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Abstract. Chloride-induced rebar corrosion significantly affects the durability of reinforced concrete
engineering structures. The service life in such environment is defined by the time at which a criti-
cal chloride content is reached at the reinforcement. For design and maintenance stage prediction of
the service life is very crucial. Mechanical loading can significantly impact chloride transport and
consequently service life predictions. Therefore, a accurate service life prediction model accounting
for multiphysical coupling between chloride ingress and mechanical loading is needed. This study
develops a numerical service life prediction model for chloride ingress under sustained mechanical
loading. This is accomplished by coupling an elastic scalar damage based mechanical model with
chloride diffusion transport model. The coupling accounts for the influence of the local stress-strain
field and the damage on the effective diffusion coefficient. The numerical model resolves coarse ag-
gregates (meso-scale) to capture the heterogeneous nature of concrete. Consistent distribution func-
tion of input parameters are used to enable probabilistic service life analysis by Monte Carlo method.
The developed model is applied to a hypothetical case study which demonstrates a first service life
prediction considering different loading scenarios of concrete structures.

1 INTRODUCTION

Chloride ingress in reinforced concrete
structures poses a significant challenge due to
its potential to cause depassivation of the re-
inforcement leading to its corrosion. Chloride
ingress from the concrete surface is generally
treated as a one-dimensional diffusion process.
Due to this assumption, traditional probabilis-
tic chloride models, such as given in fib Model
Code for Service Life Design [1]], are limited to
uncracked concrete. Mechanical loading how-
ever introduces micro cracks into the concrete,
which lead to a multi dimensional diffusion pro-
cess. Therefore, service life prediction models

with multiphysical coupling between mechani-
cal loading and chloride ingress is essential for
more accurate service life predictions.

Several experimental studies have showed
the influence of the loading state on the chlo-
ride ingress. The setups of the experiments
consist of the application of a defined long-term
deformation and subsequent exposure to chlo-
rides. In cases when the concrete was under ten-
sion [2-8], the (apparent) diffusion coefficient
increases monotonically with increasing load
in all experiments. This effect is even more
pronounced for the cases where the threshold
stress level for micro-cracking is surpassed. For
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specimens under compression [6,7,9-12] a de-
crease of (apparent) diffusion coefficient for
low stress states was observed in most cases.
When the loading threshold for micro-cracking
in concrete is exceeded, the apparent diffusion
coefficients are either similar, higher or lower
compared to the uncracked state; however, most
experiments indicate an overall increase in dif-
fusivity [12]. In addition to the changes in
the (apparent) diffusion coefficient, some stud-
ies [|6,[8L(11]] demonstrate the influence of load-
ing on the total chloride surface concentration,
while it has been shown that the damage does
not affect the chloride binding isotherm [6].

By considering the effects of micro- and
macro-cracking on chloride diffusivity at given
load-induced stress levels, reinforced concrete
structures can be also optimized for durability.

This study investigates the influence of me-
chanical loading on chloride-induced depassi-
vation of reinforcement in concrete using a
mesoscale model. A case study of a labora-
tory scale beam is used to investigate the im-
pact of different loading scenarios and concrete
qualities on service life predictions. This study
only considers fully saturated chloride transport
conditions relevant for concrete structures sub-
merged in seawater.

2 METHODS

All numerical simulations in this study are
conducted using COMSOL Multiphysics 6.2
[13].

2.1 Mechanical modeling based on contin-
uum damage mechanics

To model concrete on a mesoscale, the
material is divided into coarse aggregates
(4 mm < g < 16 mm), mortar (containing fine
aggregates) and the interfacial transition zone
(ITZ). The aggregates are assumed to have a cir-
cular shape and are randomly distributed in the
concrete. It is assumed that the damage occurs
exclusively in the mortar or ITZ but not in the
aggregates. This is due to the higher strength

of the aggregates compared to the surrounding
mortar and the even weaker ITZ. In this study,
the normal tensile strength of the ITZ is set to
70 % of the mortar’s tensile strength, ensuring
that failure initiates in the I'TZ. The scalar dam-
age parameter d is calculated using the Mazars
damage model [14]. In this model, the weight-
ing functions o, and o, account for the stress
state, while the parameter $ governs the con-
tribution of shear effects. The softening behav-
ior under tensile and compressive loading is de-
scribed by damage evolution functions provided

in Eq. [3]and Eq. {] [14].
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For localization of the damage the implicit
gradient model by Poh and Sun [15] is used,
which shrinks the damage zone to a narrow
band in higher damaged areas.
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The damage within the ITZ is modelled us-
ing the approach described in Seetharam et al.
[16]. Here, damage initiation and progression
are based on the relative displacement compo-
nents in both normal and tangential directions,
with the mixed-mode displacement, calculated
as a combination of these components. This ap-
proach enables damage tracking analogous to
an equivalent strain. The model applies a linear
traction-separation law, in which the initial and
full decohesion displacements are derived using
maximum stress values and a penalty stiffness
factor for each mode. The determined mixed-
mode decohesion displacement incorporates a
mixed-mode exponent to describe the evolv-
ing separation between the phases. The stress-
relative displacement relations for normal and
tangential components in the ITZ involve secant



Gereon S. Wildermann, Annika L. Schultheif3, Ravi A. Patel and Frank Dehn

stifftness terms that adapt as damage progresses.
Thus, the model dynamically accounts for the
stiffness reduction over the damage process, fa-
cilitating a realistic representation of the ITZ
response under complex loading.

In this study, the numerical elastic scalar
damage based mechanical analyses are con-
ducted in a 2D plane-strain formulation. A sta-
tionary solver with an auxiliary sweep is em-
ployed to simulate the stepwise loading of the
samples.

2.2 Reactive transport model for chloride
diffusion

Chloride diffusion is modeled using a sin-
gle component reactive transport model as de-
scribed in a previous study for uncracked con-
crete [17]. For the proposed model, the follow-
ing assumptions are made: (1) Chloride trans-
port occurs only through diffusion. (2) The ITZ
is neglected in the diffusion model, since it was
shown for OPC concretes that its influence is
negligible [18]. (3) No electro-kinetic effects
occur. (4) Chloride ingress does not lead to any
other degradation effects (e. g. leaching) of the
concrete. (5) The concrete is fully saturated,
uniform, and homogeneous. (6) Some chloride
ions can be bound by hydration products. Under
these assumptions, the chloride transport can be
described by Fick’s second law:

5(¢-C) 3Gy
5t ot
where C' is the aqueous concentration of
chloride [mol/ m? pore solution], D, is the ef-
fective diffusivity of chlorides [m?/s], ¢ is
the porosity [m? pores/m? concrete], and Cj, is
the concentration of chlorides in solid phase
[mol/ m?® solid]. The chloride concentration in
the concrete is evaluated with Eq. [9]in [w. %
cement], which is the unit commonly used by
engineers.

=V(D,V0)  ®)

C - dmortar - Moy + Cp - Mpaste

Mbinder

where M¢; = 35.453 - 1073 kg/mol is the mo-
lar mass of chloride, and the masses per m?

(€)

Ctotal =

mortar mpqse [kg paste / m? mortar] and My;pder
[kg binder/m? mortar].  The effective diffu-
sion coefficient D, [m?/s] of Portland cement
(OPC) based concrete can be estimated using an
Archie-type relationship as given by Seetharam
et al. [19]:

De= Do - $pogte  Vep (10)

paste

where Dy = 2.03 x 107Y [m?/s] is the dif-
fusion coefficient of chloride ions in free bulk
water, V,, [-] is the volume fraction of the paste
in mortar, and @y [m® pores/m? paste] is the
total porosity of the paste. The latter is esti-
mated using Powers model [20], with the maxi-
mal degree of hydration calculated based on the
water-binder ratio (w/b) as described in [21]] .

Empirical binding isotherms describe the re-
lationship between free and bound chlorides
(C,Cy) at a given temperature. In this study
Langmuir isotherms are used to account for the
bound chloride C} [gCl/gphase] of the AFm
phase and calcium-silicate-hydrate (C-S-H):

a-C
1+06-C (1D

where for C' in [mol/l] the parameters a [-]
and b [-] are given in Table I

Cb,phase =

Table 1: Parameter of Langmuir isotherms from [[17]]

Phase a b
AFm 0.08 0.57
C-S-H 0.04 243

To predict the amount of bound chlorides
Chpaste [gCl/gpaste], the combined binding
isotherm for the cement paste can be obtained
by combining isotherms of AFm and C-S-H
phase as given in Eq. [I2]

Ch paste = Cb,aAFm - Marm + Chcsu - Mesu (12)

Consequently, for mortar matrix the binding
isotherm is given as

Cb = Cb,paste ) ‘/cp " Ppaste (13)
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where mar, and mcsy are the mass fractions
of AFm and C-S-H phases in the cement paste
and ppagee [kg/m?] is the density of the cement
paste, which can be predicted using thermody-
namic modeling (further details see [[17]]).

In this study, the time-dependent chloride
diffusion is numerically simulated on a two-
dimensional domain using an implicit solver
based on the backward Euler scheme.

2.3 Coupling of mechanical and reactive
transport model

As explained in Section (I the mechanical
loading impacts the diffusion coefficient. This
influence depends on whether the element is un-
der compression or under tension and whether
the internal stress state has exceeded the criti-
cal threshold levels which would result in mi-
cro cracking. To account for these experi-
mental observations, two modifications are pro-
posed for the transport model based on the
stress state computed by the mechanical model.
The first modification accounts for the influ-
ence of cracking (micro- and macro-cracking)
on porosity and in turn on the diffusion coeffi-
cient. A linear increase of the porosity, given in
Eq. [14] due to damage is assumed as a simpli-
fying approximation.

¢paste,d - ¢paste + (1 - ¢paste) -d (14)

The second load dependent modification ac-
counts for the change of the diffusion coeffi-
cient, that is not induced by micro-cracking.

Many studies [5, 9} 10, [22, 23] have pre-
sented corelation between uniaxial tensile and
compression stress levels and normalized dif-
fusion coefficients for different loading magni-
tude. Figure [I] and Figure [2] illustrate existing
correlations for compression and tension, re-
spectively. In compression diffusion coefficient
in general reduces with increase in load for upto
a critical load level. Beyond this, microcracking
occurs and consequently increase in diffusion
coefficient in observed. In contrast, increasing

loading under tension leads to an increase in the
value of diffusion coefficient.
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Figure 1: Fitting of F)\ with functions for uniaxial com-
pression
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Figure 2: Fitting of F, with functions for uniaxial ten-
sion

To describe the influence of loading before
damage initiation occurs, the stress influence
factor F, simplified as given in Eq. [I5] ac-
counts for the applied stress level .

F\ =1+ sign(ly)-cy- A (15)

In the proposed relation, stress influence fac-
tor F) is described with by a linear function
with its slope c). The sign of the second term
is determined by the sign of first invariant [y
of the stress tensor. The value of c, is fitted
with the uniaxial correlation between normal-
ized diffusion coefficients and stress levels pre-
sented in [5,(9,/10,22,23]]. For fitting, the range
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of stress level was limited to maximum 0.4 for
compression [24], and to maximum 0.7 for ten-
sion [25] in order to neglect the influence of
micro-cracking, which in current model is ac-
counted by change in the porosity as given by
Eq. For probabilistic analyses, normal dis-
tribution was assumed for the value of ¢, as
summarized in Table

Table 2: Normal distribution of ¢y

case mean std
I <0 054 043
L1 =0 0 0
L >0 05 0.13

As experimental relationships are derived for
uniaxial stress levels, the relationship needs to
be transferred on multi-axial states of stress to
be applicable for the local stress states in the
mesoscale model. Therefore, the stress level A
is defined as the ratio of the first invariant /; and
the uniaxial compressive strength f, or tensile
strength f.,, respectively, as given by Eq.

;C{:L 1 <0
A=<0 =0 (16)
film I >0

To prevent suprious values of diffusion coeffi-
cient, '\, > 0.

The effective diffusion coefficient under
loading conditions is thus predicted by com-
bining the effective diffusion coefficient from
Eq. with the stress influence factor F), and
the increased porosity due to damage @pasie.d-

De,load = F)\ : DO : ¢gaste,d ’ ‘/cp (17)

In order to perform the coupling, the me-
chanical problem is solved first. Then one way
coupling is assumed to calculate the diffusion
coefficient D, j,qq following Eq. based on
the stress field. During the chloride diffusion
simulation, the diffusion coefficient is not fur-
ther changed.

2.4 Probabilistic modeling

Probabilistic analysis is crucial for assess-
ing the impact of stress on chloride ingress in
concrete because it accounts for the inherent
variability and uncertainty in material proper-
ties such as porosity and phase composition,
and modeling uncertainties. In this study, the
limit state of the service life prediction is the
limit state of chloride-induced depassivation
Ddep» Where the critical chloride concentration
is exceed at specific depth z [1]:

Pdep = p(ccrit - O(IE, t)max < O) (18)

Before the probabilistic evaluation, the damage
and stress state is calculated for a defined load-
ing scenario as described in Section Then
Monte Carlo simulation is used to evaluate the
limit state for chloride-induced depassivation in
a two-step process: First, for each iteration and
evaluation time ¢, the maximum of the chlo-
ride concentration C'(x,t),,,, at the specified
depth from the exposed surface x is identified
for the whole domain using the reactive trans-
port model described in Section [2.2] Note, that
due to local variability of stress and damage,
and due to the meso-scale modeling approach,
the chloride concentration varies locally. Sub-
sequently, the probability of exceeding the crit-
ical chloride concentration is determined using
Eq. [I8 by comparing the conservatively chosen
chloride concentration C(x,t),,q, to the criti-
cal chloride content C..,;;. This limit state is se-
lected because local chloride-induced depassi-
vation can trigger critical pitting corrosion.

In this study, Monte Carlo Simulation with
1000 samples per case is employed to evaluate
the limit state.

3 CASE STUDY

In this study, the influence of mechanical
loading on chloride diffusion in concrete beams
is investigated using a four-point bending test.
For this two mix designs are compared. Fur-
thermore, this case study explores how internal
stress levels influence chloride ingress and sub-
sequently the depassivation of reinforcement.
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3.1 Study setup

Subject of the case study are lab-scale, un-
reinforced concrete beams with the dimensions
of 10cm x 10 cm x 35 cm (h x b x 1), based on
the specifications outlined in DIN EN 12390-
5 [26]. The mix design of both concretes (C50
and C35) is given in Table [3] The aggregate di-
ameters and volumetric fractions are based on
the sieve curve given in Table ]

Table 3: Concrete mix design of C50 and C35

Type Mass Fraction  Vol. Fraction
OpPC 320 kg/m3 10.3 Vol.-%
Water 160 kg/m3 16.00 Vol.-%
Aggregates 1851 kg/m3 71.7 Vol.-%

Air content - 2 Vol.-%

Table 4: Sieve Curve AB16 used for the geometry of
mesoscale model of C50 and C35

Particle Diameter Fraction Passing

16 mm 100 %
8 mm 68 %
4 mm 46 %

First, an unloaded concrete beam is com-
pared to two distinct loading scenarios. These
scenarios represent 40 % and 60 % of the
beam’s maximum load capacity, remaining be-
low the threshold for micro-cracking. Second,
a high-quality concrete with the mechanical
properties of grade C50 is compared with a
poor-quality concrete. The low-quality con-
crete possesses roughly 70 % of the strength
of the high-quality concrete, which equals the
mechanical properties of a grade C35.

All beams are then subjected to a
3 % NaCl solution at the tension side of the
beam. All other sides are assumed to be sealed,
allowing the chloride diffusion only from one
surface of the beam. The specified depth from
the exposed surface x, where the amount of
chloride is evaluated, is assumed to be 0.035 m.
This is chosen to be the critical chloride ingress

depth, which usually equals the cover depth
over the reinforcement.

3.2 Material properties

In the mechnaical simulation steel roller pins
are used as bearings of the four-point bending
test. The steel is characterized by a Young’s
modulus of 200 GPa and a Poisson’s ratio of
0.33.

The mechanical properties of the coarse ag-
gregates are kept constant for all simulations,
with a Young’s modulus of 70 GPa and a Pois-
son’s ratio of 0.2. The mechanical properties of
C50 and C35 concretes are provided in Table [3]
and Table [0] respectively. Some mechanical
properties of the mortar are adjusted to ensure
that the stress-strain curve of the mesoscale
model meets the requirements (E.;, fom) of
the fib Model Code 2010 [27]. The stress-strain
curve for uniaxial tension of C50 and C35 are
shown in Figure No failure of the mortar
in compression is anticipated; therefore, the
Mazars damage parameters for compression are
kept constant at A, = 1.2 and B, = 1000. The
regularization parameter [ is also maintained at
5.8 mm, and the shear exponent (3 is fixed at 1.0.

41— cs0
—_ C30
& 31
=
e}

c 2
S
[%)]
C
21
0 .

0.000 0.005 0.010 0.015 0.020 0.025
strain € [%]

Figure 3: Stress-strain-diagram of the simulated con-
cretes in uniaxial tension
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Table 5: Mechanical properties C50

Property

Value Source

modulus of elasticity
of Concrete E;

38.6 GPa [27]

tensile strength
of Concrete [t

4.1 MPa [27]

modulus of elasticity

26.8 GPa fitted

of Mortar
Mazars damage
parameter Ay
Mazars damage
parameter By
Mazars damage
parameter kg

1.1 fitted

3400 fitted

1.3-107* fitted

Table 6: Mechanical properties C35

Source

Property Value
modulus of elasticity
of Concrete E;
tensile strength
of Concrete f.¢,
modulus of elasticity
of Mortar
Mazars damage
parameter A
Mazars damage
parameter By
Mazars damage
parameter kg

35.0 GPa [27]

3.2 MPa [27]

23.4 GPa fitted

1.0 fitted

3800 fitted

1.15-10~* fitted

For the probabilistic chloride diffusion sim-
ulation ordinary Portland cement concrete was
assumed. The cement paste is assumed to con-
tain 31.5 w.% C-S-H and 8.14 w.% AFm phase
by mass paste. In the probabilistic analysis,
these fractions are modeled as normally dis-
tributed with a standard deviation of 10 % of
their mean values. Additionally, the w/b-ratio
is considered normally distributed with a stan-
dard deviation of 5 % of its mean to account
for uncertainties in the mix design. For service
life prediction the critical chloride content C..,.;;
is assumed to be beta distributed with a mean
value of 0.6 w.% binder and a standard devia-

tion of 0.15 w.% binder [1]].

3.3 Boundary and transition conditions

For the four-point bending test, the bound-
ary conditions are defined by the steel pins. The
bottom roller pins are modeled with a frictional
contact interface, assuming a static friction co-
efficient between concrete and steel p of 0.2.
The lowest point of the bottom rollers is con-
strained to zero displacement. Adhesive con-
tact is assumed for the top rollers, where an in-
creasing displacement is applied at the top of
the rollers.

The chloride diffusion in the unloaded and
loaded beams subjected to a 3.0 w.% NaCl so-
lution is investigated. A Dirichlet boundary
condition with the exposure solution is applied
to the tension side of the beam and all other
boundaries have no flux boundary conditions.
This resembles realistic boundaries conditions
in lab experiments.

3.4 Definition of loading conditions

To define the loading scenarios of 40 %
and 60 %, the maximum force that can be ap-
plied was determined for the C50 concrete in
a displacement-driven four-point bending sim-
ulation. The force-displacement curves of these

preliminary simulations are presented in Fig-
ure (4]

12 -
—— left roller pin

10 - right roller pin

~

Load [kN]
(o)}

0.00 0.02 0.04 0.06
Displacement [mm]

Figure 4: Load displacement curve of the concrete beam



Gereon S. Wildermann, Annika L. Schultheif3, Ravi A. Patel and Frank Dehn

The maximum load at the pins before soft-
ening is 11.7 kN on the left and 12.0 kN on the
right. Therefore, the applied forces on the pins
for the stress levels of 40 % and 60 % are set
to 4.8 kN and 7.1 kN, respectively. To compare
the high-quality concrete (C50) with the low-
quality concrete (C35) the same load of 7.1 kN
is applied to the pins corresponding to 60 %
stress level.

4 RESULTS

The load states of 40 % and 60 % do not
cause any damage in the mortar of the high-
quality concrete (C50). However, with the
low-quality material properties (C35), a load of
7.1 kN applied to the pins induces damage in
the tension zone of the beam (Figure [3)).

0.1

0.08
0.06
0.04
0.02

Figure 5: Distribution of scalar damage d for for simula-
tion with lower strength and a loading of 7.1 kN

Consequently, the damage d and the in-
creased local stress level A lead to a rise in the
diffusion coefficients D, j,,q Within the tension
zone, as shown in Figure @

Higher load levels not only increase the dif-
fusion coefficient, but also expand the area
where the diffusion coefficient is significantly
higher. Reduced diffusion coefficients are
found only near the pins in all loading scenar-
i0s due to localized compression from the ap-
plied load. Due to the low stress levels in the
compression zone of the beam, the diffusion co-
efficient is negligibly affected.

O O b
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Figure 6: Mean values of D, ;,qq normalized with D,
for a: unloaded condition, b: 4.8 kN on high-quality con-
crete , ¢: 7.1 kN on high-quality concrete, and d: 7.1 kN
on low-quality concrete

In the tension zone at a load of 4.8 kN (Fig-
ure |§b), the effective diffusion coefficient shows
a localized increase. Maximum values are ob-
served between closely horizontally adjacent
aggregates. This occurs because the ITZ re-
mains intact at this load level, and the stiffer
aggregates attract a greater proportion of the ap-
plied stress. At a load of 7.1 kN (Figure [6c-d),
the ITZ in high-stress areas is damaged, leading
to a more homogeneous increase in the effec-
tive diffusion coefficient throughout the mortar.
In the case of 7.1 kN loading applied to the low-
quality concrete (Figure[6{d), damage appears in
the mortar near the bottom of the beam, caus-
ing a further increase in the diffusion coefficient
close to the exposed surface.

The distribution of total chloride content
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Ciotqy after three years at a load of 7.1 kN is
shown in Figure[/| Here, the normal distributed
random variables are set to their mean values.

: Exposed surface | e
0.2

Figure 7: Mass fraction of total chloride Cl,;,; related to

cement content [w.-% cement] after 3 years loaded with
7.1 kN

To compare the total chloride content Cyyy
of the different loading scenarios more detailed,
1D chloride profiles are presented in Figure [§]

1.4 1 —-= Unloaded
1.2 C50 4.8 kN
=2 I N PP C50 7.1 kN
(0]
g 1.0 1 —— (C357.1 kN
(0]
(@]
o\c 08 T
I. /-
206 RN\
£04- Ve
g S

0.2 - SN

=T
0.0 . . . —
0 20 40 60 80

Depth x [mm]

Figure 8: Average profiles of total chloride content
Clotar In between top pins after 3 years

For this, the average (., is calculated at
the center of the beam at section A-A at var-
ious depths, so that only the visible peaks in
the 1D profiles are due to the inhomogeneous
structure of the concrete, which consists of mor-
tar and randomly distributed aggregates. Con-
trary to previously discussed experimental ob-
servations, the concentration near the surface
remains the same independent of the loading

scenario. However, at greater depths, the chlo-
ride content is significantly higher in the loaded
scenarios. It is noteworthy that regardless of the
diffusion time, the differences in chloride con-
tent between the loaded and unloaded scenarios
are more pronounced than the differences ob-
served between the different loaded scenarios.

The probability for exceeding the critical
chloride content pg., at 0.035 m depth is cal-
culated using Eq. [I8|for up to ten years and pre-
sented in Figure[9]

100 7 - .-
OBl
Sl
(2
80 Ty
- i
S 60 3
40 1 ::./ —-= Unloaded
i C50 4.8 kN
204 €50 7.1 kN
[ —— C357.1kN
O '/ T T T T
0 2 4 6 8 10
t [years]

Figure 9: Probability for exceeding the critical chloride
content pge,, at 0.035 m depth with time

In general, probability for exceeding the crit-
ical chloride content (and therefore the proba-
bility of depassivation of reinforcement) is the
lowest for the unloaded concrete and increases
with increased mechanical loading, regardless
of the evaluation time. The highest probability
is observed for the low-quality concrete in the
high loading scenario (C35 7.1 kN). A probabil-
ity of 99 % is reached after five to seven years,
with ”C35 7.1 kN” converging the fastest and
the unloaded scenario takes the longest time.

In practice, it is essential to quantify the re-
duction in time to depassivation for a given level
of reliability. To this end, the time required for
the depassivation probability to exceed 30 %
(reliability index S =~ 0.5), as proposed by [28],
is evaluated for all cases. For the unloaded
case, which serves as a reference, this time is
1.62 years. For high quality concrete subjected
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to a load of 4.8 kN, the duration is reduced to
1.49 years, which is a reduction of 8 %. Ata
higher load of 7.1 kN, the duration is further re-
duced to 1.39 years (14 % less). For low quality
concrete, the time to depassivation is further re-
duced to 1.27 years (22 % less).

5 CONCLUSION

The model predicts altered chloride diffu-
sivity in loaded concrete by accounting for a
stress-dependent diffusion coefficient, and for a
change in mortar porosity due to stress-induced
damage particularly in areas of higher stress.
This effect is more pronounced in low-quality
concrete, where high loads caused damage to
the mortar and I'TZ, leading to a more homoge-
neous rise in diffusivity. As a result, chloride
ingress progresses further and faster in loaded
scenarios, leading to a reduction in predicted
life of up to 22 %.

In this study, the model uses a correlation
of normalised diffusion coefficients with stress
levels based on experimental studies of [5,9, 10,
22,23]]. As a first approximation to account for
the influence of stress levels on chloride ingress
on a mesoscopic scale, linear relationships are
assumed in Eq. [T4] and Eq. This may be an
oversimplification. Therefore, other physically
consistent functions should be investigated.

Furthermore, the diffusion in the ITZ was
neglected in this study. This is because it was
found that for unloaded and uncracked OPC
concretes, chloride diffusion within the ITZ is
negligible [|18]. However, it needs to be inves-
tigated whether diffusion in the damaged 1TZ
should be considered in further studies.

In this case study, the beam size was cho-
sen to resemble a realistic lab setup, in order
to enable bending tests for validating the sim-
ulations. However, in this setup the influence
of compression in negligible. To investigate the
latter, compression dominated load scenarios
should be included in further studies and vali-
dated with experimental studies comparable to
the setup shown in [28]].

10

This study presents a mesoscale model in-
tegrating fracture mechanics, reactive chloride
transport, and probabilistic analysis to eval-
uate the influence of mechanical loading on
chloride ingress in concrete structures. The
model captures the interplay between stress-
induced changes on the diffusion coefficient,
and damaged-altered porosity providing a de-
tailed understanding of how tensile and com-
pressive loading impact chloride transport and
depassivation probability. The probabilistic
Monte Carlo analysis demonstrated how the
variability in material properties can be ac-
counted for in service life predictions. The case
study demonstrates that mechanical loading ac-
celerates chloride-induced depassivation.

In conclusion, the framework provides initial
insights into a performance-based probabilistic
durability assessment by accounting for load-
induced stress in concrete structures exposed to
chloride environments.
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