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Abstract: A stochastic finite element computational methodology
for probabilistic durability assessment of deteriorating reinforced
concrete ( RC) bridges by considering the time- and space-
dependent variabilities is presented. First, finite element analysis
with a smeared cracking approach is implemented. The time-
dependent bond-slip relationship between steel and concrete, and
the stress-strain relationship of corroded steel bars are considered.
Secondly, a stochastic finite element-based computational
framework for reliability assessment of deteriorating RC bridges
is proposed. The spatial and temporal variability of several
parameters affecting the reliability of RC bridges is considered.
Based on the data reported by several researchers and from field
investigations, the Monte Carlo simulation is used to account for
the uncertainties in various parameters, including local and
general corrosion in rebars, concrete cover depth, surface
chloride concentration, chloride diffusion coefficient, and
corrosion rate. Finally, the proposed probabilistic durability
assessment approach and framework are applied to evaluate the
time-dependent reliability of a girder of a RC bridge located on
the Tianjin Binhai New Area in China.
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any existing RC bridges are exposed to marine condi-
M tions. For these structures, there is an increasing in-

terest in maintaining their safety and serviceability,
including their expected remaining life and durability. To
date, there are plenty of experimental and theoretical inves-
tigations on the deterioration processes of RC bridges in ag-
gressive environments'''. The deterioration processes de-
pend on a large number of variables including concrete prop-
erties such as porosity, compression and tensile strength,
water/cement ratio, thickness of the concrete cover, rein-
forcement spacing, quality of concrete constituents, expo-
sure to aggressive agents, and service loading. Many of
these are influenced by design, construction workmanship
and environments. The deterioration processes are thus
highly uncertain. For this reason, probabilistic models are
used to characterize the effects of time and space on struc-
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tural deterioration™™ . The reliability and lifetime analyses

of existing structures remain a challenging task for computa-
tional mechanics.

A stochastic finite element-based computational frame-
work for reliability assessments of deteriorating RC bridges
is proposed. The analysis procedure considers the stochastic
deterioration processes of concrete, reinforcing steel and the
bond between concrete and reinforcing steel. The spatial
variability of corrosion damage and its effect on the reliabili-
ty of RC concrete structures have been studied recently'*™ .
Based on the data reported by several researchers and from
field investigations, the Monte Carlo simulation is used to
account for the uncertainties in various parameters, inclu-
ding local and general corrosion in rebars, concrete cover
depth, surface chloride concentration, chloride diffusion co-
efficients and corrosion rates. The proposed probabilistic
durability assessment approach and framework is applied to
evaluate the time-dependent reliability of a girder of an RC
bridge located at the Tianjin Binhai New Area in China.

1 Stochastic Deterioration Model
1.1 Concrete degradation model

1.1.1 Carbonation depth model
The depth of carbonation x, can be reasonably described

by a square root of the time ¢ relationship'” :

x(1) =Kt (1)

Thus, the evolution of carbonation in time is simply de-
scribed by the carbonation rate K, mm/year”’.

It is supposed that corrosion immediately starts when car-
bonation has attained the rebars. Denoting the concrete cov-

er C_ .., the time necessary for corrosion to start, called ini-
tiation time 7,,(1), is'"”
C2 ver
T, (1) = T(z (2)

1.1.2 Concrete constitutive model

In this paper, in agreement with the code of design for
concrete structures of China (GB 50010—2002), a constitu-
tive model for concrete with the compression part following
a perfectly plastic model and the tension part observing a
linear elastic model is adopted "'

1.2 Corrosion-induced deterioration model

1.2.1 Chloride ingress model

For RC bridges, corrosion initiation of reinforcement is
normally due to chloride ion ingress. The chloride ion in-
gress can be modeled using Fick’s second law of diffusion:
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C
€ _p o€ (3)
ot 0x
where C is the chloride ion concentration at distance x(cm)
from the concrete surface, kg/ m?’; 7 is the time of exposure
to the chloride source, year; and D, is the chloride diffusion

. . 2 . e . . . [12
coefficient, cm”/year. The corrosion initiation time is™

Ciover -1 Cs B Ccr -
T,.(2) =H[erf (T)] (4)

s

where T.

.(2) is the corrosion initiation time, year; C
the concrete cover depth, mm; C, is the equilibrium chlo-
ride concentration at the concrete surface, and C_ is the
threshold chloride concentration at which corrosion begins.
1.2.2 Corrosion rate model

After corrosion of steel bars initiates, it is reported that
the cover and the concrete quality affect corrosion rates. The
corrosion rate can be predicted as a function of the concrete

quality, cover, and time since corrosion initiation '"*':

cover 18

_27(1 -w/0) M
B C

cover

Lore (1) (5)

where i

«r (1) 1s the corrosion rate at the start of corrosion
propagation, WA/ cm’; and W/C is the water/cement ratio.
Vu and Stewart'” suggested that the corrosion rate can be

expressed as a time dependent variable:
ion(D) =ai ()(t-T,)"  t-T,=1year (6)

where 7,, is the time to corrosion
min [7,;(1), T,;(2)]; and « and B are constants. If the
corrosion rate is constant with time, then ¢« =1 and 8 =0. If
the corrosion rate reduces with time, then « =0.85 and 8 =
-0.291""

1.2.3 Steel cross-sectional area reduction model

The loss of the cross-sectional area of reinforcing steel
and its mechanical behavior depend on the type of corro-
sion. Two types of corrosion of reinforcing steel in concrete
are of concern: general and local pitting corrosion.

If general corrosion is considered, the loss of metal due to
corrosion is approximately uniform over the whole surface.
The reduction in the diameter of a corroding reinforcing bar
AD (mm) after ¢ years since corrosion initiation can be esti-
mated as'""!

initiation, 7. =

ini

AD(#) =0.0232i_ ()t (7)

Assuming that the corrosion current density is the same
for a group of n reinforcing bars of the same diameter D,
the cross-sectional area after ¢ years of general corrosion is

w[D, - AD(1)]’
—>O

As(t) =n 4 =

(8)

Pitting corrosion, in contrast to general corrosion, con-
centrates over small areas of reinforcement. As a result, a
corroding area of a reinforcing bar may be much smaller
than the area associated with the measurement of i (?).
For a group of n reinforcing bars of the same diameter D,
the cross-sectional area after ¢ years of pitting corrosion can

be estimated as

2
D,

4

A(t) =n - Z A, (=0 (9)
where A, (1) is the cross-sectional area of a pit at time ¢ in
a reinforcing bar with an initial diameter D,. It is assumed
that the pit has the configuration indicated in Ref. [ 15].
1.2.4 Changes in the ductility of steel bars

There is general consensus that the mechanical behavior
of reinforcing bars gradually changes from ductile to non-
ductile (brittle) as corrosion loss increases'™. In the pres-
ent study, it is conveniently assumed that the complete loss
of ductility in corroded reinforcing bars occurs after corro-
sion loss 7, ( which is measured in terms of cross-sectional
area loss, n, = A, (1)/A,,.,) exceeds the threshold 7, ,.
This leads to two types of mechanical behavior dependent on
corrosion loss: n <, for ductile behavior and 5, >, for
brittle behavior.

From the experiments proposed by Zhang et al. ', it is
reasonable to quantify 5, , =20% for the deformed steel bars
in existing structures. According to the experimental results,
the elastic modulus of corroded steel bars is independent of
corrosion loss. The elastic-plastic stress-strain relationship
for corroded steel using tests of 267 corroded steel bars was
investigated by Zhang et al "',

The stress-strain relationship is described as

E fi
0
s sc Eb()
S
g, = fyc é" < Ee Sgghc (10)
s0
Es T Epe
Sz (e =f) e >en
Eue T Eshe

where the yield strength f, and the ultimate strength f,. are
computed by

1_a]ns
fyc: 1_175 fy() (lla)
l_aZns
fuc: 1 fu() (llb)
s

The yield strain &
mate strain g

we» the strengthened strain ¢
of corroded steel bars are

suc

.. and the ulti-

N

(12a)

f ”,
‘gsyc + (gsh() _Eﬂ)(l - 7’ ) 77<$775.1 (12b)

s, t

8syc UB > 775,[

Esue = eam\gsuo ( 120)

Zhang et al. """ recommended that the mean values of «,,
o, and o, be 1.049, 1.119 and - 2.501, respectively.
These values are used herein. Their coefficients of variation
are all the same (i.e., 0.05) and all three variables are as-
sumed Gaussian.
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1.3 Bond model

The intact bond-slip model of the CEB-FIP model code
1990 was modified by Val and Chernin'” by taking into ac-
count the reduction of the bond strength between concrete and
corroding reinforcement due to corrosion of reinforcing steel.

The bond-slip relationship in the CEB-FIP model code
1990 (see Fig. 1) is

S (43
7-max(i) 0$S$sl
sl
7 max S SS<S,
= (13)
§s—=5,
T max (Tmax T[) S2 $S$S;
Sy =83
T §=5,

where 7 is the bond stress; s is the slip; 7, is the bond
strength; and «, 7, §,, §,, and s, are the parameters of the
model, whose recommended values can be found in CEB-
FIP model code 1990.
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Fig.1 Bond stress-slip relationship

2 Space- and Time-Dependent Reliability Analysis
of Deteriorating RC Bridge

2.1 Nonlinear finite element model of deteriorated RC
bridges

In this paper, a 2-D model with separate elements and
nonlinear models for steel, concrete and bond is employed
to describe the behavior of deteriorated RC bridges. The
concrete is modeled by means of four-node plane stress ele-
ments, while the steel bars are represented by two-node
truss elements; a bond-link element exhibiting a relative slip
between the two materials couples the concrete elements to
the corresponding bar elements, as shown in Fig. 2.

? Concrete

4-node plane stress element

T

3
!

Steel bar
2-node truss element

Bond
Spring element

O_Oa‘SO_O

R

Slip
Fig.2 2-D nonlinear finite element model
2.2 Spatial random field analysis

Some of the random input parameters are considered to
vary spatially within a particular RC bridge. To illustrate the

techniques developed herein, the present analysis considers
the random spatial variability of the concrete cover, the dif-
fusion coefficient and the surface chloride concentration.
These variables in turn will influence the spatial variability of
dependent variables such as the corrosion initiation time and
the corrosion rate. Spatial variability can be represented by
the use of random fields; in the case of an RC beam, it is re-
presented by a 1-D random field. To achieve this, the length
of beam L is discretized into n identical square elements and
a random variable is used to represent the random field over
each element.
2.2.1 Saurface chloride concentration

In the coastal zone, McGee '™ suggested that the surface
chloride concentration as a function of distance from the
coast d (km) is

2.95 d<0.1
C.(d) ={1. 15 -1.81log(d) 0.1<d<2.84 (14)
0.03 d>2.84

McGee'" found that the coefficient of variation ( COV)
for surface chloride concentration is 0. 49 for distances from
the ocean exceeding 0. 1 km. In the present study, a coeffi-
cient of variation of 0.5 is used.

2.2.2 Chloride diffusion coefficient

The Chinese code specifies that the chloride diffusion co-
efficient should be determined based on experimental or
measured data. It has been observed that there is a tendency
for a decrease in the chloride diffusion coefficient over time,
but this reduction is most rapid during the first 5 years of ex-
posure, and after that, it approaches a constant value. A
wide range of chloride diffusivity rates is found in the litera-
ture ranging from 70 to 1 350 mm’/year'. In this study,
the variation of probabilities of corrosion initiation is exam-
ined with time-independent constant diffusion coefficient D,
of 330 mm’/year. The coefficient of the variation of diffu-
sion coefficient for specified concrete compressive strengths
of 30 to 40 MPa is approximately 0. 45.

2.2.3 Concrete cover depth

Substantial research has been performed on the variability
of concrete cover depth. Factors that influence concrete cov-
er depth variability include the complexity of steel fixing,
contractor’s practice, number of quality checks, formwork
erection and concrete casting. The majority of these factors
relate to workmanship; thus, based on published data, the
distributions assumed for cover depth in the case studies de-
scribed herein are given in Tab. 1.

2.3 Load model

The live load model is based on the Chinese code (JTG
D60—2004). The calculated static live load effects are mul-
tiplied by a dynamic factor u to account for the dynamic am-
plification effects. The total live load is then multiplied by
an overload factor A, to account for the uncertainty in the
overload conditions of existing highway bridges. In addi-
tion, it is considered that A, might be truncated at some
lower legal limit, such as the live load in the code.

It is assumed that the maximum annual live load follows a
Gumbel (extreme type [ ) distribution, whereas the dynam-
ic factor u is assumed to be normally distributed. The distri-
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butions for the components of the dead load are assumed as
log-normal.

Tab.1 Statistical properties of random variables

The limit states considered herein are serviceability and strength
(see Tab.2). The load effects are calculated by the nonlin-
ear finite element analysis of the deteriorating RC bridges.

Tab.2 Time-dependent variables in limit state functions

Parameter Mean COV Distribution
Concrete compressive 35 0.18 N
strength f,/MPa
Modulus of elasticity
of concrete E./GPa 30 0.12 N
Dy/mm 32 0.10 N
fye/MPa 335 0.10 N
Mo@ulus of elasticity 200 0.033 N
of steel Ey/GPa
Cooyer/ MM 50 0.20 LN
Cs(us:rll(gg (?e;:ig) salt) / 3.5 0.50 IN
C,(costal zone) /(kg - m?) Eq. (14) 0.5 LN
D./ (mm? - year ') 330 0.10 LN
C./(kg - m™?) 0.9 0.19 LN
o 1.049 0.05 N
[« 1.119 0.05 N
s -2.501 0.05 N
Dead load precast/(kN - m~!) 1.03D, 0.08 LN
Dead load cast-in-
place / (KN - m ) 1.05D, 0.10 LN
Single truck load/kN 90 0.05 Gumbel
101;;jtr:tly(1;\t1efi rl;vie]) 3.97 0.05 Gumbel
Dynamic factor 1.24 0.15 N, truncated at 1
Overload factor A 1.2 0.20 N, truncated at 1

Note: D, and D, denote the nominal dead loads of precast and cast-in-

place, respectively; N and LN denote normal and lognormal distribution.
2.4 Limit state function

The limit state function can be written as

g(x, 1) =R(1) -S(1) =0 (15)
where x is the design variable vector defining limit state
function g, and R(¢) and S(7) are time-dependent varia-
bles representing resistance and load effect, respectively.

Limit states R(1) S(1)
Maxi flecti P sdoens
Serviceability SE L/600 aximum deflection at mid-span
under live load
Strength ST, f SFeel tensile stress under com-
Y bined load
Strength ST, 7 Concrete compression stress un-

der combined load

2.5 Computational procedure

The space- and time-dependent reliability analysis is com-
plicated due to nonlinear limit states, time-dependent and
random variables, and more importantly, the inclusion of
the temporal and spatial variabilities of steel constitutive
laws, steel cross-sections and the bond-slip relationship in-
duced by pitting corrosion.

For each simulation, the time to corrosion initiation and
the corrosion rate for each steel element are calculated. At
each calculation time, the pit-depth for each steel element
and the concrete cover depth are generated. The cross-sec-
tional area and constitutive laws of the corroded steel, and
the bond-slip relationship between corroded steel and con-
crete are taken into account. The reinforcing bar forces,
compression stress of the concrete, and the displacement at
mid-span are then calculated from finite element analysis.

A computer code written in Matlab version R2006a is
used to generate the random variable inputs and to conduct
the reliability analysis. The software ANSYS and its para-
metric design language are used to perform the nonlinear fi-
nite element analysis of degraded reinforced concrete bridg-
es. The stochastic parameters such as material properties,
structural dimensions and element properties are input. The
Monte Carlo simulation is used to obtain the failure proba-
bilities and reliability indices"”. The flowchart describing
the program structure for spatial time-dependent reliability
analysis is shown in Fig. 3.

| Identification of uncertain variables
Other Spatial deterioration parameters of +
parameters RC bridges | Statistics of uncertain variables |
* Stochastic deterioration model of
Cross-sectional area of the i-th steel element; RC bridges
Constitutive laws of corroded reinforcing bars
5 Load. of the i-th steel element; Rttt ettt
Dimensions . R . . i ANSYS APDL-based i
. . Deteriorated bond-slip relationship of the i-th | X X H
Constraints . K=  parameterized finite element |
spring element ; ! Tosi |
S 1
Concrete cover depth Lo fgifs-ls- ---------- |
‘ Limit state functions
Parameterized finite element model of deteriorated RC bridges +
Time-dependent reliability
¢ analysis using MC simulation
Mechanical results Failure probability and
reliability index

| Sensitivity analysis |

Fig.3 Flowchart of space-and time-dependent reliability analysis
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3  Illustrative Example: Existing RC Bridge on
Coastal Environment

3.1 Bridge description

For the sake of illustrating the present model and method,
a typical simple supported RC bridge located on the Tianjin
Binhai New Area of China is considered herein. The bridge
has a span of 20 m and two-lane-roadway and two sideways
with a total width of 9.5 m. It has five precast T-type RC
girders with the geometrical characteristics of the cross-sec-
tion and the steel reinforcement shown in Fig. 4 (a). The
bridge was designed according to the Chinese code (JGIJ
D62—2004) for a highway-1II live load. Reinforcing steel
is HRB335 and there is a 50 mm thick concrete overlay.
The specified concrete compressive strength f, of the girder
is 35 MPa and the nominal yield strength of the reinforcing

Dead and live

load

steel f,, is 335 MPa. Ten reinforcing bars of 32-mm-diame-
ter are used for longitudinal reinforcement, and stirrups are
made of 12-mm-diameter rebars. The service life of the
structure is taken as 100 years. The bridge is located within
2 km of the coast and is exposed to repeated application of
deicing salts in winter. The corrosion rates are evaluated at
a relative humidity of 70% . In the present study, one of the
side-girders of this bridge is selected for reliability analysis.

A plane stress modeling of the T-type beam is performed
by nonlinear finite element simulations. The longitudinal re-
bars in the 20 m span girder are divided into 200 steel ele-
ments and the length of each element is 100 mm. The con-
crete element length is also 100 mm. The FE model compri-
ses 1 600 concrete elements, 200 steel elements and 400
spring elements. The FE mesh used is defined in Fig.4(b),
and the detailed links between the steel bar and the concrete
are shown in Fig. 2.

Concentrated live load

}
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Fig.4 Reinforced concrete bridge beam. (a) Cross

In the reliability analysis, structural failure is deemed to
occur if the tensile stress of the steel element at mid-span
exceeds the ultimate strength of the steel, or the compres-
sion stress of the concrete element at the deck exceeds the
compression strength of the concrete. Serviceability failure
will occur when the maximum deflection of the bridge under
live load exceeds 1/600 of its span according to the Chinese
code JGJ D62—2004. As mentioned in section 2.4, these
failure states are denoted as ST,, ST, and SE, respectively.
The statistical properties of all the random variables for the
space- and time-dependent reliability analysis of this RC
bridge are summarized in Tab. 1.

3.2 Results

The time-dependent reliability indices of the beam under
different failure criteria are presented in Fig. 5. It shows that
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Fig.5 Time-dependent reliability index of RC bridge

(b)

section (unit: mm); (b) 2-D finite element mesh of the beam

the reliability is significantly influenced by the failure crite-
ria. The probability density functions of the live load deflec-
tions at mid-span from 10 to 100 years are illustrated in Fig.
6.

0.14
0.12 -

£0.101
S 10 years

5]
= 0.08f
z
2 0.06[
<
2
£0.041

0.02

1 1 1
0 5 10 15 20 25 30 35 40

Displacement at mid-span/mm

Fig.6 Probability density functions for live load deflection
at mid-span at different bridge ages

Nominal concrete covers for the reinforced bar are 35 mm
(level 1), 50 mm (level 2) and 75 mm (level 3) according
to the Chinese code. The mean values of overload factor A
are considered as 1.2, 2.0 and 3. 0 for common, severe and
extreme overload. It is worth noting that the mean cases of
A, in Tab.3 are determined according to the surveys on traf-
fic trucks and recent failures of highway bridges in China.

Reliability analyses are conducted to assess the influence
of cover on failure probabilities. The effect of concrete cov-
er depth at t =25 years is illustrated in Fig. 7. According to
the durability design code of China, the RC T-type beam
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with a cover depth of 50 mm can satisfy the minimum relia-
bility index of 3.5 after 25 years, whereas a design scheme
with a 35 mm cover depth cannot.

Tab.3 Case of sensitivity analysis

Parameter Base case Range of mean values
Cover/ MM N (50, 10) 35, 50, 75
AL N(1.2,0.24) 1.2, 2.0, 3.0
5.0
___________ .
4.5+ /
> ///
< 4.0 7
=) ’
B~ // ................... -
3.5k s J—
e} S/
-8 ‘
g 3.0+
....m-.SE
2.5 --o-ST,;
- —4—ST,

2. 0 1 1 1 1 1 1 1 1 1 J
30 35 40 45 50 55 60 65 70 75 80
C,,.../mm

cover

Fig.7 Effect of concrete cover depth on 25 years reliability

Fig. 8 illustrates the influences of the overload factor A,
on the serviceability ( live load deflection) and strength
(steel tension and concrete compression) probabilities of
failure of corroded beam for 25-year deterioration. The reli-
ability indices are significantly affected by the overload fac-
tor. According to Fig. 8, for a 25-year RC bridge, the ac-
ceptable overload factor is about 1. 7.

5.0
45 o ....m.SE

4.0
3.5F
3.0
2.5F
2.0
1.5

1‘0 1 1 1 1 |-.. J
1.2 1.6 2.0 2.4 2.8 3.2

Overload factor

index

Reliability

Fig.8 Effect of overload factor on 25 years reliability

4 Conclusion

Reliability assessment of RC bridges in a marine environ-
ment considering the spatial and temporal variabilities of de-
terioration processes is performed in the present study. A
stochastic finite-element-based computational framework for
reliability assessment of deteriorating RC bridges is devel-
oped. The spatial variabilities of concrete cover, surface
chloride concentration and chloride diffusion coefficients are
considered. The results obtained from the space- and time-
dependent reliability analysis of a RC bridge girder are pres-
ented in terms of serviceability and strength limit states.
This information can be used to optimize maintenance strate-
gies, and evaluate the time-dependent reliability and residual
life of deteriorating RC bridges.
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