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APPLYING FUZZY MATHEMATICS TO
EVALUATING THE MEMBERSHIP OF EXISTING
REINFORCED CONCRETE BRIDGES IN TAIPEI

Ming-Te Liang* Jai-He Wu** and Chih-Hsin Liang***

Keywords: damage, crack, evaluation grade, synthesis evaluation.

ABSTRACT

In this study, the concept of fuzzy mathematics was applied to the
damage evaluation of existing reinforced concrete (RC) bridges. The
partition rule of evaluation grade was used to divide the evaluation
results. The damage state of existing RC bridges was carried out using
a double layer fuzzy synthesis evaluation. Moreover, based on the
results of the synthesis evaluation, the damage state of existing RC
bridges was thoroughly partitioned. According to the evaluation
results, the double-layer synthesis evaluation of fuzzy for the damage
of RC bridge is definitely useful. The evaluation results are also
offered as the basis for strategy on the repair and reinforcement of
existing RC bridges. In order to verify this proposed method, the
Huey-tong bridge, Jzyh-chyang bridge, Ay-gwo west road viaduct,
and the old Hwan-nan viaduct in Taipei were evaluated. The inves-
tigated results indicate that the structural properties of the Huey-tong
bridge belong to Grade I, II, |11 and 1V which have the membership
value of 0.334, 0.300, 0.191 and 0.175,respectively. The structural
properties of the Jzyh-chyang bridge were attributed to Grade , 11, |11
and IV which have the membership value of 0.410, 0.337, 0.168 and
0.085, respectively. The Ay-gwo west road viaduct was the properties
of Grade I, Il, Il and IV with 0.363, 0.326, 0.193 and 0.118,
respectively. The old Hwan-nan viaduct was the properties of Grade
I, 11, 11l and IV with 0.354, 0.354, 0.198 and 0.094, respectively. The
order repair and reinforcement is the Huey-tong bridge, Ay-gwo west
road viaduct, old Hwan-nan viaduct and Jzyh-chyang bridge.
Therefore, the fuzzy mathematics appears the advantage for evalua-
tion the damage state of existing RC bridge.

INTRODUCTION

After long-term service, existing RC bridges ex-
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hibit numerous types of wear damage. Civil engineers
world wide have devoted much research on the proper
evaluation of structural damage in RC bridges. Gener-
ally speaking, the degree of existing damage in the RC
bridge studied will help us to make two engineering
judgements: First, based on the degree of existing
damage, make an accurate determination for repair and
reinforcement or replacement. Second, establish the
relationship among the damage factors to evaluate the
bearing capacity, durability and service performance of
existing RC bridges. In existing RC bridges damage
usually occurrs design, construction error and outdoor
environment. It has become evident that fatigue in
existing RC bridges has not always been related to wear
damage.

After Zadeh[1965] published fuzzy sets, fuzzy
mathematics has been used extensively in numerous
investigations. Computational science, the use of fuzzy
mathematics was also developed for use in the field of
human natural mechanism. Zadeh [1978] pointed out
that the mathematical apparatus of the theory of fuzzy
sets provides a natural basis for the theory of possibility
playing arole which is similar to that of measure theory
in relation to the theory of probability. Viewed in this
perspective, a fuzzy restriction may be interpreted as a
possibility distribution, with its membership function
playing the role of a possibility distribution function. A
fuzzy variable is associated with a possibility distribu-
tion in much the same manner as a random variable is
associated with a probability distribution. Zadeh [1979]
described that fuzzy reasoning means the process or
processes by which a possibly imprecise conclusion is
deduced from a collection of imprecise premises. Such
reasoning is, for the most part, qualitative ranther than
guantitative in nature, and nearly all of it falls outside of
the domain of classical logic. Yao [1979] used the
concept of structural identification to perform damage
assessment and reliability evaluations on existing
structures. Yao [1985] presented the theory of fuzzy
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sets as useful in interpreting the safety and reliability of
existing structures with membership functions, which
can be manipulated in a logical manner to obtain an
answer to the original and complex problem. Tharmabala
and Nowak [1987] used mathematical models that can
conveniently represent a bridge structure using a
suitable structure function and (or) reliability network.
By introducing the probabilitic concept into the struc-
tural function and (or) reliability network, it is shown
that it is possible to evaluate a bridge system reliability.
The system reliability of a structure with selected
component failures can also be evaluated in a fashion
similar to a structure without component failures except
that the component reliability is adjusted to account
for the load redistribution. Shiaw and Huang [1990]
adopted the limited state design principle combined
with fuzzy evaluation and random variable analysis to
determine the bearing capacity index and safety degree
of bridge. Jwu et al. [1991] used fuzzy mathematics to
determine the reliability of awharf structure. In order to
enhance the evaluation performance, the grade partition
method was suggested by Jwu et al. Wang [1992]
introduced the theories of fuzzy synthesis evaluation
with single, and multiple factors, double- and multiple-
layers and their applications in earthquake model. Qu
[1995] studied the fuzzy evaluation of the durability
influence of concrete bridges due to cracks. Zhao
[1996] provided reliability analysis and fuzzy evalua-
tion for the safety of existing RC structures and estab-
lished the relative evaluation method. To data, however,
no studies have attempted to evaluate the damage state
of existing RC bridge without employing double layer
fuzzy process. Thisis anotable defect, because the use
of single layer fuzzy process in previous studies may
have resulted in underestimation of membership value.

In this study, applying the concept of fuzzy math-
ematics to establish damage evaluations for existing RC
bridges is presented. The partition rule of evaluation
grade was used to divide the evaluation results. The
damage state of existing RC bridges was executed using
the synthesis evaluation of a double-layer fuzzy process.
Furthermore, based on the results of the synthesis
evaluation, the damage state of existing RC bridges was
completely partitioned. According to the evaluation
results, the synthesis evaluation of double-layer fuzzy
process for the damage of a RC bridge is definitely
useful. Meanwhile, the evaluation results are also of-
fered as the strategy for the repair and reinforcement of
existing RC bridges.

EVALUATION METHOD OF FUZZY
MATHEMATICS

Evaluation Standard

For civil engineers and researchers, how to evalu-
ate the safety and degree of damage in an existing
structure was avery difficult problem. For this problem,
one must first setup a sound evaluation standard.
Through this evaluation standard, the safety and degree
of structural damage can be measured. During the
process of establishing an evaluation standard, the
requirements and specifications will be different for
researchers and engineers. Therefore, a combination of
both groups requirements and specifications is obvi-
ously very important. Evaluation grades based on the
requirements and specifications of researchers and
engineers are described as follows:

Grade |I: The outward appearance of the bridge and its
member is very good. The member rigidity
and bearing capacity are all compliant to
design requirements. The safe load and
durability are also compliant to code
requirements. The bridge is serviceable for
continued use.

Grade Il: The bridge or its members has some external
damage. The member rigidity and bearing
capacity are decreased. However, the mem-
ber rigidity and bearing capacity can attain
safe load design requirements. The long-
term durability is the only problem. The
bridge can be continued in use after some
repairs.

Grade I11: The outward appearance of the bridge or
its members show severe damage. The mem-
ber rigidity and bearing capacity are
decreased. The parts of member have safety
problem. Further, the durability has
seriously decreased. The bridge can be
continued in use only if the bridge receives
extensive repairs or the load capacity is
reduced.

Grade IV: The external look of the bridge or its mem-
bers has severe damage. The member rigid-
ity and bearing capacity are unserviceable.
The reliability is also very bad. The rate of
fracture due to damage is very fast. The
bridge should be taken out of use.

The damage evaluation for a bridge is a kind of
fuzzy process. Since bridges are built of many members,
the influence of every member is very complex. For
instance, the factors of strength, deformation, crack and
steel corrosion are pivotal points for the integrity evalu-
ation of a bridge. During the evaluation process, the
interaction and influence among these factors will re-
sult in the overall evaluation. Therefore, the evaluation
of abridge, one utilizes the synthesis of a double-layer
fuzzy process to determine the influence among these
factors.
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Theory of Analytical M odel

Based on the theory of fuzzy mathematics for
performancing synthesis evaluation, one establishes
herein the analytical model for the damage evaluation of
a bridge. The theory of analytical model of fuzzy
mathematics is described in the following:

Assume that the comment domain of the evalua-
tion factor isU = {uy, Uy, ..., U}, where u; represents the
factor for evaluation, in whichi =1, 2,3, ..., n. The
domain of the evaluation grade is V = {vq, Vy, ..., Vp},
where v; expresses the evaluation results of the damage
degree obtained from every considered factor, in which
j=1,2,3,....,m. Inorder to consider the influences of
interaction among the evaluation factors, one adopts the
weighting concept for performing the synthesis evalua-
tion on every factor. Hence, one introduces the fuzzy
set of weighting factors A = (as, ay, ..., a,), where a
indicates the corresponding weight of the i-th factor u.
The fuzzy set A is also satisfied

Za=1 (1)

However, for a fuzzy evaluation with a single
factor to the i-th factor, one fuzzy subset is used on the
domain of evaluation grade V

Ri=(rig, fig .o Fim), (2)

where r;,, denotes the evaluation value of the i-th
evaluation factor to the membership degree of the m-th
evaluation grade. When every factor introduces an
evaluation state, one can establish the total evaluation
matrix

Ryl |f112 T2 - Taim
r=|Re|=|T2 T2 = Tom 3)
Rn rnl rn2 l'nm

Employing the fuzzy synthesis evaluation, the fuzzy
synthesis evaluation to every factor can be set up

B=A*R (4)

It is worth to point out that Eqg. (4) belongs to
the fuzzy mathematics operational method. The fuzzy
mathematics operational technique is quite different
from the matrix product operational approach in
general mathematics. In fuzzy mathematics, the rule of
matrix product iusually take the minimum value and
then select the maximum value. For instance, given A =
[0.2 0.7 0.32] and

0.21 0.12
R=|0.87 0.75|.
0.23 0.9
Then
0.21 0.12
B=A+«R=[0.2 0.7 0.32] -|0.87 0.75
0.23 0.9

= [(0.2 00.21) 0(0.7 00.87) 0(0.32 00.23)
(0.2 00.12) 0(0.7 00.75) O (0.32 0 0.9)]
[0.200.700.23 0.12 00.7 00.32]

[0.7 0.7].

In the example mentioned earlier, the element B in
Eq. (4) can be written as

Bij = max min[ay, ry] = Gilak Ory], (5)

where [ represents that one takes the relative maximum
value, i.e.,, a Or = max(aj, rj), and O indicates that one
select the relative minimum value, i.e., a Or = min(a;,
ri).

In the evaluation of damage in existing bridges,
because the bridge members are considerablely
complicted, many factors should be considered.
Therefore, one has to adopt the fuzzy evaluation ap-
proach to evaluate the damage in existing bridges. As
mentioned above, in the numerous members of bridge,
one must consider the beams, columns, decks and piles
which influence the damage to the entire structure.
Every-type of member can be referred as an integrity
evaluation factor. The damage to every member is
determined by the influence of the other factors.
Therefore, the damage evaluation of bridge is an ana-
lytical problem of double-layer synthesis evaluation.
One now carries out the double-layer synthesis fuzzy
evaluation method based on the evaluation technique
previously mentioned:

First: Let the comment domain of evaluation factor
divide into K subset according to any attribute, i.
e, Uy, Uy, ..., U, And let them satisfy

ﬁlui =U, Ui Uj =1(i #)), (6)
1 =
where every subset U; = {Ujq, Ui, ..., Uin},

K

i;ni =n. (7)

Second: For the relative performance synthesis
evaluation, assume that the corresponding
factor weighting set is A;, the evaluation ma-
trix of any single factor is R;, then the evalu-
ation set is
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Bi = Ai . R| = (bil! bi2 ....... bim)i (8)
wherei=1,2,3, ..., k

Third: Let every U; represent afactor and B; asits single
factor evaluation, then the single factor evalua-
tion matrix of {Uy, U, ..., Uy} is

R=[B,| )

After establishing the factor evaluation matrix,
one can understand that every subset for each member
would be respond to some attributes. In order to distin-
guish the important degree of reliability of the whole
structure to each factor, one should redistribute the
weight. Hence, given the new weighting set A,en, the
final evaluation equation is

B= Anew R, (10)

For the practical damage bridge analysis, one will
apply the theory to the practical engineering problem.
However, before introducing the practical problem, in
order to deeply understand the details for the researcher
and specialist, the trifles are described in the following.

Based on the theory stated above, the whole bridge
members were divided into each factor set. For instance,
one partitions the entire bridge into the subsets of deck,
superstructure, and substructure. These subsets con-
centrate as a factor set U and also satisfy Egs. (6) and
(.

When the fuzzy analysis for practical problem is
performed, one usually performs a single-layer synthe-
sis evaluation for every-type of member. The influence
factors are described in the following:

[1] outward appearance

General external appearance, extent of any exter-
nal damage and the serviceability of existing bridges
should be inspected in the field.

[2] cracks

Based on the field survey, one must evaluate the
influence and safety of each member due to cracks in
existing bridges.

[3] steel corrosion

Based on the field survey, estimate spalled con-
crete and the state of decreased cross-sectional steel
area due to steel corrosion.

In the practical evaluation, one finds that the influ-
ence of these factors is not as important as predicted.
For instance, one originally regards that the deflection

and strength of each member will result in decreased
safety in the existing bridge. In fact, not only deflection
but also strength is generally satisfied by the specifica-
tion requirements in the design. Therefore, in order to
simplify the evaluation process, factors such as
deflection, strength and so on are neglected in the
evaluation method. Based on the classification stated
above, the relationship between the evaluation factors
in existing bridges are shown in Fig. 1. The contents of
the relationship, as shown in Fig. 1, is akind of expan-
sible relationship. One can change the contents accord-
ing to the different requirements for different bridges.
To clearly provide the standard influence factor of U,
the evaluation grade a, b, c and d of outward appearance,
cracks, and steel corrosion are listed in Tables 1 to 3,
respectively. For the comment domain of evaluation
grade V, one represents

V= {Vli V2! V3, V4}! (11)

where V4, V,, V3, and V, are expressed as Grade |, 11, I11,
and IV mentioned above, respectively.

evaluation evaluation evaluation

factors members results

| | ]

outward appearance
|

cracks

reliability
evaluation

steel corrosion

Fig. 1. Relationship of evaluation factors.
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Table1l. Evaluation grade of member outward appearance

Evaluation a b o d
grade
Description  External look is  External look has some  External look has ap-  Externd look hasappeared
perfectwithoutany  pock-warked faces with  peared some steelswith ~ some steels above width
damage. honeycomb due to bad  width 0.25~0.50mm 0.5mm and concrete spall.

construction and has ap-
peared some steels oc-

curred concrete spall.

ILLUSTRATIVE EXAMPLES

The methods and principles of single- and double-
layer synthesis evaluation have been described. Now
one applys these theories to practical engineering cases.
One also uses this proposed method herein to lead civil
engineers to understand this system for evaluating the
damage state of existing bridges.

In order to verify this proposed method, four exist-
ing RC bridges in Taipei were used for serviceability
evaluation. These four RC bridges are the Huey-tong
bridge, the Jzyh-chyang bridge, the Ay-gwo west road
viaduct, and the old Hwan-nan viaduct. The overall
structural conditions are listed in Tables 4-7,
respectively.

Tables 8 and 9 show the supportability and anti-
seismic ability preliminary evaluation of the Huey-tong
bridge. The other bridge also received the same pre-
liminary evaluation. After understanding the overall
structural conditions, one can carry out the evaluation
analysis. First, according to Fig. 1, both the evaluation
factors and grade set of these four existing RC bridges
are listed in Tables 10-13. Based on the Tables 10-13,
the single-layer synthesis evaluation is first analyzed
and then the double-layer synthesis is performed in
order to attain the evaluation degree. The Huey-tong
bridge was used for a practical example to perform deep
analysis. The evaluation results of the other bridges can
obtained by the same analytical way. The Huey-tong
bridge is evaluated in the following.

1. single-layer synthesis evaluation for member

[1]. Establish firmly the influence factor of mem-
ber during evaluation and determine the weight of every
factor. Since the influence factor of every member has
its different proportion, the weight allocations for every
member are not the same. Now one divides the bridge
considered into three members, i.e., girder, pier, and
deck. For girder , pier, and deck, the weight allocations
of influence factors of outward appearance, cracks, and
steel corrosion are 0.8 1. 0, and 1.0, respectively. Nor-

Table 2. Evaluation gradeof cracked width for the member s of
reinforced concrete

Evauation a b c d
grade
Cracked width <0.2 <0.35 <0.4 >0.4
(mm)

Table 3. Evaluation grade of steel corrosion

Evaluation a b c d
grade
A <1 <1 1
A, 0 =6 =3 73

*: Ag-originally cross-sectional area of steel; A-cross-sec-
tional area of steel after corrosion.

malized the weight allocation, from Eq. (1),0ne obtains
n

Zlai =0.8+ 1.0+ 1.0 = 2.8. Through transformation the

I =

outward appearance, cracks, and steel corrosion have
the values of 0.286, 0.357, and 0.357, respectively.
With regard to expansion joint, the weight allocation of
influence factors of outward appearance, cracks, and
steel corrosion are 0.9, 0, and 1.0, respectively. After
transformation, one obtains that outward appearance,
cracks and steel corrosion have the values of 0.474, 0,
and 0.526, respectively. Based on the previous theory,
A isused to express the weight set of girder and gets A,
=[0.286, 0.357, 0.357]. Similarly, let A, and Az be the
weight sets of pier and deck, A, = A; = [0.286, 0.357,
0.357].

[2]. Carry out synthesis evaluation for each mem-
ber

a. synthesis evaluation of girder

Since the evaluation matrix and weight set are,
respectively,

062 02 0.15 0.03
06 02 015 005
0.7 015 01 0.05

R, = and A, = [0.286,
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Table4. Overall structural conditions of the Huey-tong bridge

Item
Date of completed construction

Bridge site

Stridden over waterway
Simply structural introduction

Prime survey and evaluation by expert

Description
This bridge was completed in September, 1949. The expanded engineering of single
side was carried out in December, 1957.
On tge connection between 3rd. Section, Nanjing East Road and Hsin-sheng North
Raod.
Hsin-sheng line drainage
1. The origin width of bridge floor is 7.5m. The prestressed beam was expanded on
the northen sidein 1957. The width of bridge is 24.5m.
2. The net distance of I-type beameis 1.65m.
3. The rubber mats were used to supported the I-type beams.
1. bridge floor equipment
a. Local cracks and occurred in parts of balustrade
2. Some damage occurred in metal balustrade.
3. The expansion joints were covered by asphalt concrete.
d. Without drainage equipment.
2. superstructures
a. Cracks, concrete spalling and steel corrosion are occurred in the southern side of
the arch bridge.
b. The split occurred on the top of the arch bridge.
c. The concrete spalling and steel corrosion occurred on the cantilever of deck of
the arch bridge.
3. substructures
a. Many cracks and local concrete spalling occurred on bridge abutment.
b. Severe seepage situation occurred in the expansion joints of bridge abutment.
. The metal masts supported the I-type beams were corroded.

Table5. Overall structural conditions of the Jzyh-chyang bridge

Item

Date of completed construction
Bridge site

Stridden over waterway
Simply structural introduction

Prime survey and evaluation by expert

Description

This bridge was completed in 1972.

Connect the Jzyh-chyang tunnel at the Shyh-lin exit with Guh-gong road.

The Way-shuang stream

1. The bridge floor was planned as one way for vehicular traffic and sidewalk. The
width to bridge deck is 10.2m.

2. The superstructures is two straddling (33m-33m) of simply supported prestressed
|-type beam.

3. The pier of substructures are doorframe types.

4. The cast steel socket was used for support.

5. The kind of expansion joint was made from steel.

1. bridge floor equipment

a. Local concrete spalling occurred on balustrade. Loca damage of aluminium
bal ustrade was happen.

b. Some expansion joints were damaged or were covered by asphalt concrete.

c. Local pavement with asphalt concrete is not steady and smooth. It easily
influences the comfort movement of vehicles.

d. The concrete on sidewalk in east line has local spalling.

e. Thedrain weepswere set up for draintile. The drain water directly flow down
along girders.

2. superstructures

a. A part of prestressed beam have concrete spalling and honeycomb situations.

b. Both bridge deck and separated beam havelocal concrete spalling, honeycomb,
and steel corrosion situations.

3. substructures

a. Column supported piers have local concrete spalling, steel corrosion and
cracks.

b. The hinges made with steel for support girder are severely corroded.

. The capbeams in east line have local concrete spalling and steel exposuse
situation while the capbeams in west line also have severe concrete spalling,
steel exposure and cracks situations.

d. Concrete remnants due to replaced expansion joint were discovered on the top
of bridge abutment and capbeam.
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Table6. Overall structural conditions of the Ay-gwo west road viaduct

Item Description

Date of completed construction This viaduct was completed in 1983.

Viaduct site L ocates on the Ay-gwo west road. Strides over Y an-pyng south road and the circle
of Jong-haw road. Fork at Jong-haw road and connect to Guey-lin road Nor-ling road.

Stridden over junction road Thi viaduct strides over Y an-pyn south road and the circle of Jong-haw road.

Simply structural introduction 1. bridge deck: a. connected Ay-gwo west road with 22.1m;

b. connected Nan-Ning road with 16.1m;
¢. conncected Guey-lin road with 8.1m width.
2. structural type: a. two or three straddling of continuounsly prestressed box beam;
b. composite box steel for simple support.
3. Substructures are made of concrete: a. piersconsist of three columns; b. Doorframe
piers composed two to four columns.
4. The bridge abutment isakind of cantilever type.
5. Foundation type: a. prestressed concrete pile; b. steel-pipe pile; c. reverse circula
tion pile.
6. Supported type: a. rubber support; b. steel support.
7. The expansion joint is modular type.
Prime sruvey and evaluation by expert 1. bridge floor equipment
a. The breast walls of al lines have steel corrosion, and concrete spalling.
b. The expansion joints of bridge floor have seepage. The substructures suffered
long-term erosion.
¢. The drain weeps of guide way were widespread blocked.
2. superstructures
a. The bottoms of prestressed box beam have not enough concrete covering and
have local concrete spalling. Beam bottom near capbeam has many cracks.
b. The steel beam stridden over Jong-hwa road have severe corrosion due to
seepage from upper expansion joints and joints.
c¢. Thebridgefloor of concrete box beam has concrete spalling cracks, and specks.
3. substructures
a. Thetop of pier without capbeam has obvious cracks.
b. The expansion jointsof bridge floor have severe seepage. Thisiseasily occurred
amass on the top of capbeam and the corrosion of supported stedl.
c. The capbeams all have cracks and local concrete spalling and steel exposure.

0.357, 0.357], one obtains from Eq. (4) B, =A,* R, =[0.268 0.357 0.357]
0.7 015 0.08 0.07
B; = A, R; =[0.268 0.357 0.357] 05 0.2 015 015(=[0.357 0.2 0.17 0.15].
062 02 015 003 06 02 017003
06 02 0.15 0.05/=[0.357 0.2 0.15 0.05].
07 015 01 005 Normalization to B, leads B, = [0.402 0.225 0.192
0.181].
After normalizing to B; has B;=[0.472 0.264 C. synthesis evaluation of deck
0.198 0.066]. Since the evaluation matrix and weight set are,
08 02 00O
b. synthesis evaluation of pier respectively, R;=[{ 09 01 0 0| and Az = [0.286,
Because the evaluation matrix and weight set are, 098 002 00
respectively, 0.357, 0.357], from Eq. (4)
0.7 015 0.08 0.07 08 02 0O
R,=({05 0.2 015 0.15| and A, =[0.286, 0.357, B;=A3*R;=[0.268 0.357 0.357]| 09 01 0O
06 02 017 0.03 098 002 00

0.357], from Eq. (4) =[0.357 0.2 0 0].
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Table7. Overall structural conditions of the old Hwan-nan viaduct

Item Description

Date of completed construction This viaduct was complated in 1974. The replaced engineering was completed in

1988.

Local on Hwan-her south road. Thisroad surface is northern from Jong-shiaw west

road and southern to Guey-lin road.

viaduct

1. Bridge width is 7m.

2. Superstructures: a. Box beam with nonequilibrium cantilever plate. b. Densely
arrange the rectangular hollow made from precast prestressed concrete. ¢. Closely
arrange |-type beam made from precast prestressed concrete. d. Hollow plate-
beam made from field cast concrete. e. Solid plate-beam made from field cast
concrete.

3. Substructures: a. Single-column pier, b. camp pier.

4. Supported type: a. rubber mats for support, b. steel matsfor support, c. connected
with column.

Prime survey and evaluation by expert 1. bridge floor equipment

a. All line rails have damage, steel corrosion and concrete spalling. The breast
walls of the outside carriage way have obviously not enough concrete covering
induced stedl exposure.

b. The seepage of all line expansion jointsresult from amass on thetop of capbeam
and corrosion at supported steel plate. The expansion joints of parts of road
section were covered by asphalt concrete and were loss function.

. The pavements of all line asphalt concrete are damaged and have accumul ated
water.

d. The drain weeps of guide way were spread widely blocked and were loss
function

e. A part of stair has concrete spalling and steel exposure and corrosion.

2. superstructures

a. The outside bottom of bridge floor of old viaduct have not enough cover
thickness of steel.

b. Bottom of parts girder have concrete spalling and steel exposure and corrosion.

3. substructures

a. Column supported pier and capbeam of old viaduct have obviously cracks,
seepage, and white specks phenomena.

b. A large mass was located on the top of capbeam. Thisis easily occurred a
degenerate of rubber mats.

Viaduct site

Stridden over junction viaduct
Simply structural introduction

After normalizing to Bz has B; = [0.64 0.36 0 0]. tion for girder, pier, and deck as 1.0, 1.0 and 0.9,
respectively. Normalization to the weight set men-
tioned early yields A =[0.345 0.345 0.31]. From Eq.

(3), one obtains the total evaluation matrix

2. Double-layer synthesisevaluation for bridge

The single member damage evaluation due to each
evaluation factor has been described as mentioned before. Bi| 10472 0264 0.198 0.066
Now every member is combined for carrying out the R=|B,[=]0402 0225 0.192 0.181|.
entire synthesis evaluation. As described above, the B, |[064 036 0 O
weight distribution to every member is executed based

on expert survey method. Because bridge damage usu-
ally occurs in superstructures (cracks in deck and
capbeam) and substructures (pier and pile failure), one
will concentrate the whole evaluation of each bridge
member on the superstructures and substractures. For
this reason, one performances the ratio of weight alloca-

Through Eq. (4) onehasB =A<+ R=[0.345 0.345

0472 0.264 0.198 0.066
0.31] {0402 0.225 0.192 0.181
064 036 O 0

= [0.345 0.32 0.198 0.181].
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Table 9. Preliminary evaluation of anti-seismic ability for road bridge safety
Bridge name: Huey-tong bridge Number:  B40101 Vibration unit: P _A1S  ~P A2S
Item Ration |Evaluation content . weighting  |Score
Design year 2 W before 1960 (1.0) [ O 1960~1987(0.5) | [ after 1987 (0.2) 1.0 20
Soil condition 3 W Taipei basin (1.0) [ third kind (0.9) [ second kind (0.6) [ first kind (0.4) 10 |30
Liquefaction potential 3 {7 high (1.0) ] medium (0.5) W low (0.25) 1 none (0) 025 |20
Soil layer variation in same |
vibmizn it 3 J large (1.0) [ middle (0.5) W small (0) 00 00
Ratio of exposural depth to H 1 .
allowable scoure depth of 8 R, = H—’ ; H, exposural depth H, : allowable depth, or H, = gH, ; H,: pile 0.0 0.0
. A
foundation, R, (caisson) longth
With/ without inter- connection 6 7 yes (1.0) [B no(0) | 00 ]0.0
N—Ne . . . .
) Preventive dropping length N, 25 ~iz <1.0 ; N-Nezx0; where N: preventive dropping length prescibed by rule ; 0.0 0.0
Dropping Ne: 1 ive d ing |
bridge ] . : actually preventive dropping length
evaluation [Freventive dropping apparatus 15 [ none (1.0) [] bad function (0.5) [ acceptable function (0.25) il ood function (0) 0.0 0.0
Longitudinal stope S(%) 5 :Z. <10 00 |00
Earthquake zone of bridge site 5 Z(;(l).518 < 1.0 ; where Z: acceleation coefficient in earthquake zone 03333 |1.67
Inclined angl i d abutment -
n.c ine ang e o.f[.ner and abutmen s - o <10 025 |20
with expansion joint, 6° T 450
g;l:ndatlon type of abutment and 4 B shallow foundation (1.0) |[C] deep foundation (0) 1.0 4.0
Unusual phenomenon of droping 3 Unusual state of pier verticality supported status, bearing and the concrete surface of 0.0 0.0
bridge influenced by other factors bearing i} .
total 100 14.67
Design year 4 M before 1960 (1.0) [ [71960-1987(05) | L] aRer 1987 (0.2) 10 |40
Soil condition 8 M Taipei basin (1.0) [ thirdkind (0.9) [] second kind (0.6) [ first kind (0.4) 1.0 8.0
Liquefaction potential 4 [ high (1.0) [0 medium (0.5) W low (0.25) [ none (0) 025 (1.0
Soil tayer variation in same .
vibmﬁgn it 4 O large (1.0) O] middle (0.5) M small (0) 00 |00
Ratio of exposural depth to H 1 X
allowable scoure depth of 8 R, = H—‘ ; H, exposural depth  H, : allowable depth, or H, = —S-H, ; H,: pile 0.0 00
. SA
foundation, R, (caisson) length
Height-width ratio R of pier 10 4 ; R <10 ; 4-R20 0.0 0.0
. . M do not match anti-seismic {7 partially mawch .
Detail steel of pier 10 prescription (1.0) prescription (0.5) [ match prescription (0) 1.0 10.0
Ratio of maximum to minimum
Stength _{value of per n vibration 6 [ greater than 1.5 (1.0) M 15-~11(05) [ fess than 1.1 (0) 05 |00
and Stirrup at the broken point of major Ad,-A, . . K
Tenacity |steel of column, 4, 1.0 W 2 0 ; take 0 if negative; take 1 if greater than 1 0.25 6.0
evaluation
Pier height H(m) 4 % <1.0 0.5 2.0
Damage degree of pier and [J severe damage (1.0) ] moderate damage (0.5) I light damage (0.25)
. 12 0.25 3.0
foundation [T nondamage (0)
Statically indetermination 6 [ two way single column | M8 one way multiple column |[] two way multiple colurin 05 3.0
1.9 ©.5) ©
Inclined anage 6" 6 S, = % <1.0 025 |15
gi‘;‘;“d‘“m typeofabutmentand gy b t1ow foundation (1.0) ] {7 deep foundation (0) ] 10 140
Unusual phenomenon of strength
and tenacity influenced by other 8 Pier out of the vertical, span with layer difference, curved bridge and different pier types 0.0 0.0
factors
total 100 42.5
Liquefaction potential 30 ] high (1.0) ] medium (0.5) W low (0.25) ] none (0) 025 |75
Ratio of exposural depth to H 1
allowable scoure depth of 30 R, = -I—{—‘- ; Hg:exposural depth H, : allowable depth, or H, = —S-H, . H,: 00 0.0
. &4
Stability foundation, R, pile(caisson) length
evaluation Si(::ndauon type of abutmentand |5, M shallow foundation (1.0) {7 deep foundation (0) 1.0 30.0
Unusual phenomenon of stability . -
influenced by other factors 10 Unusual pier verticality 0.0 0.0
Total 100 37.5

Remark; (1) and (2) are the same as (1) and (2) in Table 8, respectively.

(3) N=50+0.25L+1.0H; where L is span distance (m), H is the height of substructure (m), the unit of N is cm.

(4) Soil condition can be found in reference “ Taiwan Construction Research Institute”

(5) 4,, is the stirrup of column at bottom.

25
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Table 10. Evaluation factorsand member ship degree of the Huey-tong bridge

Member Membership degree

classification Evaluation factors V, V, Vs, V4
Outward 0.62 0.2 0.15 0.03
appearance

Girder Cracks 0.6 0.2 0.15 0.05
Steel corrosion 0.7 0.15 0.1 0.05
Outward 0.7 0.15 0.08 0.07
appearance

Pier Cracks 0.6 0.2 0.15 0.15
Steel corrosion 0.6 0.2 0.17 0.03
Outward 0.8 0.2 0 0
appearance

Deck Cracks 0.9 1.0 0 0
Steel corrosion 0.98 0.02 0 0

Table 11. Evaluation factorsand member ship degree of the Jzyh-chyang bridge

Member Membership degree

classification Evaluation factors Vi Vs, Vj "
Outward 0.8 0.1 0.07 0.03
appearance

Girder Cracks 0.9 0.1 0 0
Steel corrosion 0.9 0.1 0 0
Outward 0.7 0.2 0.07 0.03
appearance

Pier Cracks 0.7 0.15 0.1 0.05
Steel corrosion 0.9 0.1 0 0
Outward 0.9 0.1 0 0
appearance

Deck Cracks 0.8 0.1 0.07 0.03
Steel corrosion 0.9 0.08 0.02 0

After executing normalization for B, one gets B =
[0.334 0.30 0.191 0.175]. Thisisthe evaluation results
of the Huey-tong bridge. The investigated results indi-
cate that the structural properties belong to Grade I, |1,
11, and IV which have membership value of 0.334,
0.300, 0.191 and 0.175, respectively. This result is
listed in Table 14. Looking at the matter from this
viewpoint, the damage to the Huey-tong bridge is below
middle damage. Therefore, small repairs are necessary
for the Huey-tong bridge. With respect to the Jzyh-
chyang bridge, the Ay-gwo west road viaduct, and the
old Hwan-nan viaduct, the evaluation results using the
same analytical process as the Huey-tong bridge. These
evaluation results are in Table 14. From Table 14, one
can see that the Jzyh-chyang bridge is Grade I, 11, III,

and IV with 0.410, 0.337, 0.168, and 0.085, respectively.
The structural properties of the Ay-gwo west road via-
duct were attributed to Grade I, |1, Ill, and 1V which
have the membership value of 0.363, 0.326, 0.193 and 0.
118, respectively. The old Hwan-nan viaduct was the
properties of Gradell, II, I11, and IV with 0.354, 0.354,
0.198, and 0.094, respectively.

DISCUSSION

The concept of fuzzy mathematics was adopted to
establish the double layer fuzzy synthesis evaluation
method for existing RC bridges. With the aid of the
proposed double layer fuzzy analysis method, the evalu-
ated bridge damage results will increase the objectivity
and integrity. Because the reasons for the bridge dam-
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Table 12. Evaluation factorsand member ship degree of the Ay-gwo west road viaduct

Member Membership degree

classification Evaluation factors V, Vs, V3 V4
Outward 0.6 0.2 0.11 0.09
appearance

Girder Cracks 0.6 0.25 0.1 0.05
Steel corrosion 0.7 0.21 0.09 0
Outward 0.7 0.2 0.1 0
appearance

Pier Cracks 0.5 0.3 0.11 0.09
Steel corrosion 0.8 0.15 0.05 0
Outward 0.8 0.15 0.05 0
appearance

Deck Cracks 0.7 0.15 0.12 0.03
Steel corrosion 0.7 0.15 0.12 0.03

Table 13. Evaluation factors and member ship degree of the Hwan-nan viaduct

Member Membership degree

classification Evaluation factors V1 2 Vs Va4
Outward 0.7 0.2 0.1 0
appearance

Girder Cracks 0.7 0.18 0.1 0.02
Steel corrosion 0.7 0.2 0.1 0
Outward 0.7 0.13 0.1 0.07
appearance

Pier Cracks 0.6 0.2 0.15 0.05
Steel corrosion 0.7 0.2 0.1 0
Outward 0.7 0.2 0.1 0
appearance

Deck Cracks 0.6 0.25 0.1 0.05
Steel corrosion 0.7 0.3 0 0

age are evaluated in more detail, both the damage item
of every member and the weight function of every item
are thus established. As a result, the double layer
guarantee will increase the evaluated reliability in depth.
With the view of establishing an evaluation system
method which is suitable for practice and usage, four
existing RC bridges in Taipei were adopted as illustra-
tive examples. In order to enhance the proposed method
which involvesnot only serviceability but also reliability,
the method of the Taiwan Construction Research Insti-
tute (1996) was applied to calculating the four bridges
and are listed in Table 14. From Table 14, it is found
that either the supportability or anti-seismic ability of
the Huey-tong bridge obtained from the Taiwan Con-
struction Research Institute were needed to carry out
detailed inspection and reinforcement for some members.

In the results predicted by the proposed method, it was
also revealed that the membership of grade IV of the
Huey-tong bridge is 0.175. This means that the Huey-
tong bridge has light damage. However, it can be
continuously used if small scale repairs or reinforce-
ment are performed.

Asintheillustration and verification of the Huey-
tong bridge, similar results for the Jzyh-chyang bridge,
Ay-gwo west road viaduct and old Hwan-nan viaduct
were obtained and are listed in Table 14. In view of the
grade 1V for the four bridges in Table 14, the order of
repair and reinforcement is the Huey-tong bridge, Ay-
gwo west road viaduct, old Hwan-nan viaduct and Jzyh-
chyang bridge. Through thisinvestigation, it isworth to
point out that the proposed method is not only service-
able but also reliable.
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Table 14. Comparison of proposed method and Taiwan Construction Resear ch I nstituter esults of damage evaluation for four bridges

in Taipei
evaluation method Method of Jwu et al. [1991] Method of Taiwan Construction
membership value Research Institute”
bridge name

Huey-tong bridge 1:0.334 Supportability: 51~36
[1: 0.300
I1:0.191 Anti-seismic ability: 40~44
IV:0.175

Jzyh-chyang bridge I:0.410 Supportability: 31~26
I1:0.337
[11:0.168 Anti-seismic ability: 35~48
[11: 0.085

Ay-gwo west road viaduct I: 0.636 Supportability: 35~42
I1: 0.326
[11:0.193 Anti-seismic ability: 28~45
IV:0.118

old Hwan-nan viaduct I:0.34 Supportability: 302~42
I1: 0.354
[11:0.198 Anti-seismic ability: 39~23
IV:0.094

+: The evaluation grade of Taiwan Construction Research Institute:
a. When mark is greater than 60, bridge has some problems of safety. It is needed to perform safeinspection and evaluation in

detail.

b.When mark is greater than 30 but less than 60, bridge is of little safe problem.
It should recently be carried out safe ingpection and evaluation in detail. When mark islessthan 30, bridge has no safe problem.
However, it is necessarily continued to do the usual inspection and repair.

CONCLUSIONS

The fuzzy mathematics with single- and double-
layer synthesis eval uation methods have been described.
This proposed method was applied to four existing RC
bridges in Taipei. The results of this investigation
indicate that the structural properties of the Huey-tong
bridge belong to Grade I, 11, |11, and 1V which have a
membership value of 0.334, 0.300, 0.191 and 0.175,
respectively. The structural properties of the Jzyh-
chyang bridge were attributed to Grade I, 11, III, and IV
which have a membership value of 0.410, 0.337, 0.168,
and 0.085, respectively. The Ay-gwo west road viaduct
has the properties of Grade I, 11, Ill, and 1V with 0.363,
0.326, 0.193 and 0.118, respectively. The old Hwan-
nan viaduct has the properties of Grade I, II, 111, and IV
with 0.354, 0.354, 0.198, and 0.094, respectively. The
order repair and reinforcement about the four existing
RC bridgesin Taipei isin turn suggested as follows: the
Huey-tong bridge, Ay-gwo west road viaduct, old Hwan-
nan viaduct and Jzyh-chyang bridge. As aresult, the
fuzzy mathematics has the advantage for evaluating the
damage state of existing RC bridge.
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