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Abstract

Chloride ingress into concrete is the primary cause of steel corrosion that leads to the deterioration of
reinforced concrete (RC) assets and eventual reduction of its service life. The maintenance of RC
buildings and structures has become a major concern, and thus the development of an effective
maintenance plan is required. This study focuses on deterministic and probabilistic analysis of service
life (or repair application time) for RC assets repaired by cover rebuilding techniques in extreme
marine environments exposed to chloride attack. A maintenance model is developed, based on the
mechanism of chloride transport in repaired concrete elements, that simulates different cover
rebuilding methods and strategies. Computationally, the probability-based maintenance model
combines the Latin Hypercube technique with finite element and finite difference methods.
Probabilistic data for five governing random variables is considered, including diffusion coefficient,
surface chloride concentration, concrete cover depth, concrete replacement depth, and critical chloride
value for corrosion initiation. Two maintenance strategies are introduced, which can be categorized as
corrective and preventive repair strategies. The deterministic study shows that a deeper repair depth
leads to fewer repairs and larger repair intervals. The results of the probabilistic assessment reveal that
a preventive repair model with regularly scheduled repair intervals efficiently decreases corrosion
initiation risks. It was also demonstrated how shorter repair intervals and deeper depths of concrete

repair can achieve an acceptable probability of corrosion initiation.

Key words: chloride transport; maintenance model; probabilistic analysis; cover rebuilding; corrective

repair; preventive repair.
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1. Introduction

Corrosion of steel in concrete due to chloride ingress is the primary cause of RC deterioration and
eventual reduction of assets’ service life [1]. The high alkalinity of the cement paste surrounding the
reinforcing steel creates a reactively passive state; however, chloride ingress breaks down the passive
film on the steel bars and initiates corrosion [2,3]. The process of corrosion can be divided into two
main stages: the initiation period and the propagation period. Corrosion initiation occurs when chloride
content diffuses through concrete until reaching a threshold value at the depth of rebar cover which
triggers steel corrosion. The propagation period follows corrosion initiation and is defined as the
period from initiation to critical steel destruction. This propagation period is relatively short compared
to the first stage [4,5]. Therefore, the period from a structure’s original condition to the onset of

corrosion is critical and defines the structure’s service life [2].

High chloride environments are known to accelerate corrosion deterioration and may reduce structure
service life from an expected range of 50-100 years to a range of 10-30 years. Structure maintenance
and, when deemed necessary, repair can extend structure serviceability and maintain its safety and,
therefore, its lifespan [6,7]. Indeed, maintenance and repair operations should be implemented as soon
as corrosion begins, mostly by removing the chloride-polluted concrete and replacing it with the
application of cement-based repair mortars or new concrete [8]. This repair technique is called patch
repair if it is applied locally; it could be also generalized to all the concrete surface when the cover is
redone. This “cover rebuilding” is among the most common repair measures used in practice. In this
study, the maintenance strategy of applying periodic cover rebuilding is considered, with the use of
hydro demolition solution without damaging the reinforcing bars. These maintenance activities incur
costs and concrete waste, thus there should be balanced to ensure the long service life of structures and
minimize costs and environmental impacts. Therefore, developing a robust model for predicting the
service life of corroding RC structures, as well as effective strategies for periodic inspection and
repair, plays an important role in achieving the durability goal and ensuring the continued service for

repaired structures [6,9].

Recent studies have focused on the modelling of chloride transport in concrete structure elements after
repair, and the methods to predict repair application times during the service life of a structure. For
instance, Eldho et al. [10] studied the performance of the patch repair method and showed that the
electrochemical consequences of the method may decrease the effectiveness of patch repairs. More
specifically, according to Rahimi et al. [11], the diffusion mechanism of chloride ions in repaired
concrete is a combination of chloride penetration from the concrete surface exposed to the
environment and distribution of chloride ions that remain in the original and aged concrete. It was

further shown that the resistivities of the patch and the original concrete, which can be used as an
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indicator of material quality, are among the most significant factors that influence the efficiency of
maintenance [12]. Soleimani et al. [12] recommended to choose patches with similar properties to
avoid mechanical incompatibility problems at the interface between the patch and the original
concrete. Concrete replacement depth is also a critical factor that reduces or delays the corrosion in
repaired concrete structures by limiting the amount of chloride content at the rebar cover [13,14].
Several models have been proposed to determine the time of corrosion initiation in RC structures with
multiple repairs throughout its service life. Both deterministic and probabilistic analysis have been
performed, taking into account some main performance factors such as the properties of the patch, the
replacement depth, or the repair time interval [13-15]. A deterministic study was implemented by
Song et al. [15] to predict the service life of repaired concrete structures under chloride environment.
Their work considered time dependency of both surface chloride concentration and diffusion
coefficient. However, due to the complexity of the chloride-induced corrosion mechanism in
reinforced concrete after one or several repairs, research on this topic with a comprehensive
probabilistic approach is still limited. For instance, Petcherdchoo’s study [14] presented a probability-
based sensitivity analysis of service life (the time to repair) of chloride-attacked concrete structures,
which was solved by the combination of the Crank-Nicolson-based finite difference approach and the
Latin Hypercube sampling technique. However, this methodology did not include some factors in
chloride transport, such as the weather conditions (temperature and humidity), the chloride binding
capacity, and time-dependency of the chloride diffusion coefficient. Moreover, the cover replacement
depth, which is intrinsically random due to the uncertainty in repair quality control, was considered

deterministic.

Recently, Monte-Carlo Simulation (MCS) and the first-order reliability method (FORM) have been
applied in probabilistic assessment of the durability of RC structures [16,17]. Notably, most of the
studies using reliability-based analysis such as MCS, FORM, or SORM (second-order reliability
method) were performed on simplified models of chloride ingress using analytical solutions based on
Fick’s laws of diffusion [18,19]. However, it is widely shown that the FORM and SORM may be
inaccurate for probabilistic problems with nonlinear limit state functions, while the computational cost
of MCS can be prohibitively high, especially when involved with time-consuming finite element (FE)
analysis. Compared to the crude MCS, Latin Hypercube Sampling (LHS) adequately covers of the

domain of variations of the random variables using a stratified sampling strategy [5].

This research proposes a robust probability-based model of service life prediction for corroding RC
structures with cover rebuilding repair. The study focuses on the assessment of corrosion initiation risk
due to one-dimensional chloride ingress (e.g., concrete slab) under marine environments, such as
atmospheric and submerged zones. First, an efficient chloride ingress model is proposed, considering
the diffusion process as the main governing mechanism. The constitutive nonlinear partial differential

equations are solved by coupling finite element and finite difference methods. The model considers the
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influence of general conditions of weather, chloride binding capacity, decrease of chloride diffusivity
with concrete age, and the evolution of chloride concentration with time. A maintenance model is then
developed based on the mechanism of chloride transport in repaired concrete elements that simulates
different strategies of cover rebuilding method. The deterministic study considers the expected number
of repairs, depth of replacement concrete, and repair interval (time between two repairs) to evaluate the
effectiveness of the maintenance plan. A numerical solution developed in FreeFem++ [20] is
presented. Next, a probabilistic lifetime assessment of repaired RC structures is performed, including
both corrective and preventive repair models. The corrective strategy is that repair is carried out when
the chloride content at the rebar cover reaches a specific critical chloride value inducing corrosion
initiation. Meanwhile, the preventive approach considers the application of pre-scheduled repair
intervals for structures as the condition to perform a repair. Because of its efficiency, LHS is used for
probabilistic analysis of the maintenance model of corrosion initiation and repair timings for corroded
RC structures. Model development considers and assigns probabilistic values to uncertain parameters,
including surface chloride concentration, diffusion coefficient with time-variant nature, material
properties, concrete cover, critical chloride value and cover replacement depth (for repaired
structures). The findings of this paper are intended to serve as an introductory or basic guidelines for

inspection and maintenance planning to ensure long-term structural serviceability.

The work starts with the description of chloride ingress modeling before and after repair (Section 2).
After that, a deterministic example is illustrated in Section 3. Section 4 deals with the probabilistic
methodology used for the maintenance model, followed by an illustrated examples and some

discussions (Section 5).
2. Chloride ingress modeling including repair

2.1 Chloride ingress model

The modeling of chloride transport into reinforced concrete is based on whether exposure conditions
are saturated or unsaturated. In saturated conditions, Fick’s second law was used to simulate chloride
diffusion in concrete and considered a sufficient model [2,21]. The analytical solution for this model is
based on an error function, which is valid only under the assumptions that RC structures are saturated,

and diffusivity and surface chloride concentration are time-invariant.

In comparison, under unsaturated conditions, chloride transport in concrete is a complex interaction
between physical and chemical processes, and thus the diffusion and convection phenomena have been
accounted for to study this mechanism [5,22-25]. A comprehensive model of chloride ingress was
proposed by Bastidas-Arteaga et al. [26], considering the interaction of three phenomena: chloride

transport, moisture transport and heat transfer. The model solves the necessary nonlinear and partial
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differential equations by coupling finite element and finite difference methods. Besides the influence
of weather conditions, the effect of chloride binding, concrete aging, concrete mix parameters and the
time-dependency of apparent diffusion coefficient as well as the chloride content of the exposed

surface were considered.

Therefore, the chloride transport modeling could be performed under saturated or unsaturated exposure
conditions. In this paper, a time dependent chloride transport model is developed with the assumptions
of constant temperature, humidity, and surface chloride concentration. With these assumptions, this
model can be applied for marine structures exposed to atmospheric or submerged zones, where
diffusion is the main driving force to transport chloride ions from the surrounding environment into
concrete and the capillary suction is not considered [27,28]. In fact, this approach allows us to develop
a maintenance model with multiple cover rebuilding repairs with reduced technical difficulty and
calculation time, particularly for performing probabilistic analysis.

Thus, according to our objective, the choice is using a simplified one-dimensional model of the
diffusion system solved by coupling finite element and finite difference methods. The main governing
equation for chloride transport in concrete is presented below:

L= p (5L )

where x (m) is the distance from the exposure surface; Cr (kg/m® of concrete) is the chloride
concentration at position x at the exposure time t (s), D*(m?/s) represents the apparent chloride
diffusion coefficients (m°/s). To evaluate corrosion initiation risk, the chloride concentration, Cy is
calculated at the concrete cover depth and compare with the critical chloride value (C.;t). EQ. (1) is
solved by combining finite or semi-infinite boundary conditions, where the boundary conditions or the

flux of chlorides crossing the concrete surface J$ (kg/(m?.s), is expressed as:
¢ =B (ijc — Cevn) (2)

where B (m/s) is the surface chloride transfer coefficient, 7, (kg/m®) is the value of chloride content

at the concrete exposed surface, and C,,, (kg/m®) is the chloride concentration in the surrounding

environment. D* in Eq. (1) is estimated as:

D¢

Dr=—Dc ()

wG(iEe)

where w, is the evaporable water content. dC,,./dCy, is the binding capacity of the concrete which is

driven by the binding isotherm. The Langmuir-type relationship is considered in [29-31]:
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(4)

bc =

where Cs. and Cp. are the free and bound chlorides, and a and g are binding constant obtained

experimentally. D, in eq. (3) is the time-dependent chloride diffusion coefficient [23,24] defined as:
D, = Dreffl-fz ®).f3 )

where D,..ris a diffusion coefficient determined at standard conditions. f; is a factor to account for

temperature effects:

fi=ew|% (7= 2| ©

Tref

where T is the temperature inside the concrete that depends on external environmental conditions,
Tyer is the reference temperature at which D, is determined, U, is the activation energy of the
chloride diffusion process, and R is the gas constant. f,(t) considers concrete aging:

fH© = (2™ ™

t

where m, is the aging factor and t,.r is the time at which D,.r is measured. f; accounts for

variations in relative humidity:

-1

fs =1+ 355 ©®)

where h is the relative humidity inside the concrete that depends on external environmental conditions,
and h, is the relative humidity at which D, drops halfway between its maximum and minimum values.
Temperature (f;) and humidity (f5) are considered constant in this model. Previous studies [23,24,29—
35] proposed deterministic data to present those parameters, such as B., We, @, f, Dref, Ue, R, Trep,

me, trer, and h,
2.2 Chloride ingress model considering the repair

Different approaches for maintaining corroding RC structures have already been considered previously
[6,9,36]. In this study, the focus is on cover concrete replacement. This repair involves removing the
chloride-polluted concrete cover and replacing it with a new cement-based material using several

techniques (with formed concrete, wet shotcrete, dry shotcrete, or manual repair).

Modeling chloride penetration in concrete after repair is challenging because of the interaction of the

two main sources of chloride ions: chloride concentration in the surrounding environment and residual
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chloride ions in the remaining concrete. Previous studies concluded that both macrocell corrosion
(between two materials) and microcell corrosion (within a homogeneous material) may occur at the
same time in repaired concrete [12,37]. This macrocell corrosion is caused by the differences in
existing and new concrete causing: 1) an electrochemical potential difference, and 2) inhomogeneity of
chloride concentration in the materials and then 3) the redistribution of chloride ions in the aged
concrete to the new concrete after repair. These consequences were studied in existing experimental
and in situ observations [37,38]. Also, both macrocell and microcell corrosions were observed in
existing numerical models for the simulation of chloride transport in repaired structures [11,13,15].

In this paper, a detailed description of the chloride transport in repaired RC structures as well as the
numerical approach considering a spatially domain-dependent and time-dependent diffusion
coefficient in two material layers are illustrated in Figure 1. Figure (1a) illustrates the chloride
penetration immediately before repair. At this stage, the chloride concentration abutting the concrete
surface is the main source of chloride ions. The initial chloride content is assumed equal to 0, (C¢c)o =
0 for the entirety of concrete and D*(t) = Dg(t) (Eq. (1)) is defined as the diffusion coefficient of the

original concrete.

(a) o The whole (b) - Interfacial zone -
sunace C concrete Surface CI Domain 1 T Domain 2
concentration N - concentration Repaired Concrete Original Concrete
C\ y 4(;51 (Cfc)(! =0
> (€)= 0 —" N o ! (Credoz = Residual CI in original
‘ D_’“ 9 . \\’e\p concrete immediately after
cr ’ cr N Topai
> Chloride profile right before <~ — \}\ D; X -
/ repair b
¥ P N ) ™~
The amount of
’ Cl- is removed
0 Xe Depth 0 X X Depth
() ,
Interfacial zone
Surface CI Domain 1 Domain 2
concentration Repaired Concrete Original Concrete
Ny _ ) Residual CI' in original
CI' penetration concrete at time t = t;
from concrete | i
— surface / Redistribution of residual
cr / /- CI in original concrete
/  and repaired concrete aty”
; /o timet= 4
e
=~
> L=
> ~ ===
0 4 Xe X, Depth

The mergi'ng point

Figure 1. (a) Chloride profile immediately before repair, (b) Chloride profile immediately after repair at t = t;, (c)
Chloride profile after repair at t = t; (tj> t;)

Figure (1b) shows the chloride profile immediately after cover rebuilding repair. At repair time t;, the

chloride-contaminated concrete cover is removed to the depth X,,. X,, is defined as repaired depth or
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thickness of replaced concrete, which is not necessarily the same depth as concrete cover, X.. In this
case X, > X.. Consequently, the amount of chloride ions between the concrete surface and the repair
depth (domain 1 in Figure (1b)) is also removed, and a chloride-free, cement-based repair material is
applied as a repair layer. Only this repaired concrete (domain 1) is exposed to the surface chloride
concentration in the environment and will be penetrated first before reaching the original concrete
(domain 2). The main diffusion mechanism of chloride penetration in repaired material at this stage
can also be modelled with Egs. (1-8), where the boundary condition is still the flux of chlorides
crossing the concrete surface, but the initial conditions in domains 1 and 2, which are the repaired
concrete and the original concrete respectively, will be different. The initial chloride content is reset to
zero in the repaired layer immediately after repair, (Csc)oq = 0 and the diffusion coefficient of the
new concrete is updated as Dy, (t). All parameters in Egs. (1-8) are also updated if a new material is
used to repair. The new initial chloride content in the original concrete section, (Cs.)o>, is the residual
chloride ions remaining in the aged concrete, whereas Dy (t) and the initial model parameter are still
used for modeling purposes in domain 2 (Figure (1b)).

After the repair, there are three principal stages of chloride distribution as shown in Figure (1c). Firstly,
the chloride ions remaining in the aged concrete will be redistributed in the aged concrete layer itself.
Secondly, these residual chlorides will also diffuse across the transition zone and into the new, chloride
free concrete layer which provides low chloride diffusion resistance immediately following repair. Due
to the difference of the diffusion coefficients in the aged concrete and the new repaired material, the

problem will involve a spatially domain-dependent diffusion coefficient after repair Dy, (x, t):

D _ (Drep(t) if0 <x <X}, (Domain 1) 9
ar(%,1) = D;(t) if x > X, (Domain 2) ©)

Consequently, the Partial differential equation (PDE) used in this stage based on the Fick’s diffusion

law can be written as:

aCfC
dx

aCfC
ox

9 s«
= Dyr(x, 1) (10)

Thirdly, at time t; (with t; > t;) the resulting diffusion of chloride ions in the original and repaired
concrete is a combination of chloride ingress from both the exposed concrete surface and the chloride
redistribution inside the concrete. The problem of solving the PDE occurs again and can be further

complicated by multiple repairs in the same location during the RC structure service life.

These processes are implemented and solved for a 2-layer concrete system using the FreeFEM++
software. The technique called domain decomposition for interfacial discontinuities is adopted to solve

the problem and compute the residual chloride content in the remaining concrete layer immediately
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after repair, which is an important step for calculating chloride penetration in repaired structures.
Specifically, the whole original concrete is split into two interconnected domains, which are the
repaired concrete layer and the old concrete layer. After each repair, initial conditions are set for each
domain, the connection between layers is established at the interface, and a new RC structure service
life is calculated. The efficiency of the FreeFEM++ allows developing maintenance models for several
different cover rebuilding method strategies. This will be presented in the deterministic example in the

next section.
3. Hlustrative example of deterministic maintenance model

3.1 Problem description

The maintenance model allows introducing several repair strategies to ensure the durability of the
structure. A deterministic analysis of chloride ingress in repairing concrete structures in extreme
marine environments by considering time-dependent variation of diffusion coefficient, chloride
binding, average temperature and humidity, and constant surface chloride concentration, is illustrated
in this section. The deterministic analysis implements the approach to modeling the stages of chloride
diffusion in repaired concrete described in Section 2 and provides a baseline comparison of model
responses to different repair strategies. First, the following assumptions are made:

o Chloride flow is a one-dimensional process (e.g., concrete slab).

e The average temperature T = 15°C; the average humidity h =0.7.

e The structure is exposed to an extreme marine environment. The chloride surface
concentration is time-invariant at the value of C; = 6 kg/m®.

e The concrete contains 400 kg/m® of Ordinary Portland Cement (OPC) with 8% C3A and a
water/cement ratio of 0.5.

e The depth of concrete cover X, is 50 mm.

e The service life of the structure is 70 years. Time of corrosion initiation is determined when
chloride content reaches the critical chloride value C-;+ = 2 kg/m® (0.5% of cement mass) at
the concrete cover depth.

e The quality and properties of repair material are the same as original concrete. Values selected

for the model parameters in the example are presented in Table 1.

10
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Table 1. Values selected for the model parameters of the chloride penetration model.

Parameter Value and reference
Binding constants in Langmuir isotherm o =0.1185 [31], # = 0.09[31]
Evaporable water content w, =0.1316 [34]
Reference chloride diffusion coefficient Dyos =3x10™ m?s [23]
Activation energy of the chloride diffusion process U, =41.8 ki/mol [32]
Gas constant R =8.314 J/ (mol °K)
Age reduction factor me =0.15[35]
Relative humidity at which D, drops halfway he =0.75[33]
Reference temperature at which D, is Trer =296 °K [23]
determined
Exposure time at which D,..r is measured tret = 28 days [23]
Surface chloride transfer coefficient B, =1m/s[23]

3.2 Maintenance model and results

Chloride penetration is now modeled considering that concrete repair occurs during service life of the
structure. Chloride concentration is again assessed at the cover depth. A maintenance plan may
consider several repair factors including expected number of repair cycles, concrete replacement depth
and repair time interval. Two approaches for maintaining concrete structures subjected to chloride

ingress are suggested, including the corrective repair strategy and scheduled repair interval strategy.

3.2.1 Corrective repair strategy

The corrective repair strategy removes a chloride-contaminated concrete layer each time the chloride
concentration at the cover thickness reaches a critical value (C..;;) and replaces it with a similar
material. In the following example, this maintenance model is used to calculate these time intervals
between repairs following the corrective repair strategy. The calculation further demonstrates how the
depth of each repair affects the calculated repair intervals. Two concrete repair depths (X1, Xp,) are
chosen; the first repair depth, X, is equal to the existing cover depth (X,,; = X, = 50 mm), and the
second repair depth, X,,, is 60 mm (X, = 60 mm), which is deeper than the existing concrete cover
layer. The replacement material is assumed to have an initial chloride concentration of 0 kg/m* at the
time of each repair. Although the repaired concrete is assumed to be the same quality as the old

concrete, the diffusion coefficient in each concrete layer is different due to the aging factor f,(t). The

11
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diffusion coefficient in the original concrete, Dy, decreases as concrete aging, while Dy, assumes its
initial value when the material is put into service. Fig. s (2a, 2b, and 2c) illustrate the chloride
diffusion versus depth in a concrete structure before and after repair with X,,; and X,,,.

Figure 2a shows the progress of chloride penetration until C.,;; is reached in year 24. Concrete repair
is assumed to occur in that year. In Figures 2b and 2c, the residual chloride concentration after repair is
shown in year 24 (after repair) curve and the progress of concrete penetration after repair is shown
from year 25-40. In year 25, chloride penetration in the new concrete has two sources: the concrete
surface exposed to the environment and, after repair, the residual chloride in the aged concrete layer.
After repair, residual chloride in the aged concrete redistributes between the abutting layers until
reaching an equilibrium between years 30-35. In the following years, only environmental chloride

concentration contributes to chloride penetration.

(a) 3 (b) 6
[= = -Year1 'l i Year 24
Year 8 . . — = -Year 25
5 Year 16/ ] 5 Drp,pi Do Year 30| ]
Year 24 AN : — = -Year 35

vt ; Year 40

S
T
s

crit.

L]
T

N
Chloride concentration (kglmg)
w

Chloride concentration (kgfma)
w

-
T
-

0 50 100 150 200
Depth(mm) Depth(mm)

(©)

Year 24
. . — = -Year 25
S Dnepi DU Year 30|
At — = -Year 35
\ ! Year 40
40 \0 :
! 3 | =~ -Year 43|

Chloride concentration (kg:’ma)
w

0 X =60 1(30 150 o 200
Depth(mm)
Figure 2. Chloride profiles: (a) before repair, (b) after repair with X;,4, (c) after repair with X,
These simulation results are physically compatible with the mechanism of chloride transport in
repaired concrete structures analyzed in Section 2.2, including chloride diffusion from two sources in
the after-repair condition. The example demonstrates that the application of cover rebuilding reduces
the critical chloride concentration at the reinforcement depth and thereby delay corrosion initiating

from concentration above C,,.;¢-

12
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The two repair depths have similar chloride progressions after repair, but chloride concentrations after
the deeper concrete repair, (X,, = 60 mm), are consistently lower than those with the shallower
concrete repair, (X,; = 50 mm). That is because the deeper replacement depth slows the chloride
redistribution from the aged concrete to the critical depth due to lesser chloride ions remaining in the
old concrete and longer diffusion distance. Based on the results, a second repair would be
recommended around year 40 for the shallower repair and year 43 for a deeper repair. These second
repairs and additional repairs each time C..;; is reached were also simulated to observe the repair
schedule under the corrective repair strategy with different repair depths. The results for 70 years are

shown in Figure 3.

It is worth noting the difference in chloride redistribution after concrete repair between depths
Xp1 and Xp,,. The redistribution for X,; is more rapid immediately after repair compared to that for
Xp2, causing a sudden increase in chloride concentration in the new concrete at critical depth, after

which point redistribution occurs more gradually.
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Figure 3. Time-dependent evolution chloride concentration at the cover depth without and with repair
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<
[$;]
~

The repair application time and the number of repairs of X,,; and X, for the considered structural
lifetime are presented in Table 2. While the repair strategy of X,,, is triggered four times in 70 years to
mitigate the risk of corrosion initiation, the concrete structure with X,,, requires only three repairs in
its lifespan. It is observed that a deeper repair depth leads to a fewer number of repairs and so that a
60mm repair depth may be preferred from certain economic and environmental perspectives.
Conversely, the cost and the amount of new concrete placed for a single repair at a deeper depth is

higher. Economic and environmental comparison of the repair strategies is beyond the scope of this

paper.

Table 2. Number of repairs for two different repair depths

Repair depth Repair application time (year) Number of
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First Second Third Fourth Fifth repairs
50mm 23.9 40 55.2 69.8 >70 4
60mm 23.9 42.8 60.8 >70 3

3.2.2 Scheduled repair interval strategy.

The second approach for a maintenance model schedules structure repairs at regular intervals. Repairs
are therefore carried out at pre-scheduled times. It is necessary to evaluate by modeling, testing, or
expert advice the risk of corrosion occurring at those times. The first repair strategy considered in this

section is the removal and replacement of X, = 50 mm of surface concrete at 15- and 18-year intervals,

as shown in Figures 43, b.

Time intprval = |15 years ‘ (b)

Time interval = 18 years

________

Chloride concentration kglm3

20 30 40 50 60 70
Time (Years) Time (Years)

Figure 4. Time-dependent evolution of the chloride concentration at three depths (x = 30, 50 and 70 mm) with

X, =50 mm and (a) 15-year repair interval, or (b) 18-year repair interval

All cases present the evolution of the chloride content at different depths in a RC structure, including
at x = 30 mm, 50 mm, and 70 mm. At the position x = 30 mm, the chloride concentration increases
rapidly because it is closer to the concrete surface than the rest of the survey points. Immediately after
repair, the entire cover layer of concrete with the chloride contamination will be removed, thus
obviously the chloride content at the 30 mm and 50 mm depths will decrease to zero, and then rapidly
increase again when x decreases. The chloride level at the 70 mm depth falls quickly after repair due to
the new concrete layer's chloride absorption, but not to zero level, and then progressively increases
again. It indicates that the existing chloride content in the unrepaired concrete will flow in two

directions: away and toward the concrete surfaces.

To assess the usability of the repair strategy, the chloride concentration is assessed at the cover depth
of 50 mm and compared with a threshold chloride content of 2 kg/m? (as seen on the profile x = 50 mm
in Figures 4a, b). It is observed that the chloride concentration by the repair strategy of the 50 mm

replacement depth and the 15-year maintenance interval satisfy the requirement of reducing corrosion
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initiation risks for multiple repairs (Figure 4a). Meanwhile, with X,, = 50mm but the 18-year
maintenance interval, this repair plan is not suitable in preventing the risk of corrosion initiation
because the chloride concentration exceeds the critical value before the third repair action is

implemented (see Figure 4b), which may affect the durability issue in RC structures.

Next, a deeper repair depth, X;, = 60 mm, is considered, with repair intervals of 15 and 18 years.
Figures 5a and 5b show that when considering the critical chloride concentration of 2 kg/m® at the
cover depth (as seen on the profile x = 50 mm in Figures 5a, b), both repair intervals are appropriate
for corrosive RC structures with multiple repairs. In which case the less frequent repair interval of 18
years may be preferred from an economic aspect and environmental point of view as it has less
expected number of repairs. Hence, a comprehensive maintenance strategy should evaluate both repair
intervals and replacement depths, balancing their costs, environmental impacts, and other factors, to
achieve an optimal strategy of protecting structures from corrosion. The deterministic example
highlights how different repair depths affect the maintenance schedule, however the impact of
concrete cover should not be underestimated because of its contribution in extending the time of

corrosion initiation [39].

Time interval = 18 years

@
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Figure 5. Time-dependent evolution of the chloride concentration at three depths (x = 30, 50 and 70 mm) with

X, =60 mm and (a) 15-year repair interval, or (b) 18-year repair interval

4. Probability-based maintenance model for repairing concrete

structures

The chosen data about material properties, environmental conditions, cover depth, replacement depth
and other model parameters used in the deterministic maintenance model allows us to conveniently
optimize the inspection and repair plan during the structure lifespan. However, this is not sufficient
from an engineering point of view because some of the aforementioned parameters are random.

Therefore, a probabilistic analysis should be performed to obtain a comprehensive estimation of
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chloride penetration in repairing concrete structures. This section aims to determine appropriate
strategies in establishing maintenance plans to prolong the structure service life when considering

uncertainties.
4.1 Methodology for probabilistic analysis

Among the conventional methods used for probabilistic assessment, Monte Carlo Simulation (MCS) is
commonly used due to its simple computer implementation [16,17,40]. However, for each random
input variable in a model, this technique generates a random sample of N points, thus it is
computationally expensive when dealing with uncertainty problems. The use of MCS is even more
time-consuming when complex numerical models are involved, particularly in the iterative
computation for predicting the time-dependent chloride transport in repairing RC structures with two
different material layers. Hence, another sampling method called Latin Hypercube Sampling (LHS)
was developed to overcome those constraints. This sampling strategy disperses the sample points more
uniformly among all possible values, thus reducing the number of samplings generated with
satisfactory result. As a result, LHS ensures that the entire range of each random variable is completely
covered. In a wide range of scenarios, LHS has been demonstrated to be more efficient than basic
random sampling. Because of its popularity and stability, LHS has been frequently employed in the
design of experiments and probabilistic analysis for evaluating the probability of failure [41,42].

Therefore, LHS is used in this paper to carry out probabilistic analysis in maintenance modeling.

The computational strategy for the probability-based maintenance model will combine LHS with finite
element and finite difference approaches. Figure 6 depicts the proposed approach with a flowchart. It
is made up of two main loops. The external loop illustrates the probabilistic strategy of utilizing LHS
to generate the required number of input random variables to estimate the probability of corrosion
initiation; while the internal loop represents the numerical code in the FreeFEM++ used to model

chloride transport.

In the internal loop, the “repair criterion” is set command based on two main approaches, as presented
in the deterministic example. The first approach is that repair is carried out when the chloride content
at the rebar cover reaches a specific critical chloride value. Meanwhile, the second approach considers
the application of pre-scheduled repair intervals for structures as the condition to perform a repair.
These approaches allow us to compute the probability of corrosion initiation, which is one of the main
criteria in reliability assessment for corroding RC structures. The calculation flowchart for chloride
ingress after repair with time-dependent chloride diffusion is also presented. As seen from Figure 6,
when the repair criterion is satisfied, the repair material properties will be considered, and initial
conditions are set for each domain (new material layer and original, aged concrete) that take into

account a spatially domain-dependent and time-dependent diffusion coefficients of two concrete
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layers, as mentioned in section 2.2. Accordingly, a new RC structure service life is predicted, this
process is reiterated until the structure’s life span is reached, then the expected number of repairs, n, is

recorded.

PROBABILISTIC ASESSMENT
MAINTENANCE MODEL
Initial conditions
(the whole domain)

{Cf:)a: 0

n=0
3 Reset initial conditions

)l Chloride penetration | -New layer (G ) 5,=0,
modeling [~ -Aged concrete

(Cf:)oz = (Cf:)re:.'\duc

T n=n+1
Qutput

Consider repair Probability
Yes— material properties of corrosion
(eq.9) initiation P;

Input data
~Random variables
-Deterministic Values

Repair Criterion

‘ t=t+ At

Life span is
reached

-Corrosion initiation time
Tty j21,2,3,00
-Number of repairs, n

Figure 6. Flow chart of probabilistic maintenance modeling

4.2. Probability of corrosion initiation

The time of corrosion initiation, T;,;, is defined as the instant at which the chloride concentration at the
cover thickness reaches a critical level, C.;+. The chloride concentration at which the passive layer on
steel bars is broken down, leading to the start of steel’s corrosion, is represented by this critical value.
C.i+ in this paper is assumed to be a random variable because of the uncertainty of concrete material
properties. For RC structures repaired by cover rebuilding technique, the corrosion initiation time may
occur on several occasions depending on the exposure conditions, lifetime assessment and number of
repairs. It is determined by evaluating the time-dependent chloride concentration at the cover depth
using the solutions of nonlinear partial differential equations presented in section 2. The cumulative

distribution function (CDF) of time to corrosion initiation, FTim.(t), is defined as:

Fr, () = Prob {Tjy,; <t} = fTini  f(x)dx (11)
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where x is the vector of the random variables considered and f(g) is the joint probability density

function of x. The limit state function becomes:

g(xt) = Cre (.6, Xc) = Copie (%) (12)
where Cr. (x,t,X.) is the chloride concentration at the cover depth and the time ¢, X, is the concrete
cover thickness. The probability of failure, pf, is transformed into the probability of corrosion
initiation in this case, and is calculated by integrating the joint probability function on the failure
domain [43]:

Pr = Jyue)<of @dx (13)
4.3. Probabilistic data

In the probabilistic assessment of this problem, there are two main sources of uncertainty to be
considered, one related to the chloride diffusivity in concrete and the other related to assessing criteria.
The probabilistic models of all considered random variables are shown in Table 3. In the first group

are considered the surface chloride concentration and the concrete diffusivity parameters (Dy.s, U,

m,) for original and repair materials. The surface chloride, C,, which represents the degree of chloride
attack, is uncertain due to the randomness of chloride content in surrounding environment. The
uncertainty in concrete diffusivity parameters, which represent the chloride resistance of concrete
material, exists due to different or random properties of concrete material properties (the w/c ratio, the
concrete mix proportions, the type of cement, the type of curing). Although concrete structures have
the same mix design, their material properties may differ due to different manufacturing processes,
quality control and environments. For the second source of uncertainties, cover depth, replacement
depth and critical chloride value are the three random variables considered herein. The variations in
the cover depth and replacement depth are attributed to construction/repair methods and labor during
execution. The uncertainty in the critical chloride value is due to its sensitivity to chemical properties

of concrete components such as sand, gravel, and cement.

Previous studies [11,14] have shown that cover rebuilding technique benefits from a replacement
depth below cover depth. This is also implied according to the deterministic analysis in section 3.
Therefore, in the probabilistic assessment, the replacement depth, Xp, which is considered as a random
variable, is established to be deeper than the cover thickness. To solve this issue, X,. is appeared as the
extra replacement depth behind the rebar cover. Depending on construction methods and quality
control during execution, X, would be variant and follows a normal distribution with a mean value of
10mm and a coefficient of variation [COV]x = 0.1. The total replacement depth X,, could be presented

as Xp =X, + X,
Table 3: Probabilistic models of random variables
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Variable Mean cov Distribution References
Dyes 3x 10" m%s 0.20 Log-normal [23], [44]
U, 41.8 kd/mol 0.10 Beta on [32,44.6] [32]
m, 0.15 0.30 Beta on [0,1] [35]
Cerit 0.5 wt% cement | 0.20 Normal [45]
Cs 7.35 kg/m® 0.7 Log-normal [46]
X, 40 mm 0.25 Normal (truncated at 10 mm) [45,47]
X, 10 mm 0.1 Normal (truncated at 0 mm)

5. lllustrated example of probabilistic assessment

5.1 Problem description and basic assumptions

The main goal for this example is a comprehensive assessment of the probability of corrosion
initiation for repairing concrete structures by considering the uncertainties described in previous
section. Two main approaches are adopted to determine repair conditions and application times, which
are named ““corrective” and “preventive” repair models. The intention of this section is to explore the
results obtained from the probabilistic analysis so that a reasonable maintenance plan can be achieved.
The problem description and necessary assumptions are similar with the deterministic example. For
the probabilistic study, samples for each random variable are generated based on the Latin Hypercube
sampling technique, and the random variables are assumed to be statistically independent. This
scenario would overestimate the deterioration process and probability of initiating corrosion. However,
actual data is needed to assess correlations between the parameters listed in Table 3 and therefore
improve the performance of the maintenance model. The remaining constant parameters used in the
maintenance model are presented in Table 1. For the sake of simplicity, it is assumed that the same

material is used for construction and repair in all cases.
5.2 Corrective Repair Model — Results and Discussion

The definition of the corrective repair approach was described in the deterministic example, section
3.2.1. The chosen repair strategy herein is to apply a replacement layer approximately 10 mm deeper
than the cover thickness. And the probabilistic analysis considers of the uncertainty of random

variables.

The probabilistic times to repair (or the probabilistic time to corrosion initiation) can be represented in
terms of the probability density function (PDF) of repair application time. From the PDF in Figure 8a,
the mean and the standard deviation of the first application time is calculated as equal to 15.82 and

15.03 years, respectively. The means of the three following repair times are 11.77, 11.22, and 10.95
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years, respectively. To be specific, it takes an average 11.77 years from the first repair application time
to trigger the second repair. Similarly, it takes an average 11.22 years from the second repair to trigger
the third repair and so on. It is observed that the time for corrosion initiation at the early stage (before
any repair measure is applied) is longer than that in the remaining operating period within a 70-year
service life. Except the first repair application time of about 16 years, the repair intervals in following
years are all approximately 11 years. The corrective repair model does not demonstrate significant
variation chloride diffusion in RC structures between repair periods. The results are in agreement with
findings from a previous probabilistic study [14]. This observation could be useful in developing a

maintenance plan for RC structures in marine environments at an early stage.

Considering the PDFs in Figure 8, the cumulative density function (CDF) of repair application time
during a 70-year service life can be computed to provide the probability of maintenance activity at any
year (Figure 9). For example, if the time to repair is defined at the year when the probability of
corrosion initiation reaches 50% and it is required to carry out the cover replacement measure, the first
repair will be performed at year 15.82, the subsequent repairs will be implemented at years 27.59,
38.82, 49.77, and 60.72. However, if 40% probability is chosen to trigger a repair, the first repair time
is in year 10.7, and this period will be even shorter, year 8, with 30% probability for the first corrosion
occur. Therefore, the outline of maintenance planning based on probabilistic repairing times should
consider the cost constraints, environmental impacts as well as the expert judgment of the quality of
structures. In addition, an early inspection on site to evaluate the degree of corrosion is highly

recommended to support a decision-making process.
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547  Furthermore, the calculation of the total expected number of repairs is introduced. It is assumed that if
548  the cumulative period of repairs exceeds the service life of 70 years, the maintenance could be
549  stopped, hence the expected number of repairs would be determined. As shown in Table 4, with the
550  repair strategy of X, = 60 mm replacement depth, averagely five repairs are estimated during the
551  structure’s lifetime. Additional repair strategies could also have been explored in this study such as
552  applying different replacement depths or using better-quality materials. For instance, recent studies
553  [14,17] proved that self-compacting concrete is more sensitive to the values of the diffusion
554  coefficient, which can be used as an indicator of material quality.
555 Table 4. The expected number of repairs applications
Repair application time Expected number
Criteria i
First | Second | Third | Fourth | Fifth | Sixth of repairs
Mean 15.82 | 27.59 38.82 49.77 60 >70 5
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Standard deviation 15.03 | 24.38 33.22 41.77 | 50.35

The maintenance planning based on the corrective repair model could be used as a basic result for the

preventive repair model that is proposed and explained in the next section.
5.3 Preventive Repair Model — Results and Discussion

This probabilistic model concerns the maintenance policy of applying a scheduled repair interval at a
given repair depth for RC structures as the condition to perform a repair. For instance, the repair
application will be implemented immediately whenever the structure lifetime reaches a specific time of
repair. Within a 70-year service life, the repair intervals (the time between two repairs) suggested in
this example are 15, 10, 10, 10, 10, and 10 years, respectively (i.e. in years 15, 25, 35, 45, 55, and 65).
Again, the chosen repair strategy is to apply a replacement layer approximately 10 mm deeper than the
cover thickness. These chosen intervals are not randomly determined, but they are based on the results
obtained from the corrective repair model, that the scheduled repair times are determined to be less
than the mean values of repair application times. The mean repair time value could be approximated as
the time to reach a probability of 0.5 in Figure 9. Since this approximation should reduce the risks of
corrosion initiation, this probabilistic model is referred as a preventive repair model. Other threshold
probabilities could be selected depending on the risks allowed for the end user. For instance, small
probabilities are related to reinforced concrete assets with higher consequences in case of failure and
vice-versa. The selection of the repair depth will also influence the probability of corrosion initiation
after the first repair. The effects of considering different repair schedules and depths for preventive

repair will be illustrated and discussed in this section.

Figure 10 presents the simulated time-dependent chloride concentration profiles at the critical depth. It
is noted that the cover depth and the replacement concrete depth are considered random. Thus, for
each sample, the chloride content is captured at varying cover depths and is compared with the random
value of threshold chloride concentration for corrosion initiation. Egs. (11) to (13) are applied in this
case to compute the probability of corrosion initiation as shown in Figure 11. The chloride profiles of
all samples as well as the mean profile, the lower and upper bounds of chloride content are presented
in Figure 10. It is observed that at the years of repair (i.e. year 15, 25, 35, 45, 55, and 65) the mean
chloride content is higher than the mean value of the chloride limit to start corrosion (2 kg/m®).
However, Figure 11 shows that the probability of corrosion occurring would be 51.9% only at the first
repair time (year 15), while the probabilities are below 50% for all remaining repair periods. Hence,
the assessment of corrosion risk and the reliability estimation for a maintenance plan based on mean

values can be misleading in this case.
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In Figure 11, the probability of corrosion initiation at any year can be recorded. For example, in year
10 (5 years before the first repair), there is a 39.6% possibility of corrosion occurring, while its
probabilities in year 16 (1 year after the first repair), year 20 (5 year after the first repair), and year 25
(10 year after the first repair) are 3%, 26.5% and 46.4% respectively. It can be concluded that the

further away from the most recent repair, the higher the probability of corrosion.

Figure 12 shows the chloride profiles at (a) one year after the first repair, (b) 5 years after the first
repair, and (c) 10 years after the first repair. In Figure 12a, the chloride content in year 16 (1 year after
the first repair) is illustrated by curves that fluctuate in value around the interfacial position between
two concrete layers, or at X = X,,. This is due to the redistribution of chloride ions existing in the
original concrete to the new concrete layer after the first repair. Moreover, at year 16, the mean of
chloride content at the position of rebar cover is much lower than the mean of critical value (2 kg/m®),
due to the effective chloride absorption of new concrete layer in the early years after repair. For the

rest of survey years, the decrease of chloride concentration versus depth tend to remain (Figures 12b,
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605 c). It is noticed that in year 25 (10 years after the first repair), the mean of chloride content at the

606 critical depth is over the average critical value, it is when the second repair should be scheduled.
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609 Figure 12: Chloride profiles (a) one year after the first repair (b) 5 years after the first repair (c) 10 years after
610 the first repair

611  From Figure 12, the PDF of chloride content at the cover depth can be determined, as shown in Figure
612  13a, b and c. The mean line of critical chloride value (2kg/m?) is considered as the landmark value for
613  comparison. It is observed that the year with more PDF values being to the right of the threshold value
614  will have a higher probability of corrosion initiation because it represents that the chloride content
615  exceeds the limit state. Accordingly in a 10-year repair cycle from year 15 to year 25, the probability
616  of starting corrosion at year 16 (1 year after the first repair) is lowest (Figure 13a), followed by year 20
617 (5 year after the first repair) (Figure 13b) and 25 (10 year after the first repair) (Figure 13c). This is

618  consistent and compatible with Figure 11.
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Figure 13: PDF of chloride content at cover depth (a) one year after the first repair (b) 5 years after the first
repair (c) 10 years after the first repair

To reduce the probability of corrosion initiation, some maintenance strategies are introduced, such as
shortening repair application times or applying a deeper replacement concrete or using both strategies
simultaneously. Figure 14 shows the probability of corrosion initiation when applying different
preventive repair strategies, including (a) 10-year repair intervals, (b) 20mm extra replacement depth,
and (c) 10-year repair intervals and 20mm extra replacement depth. In Figure 14a, there is only about
40% possibility of initiating corrosion at the first repair time if the repair is carried out every ten years.
The probabilities of corrosion initiation at the following repair times are slightly reduced compared to
the data in Figure 11. This strategy requires six cover rebuilding repair applications. Considering both
the reliability criteria and the number of repairs in a 70-year service life, the strategy of 10-year repair
intervals appears to be more effective than the previous preventive strategy. Meanwhile, for the case in
Figure 14b with the original repair intervals but deeper extra concrete patch of 20mm (uy, = 20 mm,
[COV]x = 0.1), the corrosion probability at the first repair is not changed with 51.9%, but better
reliability is achieved for the later repairs compared to the original case where px. = 10 mm. Hence,
if both strategies are applied for RC structures, the probability of corrosion initiation would be lower

(Figure 14c). However, other factors, such as maintenance costs and environmental impacts, should
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also be involved in infrastructure life cycle assessment to formulate a cost-effective and

environmentally friendly maintenance strategy.
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Figure 14: Probability of corrosion initiation of two cases (a) 10-year repair intervals (b) 20mm extra
replacement depth (c) 10-year repair intervals and 20mm extra replacement depth

Conclusions and future work

In this study, a probabilistic prediction model of structural maintenance in a marine environment was
proposed by combining Latin Hypercube Sampling technique with a time-dependent model of chloride
transport in repaired concrete structures. Besides the calculation framework for service life and service
life extension of corroded RC structures with repair, the effects of maintenance actions on the chloride
transport behaviors within concrete were also discussed. By using the proposed computation approach,

the following conclusions can be drawn:

1. Choosing a concrete replacement depth that is deeper than the existing cover depth is
recommended for repairing RC structures subjected to chloride-induced corrosion, because it
can slow down the chloride redistribution from the aged concrete to the critical depth. Also, a

deeper repair depth leads to fewer repairs and larger pre-schedule repair intervals compared to
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the shallower concrete repair. For instance, in section 3.2 was found that increasing this repair
depth by 10 mm leads to one repair less during the structural lifetime.

2. Both corrective and preventive repair strategies were performed in the probabilistic
assessment. For the corrective repair strategy, repair is carried out when the chloride content at
the rebar cover reaches a specific critical chloride value, and the total expected number of
repairs can be used as a factor for comparing different repair strategies. It was observed that,
excepting the first longer repair application time, probability of corrosion initiation was lower
than 0.52 between repair periods. In the case of time constraint and expensive computational
cost, the simulation of service life prediction for a few initial repair stages is sufficient as a
basic result for formulating the maintenance schedule by the preventive approach.

3. For the preventive repair model, the scheduled repair times could be determined to be less than
the mean values of repair application times obtained from the corrective repair model. This
maintenance approach seems to be efficient for service life prediction and maintenance
planning because an acceptable probability of corrosion initiation can be achieved by adopting
some practical repair strategies. For example, the minimum probability of corrosion initiation
is recorded to be below 0.43 for all repair times when applying 10-year repair intervals and
20mm extra replacement depth. In conclusion, the application of shorter repair intervals could
contribute to the decrease of corrosion risk for the first repair, while the selection of the repair
depth could mainly influence the probability of corrosion initiation after the first repair.

4. The proposed model, however, still has some limitations. It was applied for marine structures
exposed to atmospheric or submerged zones with constant chloride surface concentration.
Further research should thus aim to develop a comprehensive stochastic model considering
more realistic exposure conditions, chloride diffusion-convection coupling system in concrete
and time-dependency of surface chloride concentration. Also, real data (related to concrete
chloride diffusivity and assessing criteria) is required to estimate correlations between the
parameters used in the model and to improve the performance of the maintenance model.
Accordingly, the model-based approach for maintenance schedule could be compared with a

practical engineering case and applied in practice. This work is under progress.
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