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Abstract
E——

This paper addresses the analysis of probabilistic corrosion time initiation in reinforced concrete structures exposed to ions chloride penetration.
Structural durability is an important criterion which must be evaluated in every type of structure, especially when these structures are constructed
in aggressive atmospheres. Considering reinforced concrete members, chloride diffusion process is widely used to evaluate the durability. There-
fore, at modelling this phenomenon, corrosion of reinforcements can be better estimated and prevented. These processes begin when a threshold
level of chlorides concentration is reached at the steel bars of reinforcements. Despite the robustness of several models proposed in the literature,
deterministic approaches fail to predict accurately the corrosion time initiation due to the inherently randomness observed in this process. In this
regard, the durability can be more realistically represented using probabilistic approaches. A probabilistic analysis of ions chloride penetration
is presented in this paper. The ions chloride penetration is simulated using the Fick’s second law of diffusion. This law represents the chloride
diffusion process, considering time dependent effects. The probability of failure is calculated using Monte Carlo simulation and the First Order
Reliability Method (FORM) with a direct coupling approach. Some examples are considered in order to study these phenomena and a simplified
method is proposed to determine optimal values for concrete cover.

Keywords: reliability algorithms, durability, reinforced concrete, concrete cover.

Resumo
E——

Este artigo aborda a analise probabilistica do tempo de inicio da corrosdo em estruturas de concreto armado expostas a penetragéo de ions
cloretos. Durabilidade estrutural € um critério importante que deve ser avaliado em cada tipo de estrutura, especialmente quando estas estruturas
séo construidas em ambientes agressivos. Considerando os elementos em concreto armado, o processo de difusdo de cloreto € amplamente
utilizado para avaliar a durabilidade. Dessa forma, com a modelagem deste fendmeno, a corrosdo das armaduras pode ser mais bem estimada
e evitada. Estes processos comecam quando um nivel limite de concentragao de cloretos € alcangado nas barras de aco da armadura. Apesar
da robustez dos varios modelos propostos na literatura, as abordagens deterministicas ndo conseguem prever com precisdo o tempo de inicio
de corroséao, devido a aleatoriedade inerentemente aos parametros que controlam este processo. A este respeito, a durabilidade pode ser repre-
sentada de forma mais realista utilizando abordagens probabilisticas. Uma analise probabilistica da penetragéo de ions cloreto é apresentada
neste artigo. A penetracdo de ions cloreto é simulada usando a segunda lei de Fick da difusdo. Esta lei representa o processo de difusdo de
cloreto, considerando efeitos dependentes do tempo. A probabilidade de falha é calculada usando simulagdo de Monte Carlo e o Método de
Confiabilidade de Primeira Ordem (FORM) com uma abordagem via acoplamento direto. Alguns exemplos sdo considerados, a fim de estudar
estes fendbmenos e um método simplificado € proposto para determinar os valores étimos para o cobrimento de concreto.

Palavras-chave: algoritmos de confiabilidade, durabilidade, concreto armado, cobrimento de concreto.
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1. Introduction

EE

Concrete structures, especially reinforced concrete structures, are
one of most used types of structures around world. When it is lo-
cated in non aggressive environments, these types of structures
respect, in general, its structural life predicted, which is given by
the durability criteria. Regarding durability, it can be measured as
a period of time in which the structure maintains, at least, minimal
functional conditions, resistance and external aspects required in
design. However, the structural durability can be strongly affec-
ted by degradation processes of environmental and/or functional
origins [1,2]. Among these processes, it is worth to mention the
penetration of chlorides, carbonation, fatigue and creep. Therefo-
re, reinforced concrete design with reliability analysis for structural
durability as well as prediction of repairs and maintenance has be-
coming increasingly accepted [3-5].

One of the most important degradation processes in reinforced
concrete structures is the reinforcement corrosion phenomenon.
It is directly responsible for the durability and failure of concrete
structures. With respect to the external agents, chloride diffu-
sion is identified as one of the major factors that cause reinfor-
cement corrosion. When corrosion begins, the durability of the
structure is affected by several phenomena like reduction of the
reinforcement’s cross section, bursting of concrete and adherence
loss between steel and concrete [6,7].

In general, the corrosion process can be divided into two stages:
the initiation and the propagation period. During the initiation pe-
riod, chloride ions diffuse through concrete toward the reinforce-
ments. The chloride concentration reaches a threshold value, whi-
ch triggers the corrosion of steel. The propagation period of the
corrosion process is defined as the time from the start of corrosion
to a critical steel loss limitation being reached. Compared with the
first stage, the propagation period is relatively short. Therefore, the
chloride diffusion process is frequently used to indicate the durabi-
lity and service life of concrete structures [8].

Regarding the prediction models for those corrosion times, seve-
ral models have been proposed in the literature to deal properly
with the corrosion phenomenon in reinforced concrete structures.
Most of them propose deterministic approaches in order to mo-
delling this structural problem. However, due the large number of
inherent uncertainties, as the penetration of chlorides in concrete,
these problems can only be accurately analyzed considering pro-
babilistic approaches. Among these models and formulations, it is
worth to mention [9-13], where the corrosion process was studied
considering several conditions and variables. Based on these pro-
babilistic models, life assessment analysis in reinforced concrete
structures exposed to chloride penetration can be accurately per-
formed [14-16]. For example, considering these results, aspects of
maintenance and inspection plans, an optimal structural concrete
cover can be proposed taking into account the randomness inhe-
rent of the variables in each model regarding the involved cost on
each procedure.

In order to achieve the durability requirements in reinforced con-
crete design, a mechanical model to evaluate the chloride concen-
tration at every position inside concrete is needed. Moreover, the
chloride penetration mechanism is controlled by complexes inte-
ractions among physical and chemical mechanisms, which are a
large source of uncertainties. However, this phenomenon is often

simplified, without significant loss, by problems controlled only by
diffusion process.

Fick’s diffusion laws have all the requirements to modelling the
problem and it is based in some hypotheses such as: concrete is
an homogeneous material in space; a direct consequence of this
assumption is a constant value for the coefficient of diffusion along
time; the model supposes that concentration of ions chloride in the
environment is constant and it admits the concrete in saturated
condition. Assuming all these behaviours, probabilistic analyses of
chloride ingress in concrete structures can be performed by cou-
pling Fick’s diffusion laws with reliability algorithms.

In this paper, a coupled mechanical and reliability model is develo-
ped in order to allow probabilistic analyses of reinforced concrete
structures subjected to ions chloride ingress. These analyses aim
at quantifying the probability of corrosion start in reinforced concre-
te structure based on a reliability approach. The mechanical model
is based on the Fick’s second diffusion law, which is capable to si-
mulate the chloride penetration process in porous materials. Then,
the chloride concentration at a given concrete cover depth and the
respective time can be evaluated. In order to determine the pro-
bability of failure, two reliability algorithms were considered: direct
coupling of mechanical model with FORM and Monte Carlo simu-
lation. Both algorithms determine the probability of failure conside-
ring the failure scenarios achieved by the mechanical model based
on Fick’s diffusion law. The probabilistic chloride penetration is
analyzed for some particular cases and the set of values achieved
by the proposed models are discussed. A simplified procedure to
obtain the optimal concrete covers for periodic inspections is also
illustrated by the building of some abacuses.

2. The mechanical model - Fick’s
diffusion law

EE

Corrosion of reinforcements induced by chlorides can take place
in the presence of oxygen and moisture when the chloride build-
-up within the structures exceeds a threshold value. Even for a
carefully constructed concrete, with negligible or practically non
chloride inherited at the construction stage, the gradual build-up
of the required level of chloride content to initiate corrosion of rein-
forcement takes place slowly through ingress of chloride ions from
external sources.

The transport phenomenon associated with the movement of chlo-
ride ions along structures exposed to aggressive environments is
attributed mostly to diffusion of chloride ions into concrete porous
under a concentration gradient. Chloride diffusion coefficient of
concrete, which depends upon the pore structure of the concre-
te, characterizes this flow under a given concentration of chloride
exposure and it is considered as a characteristic property of a har-
dened concrete.

In order to simulate the chloride ingress and its transport into the
concrete porous, Fick’s second law of diffusion [17] has been wide-
ly considered as an acceptable model. The Fick’s laws for diffusion
are applicable for material homogeneous, isotropic and inert [18].
Moreover, the mechanical properties of diffusion process are assu-
med to be the same along all directions and kept constants along
time. Considering concrete, these hypotheses are not completely
satisfied because concrete is well known as heterogeneous, ani-
sotropic and chemically reactive (continued hydration and micro-
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-cracking process) material. However, the methods commonly
adopted for chlorides transportation modelling in concrete consi-
der this process governed only by ionic diffusion, then, it assu-
mes that the concrete cover is completely saturated. Therefore,
it makes the Fick’s laws hypotheses acceptable for the chloride
ingress modelling, because, in this case, the material is assumed
completely saturated, with unidirectional chloride flux, i.e., from the
exterior surface into the concrete depth. When chloride diffuses
into concrete, a change of chloride concentration occurs at any
time in every point of the concrete, i.e., it is a non-steady state
of diffusion. In order to simplify its analysis, the diffusion problem
is considered as one-dimensional. Many engineering problems of
chloride ingress, as those discussed in this paper, can be solved
considering this simplification.

The assumption of Fick’s diffusion theory is that the transport (gi-
ven by the flux) in concrete of chloride ions though a unit section
area of concrete per unit of time is proportional to the concentration
gradient of chloride ions measured normally to the section. Then:

F=-D% )

op

in which: F is the flux of ions chloride into concrete, D is the ge-
neral coefficient of diffusion of the concrete, C corresponds to the
chloride concentration at any position inside concrete, p is the such
position.

The negative sign in the equation above arises because the diffu-
sion of chloride ions occurs in the opposite direction of the concen-
tration increasing of chlorides ions. In general, D is not constant,
but depends on many parameters as the time for which diffusion
has taken place, location in the concrete, composition of the con-
crete, among other factors. If the chloride diffusion coefficient is
constant, equation (1) is usually referred as Fick’s first diffusion
law. If this is not the case, the relation is usually referred as Fick’s
first general diffusion law.

There are some cases where this simple relation should not be
applied. In this regard, it is worth to mention the cases where
the diffusion process may be irreversible or has a history-de-
pendence. In such cases, Fick’s diffusion law is not valid and
the diffusion process is referred as anomalous. However, none
observation so far indicates that the chloride diffusion in con-
crete should be characterized as an anomalous diffusion. The
Fick’s second law can be derived considering the mass balance
principle. Then:

oC © oC
= _"|_p=
ot Op op (2)

In order to apply Fick’s second diffusion law, in this form, for con-
crete exposed to chloride during a long period of time, one ought to
know the variation of the chloride diffusion coefficient along time. If
only few observations exist in a specific case, it is possible to esti-
mate upper and lower boundary for the variation of D in time. Des-
pite this dependence, an especial case can be considered where
the chloride diffusion coefficient is independent of location, time

and the chloride concentration. In this case, Fick’s second law can
be rewritten in the simpler form:

oC 0°C
5 =D, 5p2 (3)

in which: D, is the constant chloride diffusion coefficient of concre-
te, tis the time of the assessment of chloride concentration.

The solution of the differential equation (3), for a semi-infinite do-
main with an uniform concentration at the structural surface, is gi-
ven by:

C(p,t)=Cerfc Z—II)Dt (4)

in which: C,, is the ions chloride concentration at the structural sur-
face supposed constant in the time, erfc is the complementary er-
ror function.

In this paper, equation (4) is used to evaluate the chloride concen-
tration CEp,Z , at a given position p and time t, and for that rea-
son is also used as the mechanical model in this paper. Based on
the concentration values of chloride ions at a given structural dep-
th, it is possible to assess the structural safety. However, in order
to allow the safety assessment, a coupling among the described
mechanical model and reliability algorithms has been constructed.
These coupling models take into account the inherent randomness
of the variables in the diffusion process. One of the most important
product of these coupling is the possibility to choose the critical
time of structural maintenance based in a given target reliability
index or the determination of the concrete cover depth based on
the structural safety level target.

3. Reliability concepts and methods
of analysis
———

3.1 General concepts

The reliability analysis aims at computing the probability of failure
regarding a specific failure scenario, known as limit state. The first
step in the reliability assessment is Q identify the basic set of ran-
dom variables X =Tx1 s X, ,...,xn] for which uncertainties have
to be considered. For all these variables, probability distributions
are attributed in order to model its randomness. These probabili-
ty distributions can be defined by physical observations, statisti-
cal studies, laboratory analysis and expert opinion. The number
of random variables is an important parameter to determine the
computing time consumed during the reliability analysis. In order to
reduce the size of the random variable space, it is strongly recom-
mended to consider as deterministic all variables whose uncertain-
ties lead to minor effects on the value of probability of failure.

The second step consists in defining a number of potentially critical
failure modes. For each of them, a limit state function, separates the
space into two regions as described in figure 1: the safe domain,
where G(X ) > 0 and the failure domain where G(X )< 0. The
boundary between these two domains is defined by (X) =0,
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Figure 1 - Domains of failure and
safety for two random variables
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known as the limit state itself. It is worth to mention that an explicit
expression of the limit state function is usually not possible. When
numerical mechanical models are used, only at a desired number
of points it can be computed. In this paper, the limit state is defined
using the critical failure mode calculated by equation (4).

The probability of failure is evaluated by integrating, over the failure
domain, the joint density function as presented by [19]:

Pf:J.GsofX (xl’x2""’xn) dxl,dxz,---dxn (5)

in which: fX (X) is the joint density function of the random va-
riables X.

As the evaluation of integral defined by equation (5) is almost im-
possible in practice, alternative procedures have been developed
on the basis of reliability index concept [20]. This parameter is
defined by the distance between the mean point and the failure
point placed at the limit state function GZXS =0 in the norma-
lized space of random variables. The reliability index allows us to
calculate the probability of failure, using the First Order Reliability
Method (FORM) as follow:

P =®(-) (6)

in which: CD() is the standard Gaussian cumulated distribution
function, B is the reliability index.

There are some alternative procedures, available in the reliability
theory, which allow the probabilities assessment of structural failure.
These procedures are based on numerical simulation techniques.
The most important approach, among them, is the Monte Carlo’s
simulation method. However, when numerical mechanical models
expensive in terms of computational work are adopted, this approa-
ch may be unreliable, due the large sampling required for simulation.
In this study, two reliability approaches are adopted. The first is kno-
wn as direct approach, as it is the result of direct coupling a mechani-

cal model at the First Order Reliability Method (FORM). The second
approach used is the classical Monte Carlo’s simulation. In both ca-
ses, the models are used to evaluate the probabilities of failure con-
sidering the chloride ingress process, in reinforced concrete struc-
tures. These approaches will be discussed in the following sections.

3.2 Direct approach — mechanical model and FORM

The basic procedure in this model consists in directly coupling the
reliability model FORM with the mechanical model given by equa-
tion (4). This approach has demonstrated be accurate and robust
for analysis of many complex engineering problems, as discussed
by [21-23].

As described in the previous section, the limit state function defi-
nes the boundary between safe and failure domains. Considering
chloride penetration problem, the limit state function can be written
in terms of the time for corrosion initiation:

G(X)=1,(X)-1, ()

in which: tR is the time for corrosion initiation that depends of the
set of random variables X; 7, is the structural life-time expected
in design which was considered as a deterministic parameter or it
can be the suggested time for inspections.

The time 7, is evaluated from equation (4) assuming the chloride
concentration C P,t) as known at a given position p inside the
concrete. Actually, C(p, l‘) is assumed to be equal to the chloride
concentration threshold value, over which the steel corrosion is
triggered, in failure condition. The range of p position, in this case,
is the concrete cover, in which it assumes zero at the external sur-
face of the structural member and the cover value at the reinforce-
ment surface inside concrete. In this regard, the time for corrosion
initiation can be determined explicitly from equation (4) as:

2

1 P
D, | 2erfelc(p,t)C, ]

©

lp =

In order to include invariance measure of safety, the random variables,
defined in the physical space, are transformed into independent standard
Gaussian variables [20], by using appropriate probabilistic transforma-
tions. The limit state function G(X ) =0, defined in the physical space,
is transformed into H (U ) =0 in the standard normalized space with
U = [ul Uy sl ]T , where U is the set of normalized random variables.
In this standard space, the reliability index B is given by the mi-
nimum distance between the failure domain and the origin of the
standard space. The reliability index can be evaluated by solving a
constrained optimization problem, as described below:

Find: U, which minimizes: fg= JUT.U and subject to:

Find: U, which minimizes: p =\U” -U and subject o HU)=0 (9)
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Figure 2 - Reliability index and
design point definitions
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The solution of this problem converges to the failure point nearest
to the space origin, known as design point or the most probable fai-
lure point U . In standard space, the distance between this point
and the origin is the reliability index, as shown in figure 2. The re-
liability index 3 can be achieved by applying any optimization algo-
rithm. A particular algorithm, which is efficient in this case, to solve
reliability problems, is the HLRF algorithm [24]. This optimization
algorithm can be coupled directly to the mechanical model. As the
time for corrosion initiation is known point-by-point, the resistance
t, is known. Consequently, the limit state function is determined
point-by-point. Then, the gradient of the limit state function can be
determined using any numerical procedure. In this paper, it was
used the forward finite differences technique for this proposal.

Some difficulties may arise from equation (8), particularly its gradients

Figure 3 - Monte Carlo's sampling
for two random variables
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Figure 4 - Corrosion process of the
reinforcement cross-section area
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evaluation, due the presence of the error complementary function. A
natural barrier that can be remarked in this type of approach is the
numerical error due to finite difference procedure, which may affect
the convergence of the coupled procedure, as well as the precision of
the solution, especially for nonlinear transient phenomena. However,
for all problems studied in this paper, numerical problems related to
finite differences method were not observed. Moreover, it was verified
that the direct coupling procedure gives accurate results and stable
convergence rate with a reasonable number of mechanical analyses.

3.3 Monte Carlo simulation

Monte Carlo’s method is a numerical simulation approach wide-
ly used in reliability problems [25]. In this method, a sampling of
random variables is used to construct a set of values aiming to
describe the failure and safe spaces and calculate equation (5).
The sampling is constructed based on the statistical distribution
assigned for each random variable in the problem. As this method
deals with the simulation of the limit state function, as bigger be
the sampling adopted more accurate will be the description of the
space and more accurate will be the probability of failure achieved.
The kernel of this method consists on the construction of a sampling
for each random variable involved in the problem. Then, the domain
of safety and failure points are prospected by simulating equation
(7), as described in figure 3. The probability of failure is calculated,
for Monte Carlo’s simulation, using the following expression:

P ZngofX(xi)jxi = _[Gsol(xi)fX(xi)jxi = E[I(xi)] (]0)

The function I(Xi) is a discrete operator to compute failures and
it can be written as:

1->G<0
0>G>0

1(x,)= (1)
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By simulating the limit state function for a convenient number of
sampling, the mean value (E) of 1 X, ) will be an estimator for the
probability of failure. Then:

ﬁf:E[mx,.)]:%ﬁz(x,.) (12

The disadvantage of this method is related to the large amount
of simulations N required to compute accurately the probability of
failure. Normally, in order to estimate accurately the probability of
failure of 107", the number of simulations must be higher than
10"? or10™ . It means, in civil engineering structures, where
the probability of failure is in between 10~ to 10~ | it is required,
atleast, 10° to 10” realizations of the limit state function. When
complex numerical mechanical models are involved, which lead to
high computational work, this method may be not reliable. Howe-
ver, theoretically, this method leads to the real probability of failure
when the sampling range becomes infinity.

4. Methodology of analysis
EE
The corrosion phenomenon modelling in reinforced concrete struc-
tures has to take into account two different stages, as illustrated
in figure 4. The first stage is related to chloride ingress into con-
crete porous. In this stage, the chloride concentration, along the
cover depth, increases as the time passes. Then, the corrosion
starts when the chloride concentration surrounding the reinforce-
ments reaches a threshold level, leading to the loss of the con-
crete chemical passive protection. At the end of this stage the
steel of reinforcements remains undamaged. The second stage,
called propagation stage, is characterized by the reduction of the
reinforcement’s cross sections, which generates the loss of struc-
tural strength along the time.

Compared with the first stage, the propagation period is relatively

short. Therefore, the time for corrosion initiation has been widely

adopted for structural durability and safety assessments. In this
regard, the objective of this paper is to assess the probability of
failure considering the failure scenario predicted by initiation stage.

Therefore, the failure is observed when the chloride concentration

at the reinforcement’s depth reaches the threshold level. In this

regard, the main parameters considered for all reliability analyses
performed are:

m Chloride concentration threshold at the interface between con-
crete and reinforcement bars, which defines the beginning of
the corrosion process, C X,t). This parameter was studied
experimentally by [12];

m Chloride concentration at the structural surface, C,,. This pa-
rameter is related to the environment aggressiveness and its
reference’s values may be determined by experimental obser-
vations, as presented by [12], or defined using an international
concrete standard design code [26];

m Concrete diffusion coefficient, DO, which has been studied
by [27};

m Structural depth, which in this study, is defined as the reinfor-
cement concrete cover, p .

Itis worth to stress that initial cracks due concrete cure and/or ben-

ding/shear effects and longitudinal cracking have not been consi-

dered in the formulation presented in this paper. These phenome-
na affect the corrosion process and its modelling can be accurately
performed using numerical methods as finite element method and
boundary element method [28].

According [12], the chloride concentration at the structural surfa-
ces is a function of the atmosphere (environment) where these
elements are located. The cover depth is also defined according
the environment, which is stated by international concrete stan-
dard design in categories of aggressiveness. In particular, the va-
lues shown in [26] have been used in this paper. The coefficient
of diffusion of concrete, which represents the material resistance
against chloride ingress, depends on the water/cement ratio. As
higher be the proportion of water, higher will be the empty volumes
inside the matrix due the cure process of the concrete. Conse-
quently, higher will be the material permeability and lower will be
the material resistance against the chloride penetration. Therefore,
in regions close to the coast it is strongly recommended to cons-
truct reinforced concrete structures with lower water/cement ratio
and/or large covers.

The proposed probabilistic model allows the evaluation of the
probability of structural failure taking into account the random va-
riables previously presented. Moreover, this model is capable to
describe the dependency relation between the probability of failure
and time. Then, the proposed model can be used to solve an inte-
resting structural problem which is related to structural maintenan-
ce plans based on structural safety.

In order to apply the model in this problem a given safety
level must be defined. The mentioned safety level may be de-
termined using [29], where the prevention against structural
failures is measured based on a target reliability index. As the
chloride concentration at the structural cover increases along
time, the safety against this failure mode reduces along time.
Therefore, the intervals of time for periodic structural mainte-
nance procedures, based on structural safety, are achieved
when the reliability index calculated using the proposed mo-
del reaches the target reliability index stated by the analyst.
It is worth to mention that the repair procedures are assumed,
in this case, as perfect, i.e, after the maintenance the struc-
ture recover its initial integrity conditions without chlorides.
These intervals are determined as long as the parameters
related to material, cover depth and environment aggressive-
ness be defined a priori.

Another application of the proposed model relates the definition
of values for cover depth and concrete properties, as for example
water/cement ratio (w/c), based on a given safety level and the ex-
pected structural life-time. When the intervals of time for structural
maintenance and/or the expected structural life-time are stated a
priori, the w/c ratio and the cover depth values can be obtained
by simulating the proposed model in order to define the couple of
these values which lead the structure to maintain a safety level at
least equal to the target reliability index during the specified period
of time. In this application the values of w/c ratio and cover depth
are achieved when the reliability index given by the proposed mo-
del is equal to the target reliability index.

It is important to emphasize that, these procedures do not take into
account the costs involved neither in the maintenance procedure
nor in the concrete production. However, these applications of the
proposed model can be performed if the analysts are interested in
design considering, exclusively, safety criterion.
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Figure 5 - Probability of failure versus time
for C.A.ll
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5. Applications
_——

In order to illustrate the applicability of the proposed model, pro-
babilistic analyses were performed considering different scenarios
and material properties aiming to evaluate the influence of the en-
vironment aggressiveness, water/cement ratio and cover depth on
the probability of structural failure due chloride penetration. Four
applications are considered and in each of them some specific as-
pect of the problem are explored.

5.1 Example 1

In this example, the probabilistic model is applied at modelling
the uncertainties related to chloride ingress in reinforced concre-
te structures. The results were obtained using direct method and
Monte Carlo’s simulation approaches. Considering direct method,
the tolerance for convergence was verified in terms of reliability
index and design point coordinates change, which ones have to
be smaller than 10 It is worth to mention that considering this
approach, only 65 limit state function runs were required in order
to achieve the convergence. Moreover, this number of mechanical
model runs is the highest observed among all scenarios conside-
red. It confirms the good performance of direct method approach,
which is capable to achieve the convergence with low computa-
tional work even in reliability problems involving non-Gaussian
random variables and non-linear mechanical model. The analyses
performed using Monte Carlo’s simulation considered a sampling
of 10° values for each random variable. It leads to 10° simulations
of the limit state function. Table 1 presents the statistical parame-
ters adopted for all random variables considered in this application,
which are based on the work of [12,16].

According [26], categories of aggressiveness (C.A.) Il (moderate)
and Il (high) represent, respectively, urban regions and coast/in-
dustrial areas. For each one of these C.A., there is a recommen-
ded concrete cover depth, p, which was adopted for the probabilis-
tic analyses of each category.

The evolutions of the probability of corrosion initiation along the
time, for both categories of aggressiveness considered in this ap-
plication, are presented in figure 5 and figure 6. The results illustra-
te a considerable growth of the probability of corrosion initiation as

the time increases. Moreover, it was also verified a strong depen-
dency between the probability of corrosion initiation and the w/c
ratio. This dependency was expected, because as higher be the
w/c ratio, higher will be the concrete permeability and, consequen-
tly, easier is the chloride ingress.

Considering the horizon of time analyzed, for concretes with w/c
ratio values higher than 0.50, after 15 years of structural service
life, the probability of failure tends to increase slower than in the
first 15 years. Therefore, the derivative of the probability of corro-
sion initiation after 15 years is smaller than in the first 15 years.
This behaviour reflects the chloride concentration evolution along
time, which tends to saturation after 15 years. It is important to
stress that this behaviour was observed in both C.A. analyzed.

5.2 Example 2

This application aims to study the influence of cover depth values
on the probability of corrosion initiation considering two different
scenarios of environment aggressiveness. The analyses were per-
formed considering concretes composed by w/c ratio varying from
0.40 to 0.70. The analyses involved cover depth in the range 10-
60mm. For each value of w/c, the mean value of cover depth was
also varied but its coefficient of variation was kept constant. This
procedure was adopted because this study aims at describing the
dependency of the probability of failure with respect to w/c and
cover depth parameters. The time was assumed as deterministic
in this analysis. In order to consider all the combinations, 240 nu-
merical reliability analyses were carried out. The direct method and
Monte Carlo’s simulation were adopted for the evaluation of proba-
bility of failure and reliability indexes. Considering direct method,
the convergence is assumed when the difference, in two succes-
sive iterations, in terms of reliability index and design point coor-
dinates is smaller than 10-*. Considering Monte Carlo simulation,
a sampling of 10° values for each random variable was adopted.

The computational time consumed in this analysis is relatively lo-
wer. Considering direct method, the most expensive case required
65 limit state function calls, corresponding to less than 1 second of
computational work. The Monte Carlo analyses required 10° limit
state function evaluation, due the sampling range adopted. Howe-
ver, it took less than 3 seconds of computational time process. The

Figure 6 - Probability of failure versus time
for C.A.lll
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Figure 7 - Evolution for probability of corrosion
initiation - C.A.ll structural life-time = 5 years
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Figure 8 - Evolution for probability of corrosion
initiation - C.A.ll structural life-time = 15 years
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Figure 9 - Evolution for probability of corrosion
initiation - C.A.ll structural life-time = 25 years
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values adopted for all random variables considered in this appli-
cation, as well its statistical information are presented in table 2,
which are based on the work of [12,16].

The evolution of probability of corrosion initiation in function of co-
ver depth and w/c ratio, considering C.A. Il is presented in figures
7, 8 and 9. As presented in three figures above, the probability of
corrosion initiation reduces faster when the cover thickness incre-
ases from 10 to 40mm. However, this reduction tends to stabili-
ze when the cover depth is larger. Then, these results show that

by increasing the cover thickness, an effective improvement on
the structural safety is not observed from a certain value of depth.
From this value, the structural cost grows faster than the structural
safety against the corrosion initiation failure. However, this type of
behaviour is different for each value of w/c ratio adopted and the
time considered. For concretes with low value of w/c 0.40 to 0.50
for instance, the stabilization process is faster observed than in
permeable concretes, with w/c 0.60 or 0.70. Considering permea-
ble concretes, it is required thicker covers in order to achieve the
stabilization on the reliability index value.

The analyses aiming the determination of the evolution of proba-
bility of corrosion initiation in function of cover depth and w/c ratio,
involving C.A. lll, are presented in figures 10, 11 and 12.

The behaviour of the curves observed in these three last figures
is similar to those presented for C.A. Il. However, due the high
environment aggressiveness, the probability of corrosion initiation
tends to be higher than in C.A.ll for the same structural life time
and cover depth. The stabilization of the probability of corrosion
initiation values, observed in previous analyses, also occurs for
C.A.lll. However, this process, for C.A. Ill, is observed for cover
depth values thicker than in C.A.ll case.

Another important aspect that should be mentioned is the time de-
pendency considered on time corrosion initiation analyses. As long
is the time desired to avoid the corrosion initiation or even thou-
gh to reduce the probability of corrosion initiation process, thicker

Figure 10 - Evolution for probability of corrosion
initiation - C.A.lll structural life-time = 5 years
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Figure 11 - Evolution for probability of corrosion
initiation - C.A.lll structural life-time = 15 years
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must be the covers adopted to
reach the condition of reliability
index stabilization. Thus, this
type of analyses gives an in-
teresting parameter which can

Figure 12 - Evolution for probability of corrosion
initiation - C.A.lll structural life-time = 25 years

ties. It was considered two clas-
ses of aggressiveness, C.A.
II'and C.A. Illl. The abacuses
involving reliability index, time
and cover depth for C.A.ll are

presented in figures 13 and 14.
It is worth to mention that only
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analyzed, since higher w/c ratio
led to reliability indexes lower
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intervals of time in order to plan

viour of the reliability index in

inspection and maintenance

procedures in reinforced concrete structures as function of w/c ra-
tio adopted. For each w/c value adopted for concrete conception,
an abacus can be constructed using the probabilistic model. These
abacuses allow the choice of an optimum value of concrete cover
in order to perform maintenance procedures in fixed time intervals.
It is important to stress that these intervals are based on safety
criterion. Then, the costs involved in maintenance and repair costs
are not considered.

For this proposal, a reference value, named target, of reliability
index was chosen, which was assumed as minimum requirement
of safety. Then, when the structure has a reliability index lower
than the target one, maintenance is required. According [29], the
target reliability index expresses the requirements of structural sa-
fety, which guarantees acceptable values of structural failure risk
considering a given scenario. In this regard, [29] defines a set of
values of target reliability index considering failure limit state and
serviceability limit state scenarios. The corrosion time initiation is
considered as a serviceability limit state scenario. In this study, the
loss of reinforcements cross sections have not been considered,
which is a failure limit state. Therefore, the target reliability index
adopted is 1.30 leading a probability of failure close to 10%. Other
values of target reliability index can, evidently, be adopted as func-
tion of the structural risk desired.

The analyses in this application were carried out considering the
random variables presented in table 2, as well its statistical proper-

function of time for concretes
with w/c ratio equal to 0.40 and C.A.Il. According these results,
cover depth value of 10mm is not recommended, because it indi-
cates failure (reliability index lower than the target) even for short
time after construction. For cover depth of 20mm, the maintenance
procedures should be performed 10 years after construction. At
this time, the structural reliability index is equal to the target. After
this time, the structural reliability becomes lower than the target,
indicating failure. It is worth to mention that cover depths values
bigger than 30mm lead maintenance time interval bigger than 25
years. In these cases, the analysts should study the possibility of
change of w/c ratio in order to allow, at least, one inspection in the
first 25 years of structural life-time.
Similar behaviour can be observed in figure 14, where concretes
with w/c 0.50 and C.A. Il were considered. In this case, the mini-
mum cover required is 30mm, which lead to maintenance procedu-
res 8 years after construction. Otherwise, considering cover depth
equal to 50mm, the maintenance procedure should be performed
21 years after construction in order to keep the structural safety
at a desired level. Therefore, by changing the cover depth from
30mm to 50mm, or increasing the cover in 20mm, the maintenance
can be performed 13 years later.
On the other hand, considering cover depth of 30mm, the main-
tenance time for concretes with w/c ratio 0.40 and 0.50 are 23
and 8 years, respectively, in C.A.ll. Then, it can be verified an in-
crement of 187.5% on the maintenance time interval by slightly

Figure 13 - Required reliability index
abacus for C.A.ll and w/c = 0.40
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Figure 15 - Required reliability index
abacus for C.A.lll and w/c = 0.40
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Figure 16 - Required reliability index
abacus for C.A.lll and w/c = 0.50
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changing the wi/c ratio. Moreover, keeping constant the w/c ratio,
0.50 for instance, and changing the cover depth from 30 to 40mm,
the maintenance time are 8 and 14 years, respectively, for C.A.ll.
Therefore, by changing in 10mm the cover thickness, it results an
improvement of 75% on the maintenance time.

The abacuses involving the reliability index in function of w/c ratio
and cover depth values for category of aggressiveness Il are pre-
sented in figures 15 and 16. Considering these two last figures, the
same remarks discussed for C.A.ll can be done. However, in this
case, the intervals of time for maintenance are considerable redu-
ced due the aggressiveness of the environment analyzed, which is
higher than the observed for C.A.Il.

It is important to emphasize that when the wi/c ratio grows, small
values of cover depth tend to be prohibitive regarding the corro-
sion time initiation failure. Moreover, in this case, the time interval
for maintenance procedures will be drastically reduced. Therefo-
re, regarding concretes with high values of w/c ratio, maintenance
procedures in short periods of time and high values of cover depth
have to be used in order to prevent reinforcement’s corrosion.
Based on the results presented in this application, optimum con-
crete mixtures and cover depth values can be obtained in order to
guarantee the durability of reinforced concrete structures. Moreo-
ver, these parameters can be allied to construction, maintenan-
ce and reparation costs aiming to determine the global structural
cost taking into account the corrosion failure scenario. This type of
analysis will be considered by the authors in future works.

6. Conclusions

EE

This paper presented a study for probabilistic corrosion initiation in
reinforced concrete structures using the coupling among second
Fick’s diffusion law and reliability algorithms. In this case, the cor-
rosion starts when the chemical protection surrounding the steel
bars is loss due chloride ingress. The analyses of probability of
corrosion initiation along time were carried out considering two
different categories of environment aggressiveness and several
combinations of cover depth and concrete properties (w/c ratio).
As verified in the results presented, the corrosion initiation depen-
ds on several parameters. However, the chloride concentrations at
the structural surface and the cover depth values have demonstra-
ted to have major importance on the probabilistic analysis. Equally,
the coefficient of diffusion is also important in order to measure the

material resistance against the chloride ingress and it can be de-
terminant for choose optimal values of the concrete cover.
According the results achieved in this paper, the durability of rein-
forced concrete structures has to be associated with more fair
values of cover depth, which are, in general, based only on inter-
national concrete standard design. This parameter is more rea-
listically evaluated using probabilistic approaches in order to take
into account the inherently randomness present on degradation
phenomenon, which affect structural durability.

Regarding the choice of optimum values of cover depth, it was
observed that this parameter strongly depends on the concrete
quality against porosity, which is reflected by w/c ratio, as well
as on the period of time attributed for structural interventions for
maintenance procedures. Evidently, the determination of optimum
combination among concrete material mixture, cover depth value
and construction/maintenance/reparation costs is next question to
be answered in order to become the structural design more eco-
nomic, safe and rational. However, the determination of these pa-
rameters based only on safety criterion has been shown in this
paper. Abacuses were developed in order to allow these analyses,
which were constructed using the probabilistic model proposed in
this paper.
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