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DETERMINING THE REPAIR RANKING OF
EXISTING RC BRIDGES USING LEAST
SQUARES TECHNIQUE ASSOCIATED WITH
COMPARISON MATRIX METHOD

Ming-Te Liang*, Chin-Ming Lin**, Wen-Hu Tsao*** and Chi-Jang Yeh* ***

Key words. entropy, priority index, Lagrange’ sfunction, possibility, mem-
bership grade.

ABSTRACT

The principal objective of this paper is employed the least
squares technique associated with comparison matrix method to de-
termine the repair ranking of existing reinforced concrete (RC) bridges
with bestridden or non-bestridden river. Six existing RC bridgesin
Taiwan are given as an illustrative example. For verifying the
feasibility and reliability of the proposed method, the D (Degree) E
(Extent) R (Relevancy) evaluation method, which is only considered
the RC bridges built on river bed and is now widely used to evaluate
the damage grade for existing RC bridges in Taiwan, is also adopted
to assessing the same six existing RC bridges. The predicted results
obtained from both the proposed and DER evaluation methods have
the same repair ranking. The present study provides the weight for
each item of RC bridge with bestridden and non-bestridden riversin
the DER evaluation method, respectively. The results in this study
could be used as engineering decision-making for the repair, strength-
ening or demolition rankings for existing RC bridges.

INTRODUCTION

Currently, there are many methods for evaluating
the damage grade of existing reinforced concrete (RC)
bridges. Nevertheless, the structural system of assess-
ment method is formed by two parts: One is calculation
principle such as synthetically weighting method [12],
linear distribution method [16], TOPSIS (Technique for
Order Preference by Similarity to Ideal Solution] [2]
and weight average planning method [21]. The other
one is weight distribution such as eigenvector method
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[17], minimum square sum method [6], Delphi’s method
[8] and circulation comparison evaluation method [15].
The evaluation system composed by both of them has
the large influence to the last assessed result. In
particular, the influence of weight distribution is very
obvious. Most evaluation methods are necessarily rec-
ognized by expert. This belongs to subjective weight.
The subjective weight is usually simpleto be performed.
However, it is very easy to influence by the experience,
knowledge and ability of the expert. For instance, if the
expert leans on some bridge member weight or does not
completely understand the evaluation bridge, then the
evaluation result is not reliable. On the other hand,
there is objectivity in weight. This kind of weight is
occurred from the bridge member subjected to damage.
Simply speaking, if any one member of bridge is suf-
fered severe damage then this member is needed to be
more weight. Although the actual condition of evalu-
ated bridge is not influenced by the expert, that is, the
objective weight is neglected by the degree of leaning
on the expert, the evaluated result is still not correct.
Saaty [18] provides atheory of analytical hierar-
chies for quantitative modeling unstructured decision
problems. These unstructured problems are illustrated
through application of forward-backward planning, a
two-point boundary value problem. Brown and Yao [1]
applied the fuzzy set theory first to consider the
fuzzification of objective information where cylinder
test results on concrete are used as a basis for the
evaluation of the actual strength in a structural member.
They also concerned an engineer’s assessment of the
damage to a structure and subsequent repairs. In the
case of weighting sum method of binomial coefficient
for treating multiple objective decision-making problem,
Cheng [4] provided the weight through scoring to major
and minor characteristics for the complicate target
weight. Jenn [9] adopted the valuable weight of pair
comparison in the weight method for multiple objective
decision-making. This means passed the subjective
value to judge the weight and organized the weight
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together to respond any objective with relative
importance. Chou and Y uan [5] presented an algorithm
to compute the posterior probability based on visual
inspection of structural components by incorporating
fuzzy-set theory into Bayes' theory. In the study of
compose bestowal method of weight coefficient in mul-
tiple objective, Wei and Feng [23] determined the weight
by the method of mathematics and statistics for follow-
ing the scientific reasonality. Zhao and Chen [25] used
fuzzy inference system to construct the framework of a
fuzzy expert system for diagnosing bridge damages and
for providing bridge designers with valuable informa-
tion about the impact of design parameter on bridge
deterioration. Liang et al. [13] employed comparison
matrix method to determine the repair ranking for exist-
ing RC bridges with bestridden river. To date, however,
no studies have attempted to determining the repair
ranking for existing RC bridges without bestridden
river. Thisis a notable shortcoming, because the use of
fuzzy set theory in previous studies may extend to
investigate the existing RC bridges without bestridden
river.

The main propose of this paper is to provide a
determining weight method that simulate the expert
subjective and to emerge from the actual bridge objec-
tive for having reasonable weight. Moreover, the com-
bination of the least squares technique with comparison
matrix method is used to evaluate the repair ranking of
existing RC bridges with bestridden or non-bestridden
river. The present study results may be used as
critical engineering decision-making for the repair,
strengthening or demolition rankings for existing RC
bridges.

WEIGHT SOLUTION OF LEAST SQUARES
TECHNIQUE

1. Subject to optimization specification
(1) Subject to identity problem (Lagrange’ s function)

Basically, the optimization problems of repair or
strengthening engineering of existing RC bridges have
many limitations to some variables. The appearance of
limitation decreases the available region of searching
optimization point. The Lagrange function is only
provided a set of necessary condition for justifying the
candidate optimization point of finite identity optimiza-
tion problem. The concept of solving these problemsis
to apply the undetermined parameters of Lagrange’'s
multipliers for transferring the finite problem to the
equivalent infinite problem.

Consider the function f of minimum extreme value
problem subjected to an equal limitation n variables

min f (Xq, Xo, ..., Xp) (1)
s.t. hy (Xq, Xo, ooy Xp) =0

where s.t means subject to.
Using the concept of Lagrange’s multipliers, Eq.(1) can
be written as

min L (x, ) = f (x) — Ahy (X) )

where the infinite function L (x, A) is called Lagrange’s
function and A is an undetermined constant and is
referred to as Lagrange’s multiplier.

The value of A is free of limition of positive or
negative. Liu [14] used the least squares technique to
establish an optimal model. This can be expressed as

minH(W)=i§:lj§: [(w; —uj)aj ]2

=1
"'_i i [(w; —v;) & I (3)
i=1j=1

where H(w) is the decision-making value, w; is the value
of assessment item, a;; is the membership grade of
decision-making, u; and v; are the subjective and objec-
tive weight of assessment item, respectively.

Using the concept of Lagrange’s multipliers, Eq.
(3) is changed as the minimum extreme value problem
of the equivalent infinite problem and expressed as

minL (w, A):igljgl [w; —u;)a;]1?

[w; -v))a;’-24f(w) (4)

To solving the coefficient problem of the function, one
may assume

f(w):z(_ﬁ w, —1) (5)
j=1

For having both the leaning on bridge assessment item
and the enforcing reduction subjective random, one may
reach the union of subject and object for giving weight
to bridge assessment item. Substituting Eq.(5) into Eq.
(4), one has
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minL(W,)L):igljg[(Wj —u))a,l?
+,i % [(Wj _Vj)aij]2
i=1j=1
—41(2 W, —1) (6)
ic1

In order to have the zero value of gradient of L (w, A)

oL = oL _
with respect to w and A, one orders 9~ oW, =0and s =0
and has, respectively,

n n
2_21(W]- -uj)af +2.21(WJ- -v,)a?-41=0 (7)
I = I =
and

jgle—lzo (8)

Equation (7) is changed as
42 1 42
w8 ai =30 v el ®
From Eq. (8), one obtains 3 w; =1 which is satisfied
i=1

Eq. (3). Equation (9) can be written in terms of matrix
equation as

Bmm emlr Wml — le
= 10
eln 0 || -4|| 1 o
where

n
Bnm =diag Z af,

en=(1,..17
n n l
Cu= |2 7(u +v,)a?, .21§(u2+v2)ai22,

in which T is the transpose of matrix.
The exact solution of EQ.(10) is

w= (W11 W21 ey Wm)T

=B_mﬁ1 le+meml (11)

lmB mmC ml

(2) Weighting least sguares technique

The model of weighting least squares techniqueis
defined as
n m
minHW)= X X of(w;
i=1j=1

_Uj)aij]2
+i§1 jzzlﬁ[(wj _Vj)aij]2

st. 3w, =1 (12)

where o and g are the importance of the subjective and
objective weight, respectively. It is needed to point out
that a+ =1, >0, 5>0.

If consider the Eq. (12) as a Lagrange function,
then one has

minL (w, A):él él adw; —u;)a;1?

+
||M:

3 2 Al -v)ayl-Aw) (13)

The substitution of Eq. (5) into Eq. (13) yields
minL(WJ):igl 12:1 ol wj —uj)a;]®
+i§1 jzzlﬁ[(wj _Vj)aij]2

m
—Z)L( 2w, —1) (14)
=1
Taking partial derivative to w; for Eq. (14), one gets

m

i%l aizzl( j Y] )+ﬁ2 (W ) ll -A=0

(15)

Finding the sum for both sides to j to Eg. (15), one
obtains

Jg:l[otwj—oguj+/3\/\/j_/5\/].]:j§1 nl (16)

m

J_Z: W (a+p)—au; —pv; =

o) (17)
Z 2 a
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m
SiﬂCG(X“'ﬁ:l, %szlyguj:l,andzvjzl,
i=1 =1 i=1

one knows that the left side of Eq. (17) is zero. Hence,

. m N
oneobtains X —

_ =0. Becauseaj = 0, onehas 2. = 0.
le.zlaﬁ
i =

If A =0, then Eq. (13) is satisfied the Eq. (12). Moreover,
from Eq. (17), one has

W (Ot+/3)—O£Uj—[3Vj=0 (18)
Putting (a + B) = 1 into Eq. (18), one has
W = ay; + ﬁVj (19)

where w; is the weight value of weighting |east squares
technique, a and g herein represent the importance of
the interval number complementary judgment matrix
method and the entropy information subjectivity method,
respectively. Furthermore, w = (wy, Wo, ...W,)" is the
weight vector of assessment items.

2. Subjective weight method
(1) Establish decision-making matrix

Assume that there are n numbers of existing RC
bridges for determining the repair ranking and forming
the decision-making set D = {dy, d,, ..., d,}. Suppose
each RC bridge has 21 assessment items and forms
assessment items set B = { by, by, ..., by}.

The assessment of B to D can be established deci-
sion-making matrix

X11 X1m
X = do =X
X211 X21m
i=1,2,..,21j=1,2 ..,n (20)

(2) Relative membership grade

The relative membership grade can be defined as

0 1 Xij =VYic
Xij —Yic
= Yii—Yie 1 Yi1Z Xij > VYic (21)

1 » Xjj 2z Yi

where y;; and y;. are the first grade “1” and the c class
standard value of assessment item i, respectively.
Chen [3] divided c classinto c = 2, i.e., ¢ = 1 (optimum)
and c = 2 (pessimum). Then, Eq(21) is changed as

~_Xij TYi2

YUY -Yio
For fitting the requirement of evaluation, Eq.(22) has
two kinds of calculation models described as follows:

(22)

A. Effect type

With regard to effect type index, i.e., the larger
attribution of assessment item is, the better service state
of assessment item has, substituting ¢ = 1, yi; = X max and
c =2, ¥j> = 0into Eqg.(22), one gets the relative member-
ship grade of class

- Xij
Mij =% — (23)

i max

B. Cost type

In relation to cost type index, i.e., the smaller
attribution of assessment item is, the better of assess-
ment item has, substituting ¢ = 1, y;; = 0 and ¢c=2, y;, =
Xi max 1Nt0 EQ.(22), one obtains the relative membership
grade of class

Xjj
(24)

i max

iiT+TX

(3) Transform the decision-making matrix into the relative
member ship grade matrix

L et the value of decision-making locate between 0
and 1 through the formulas of relative membership
grade for eliminating the influence of unrequired physi-
cal unit effect in evaluation system. The relative mem-
bership grade matrix is

M Min
R=| : =[ry]
211 I 21n
i=1,2..,21 j=1,2, ...,n (25)

(4) Weight planning

Define the reliability when a = b

max (0, L (@) +L (b)—max (0,b " —a"))

P@=b)= L@+L®)

(26)
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wherea=[a, a’],b=[b>, b"],L(a)=a*—a and L (b)
=b" -b"

The properties of p* (a = b) are

(D ifp (az=b)=p (b=a)thenp (a=b)=p (b= a)
=05

(2 p(azb)+p (b=a)=1

(3)ifa*<b thenp (a=b)=0

(4) ifa=b thenp (a=b)=1

(5) regarding three interval numbers a, b and c, if
a=bthenp (az=c)=p (b=c).

After the judgment using Table 1 [19], one can build
interval number complementary judgment matrix

A* = (aij)nxm (27)

where a; = [aj, ajj], aj + aj = & + aj , a; = 0.5, and
O<a;<1,i,j=1,2,..,21,

a=[a,a]={tj0<a <ts<a'}iscaled an interval
number. Performing calculation to the interval number
complementary judgment matrix, the interval number
weight vector w' can be found as

+_ j=1 i
Wi_ n n ~—n n .
2 2Xa; X X [ag,a.,]
i=1j=1 i=1j=1
0 +
2 aj, 2 aj
ji=1 j=1
B n n n n
2 X aj X Xaj
i=1j=1 i=1j=1
n n
PETE LY
== e i EN (28)
2 Xaj 2 Xaj
i=1j=1 i=1j=1

Equation (28) represents the interval range of weight.
Carrying out the pair comparison of assessment items
and using Eq.(26), one establishes the possibility
matrix

PuPun -~ P
pr=| P2 Pz P | (29)

*

P;l P;Z an

Xu and Sun [24] provided a simple calculation weight
formula for the possibility matrix

Table1l. Mark significance

Mark Significance

0.1 Extreme importance of b member larger than a member
0.138 Severeimportance of b member larger than a member
0.325 Evident importance of b member larger than a member
0.439 Slightly importance of b member larger than a member
0.5 aand b member have the same importance

0.561 Slightly importance of a member larger than b member
0.675 Evident importance of amember larger than b member
0.862 Severeimportance of amember larger than b member
0.9 Extreme importance of a member larger than b member

n
2 pj+5-1
—i=1
W, =

Iy o (30)

where n is the member number of assessment item. One
may adopt Eq.(30) for finding the weight vector of
possibility matrix.

3. Subj ective weight method

Wang et al. [22] pointed out that entropy is a
measurement for the system state (random event) uncer-
tainty or information. The premise of measurement
information in information theory is acquired informa-
tion without uncertainty. Accordingly, the magnitude
of information amount can be used to express the mag-
nitude of the eliminated uncertainty.

Assume that there are n numbers of exiting RC
bridges for determining repair ranking and recording it
as A={Ay A, ..., A)}. Each bridge has m numbers
assessment items, i.e., C = {Cy, Cy, ..., Cy}. If the
attribution of bridge A;, i = 1, 2, ..., n, to assessment
item, C; = 1, 2, ..., m, isrj;, then the decision- making
matrix is

g Fao = = I
Fo1 Fop oo =0 Ton

R= : : ) =[r ij]nxm (31)
a1 o2 = Tom

For the sake of eliminating the different influences of
physical units for m numbers of assessment items, one
needs to normalize the membership function of the
assessment items of quantitative index.

If the smaller attribution of assessment item is, the
better service state of assessment item has, then the
optimum membership function is
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max (I ;)= j;
| e (r,) - min () (32)

whereis a;; the optimum membership function of the j-
th assessment item in the i-th alternative, rj; is the
attribution value of the j-th assessment item in the i-th
alternative, and max (r;;) and min (r;;) are the maximum
and minimum values of r;;, respectively.

If the larger attribution of assessment item is, the
better service state of assessment item has, then the
optimal membership function is

rij—min(rij)
i = max () —min ;)

(33)

Thus, one gains the normalization decision-making
matrix

all a12 cee cee alm
a21 a22 cee cee a2m

A=l i S el CTT A (34)
anl an2 cee cee anm

Let
_ &

Pi=a (35)
2 ajj
i=1

then the output information entropy of assessment item
is
n

__ 1
E, _—(Inn)iglpij xInP, (36)

where In=loge.

If P;j = O then Pj; x InP;; = 0. If under the same index the
difference among different optimum membership func-
tion of each bridge, a;;, is large then this index is
responded the more important in evaluation. That is, the
index transfer the more information to bridge expert.
This can be represented by the objective weight as

V= (37)
$ gy

Thus, v; = (V4, V2, ..., Vy)' is the weight vector of

assessment item C;,where E} v;=1,v;>0.
i=1

ILLUSTRATIVE EXAMPLE

Six existing RC bridges (the Guang-hua and new
Hwan-nan bridges [11], the old Hwan-nan, Ay-gwo,
Tzyh-chyang, and Huey-tong bridges [20]) in Taiwan
are adopted for determining the bridge member impor-
tance ranking and bridge system repair ranking. It is
worthy to point out that the Tzyh-chyang and Huey-tong
bridges are built on river bed while the Guang-hua, Ay-
gwo, new and old Hwan-nan bridges are not built on
river bed. The composite member DER values of the
Guang-huabridgeislisted in Table 2 [10]. The compos-
ite member DER values [7] of the other bridges are not
indicated due to the limitation of paper length by the
journal. Based on the data of composite member DER
values of six existing RC bridges, the decision-making
matrix R =[rq, r,], wherer, = general assessment items
=D x Ex Rand r, = detail assessmentitems=D x E x R,
is shown in Table 3. For eliminating the different
influences of physical units of 21 assessment items, one
needs to normalize the decision-making matrix. The
optimal membership function represented in Eq.(33) is
followed the evaluated requirement. Thus, one obtains
the membership grade of assessment items decision-
making matrix as listed in Table 4. For not losing the
generality of weight, one adopts the interval number
complementary judgment matrix method and the en-
tropy information weighting method for the subjective
and objective weights, respectively.

1. Bridge with bestridden river
(1) Subjective weight method

Using Table 1 [19] and Eq. (27), one obtains the
interval number complementary judgment matrix of
assessment items as indicated in Table 5. Through Eq.
(28), the weight interval of assessment items are cal cu-
lated as displayed in Table 6. Employing Eq. (29), one
establishes the possibility matrix as shown in Table 7.
Let the raw sum of possibility matrix be normalized
then one obtains the subjective weight of assessment
items. That is the weight of general assessment items

u, = [0.0715 0.0569 0.0878 0.0708 0.1498
0.1346 0.1139 0.0708 0.0894 0.0528
0.0710 0.0307]"

the weight of detail assessment items

up = [0.0933 0.1539 0.1498 0.0562 0.0562
0.0935 0.1539 0.0935 0.1498]"
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Table 2. Each composite member DER value for the Guang-hua bridge in Taiwan
Bridge name : Guang-Hua bridge Bridge no. : Taipei Assessment date : 1999 / 04
General assessment items
Assessment items D E R Assessment items D E R Assessment items D E R
1. Guide passage road embankment 4 2 2 5. Abutment foundation 1 2 1 9. Drainage appliance 1 2 1
2. Guide passage protection fence 2 4 2 6. Abutment 4 4 3 10. Stone curb and Pedestrianway 3 4 2
3. River channel 2 1 1 7.Wingmasonry 2 2 2 11. Balustrade protection fence 3 2 1
4. Guide passage road embankment 3 2 2 8. Friction layer 2 2 2 21. Other 3 2 1
protection
Detail assessment items
12 13 14 15 16 17 18 19 20
Assessment  Substructure Pier Pier Supporting Prevention Expansion Major Minor Deck
items protection foundation shaft mat earthquake block  joint member member
D ER D ER D ER D ER D ER D ER D ER D ER D ER
2 22 311 323 2 4 3 2 22 331 212 1 0
3 33 2 3 2 312
322 211
211
212
N/A without thisitem U/l unable to assess R/U unableto judge relative importance
Assessment grade D Range E Importance R with respect to bridge Emergency
N/A  Good Mediate Poor Severe U/l Locd Globa R/MU  smal Large Route 5 years lyear urgency
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Table 3. Assessment itemsdecision making matrix R
General assessment items|[rq]
[rd Guide Guide River Guide Abutment  Abutment ~ Wing  Friction Drainage Stonecurb Baustrade Other
passage passage  channel  passageroad foundation masonry  layer  appliance and protection
road protection embankment Pedestrian fence
embankment fence protection way
Guang-hua
. 16 16 2 12 2 48 8 8 2 24 6 6
bridge
new Hwan-nan
) 8 8 8 8 8 24 6 2 12 18 2 2
bridge
old Hwan-nan
) 18 18 9 12 9 48 6 12 8 18 12 12
bridge
Ay-gwo bridge 16 16 8 18 8 8 12 12 6 36 12 2
Tz.yh—chyang 16 16 12 18 12 48 12 6 12 18 4 12
bridge
Huey-tong
. 18 18 9 12 9 48 2 12 6 6 12 6
bridge
Detail assessment items|r)]
[ra] Substructure Pier Pier Supporting Prevention Expansion Major Minor Deck
protection foundation shaft mat earthquake joint member member
block
Guang-huabridge 8 3 27 24 8 9 12 6 0
new Hwan-nan bridge 2 3 4 0 8 18 12 12 12
old Hwan-nan bridge 6 2 64 48 4 27 64 64 27
Ay-gwo bridge 6 2 18 18 6 12 27 4 24
Tzyh-chyang bridge 2 4 18 64 6 27 2 4 2
Huey-tong bridge 6 8 8 24 4 0 32 0 48
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Table4. Membership grade A = [a,, a,] of assessment items decision making matrix

General assessment items[ay]

[a4] Guide Guide River Guide Abutment  Abutment  Wing  Friction Drainage Stonecurb Baustrade Other
passage passage  channel  passageroad foundation masonry  layer  appliance and protection
road protection embankment Pedestrian fence
embankment fence protection way

Guang-hua

. 0.8 0.8 0 04 0.7 1 0.6 0.6 0 0.6 04 04
bridge
new Hwan-nan

. 0 0 0.6 0 0 04 04 0 1 04 0 0

bridge
old Hwan-nan

. 1 0.7 04 1 1 04 1 0.6 04 1 1
bridge
Ay-gwo bridge 0.8 0.8 0.6 1 1 0 1 1 04 1 1 0
Tzyh-chyan

ZY ven 0.8 0.8 1 1 0.6 1 1 04 1 04 0.2 1
bridge
Huey-tong

. 1 1 0.7 04 0.7 1 0 1 04 0 1 04
bridge
Detail assessment items[ay]
[ag] Substructure Pier Pier Supporting Prevention Expansion Major Minor Deck
protection foundation shaft mat earthquake joint member member
block

Guang-huabridge 1 0.167 0.383 0.375 1 0.333 0.161 0.094 0
new Hwan-nan bridge 0 0.167 0 0 1 0.667 0.161 0.188 0.333
old Hwan-nan bridge 0.667 0 1 0.75 0 1 1 1 0.75
Ay-gwo bridge 0.667 0 0.233 0.281 0.5 0.444 0.403 0.063 0.667
Tzyh-chyang bridge 0 0.333 0.233 1 05 1 0 0.063 0.056
Huey-tong bridge 0.667 1 0.067 0.375 0 0 0.484 0 1

Table5. Interval number complementary judgment matrix A" of assessment items

General assessment items

Guide Guide River Guide Abutment  Abutment Wing  Friction Drainage Stonecurb Balustrade Other

passage passage  channel  passageroad foundation masonry  layer  appliance and protection

road protection embankment Pedestrian fence

embankment fence protection way
Guide
0.561 0.439 0.439 0.138 0.138 0.138 0.439 0.439 0.561 0.439 05

passage 05
road 0.5 05 0.561 0.439 0.429 0439  0.561 05 05 0561  0.675
embankment
Guide

0.439 0.325 0.439 0.138 0.138 0138 0439 0.325 0.439 0439 05
passage 05
f;sieec“o” 05 05 05 0.225 0325 0325 05 05 0,561 05 0561
River 0.500 0.561 05 05 0.138 0.325 0325 05 05 0.561 05 0.561
channel 0.561 0.675 ’ 0.561 0.1439 0.439 0.439 0.561 0.561 0.673 0.561 0.675
Guide

0.439 0.439 0.439 0.138 0.138 0.138 0.439 0.429 0.439 0.439 05
passage road 05
embankment 0.561 0561 05 0.439 0439 0439 0561 05 0.561 0561 0675
protection
Abutment 0.675 0.862 0.675 0.862 0.439 0561  0.675 0.675 0.862 0675 0.862
foundation 0.9 0.9 0.862 0.675 05 0.5 0675 0.9 0.862 0.9 0.9 0.9

0.675 0.675 0.561 0.675 0.439 0.5 0.675 0.561 0.675 0675 0.675
Abutment 05

0.862 0.862 0.675 0.561 0.5 0561  0.862 0.675 0.862 0862 09
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General assessment items

Guide Guide River Guide Abutment  Abutment  Wing  Friction Drainage Stonecurb Baustrade Other
passage passage  channel  passageroad foundation masonry  layer  appliance and protection
road protection embankment Pedestrian fence
embankment fence protection way
Wing 0.561 0.561 0.5 05 0.325 0.325 05 0.561 0.5 0.561 0561 0.675
masonry 0.862 0.675 0.561 0.675 05 0.5 ' 0.862 0.561 0.675 0862  0.862
Friction 0.439 0.439 0.439 0.439 0.138 0.138 0.138 05 0.439 0.439 0439 05
layer 0.561 0.561 05 0.561 0.439 0.439 0.325 ' 05 0.561 0561 0675
Drainage 05 0.561 0.439 05 0.138 0.325 0439 05 05 0.561 05 0.561
appliance 0.561 0.675 0.561 0.561 0.439 0.439 05 0.561 ' 0.675 0.561 0.675
Stone curb
and 0.325 0.439 0.325 0.439 0.138 0.138 0.138 0.325 0.325 0.325 05
Pedestrian 05
way 0.439 0.561 05 05 0.325 0.325 0439 0439 05 0439 0561
Balustrade
rotection 0.439 0.439 0.439 0.439 0.138 0.325 0.138 0.439 0.439 0.439 05 05
l?ence 0.561 0.561 05 0.561 0.439 0.439 0325 0561 05 0.561 ' 0.675
ofh 0.1 0.439 0.325 0.325 0.1 0.1 0.1 0.1 0.325 0.439 0.1 0
ther 0.325 05 0.439 0.439 0.138 0.325 0439 0325 0.439 05 0.325 S
Detail assessment items
Substructure Pier Pier Supporting Prevention Expansion Major Minor Deck
protection foundation shaft mat earthquake joint member member
block
Subst . 05 0.325 0.561 0.561 0.657 0.3 0.657 0.561 0.561
ructure protection : 0.439 0.657 0.657 0561 05 0.56 0.657 0.657
ier foundati 0.325 0.3 0.3 0.3 0.325 0.3 0.3 0.3
Pier foundation 0.439 05 05 05 05 0.439 05 05 05
ier shof 0.325 0.3 0 0.3 0.3 0.325 0.3 0.3 0.3
Prer shaft 0.439 05 S 05 05 0.439 05 05 05
su ) 0.325 0.3 0.3 05 0.3 0.325 0.3 0.3 0.3
pporting mat 0.439 05 05 : 05 0.439 05 05 05
Prevention
0.325 0.3 0.3 0.3 0.325 0.3 0.3 0.3
earthquake 05
block 0.435 0.5 0.5 0.5 0.439 0.5 0.5 0.5
Expansion icint 0.3 0.561 0.561 0.657 0.561 05 0.561 0.657 0.561
P ! 0.5 0.657 0.657 0.561 0.657 ' 0.657 0.561 0.657
Mai b 0.325 0.3 0.3 0.3 0.3 0.325 05 0.3 0.3
aor memboer 0.439 05 05 05 05 0.439 : 05 05
. 0.325 0.3 0.3 0.3 0.3 0.325 0.3 0.3
Minor member 0.439 05 05 05 05 0.439 05 05 05
‘ 0.325 0.3 0.3 0.3 0.3 0.325 0.3 0.3
Ded 0.439 05 05 05 05 0.439 05 05 05

(2) Objective weight method

Based on the composite member DER val ues of six
existing RC bridges in Taiwan, one may perform the
calculation of membership function for establishing
decision-making matrix. After normalizing to deci-

sion-making matrix, one has the normalization deci-
sion-making matrix, A, as shown in Table 4. Using
Eq. (35) and Table 4, one establishes the objective
calculation matrix, P, as denoted in Table 8. Using
Table 8 and Eq. (36), one can calculate E value as
follows:



264 Journal of Marine Science and Technology, Vol. 14, No. 4 (2006)

Table6. Weightinterval W;" obtained frominterval num-
ber complementary judgment matrix

General assessment items

Assessment items

Guide passage road embankment
Guide passage protection fence
River channel

Guide passage road embankment
protection

Abutment foundation

Abutment

Wing masonry

Friction layer

Drainage appliance

Stone curb and Pedestrian way
Balustrade protection fence
Other

Weight interval
[0.0589, 0.0992]
[0.0530, 0.0899]
[0.0681 , 0.1068]

[0.0558 , 0.1012]

[0.1035 , 0.1522]
[0.0906 , 0.1395]
[0.0763 , 0.1395]
[0.0558 , 0.1012]
[0.0687 , 0.1078]
[0.0487 , 0.0888]
[0.0582 , 0.0993]
[0.0367 , 0.0754]

Detail assessment items

Assessment items Weight interval

Substructure protection [0.0849, 0.1253]
Pier foundation [0.1043, 0.1625]
Pier shaft [0.1007, 0.1625]
Supporting mat [0.0693, 0.1108]

Prevention earthquake block
Expansion joint

[0.0693, 0.1108]
[0.0851, 0.1253]
Major member [0.1043, 0.1608]
Minor member [0.0851, 0.1253]
Deck [0.1007, 0.1625]

general assessment items

E, = [0.8948 0.8948 0.8875 0.8409 0.8891
0.8734 0.8616 0.8745 0.8816 0.8548
0.8253 0.7208]"

detail assessment items
E, =[0.7640 0.6079 0.7205 0.8334 0.7421
0.8517 0.7722 0.5417 0.7774]"

The larger value of E isresponded that the damage state
of bridge member is more severe.

Using Eq. (37), one calcul ates the objective weight
of assessment item C; as shown in the following:

general assessment items

v; = [0.0611 0.0611 0.0654 0.0924 0.0644
0.0736 0.0804 0.0729 0.0804 0.0843
0.1015 0.1623]"

detail assessment items
v, =[0.0988 0.1641 0.1170 0.0698 0.1079
0.0621 0.0954 0.1918 0.0932]"

Taking o = 0.6, = 0.4 and using Eqg. (19), one obtains
the weights of assessment items as follows:

general assessment items

w; =[0.0673 0.0586 0.0788 0.0795 0.1157
0.1102 0.1005 0.0716 0.0858 0.0654
0.0832 0.0833]"

detail assessment items
w, =[0.0955 0.1580 0.1367 0.0616 0.0769
0.0809 0.1305 0.1328 0.1271]T

The value of weight implies the importance of
bridge member. Thus, one has the importance ranking
of bridge member:

general assessment items: Abutment foundation —
Abutment — Wing masonry — Drainage appliance —
Other — Balustrade protection fence — Guide passage
road embankment protection — River channel — Fric-
tion layer — Guide passage road embankment — Guide
passage protection fence

detail assessment items: Pier foundation — Pier shaft —
Minor member — Major member — Deck — Substruc-
ture protection — Expansion joint — Prevention earth-
guake block — Supporting mat

Now, one introduces two formulas of comparison
matrix method [13] as follows:

Dy =Wy Rom (38)
where D ,, isthe fuzzy synthesis evaluation matrix, W,
(n=1, 2)istheweight,and R, ,(n=1,2, m=1, 2, ..,
21) isthe relationship between the membership grades.

n
where B’ isthe fuzzy synthesis evaluation result and A,
is the weight vector evaluated by expert. The optimal
repair ranking can be determined by using Eq. (39). The
more the value of B has, the better the priority selection
to decision-making objective is.

Substituting the values of weight into Eq. (39) and
using the DER evaluation method [13], one has the
repair ranking of six existing RC bridges in Taiwan as
follows:

Proposed method: old Hwan-nan bridge —
B = 0.7117
Huey-tong bridge — Ay-gwo bridge —
0.4911 0.4201
Tzyh-chyang bridge — Guang-hua bridge —
0.4006 0.3871
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Table 7. Possibility matrix P*
General assessment items
Guide Guide River Guide Abutment Abutment  Wing Friction Drainage Stonecurb Balustrade Other Raw
passage passage  channel passageroad foundation masonry  layer appliance and protection sum
road protection embankment pedestrian fence
embankment fence protection way
Guide passage
road embankment 0.5000 0.5981 0.3938 0.5063 0.0000 0.0960 0.2437  0.5063 0.3839 0.6276 05036  0.7905 5.1498
Guide passage
protection fence 0.4019 0.5000 0.2889 0.4144 0.0000 0.0000 0.1505 0.4144 0.2790 0.5348 0.4067 0.7034 4.0941
River channel 0.6062 0.7111 0.5000 0.6063 0.0371 0.1844 0.3300 0.6063 0.4895 0.7376 0.6087 0.9051 6.3212
Guide passage
road embankment 0.4937 0.5856 0.3937 0.5000 0.0000 0.1117 0.2512  0.5000 0.3844 0.6138 04971  0.7608 5.0982
protection
Abutment
foundation 1.0000 1.0000 0.9629 1.0000 0.5000 0.6314 0.7413  1.0000 0.9518 1.0000 1.0000 1.0000 10.7874
Abutment 0.9040 1.0000 0.8156 0.8883 0.3686 0.5000 0.6160 0.8883 0.8051 1.0000 0.9035 1.0000 9.6894
Wing masonry 0.7563 0.8495 0.6700 0.7488 0.2587 0.3840 0.5000 0.7488 0.6606 0.8663 0.7571  1.0000 8.2001
Friction layer 0.4937 0.5856 0.3937 0.5000 0.0000 0.1117 0.2512  0.5000 0.3844 0.6138 04971  0.7668 5.0982
Drainage
appliance 0.6161 0.7210 0.5105 0.6156 0.0482 0.1949 0.3394 0.6156 0.5000 0.7461 0.6185 0.9139 6.4397
Stone curb and
Pedestri 0.3724 0.4652 0.2633 0.3862 0.0000 0.0000 0.1337  0.3862 0.2539 0.5000 03773 0.6612 3.7993
estrian way
Balustrade
. 0.4964 0.5933 0.3913 0.5029 0.0000 0.0965 0.2429  0.5029 0.3815 0.6227 0.5000 0.7838 5.1143
protection fence
Other 0.2095 0.2966 0.0949 0.2332 0.0000 0.0000 0.0000 0.2332 0.0861 0.3388 0.2162  0.5000 2.2084
Detail assessment items
Substructure Pier Pier Supporting Prevention Expansion Major Minor Deck Raw
protection foundation shaft mat earthquake joint member member sum
block
Substructure
. 0.5000 0.2163 0.2405 0.6835 0.6835 0.4989 0.2163 0.4989 0.2405 3.7785
protection
Pier foundation 0.7837 0.5000 0.5079 0.9337 0.9337 0.7833 0.5000 0.7833 0.5079 6.2335
pier shaft 0.7595 0.4921 0.5000 0.9020 0.9020 0.7591 0.4921 0.7591 0.5000 6.0657
Supporting mat 0.3165 0.0663 0.0980 0.5000 0.5000 0.3150 0.0663 0.3150 0.0980 2.2752
Prevention
0.3165 0.0663 0.0980 0.5000 0.5000 0.3150 0.0663 0.3150 0.0980 2.2752
earthquake block
Expansion joint 0.5011 0.2167 0.2409 0.6850 0.6850 0.5000 0.2167 0.5000 0.2409 3.7863
Major member 0.7837 0.5000 0.5079 0.9337 0.9337 0.7833 0.5000 0.7833 0.5079 6.2335
Minor member 0.5011 0.2167 0.2409 0.6850 0.6850 0.5000 0.2167 0.5000 0.2409 3.7863
Deck 0.7595 0.4921 0.5000 0.9020 0.9020 0.7591 0.4921 0.7591 0.5000 6.0657

new Hwan-nan bridge
0.2407

DER evaluation method: old Hwan-nan bridge —

Pl = 45.932
Huey-tong bridge — Ay-gwo bridge —
69.837 79.041
Tzyh-chyang bridge — Guang-hua bridge —
80.172 84.618
new Hwan-nan bridge
87.382

where Pl is the priority index.

The result indicates that the predicted repair rank-
ing obtained from the proposed method is the same as
that of the DER evaluation method. This means that the
weight distribution of assessment items gained from the
proposed method is coincident with that of the DER
evaluation method. This implies that the weight for
each items of bridge with bestridden river in the DER
evaluation method as shown in Table 9 is reasonable.

2. Bridge with non-bestridden river
Let the river channel, guide passage road embank-

nent protection, abutment and wing masonry of general
assessment items take out from Table 9. Now, one
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Table 8. Objective calculation matrix P =[P, P;]

General assessment items

Guide Guide River Guide Abutment  Abutment Wing Friction  Drainage Stonecurb  Balustrade  Other
passage passage channel  passageroad foundation masonry layer appliance and protection
protection protection embankment Pedestrian fence
embankment fence protection way
Guang-hua
bridge 0.1818 01818 0 0.125 0.175 0.2273 0.1765 0.15 0 0.2143 01111  0.1429
New Hwan-nan
. 0 0 0.1667 0 0 0.0909 01176 00 0.2941 0.1429 0 0
bridge
old Hwan-nan
bridge 0.2273 0.2273 01944 0.125 0.25 0.2273 0.1176 0.25 0.1765 0.1429 02778  0.3571
Ay-gwo bridge 0.1818 0.1818  0.1667 0.3125 0.25 0 0.2941 0.25 0.1176 0.3571 02778 0
Tzyh-chyang
bridge 0.1818 0.1818 0.2778 0.3125 0.15 0.2273 0.2941 0.1 0.2941 0.1429 0.0556  0.3571
Huey-tong
bridge 0.2273 0.2273 01944 0.125 0.175 0.2273 0 0.25 0.1176 0 02778  0.1429
Detail assessment items
Substructure Pier Pier Supporting Prevention Expansion Major Minor Deck
protection foundation shaft mat earthquake joint member member
block
Guang-hua bridge 0.3332 0.1002 0.1999 0.1348 0.3333 0.0967 0.0729 0.0668 0
new Hwan-nan bridge 0 0.1002 0 0 0.3333 0.1937 0.0729 0.1335 0.1187
old Hwan-nan bridge 0.2223 0 0.5219 0.2697 0 0.2904 0.4527 0.7102 0.2673
Ay-gwo bridge 0.2223 0 0.1216 0.101 0.1667 0.1289 0.1824 0.0447 0.2377
Tzyh-chyang bridge 0 0.1998 0.1216 0.3596 0.1667 0.2904 0 0.0447 0.02
Huey-tong bridge 0.2223 0.5999 0.035 0.1348 0 0 0.2191 0 0.3564
Table 9. Weight for each item of bridge with bestridden river in DER evaluation method
Item Weight Item Weight Item Weight
Substructure protection 6 Minor element(diaphragm) 6 Abutment 6
Pier foundation 8 Deck or hinged plate 7 Wing masonry/retaining wall 5
Pier shaft 7 Guide passage Road embankment 3 Friction layer 3
Supporting mat 5 Guide passage protection fence 2 Drainage appliance 4
Shear key/Restrained cable 5 River channel 3 Stone curb and pedestrian way 2
Expansion joint 6 Guide passage, road embankment 3 Balustrade/ Protection fence 3
Major element (girder) 8 protection Other 1
Abutment foundation 6
carries out the weight distribution. The weights of Balustrade other
general assessment items and the importance ranking of protection fence
bridge member obtained from the proposed method are 0.1345 0.1492

respectively described as follows:

and

Abutment foundation — Other — Balustrade protection
fence — Drainage appliance — Friction layer — Stone
curb and pedestrian way — Guide passage road

Guide passage  Guide passage  Abutment
w = | road embankment protection fence foundation
0.1038 0.0922 0.1685
Friction Drainage Stone curb and
layer appliance pedestrian way
0.1123 0.1328 0.1068

embamkment — Guide passage protection fence.

The weights of assessment items are listed in Table 10.
In a similar manner, one obtains the repair ranking as
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Table 10. Weight for each item of bridge without bestridden river in DER evaluation method

Item Weight Item Weight Item Weight
Substructure protection 7 Minor element(diaphragm) 10 Abutment --
Pier foundation 11 Deck or hinged plate 10 Wing masonry/retaining wall --
Pier shaft 11 Guide passage road embankment 3 Friction layer 3
Supporting mat 5 Guide passage protection fence 2 Drainage appliance 4
Shear key/Restrained cable 5 River channel -- Stone curb and pedestrian way 2
Expansion joint 7 Guide passage, road embankment Balustrade/Protection fence 3
Major element (girder) 10 protection - Other 1

Abutment foundation

shown in the following:

Proposed method: old Hwan-nan bridge —

B = 0.7297
Huey-tong bridge — Ay-gwo bridge —
0.5 0.4259
Guang-hua bridge — Tzyh-chyang bridge —
0.3852 0.3743
new Hwan-nan bridge
0.2214

DER evaluation method: old Hwan-nan bridge —

Pl = 43.1127
Huey-tong bridge — Ay-gwo bridg —
69.3326 79.1118
Guang-hua bridge — Tzyh-chyang bridge —
81.7708 82.0107
new Hwan-nan bridge
84.346

The result displays that the predicted repair rank-
ing obtained from the proposed method is agreement
with that of the DER evaluation method. This means
that Table 10 is very suitable for evaluating the existing
RC bridges with non-bestridden river.

CONCLUSIONS

In this present study, the least squares technique in
conjunction with comparison matrix method has been
described. The proposed and DER evaluation methods
were adopted to evaluate the repair ranking of the six
existing RC bridges in Taiwan. The evaluation repair
ranking results obtained from both the proposed and DER
evaluation methods for the existing six RC bridges in
Taiwan with and without bestridden rivers were respec-
tively the same as follows: 1. old Hwan-nan, 2. Huey-
tong, 3. Ay-gwo, 4. Tzyh-chyang, 5. Guang-hua, 6. new
Hwan-nan, and 1. old Hwan- nan, 2. Huey- tong, 3. Ay-
gwo, 4. Guang-hua, 5. Tzyh-chyang, 6. new Hwan-nan.

The proposed method considered both the subjec-
tive and objective weights is good in assessment with
the DER evaluation method. The predicted results of
illustrative example denote that the proposed method is
full of serviceability, efficiency and reliability. This
proposed method is in addition simple and practical.
The proposed method appears to be a useful and power-
ful method in determining the repair ranking for exist-
ing RC bridges. Furthermore, Table 10 is very fitting
for assessing the existing RC bridges without bestrid-
den river. The present work to Table 10 is acted as a
substitute for the defect of DER evaluation method
without the weight for each item of bridge without
bestridden river.
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NOMENCLATURE

A normalization decision making matrix

A’ interval number complementary judgment ma-
trix

A, weight vector evaluated by expert

& membership grade of decision marking
assessment items set

D decision making set

D, fuzzy synthesis evaluation matrix

E; output information entropy of assessment item

f function

H (w)  decision making value

L (x, A) Lagrange's function

=3 possible matrix

P (a= b)reliability whena= b

PI priority index

R relative membership grade matrix

Rnm relative between the membership grades

rij relative membership grade
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subjective weight

objective weight

weight

interval number weight vector
decision making matrix

variable

the importance of subjective weight
the importance of objective weight
Lagrange’s multiplier
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