is near the boundary of two grades, a little
change may lead to absolutely different results, see
Fig.2 (a). Obviously, this is not acceptable. To solve
this problem, a membership function of a comment set
is defined in Fig.2(b), which can provide a better de-
scription about the fuzziness of a comment.
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Fig.1 Topological structure of the health monitoring system of Runyang Highway Bridge
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Fig.2 Membership functions of deterministic comment set
and fuzzy comment set. (a) Membership function of determinis-

tic comment; (b) Membership function of fuzzy comment

According to the degree of certainty, the evalua-
tion items can be divided into deterministic and nonde-
terministic ones. Deterministic items include the con-
crete strength and the stress of cables, which turn out to
be a number or a series of numbers in a single test.
Nondeterministic items include subjective nondetermin-
istic items and objective nondeterministic items. The
former are like the remarks on steel corrosion, where
there is some subjective uncertainty on the part of the
test personnel. The latter are like the data from a stress
gauge, which turns out to be a statistical eigenvalue.

3.1 Assessment on deterministic items

If the evaluation item is only a single number, for
example, the concrete strength, the score can be gained
directly by test personnel according to Refs. [8 —9]. If
the test item is a series of numbers, for example, the
suspender stress, the score will be the product of uni-
form and non-uniform change coefficients. Taking the
suspender stresses of Runyang Suspension Bridge as an
example, 40 of them are shown in Fig. 3 (360 in total).

He 280 '*W\-
£E 820
g & g()() —-— Test value
£ & 780 —e— Reference value
760 1 1 1 1 1 1 1 i

0 5 10 15 20 25 30 35 40
Serial number of suspenders

Fig.3 Test values and reference values of suspender stresses

According to the characteristic of suspender stress
assessment, it belongs to the moderate item, and the de-
sign value or the value from the completion test should
be taken as the reference value. Here the former is
taken. First, each suspender stress should be transferred
into a non-dimensional number. Provided that the score
is 100 if there is no change in suspender stress, and
when the change reaches 40% , the score will decrease
to 60, and the medium situation can be treated by a lin-
ear interpolation; hence, the evaluation score of each

suspender can be computed. Meanwhile, considering
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the uniformity and non-uniformity in the change of
suspender stress, the integral evaluation result can be
computed by

S;[pd = Sﬁgm(Xo, X)) (7)

M is the

is the integral evaluation score; S,

n

. M i .
score by uniform change; S_,;, = Z —, n is the num-
: n

i=1

where S,

ber of measuring points; n(X,, X;) is the coefficient of
non-uniform change, computed by the correlation de-
gree of the slope ratio!'”; X, and X, are the reference
and test values, respectively.
By Eq. (7), the scores of these suspenders can be
obtained, see Tab. 1.
Tab.1 Evaluation results of suspender stresses
S n( Xy, X;) Sta
95.2 0.987 94.0

In the same way, the scores of other parts of sus-
penders can be obtained, provided that all the parts
have the same weight, finally the total score is 94. 4 on
average.

For a deterministic item, whose membership func-
tion turns out to be a vertical line (see Fig. 4), the
closeness degree is the vertical coordinate at the inter-

£ 4 (%) (x)

= ug\x ug\x

2 uy (%) (Noﬂpal distribution) (A deterministic number)
}g 1

8 Bad XUnacceptable
do 0 x1 X2 x3 x4 x;

Value of evaluation item
Fig.4 Relationship of membership functions between fuzzy sets

secting point of the line and a comment set (oblique
line) .
3.2 Assessment of nondeterministic item
3.2.1 Discrete item

For the discrete item, using the statistical results
within a monitoring period, the statistical eigenvalue
can be obtained, for example, the mean value y and
the standard deviation o. Provided that the monitoring
data follow normal distribution, the membership func-
tion of the monitoring data set and the comment set
can be described by

u,(x) =ax+b (8)

2

Uy(x) =e” (9)

To get the value of the Grill closeness degree in

Eq. (4), the inner product and outer product are to be
calculated first. According to their meanings, A ©B =
0, and the outer product A - B is the vertical intersec-
tion coordinate of the membership function, which can
be calculated by Eq. (10). The solution can be ob-

tained by iteration.

(x-w?2
ax+b=¢ 22 (10)

Taking the assessment of maximal vertical dis-
placement from No. 1 GPS sensor as an example, u
and ¢ are 2. 157 m and 0. 150 m, respectively, the
condition grades are shown in Tab. 2. According to
Eq. (10), the closeness degrees can be obtained by it-
eration, see Tab. 2. Calculating the closeness degree of
each sensor and using the Zadeh operator, the final
closeness degree of GPS can be achieved.

Tab.2 Closeness degree of data from No. 1 GPS sensor

Item E G F B U

Maximum vertical displacement/m <2.031 2.765 3.499 4.233 =4.967
Closeness degree of No. 1 GPS sensor 0.914 6 0. 435 0 0 0
Synthetical closeness degree of displacement ( GPS) 0.9212 0.356 4 0.010 1 0 0

3.2.2 Subjective uncertain item

For the subjective uncertain item, the score can
be gained according to Refs. [8 —9]. For the tradition-
al method, the uncertainty of test personnel is ig-
nored, while here the fuzzy indicator vy is used, which
takes 0.01, 0.6, 1.2, 1.8 and 2.5 according to the
certainty categories of quite certain, moderately cer-
tain, certain, not quite certain and uncertain, respec-
tively. Tab. 3 shows the remark of box girder (in the
middle hierarchy) .

Tab.3 Comment result of girder in the middle hierarchy

Crack of Corrosion Pavement  Smooth

welding of steel condition  of bridge
Mean value of score 85 85 90 90
Fuzziness index y 1.2 1.8 0.6 0.6

Item

By the calculation of the closeness degree be-
tween fuzzy sets, the results are obtained, as listed in
Tab. 4. Notice that the evaluation items of line shape,
stress and vibration can be calculated directly accord-
ing to the data from the monitoring system.

Tab.4 Closeness degree of girder in the middle hierarchy

Evaluation item  Weight E G F B U
Crack of welding 0.07 0.5151 0.7795 0.0055 0 O
Corrosion of steel 0.05 0.5804 0.8186 0.1427 0 O

Pavement condition 0. 08 1 0.1553 0 0 0
Smooth of bridge 0. 07 1 0.1553 0 0 0
Line shape 0.17 0.9212 0.3564 0.0101 0 O
Stress 0.41 1 0 0 0 0
Vibration 0.15 0.9356 0.0096 0 0 0
Synthetical

0.9220 0.1808 0.0092 0 O
closeness degree
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After all the closeness degrees in the bottom and
middle hierarchies have been calculated, through a
similar operation level by level, the results in the top
hierarchy can be finally obtained (see Tab.5).

Tab.5 Evaluation result of suspension bridge in the top hierarchy

Evaluation item  Weight E G F B U
Infrastructure 0.29 0.8867 0.4733 0.0010 0 0
Main cable 0.19 0.9322 0.1104 0 0 0
Suspender 0.13 1 0 0 0 0
Box girder 0.12  0.9220 0.1808 0.0092 0 0
Tower 0.24  0.9471 0.0899 0 0 0
Accessory 0.03 0 0.4346 0.55671.3x107° 0
Synthetical

0.9022 0.2145 0.01813.9x107° 0
closeness degree

Finally according to the principle of maximal
membership in pattern recognition, the state of the

suspension bridge is “Excellent”.
4 Conclusions

1) The traditional method of point rating is deter-
ministic on the choice of evaluation items and criteria,
Taking the monitoring value of a stress gauge as an
example, whether the mean value or the maximal val-
ue is taken, the discreteness and fuzziness can hardly
be fully considered. However, using the FAHP and the
closeness degree, the relationships between the evalua-
tion target and their grades will be better described.

2) The synthetical assessment in this paper com-
bines the information from both the monitoring system
and the manual tests. The deterministic and nondeter-
ministic evaluation items can be considered at the
same time, so the content of the synthetical assessment
has been enhanced.

3) Because the process of a fuzzy multilevel as-
sessment of a suspension bridge is comparatively com-
plicated and there are many evaluation items, usually
certain software is necessary to solve these problems.

BTN E

eI

SEMEXRTTHKRE

EEH O ARKE I %

Introduction to the software can be seen in Ref. [8].
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