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ABSTRACT

The main purpose of this paper was adopting the comparison
matrix method, which is generated from both the analytic hierarchy
process and the principle of moment equilibrium, to assess the repair
order of existing reinforced concrete (RC) bridges.  Ten existing RC
bridges in Keelung, Taiwan, were given as an illustrative example.  In
order to verify the feasibility and reliability of the proposed method,
the D (Degree) E (Extend) R (Relevancy) evaluation method, which
is now widely used to evaluate the damage grade for existing RC
bridges in Taiwan, was also applied to assessing the same ten existing
RC bridges. The predicted results obtained from both the proposed
and DER methods had the same repair order.  The results presented in
this study can be used as engineering decision-making for the repair,
strengthening or demolition orders for existing RC bridges.

INTRODUCTION

Reinforced concrete (RC) bridges deteriorate with
time occurred from material fatigue, environmental
effects, and possible overloading.  To secure safe and
durable service, it is usual to perform periodic in-situ
inspections.   These inspections involve visual
inspections, nondestructive methods, and partial de-
structive methods [2].  The data brought together from
on-site inspections can be used to determine suitable
repair, strengthening or demolition.  Virtually, the ex-
actness of the field measurement data is generally not
good, and representatively has a high degree of uncer-
tainty associated with it.  For this explanation, it is being
admitted that traditional deterministic methods [9] and

probabilistic approaches [10, 20, 22, 24] are not always
effective or efficient for bridge condition evaluation.
Current research and development is increasingly em-
ploying structural health monitoring [3], vibration mea-
surements and detection [7], neural network techniques
[23, 27], wavelet analysis [1, 5, 11], fuzzy logic and
probability-based estimation [8, 25], fuzzy mathemat-
ics [14, 15, 16] and gray theory [13, 17, 18] for bridge
condition evaluation.

The analytic hierarchy process (AHP) was devel-
oped by Saaty [21]. It is mainly applied to the decision-
making problem with multiple evaluation criterions and
uncertainty condition.  The objective of AHP develop-
ment is systematized to complicate problems.  After
hierarchical decomposition from different layers and
through the quantitative judgment and seeking relations
among them, the AHP is thus made a synthetic evaluation.
This can provide that the decision-maker has full infor-
mation to choose suitable plan.  The risk of wrong
decision-making is also decreased.  The AHP is using
eigenvalue method to find the weight of different items.
Yang [28] adopted the eigenequation to construct the
comparison matrix for finding the influenced weight
and orders of multiple objectives to a objective and also
employed this concept to find the priority development
order in industry and agriculture.  Chen [4] applied the
comparison matrix method to the optimization problem
of drainage basin plan.  Yu and Cheng [29] provided an
interactive comparison matrix approach for making
group decision with multiple objectives.  To date,
however, no studies have attempt to evaluate the repair
order for the existing RC bridges.  This is a notable
shortcoming, because the use of comparison matrix
method in previous studies may be extensibly applied to
the field of bridge management.

The objective of the present study was to deter-
mine the repair order of existing RC bridges.  The ten
existing RC bridges in Keelung, Taiwan, were given as
an illustrative example.  The present study results may
be used as engineering reference for the repair, strength-
ening or demolition orders for existing RC bridges.
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COMPARISON MATRIX METHOD

Assume that the total weight of an item group, B,
has 10. (The value of B with 10 is not unique.  The total
weight of B can be assumed as 1, or 100, or 1000 and so
on.) The item group of B consists of C1, C2, ..., and Cn

items.  If the relative weight of comparing C1 and Ci (i
= 1, 2, .., n) with B is C1i (0 < C1i < 10, i = 1, 2, ..., n),
then

Ci1 = 10 − C1i (i = 1,2, .., n) (1)

If the given C1 compared with two items Ci and Cj

to B have, respectively, weight C1i and C1j, then Cij was
the weight obtained from comparison Ci and Cj with B.
The concept of this idea can be simulated as C1i and C1j

forces separately act at two sides of a simple beam and
has distance with 10 units as indicated in Fig. 1.  Taking
moment at B point on the simple beam, we obtain

C1i × Cij = (10 − Cij) × C1j (2)

Therefore

   C ij =
10 × C 1j

C 1i + C 1j
,      (i, j = 1, 2, ..., n; i < j)        (3)

From Eq. (1), we know

Cji + Cij = 10     (i, j = 1, 2, ..., n)                     (4)

From Eq. (4), we obviously have

Cii = 5     (i = 1, 2, ..., n) (5)

Using Eqs. (1) to (5), we can construct comparison
matrix and then evaluate weight, W, as shown in Table
1. According to matrix theory, the corresponding eigen-
value is the relative weight of each factor in this layer to
a factor on the upper layer [21]. Moreover, in Table 1,
we had used

   Mi = C ijΠ
j = 1

n

 (i, j = 1, 2, .., n) (6)

  W i = Mi
n (7)

   Wi =
W i

Σ
j = 1

n
W j

(8)

Equation (7) is the geometric average value.
Vector, w = [w1, w2, ..., wn]T, in which the superscript T
is the transposition of a matrix, is the eigenvector to be
sought.  Each factor W1, W2, ..., and Wn is the relative
weight of each item evaluation C1, C2, ..., and Cn to B,

respectively.
The relationship between the membership degrees,

Rn, m, in which  (n = 1, 2 , m = 1, 2 ... 21 to be in tune with
illustrative example as shown in the following) of each
single factor evalution to evaluation index and weight,

  W n , is

   D n = W n ⋅ Rn, m (9)

where the value of   D n  in Eq. (9) is the fuzzy synthesis
evaluation matrix.  The purpose of   D n  is reasonably
constructing the membership function of each factor on
evaluation set and the weight allocation of each factor.

Based on the fuzzy mathematic theory, the fuzzy
synthesis evaluation result,  B , of any factor can be
expressed as

   B = A n ⋅ D n (10)

where   A n  is the weight vector evaluation by expert.
The optimum repair order can be determined by using
Eq. (10).  The more the value of B has, the better the
priority selection to decision-making objective is.

DER  EVALUATION  METHOD

The DER evaluation method [6] involves separat-
ing bridge deterioration into D(degree), E(extend), R
(relevancy) and U(urgency) for assessment.  The major
work of the DER evaluation method is visual inspection.

Fig. 1.  C1j and C1j separately act at two sides of a simple beam.

Table 1.  Comparison matrix and relative weight

B C1 C2 ••• Cn Mi   W i Wi

C1 C11 C12 ••• C1n M1   W 1 W1

C2 C21 C22 ••• C2n M2   W 2 W2

• • • • • • •
• • • • • • •

Cn Cn1 Cn2 Cnn Mn   W n Wn
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The assistant work was performed by using apparatus.
The weight values corresponding to the assessment
items in the DER evaluation method are listed in Table
2.  The deterioration grade standard was divided into 4
levels.  The assessment index of bridge situation is
separated into CI (Condition Index), PI (Priority Index),
FI (Functional Index) and OPI (Overall Priority Index).
The calculation technique for each index is described as
follows:

1. Condition Index (CI): Based on the visual in-
spection results of all bridge elements, the condition
index is calculated by using

   CI = Σ(Ic i × w i)

Σw i
(11)

where wi is the weight of each bridge item, the wi

requirement is wi ≥ 1, and Ici is the condition index for
each item and is calculated by using

   Ic i = ΣIc ii
n (12)

in which n is the number of relevant inspection items for
a particular bridge, and Icii is the subitem condition
index for each item and is calculated as

   Ic ii = 100 – 100 × D × E × Ra

b (13)

in which b = Dmax × Emax ×   Rmax
a

 = 4 × 4 × 4a and a = 1.
The value for a can be set a = 2 for an important bridge.

2. Priority Index (PI): The priority index is re-
ferred as the Ici item value which is the worst item in the
bridge with lowest Ici value.  The calculation step
involves finding the minimum value for Ici, i.e., Ici

(min), from all assessment items.  If the values for Ici

(min) are less than 50, between 50 and 75, or between 75
and 100, then choose the Ici value from this range as an
average.  The assessment items for the 12th to 20th are
listed in Table 2 [6], The PI value is calculated by
using

   
PI =

Σ
i = 12

i = 20
(Ic i × w i)

Σ
i = 12

i = 20
w i

(14)

3. Functional Index (FI): The functional index is
calculated on the bridge construction sequence (CS),
the actual bearing capacity (BC) per day, and the detour
length (DL).  The construction sequence is separated
into the first, second and third grades, described as
severe disaster, possibly occurring damage, and mini-
mal destructive consequences, bridge has suffered
damage, respectively.  The bearing capacity of bridge is
calculated by using

  BC = ADT
CBW (15)

where ADT stands for the average daily transportation
and CBW stands for the complete bridge width.  The
maximum value for BC is 200.

The farther the detour length has, the more impor-
tant the bridge is.  The maximum value for DL is 20 km.
Based on the CS,  BC, and DL values,  the sc
(serviceability coefficient) of the bridge can be deter-
mined and is divided into 12 classifications as shown in
Fig. 2.  The bridges falling into classification 1 are the
most important to repair and those falling into classifi-
cation 12 being the least important to repair.  The FI
value is calculated by using

  FI =
100 (sc – 1)

11 (16)

where the denominator (11) is used for normalization.
4. Overall Priority Index (OPI): The OPI value is

evaluated by using

OPI = wPPI + wFFI (17)

where wP and wF are the weights of PI and FI,

Table 2.  Weight for each item of bridge in D.E.R. evaluation criterion

Item Weight Item Weight Item Weight

Substructure protection (C12) 6 Minor member (diaphragm) (C19) 6 Abutment (C6) 6
Pier foundation (C13) 8 Deck or hinged plate (C20) 7 Wing masonry Retaining wall (C7) 5
Pier shaft (C14) 7 Guide passage Road embankment (C1) 3 Friction layer (C8) 3
Supporting mat (C15) 5 Guide passage Protection fence (C2) 2 Drainage appliance (C9) 4
Prevention earthquake block (C16) 5 River channel (C3) 3 Curb and pedestrian Way (C10) 2
Expansion joint (C17) 6 Guide passage Road embankment 3 Balustrade protection 3

protection (C4) Fence (C11)
Major member (girder) (C18) 8 Abutment foundation (C5) 6 Other (C21) 1
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respectively.  wP + wF = 1, wP = 0.75 and wF = 0.25.
Through the PI value, the entire situation for all

bridges can be compared.  According to the PI value for
each bridge, bridge can be ranked from excellent to poor
in series.  This provides a reference for arranging the
repair and strengthening order.  This also supplies a
suggested assessment for a repair urgency strategy due
to a deteriorated bridge item.

ILLUSTRATIVE  EXAMPLE

We adopt the evaluated data of ten existing RC
(Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-min,
Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-
san) bridges of Keelung city in Taiwan [12].  In order to
use the comparison matrix method to evaluate these
existing RC bridge, we first construct an analytic hier-
archy model with three layers, i.e., objective layer D,
criterion layer B and index layer C as shown in Fig. 3.
After establishing this model, there is a set of expert
evaluation vector between each single factor evaluation.
This is for controlling the reliability of layer ranking.
The combination of the expert evaluation vector to each
single factor forms a comparison matrix and finds the
corresponding weight vector.

Comparison matrix D-B

Based on the evaluated data of ten existing RC
bridges stated above, the relative importance is first
calculated by bridge experts.  The comparison matrix is
also to be constructed for finding the corresponding
weight as indicated in Table 3.  After calculating, we
obtain the weight of criterion layer B to objective layer
D

  AB
T = [AB 1

AB 2
]T = [0.25 0.75]T

Comparison matrix B1-C

Let the 1-11 and 21 item single factor of the index
layer C perform comparison from bridge experts and
form a comparison matrix as given in Table 4.  The
corresponding weight of each single factor is

 AC
T

 = [Ac1  Ac2  Ac3  Ac4  Ac5  Ac6  Ac7  Ac8  Ac9  Ac10  Ac11

Ac21]T = [0.072  0.048  0.098  0.076  0.139  0.115  0.115
0.076  0.076  0.054  0.073  0.057]T

 AC
T

 mentioned above means the influenced impor-
tance of the general assessment items of index layer C
to criterion layer B.

Comparison matrix B2-C

Let the 12-20 item single factor of the index layer

Fig. 2.  Serviceability coefficient classifications.

Table 3. Weight of criterion layer B with respect to objective
layer D

D B1 B2 Mi   W i Wi =   A n

B1 5 1 5 2.236 0.25
B2 9 5 45 6.708 0.75

8.944

Fig. 3.  Analytic hierarchy model for existing RC bridge.
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C carry out comparison from bridge experts and con-
struct a comparison matrix as indicated in Table 5.  The
corresponding weight of each single factor is

 AC
T

 = [Ac12  Ac13  Ac14  Ac15  Ac16  Ac17  Ac18  Ac19  Ac20]
T = [0.100  0.131  0.120  0.095  0.095  0.108  0.131  0.
108  0.120]T

 AC
T

 stated above means the influenced importance
of the detail assessment items of index layer C to
criterion layer B.

Fuzzy synthesis evaluation

The weight vectors,  AC
T

, of the general and detail
assessment items of criterion layer B have been
calculated.  The values of  AC

T
 will influence the change

of repair order of existing RC bridge of evaluation
factor to total objective layer.  Table 6 shows the DER
values of each composite member for the Jong-san
bridge in Keelung, Taiwan.  The DER values of each
composite member for the other bridges are shown in

reference [12].  The estimation index for each bridge
was obtained from the product of each DER value (i.e.,
D × E × R) and is expressed in Table 7.  The maximum
and minimum membership function in fuzzy mathemat-
ics suggested by Zadeh [30] are adopted and expressed
as in the following:

   

µ(x) =

1 f (x) ≤ inf (f)
sup (f) – f (x)

sup (f) – inf (f)
inf (f) < f(x) < sup (f)

0 f (x) ≥ sup (f)

   (18)

and

   

µ(x) =

1 f (x) ≥ inf (f)
f (x) – inf (f)

sup (f) – inf (f)
inf (f) < f(x) < sup (f)

0 f (x) ≤ sup (f)

   (19)

where sup(f) and inf(f) are the supremum and infimum

Table 4.  Weight of general assessment items

B1 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C21 Wi

C1 5.00 9.00 3.00 5.00 1.00 2.00 2.00 5.00 5.00 8.00 5.00 8.00 0.072
C2 1.00 5.00 2.50 3.57 1.00 1.82 1.82 3.57 3.57 4.71 3.57 4.71 0.048
C3 7.00 7.50 5.00 6.25 2.50 4.00 4.00 6.25 6.25 7.27 6.25 7.27 0.098
C4 5.00 6.43 3.75 5.00 1.67 2.86 2.86 5.00 5.00 6.15 5.00 6.15 0.076
C5 9.00 9.00 7.50 8.33 5.00 6.67 6.67 8.33 8.33 8.89 8.33 8.89 0.139
C6 8.00 8.18 6.00 7.14 3.33 5.00 5.00 7.14 7.14 8.00 7.14 8.00 0.115
C7 8.00 8.18 6.00 7.14 3.33 5.00 5.00 7.14 7.14 8.00 7.14 8.00 0.115
C8 5.00 6.43 3.75 5.00 1.67 2.86 2.86 5.00 5.00 6.15 5.00 6.15 0.076
C9 5.00 6.43 3.75 5.00 1.67 2.86 2.86 5.00 5.00 6.15 5.00 6.15 0.076
C10 2.00 5.29 2.73 3.85 1.11 2.00 2.00 3.85 3.85 5.00 3.85 5.00 0.054
C11 5.00 6.43 3.75 5.00 1.67 2.86 2.86 5.00 5.00 6.15 5.00 3.85 0.073
C21 2.00 5.29 2.73 3.85 1.11 2.00 2.00 3.85 3.85 5.00 6.15 5.00 0.057

Table 5.  Weight of detail assessment items

B2 C12 C13 C14 C15 C16 C17 C18 C19 C20 Wi

C12 5.00 3.00 3.00 4.00 6.00 5.00 3.00 5.00 4.00 0.100
C13 7.00 5.00 5.38 6.37 6.37 5.83 5.00 5.83 5.83 0.131
C14 7.00 4.62 5.00 6.00 6.00 5.45 4.62 5.45 5.00 0.120
C15 6.00 3.63 4.00 5.00 5.00 4.44 3.64 4.44 4.00 0.095
C16 4.00 3.63 4.00 5.00 5.00 4.44 3.64 4.44 4.00 0.095
C17 5.00 4.17 4.55 5.56 5.56 5.00 4.17 5.00 4.55 0.108
C18 7.00 5.00 5.38 6.36 6.36 5.83 5.00 5.83 5.83 0.131
C19 5.00 4.17 4.55 5.56 5.56 5.00 4.17 5.00 4.55 0.108
C20 6.00 4.62 5.00 6.00 6.00 5.45 4.62 5.45 5.00 0.120
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Table 6.  Each composite member D.E.R. value for the Jong-san bridge in Keelung, Taiwan

Bridge name: Jong-san bridge Bridge No.: Assessment date: 1999 / 08 / 18

General assessment items

Assessment items D E R Assessment items D E R Assessment items D E R

1.Guide passage 1 5.Abutment 0 9.Drainage appliance 1
road embankment foundation 10.Stone curb and 1
2.Guide passage 1 6.Abutment 2 3 2 Pedestrian way
protection fence 7.Wing masonry 2 3 2 11.Balustrade protection 1
3.River channel 0 fence
4.Guide passage 2 3 3 8.Friction layer 1 21.Other 1
road embankment
protection

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 E R D E R D E R D E R D E R D E R D E R D E R D E R
0 0 3 2 2 1 0 0 2 1 1 2 1 2 1

3 1 2 0 2 1 1 2 1 1 0
3 3 4 0 2 1 1 2 1 1 0
2 2 3 1
2 1 1 1

N/A Without this itemU/I unable to assessR/U unable to judge relative importance

       Assessment grade D Range E Importance R with respect to bridge Emergency
N/A Good Mediate Poor Severe U/I Local Global R/U small Large Rout 5years 1year        urgency

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Table 7.  Bridge system estimation criterion and index obtained from D × E × R

Estimation Subsystem Estimation Estimation Bridge estimation index

Criterion weight items item Wuu-der Long-men Jong-jeng Guan-in Fuh-min Dong- Shang- Guang- Jong- Jong-
weight shyh ren hwa her san

General 0.25 Guide Passage
assessment road embankment 0.0698 x x x x x x x x x x
items Guide Passage

protection fence 0.0464 0 0 0 0 0 48 0 0 0 0
River channel 0.0930 0 0 0 18 0 0 12 0 2 0
Guide passage
road embankment
protection 0.0698 0 0 0 0 0 0 0 0 0 18
Abutment
foundation 0.1628 x x x x x x x x x x
Abutment 0.1395 0 0 0 2 0 0 12 12 3 12
Wing
masonry 0.1163 0 0 0 0 0 0 12 3 2 12
Friction layer 0.0698 x x x x x x x x x x
Drainage
appliance 0.0930 0 0 0 0 0 0 0 0 2 0
Stone curb and
Pedestrian way 0.0465 0 0 0 0 0 0 0 16 0 0
Balustrade
Protection fence 0.0698 x x x x x x x x x x
Other 0.0233 x x x x x x x x x x

Detail 0.75 Substructure
assessment protection 0.1036 x x x x x x x x x x
items Pier foundation 0.1379 x x x x x x x x x x

Pier shaft 0.1207 27 12 12 27 36 24 2 2 18 36
Supporting mat 0.0862 27 18 8 27 36 18 2 0 18 0
Prevention earth-
quake block 0.0862 x x x x x x x x x x
Expansion joint 0.1034 x x x x x x x x x x
Major member 0.1379 48 2 18 48 48 18 0 6 0 2
Minor member 0.1034 18 2 36 0 27 8 2 0 0 4
Deck 0.1207 2 48 36 27 18 48 32 64 6 0
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of f(x), respectively.  It is understandable that Eq. (18)
is a membership function with monotonic decrease
whereas Eq (19) is a membership function with mono-
tonic increase.  The meaning of Eq. (18) is that the less
the value is the better the need to employer does.  The
significance of Eq. (19) is just the opposite of Eq. (18).
The higher the value is, the better the need of benefit
effect to employer does.  Using the estimation index of
each composte member DER values and adopting Eq.
(19), the membership degree, Rn, m (n = 1,2  m = 1, 2 ...,
21), of each single factor estimation to estimation index
to 21 items of bridge can be calculated as follows:

For general assessment items (Rn, m, n = 1, m = 1,
2 ..., 11, 21):

R1, 1 = [×  ×  ×  ×  ×  ×  ×  ×  ×  ×]

R1, 2 = [0  0  0  0  0  0  0  0  0  0]

R1, 3 = [0  0  0  1  0  0  0.67  0  0.11  0]

R1, 4 = [0  0  0  0  0  0  0  0  0  0]

R1, 5 = [×  ×  ×  ×  ×  ×  ×  ×  ×  ×]

R1, 6 = [0  0  0  0.17  0  0  1  1  0.25  1]

R1, 7 = [0  0  0  0  0  0  1  0.25  0.17  1]

R1, 8 = [×  ×  ×  ×  ×  ×  ×  ×  ×  ×]

R1, 9 = [0  0  0  0  0  0  0  0  1  0]

R1, 10 = [0  0  0  0  0  0  0  1  0  0]

R1, 11 = [×  ×  ×  ×  ×  ×  ×  ×  ×  ×]

R1, 21 = [×  ×  ×  ×  ×  ×  ×  ×  ×  ×]

where × denotes that the membership degree can not be
calculated due to non-assessment.

For detail assessment items (Rn, m, n = 2 , m = 12,
13, ..., 20):

R2, 12 = [×  ×  ×  ×  ×  ×  ×  ×  ×  ×]

R2, 13 = [×  ×  ×  ×  ×  ×  ×  ×  ×  ×]

R2, 14 = [0.74  0.29  0.29  0.74  1  0.65  0  0  0.47  1]

R2, 15 = [0.75  0.50  0.22  0.75  1  0.50  0.06  0
0.5  1]

R2, 16 = [×  ×  ×  ×  ×  ×  ×  ×  ×  ×]

R2, 17 = [×  ×  ×  ×  ×  ×  ×  ×  ×  ×]

R2, 18 = [1  0.04  0.38  1  1  0.38  0  0.13  0  0.04]

R2, 19 = [0.50  0.06  1  0  0.75  0.22  0.06  0  0  0.11]

R2, 20 = [0.03  0.75  0.56  0.42  0.28  0.75  0.50  1
0.09  0]

Both the general and detail assessment items, R1, m

(n = 1, m = 1, 2 ..., 11, 21) and R1, m(n = 2, m = 12, 13,
..., 20) mentioned above, can be respectively expressed
in terms of matrix form as follows

  

R1, m =

0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0
0 0 0 1 0 0 0.67 0 0.11 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0.17 0 0 1 1 0.25 1
0 0 0 0 0 0 1 0.25 0.17 1
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0

and

  

R2, m =

0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0

0.74 0.29 0.29 0.74 1 0.65 0 0 0.47 1
0.75 0.50 0.22 0.75 1 0.50 0.06 0 0.50 0

0 0 0 0 0 0 0 0 0 0
0 0 0 0.17 0 0 1 1 0 0
1 0.04 0.38 1 1 0.38 0 0.13 0 0.04

0.50 0.06 1 0 0.75 0.22 0.06 0 0 0.11
0.03 0.75 0.56 0.42 0.28 0.75 0.5 1 0.09 0

The weights,   W n (n = 1, 2), of each bridge item
have been calculated by the comparison matrix method
as shown in Tables 4 and 5 and been listed below,
respectively,

  W 1 = [0.072  0.048  0.098  0.076  0.139  0.115
0.115  0.076  0.076  0.054  0.073  0.057]

and

  W 2 = [0.100  0.131  0.120  0.095  0.095  0.102
0.131  0.103  0.120]

According to Eq. (9), we have, respectively,

  D 1 = [0  0  0  0.118  0  0.048  0.297  0.198  0.135
0.306]

and
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  D 2  = [0.349  0.134  0.281  0.341  0.461  0.289
0.072  0.370  0.145  0.137]

Let   D 1 and   D 2  be represented by the fuzzy
synthesis estimation matrix.  We have

  
D n = [ D 1 D 2]

T =
D 1

D 2
  D n = 0 0 0 0.118 0 0.048 0.297 0.198 0.135 0.306

0.349 0.134 0.281 0.341 0.461 0.289 0.072 0.370 0.145 0.137

From Table 3, we have the weight of criterion
layer B with respect to objective layer D

  A n
T

 = [0.25   0.75]

Substituting the values of   D n  and   A n  into Eq.
(10), we obtain the membership degree of fuzzy synthe-
sis evaluation result

 B  = [0.262  0.138  0.211  0.286  0.345  0.229
0.128  0.152  0.120  0.179]

= [Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-
min, Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-
san]

The greater the membership degree is, the greater
the need for repair does.  Thus, the order of repair or
strengthening or demolition for the ten existing RC
bridges in Keelung, Taiwan, is: 1. Fuh-min, 2. Guan-in,
3. Wuu-der, 4. Dong-shyh, 5. Jong-jeng, 6. Jong-san, 7.
Guang-hwa, 8. Long-men, 9. Shang-ren, and 10. Jong-
her bridges.

The DER evaluation method was adopted to per-
form the synthesis evaluation arrangement with respect
to the ten existing RC bridges in Keelung, Taiwan. The
condition index (CI) is

CI = [60.70, 74.53, 71.78, 55.19, 44.73, 66.25,
86.91, 71.92, 87.58, 86.02]

= [Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-
min, Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-
san]

The repair order is: 1. Fuh-min, 2. Guan-in, 3.
Wuu-der, 4. Dong-shyh, 5. Jong-jeng, 6. Jong-san, 7.
Guang-hwa, 8. Long-men, 9. Shang-ren, and 10. Jong-
her bridges.

While the priority index (PI) is

PI = [60.70, 74.53, 65.15, 48.09, 47.73, 62.78, 83.
75, 63.78, 78.78, 78.87]

= [Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-
min, Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-
san]

The repair order is: 1. Fuh-min, 2. Guan-in, 3.
Wuu-der, 4. Dong-shyh, 5. Guang-hwa, 6. Jong-jeng, 7.
Long-men, 8. Jong-her, 9. Jong-san, and 10. Shang-ren
bridges.

DISCUSSION

To show the advantages and characteristics of both
the comparison matrix and DER evaluation methods,
we changed the weight for each bridge item to carry out
the synthesis evaluation arrangement for the ten exist-
ing RC bridges stated above.

Case I: The comparison matrix method was adopted
to calculate the weight for each bridge item as shown in
Table 8.  Through the analysis of comparison matrix
method, we obtain that the repair order is: 1. Fuh-min,
2. Guan-in, 3. Wuu-der, 4. Dong-shyh, 5. Jong-jeng, 6.
Jong-san, 7. Guang-hwa, 8. Long-men, 9. Shang-ren,
and 10. Jong-her bridges.  It is found that the predicted
results are the same as the previous results as shown in
the illustrative example used both the proposed and
DER evaluation methods.  This expresses that the weight
vector evaluated by bridge expert is stable and

Table 8.  Weight for each item of bridge obtained from comparison matrix method (Case I)

Item Weight Item Weight Item Weight

Substructure protection 0.1002 Minor element Abutment (C6) 0.1516
(C12) (diaphragm) (C19) 0.1000 Wing masonry/
Pier foundation (C13) 0.1501 Deck or hinged plate (C20) 0.1332 retaining wall (C7) 0.1300
Pier shaft (C14) 0.1332 Guide passage (C1) 0.0867 Friction layer (C8) 0.0433
Supporting mat (C15) 0.0666 Road embankment Drainage appliance (C9) 0.1083
Shear key/ Guide passage (C2) 0.0216
Restrained cable (C16) 0.0666 Protection fence Curb and pedestrian
Expansion joint (C17) 0.1000 River channel (C3) 0.1121 Way (C10) 0.0216
Major element (girder) 0.1501 Guide passage (C4) 0.0867 Balustrade/

road embankment protection Protection fence (C11) 0.0433
Abutment foundation (C5) 0.1732 Other (C21) 0.0216
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reasonable.  The weight represents the relative impor-
tance between each index. It is not only a measurement
but also a random and fuzzy number.  In the practical
problem, owing to both the internal intension of each
index are different and the taken weight value maybe
quite different, we can not perform comparison.
Accordingly, the aim of weight value standardization is
for changing the weight values in the range of 0 and 1.
The weight value of each index can be changed with
different values.  However, the predicted results should
be of consistency.  This means that the weight values are
allowable variation in a range.  Certainly, the variation
of weight values can not influence the final actual repair
order.

Case II: With respect to the important influence of
weight allocation, the weight allocation is enough
changed the predicted repair order.  Let the weight
values be changed in a small quantity as indicated in
Table 9.  Using the comparison matrix method to per-
form the optimum ordering for the ten existing RC
bridges, we have

 B  = [0.275  0.142  0.208  0.293  0.362  0.238
0.099  0.132  0.125  0.167]

= [Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-
min, Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-
san]

The repair order is: 1. Fuh-min, 2. Guan-in, 3.
Wuu-der, 4. Dong-shyh, 5. Jong-jeng, 6. Jong-san, 7.
Long-men, 8. Guang-hwa, 9. Jong-her, and 10. Shang-
ren bridges.

If the DER evaluation method is adopted to predict
the ten existing RC bridges, the CI is:

CI = [66.29, 71.12, 71.78, 59.47, 51.28, 65.89,
87.43, 68.07, 86.76, 85.01]

= [Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-
min, Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-

san].

The repair order is 1. Fuh-min, 2. Guan-in, 3.
Dong-shyh, 4. Wuu-der, 5. Guang-hwa, 6. Long-men, 7.
Jong-jeng, 8. Jong-san, 9. Jong-her, and 10. Shang-ren
bridges.

The PI is:
PI = [66.29, 71.12, 64.20, 52.76, 51.28, 61.55,

83.94, 56.88, 78.69, 74.12]
= [Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-

min, Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-
san].

The repair order is: 1. Fuh-min, 2. Guan-in, 3.
Guang-hwa, 4. Dong-shyh, 5. Wuu-der, 6. Long-men, 7.
Jong-jeng, 8. Jong-san, 9. Jong-her, and 10. Shang-ren
bridges.

Case III: Let the weight values vary as indicated in
Table 10. Using the comparison matrix method to per-
form the optimum ranking for the ten existing RC
bridges, we obtain

 B  = [0.234  0.171  0.251  0.256  0.334  0.233
0.212  0.157  0.127  0.095 ]

= [Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-
min, Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-
san].

The repair order is: 1. Fuh-min, 2. Guan-in, 3.
Jong-jeng, 4. Wuu-der, 5. Dong-shyh, 6. Shang-ren 7.
Long-men, 8. Guang-hwa, 9. Jong-her, and 10. Jong-san
bridges.

If the DER evaluation method is employed to
assess the ten existing RC bridges, the CI is

CI = (68.33, 69.79, 69.70, 60.29, 52.98, 67.59,
87.16, 53.80, 88.26, 87.84)

= (Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-
min, Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-
san).

Table 9.  Weight for each item of bridge in D.E.R evaluation criterion (Case II)

Item Weight Item Weight Item Weight

Substructure protection 6 Minor element Abutment (C6) 3
(C12) (diaphragm) (C19) 7 Wing masonry/
Pier foundation (C13) 8 Deck or hinged plate (C20) 8 retaining wall (C7) 6
Pier shaft (C14) 8 Guide passage (C1) 3 Friction layer (C8) 3
Supporting mat (C15) 6 Road embankment Drainage appliance (C9) 4
Shear key/ Guide passage (C2) 2 Curb and pedestrian
Restrained cable (C16) 5 Protection fence Way (C10) 3
Expansion joint (C17) 6 River channel (C3) 5 Balustrade/
Major element (girder) 4 Guide passage (C4) 3 Protection fence (C11) 3
(C18) road embankment protection Other (C21) 1

Abutment foundation (C5) 7
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The repair order is: 1. Fuh-min, 2. Guang-hwa, 3.
Guan-in, 4. Dong-shyh, 5. Wuu-der, 6. Jong-jeng, 7.
Long-men, 8. Shang-ren, 9. Jong-san, and 10. Jong-her
bridges.

The PI is
PI = (68.33, 69.79, 61.17, 52.34, 52.98, 62.50,

82.33, 40.80, 80.31, 86.33)
= (Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-

min, Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-
san).

The repair order is: 1. Guang-hwa, 2. Guan-in, 3.
Fuh-min, 4. Jong-jeng, 5. Dong-shyh, 6. Wuu-der, 7.
Long-men, 8. Jong-her, 9. Shang-ren, and 10. Jong-san
bridges.

It is obvious that the change of weight allocation
should be altered the synthesis evaluation repair order.

Case IV: Assume that the Dong-shyh, Long-men,
Jong-her, and Shang-ren bridges are important.  The
estimation index for these four bridges were obtained
from the product of each DER value (i. e., D × E × R2)
whereas the estimation index for the other six bridges
were obtained from the product of each DER value (i.e.,
D × E × R) as shown in Table 11.  Both the analytical and
calculated methods are similar to the illustrative example.
Therefore, we have the results as shown in the following:

 B  = [ 0.171  0.170  0.142  0.165  0.213  0.395
0.162  0.072  0.125  0.107 ]

= [Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-
min, Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-
san]
and the repair order: 1. Dong-shyh, 2. Fuh-min, 3. Wuu-
der, 4. Long-men, 5. Guan-in, 6. Jong-jeng, 7. Shang-
ren, 8. Jong-san, 9. Jong-her, and 10. Gauan-hwa bridges.

CI = [90.16, 77.58, 92.95, 89.64, 86.93, 70.87,
91.69, 92.98, 91.59, 96.50]

= [Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-
min, Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-
san]
and the repair order: 1. Dong-shyh, 2. Long-men, 3.

Fuh-min, 4. Guan-in, 5. Wuu-der, 6. Jong-her, 7. Shang-
ren, 8. Jong-jeng, 9. Guang-hwa, and 10. Jong-san
bridges.

PI = (90.16, 77.58, 92.95, 87.02, 86.93, 66.69,
85.44, 90.95, 84.09, 97.64)

= (Wuu-der, Long-men, Jong-jeng, Guan-in, Fuh-
min, Dong-shyh, Shang-ren, Guang-hwa, Jong-her, Jong-
san)
and the repair order: 1. Dong-shyh, 2. Long-men, 3.
Jong-her, 4. Shang-ren, 5. Fuh-min, 6. Guan-in, 7. Wuu-
der, 8. Guang-hwa, 9. Jong-jeng, and 10. Jong-san
bridges.

If compare the weights for each item of bridge
listed in Tables 2, 8 (Case I) and 9 (Case II) , then it is
obvious that the weight variation range of Case II is
larger than that of Case I.  If compare the evaluated
results obtained from the comparison matrix method
with DER evaluation method then the ranking variation
of Case II is again larger than that of Case I.  Consider-
ing the former five bridges for urgent repair, four bridges
have the same results.  The most severe bridge is the
same as the Fuh-min bridge.  It is clearly seen that the
repair order evaluated by the DER method is reasonable
and feasible.  For the Case II, two of former three urgent
repair bridges are different between the proposed and
DER methods.  Accordingly, the evaluated results will
be different under different weight allocations.  Since
the weight allocation is not unique, the estimation factor
weight is generally allowed variation in a range.  Wang
and Chang [26] pointed out that if the weight allocation
is varied within 10% then the evaluated result is still
unchanged.  The evaluated result is available under the
allowable variation range of estimation factor weight
while the evaluated result is not reliable over the allow-
able variation range of estimation factor weight.  With
respect to Case IV, the urgent repair is the Dong-shyh
bridge which is different to the Fuh-min bridge obtained
from both the proposed and DER evaluation methods in
Case III.  Accordingly, the evaluator would be careful

Table 10.  Weight for each item of bridge in D.E.R evaluation criterion (Case III)

Item Weight Item Weight Item Weight

Substructure protection (C12) 6 Minor element Abutment (C6) 3
Pier foundation (C13) 8 (diaphragm) (C19) 9 Wing masonry/
Pier shaft (C14) 3 Deck or hinged plate (C20) 9 retaining wall (C7) 2
Supporting mat (C15) 8 Guide passage (C1) 3 Friction layer (C8) 3
Shear key/ Road embankment
Restrained cable (C16) 5 Guide passage (C2) 2 Drainage appliance (C9) 7
Expansion joint (C17) 6 Protection fence Curb and pedestrian
Major element(girder) (C18) 4 River channel (C3) 7 Way (C10) 2

Guide passage (C4) 3 Balustrade/
road embankment protection Protection fence (C11) 3
Abutment foundation (C5) 7 Other (C21) 1
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Table 11.  Bridge system estimation criterion and index

Estimation Subsystem Estimation item Estimation Bridge estimation index

criterion item Wuu-der Long-men Jong-jeng Guan-in Fuh-min Dong-shyh Shang-ren Guang-hwa Jong-her Jong-san
Weight

Guide Passage, road embankment 0.0698 x x x x x x x x x x
Guide Passage, protection fence 0.0464 0 0 0 0 0 92 0 0 0 0
River channel 0.093 0 0 0 18 0 0 24 0 2 0
Guide passage, road, embankment protection 0.0698 0 0 0 0 0 0 0 0 0 18
Abutment foundation 0.1628 x x x x x x x x x x
Abutment 0.1395 0 0 0 2 0 0 24 12 3 12
Wing masonry 0.1163 0 0 0 0 0 0 24 3 2 12

General 0.25 Friction layer 0.0698 x x x x x x x x x x
assessment Drainage appliance 0.093 0 0 0 0 0 0 0 0 2 0
items Curb and Pedestrian way 0.0465 0 0 0 0 0 0 0 16 0 0

Balustrade Protection fence 0.0698 x x x x x x x x x x
Other 0.0233 x x x x x x x x x x

Substructure protection 0.1036 x x x x x x x x x x
Pier foundation 0.1379 x x x x x x x x x x

Detail 0.75 Pier shaft 0.1207 27 36 12 27 36 96 2 2 54 36
assessment Supporting mat 0.0862 27 54 8 27 36 96 2 0 54 0
items Prevention earthquake block 0.0862 x x x x x x x x x x

Expansion joint 0.1034 x x x x x x x x x x
Major member 0.1379 48 2 18 48 48 54 0 6 0 2
Minor member 0.1034 18 2 36 0 27 16 2 0 0 4
Deck 0.1207 2 192 36 27 18 192 128 64 18 0

Table 12.  Bridge system hierarchy process, weight and membership degree

Estimation Subsystem Estimation item Estimation Bridge estimation index

criterion item Wuu-der Long-men Jong-jeng Guan-in Fuh-min Dong-shyh Shang-ren Guang-hwa Jong-her Jong-san
Weight

Guide Passage, road embankment 0.0698 x x x x x x x x x x
Guide Passage, protection fence 0.0464 0 0 0 0 0 1 0 0 0 0
River channel 0.093 0 0 0 0.75 0 0 1 0 0.08 0
Guide passage, road, embankment protection 0.0698 0 0 0 0 0 0 0 0 0 1
Abutment foundation 0.1628 x x x x x x x x x x
Abutment 0.1395 0 0 0 0.08 0 0 1 0.5 0.13 0.5
Wing masonry 0.1163 0 0 0 0 0 0 1 0.13 0.08 1

General 0.25 Friction layer 0.0698 x x x x x x x x x x
assessment Drainage appliance 0.093 0 0 0 0 0 0 0 0 1 0
items Curb and Pedestrian way 0.0465 0 0 0 0 0 0 0 1 0 0

Balustrade Protection fence 0.0698 x x x x x x x x x x
Other 0.0233 x x x x x x x x x x

Substructure protection 0.1036 x x x x x x x x x x
Pier foundation 0.1379 x x x x x x x x x x

Detail 0.75 Pier shaft 0.1207 0.27 0.36 0.11 0.27 0.36 1 0 0 0.55 0.36
assessment Supporting mat 0.0862 0.28 0.56 0.08 0.28 0.38 1 0.02 0 0.56 0
items Prevention earthquake block 0.0862 x x x x x x x x x x

Expansion joint 0.1034 x x x x x x x x x x
Major member 0.1379 0.89 0.04 0.33 0.89 0.89 1 0 0.11 0 0.04
Minor member 0.1034 0.5 0.06 1 0 0.75 0.44 0.06 0 0 0.11
Deck 0.1207 0.01 1 0.19 0.14 0.09 1 0.67 0.33 0.09 0

how to determine which one bridge is important, other-
wise the evaluated result is meaningless.

CONCLUSIONS

Both the comparison matrix and DER evaluation
methods have been described.  They were adopted to
evaluate the repair order of the ten existing RC bridges
in Keelung, Taiwan.  The evaluated repair order results
obtained from both the proposed and DER evaluation

methods are the same as follows: 1. Fuh-min, 2. Guan-
in, 3. Wuu-der, 4. Dong-shyh, 5. Jong-jeng, 6. Jong-san,
7. Guang-hwa, 8. Long-men, 9. Shang-ren, and
10. Jong-her bridges.  Since the weight allocation is not
unique, the estimation factor weight is generally allow-
able variation in a range.  If the weight allocation is
varied within 10% then the evaluated result is unchanged.
It is worthy to point out that the repair order predicted
by the DER evaluation method is very reasonable and
acceptable.
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The comparison matrix method through the rela-
tive weight between layered construction factors is
good in agreement with the consistence requirement of
comparison judgment.  The calculated results of illus-
trative example indicate that the proposed method is full
of efficiency.  This proposed method is also simple and
practical.  The proposed method appears to be a useful
and powerful method in predicting the repair order for
existing RC bridges.
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