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Load-Carrying Capacity Service Life Prediction of
Existing Reinforced Concrete Bridge Using

Time-Dependent Reliability Analysis

Ming-Te Liang1,2, Jiang-Jhy Chang3, Han-Tung Chang3 and Chi-Jang Yeh4

Abstract: Engineering experience has clearly shown that existing reinforced
concrete (RC) bridges are reliable to damage from environmental attack such as
freeze-thaw, alkali-silica reaction, and corrosion. To establish feasible and rational
method, reliable prediction of the service life of deteriorating RC bridge is needed.
To obtain an exact insight into this problem, time-dependent reliability methods
have to be used. In this paper, the reliability of RC girder bridges under corrosion
condition is studied using a time-dependent reliability analysis in which both load
and resistance are time-dependent. The corrosion process has three stages, the
initiation (diffusion or carbonation) time (ti = tc), the depassivation time (tp), and
the propagation (corrosion) time (tcorr). The load-carrying capacity service lives
of existing RC bridges or viaducts can be expressed as tt = tc + tp + tcorr Many
mathematical models could be employed to calculate each value of tc, tp, and tcorr.
The value of tt may be directly predicted from the relationship between reliability
index and time. The existing Wann-fwu bridge and Chung-ching viaduct in Taipei
were offered as illustrative examples for the modeling technique and load-carrying
capacity service life prediction. The results of tt predicted from the relationship
between reliability index and time were rationally compared with the results of tt
calculated from the sum of tc,tp, and tcorr. The results of this study were provided as
a decision making for repair, strengthening, and demolition of existing RC bridges
or viaducts.
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vice life prediction, Viaduct

1 Introduction

Owing to suffering natural and deteriorated environmental attack such as carbon
dioxide, chloride ions, sulfate, freeze-thaw, and alkali-silicate reaction, reinforced
concrete (RC) structures will occur material aging and strength decay during in-
service. Through long-term under external physical action and internal cheme-
try reaction, the effective cross-section of steel will decrease and the properties of
structural components will decay after the corrosion of steel in concrete. Mean-
while, rust-expansion-crack of concrete cover will occur the decreasing of effective
cross-section of concrete. This is also induces the deceasing of bond stress be-
tween concrete and steel of RC structure. Further, both load-carrying capacity and
durability of RC structure reduce. As a result, the calculation of load-carrying ca-
pacity of RC structures with corrosion absolutely is an important problem not to be
ignored for carrying out durability evaluation and service life prediction.

Tabsh and Nowak (1991) described the highway girder bridges using a moment
curvature relationship. They measured the highway girder bridges in terms of reli-
ability indexes and shown that reliability indices for the system are higher than for
girders. Nowak et al.(1994) used a probabilistic model to predict the load-carrying
capacity of concrete bridge girders. This model provide bias factors (mean-to-
nominal ratios) and coefficients of variation for moment-carrying capacity and
shear capacity. The obtained statistical parameters can be used as basis for the
development of design and evaluation criteria for concrete bridge components. En-
right and Frangopol (1998) investigated the time-variant reliability of RC highway
girder bridges subjected to time-dependent load and resistance. This study serves as
an initial base on which to develop improved service life prediction models for de-
teriorating bridges. Stewart and Rosowsky(1998) developed a time-dependent reli-
ability analysis for estimating RC bridge deck and the consequent loss of structural
and serviceability performance due to chloride-induced corrosion. This approach
may be applied to bridge management systems. Liang et al. (2002) used a service
life prediction model which consists initiation (diffusion) time (ti = tc) included de-
passivation time (tp) and propagation (corrosion) time (tcorr) to predict the service
life of Chung-shan bridge in Taipei. Melchers[2009] pointed out that structural
reliability theory provides a very comprehensive approach to assessing risks for
complex infrastructure systems. He used the structural reliability to assess the cor-
rosion of structural steel in marine environments. The structural reliability may be
predicted the service lives of existing infrastructure and provided optimal manage-
ment of their maintenance. Sung et al. [2009] adopted a state-of-the art pushover
analysis method to calculate the seismic resistance capacity of the Li-Kun bridge
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in Taiwan. This study shows the efficiency of employing the retrofitting measure
to improve the seismic behavior in terms of the return period of the earthquake or
anticipated service life.

To date, however, no studies have attempted to predict the service life of existing
RC bridges directly from the relationship between reliability index and time com-
pared with that of the sum of tc, tp, and tcorr. This is a notable shortcoming, because
the use of reliability indexes in previous studies may have resulted in underestima-
tion or overestimation of service life for existing RC bridges. The objective of the
present study was to determine the service life of existing RC bridges using the
time-dependent reliability analysis and to compare the results of those of the sum
of tc, tp, and tcorr. The results reported here may be of importance in bridge man-
agement system for determining repair, strengthening or demolition of existing RC
bridges or viaducts.

2 Service life model of RC structure

For the sake of predicting the service life of existing RC structures, the prediction
model should be essentially introduced. Huey (1997) raised a service life model
of RC structure as depicted in Fig.1. In the Fig.1, ti is the time of CO2 penetration
from concrete surface into internal concrete until that steel in concrete is occurred
corrosion, i.e., ti = tc= carbonation service life. tcr is the time that the surface of
concrete has occurred stain due to the corrosion of steel in concrete.

tw is the time that the concrete surface has appeared cracking. tt is the time of
load-carrying capacity service life. Fig.2 shows the deterioration process of RC
structures undergone corrosion media ingress. The corrosion process in Fig.2 can
be divided into three stages, initiation time (ti = tc), depassivation time (tp), and
propagation (corrosion) time (tcorr). The initiation time is defined as the time for
CO2 to penetrate from the concrete surface onto the surface of the passive film.
The depassivation time is defined as the time that the depapassivation normally
provided to the steel by the alkaline hydrated cement matrix is locally destroyed,
leading to uniform corrosion. The corrosion time extends from the time when cor-
rosion products form to the stage where they generate sufficient stress to disrupt
the concrete cover by cracking or spalling, or when the local corrosion attack onto
the reinforcement becomes sufficiently severe to impair the load-carrying capacity.
The degree of deterioration, Dd , in Fig.2 can be defined as

Dd = 1− I
10

(1)

where I is the integrity of the RC structure. The I value ranges from zero to ten.
For instance, if RC structure is free of corrosion damage then the value of I is ten.
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Fig.1. Schematic diagram of steel corrosion and service life of reinforced concrete 

structure. 

 

 

 

 

 

 

 

Fig.2. Schematic diagram of service life of existing reinforced concrete bridges. 
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Figure 1: Schematic diagram of steel corrosion and service life of reinforced con-
crete structures.

Thus, the degree of deterioration is zero.

According to the service life models of Figs.1 and 2, we may make the following
relationships

tcr = tc + tp (2)

and

t = tt = tc + tp + tcorr (3)

From Eq. (3) we know that the service lives of existing RC structures can be calcu-
lated by the each value of tc, tp, and tcorr.

3 Time-dependent reliability analysis for load-carrying capacity service life

The theory of load-carrying capacity of existing RC structure is considered that the
load-carrying capacity of component reduces to a boundary value as a durability
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Figure 2: Schematic diagram of service life of existing reinforced concrete bridges.

limiting state when the corrosion of steel in concrete gives rise to resistance degra-
dation. This means that the reduction of load-carrying capacity of RC structure
which can not subject to loading action is referred to as an ending symbol of struc-
tural service life. Thus, the criterion of load-carrying capacity service life can be
expressed as [Melchers (1999)]

ΩR(t) = {R(t) - S(t)≥ 0} (4)

or

ΩR1(t) = {R(t1, t)−S(t1, t)≥ 0} (5)

where t is the time of structure in-service, S(t) is the random process of action
effect, R(t) is the random process of structural resistance, t1 is the used time of
structure, R(t1,t) is the modified random process of structural resistance which is
considered the structural state at time t1, S(t1,t) is the random process of action
effect of structure which is considered the influence of suffering loading history,
ΩR(t) and ΩR1(t) are the criteria of load-carrying capacity of structure and are
random processes. Eqs.(4) and (5) are the predictions of structural service life and
structural remainder service life, respectively.
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Owing to in the process of in-service of structures, they have the properties of ran-
dom processes of both resistance and action. The analysis of load-carrying capacity
of structure is substantially based on the service life prediction of structural dy-
namic reliability. According to the definition of reliability, the dynamic probability
of existing RC bridge can be expressed as [Melchers (1999)]

Ps(t) = P{ΩR(t)}= P{R(t) - S(t)≥ 0} , t ∈ [0,T ] (6)

or

Ps (t1, t) = P{ΩR1(t)}= P{R(t1, t) - S(t1, t)≥ 0} , t ∈ [0,T ] (7)

where T is the service life of structural design. The corresponding dynamic relia-
bility indexes of Eqs. (6) and (7) can be written as [Melchers (1999)]

β (t) =−Φ
−1 [1−Ps(t)] (8)

or

β (t1, t) =−Φ
−1 [1−Ps(t1, t)] (9)

where Φ−1 is the inverse of standard normal distribution function.

Bending component is one of the major kinds of structural components. In this
paper, the bridge deck bending component of existing RC bridge is referred to as
investigated example. The calculation model of load-carrying capacity of corrosion
beam (i.e. , bridge deck) [Chen and Duan (2000)] is

Msu(t) = α1 f ′cbx
(

h0−
x
2

)
(10)

x =
Ase(t) fy

α1 f ′cb
(11)

where Msu(t) is the bending capacity of corrosion beam cross-section, f ′c is the
compressive strength of concrete, α1 is the ratio of stress taken from the rectangular
stress diagram of concrete in compressive zone to the design value of compressive
strength of concrete, b is the cross-sectional width, h0 is the effective height of
cross-section, fy is the yielding strength of steel, and Ase(t) is the equivalent cross-
sectional area of tensile steel at time t.

Having a bearing on algorithm of Ase(t), it needs synthetically to consider the in-
fluence of the loss of cross-sectional area of steel due to corrosion, the reduction
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of yielding strength of steel, and the reducing of bond stress between concrete and
steel. It can be expressed in terms of

Ase(t) =
i=n

∑
i=1

ksiαsiAsi(t) (12)

where Asi (t) is the design value of cross-sectional area of the i-th tensile steel, ksi

is the coordinated work coefficient of the i-th steel. This mainly considers that one
is the performance reduction of bond stress induced the model change of RC beam
subjected to action. Another is the yielding strength of steel which can not give full
play to the influence of load-carrying capacity. αsi is the reduction coefficient of
the i-th steel yielding strength. The value of αsi can be calculated by the following
formula [Niu (2003)]

αsi =

{
1, ηsi ≤ 0.05
1−1.077ηsi(t), 0.05 < ηsi ≤ 0.15

(13)

where ηsi(t) is the rate of loss of the i-th steel cross-section. The value of ηsi(t) can
be estimated from the depth of steel corrosion [Niu (2003)]

ηsi(t) =
4δei(t)

di
+

4δ 2
ei(t)
d2

i
≈ 4δei(t)

di
(14)

where di is the diameter of the i-th steel and δei(t) is the corrosion depth of the i-th
steel at time t.

As to the coordinated work coefficient of the i-th steel, it can be estimated by the
following formula [Niu (2003)]

ksi =


1, δei(t)≤ δcri(t)
1−0.85 [δei(t)−δcri] , δcri(t) < δei(t)≤ 0.3
0.745+0.7δcri(t), 0.3 < δei(t)

(15)

where δcri(t) is the corresponding corrosion depth of the i-th steel when the con-
crete cover is occurred cracking.

Now consider the deterioration of structural resistance parameter followed time in-
creasing. This means that consider the alleviation model of resistance of structural
component. Substituting Eq. (11) into Eq. (10) we obtain the calculation resistance
of corroded beam subjected to bending action

Rp(t) = Msu(t) = Fy(t)
(

h0−
1
2

Fy(t)
α1 f ′cb

)
(16)
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where Fy(t) is the yielding tension force of corroded steel. The value of Fy(t) can
be written as

Fy(t) = fyAse(t) (17)

Based on Eq. (16), the mean and standard deviation of Rp(t) can be respectively
expressed in terms of

µRp(t) = µFy(t)µh0

(
1−1

2
Γ(t)

)
(18)

and

σRp(t) =
{

µ
2
Fy

(t)µ
2
ho

[
(1−Γ(t))2

δ
2
Fy

(t)+
1
4

Γ
2 (t)

(
δ

2
b +δ

2
f c′
)
+δ

2
h0

]} 1
2

(19)

where

Γ(t) =
µFy(t)

α1µbµ f c′µh0

(20)

in which µ f c′ and δ f c′ are respectively the mean and coefficient of variation of f c′,
µb and δb are respectively the mean and coefficient of variation of b, µh0 and δh0

are respectively the mean and coefficient of variation of h0, and µFy(t) and δFy(t)
are respectively the mean and coefficient of variation of Fy(t) and can be written as

µFy(t) = µ fy µAse(t) (21)

and

δFy(t) =
[
δ

2
fy

+δ
2
Ase

(t)
] 1

2
(22)

where µ fy and δ fy are respectively the mean and coefficient of variation of fy and
µAse(t) and δAse(t) are respectively the mean and coefficient of variation of Ase(t).
According to Eq. (12), we obtain

µAse(t) =
i=n

∑
i=1

µksi(t)µαsi(t)µAse(t) (23)

σAse(t) =[
i=n

∑
i=1

(
∂Ase

∂ksi

∣∣
µ

)2

σ
2
kSi

(t)+
i=n

∑
i=1

(
∂Ase

∂αsi

∣∣
µ

)2

σ
2
αSi

(t)+
i=n

∑
i=1

(
∂Ase

∂Asi

∣∣
µ

)2

σ
2
Asi

(t)

] 1
2

(24)
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δAse(t) =
σAse(t)
µAse(t)

(25)

where µASi(t) and σAsi(t) are respectively the mean and standard deviation of Asi(t),
and µαsi(t) and σαsi(t) are respectively the mean and standard deviation function of
αsi(t) and can be found from Eq.(13)

µαsi(t) =

{
1, µηsi(t)≤ 0.05
1−1.077µηsi(t), 0.05 < µηsi(t)≤ 0.15

(26)

and

σαsi(t) = 1.077σηsi(t) (27)

Both µksi(t) and σksi(t) in Eqs. (23)-(25) are the mean and standard deviation func-
tions of ksi(t) and can be found from Eq. (15)

µksi(t) =


1, µδei(t)≤ µδcri

1−0.85
[
µδei(t)−µδcri

]
, µδcri < µδei(t)≤ 0.3

0.745+0.7µδcri , 0.3 < µδei(t)

(28)

and

σKSi(t) =

[(
∂ksi

∂δei

∣∣
µ

)2

σ
2
δei

(t)+
(

∂ksi

∂δcri

∣∣
µ

)2

σ
2
δcri

] 1
2

(29)

where µδcri and σδcri are respectively the mean and standard deviation of δcri and
can be found from the following formulas [Niu (2003)]

µδcri =


µKmcr kcrs(0.012 µc

µd
+0.00084µ fcu +0.02 (bare steel)

µKmcr kcrs(0.008 µc
µd

+0.00055µ fcu +0.022) (deformed steel)

µKmcr(0.026 µc
µd

+0.0025µ fcu +0.068) (stirrup and network

distributed steel)

(30)

and

σδcri(t) =[
(

∂δcr

∂Kmcr

∣∣
µ )2

σ
2
kmcr

+(
∂δcr

∂c

∣∣
µ )2

σ
2
c +(

∂δcr

∂d

∣∣∣∣
µ

)2
σd2 +(

∂δcr

∂ fcu

∣∣
µ )2

σ fcu

] 1
2

(31)
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where µKmcr and σKmcr are respectively the mean and standard deviation of the coef-
ficient of uncertainty (Kmcr) of calculation model of corrosion depth of steel at the
rust-expansion-crack of concrete cover, and kcrs is the influence coefficient of steel
position. kcrs = 1.0 for steel at corner and kcrs = 1.35 for steel at noncorner. µ in
Eq. (31) means that the partial derivative takes the value at the mean.

µδei(t) and σδei(t) in Eqs. (28) and (29) are respectively the mean and standard
deviation functions of δei(t). If consider the mean and standard deviation functions
of steel corrosion depth before the rust-expansion-crack of concrete cover, then the
values of µδeli(t), σδel (t), µλel and σλel can be found from the following formulas
[Niu (2003)]

µδeli(t) = µkmel µλel (t− ti) (32)

µλel = 46kcrkcee0.04T (RH - 0.45)
2
3 µ
−1.36
c µ

−1.83
fcu

(33)

σδel (t) =
[
(

∂δel

∂kmel

∣∣
µ )2

σ
2
kmel

+(
∂δel

∂λel

∣∣
µ )2

σ
2
λel

] 1
2

(34)

σλel =
[
(
∂λel

∂c

∣∣
µ )2

σ
2
c +(

∂λel

∂ fcu

∣∣
µ )2

σ
2
fcu

] 1
2

(35)

where µδel (t) and σδel (t) are respectively the mean and standard deviation func-
tions of the steel rust volume before rust-expansion-crack δel(t), µkmel and σkmel

are respectively the mean and standard deviation of the coefficient of uncertainty
of calculation model before the rust-expansion-crack of concrete cover kmel , µλel

and σλel are respectively the mean and standard deviation of the rate of corrosion
of steel before rust-expansion-crack λel , µc and σc are respectively the mean and
standard deviation of concrete cover c, µ fcu and σ fcu are respectively the mean and
standard deviation of the cube compressive strength of concrete fcu( f c′ = 0.85 fcu)
[Hassoun (2003)]. µ in Eqs. (34) and (35) mean that the partial derivatives take the
values at the mean.

If consider the mean and standard deviation of steel corrosion depth after the rust-
expansion-crack of concrete cover, the values of µδei(t) and σδei(t) can be found
from the following formulas [Niu (2003)]

µδei(t) =

{
µδcr + µKmei2µλel (t− tcr), λel > 0.003
µδcr + µKmei(3.5µλel −500µ2

λel
)(t− tcr), λel ≤ 0.003

(36)

and

σδei(t) =
[
(

∂δei

∂δcr

∣∣
µ )2

σ
2
δcr

+(
∂δei

∂kmei

∣∣
µ )2

σ
2
kmei

+(
∂δei

∂λel

∣∣
µ )2

σ
2
λel

] 1
2

(37)



Load-Carrying Capacity Service Life Prediction 113

S
id

ew
al

k
S

id
ew

al
k

C
ro

ss
 b

ea
m

C
ro

ss
 b

ea
m

B
ox

 g
ir

de
r

B
ox

 g
ir

de
r

C
ro

ss
 b

ea
m

D
et

ai
le

d 
dr

aw
in

g 
of

 4
0M

 s
ta

nd
ar

d 
se

ct
io

n

S
te

el
 b

ox
 g

ir
de

r

Jo
in

t
Jo

in
t

Jo
in

t
Jo

in
t

S
ch

em
at

ic
 d

ia
gr

am
 o

f 
st

an
da

rd
 s

ec
ti

on

D
et

ai
le

d 
dr

aw
in

g 
o

f 
47

M
 s

ta
nd

ar
d 

se
ct

io
n

E
xp

la
na

ti
on

: 
T

he
 n

um
er

al
 i

n 
pa

re
nt

he
se

s 
is

 t
he

 p
la

te
 

th
ic

kn
es

s 
of

 s
te

el
 b

ea
m

 u
nd

er
 n

eg
at

iv
e 

m
o

m
en

t

S
id

ew
al

k
S

id
ew

al
k

C
ro

ss
 b

ea
m

C
ro

ss
 b

ea
m

B
ox

 g
ir

de
r

B
ox

 g
ir

de
r

C
ro

ss
 b

ea
m

D
et

ai
le

d 
dr

aw
in

g 
of

 4
0M

 s
ta

nd
ar

d 
se

ct
io

n

S
te

el
 b

ox
 g

ir
de

r

Jo
in

t
Jo

in
t

Jo
in

t
Jo

in
t

S
ch

em
at

ic
 d

ia
gr

am
 o

f 
st

an
da

rd
 s

ec
ti

on

D
et

ai
le

d 
dr

aw
in

g 
o

f 
47

M
 s

ta
nd

ar
d 

se
ct

io
n

E
xp

la
na

ti
on

: 
T

he
 n

um
er

al
 i

n 
pa

re
nt

he
se

s 
is

 t
he

 p
la

te
 

th
ic

kn
es

s 
of

 s
te

el
 b

ea
m

 u
nd

er
 n

eg
at

iv
e 

m
o

m
en

t

 
Fi

gu
re

3:
St

ee
lb

ea
m

se
ct

io
n

di
ag

ra
m

of
W

an
n-

fw
u

br
id

ge
.



114 Copyright © 2009 Tech Science Press SL, vol.2, no.2, pp.103-128, 2009

 

Figure
4:Section

diagram
of15M

standard
span

prestressed
beam

ofC
horng-ching

viaduct.



Load-Carrying Capacity Service Life Prediction 115

0

0.5

1

1.5

2

35 45 55 65 75 85 95 105 115 125 135 145
 

Figure 5: Relationship between durabil-
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Fig.5. Relationship between durability degree of load-carrying capacity service life and 
time for Wann-fwu bridge. 
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Figure 6: Relationship between reli-
ability index of load-carrying capac-
ity service-life and time for Wann-fwu
bridge.
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Fig.7. Relationship between durability degree of load-carrying capacity service life and 
time for Chorng-ching viaduct. 
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Fig.8. Relationship between reliability index of load-carrying capacity service life and 

time for Chorng-ching viaduct. 
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Figure 7: Relationship between dura-
bility degree of load-carrying capacity
service life and time for Chorng-ching
viaduct.
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Fig.7. Relationship between durability degree of load-carrying capacity service life and 
time for Chorng-ching viaduct. 
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Fig.8. Relationship between reliability index of load-carrying capacity service life and 

time for Chorng-ching viaduct. 
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Figure 8: Relationship between relia-
bility index of load-carrying capacity
service life and time for Chorng-ching
viaduct.

where µδcr and σδcr are respectively the mean and standard deviation of the steel
corrosion depth when concrete cover occurs crack due to rust expansion of steel
in concrete δcr, µkmei and σkmei are respectively the mean and standard deviation of
the coefficient of uncertainty of calculation model after the rust-expansion-crack of
concrete cover kmei, µ in Eq. (37) means that the partial derivative takes the value
at the mean.

If substituting Eqs. (30)-(37) into the following equations

δRp(t) =
σRp(t)
µRp(t)

(38)
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Fig.9. Relationship between mean of resistance and time for Wann-fwu bridge. 
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Fig.10. Relationship between mean of resistance and time for Chorng-ching viaduct.  
 
  
 
 
 

M
ea

n 
of

 re
si

st
an

ce
, μ

R
p 
(1

07 M
pa

) 
M

ea
n 

of
 re

si
st

an
ce

, μ
R

p 
(1

07 M
pa

) 

Time,t(years) Time,t(years) 

Time,t(years) 

Figure 9: Relationship between mean
of resistance and time for Wann-fwu
bridge.
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Fig.9. Relationship between mean of resistance and time for Wann-fwu bridge. 
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Fig.10. Relationship between mean of resistance and time for Chorng-ching viaduct.  
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Figure 10: Relationship between mean
of resistance and time for Chorng-ching
viaduct.

δR(t) =
[
δ

2
Kp

+δ
2
Rp

(t)
] 1

2
(39)

µR(t) = µKp µRp(t) (40)

σR(t) = δR(t)µR(t) (41)

then the mean and standard deviation functions of resistance of corroded beam
component subjected to bending action of existing RC bridge/viaduct can be found.

Let t = t1 be the in-service criterion period of existing RC bridge/viaduct. Then the
mean, µRmin and standard deviation σRminof the minimum value Rmin of the resistance
of existing RC bridge/viaduct can be obtained. Using Eqs. (6)-(9), the dynamic
probability and reliability index of the load-carrying capacity of corroded beam
(i.e., bridge deck) of existing RC bridge/viaduct can be found.

4 Illustrative examples

For the sake of examining the serviceability of the theory of load-carrying capacity
stated above, the existing Wann-fwu bridge and Chorng-ching viaduct in Taipei are
used to evaluate the load-carrying capacity service life. At present, it is needed to
point out that the corresponding rust-expansion-crack service lives are 33 and 57
years at reliability index βcr = 1.0 [Chang, 2008].

Figs.3 and 4 show the section diagrams of bridge decks of the existing Wann-fwu
bridge and Chorng-ching viaduct, respectively. Tables 1 and 2 indicate the mechan-
ical properties of structural components of corresponding bridge and viaduct. Ta-
bles 3 and 4 denote the cross-sectional sizes of corresponding bridge and viaduct.
To employ the theory mentioned early to estimate the service life of the existing
Wann-fwu bridge and Chorng-ching viaduct in Taipei, many parameters should
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Table 1: Mechanical properties of structural components of Wann-fwu bridge

34 
 

Table1 Mechanical properties of structural components of Wann-fwu bridge 

Test point No. Testing points Design compressive 

strength

)/(' 2cmkgff c  

Compressive 

strength 

)(' MPaf c

 

Tensile strength 

)(' MPaf t  

Elastic modulus 

)(GPaEc  

Effective elastic 

modulus 

)(GPaEef  

A A1-P1 Slab(left) 240 23.52 2.35 22.77 7.59 

B P1-P2 Slab(left) 240 23.52 2.35 22.77 7.59 

C P2-P3 Slab(left) 240 23.52 2.35 22.77 7.59 

D P3-P4 Slab(left) 240 23.52 2.35 22.77 7.59 

E P4-A2 Slab(left) 240 23.52 2.35 22.77 7.59 

F* A1-P1 Slab(right) 240 23.52 2.35 22.77 7.59 

G* P1-P2 Slab(right) 240 23.52 2.35 22.77 7.59 

H P2-P3 Slab(right) 240 23.52 2.35 22.77 7.59 

I P3-P4 Slab(right) 240 23.52 2.35 22.77 7.59 

J P4-A2 Slab(right) 240 23.52 2.35 22.77 7.59 

K S1-S1(Side) 240 23.52 2.35 22.77 7.59 

L P1 Right capbeam(rear) 280 27.44 2.74 24.60 8.20 

M P1 Left capbeam(rear) 280 27.44 2.74 24.60 8.20 

N P2 Right capbeam(rear) 280 27.44 2.74 24.60 8.20 

O P2 Left capbeam(rear) 280 27.44 2.74 24.60 8.20 

P P2 Middle capbeam(rear) 280 27.44 2.74 24.60 8.20 

Q P3 Right pier 280 27.44 2.74 24.60 8.20 

R* P4 Capbeam 280 27.44 2.74 24.60 8.20 

S P4 Left pier 280 27.44 2.74 24.60 8.20 

T Retaining wall(guide passage)(1) 280 27.44 2.74 24.60 8.20 

U Retaining wall(guide passage)(2) 280 27.44 2.74 24.60 8.20 

Average 259.05 25.28 2.53 23.59 7.86 

*The carbonation of cored sample has surpassed concrete cover. 

Remark:1. A:Abutment; G:Girder; P:Pier; S:Slab(bridge deck) 

       2. f’t=0.1f’c 

       3. 6108.9'15000 −××= cfEc  (GPa) 

       4. =
+

= cr
cr

c
ef

E
E φ

φ
,

1
Creep coefficient of concrete=2  
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Table 2: Mechanical properties of structural components of Chorng-ching viaduct

35 
 

Table2 Mechanical properties of structural components of Chorng-ching viaduct 
Test point No. Testing points Design compressive 

strength

)/(' 2cmkgff c  

Compressive 

strength 

)(' MPaf c  

Tensile strength 

)(' MPaf t  

Elastic modulus 

)(GPaEc  

Effective elastic 

modulus 

)(GPaEef  

A A1 Abutment 210 20.58 2.06 21.30 7.10 

B P23 Left pier 210 20.58 2.06 21.30 7.10 

C P3 Right pier 210 20.58 2.06 21.30 7.10 

D P24 Right pier 210 20.58 2.06 21.30 7.10 

E 
Retaining wall(terminal 

guide passage)(right) 
210 20.58 2.06 21.30 7.10 

F P24 Left pier 210 20.58 2.06 21.30 7.10 

G 
Retaining wall(guide 

passage)(left) 
210 20.58 2.06 21.30 7.10 

H 
Retaining wall(guide 

passage)(right) 
210 20.58 2.06 21.30 7.10 

I 
Retaining wall(guide 

passage)(left) 
210 20.58 2.06 21.30 7.10 

J P23 Right pier 210 20.58 2.06 21.30 7.10 

K* G6S4(Girder) 350 34.3 3.43 27.50 9.17 

L G3S4(Girder) 350 34.3 3.43 27.50 9.17 

M G10S4(Girder) 350 34.3 3.43 27.50 9.17 

N G14S24(Girder) 350 34.3 3.43 27.50 9.17 

O G1S4(Side) 350 34.3 3.43 27.50 9.17 

P G7S4(Girder) 350 34.3 3.43 27.50 9.17 

Q G11S4(2)(Girder) 350 34.3 3.43 27.50 9.17 

R G2S4(Girder) 350 34.3 3.43 27.50 9.17 

S G14S23(Side) 350 34.3 3.43 27.50 9.17 

T G1S23(Side) 350 34.3 3.43 27.50 9.17 

Average 280 27.44 2.74 24.40 8.13 

*The carbonation of cored sample has surpassed concrete cover. 

Remark:1. A:Abutment; G:Girder; P:Pier; S:Slab(bridge deck) 

       2. f’t=0.1f’c 

       3. 6108.9'15000 −××= cfEc  (GPa) 

  4. =
+

= cr
cr

c
ef

EE φ
φ

,
1

Creep coefficient of concrete=2 
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Table 3: Cross-sectional size of Wann-fwu bridge

Test Steel diameter of Cross-sectional Cross-sectional Cross-sectional
point bridge deck (mm) concrete cover width (mm) effective
No. (mm) height (mm)
A 14.23 20 900 650
B 14.23 20 900 650
C 14.23 20 900 650
D 14.23 20 900 650
E 14.23 20 900 650
F* 18.5 25 860 800
G* 18.5 25 860 800
H 18.5 25 860 800
I 18.5 25 860 800
J 18.5 25 860 800
K 16.26 30 850 750
L 16.26 30 850 750
M 16.26 30 850 750
N 16.26 30 850 750
O 16.26 30 850 750
P 15.31 35 900 700
Q 15.31 35 900 700
R* 15.31 35 900 700
S 15.31 35 900 700
T 15.31 35 900 700
U 15.31 35 900 700

Average 16.04 27.86 878.57 723.81

be well known. However, besides many parameters were offered in the Tables
1-4, other parameters were needed as follows: α = 0.85, µKp = 1.0, δKp = 0.04,
µkmel = 0.996, kcr = 1.6, kce = 3.5, Kcrs = 1.35[Niu (2003)], T=21◦, and RH=70%.
Substituting these well know parameters into Eqs. (10)-(37) and passing a series
of calculation, we can finally obtain the durability degree vs. time and reliability
index vs. time from Eqs. (6) and (8) for the existing bridge and viaduct as shown
in Figs. 5 and 6 and Figs. 7 and 8, respectively. Based on Figs. 7 and 8, we gain
that the load-carrying capacity service lives tt at reliability index β=1.0 are 147 and
116 years for existing Wann-fwu bridge and Chorng-ching viaduct, respectively.

According to Eqs. (38)-(41), we obtain the relationship between mean of resistance
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Table 4: Cross-sectional size of Chorng-ching viaduct

Test Steel diameter of Cross-sectional Cross-sectional Cross-sectional
point bridge deck (mm) concrete cover width (mm) effective
No. (mm) height (mm)
A 13.5 10 1000 550
B 13.5 10 1000 550
C 13.5 10 960 700
D 13.5 10 950 700
E 13.5 10 950 700
F 12.6 10 900 700
G 12.6 14 900 700
H 12.6 14 1000 700
I 12.6 14 1000 700
J 12.6 14 1000 700

K* 13.2 12 1000 640
L 13.2 12 1000 640
M 12.4 12 1000 640
N 12.4 12 950 640
O 12.4 20 950 640
P 13.6 20 950 640
Q 13.6 20 950 550
R 13.6 20 950 550
S 13.6 14 950 550
T 13.6 14 950 550

Average 13.11 13.6 965.5 637

vs. time for the corresponding bridge and viaduct as shown in Figs. 9 and 10. It
is very obvious that the decay ranking is the Chorng-ching viaduct and Wann-fwu
bridge.

5 Discussion

According to Figs.1 and 2 and Eq. (3), we know that the load-carrying capacity
of existing RC structure can be expressed in terms of tt = tc + tp + tcorr. Table 5
lists the methods for calculating the values of tc, tp, and tcorr. The related data for
calculating the values of tc and tp can be found in Fang [2007] and Chang [2008].
To calculate the value of tcorr, besides Tables 1-4, we need assume the following
parameters: α=0.575, ρcor = 3600kg/m3 = 3.6g/cm3, D=19mm, s=10cm, do =
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Table 5: Prediction method for initiation, depassivation, and propagation time due
to corrosion

Time 
Prediction 

method 
Formula Remark Reference 

Fick’s 

second law 

of 

diffusion 

( )
cctD

xerfcCtxC
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=oC CO2 concentration on 

concrete surface 
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Crank[1975] 

Guirguis 
c

c D
Lt

λ
=  =L constant cover 

=λ constant 
Guirguis[1987] 

Hookham xKxKKt aecc += 2  

=cK concrete quality 

factor(7.59) 
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Table 5: (Continued) Prediction method for initiation, depassivation, and propaga-
tion time due to corrosion

Bazant 

r
corcorr j

D
S
Dt Δ= ρ  

ppt
D
LfD δ'2=Δ  

 

=D Steel diameter(m) 
=δpp Radical compliance of 

steel hole 

=′tf Tensile strength of 

concrete )mkgf( 2  

L=Concrete cover(m) 

s=Steel space(m) 

=ρcor Density of corrosion 

product )mkg( 3  

=rj Rate of rust product per 

unit area of place )( 2smg

Bazant[1979] 
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Bazant 
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a=Inner radius 

b=Outer radius 

0d =Void thickness of 

concrete (m) 

cv =Psisson’s ratio of 

concrete(0.18) 

efE =Effective elastic 

modulus(MPa) 

=ρcor Density of corrosion 

product 
=pk rate of corrosion 

=corri Corrosion current 

density )cmA( 2μ  

critW =Critical amount of 

corrosion products 

stW =Mass of corroded steel 

stρ =Steel density 

Liu and 

Weyers[1998] 
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Table 5: (Continued) Prediction method for initiation, depassivation, and propaga-
tion time due to corrosion

ME 
corr

st
corr Ai

ZFt δρ=  

F
tAicorr

Ζ
=

γ
δ  

=A Atomic weightof iron（56g） 

=Z Ionic valance 

=F Farady constant 

=stρ Steel density 

=γ Material density（ 3cmg ） 

=corri Corrosion current density

（
2cmA ） 

Mangat and  

Elgarf[1999]  

CW yearstcorr 5~2=  

The average value of corrt based 

on the CW method was adopted in 

this study, i.e., corrt =3.5year 

Cady and  

Weyers[1984] 

 

12.5×10−3mm, νc = 0.18 and ϕcr = 2.0[Bazant (1979)]. The results of calculation
are listed in Tables 6 and 7. Based on Eq. (3), the maximum and minimum service
live for each structural component of the existing Wann-fwu bridge and Chorng-
ching viaduct are also respectively listed in Tables 6 and 7, i.e., tmax = tc,max +
tp,max + tcorr,max and tmin = tc,min + tp,min + tcorr,min. Based on Eq. (3), Figs. 6 and
8, and Tables 6 and 7, the results obtained from the service life prediction for the
Wann-fwu bridge and Chorng-ching viaduct of 147 and 116 years in Taipei are
acceptable. This means that the service life prediction for the corresponding bridge
or viaduct coincide with tmin ≤ t ≤ tmax.

Since the prediction methods use different parameters for predicting the values of
tcorr, the predicted results certainly have a big difference. The values of tcorr pre-
dicted by the LW method (see Table 5) for these existing bridge or viaduct are
maximum. The value of tcorr predicted by the CW method (see Table 5) for the
Wann-fwu bridge is minimum while the value of tcorr predicted by the Bazant
method for the Chorng-ching viaduct is minimum. Generally speaking, the pre-
dicted values of tcorr obtained by the LW and ME methods (see Table 5) are very
approached for these two bridge/viaduct. It is remarkable from Table 5 that both
the LW and ME methods consider more parameters than the other methods. The
values of tcorr calculated by the LW and ME methods are larger 3∼4 times than
those results predicted by the other methods. If take the average of tcorr values
predicted by the five prediction methods, the average tcorr values of the Wann-fwu
bridge and Chorng-ching viaduct are 10.15 and 7.5 years, respectively.
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6 Conclusions

The two service life models of RC structure and the analytical theory of load-
carrying capacity service life have been stated in this paper. The service life models
of existing RC structures consists of three phases, initiation (diffusion or carbon-
ation) time, tc, depassivation time, tp, and propagation (corrosion) time, tcorr. The
load-carrying capacity service life, tt = tc + tp + tcorr, is major issue in this pa-
per. The value of tt predicted fro the relationship between reliability index and
time at βcr = 1 for the existing Wann-fwu bridge and Chorng-ching viaduct are
147 and 116 years, respectively. The tt,min = tc,min + tp,min + tcorr,min and tt,max =
tc,max + tp,max + tcorr,max of the existing Wann-fwu bridge and Chorng-ching viaduct
are 40.47 and 36.38 and 192.01 and 190.01 years, respectively. It is worthy to point
out that the values of tt predicted from the βcr vs t are all lain within the range
of tt,min and tt,max. The results of this investigation may offer a basis for repair,
strengthening, and demolition of existing RC bridges or viaducts. The prediction
method proposed in this paper can be extended the application to other existing RC
bridge or viaducts. Finally, we recommend that the crack width control service life
is worth for future work.
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