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Abstract
This paper presents experimental and simulation results of the change in the chloride diffusion coefficient of concrete C40 (f ’c=40 
MPa) during axial loading. Test Method for Electrical Indication was used to measure the chloride diffusivity of the concrete sample 
during the axial loading. A mesoscopic lattice model is proposed to describe the variation of chloride diffusion coefficient versus dam-
age variable. In such a model, the domain of material is discretized randomly by using Voronoi tessellation for the transport element 
and Delaunay triangulation for a mechanical element. At the mesoscale, the concrete is constituted by three phases: aggregate, cement 
paste and ITZ, in which aggregate is assumed to be elastic while cement matrix and ITZ are represented by a damage model with 
softening. The experimental and numerical results show that in the first stage, without crack (s < 40%smax), the chloride diffusion 
coefficient remains almost constant, however in the crack initiation and propagation stage (s = 60-80%smax) chloride diffusion coef-
ficient increases significantly. An empirical power model is also proposed to describe the increase of the chloride diffusion coefficient 
versus stress level and damage variable.
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1. Introduction
The service life of a concrete structure is the period from 

the construction stage to structural damage exceeding safe-
ty requirements. In coastal condition, many deteriorating 
attacks lead to the steel corrosion in reinforced concrete, in 
which chloride ingress into a structure is the cause of the cor-
rosion (Tuutti et al. 1982). This reduces the service life of the 
reinforced concrete structure in the coastal region. 

The chloride diffusivity of concrete depends on two main 
factors: interconnected porosity of cement paste and mi-
cro-cracks. The second one is controlled by the stress level 
and path, while the first one is essentially influenced by the 
ratio water/cement, the compaction and the hydration de-
grees. In the case of more cracks, an increase in the chloride 
diffusivity coefficient leads to the deterioration of reinforced 
concrete and a decrease in the durability and longevity of the 
structures. Therefore, the simultaneous consideration of the 
environmental impact and the load on the durability of rein-
forced concrete structures is necessary and is a new research 
trend in recent years (Wang et al., 2016; Nguyen et al. 2015; 
Yang et al. 2019). In particular, the effect of stress on permea-
bility change is a key issue for determining the service life of 
the structures.

Many methods have been developed to determine the 
chloride diffusivity. Effect of damage on the chloride diffusiv-
ity coefficient and durability of reinforced concrete structures 
has widely studied (Garboczi et al. 1990; Picandet et al. 2001; 
Bhargava et al. 2008; Samaha and Hover, 1992; Saito and Ishi-

mori, 1995; Wang et al., 2016). Many different experimental 
models were used for the investigation of the chloride diffu-
sion coefficient (Yang et al., 2004; Yang et al. 2019; Banthia 
et al. 2005; Bhargava et al., 2008). However, the test results 
presented in the literature exhibit a significant variability. This 
is due to the fact that the chloride diffusion resistance of con-
crete has been determined by many methods with direct or 
indirect control loads and different sample sizes. The chloride 
migration test at three loading conditions (without loading, 
under loading and after unloading) is a common method to 
evaluate the chloride diffusion coefficient of concrete (Ahmad 
Shamsad et al., 2004 Wang et al., 2016, Teggur, et al., 2013). 
However, it is very different from the practical environment, 
in which the loading and chloride ion diffusion is coupling 
simultaneously, and it would mislead the designation of the 
concrete structure. Thus, it is necessary to study the effect of 
load on the chloride diffusivity coefficient. The experimen-
tal results also show that the chloride diffusivity coefficient 
slightly changed when the stress level exceeds 70% of the ul-
timate strength (Saito and Ishimori, 1995; Tran et al., 2017). 
Tung et al. (2017) studied the change of chloride diffusivity 
coefficient of concrete during uniaxial loading and showed 
that the chloride diffusivity coefficient increased rapidly 
during compressive stress ratio σ/σmax = 0.6-0.8. Nguyen 
and Tran (2015) measured the chloride diffusivity coefficient 
of samples under different load levels (σ/σmax) and indicated 
that the compressive stress affects the water permeability and 
chloride diffusivity of concrete significantly.
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The dependency of chloride diffusion on the compressive 
stress and/or damage variable has been considered by both 
experimental and numerical approaches (Bhargava and Ban-
thia, 2008, Garboczi, 1990, Djerbi et al., 2008; Grassl, 2009; 
Vu et al. 2012, 2015, 2018). The drawback of the previous 
models is a macroscopic model. The compressive stress-in-
duced micro-cracks, which controlled the change of chloride 
diffusivity, has not fully described yet. Indeed, concrete is con-
sidered as a homogeneous material in the previous investiga-
tion. Those approaches do not allow taking into account the 
local damage due to the incompatible deformation between 
the cement paste and aggregates. Crack occurring in the ho-
mogeneous model is often perpendicular to the rusted steel, 
whereas cracks exist in the form of zigzag in reality due to the 
presence of aggregates. Therefore, this paper aims to propose 
a mesoscopic lattice model to describe the damage induced 
change in chloride diffusivity of concrete material. Test mea-
surement was also carried out to validate the current model. 
At the mesoscale, concrete includes three phases: aggregate, 
cement paste and interfacial transition zone (ITZ), in which 
ITZ is the interface between aggregate and surrounding ma-
trix. ITZ presents as a weakness zone for both mechanical and 
transport aspects. Aggregates are assumed to be elastic, whilst 
cement matrix and ITZ are modelled by an elastic-damage 
with softening model. The chloride diffusion is described by 
Fick law. The dependency of the chloride diffusivity on the 
damage variable is taken into account from the empirical re-
lation proposed by Picandet (2001). Comparison between the 
proposed model and experimental result was made to show 
the predictive ability of the proposed lattice model.

2. Materials and methods
The experiment method

The rapid chloride penetrability test in accordance with 
ASTM C1202 and AASHTO T277-86 was used in this study 
to assess the chloride diffusivity of the considered concrete. 
The mixture proportion of concrete C40 is shown in Tab 1. 
The aggregate was designed according to ASTM C33, in which 
the fine aggregates were natural river sand and the coarse ag-
gregates were crushed gravel with the maximum size of 15 
mm. Cement was made with respect to ASTM C150. Con-

crete samples were prepared in two different groups. Group A 
includes cylindrical concrete samples with 300 mm in height 
and 150 mm in diameter. Group B are cylindrical concrete 
samples with a height of 200 mm and a diameter of 100 mm. 
After curing for 28 days, Group A was tested to determine 
the compressive strength of concrete (σmax), Group B was 
used for chloride ion permeability test, which was cut into 
two samples (the cylinder of 50 mm in height and 100 mm 
in diameter) and coated with epoxy glue on the surrounding 
surface to ensure only allow diffusion of chloride ions to in-
trude one way. The samples were cleaned surface before in-
stalling into the equipment.

The chloride ion permeability tests were performed 
at different stress levels of 0%σmax, 40%σmax; 60%σmax; 
80%σmax. During chloride ion permeability tests, each stress 
level was kept constant, the sample was exposed with chloride 
solution and connected to a computer system to automatically 
determine the total amount of electricity transferred through 
the sample (Fig 1). The chloride diffusion coefficient through 
concrete was determined by the value of total electric quanti-
ty transmitted through the test sample (Ahmad, 2004). Based 
on the record of electric current, the chloride diffusion coeffi-
cient was calculated (Ahmad, 2004).

Numerical modelling
Lattice discretization

The lattice discretization is performed by the generation 
of a dual system of Delaunay triangulation and Voronoi di-
agram (Voronoi, 1908). Conduit elements are placed along 
the edges of the Voronoi diagram. Whereas, the mechani-
cal elements are considered as beam form elements (trans-
mission of normal force, shear force, and bending moment) 
which placed on the sides of Delaunay triangulation (Fig 2a). 
This dual system is built by a random generation of nodes. 
The density of nodes is higher in the regions close to corners 
and boundary of domain than the rest of the domain to as-
sure a good transmission of prescribed boundary condition. 
Moreover, in order to ensure a good Voronoi structure, the 
distance between the points on the boundary is smaller than 
that of the points inside. Each point distributed in the study 
domain will be tested to satisfy the distance from that point 

Fig. 1. Experimental set up for chloride migration test under compressive stress

Tab. 1. Concrete C40 mixture design

Rys. 1. Układ doświadczalny do badania migracji chlorków pod wpływem naprężenia ściskającego

Tab. 1. Projekt mieszanki betonowej C40
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to surrounding points is greater than the minimum distance 
(dmin). A detail of the dual system building can be found in 
(Grassl, 2009; Grassl, 2011; Voronoi, 1908 ).

Mechanical lattice model
Mechanical elements are located on the edges of Delaunay 

triangles. Each node has three degrees of freedom, including 
two translations (u, v), and one rotation (ϕ). These transla-
tions and rotation at two nodes of a mechanical element allow 
determining the mechanical variable at the midpoint C where 
the hydro-mechanical coupling takes place (Fig 2b).

At the midpoint C of the cross-section, discontinuous dis-
placement is determined as follows:

	 (1)
where
	 (2)

	 (3)

he is the length of the mechanical element; ec is the eccentrici-
ty of point C to the axis of the mechanical element.

The displacement uc is replaced by strain ε=uc/he=(εn,εs); 
εn, εs, are normal and shear strain.

The stiffness of a lattice element is determined as follows: 

	 (4)

where De is the stiffness matrix. 

In the case of the isotropic damage model, the relationship 
between strain and stress was determined by Grassl (2009, 
2011, 2015); Pham et al., (2019); Pham et al., (2020); Nguyen 
et al., (2019). The development of damage is controlled by the 
stress-crack opening relation, and the mechanical behaviour 
is independent on the length of the lattice element. The re-
lationship between stress and strain is expressed as follows:

(5)

where σ is damage coefficient, σ =(σn,σs)
T and the stiffness ma-

trix De is determined as follows:

	 (6)

where E and γ are the parameters of the model. In the case of 
plane stress and uniform lattice mesh, Poisson’s coefficient (ν) 
is denoted as follows:

	 (7)

The damage coefficient ω is a function of a history index 
variable κ, is determined by a loading function:

f(ε,κ)=εeq (ε)-κ	 (8)

Equivalent strain εeq is determined: 

(9)

Fig. 2. a) Delaunay triangulation and Voronoi diagram; b) Mechanical elements

Fig. 3. 2D geometric model for the problem of chloride diffusion under compressive loading

Rys. 2. a) Triangulacja Delaunaya i diagram Woronoja; b) Elementy mechaniczne

R ys. 3. Model 2D dla problemu dyfuzji chlorków pod obciążeniem ściskającym

(a)

(b)
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where εo, c, q, λ are the parameters of the lattice model. These 
parameters directly depend on the compressive strength and 
the stiffness of lattice elements. According to (Grassl 2009; 
Pham et al., 2019), the equivalent strain only depends on two 
strains of εn, εs.

The softening curve of the stress-strain response is con-
trolled by the fracture energy Gfc (for the case of pure com-
pression or Gft (for the case of pure tension):

	 (10)

with i = c (compression) or t (tension); ωi = Gfi/fi; e =||e|| is the 
equivalent crack opening parameter.

e=he ωε		  (11)

In case of pure compression: 

ft=Eε0	 (12)

In case of pure tension:

fc=cft	 (13)

The damage coefficient is defined by solving the equation:

	 (14)

Chloride diffusion lattice model 
Chloride ingress also takes places in the transport ele-

ments, i.e. edges of the Voronoi polygons. The chloride diffu-

sion model in concrete was based on Fick’s second equation. 
The equation describing chloride diffusion in a one-dimen-
sional case, for each element, is determined as follows:

	 (15)

where De is diffusion matrix of the element, Ce is a capacity 
matrix of the element, t is time, f is an external source 

		  (16)

where he is the length of the mechanical element, le is the 
length of tubular elements, Dt is the diffusion coefficient of 
elements. 

The increase in the diffusion coefficient is caused by dam-
age calculated as follows (Picandet, 2001): 

	 	 (17)

where Dund is the diffusion coefficient of original materials of 
concrete without deterioration, α, β are the parameters of the 
model, for the case of concrete, α=11.3, β=1.64. 

Predicting of the increase in the chloride diffusion coefficient of 
concrete under loading

Concrete sample is model at a mesoscale with three dif-
ferent phases: elastic aggregate and mortar, ITZ represented 
by an elastic-damage model. Aggregate is much solid than 
ITZ and cement paste. Under a sufficient compressive stress 
level, the concrete can be damaged, which initiates and de-
veloppes firstly in the ITZ zone and then in the cement ma-

Tab. 2. Mechanical and hydraulic model parameters

Fig. 4. a) Electric energy through concrete, b) Chloride diffusion coefficient

Tab. 2. Parametry modelu mechanicznego i hydraulicznego

Rys. 4. a) Energia elektryczna przez beton, b) Współczynnik dyfuzji chlorków
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trix. When the uniaxial compressive stress varies from 0 to 
100%σmax, the concrete sample passes two stages: elastic be-
haviour (σ/σmax ≤ 0.5) and plastic hardening (pre-peak) (0.5 
<σ/σmax<1.0).

Geometric dimensions and initial conditions
In the 2D geometric model, the concrete sample has di-

mensions of 100x50 mm2. The aggregates are assumed to be 
circular with the diameter varies from 5 to 15 mm, and ran-
domly distributed in the model. Then the study domain is dis-
crete into the Voronoi polygon and Delaunay triangulation. 
The edges of the Voronoi polygon are considered as pipes 
that allow the transport of chloride ions from the external 
environment into the concrete while the edges of Delaunay 
triangles are considered as beam mechanical elements. By as-
suming the initial condition, the chloride ions concentration 
is zero (Fig 3).

Boundary conditions
- For the chloride diffusion problems: The concentration 

of chloride ion C1 is prescribed on the left surface of concrete 
sample and is constant, and the flow of chloride ion on the 
remaining surfaces is zero (Fig 3).

- For mechanical problems: Dy = 0 is prescribed on the 
bottom surface and Dx = 0 at the bottom corner on the left 
(Fig 3).

As a reminder, aggregate is assumed to be elastic and thus 
characterized by two parameters E and γ relating to Young’s 
modulus and Poisson ratio. Whereas, cement and ITZ are rep-
resented by a damage-elasticity model that the stress-strain 
relation is fully described by seven parameters: Young’s mod-
ulus; Poisson ratio; tensile strength (ft); compressive strength 
(fc); shear strength (fs); pure compression fracture energy 
Gfc. Mechanical parameters of concrete components first 
are estimated from the measured homogenized properties of 
concretes, measured properties of cement and then verified 
and adjusted against the experimental results obtained in this 
study. Tab 2 summaries all mechanical model parameters. 

 
3. Results and discussion
The experiment method

The results show that the chloride diffusion coefficient 
does not change up to the stress level of 40% ultimate strength 
(Fig 4). Indeed, concrete is in the elastic response for σ≤60% 
σmax and thus there is no microcrack appearance. When 
stress level increases to 60% σmax and 80% σmax, the chlo-
ride diffusion coefficient of concrete increases by 36% and 
108%, respectively. This is due to the initiation and growth of 
microcracks within concrete sample under loading. Wang et 
al. (2016) studied the chloride migration coefficient of con-
crete under loading conditions and indicated that chloride 
migration coefficient changed little when the stress level was 

Fig. 5. a) Stress-strain; b) Damage coefficient – stress level

Fig. 6. a) Micro-cracks at stress level σ = 40%σmax; b) micro-cracks at stress level σ = 60%σmax; c) micro-cracks at stress level σ = 80%σmax

Ryc.5. a) stres-odkształcenie; b) Współczynnik uszkodzenia - poziom naprężenia

Rys. 6. a) Mikropęknięcia na poziomie naprężenia σ = 40% σmax; b) mikropęknięcia na poziomie naprężenia σ = 60% σmax; c) mikropęknięcia na 
poziomie naprężenia = 80% σmax
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below 50% σmax and chloride migration coefficient under 
loading of over 50% σmax was 2–4 times higher than that un-
der without loading (2 times at 60% σmax and four times at 
100% σmax).

The lattice method
The relationship between stress-strain of concrete under 

loading from the initial state to the failure state is provided in 
Fig 5a. It can be seen that there are three stages of the stress-
strain relationship. In the first stage, the stress-strain relation-
ship is a liner which is associated with the elastic behaviour 
of concrete. In the second stage, when the stress exceeds the 
elastic limit, the stress-strain relationship is nonlinear, where 
the micro-cracks occur and develop but not yet coalesced in 
concrete. Finally, the third stage corresponds to the softening 
behaviour (post-peak) with ε > 2 mm/m. In this stage, the 
macro-cracks resulted from the coalescence of microcracks 
occur. It can be seen that at the stress level less than 40%σmax, 
concrete still behave in the elastic stage, and micro-cracks are 

rare, the damage coefficient is small and almost equals to 
zero. The damage coefficient increases rapidly at the stress 
level of 80% σmax (Fig 5b). The micro-cracks at stress levels 
of 40%σmax, 60%σmax và 80%σmax are presented in Fig 6. 

Fig 7 presents both experimental and simulated results of 
the chloride diffusivity versus stress. It can be seen that when 
the stress is less than 40%σmax corresponding to the elastic 
stage, the chloride diffusion coefficient is constant. Then, the 
chloride diffusion coefficient increases as a function of uniax-
ial stress due to the initiation and growth of microcracks. The 
increase rate also increases versus σ/σmax. At the compressive 
stress, i.e. 100%σmax, the chloride diffusion coefficient D = 
25x10-12 (m2/s) and is about 4.2 time of the initial value.

Fig 8 shows the evolution of chloride diffusivity as a function 
of the damage variable of a concrete sample. The damage variable 
of the whole specimen is defined as the ratio between the unload-
ing modulus and the initial modulus of the stress-strain curve. 

In general, the simulation results are quite similar to the 
experiments, which shows the capacity of the proposed lat-

Fig. 7. a) Chloride diffusion coefficient vs. stress level; b) Normalized chloride diffusion coefficient

Fig. 8. a) The relationship between the damage coefficient and the chloride diffusion coefficient; b) Normalized chloride diffusion coefficient

Rys. 7. a) Współczynnik dyfuzji chlorków a poziom naprężenia; b) Znormalizowany współczynnik dyfuzji chlorków

Rys. 8. a) Zależność między współczynnikiem uszkodzenia a współczynnikiem dyfuzji chlorków; b) Znormalizowany współczynnik dyfuzji chlorków
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tice model for the prediction of chloride diffusion coefficient 
change under different stress levels.

4. Conclusions
From the experimental and simulation results, some con-

clusions can be drawn:
– The chloride coefficient is almost constant when the 

stress is lower than 40% of the ultimate compressive strength 
of concrete (i.e. elastic stage);

– A good agreement between the proposed lattice model 
and test results is observed, which shows the predictive capac-
ity of the proposed model;

– An increase in chloride diffusivity versus the uniaxial 
stress is observed. This increase is more pronounced when the 
stress is higher. Experimental and numerical results show the 

chloride diffusion coefficient is about 1.4; 2.1, and 4.2 times 
of the initial value when the stress reaches 60%, 80% and 
100%σmax. 

– The proposed numerical model allows yielding a rela-
tion between the chloride diffusion coefficient and the dam-
age variable.

– The current lattice model can be applied to predict the 
service time of structures due to chloride–induced reinforce-
ment corrosion.
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Eksperymentalne i mezoskopowe badanie numeryczne sieci krystalicznej wzrostu współczynnika 
dyfuzyjności chlorków podczas jednoosiowego modelu obciążenia

W artykule przedstawiono wyniki doświadczalne i symulacyjne zmiany współczynnika dyfuzji chlorków betonu C40 (f ’c = 40 MPa) 
podczas obciążenia osiowego. Do pomiaru dyfuzyjności chlorków próbki betonu podczas obciążenia osiowego wykorzystano metodę 
badania wskazań elektrycznych. Zaproponowano mezoskopowy model sieci krystalicznej w celu opisania zmiany współczynnika dy-
fuzji chlorków w funkcji zmiennej uszkodzenia. W takim modelu domena materiału jest dyskretyzowana losowo przy użyciu teselacji 
Voronoia dla elementu transportowego i triangulacji Delaunaya dla elementu mechanicznego. W mezoskali beton składa się z trzech 
faz: kruszywa, zaczynu cementowego i ITZ, w których zakłada się, że kruszywo jest elastyczne, natomiast osnowa cementowa i ITZ są 
reprezentowane przez model uszkodzenia ze zmiękczeniem. Wyniki eksperymentalne i numeryczne pokazują, że w pierwszym etapie, 
bez pęknięcia ((σ<40%σmax), współczynnik dyfuzji chlorków pozostaje prawie stały, natomiast w fazie inicjacji i propagacji pęknięcia 
(σ=60-80% σmax) współczynnik dyfuzji chlorków znacznie wzrasta. Zaproponowano również empiryczny model mocy opisujący 
wzrost współczynnika dyfuzji chlorków w funkcji poziomu naprężenia i zmiennej uszkodzenia.
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