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ABSTRACT

This paper proposes a methodology for the time-dependent reliability assessment of reinforced-concrete
bridges, taking into account the combined effect of steel corrosion due to the aggressive environment,
creep and shrinkage under realistic traffic. For this purpose, traffic is simulated over time according to
weight in motion, data recorded in Europe, then time-dependent deflection is calculated by considering
the cyclic creep effect due to traffic load in addition to shrinkage and tension stiffening. So, the
time-dependent bending moment can be deduced using the finite element method; this moment is then
introduced into the limit state function with the nominal resistance (flexure) which decreases over time
due to the reduction of steel section under corrosion, the reliability index and the probability of failure
are then calculated using the first-order reliability method. This procedure is illustrated through an
example for a simply supported reinforced-concrete bridge.

Keywords: corrosion, creep, shrinkage, realistic traffic, reliability, reinforced-concrete bridge.

1 INTRODUCTION
During their service life, civil infrastructures are exposed to operating and environmental
conditions that can be the main causes for structural deficiency and deterioration. In this
work, we are interested in the assessment of road bridges, especially short- to medium-span
reinforced concrete (RC) bridges that constitute an essential part of civil infrastructures.

One of the major forms of environmental attack for this kind of structure is chloride
diffusion in concrete, leading to reinforcement corrosion. Another challenge related to
varying cyclic loading caused by traffic is posed for these structures and may also affect
durability and public safety. Therefore, the determination of the need or not for maintenance
or replacement becomes a major issue, especially because of the high replacement cost and
limited budgets allocated for these purposes.

The performance evaluation of any structure requires the estimation of the resistance and
load effect. In order to evaluate the high variability of the parameters involved in the
assessment, the reliability theory is used to determine the probabilistic measure of safe
performance.

Reliability engineering is relatively recent; it appeared as an independent discipline in
the 1950s and concerns several fields of engineering. At the beginning, it was focused on the
reliability of machines and electronic equipment for estimating failure rate, then gradually it
began to have applications in wider fields. Thus, software-reliability assessment is now the
main source of reliability problems as a result of the increasing use of software programs [1].
The concept of reliability analysis is also transmitted to the field of structural design and
assessment in civil engineering because it suits the uncertainties existing in most areas of this
field. This theory becomes more likely to be applied by the end of 1970s thanks to the
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pioneering work of Cornell et al. [2]. Structural reliability analysis is now the most
sophisticated level of assessment of highway structures [3].

In recent years, there has been a considerable amount of publications concerning the
time-dependent reliability assessment of highway bridges. The time-dependent behavior of
structural resistance for RC bridges is evaluated in most cases by considering the influence
of corrosion with time on the reinforcement steel which causes the loss of flexural strength
[4]-[8]; the stochastic nature of live load is also involved in some studies trying to predict a
reasonable loading model but assuming a stationary load process without taking into account
the time-variant nature of load intensity and frequency [9], [10]. In this study, the reliability
analysis will take into account the reduction of the resistance caused by steel corrosion due
to chloride ingress in addition to creep, shrinkage and tension stiffening included in the side
of load effect. For this purpose, a time-dependent traffic simulation based on European
weight in motion (WIM) data is performed. The approach will be clarified by an illustrative
example of a simply supported RC bridge.

2 RELIABILITY GENERAL FORMULATION

Structural reliability theory is concerned with the assessment methods of safety and
serviceability for civil engineering structures while giving a rational treatment of
uncertainties; in other words, structural reliability is the probability that a structure will not
attain a specified limit state (ultimate or serviceability) at a given period of time — each limit
state can be defined by a particular form of a function, called the limit state function or failure
function, and the general form of a limit state function can be divided into a resistance term
R and a load effect term S. The time-dependent limit state function can be given by the
following general form [11]:

G(t) = R(t) — S(b). (1)

The most suitable form of the limit state function is by expressing it in terms of the set of n
basic variables X, which affect the structural performance because these variables may not
be statistically independent, so we obtain the following expression of the limit state function:

GX;(®) = R(X,(£), X2 (t), ., X, (©)) — S(DD, LL(Y), ...), ()

where R(t) is the resistance function of the system of random variables which influence the
limit state — for example, for a concrete section these variables are related to material
properties and section dimensions — and S(t) is the random function of load effects resulting
from dead loads DD and live loads LL.

This definition implies the splitting of the space into two zones: the reliable zone and the
failure zone, the boundary between these two subspaces is a hyper surface of equation G (X)
which is called the failure surface (i.e. R = S); thus, the probability that G(X) < 0 corresponds
to the probability of failure of the section py, to calculate this probability the integration is to
be performed over the failure domain D where the strength is smaller than or equal to the
load effect. In the case of independent variables, the volume integral can be transformed into
a plane line integral as follows:

pp=PZ=R-S<0)=[[,_ fal®).fs(s)drds = ["TFa(s).fs(s)ds,  (3)

where frand fs are the probability density function for the time-variant resistance and load
effect respectively, and Fyis the cumulative distribution function of the time-variant
resistance.
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Due to the high number of variables in the limit state function, the analytical solution of
this integral is very complex. Monte Carlo simulation is sometimes used to calculate this type
of integral by generating a very large number of variables with known distributions and then
calculating the difference between R and S at each time; the probability of failure can be
deduced from the rate of the cases where R was less than S. In this study, the first-order
reliability method (FORM) is used to calculate the failure probability because it leads to more
refined results [12]. By using the FORM method, the structural safety can also be estimated
in terms of the reliability index . Thus, the following steps are required:

1. Transform the random variable vector {X} from the physical variable space to
standardized space with standard normal variables {U}, G ({X}) = G ({U}).

2. Inthe standardized space, the reliability index corresponds to the minimum distance
between the origin of the space and the limit state surface; this optimization problem
can be formulated as g = min(¥L, u;2)Y/2.

3. The failure probability is deduced from the reliability index using first-order
approximation by FORM as follows py = ®(—f), where ®(.) denotes the
cumulative distribution function of the standard normal distribution.

3 STRENGTH LIMIT STATE
In this study, the strength or bending limit state is considered and the limit state function can
be written in the form:

G(Xi(t)) = MR(fC,'fy' d' b: G ) - Ma(Mss' Mtraffic' )a (4)

where My, is the resistance bending moment and M,, is the applied moment including traffic
M_rq55ic, superstructure M, and bridge self-weight.
An overall description of the proposed method is illustrated through a flowchart in Fig. 1.

3.1 Calculation of time-variant flexural capacity

The nominal bending moment is used to calculate the flexural resistance for a RC beam cross-
section, and is given by [12]:

_ a _ LAk
Mn—Asfy(d—E)—Asfy<d 2X0.85fc’b>’ (5)

where Aj is the reinforcement area, f,is the steel yielding stress, d the effective height of the
beam, f_ the concrete compressive strength and b the width of the girder flange in case of the
T section.

3.1.1 Reduction of steel cross-section

For RC bridges, the loss of strength is mainly caused by the corrosion of steel [4], [5], [13].
The time-variant resistance is then calculated by considering the reduction of the steel section
with reference to the corrosion initiation time. The reduction of the bar diameter is given by

[4]:
Difort<T;
] Di
D; —0.0232 0,0y (t —T;) for T; < t < T; + m,
Di
0.0232i,0,r

D(t) = (6)

0fort>T;,+
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where D(t) is the diameter of a reinforcement bar at time ¢ (years), Di is the initial bar
diameter, i, is the corrosion rate parameter in uA/cm?.
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Figure 1: Flowchart of the proposed method.
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When no experimental data are available, the corrosion-rate parameter can be calculated
by the following eqn [13]:

w (1 — —1.64
Leorr(t) = (32.13 a C wic) ) (t = Ti)=%%. (7

In eqn (1), w/c is the concrete water—cement ratio and Cis the concrete cover thickness.
In case of chloride-induced corrosion, the corrosion initiation time T; is calculated
according to the following eqn [14]:

-2

C? C,—C
— -1 0 cr
Ti=gp, 16/ ( Co )] . ®)

where C (cm) is the concrete cover thickness, D.(cm?/year ) is the chloride diffusion
coefficient, Cy(% weigth of concrete) is the equilibrium chloride concentration at the
concrete surface, and C.,-(% weigth of concrete) is the critical chloride concentration.

3.2 Calculation of time-variant load effect

In most of the reliability studies a stationary load process or notional load models are used to
simulate traffic loading [9], [15]. In this study, the time-dependent reliability analysis is
performed by simulating a realistic traffic loading according to WIM data recorded in some
European countries. Reliability analysis under realistic traffic loading has already been done
by Hajializadeh et al. [16], but without considering the creep effect under cyclic loading, so
in this study the moment applied on the girder cross-section is not directly calculated from
the applied traffic load at time t, but it is deduced from the time-dependent deflection using
the finite element method; the latter is calculated by considering the effect of tension
stiffening, creep and shrinkage on the girder cross-section according to Gilbert [17].

3.2.1 Traffic simulation

For short- to medium-span bridges that have a span length of up to 45 m, free-flowing traffic
is simulated, which allows to predict the load configuration at each time step; this model is
inspired by WIM data recorded on the Mattstetten motorway in Switzerland in the past
10 years [18]. According to this data, heavy vehicles or trucks (vehicles with a weight of
more than 3.5 t) can be grouped into 12 classes with the number of axles ranging from 0 to
6; the distribution of gross vehicle weight for each vehicle class is fitted to bimodal beta
distribution (an example is given in Fig. 2). Monte Carlo simulation is then used to generate
vehicle queues according to the given distribution for each vehicle class. The distance
between vehicles x in the case of free-moving traffic is generated based on traffic volume V
(vehicles per hours) using the following density function [19]:

v v
o) = 3550+ 22 P (_ 3600+ 22 %~ 5'5)) ' ©

The average hourly flow during the 24 hours of the day is adopted from recorded data in The
Netherlands [20].
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Figure 2: Example of bimodal beta distribution for vehicle class 1112r.

3.2.2 Time-variant applied moment

Time-variant in service moment is deduced from long-term deflection calculation for RC
structure according to Gilbert [17]. Pseudo-static analysis is performed assuming sustained
in service traffic load at each time step taken as 25 hours in order to cover all possible traffic
volumes throughout the day. Using double integration of time-dependent curvature, time-
dependent deflection at mid-span can be calculated as follows:

2
A= (i, + 10Ky + Ig), (10)

where [ is the span length, k;, kg and k,, are respectively the curvatures at left support, right
support and at the mid-span.

At any cross-section, the total curvature x is the sum of the load induced k(t)and
shrinkage-induced ks curvatures, where k(t) = k;(1 + @../a) and ks = K,e./h . In
k(t), the instantaneous curvature k; depends on the maximum applied moment M; at the
beam under sustained in service traffic load at a given time step, so k; = Mg /EI,f where E,
is the concrete young modulus and I, the effective second moment of inertia which decrease
with time by taking into account the gradual reduction of tension stiffening in the calculation
of the cracking moment M,,; the creep coefficient at time t, ¢, is calculated according to
CEB-FIP Model Code 90 [21] as a function of ambient humidity, composition of the concrete
mix and dimensions member, « is related to the effects of cracks. The shrinkage-induced
curvature k., is a function of the shrinkage strain €., also calculated according to the
CEB-FIP Model Code 90 and depends mainly on the concrete strength; h is the overall
section depth and k. is a term related to the quantity and location of reinforcement.

After calculating the time-dependent deflection which is increasing with time due to
shrinkage and creep, the bending moment is then deduced from this increasing deflection
using finite element discretization that allows us to calculate the internal forces. This obtained
time-dependent moment must, of course, gradually increase with time.

4 CASE STUDY
The proposed methodology is illustrated through an application for a simply supported RC
T-beam bridge having a span length of 9.1 m. The nominal values of the cross-section
dimensions for a central beam are given in Fig. 3.
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Figure 3: Cross-section of the bridge girder.

Time-dependent reliability analysis is performed for this girder and the bending or flexural
limit state is represented by the following limit state function:

) 1 Af,
G(Xi(t)) = MR(fcvfyl d,b,c, ) - Ma(Msvatraffiw ) = Asf;/ (d — X

2 O.85fc’b>_ (Mp, + M,,)

2

3213+ 1-(22— o
=ns *%(Di —0.0232 (M> =T« (t - TJ) —(axt2+Bxt+y), (11)

c

where ns is the number of reinforcing bars and T'i is the corrosion initiation time given by
eqn (8); the distributions of the different variables in the limit state function are shown in
Table 1. The calculation of the time-dependent probabilistic distribution of the applied
moment is detailed in the following paragraph.

4.1 Time-dependent distribution of applied moment

As mentioned previously in paragraph 3.2.2, the applied moment is deduced from time-
dependent deflection using the finite element method; for this purpose, hundreds of
simulations for traffic loading are performed, and for each one the moment profile is deduced
by fitting the extreme values of the obtained data to a second-order polynomial trend line
with the generic equation: @ * t? + 8 * t + y (see Fig. 4). In this equation, the coefficients
a, f and y seem to be normally distributed (see Fig. 5); their distribution parameters are
shown in Table 1. The dead load (self-weight and superstructure) is also included in the
moment plot.

For comparison reasons, the moment is also calculated directly based on hundreds of
traffic simulations without taking into account the creep effect or the traffic growth; the curve
of the stationary moment is shown in Fig. 6. It is also normally distributed with the
distribution function shown in the right side of Fig. 6.
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Table 1: Distribution of the variables.

Description [source] Variable Distribution  |Units Nominal |Bias” Cov™
Variables related to flexural strength
Reinforcing steel area [9] D; Lognormal mm 35.8 1 0.05
Concrete compressive ,
strength [22] fe Normal MPa 32 1 0.15
Cover [9] c normal mm 69 1 0.13
Chloride diffusion )
coefficient [8] D, Lognormal cm’/yr 1.29 1 0.1
Surface Ch.l oride Co Lognormal wt%concrete (0.1 1 0.1
concentration [8]
Critical chloride o
concentration [8] Cer Lognormal wt%concrete |0.04 1 0.1
Steel yielding stress [23] fy Normal MPa 500 1 0.1
ﬁfg?‘””e height of T beam |, Normal mm 721 10124 0.0229
Width of the girder flange b Deterministic  |mm 2600 - -
[9]. [10]
Paramgterl relflted to A Deterministic |- 32.13 - -
corrosion rate i ., [9]
ParaméterZ relfited to B Deterministic |- —-1.64 - -
corrosion rate i, [9]
Paramfster3 rel‘ated to c Deterministic |- -0.29 - -
corrosion rate i ., [9]
Variables related to applied moment
Moment coefficient | a Normal - 0.042 1 0.24
Moment coefficient 2 B Normal - 0.57 1 1.614
Moment coefficient 3 )4 Normal — 660.206 1 0.0238

“Bias: mean value/nominal value.
*Cov: coefficient of variation.
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Figure 4: Profiles of the time-dependent applied moment deduced from deflection.
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Figure 6: Profiles of the stationary applied moment directly calculated with no degradation.

4.2 Reliability results and discussion

The reliability indices corresponding to the annual probability of failure were calculated for
the 100 years of bridge service life in 5-year increments using Matlab with reference to
Kostandyan and Serensen [24]. The evolution of the individual density functions for
resistance R and load effect S with time is shown in Fig. 7 for t = 0, 40 and 100 years. It is
clear that the beginning the failure zone where R < S was very small, even invisible, but it
becomes more visible at 100 years. On the other hand, by considering the reduction of steel
section in the resistance function and under realistic traffic loading, including the effect of
shrinkage and creep in the load effect function, the reliability index decreases from 7.5 at the
beginning to 4.76 after 100 years(see Fig. 8); so, with a rate of 36.5%, which is relatively
high compared to the reduction of reliability index calculated under stationary loading by
considering only the corrosion effect in the resistance function, the latter decreases from 7.3
to 7 with only 4.1% and the failure probability increases but remains in very small ranks
reaching 10712 only (see Fig. 9), which is 100,000 times smaller than the same probability in
the first case reaching 8 x 1077, as shown in Fig. 8.
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Figure 9: Reliability index and probability of failure under stationary load without creep.
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5 CONCLUSIONS
The importance of using a time-dependent applied moment in reliability assessment resulting
from realistic traffic simulation and increased by creep and shrinkage effects in addition to
the degradation of flexural strength by corrosion is obvious. This will have a considerable
influence on the increase of failure probability and the decrease of the reliability index
compared to the small evolution of these parameters when considering only the degradation
of flexural strength under corrosion with a stationary applied moment.

In both cases the values of the reliability indices, even after 100 years, remain greater than
the target reliability index which represents the minimal recommended value for evaluation
(3.5 for RC bridges [2]); this depends strongly on the dimensions of the assessed structure
because, in fact, reliability analysis is very specific for each structure. In the future, this study
will be performed on a group of RC bridges with various characteristics according to their
dimensions and materials.
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