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Abstract: Reinforced concrete structures are frequently sggoto aggressive environmental
conditions. Most notably, chloride ions from seatevaor de-icing salts are dangerous for the
reinforcementGood concrete cover can ensure its protection. Mewyeét is necessary to study the
effects of material heterogeneity and cracking blorade ingress in concrete. This is done herein
by proposing a three-dimensional lattice model bépaf simulating chloride transport in saturated
sound and cracked concrete. Means of computatiorddtermining transport properties of
individual phases in heterogeneous concrete (agtgegnortar, and interface), knowing the
concrete composition and its averaged transpopigrties, are presented and discussed. Based on
numerical experimentation and available literatuseyelation between the effective diffusion
coefficient of cracked lattice elements and thekraidth was adopted. Finally, these findings were
validated on experimental results from the literatand discussed.

1 INTRODUCTION subject, a number of models have been
Modern reinforced concrete structures, if proposed in the literature. Some of them model

properly designed and executed, can achieve the effect of cracking in a smeared way, by
their intended service life. Corrosion of infroducing an increase of the diffusion
reinforcing steel due to chloride ingress can be CO€fficient in the whole domain (e.g. [3]).

prevented. An increasing number of service Others model cracks as notches or faults in
life models are available to aid the practicing COncrete, without the mechanical analysis (e.g.

engineer. These are all based on one, but veryl4 5])- Very few have made a step further, and
crucial, assumption: that the structure in coupled the mechanical and transport analyses
question is and remains crack free. Evidently, (€:9- [6]). Most of these models treat concrete

this is almost never the case: reinforced @ @ Quasi-homogeneous continuum, i.e.
concrete structures crack due to many reasons,Mechanical and transport properties are
most important ones being mechanical loading constant for the whole domain. On the other
and shrinkage. This has been an issue of Nand, a truss-network approach proposed by

increasing focus in the research community [/, considers concrete as a three-phase
lately: a number of publications deals with COMPposite, consisting of coarse aggregate,
experimental investigations on the influence of Mortar, and ITZ. Both of these approaches
cracking on chloride ingress (see [1]) and (homogeneous —and heterogeneous) are

reinforcement corrosion (see [2]) in cracked applicable within the lattice framework as
concrete. presented here.
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model for simulating chloride penetration in

sound and cracked concrete is presented.

Governing equations and discretization
procedure are only briefly addressed. The
focus of the paper lies on determination of
transport properties of different phases in

concrete (aggregate, mortar, and the interface),

and cracks. The model is validated using
experimental results from the literature.
Finally, these results are discussed and
evaluated, and some conclusions are drawn.

2 METHOD

2.1 Model description

Lattice models have long been used in
fracture mechanics of concrete [8]. Recently,
the use of lattice (or rather discrete) models
has been extended on simulating transport
processes in concrete [7, 9, 10]. Coupling of
the mechanical and transport simulations,
while taking into account the effect of
cracking on the transport mechanism, was
performed by [10, 11]. In the mechanical

lattice approach, concrete is discretized as a set

of truss or beam elements. In the transport

lattice approach, concrete is treated as an

assembly of one-dimensional “pipes”, through
which the flow takes place. While some
authors use *“dual” lattices (one for the
mechanical simulation, and the other for the
flow simulation- for details see [11]) the

material structure obtained by micro-CT
scanning can be used. What has to be noted
here is that interface, as used in the present
model, does not exactly coincide with the
interfacial transition zone (ITZ). Its thickness
iIs between 30 and g8éh [12], while on the
other hand interface elements in the present
model take up also a piece of aggregate and a
piece of mortar (figure 1). Their actual size in
the model depends on the characteristic
element size. Therefore, the transport
properties of this “phase” are slightly altered,
as explained later.

Figure 1: Particle overlay procedure (2D)

Saturated concrete was assumed in all
analyses, since the purpose of this work was to
validate the approach by comparing the results
with experimental data, not to develop a fully
functional  service-life  modelling  tool.
Therefore, Fick’s second law was assumed to

approach proposed here uses the same latticebe valid, and diffusion was the only transport

network for both simulations. In this approach,
mechanical simulation is performed first; its
output is then used as an input for simulating
chloride ingress. Therefore, it is actually a
one-way coupling - mechanical degradation
does effect the chloride penetration, while, on
the other hand, there is no influence of the
chloride penetration on the mechanical
behavior.

In order to take material heterogeneity into
account, the particle overlay procedure
(schematically shown in figure 1) is employed:
it is in this manner that different transport (or
mechanical) properties are assigned to
different phases. For this purpose, either a
computer-generated material structure, or a

mechanism considered.

2.2 Phase transport properties

In order to determine transport properties of
individual phases within the heterogeneous
concrete, the approach developed by [13] (the
so-called n-phase model) was used. The model
was developed with spherical particles in
mind, so for any other particle shape (e.g. the
Anm material model developed by [14]) can
be considered as only an approximation. The
following formulae were used (assuming
impermeable aggregates):

Deff/DM = N/D (1)
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Here, the following are:

N=6Dnm(1-Ca)(Ca+C))
+2C (D|-D|\/|)'(1+ 2Cp+ 2C|)

D=3Dm(2+Ca)(Ca+C))
+ 2C|(1-CA-C|)(D|-D|\/|)

Here, D%, Dy, and DO are the effective
diffusion coefficient of concrete, the diffusion
coefficient of the mortar phase, and the
diffusion coefficient of the interface phase,
respectively. Also, & and G are volume

(2)

fractions of the aggregate and the interface
phases, respectively. This approach enables

one to determine the diffusion coefficient of
individual phases (mortar and interface) in
concrete, given the volumetric contents of
each phase, and the effective diffusion
coefficient of concrete. All these are usually
available from the experimental data.
Therefore, in order to determine this, it is

necessary to determine the ratio between the

TNot provided in [15]

By careful observation of the results, it is clear
that the ratio of mortar to concrete diffusion
coefficient (M/C) changes dramatically when
the diffusion coefficients are calculated. It
even states that, in some cases, the diffusion
coefficient of mortar is higher than that of
concrete, even though its non-steady state
migration coefficient is lower. This is hardly to
be the case. In order to correct this, diffusion
coefficients of concrete were calculated using
a suggestion from [16]: it is stated that there
exists a linear relationship between the non-
steady state migration coefficient\§y) and
the diffusion coefficient of concrete (D).
Similarly, [17] found that there is a linear
relationship between the non-steady state
diffusion coefficient obtained from the
accelerated chloride migration test (ACMT),
and the diffusion coefficient obtained from the
ponding test, irrespective of the concrete
composition. Linear regression of the data

diffusion coefficient of mortar and the ggzjv;ﬂgg, by [16] yields the following
diffusion coefficient of the interface. '

To estima_te the magnitude _of this relation, a D=0.9672-Dysqy-2.6389 3)
set of experimental data provided by [15] was _ .
used.Here, transport properties of concrete are Where D and Nssw are in 107 m’s.

compared to corresponding mortars. Concrete Furthermore, by employing the M/C ratio from
used in the experiments contained about 35% the ~migration —experiment, the diffusion
coarse aggregate by volume. Rapid chloride coefficient of mortar is calculated. It has to be
migration test was used in order to determine Noted that equation (3) is used here merely as a
the non-steady state migration coefficient 00l to calculate the diffusion coefficient from
diffusion coefficients (D) were calculated. . .
Table 2: Calculated diffusion coefficients

D (-10ms)

Table 1: Results of [15] (C-concrete, M-mortar)

Dussu(-1072m%s)  D(-107ms) ID ¢ M Di/Dy
. : ~  NIO 3.70 4.97 2.79
ID c M MC C M MC NIF15 0.78 1.01 3.06
NIO 656 8.80 134 243 553228 NISLE > od 346 357
NIF15 354 455 129 147 3.182.17 NIS30 560 > 36 e
NISI5 577 6.79 1.18 2.16 4.312.00 Vo S8 5ol 31
NIS30 542 493 0091 2.00 3.091.54 NVE30 068 50 >4
NVO 943 11.94 127 3.35 7.202.15 NVE30 188 501 6
NVF30 343 504 147 119 2.942.47 T 5 e 508 =1e
NVS30 4.68 549 1.17 1.70 3.392.00 Hio o0 T ad 539
L0 157 11.23 071 548 664121 HIS30 o8 oot = o4
HIO  3.76 54 144 149 3.562.40
HIS30 354 2.92 082 142 1.961.37

In order to determine the ratio between the

*Different concrete/mortar mix designs from [15]
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diffusion coefficient of mortar and the taken into account in a statistical manner;

diffusion coefficient of the interface ([Dy however more experimental results are needed
ratio), a concrete material structure with about to justify this approach. Based on presented
35% of coarse (spherical) aggregates was analysis, a deterministic value of 3 for the

generated using a simple packing algorithm. A D,/Dy ratio was selected. This value is used in

lattice with characteristic elements size (voxel further analyses.

size) of 1 mm was projected on top of it, and

volume of lattice elements of each phase was 2.3 Crack transport properties

calculated (58.41% mortar, 29.35% aggregate, Two sets of experiments performed by
and 12.24% interface). Then, using formulae |gmajl et al. [18, 19] are used for determining
(1) and (2), the ratio between the diffusion ansport properties of a single crack. They

coefficient of mortar and the diffusion ,seq the expansive core method to create
coefficient of the interface was calculated for parallel-walled cracks in doughnut shaped

each mixture (Table 2). In order to achieve the gpecimens. Due to a large variety of smaller
desired effective concrete properties, these crack widths, these experiments are suitable

vary in the range 2.24-7.16. This seems {0 be o the procedure employed here. First set of
in accordance with the variability of the gyneriments [18] was performed on cracked
diffusion coefﬂmgnt of ITZ, which is stated t0  pyick samples, while the second set [19] used
be somewhere in the range 2-8 times that of ¢racked mortar samples. In both instances,
the cement paste [12]. cracked samples were placed in a chloride
penetration cell, with chloride loading on both
sides of the sample. After the exposure period,
using the grinding technique, two types of
chloride profiles were determined:
perpendicular to the exposed surface, and
perpendicular to the crack walls. The second
type of profiles were determined by grinding
the material in the middle part of the specimen
height, in order to ensure that powder samples
would contain only chloride ions penetrating
from the crack plane, and not from the sample
surface (figure 4).

Figure 3: Brick/mortar specimen of [18, 19]

Figure 2 Determination of the [IDy, ratio (top.—the Here, the approach proposed by [7] was
whole lattice; bottom-only aggregate and the iratez) used. In order to determine the effective crack

The variability of this parameter can also be ransport properties, numerical = simulation

4
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results are fitted to experimental data. To different crack widths are shown in figure 6.
simplify the process, the mechanical analysis
is not performed here; rather an artificial
“crack” with varying transport properties
(corresponding to different crack widths) is
created in the middle of the analysed
specimen, and simulation results compared to
experiments. For the simulations, a 3D slice of
50x5x50 mm was used, with a total number of
12500 nodes and 85095 lattice elements.
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Figure 5: Surface chloride profile-uncracked sample
(brick)

®  Experiment
Lattice fitting ||

Crack width 21 pm

— -9 2
Dcr—5_5x10 m</s

10 15

Total chloride content (% powder weight)

0 3
Depth (mm)
Figure 4: Lattice used in the simulations. Blue- 0.12
brick/mortar, red-“crack” ®  Experiment
0.1 Lattice fitting ||
First, experimental results of cracked brick 0.08 Crack width 34 pum

specimens are reproduced [18]. After cracking,

_ -
DCF—T_S;dU m/s

these were fitted in the chloride penetration 0.08
cell, and exposed for 10 hours. Regression § g4
analysis of the chloride profile perpendicular 00

to the exposed surface (uncracked sample)
yielded the diffusion coefficient of n =
156.7110"* m?/s, and the surface chloride ° Depth (mm)
concentration of 0.37% per weight of sample

l'otal chloride content (% powder weight)

=1
Lh

(figure 5). Th_ese were used as input for all %ﬂ " Crack widkh 53 um | ® Experiment |

analyses of this experiment. g 0l Lattice fitting
In order to obtain results close t0 Z ggg| \Pa=1310°ms

experimental values, a trial-and-error =

procedure was followed. This means that the & .08

effective diffusion coefficient of “cracked” 5 004

elements was adjusted until the calculated =

perpendicular-to-crack profile corresponded %

well to the experimental one. Values of the £ ¢, 5 10 15

fitted effective diffusion coefficients for B Depth (mm)
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Figure 6: Perpendicular-to-crack chloride profiles for
different crack widths (brick)

For large cracks (@0n and 128m), the
effective diffusion coefficient is 3 orders of
magnitude higher than the diffusion coefficient
of chloride ions in free bulk water (which is
around 2.030° m?/s at 20°C [20]). These
results seem to be in good accordance with
values proposed by [7]. They also suggested
that the effective diffusion coefficient in large
cracks is very large, much higher than that in
free bulk water. This was attributed to
additional transport mechanisms which may
occur in the crack, e.g. “convection current
due to the small temperature gradient and/or
small hydraulic pressure gradient”. However,
it is also possible that the brick specimens had
not been fully saturated when the experiment
begun, so capillary suction might have played
a significant role. Due to high porosity of brick
samples, this could strongly influence the
chloride ingress behaviour. Based on the
present tests, the following quadratic relation
can be proposed:

Dcr=10°:(4.2384-10%w?-
7.926-10°w+0.0052954),
for w<55 um
Dcr=1.4-10°,
for w>55um

(4)

The value of 5pm in (4) was selected based
on the recommendation of [18]. It was found,
after performing a deformation-controlled
uniaxial tension test on the material, that the
critical crack opening of about 5045 is
where the mechanical interaction between
crack surfaces ceases to exist, so there can be
no reduction of the chloride diffusion in larger
cracks. This value is higher for concrete,
where, due to material heterogeneity, crack
bridging also occurs.

In order to check whether these results are
directly applicable to cement based materials,
the same experiment, but this time on cracked
mortar samples, was simulated [19]. In this
work, two series of mortar specimens were
cracked at different ages (28 days and 2 years).
These were tested in order to check also the
influence of cracking age on autogeneous
healing of cracks. Regression analyses of
perpendicular-to-surface profiles yielded the
following data: diffusion coefficient of
8.6610"* m?/s, surface chloride concentration
of 0.32% mortar weight; and the diffusion
coefficient of 7.5110*% m?%s, surface chloride
concentration of 0.32% mortar weight, for 28
days and 2 years series, respectively. In both
instances, specimens were exposed to chloride
loading for a total of 14 days.

Based on (4), effective diffusion
coefficients for different crack widths were
calculated. After the analyses were performed,
the results indicated that (4) overestimated the
perpendicular-to-crack diffusion in cracked
mortar (figure 7)A different relation [21was
also used to check whether gives better
results when applied to cement-based
materials:

Dcr=2-10"w-4-10™,

for 30um<w<80um
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Dcr=1.4-107, (5) .
! #  FEzperiment
For w>80um 03[\ Crack width 79 um Equation (4) |
The lower bound in the equation accounts for gzl \ [0 Equation (5) |
crack healing (30m). The upper bound 03
(80um) is where mechanical interaction A D, ~14.x10%m?s
IRE] N

between the crack faces ceases to exist (higher
for concrete than for brick-see (4)).

Comparison of the simulations performed
with use of both (4) and (5) is shown in figure
7. Note that (5) was used here also for a crack
narrower than 3m (29um in this case), Drepth (i)
which was created in mortar after 2 years.

=
.
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o 1

Total chloride content (% mortar wei ght)

Unlike the specimens cracked at a young age, E’ 0.3 P\ Crack width 84 ura #  Experiment
these older specimens have a diminished g Equat;nn(;l)
_ : o HSHEY g N i
autogeneous healing potential. This is due to g 025 fuation (3) |
the fact that the amount of unhydrated cement £ g, “
is low in these samples. Bl D, ~14x10 ns
z 0
004w = 0.1 /M
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Figure 7: Perpendicular-to-crack chloride profiles for
different crack widths (mortar). Not underlined-ckad
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at 28 days. Underlined- cracked at two years. cement as a binder.
_ . Regression analysis of experimental data
Clearly, the values obtained from equation yje|ded the following: diffusion coefficient of
(4) overestimate the perpendicular-to-crack 47.61410% mé/s, and surface chloride content
chloride penetration in thl_s case. Qn the of 0.51%. Using equations (1) and (2) and the
contrary, results obtained using (5) are in good D,/Dy value of 3, diffusion coefficients of the

agreement with the experiments. It seems, mortar and the interface phases were

brick specimens overestimate the chloride /s respectively.

penetration in cracked mortar. Since brick is  aAn analysis was performed using both the
much more brittle and homogeneous, no crack homogeneous and the heterogeneous lattices,

branching and bridging occurs when it cracks. ysing the input data as provided above.
This potentially slows down chloride ingress

through cracks in heterogeneous materials, like
mortar and concrete. Also, it is most probable
that capillary suction played a significant role
in [18], thereby altering the effective transport
properties of a crack. Also, whether results
from tests on different materials can be applied
directly to mortar and concrete is questionable.
In the mechanical Ilattice model with
embedded aggregate particles, crack branches
and bridges will be found automatically, and 0 20 30 A0 =0
slowing down the diffusion process. It can be, Depth (mm)

therefore, concluded that equation (5) can be Figure 8: Comparison of the homogeneous and
used to simulate chloride penetration N peterogeneous lattice analyses and the experiment
cracked cement based materials using the

proposed lattice approach.

Sirmulation heterogeneous
Simulation homogeneous |
®  Experiment

=
by
T

=
—

Total chlonide content (%% concrete weight)
=
(]

=
[

3 VALIDATION AND DISCUSSION

3.1 Heterogeneous material

In order to validate the approach developed
in chapter 2.2, experimental data provided by
[17] was used. A 90-day ponding test was used
to determine the diffusion coefficient of
different concretes. All concrete mixes used in
their study had a volumetric content of coarse
aggregates of about 30%., with maximum
grain size of 10mm. For the simulation, a
concrete material structure with about 30% of
coarse aggregate particles was generated. A Figure 9: Total chloride content from the
lattice with characteristic elements size (voxel heterogeneous analysis (% of concrete weight)
size) of 1 mm was projected on top of it, and .
volume of lattice elements of each phase was Figure 8 shows that the results of bOt.h
calculated (61.60% mortar, 22.50% aggregate, homogeneous  and hete_rogeneou_s latttice
and 15.90% interface). The total size of the analyses correlate well with experlmentally
mesh was 50x50x50mm, with 125000 nodes obtained  data. _Zero va_lues n the
and 938156 lattice elements. This particular hetgrogeneous ]attlce ‘?‘”"%"VS'S cprrespond to
mix was made using ASTM Type | Portland lattice nodes which are inside the impermeable

8
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aggregate patrticles; therefore, no chloride ions reinforcement were cast. The prisms were
can be present. Other points below the reinforced to enable creation of varying
maximum penetration band show that, in a controlled widths. After the curing period, they
heterogeneous material as modelled here, therewere cracked using 4-point bending test to
is no sharp front of chloride penetration. obtain different crack widths. After loading,
Instead, a three-dimensional profile is present, one single crack occurred in each of the
with variable chloride content at a certain specimens. Cracks formed in bending are
depth. It can also be seen that there exists atapered (V-shaped). Upon unloading, some
difference between the maximum total crack closure occurred, so their width was
chloride content at a certain depth (the one measured in the unloaded state. Then, the
obtained from the heterogeneous analysis), andsamples were exposed to NaCl solution for 30
the value which is obtained if concrete is days. After the exposure period, area around
considered to be a homogeneous medium. By the crack was drilled, ground, and analyzed for
performing similar analyses (but considering chloride.

concrete as a two-phase medium, comprising  Regression analysis of the experimental
mortar and coarse aggregates), this data gave the following (for the uncracked
phenomenon also occurred in other studies sample): diffusion coefficient of 20B)*?
[22, 23]. They suggested that this could be one m?s, and surface chloride content of 0.39% by

of the factors contributing to large discrepancy
in values of critical chloride contents reported
in the literature. It is possible that a threshold
value of chloride is reached in certain points
on the reinforcing steel, thus depassivating it
and creating local corrosion pits. However,
chloride content elsewhere along the steel
coud be Ilower, due to material

inhomogeneity. Due to the usual experimental
procedure (i.e. grinding the material close to
the reinforcing steel and performing chemical
analysis to determine the chloride content), the
value obtained would be lower than the actual

weight of mortar. The analyzed sample had a
size of 355x50x75mm, with a characteristic
element size of 2.5mm. Steel mesh
reinforcement was neglected in the simulation.
First, a mechanical analysis was performed.
Using a four-point bending setup, cracks of
different widths were produced. As in the

experiments, one single crack formed in the
fracture analysis. The output of the mechanical
analysis was used as input for the chloride
diffusion analysis. Equation (5) was used for
defining the effective diffusion coefficients of

cracks. Every “local” cracked element has its

value which caused the local depassivation of own value of the diffusion coefficient,
the steel. This phenomenon justifies the use of depending on its crack width.

more advanced material models, such as the
presented one, in order to get more insight into
the process of steel depassivation and
corrosion pit locations in concrete. Also, it
encourages the use of more sophisticated
experimental techniques, such as laser-induced
breakdown spectroscopy (LIBS) [24] or

electron probe microanalysis (EPMA) [25], o |
especially when determining the value of
critical chloride content in concrete. —
3.2 Cracked material

The approach presented in chapter 2.3. was o |

verified on experimental results of [26].
Mortar prisms (355.6x50.8x76.2mm)

. . Figure 10: Mortar sample with surface crack width of
reinforced with three levels of steel mesh g P

369um. Top- crack pattern. Bottom- total chloride



Branko Savija, José Pacheco, and Erik Schlangen

profile (% of mortar weight) after 30 days of expos

Several analyses were performed using the
range of surface crack widths similar to the
experiments. The surface chloride contents for

cracks above the @ threshold does
increase chloride penetration further, since
they become deeper in the process.
Comparing the experimental and simulation
results (figure 11), evidently there is a

each analysis were adjusted to match those ingitference. Experimental results for wider

experiments with a similar crack width. Both
experimental and simulation results are shown
in figure 11.
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01r

Total chloride content (%6 mortar weight)
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Figure 11: Total chloride profiles for different crack
widths after 30 days of exposure. Top- experiment;
bottom- simulation.

As expected, chloride penetration depth
increases with the increase of surface crack
width. The effect is less pronounced than in
the case of a parallel-walled crack, though.
This is due to the fact that bending cracks are
V-shaped, being wider at the surface than on
the inside of the prism. According to equation
(5), cracks wider than @ all have the same
effective diffusion coefficient. However, since
wider bending cracks also run deeper, the
effect of widening is still pronounced with
large cracks. This means that widening of the

10

cracks (more than 2ifn) show a more
pronounced influence of cracking, compared
to simulation results. There are two reasons for
this: first, the crack width was measured in the
unloaded state. This means that the crack was
larger during the loading and some damage
was created, which is not accounted for in the
model. Secondly, some cracks have probably
formed alongside  the  steel mesh
reinforcement, speeding up the lateral chloride
penetration. This was disregarded in the
model. Overall, the simulation results seem to
be in relatively good agreement with
experimental data. Accordingly, the approach
developed in chapter 2.3 can be successfully
employed in simulating chloride ingress in
cement based materials cracked in flexure.

4 SUMMARY AND CONCLUSIONS

As cementitious materials  are highly
inhomogeneous and cracked, their transport
properties show significant local variations.
More advanced models than presently
available are needed for studying these effects.
In view of this, a three-dimensional lattice
model for simulating chloride ingress was
developed. The proposed framework described
here enables:

(1) Simulating chloride ingress in
heterogeneous concrete, i.e. taking into
account the presence of impermeable
aggregate particles and porous interface

surrounding them.

(2) Taking into account presence of cracks on
chloride ingress, by coupling the simulation
with the mechanical analysis.

In order to focus on these two issues, saturated
concrete was assumed in all analyses.

The procedures developed were tested and
validated using data from the available
literature. The following conclusions can be
reached from the presented numerical
simulations:
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(1) When neglecting the  material
heterogeneity, simulation results are very close
to experimental ones. The reason for this lays
in the usual experimental procedure (grinding
and chemical titration), which gives an
averaged value of the chloride content at a
certain depth.

(2) The heterogeneous model shows some
deviation from the perfect diffusion profile,
which is commonly observed in experiments
where penetration depth is determined by
silver nitrate spraying. More importantly,
maximum chloride contents at a certain depth
are higher than the averaged ones. This should
be kept in mind, especially when studying the
critical chloride content in concrete. Use of
more advanced experimental methods is
therefore encouraged.

(3) Mechanical cracks do promote chloride
ingress into concrete, depending on their
width. This is observed also in the model.
However, even though commonly addressed
only by their surface widths, not all cracks are
created equal. Bending cracks are V-shaped,
meaning that a part of the crack close to its tip
remains inaccessible for rapid chloride
penetration. Accordingly, parallel walled
cracks of certain surface width are more
detrimental than flexural cracks of the same
surface crack width. Coupling of the
mechanical and transport model, as proposed
here, enables studying this behaviour in more
detail.

Finally, it can be concluded that the
presented model can be successfully employed
in simulating chloride penetration in both (]
sound and cracked cement based materials.
Presence of coarse aggregates in concrete can
be included in the model, and gives more
insight on the transport behaviour.
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