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Lattice Mesoscale modelling of Chloride Penetration in Concrete:
Effect of aggregate volume fraction and fly ash
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Chloride ions penetrated into reinforced concrete member causes rebar corrosion and induces the volume
expansion of the rebar and cracks of concrete cover. This study aims to predict the chloride ingress in the
reinforced concrete member and its operational service life by using a lattice model. Concrete is considered
at the mesoscale, which constitutes three phases: aggregates, cement matrix and interfacial transition zones
(ITZ). Fick’s second law was implemented into the lattice model to describe the diffusion of the chloride ions
within concrete. The diffusivity coefficient of aggregates is almost null, whereas those of cement paste and of
ITZ are deduced from macroscopic diffusivity measure. Numerical solutions is validated against the test data
and the analytical solution. The effect of the aggregate volume fraction is discussed. Curves, which help to
determine the service life of the reinforced concrete structure from the cover thickness, is resulted from the
lattice modelling for concrete with different aggregate volume fractions.
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1. Introduction

Chloride penetration induced corrosion of steel reinforce-
ment is one of the major degradation mechanisms of rein-
forced concrete (RC) structures under coastal and marine
conditions. The chloride diffusivity coefficient defines the
capacity of a concrete to resist chloride penetration. Sev-
eral methodologies have been developed to measure this
coefficient [1-5]. Besides, micromechanical approach is
an alternative method to estimate the macroscopic diffu-
sion property of concrete when the diffusivity is known
for the aggregate and the cement matrix [6-8]. Once, the
macroscopic coefficient is available, the diffusion of chlo-
ride ions in concrete is usually described by Fick’s second
law where the macroscopic diffusivity is an input parame-
ter. Analytical solutions are only available for some simple

configurations such as 1D or axisymmetric diffusion prob-
lems. Therefore, numerical modelling is widely applied for
predicting chloride concentration in concrete structures.

Macroscopic modelling, based on finite element method
Pouya [9], boundary element method [10, 11], meshless
methods [12] is inappropriate to provide the local informa-
tion. Thus, concrete is usually considered at a mesoscale
with three phases: aggregates, cement paste and ITZ for
a better understanding the local behaviour, as well as the
interaction between different components and reinforced
bars. A mesoscopic classical FEM model with a softening
constitutive model could lead to the mesh sensitive results
[13, 14]. The FEM with the introduction of zero-thickness
interfaces in the mesh, so-called discrete crack approach
[15, 16] is an alternative approach, which needs a very
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fine to reduce the mesh dependent result. This limitation in
mesh-dependent result can be overcome by using the lattice
modeling, which has been shown to be mesh-independent
when modeling the mechanical behavior of concrete with
the softening and residual features [17].

Moreover, lattice models are particularly interesting in
heterogeneous cement composites, since they allow con-
sidering the effects on the overall damage law of micro-
cracking [18-23], aggregate and pores [21], as well as their
statistical interaction [24]. However, the Fick’s second law
for modeling the chloride diffusion have not existed in the
lattice code yet. This work presents the implementation
of Fick’s second law into the lattice model to describe the
chloride diffusion within concrete at the mesoscale. This
mesoscopic lattice model considers that concrete is consti-
tuted by three phrases aggregate, cement and ITZ. Input
parameters of the proposed model are the diffusivity co-
efficient of these three concrete constitutions. They are
determined from test data measured on the concrete of
grade G40 sample, a representative ordinary concrete com-
monly used as the main bearing structures in construction
and building.

Comparison with analytical solution and experiment re-
sult is made to show the validation of the proposed model.
The influences of the aggregate volume fraction and of fly
ash on the macroscopic diffusivity are evaluated. Curves
describing the relation “cover thickness - life service” is
proposed for the concrete G40 with different aggregate vol-
ume fractions, as well as with or without fly ash. These
curves are the result of the lattice simulation. A closed-
form solution is also developed to assess the concrete cover
thickness corresponding to a considered environment con-
dition and a chloride concentration threshold with respect
to the rebar corrosion. This analytical solution is in a good
agreement with the numerical one obtained for G40 con-
crete. The latter result can be applied for different concrete
grades and for every environment chloride concentration
condition. Therefore, this is really useful for aided design
of RC structure subjected to aggressive environment.

2. Numerical modelling

2.1. Lattice Model

The lattice model for modelling the heat and mass transfer
is developed based on the Voronoi tessellation of the do-
main [25]. The coupling between two physics: mechanic
and transport (mass or heat transfer) is done by adding the
Delaunay triangulation, where the mechanical elements are
placed along the edges of the Delaunay triangles, while con-
duit elements are along the edges of the Voronoi polygons.
Lattice models connect nodes, which are the nuclei of the

neighboring Voronoi polygons. The nodes are randomly
generated in the domain (S;), constrained by two parame-
ters: the minimum allowable distance, d,,;;,,, between nodes
and the spatial density of nodes (p;;). The node density de-
termines the distribution of distances between nodes by
the following relation

o = Nnin 1)
S4
in which Ny, is the number of nodes. d,,;;, and (p,;) should
be large enough to avoid the numerical divergence.
The material response of the transport elements is calcu-
lated, as for the structural elements, at point C (Fig. 1(b)).
Fick’s second law is implemented within Lattice model
to simulate the diffusion of chloride ions within the con-
crete structure. The discrete form of the differential equa-

tion for a one-dimensional transport element is:

aC
mc+g§;:f 2

where D, is the diffusion coefficient matrix, C, the ca-
pacity matrix, ¢ the time and f the nodal flow rate vector.
The diffusion matrix and the capacity matrix are defined as

h 1 -1 Wl (2 1
De:TDt(fl 1 >r Ce:ﬁ(l 2) (3)

2.2. Model Validation

For 1D transport within a bar with length L and with the
following initial and boundary condition (Fig. 2).

C(x=0,t)=C(x=L,t)=0
) 4

and C(x,0) = sin (%

The diffusivity coefficient is assumed to be unity, the
explicit solution of Equation (1) is well known as follows
[26]:

C(x,t) =sin (%) e%zzt (5)

Fig. 3 shows the comparison results between solutions
of the chloride diffusion obtained from equation (5) and the
proposed lattice model. A perfect agreement between the
present model and the closed-form solution is observed.

2.3. Geometry and boundary condition

A 2D rectangular specimen of 100x200 (mm) is considered
that respects the minimum length side (100 mm) of a 2D
representative volume element (RVE) for concrete material
[18, 27, 28] (Fig. 4). The aggregate diameter varies from
Qmin =5 mm to ¢yax = 12.5 mm. The cement matrix and
the ITZ are assumed to have an analogous diffusivity coef-
ficient. No flux exchange is on the lateral and top surfaces
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(b)

Fig. 1. Structure of the lattices: (a) dual Delaunay triangles and Voronoi polygons for thermo-mechanical or

hydro-mechanical coupling; (b) conduit element
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Fig. 2. 1D Chloride ions diffusion
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Fig. 3. Comparison between the present model and the
closed-form solution (5)

of the sample, while the concentration Cs(t) is prescribed
on its bottom surface. The function C; is taken from the
long term measurement of the costal condition of Da Nang
City in Vietnam.

2.4. Model Parameters

The input data of the mesoscale lattice model is the prop-
erties of concrete constitution: aggregate, cement matrix,
1TZ, as well as their volume fraction. Whereas, the measure
only gives the macroscopic diffusivity of concrete. This sec-
tion is dedicated to determine the diffusivity coefficient of

Table 1. Mix-designs for the concrete G40

Material ID G40
W/C 0.36
Cement PCB40 [kg/m?] 453
Sand (0-2.5 mm) [kg/m?] 635
Gravel (2.5-10 mm) [kg/m?] 1078
Superplasticizer (Glinium) [I/m3] 4.5
Water [kg/ m?] 165

cement paste D, and aggregate D, from the measurement
on the sample.

Concrete of grade G40 is considered. The concrete mix-
design proportion is shown in Table 1. The size distribution
of the aggregate and the sand is displayed in Fig. 5. A super
plasticizer Glinium was added. For curing, samples were
unmoulded after 24 hours and cured for 28 days in a fog
chamber at 100% relative humidity (hy).

According to ASTM C1202 method (ASTM C1202, 2012),
the measurement of the diffusivity coefficient D of the chlo-
ride ions is conducted on three cylindrical sample of di-
mension (100 x 50 mm?2). D is determined from the ion
permeability Q by using the empirical formulation of [29]
as follows:

D =1.03x10"" x (Q)"# (6)

The aggregate volume fraction of the concrete G40 f~0.4.
The effect of fly ash is also considered by adding 15%
cement mass. Each fly ash exhibits an optimal content
depending on its chemical composition. 15% is the opti-
mal content of the considered fly ash. Effect of the fly ash
content on the durability of concrete needs further exper-
imental and numerical investigation. Table 2 shows the
measured results of the chloride permeability Q and the
diffusivity coefficient D for the concrete without (G40) and
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Fig. 4. Geometry and boundary condition of considered numerical model
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Fig. 5. Granulometric curve of the concrete G40
with fly ash (G40-FA15). The value of D in Table 2 for each
concrete type (without or with fly ash) is the average values

measured on three samples. However, the variability in the
measurement is negligible.

Table 2. Testing chloride ion diffusion in concrete with-

out and with fly ash
Material ID  Q[Coulombs]  D[m?/s]
G40 2180 656x10714
G40-FA15 1006 302x10714

Le [30] considered the concrete as a material of two
phases (cement with diffusion coefficient Dc and aggregate
with diffusion coefficient Da) and estimated the homoge-

nized diffusivity by using Mori-Tanaka scheme Mori and
Tanaka [31] and Hashin and Shtrikman [32] bound (see Fig.
5). Based on her result shown in Fig. 6, D, = 150.88x10714
(m?/s) and D./D, = 103 were assigned to the proposed
model for the concrete without fly ash. Introducing these
parameters into the lattice model, described in the previ-
ous section to compute the variation of the macroscopic
diffusion coefficient D as a function of the aggregate vol-
ume fraction f. The variation of D as a function of cement
volume fraction, 1-f, computed from the present model, is
also plotted in Fig. 6. It is worth noting that the maximal
aggregate volume fraction is about of 0.7. As observed, the
lattice model result is between Mori-Tanaka and Hashin
and Shtrikman models. Table 3 recapitulates the diffusivity
coefficients of cement paste without and with fly ash, ag-
gregate, and the overall diffusivity of concretes with and
without fly ash obtained by the proposed model.

Table 3. Input data and the diffusivity coefficients of G40
and G40-FA15 computed by the lattice model

Concrete/Phases DIm?/s]
Aggregate 150.88x10°17
Cement paste without fly ash ~ 150.88x10714
Cement paste with fly ash 69.63x10°14
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Fig. 6. Diffusivity coefficient of concrete (D) versus aggregate volume fraction (1-f)

3. Effect of Aggregate Volume Fraction and of Fly
Ash

This section is devoted to analyse the effect of volume frac-
tion and of fly ash on the diffusion behavior of concrete. As
a reminder, the aggregate volume fraction f of the ordinary
concrete G40 considered in this study is about 40%. Effects
of an increase 10% and of a decrease 10% in the aggregate
volume fraction with respect to the concrete G40 on the
chloride diffusion coefficient are quantified in this study
by mean of the mesoscopic lattice model. Therefore, three
values f = 30%, 40% and 50% are considered. The lattice
samples (F30, F40 and F50) corresponding to these three
aggregate volume fractions are shown in Fig. 7.

The boundary condition and the model parameters are
described in the previous section. The repartition of the
chloride concentration within the sample F40 for different
time is shown in Fig 8. The chloride ion rise is not uniform
due to the distribution of aggregates.

Fig. ?? plots the evolution of chloride concentration in
the four concrete samples: F30 (f = 30%), F40 (f = 40%),
F50 (f = 50%), F40FA15 (f = 40% with 15% replacement of
cement with fly ash) at different distances from the bot-
tom surface where prescribing the function C(t) shown in
Fig. 4. The comparison of chloride diffusion within these
four concrete samples is presented in Figure 10. As ex-
pected, the sample with a larger aggregate volume fraction
resists more the chloride ingress. Indeed, the diffusivity
coefficients of F30, F40, F50 are 881x1074 m?/s; 656x1014
m?2/s; 522x10714 m?2/s, respectively, which is resulted from
Fig. 6. Hence, when the diffusivity coefficient of cement
paste is kept constant, increase and decrease of 10% of ag-
gregate volume fraction of concrete G40 leads to 25.5% of
increasing and decreasing in the overall diffusivity prop-
erty. Fly ash shows a great benefit about the resistance of

chloride ingress. Table 3 shows that the addition of 15%
fly ash content in the cement paste reduces 53.8% the dif-
fusivity coefficient for cement paste and concrete. At the
half-height of the sample (i.e. 10 cm), the fly ash reduces
50% of chloride ion migration after 100 years.

4. Cover Thickness-life Service Relation

The cover thickness, corresponding to the chloride concen-
tration threshold C,, defining the service life of structure
due to the corrosion, can be determined from the chloride
diffusion. These results were described in the previous
section (Fig. 9 - 10). According to the recommendation for
durability design of concrete structure of DuraCrete Du-
raCrete [33], the critical chlorite concentration C¢; = 0.157%,
beyond this value the corrosion of the reinforced steel oc-
curs. Based on Fig. 9 and 10, a service life is determined
at different depths from the surface in contact with the
aggressive condition (Cs(t)) for four concrete samples F30,
F40, F50 and F40FA15. As a result, curves, showing the
relationship between the concrete cover thickness and its
service life, are obtained.

A closed-form solution of cover thickness versus service
life can be determined for different grades of concrete. As-
suming that the concrete is homogeneous, the 1D solution
of the diffusion equation (1) for the configuration drawn in
Fig. 4 is:

C x
e (rlaam)) o

where C(x,t) (%) is the concentration at the depth x () and
at the time t (s); erf(.) the error function; D(t) (m?/s) is
the diffusivity coefficient of concrete at the time t; Cs(t) the
loading described in Fig. 4. The function Cs(t) is approxi-
mated by



54

Truong Son Bui et al.

Fig. 7. Concrete samples with the aggregate volume fractions: f = 30% (F30), 40%(F40) and 50%(F50)

25 years 50 years 75 years 100 years

Fig. 8. Chloride distribution within the sample F40
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Cs(t) = ¢tt ®)

where ¢ =0.128 and A = 0.476 for coastal condition and ¢ =
0.291 and A = 0.426 for marine condition at Da Nang city.
According to DuraCrete [33] and Life-365 [34]:

p(t) = Dy ()" ©

in which Dy is the diffusivity coefficient at ty = 28 days; m
=0.37; Dy = 656x10™1 (m2/s) for concrete G40.
Introducing (8) and (9) into (7) yields

C(x, t) = &t (1 —erf (W)) (10)

Therefore, the cover thickness x corresponding to the ser-
vice life T and the chloride concentration threshold C,, is
the root of the following equation.

CCT’ = €T2 (1 — erf (W)) (11)

As seen in Fig. 11, a good agreement between the an-
alytical solution and the present model is shown for the
concrete G40. A slight difference between them is due to
the heterogeneity that is taken into account in the present
model. The present closed-form solution (11) for the chlo-
ride concentration threshold allows a quick design of the
concrete cover thickness corresponding to a durability cri-
terion. This formulation can be also applied for concrete
with other grade by changing the parameters Dy and m
and/or for other environment condition represented by the
function Cs(t).

5. Conclusions

This paper describes a mesoscale lattice model to simu-
late the chloride diffusion within the concrete structure.
Concrete is constituted by three phases: aggregate, cement
paste and ITZ, where the diffusion properties of cement
matrix and ITZ are assumed to be similar. Chloride diffu-
sion within heterogeneous concrete is represented by Fick’s
second law. Diffusivity coefficient of cement paste with
and without fly ash and that of aggregate are determined
by the back analysis from the measurement of the overall
diffusivity coefficient of concrete. The effect of aggregate
volume fraction and fly ash is considered and evaluated.
The following important results can be highlighted.

¢ The addition of fly ash addition brings about a signifi-
cant reduction in the chloride ingress in the concrete
structure. 15% fly ash content in the cement paste
reduces 50% of the chloride concentration at 10 cm

of depth from the surface in contact with the aggres-
sive condition in comparison with the concrete G40
without fly ash.

e Increase 10% of aggregate volume fraction reduces
25.5% of the diffusivity coefficient compared to the
concrete G40.

¢ Curves, describing the relation between the concrete
cover thickness and the structure service life time, are
proposed based on the lattice simulation for concrete
G40 with and without fly ash, as well as for three
different aggregate volume fractions.

¢ A closed-form solution is derived for the design of the
concrete thickness cover with respect to the concrete
grade, the environment concentration of chloride and
the chloride concentration criterion induced the rebar
corrosion. This analytical solution is in a good agree-
ment with the numerical model for the concrete G40.
This solution can be also applied for other concrete
grades and for other environment aggressive condi-
tion. This finding is meaningful for the design of the
RC structure with the consideration of the durability
criterion.

The proposed lattice model allows taking into account
the heterogeneity and giving the local behaviour of the
chloride diffusion. Moreover, this model is applicable for
real configuration. The important advantage of the lattice
model is the mesh-independent when dealing with the
hydro-mechanical coupling in which the mechanical be-
havior includes the softening strain. Exploitation of this
feature is an ongoing work to model the chloride diffusion
under stress, which can provoke the damage and failure of
concrete structure. Moreover, the influence of the fly ash
content on the durability of the concrete is also an upcom-
ing study.
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