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Abstract

The main purpose of this paper is focused on the damage state prediction of existing concrete
viaduct using structural system failure probability. The existing Gang-xi viaduct in Keelung, Taiwan,
is used as a case study. Based on the experimental results through the samples cored from the viaduct,
the failure probability of each failure model such as carbonation depth, chloride ion content, the
compressive strength of concrete, and the concrete surface crack width measured in-situ is calculated
according to each failure model. An approximate method of structural system reliability analysis is
used to predict the failure probability of the whole viaduct. The predicted result obtained from the
proposed method is compared with that result calculated by the dynamic reliability analysis of
earthquake resistance structure. The present study result indicates that the proposed method is
reasonable, feasible and reliable. The structural system failure probability of the existing viaduct is
chiefly influenced by the maximum failure probability of failure model. The larger the failure
probability of failure model has, the greater the influence is. The results presented in this study can be
used as engineering decision-making for the repair, strengthening or demolition for existing viaduct.
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Crack Width
1. Introduction

The method of reliability analysis has been used to
predict the damage state of existing structures for many
years. The analytical work of structural reliability may
be divided into two parts, one is for determining the ma-
jor failure model, the other is for calculating the struc-
tural failure probability. The work of determining the
major failure model is to establish a simple model th-
rough inspecting the structural service state. As to calcu-
lating the structural failure probability, many researchers
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provided a great number of approximate method such as
mapping method [1,2], approximate probability method
[3], the calculation of two-dimensional normal distribu-
tion function [4], probabilistic network evaluation tech-
nique (PNET) [5], the calculation of failure probability
of structural system [6—8], approximate formula [9], and
interval estimation method [10—12]. However, consider-
ing the calculation quantity and accuracy [13], the limi-
tation of accuracy for both the wide and narrow bounds
estimation methods [11,12] is just used in a special case.
It is impossible to be a general method. The advantage of
wide bound method is simple in calculation. The narrow
bound considers the relationship between failure mecha-
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nisms and has more accuracy. Feng [9] provided a good
approximate formula. Based on the Feng method, Song
[14] suggested using numerical integral method to calcu-
late the failure probability of structural system for pro-
moting accuracy. However, if the magnitude of failure
model increases then the Song method tends to more
complication. To date, however, no studies have at-
tempted to use the structural system failure probability
for predicting the damage state of existing viaduct. This
is a notable shortcoming, because the use of single fail-
ure probability may have resulted in the wrong predicted
result.

The principal objective of this paper was at first to
study the each single failure probability of existing con-
crete viaduct and then to combine them for getting the
failure probability of whole structure. Finally, an exist-
ing Gang-xi viaduct in Keelung, Taiwan, was given as a
case study. The present study results may be used as an
engineering decision-making for the repair, strengthen-
ing or demolition rankings for existing viaduct.

2. Structural System Reliability

2.1 Generalized Checking Point Method of
Structural Reliability Analysis
Under the action of failure model, the limit state equ-
ation of structure is generally expressed as

Z=R(x)-S(x)=0 (H

where Z is the structural effective function which de-
scribes the function of structural service state, R(x) is
the resistance function of structure, S(x) is the effective
X,)is the
basic random variable of relative structural failure mo-
del and forms a random space, in which the correlation
coefficient of any two random variables x; and x; is p;; (7,
j=1,2,...,n). In the generalized random space formed
from the normal distribution random variables xi, x,, ...,

function of external loading, and x = (x, x,, ...,

and x,, reliability index, B, can be defined as: The short
distance from the original point of standardization gen-
eralized axes to failure plane. If x1, x,, ..., and x, are the
linear function of normal distribution, then Z is also
known obeying a normal distribution. Under this situa-
tion, both the B and failure probability, Py, exist a corre-

sponding relation.

exp( (2 ;;*) jdz )

where L, and o, are the mean value and standard devia-

P®(B)fJ—

tion of the Z value, respectively. ®(-) is the standard
normal cumulative distribution function.
If the limit state equation is the linear function of

normal distribution random variables x;, x,, ..., and x,,

then Z can be expressed as [15]

Z=a,+Y ax, 3)
i=1

where ay, a, ..., and a, are constants. If one writes the

mean value and standard deviation of x; are respectively
u; and o;, then the mean value and standard deviation of
the Z can be value are respectively written as

M, =a,+ Zaiui 4
i=1

and

L

=133 naa00, ©
i=1 j=1
Eq. (5) can be written as in terms of [16,17]
G, = Za’iaio-i (6)

where o is the sensitivity coefficient and can be repre-
sented by

Z P,;4;0;
o, = =
i L (7

n__n 2
{ZZ%%%G;% }

j=1 k=1

One knows f§ = a2y Using Eqgs. (3) and (7), one has the
c

z

following equation in the limit state

a0+2a,.xi=p —Bo, =0 ()
=
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Substituting Egs. (4) and (6) into Eq. (8), Eq. (8) can be
rewritten as

Za(x -i, +Bo,c,)=0 9)

According to Eq. (9), one may introduce the design
{x,x,,-,x, }, where x; =, — Bouc;,
in the generalized random space.

checking pointx” =

Using Taylor’s series, developing at the design check-
ing point x;” to Eq. (9) and taking the linear items, one
obtains

=0 [F()]+C(x, - x)

fiG&)
O{D'[F, (x; )]}
in which f; (-) and F; (-) represent the probability distri-
bution function of original random variable and proba-
bility distribution function, respectively. Since both f; (+)
and ¢ (-) are all positive function, one has C; > 0. Ac-
cording to Eq. (10), the linear correlation coefficient p,;

(10)

where C. =

i

between y;and y; (i,j=1,2, ..., n) is
_ COV(y,» ’ yj) _ COV(C, i Cixj)
" \/Var(y,.)Var(yj) \/Var(C,.x,.)Var(ijj)
Cov(x;,x;) (1

B 1/Var(xi)Var(xj) —P

It is obvious that p,; = p;;.

2.2 Approximate Numerical Analysis of Structural
System Reliability
Assume that a structure has m number with major
failure mechanisms. Designed the effective function of
the ith failure mechanism, one has
Zi:gi(xl’xzy"'sxn) (i=1725""m) (12)
The linear correlation coefficient of effective function,
defined in Eq. (12), of each failure mechanism is given
as

Cov(Z,,Z))

gy i: j :15
Pay 1/Var(Z,.)Var(Zj) ]

2,...,1) (13)

If the effective function of each failure mechanism is
the linear function of original fundamental random va-
riable, then one writes it as [15]

CwZu, (14)
Thus, Eq. (13) can be rewritten as
Zzpkl C,0,0,
Pz =—— L T % m T (15)
[ kaCikCiIGkGI]z[zzpklcjkcjlckcl]z

k=1 I=1 k=1 1=1

If the effective function of failure mechanism is non-
linearity, then p; can be approximately calculated by

Zz kl 6g, g/ 5,

k=1 I=1

Pzy =—— 52, bg 1
[ —‘J‘—Lck(j/] [zz 1—_—chl]2
k=1 I=1 k=1 I=1
(16)
Og. Og. O 0,
where 281 %8 % and % are respectively taken the
ox, ox, ox, Ox,
values at the de51gn checking pointsx; = {x;,x},, " ,
}andx _{le’ 12’ """ x;n

The failure probability, P, of structural system can
be expressed as

M@<MﬂPm@>m

i=1

(17)

where U and (N represent the union and intersection of
set Z;, respectively.

Leta; (i=1,2, ...,n) be the safe event of the ith failure
mechanism. Then
Rf(ai)zP(Zi>O)=q)(l3i)=1_£)/i (18)
To calculate the approximate value of structural sys-
tem failure probability, one adjusts the orders of Z;,
Z,, ..., and Z, such that P > Pp > ...> Pj,. In relation
to a; and g, (i > j), the definition of condition proba-
bility is
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B P(a,na;)
P(a,-|d,-)—w (19)

where P(a;) can be obtained from the previous method.
From Eq. (19), one knows that the keypoint of calcula-

tion P(a;|a;) is found P(a; N a;). The bound of P(a; N
a;) value can be obtained from

P(a)P(a;) < P(a,na;)< P(a;) (20)
or
(1-P)(1-Py)<P(a,na;)<1-P, 21

The minimum and maximums values on the left and
right sides of Eq. (21) are pz; = 0 and pz; = 1, respec-
tively. Since the P(a; N a)) is the functions of P(a)),
P(a;) and py;, it was found through both numerical inte-
gral and fitting calculation under the condition of 0 <
pzi <1,

Bl

P(a,na,)=(1-P)[1-P,(1-k2)] (22)
where
k. = E[1 +(p, —p2)(0.75-p,, )& |x arctan( L )
ij 7 Zij Zij : Zij m
Combined Egs. (19) and (22), one has
1B

P(a,|a)=1-P,(1-k?) (23)
After treating the Eq. (23), one finds

j-1 Bi]
P(a|aay-a,) = 1= TT(=k?) (j=23,m)

i=1

(24)

where k;; is the same as that of Eq. (22).

Combined Egs. (19), (23) and (24), the approximate
value of structural system failure probability can be ex-
pressed as

P, =1-T]a-2p) (25)
J=1

-1 IP:]
where P/, =P, (j=1) and P} =P,j1_[(l —k;?) (=2,
i=1

3,...,m).

2.3 Reliability Index Calculation of Cracks
The limit state equation of cracks [18] is

[Wmax] —Wmax=00rR-S=0 (26)

where R = [Wy«] 1S the maximum crack width of normal
service (durability or suitability) failure and is a func-
tion of random variable and S = wy,,, 1s the maximum
crack width of member due to external force action in-
cluded street corrosion in concrete and is a function of
random variable.

The calculation formula of maximum crack width
occurred from external force action is [19]

wmaxzzu'[:l.Q.a'wma)ngZu.Pl'Q.(X’.Sk (27)

]

act
we . . . .
where Z, = —" is the uncertainty of the relationship
Wi
between actual member and tested sample maximum
crack widths and Sy = Wi k. According to experience
[18], the approximate values of mean value and vari-

ance coefficient are taken as p, =1.1 and 6, = 0.10
test

[18], respectively. P, = is the uncertainty of the re-

cal
max

lationship between tested sample and calculation model

Of Winax. One may take p, =0.95 and 8, =0.34 [18]. Q

= Si’ one may use pp = 0.94, 0.88, 0.82 and 6, = 0.10,
R

0.25 [18] for performing reliability analysis. And oo =
C,30+4d) C,30+4d)

AghyE (028 +10ps)}/LlShOES 028 +10p,) |,

d is the steel diameter (mm), A; is the totally cross-sec-

where

tional area of steel subjected to longitudinal force (cm?),
hy is the effective height of member (cm), E; is the elas-
tic modulus of steel (kgf/cm?), p, is the longitudinal
steel content of cross-sectional area of member, and C,
is the shape coefficient of steel surface, C, = 1.0 for de-
formed steel, C, = 1.4 for smooth steel. In the case of a,
the taken parameter of numerator calculation is random
variable while the taken parameter of denominator cal-
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culation is standard (constant) value. For simple calcu-
lation and approximate analysis, one may take p, = 1.0
and 6, =0.10.

Given the mean values and variance coefficients of Z,,
P, Q, and o, one can find

uS wm
K i = B,
s S, Wk Mz Bp Holly (28)

where L is the mean value of S value.
and

8y =[8}, +5;, +8, +5, (29)
The type of practical design expression is
Sk< Ry (30)

That is Sy = Ry Of Winaxx = [WmaxJx at limit state.

Let ¢z = W[ Wiax)/[Wmax]. This is the average of ratio
of the maximum crack width (random variable) of influ-
encing member normal service to the maximum crack
width (constant value) allowed by the standard prescrip-
tion. Then

Woecr =[] =%=:§—“ 31)
R R

where g is the mean value of R value.
Or is the variance coefficient. It is needed to have
enough survey statistical data for determining its value.
However, it is still free of this field data until now. For
the approximate analysis, one may take 6z = 0.10.

The value of reliability index of maximum crack
width, B,,, should locate in the range from 1 to 3. Its cal-
culation formula is

by e )

| S kx Sk

B = : :
Jo2+82 (R +8 |52 +8 (32)
where K, = Ry
Sy

3. Experiments

The Gang-xi viaduct managed by the Keelung Har-

bor Bureau in Taiwan was built at 1973. This viaduct,
which begins from the Keelung west coast at Guang-hwa
tunnel connected to the begin point of Chong-san free
way, has distance 2.9 km.

Jan et al. [19] was commissioned by the Keelung
Harbor Bureau for doing a whole safe testing to this via-
duct. This testing was planned to perform carbonation,
chloride ion content, the compressive strength of con-
crete and the concrete surface crack width of viaduct in
1996, 1997 and 1998, respectively. This testing was pro-
vided the reference of viaduct repair. Jan [20] was en-
trusted to do a survey part of viaduct for offering the re-
place of closed usage or demolition.

Except the concrete surface crack width measured
by using steel ruler, from the Gang-xi viaduct in field,
one cored many cylindrical concrete specimens with dia-
meter 55 mm and height 110 mm. According to the CNS
1238 [21], these cylindrical concrete specimens were
prepared for carrying out the following testing of car-
bonation, chloride ion content and the compressive st-
rength of concrete.

4. Illustrative Example

One takes 1997 data from the 1996 to 1998 experi-
mental results for doing reliability analysis. Both the his-
togram and the normal probability distribution diagram
of carbonation depth of the Gang-xi viaduct in Keelung,
Taiwan, are drawn as in Figures 1 and 2. The similar his-
togram and normal probability distribution diagram of
the compressive strength of concrete are shown in Ref.
[22]. One adopts the linearly unbiased estimation of nor-
mal distribution to calculate the reliability indexes and

-
o

Frequency (number)
o = N W Hd»h O O N 00 ©

0 5 10 15 20 25 30 35 40 45
Carbonation depth (mm)

Figure 1. Histogram of carbonation depth distribution of the
Gang-xi viaduct in Keelung, Taiwan, in 1997.
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failure probabilities of carbonation depth and compres-
sive strength of concrete. Using Egs. (2) to (6), one ob-
tains the reliability indexes and failure probabilities of
carbonation depth of concrete as indicated in Table 1.
The similar reliability indexes and failure probabilities
of the compressive strength of concrete and chloride ion
content as denoted in Ref. [22]. Owing to the measure-
ment of concrete surface crack width respectively per-
formed in 1996 and 1998, one directly takes these data
for carrying out reliability analysis. The calculation pro-
cess of reliability index and failure probability of con-
crete surface crack width are shown as follows: If takes
K=1,8p=0.1,8, =0.1,8, =0.34,80=0.1, 8, = 0.1,

p,=11,u, =095, uo=0.88 and p, =1 [19], one ob-

tains Ky = p, wp pol,= 0.9196 from Eq. (28). Since
b = Hp _ 058303
w, 02

max,k

= 2.91514, one has o, =

\/62 +6f3“ +62Q +62 = 0.38158 from Eq. (29). Using

Eq. (32), one gains B = 2.920689 and Py = ®(-p) =
0.001746. Now, the reliability index and failure proba-
bility of each failure model mentioned above are listed in
Table 2. As to the calculation method of correlation coef-
ficient, one adopts the correlation coefficient between
carbonation depth and chloride ion content as an exam-
ple and uses Eq. (15) for calculating the correlation coef-
ficient. These results are indicated in Tables 3 and 4.
Similarly, one may calculate the other correlation coeffi-
cients as also shown in Table 4. Until now, one has

40— .

30

g
=
; — .
&
g 20 —
o = 1R 04| === mee
SHogs = 18.04 :
g 4 .
g i
S ! N(8.25.9.79°
© 10 — K . ( )
Hos =825 |-=mmmmmmmmmmmneg . !
; :
T * ]
e |
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*
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Figure 2. Normal probability distribution diagram of carbon-
ation depth of the Gang-xi viaduct in Keelung, Tai-
wan, in 1997.

enough data for finding the structural system failure
probability. Assume that the failure probabilities of chlo-
ride ion content, the compressive strength of concrete,
concrete surface crack width and carbonation depth are
respectively Py, Pp, P and Pg. These failure probabili-
ties have been shown in Table 2. Now, one takes as anil-
lustrative example. Given p = -0.22509, 3, = 0.81426
and Py, = 0.17234, using Eq. (22), one calculates

ko =21+ (p = p)x (0.75-p)xexp(3p)

x arctan(

—-1)=0.00320079

2

1-p
Using Eq. (25), one obtains
Table 1. Reliability index and failure probability of

carbonation depth of the Gang-xi viaduct in
Keelung, Taiwan, in 1997

Carbonation depth

No. i Pier b; b;x;
x; (mm)
1 P50 0 -0.113 0
2 P52-A 0 -0.076 0
3 P52-B 0 -0.061 0
4 P59 0 -0.049 0
5 P62 0 -0.041 0
6 P65 0 -0.032 0
7 P66 0 -0.025 0
8 P75 0 -0.017 0
9 P81 0 -0.010 0
10 P76 5 -0.003 -0.015
11 P85 5 0.003  0.015
12 P48 10 0.010 0.1
13 P51 10 0.017 0.17
14 P69 10 0.025 0.25
15 P79 10 0.030 0.3
16 P88 15 0.041 0.615
17 P89 15 0.049  0.735
18 P84 20 0.060 1.2
19 P46 25 0.076 1.9
20 P57 40 0.113  4.520

*: Cover thickness obeys normal distribution N(u,,c%)

= N (50,5%), where pg = 50 mm is the mean value of
cover thickness, oz = 5 mm is the standard deviation,

Mg 2221—0.&‘:8.25, (o :Zbixi :9.79,

=28 379790, P, = d(-B) = 0.000073.

[ 2
G + Oy
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Table 2. Reliability index and failure probability of each failure model of the Gang-xi viaduct in Keelung, Taiwan
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1997 2002
Failure model
B P¢ B Py
Compressive strength 0.90354 0.17234 0.87659 0.19035
Carbonation 3.79790 0.00007 2.52066 0.005224
Chloride ion content 0.81426 0.20775 0.48947 0.31225
Crack 2.92069 0.00175 1.96095 0.02513

Table 3. Correlation coefficient between carbonation depth and chloride ion content of the Gang-xi viaduct in Keelung,
Taiwan, in 1997

Carbonation Chloride ion

No. Pier depth contenty, X,=x,-x% Y=y -7y X? Y? XY,
x; (mm) (kg/em?)

1 P59 0 0.046 -7.14286 -0.19879 51.02041 0.039516 1.41990

2 P65 0 0.092 -7.14286 -0.15279 51.02041 0.023343 1.09133

3 P52 0 0.161 -7.14286 -0.08379 51.02041 0.007020 0.59847

4 P75 0 0.161 -7.14286 -0.08379 51.02041 0.007020 0.59847

5 . P7$ 0 0.207 -7.14286 -0.03779 51.02041 0.001428 0.26990
(interior)

6 P7$ 0 0.529 -7.14286 0.28421 51.02041 0.080778 -2.03010
(exterior)

7 378 0 0.598 -7.14286 0.35321 51.02041 0.124760 -2.52296
(middle)

8 . P4$ 10 0.115 2.857143  -0.12979 8.16326 0.016844 -0.37082
(interior)

9 348 10 0.115 2.857143  -0.12979 8.16326 0.016844 -0.37082
(middle)

10 P4$ 10 0.299 2.857143 0.05421 8.16326 0.002939 0.15490
(exterior)

11 P69 10 0.299 2.857143 0.05421 8.16326 0.002939 0.15490

12 P88 15 0.207 7.857143  -0.03779 61.73469 0.001428 -0.29689

13 P84 20 0.299 12.85714 0.05421  165.3061 0.002939 0.69704

14 P46 25 0.299 17.85714 0.05421  318.8776 0.002939 0.96811

Average 7.142857 0.244786 Total 935.7143 0.330738 0.36143

*, xzzx",yzzy",p= 25 00sas.
14 14 Iz X2 Z y?

Table 4. Correlation coefficient between two kind of failure models of the Gang-xi viaduct in Keelung, Taiwan

1997 2002
Failure model
p

Compressive strength and carbonation 0.04511 0.09408
Compressive strength and Chloride ion content -0.22509 -0.03798
Compressive strength and Crack -0.05466 -0.48345
Carbonation and Chloride ion content 0.02055 -0.31840
Carbonation and Crack -0.25166 0.75593
Chloride ion content and Crack 0.07511 0.11846
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B 0.81426

1 P
P}, =P, [(1-k? ) =0.17234x(1-0.00320079 > )
j=1

=0.141618

In a similar manner, one has P/, = 0.20775, P/; =
0.00154482 and P/, = 0.000654336. Using Eq. (25),
one obtains the structural system failure probability in
1997, P, =1 —ﬁ (1-P;)=032144.
J=1
In a similar way, one has the reliability indexes and fail-
ure probabilities of the compressive strength of con-
crete, carbonation depth, and chloride ion content of the
Gang-xi viaduct in Keelung, Taiwan, in 2002 as listed
in Ref. [22]. The histograms and the normal probability
distribution diagrams of carbonation depth and the com-
pressive strength of concrete of the Gang-xi viaduct in
Keelung, Taiwan, in 2002 are shown in Ref. [22]. The
calculation process of reliability index and failure pro-
bability of concrete surface crack width in 2002 are
the same as before and are shown as in the following:
039863 _
02

1.99313,8, = /82 +8 +83 +562 =0.38158 and 5, =

one has Ky = p, p, pop, = 09196, ¢z =

0.1. Using Eq. (32), one obtains 3 = 1.960952 and P;=
O(—p)=0.025129. Both the reliability indexes and fail-
ure probabilities of each failure model in 2002 are also
listed in Table 2. The correlation coefficients between
two kind of failure models of the Gang-xi viaduct in
Keeling, Taiwan, in 2002 are also displayed in Table 4.
In a similar way, one gains P/, = 0.31225, P/, =
0.161527, P/, = 0.0125324 and P/, = 0.00191736 in
2002. Employing Eq. (25), one has the structural sys-
tem failure probability in 2002, Py = 0.431659. Since
the value of structural system failure probability ap-
proached 0.5, this viaduct was suggested to be to stop
usage and to demolish the part of this viaduct.

5. Discussion

The failure probabilities of the Gang-xi viaduct in
Keelung, Taiwan, in 1997 and 2002 are Ps,=0.32144 and
Pg = 0.431659, respectively. It is obvious that the failure
probability in 2002 is larger than that of in 1997. This is
prolific of the chloride ion content in Keelung.

Ou and Wang [23] and Li [1] pointed out that under

the condition of big earthquake occurrence the failure
probability of structure without tumble is

0.0741 < P; < 0.1480 (33)

The structural system failure probabilities of the Gang-xi
viaduct in Keelung, Taiwan in 1997 and 2002 are respec-
tively 0.32144 and 0.431659 mentioned early. One knows
that both of them are larger than the value of upper bound
of Eq. (33). Accordingly, this viaduct is a danger public
structure and is needed to be demolished. It is clearly
seen that the predicted results obtained from the pro-
posed method are very reasonable, feasible, and reliable.

6. Concluding Remarks

In this research work, the structural system reliabil-
ity analysis has bean described. For certifying the practi-
cal application of structural system reliability analysis,
the Gang-xi viaduct in Keeling, Taiwan, was given as a
case study. Applying the theory of structural system reli-
ability analysis, the structural system failure probabili-
ties of the Gang-xi viaduct in Keelung, Taiwan, in 1997
and 2002 were Pg=0.32144 and P = 0.431659, respec-
tively. The predicted failure probabilities are all over the
upper bound of 0.0741 < P; < 0.1480 which is the failure
probability of structure without tumble under the condi-
tion of big earthquake occurrence. This is evident that
the proposed method is reasonable, feasible and reliable.
It is worthy to point out that this proposed method can be
used to predict the damage state of the other existing
concrete viaducts or bridges. This means that the present
study results can be used as an important engineering de-
cision-making for the repair, strengthening or demolition
for existing concrete viaduct. However, the technique
presented in this paper may be useful in considering
more failure factor such as construction quality.

Acknowledgment
The writers would like to thank the National Science
Council of the Republic of China for financial support of
this study under Contract No. NSC 93-2211-E-157-006.

References

[1]Li, Y. G., “A Study of Reliability Analysis Method of



A Case Study of Reliability Analysis on the Damage State of Existing Concrete Viaduct Structure 379

Engineering Structure,” Ph. D. Dissertation, Depart-
ment of Civil Engineering, Dalien University of Tech-
nology, Dalien, Liauning, China (1990). (in Chinese)

[2] Zhao, G. F. and Li, Y. G., “Approximate Calculation
Method of Reliability Index of Structural System,”
Journal of Civil Engineering, Vol. 26, pp. 70-76
(1993). (in Chinese)

[3] Zhao, G. F. and Li, T. G., “Reliability Analysis on the
Normal Service Limit State of Concrete Structures,”
Proceedings of the 7th Conference on Bridge and
Structure Engineering, The Society of Chinese Civil
Engineering, Beijing, China, pp. 110-115 (1987).

[4] Yau, J. T., “Reliability Analysis on Service Struc-
tures,” Ph. D. Dissertation, Department of Civil En-
gineering, Dalien University of Technology, Dalien,
Liauning, China (1996). (in Chinese)

[5] Ang, A. H.-S. and Ma, H. F., “On the Reliability of
Structural Systems,” Proceedings of International Con-
ference on Structural Safety and Reliability, Trond-
heim, pp. 295-314 (1981).

[6] Augusti, G. and Baratta, A., “Limit Analysis of Struc-
tures with Stochastic Variations,” Journal of Struc-
tural Mechanics, Vol. 1, pp. 43—-62 (1972).

[7] Hohenbichler, M., “An Approximate to the Multi-
variate Normal Distribution Function, Reliability of
Structural System,” SFB96, Technischa Universitot
Muchen (1982).

[8] Vanmarcke, E. H., “Matrix Formulation of Reliability
Analysis and Reliability-Based Design,” Computers
and Structures, Vol. 13, pp. 757-770 (1971).

[9] Feng, Y. S., “A Method for Computing Structural Sys-
tem Reliability with High Accuracy,” Computers and
Structures, Vol. 33, pp. 1-5 (1989).

[10] Ang, A. H.-S. and Tang, W. H., Probability Concepts
in Engineering Planning and Design, Volume II Deci-
sion, Risk, and Reliability, First Edition, John Wiley &
Sons, New York, USA (1984).

[11] Cornell, C. A., “Bounds on the Reliability of Structural
System,” Journal of Structural Division, ASCE, Vol.
93, pp. 171-200 (1967).

[12] Ditlevsen, O., “Narrow Reliability Bounds for Struc-
tural Systems,” Journal of Structural Mechanics, Vol.
7, pp- 453-472 (1979).

[13] Huoh, S. L., “Comments on the Calculation Method of

Structural Reliability,” Shanhei Aeronautics, Vol. 8,
pp- 35-41 (1995). (in Chinese)

[14] Song, B. F., “A Numerical Integration Method in Af-
fine Space and A Method with High Accuracy for
Computing Structural System Reliability,” Computers
and Structures, Vol. 42, pp. 255-262 (1992).

[15] Ravindra, M. K. and Lin, N. C., “Theory of Structural
Code Optimization,” Journal of the Structural Divi-
sion, ASCE, Vol. 99, pp. 1541-1553 (1973).

[16] Lind, N. C., “Consistent Partial Safety Factors,” Jour-
nal of the Structural Engineering Division, ASCE,
Vol. 97, pp. 1651-1669 (1971).

[17] Rackwitz, R. and Fiessler, B., “Structural Reliability
under Combined Random Load Sequences,” Com-
puters and Structures, Vol. 9, pp. 489-494 (1978).

[18] Zhao, G. F,, Li, S. Y., Liaw, W. C., Wen, M. S., Wang,
C.S., Song, Y. P. and Wang, J., Crack Control of Rein-
forced Concrete Structures, Ocean Publisher, Beijing,
China (1991). (in Chinese)

[19] Jan, C. J., Shy, J .J., Perng, K. Y. and Day, R. C., Struc-
tural Safety Testing and Evaluation of Keelung Gang-
xi Viaduct, Final Report, Institute of Industrial Ma-
terials, Research Institute of Industrial Technology,
(1998). (in Chinese)

[20] Jan, C. J., Structural Safety Testing of Keelung Gang-
xi Viaduct, Final Report, Institute of Industrial Ma-
terials, Research Institute of Indnstrial Technology,
(2002). (in Chinese)

[21] CNS 1238-A3051, Concrete Cored Specimens, Cutted
Specimens and Testing Method of Compressive and
Bending Strengths (1984). (in Chinese)

[22] Hung, H. C., “Reliability Analysis on the Damage
State of Existing Reinforced Concrete Viaduct Struc-
ture,” Master Thesis, Department of Harbor and River
Engineering, National Taiwan Ocean University, Kee-
lung, Taiwan (2003). (in Chinese)

[23] Ou, J. P. and Wang, G. Y., “Dynamic Reliability An-
alysis of Earthquake Resistance Structure Based on
Fuzzy Failure Criterion,” Earthquake and Engineer-
ing Vibration, Vol. 6, pp. 21-26 (1986). (in Chinese)

Manuscript Received: Nov. 28, 2007
Accepted: Mar. 19, 2009



