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Abstract

The analysis of the impact of Recycled Concrete Aggregates (RCA) on chloride ingress

is of prime importance for the development of Recycled Aggregates Concrete. A coupled

chemo-hydraulic multiscale model, using the Finite Element squared (FE2) method, has

been developed, validated and calibrated. The constitutive equations using intrinsic para-

meters derived from laboratory experiments on concrete samples have been established. The

findings indicate that the durability of Recycled Aggregates Concrete (RAC) could be com-

parable to that of Natural Aggregates Concrete (NAC) depending on the mixture quality

and environmental conditions. The main difference in durability comes from the rate of

diffusion with regards to the mortar paste adherent content.

Keywords: Durability, Finite Element Analysis, Microstructure, Multiscale Modelling,

Recycled Aggregates, Transport Properties

1. Introduction1

The recycling of Construction and Demolition Waste (C&DW) produces Recycled Con-2

crete Aggregates (RCA), offering a sustainable and local aggregate source. RCA comprises3

of two phases - original Natural Aggregates (NA) and residual adherent mortar. The lat-4

ter’s quantity depends on the recycling procedure and aggregate dimensions [1, 2, 3]. The5
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residual adherent mortar impairs both the mechanical properties and durability of Recycled6

Aggregate Concrete (RAC). Studies have demonstrated that incorporating RCA into con-7

crete leads to an elevation in porosity and water absorption, promoting the absorption of8

water and chloride ions while increasing the overall diffusion of aggressive ions [1, 4, 5, 6].9

RCA has been extensively studied for several years, with a specific focus on the impact on10

the mechanical properties of RAC [7, 8, 9, 10]. This study, however, aims to investigate11

the durability of reinforced concrete containing RCA, specifically in regards to the effects of12

chloride attacks. Chloride attacks have been proven to be a significant cause of degradation13

in coastal areas or when reinforced concrete is exposed to de-icing agents [11, 12]. Chlor-14

ide ions diffuse through the pore solution and concentrate near the steel rebars, ultimately15

causing their corrosion. This process is classified as pitting corrosion due to its local nature.16

It results in a loss of reinforcement section, potentially leading to structural failure [13].17

18

The heterogeneity of concrete is well known: its constituents range from nanometre-sized19

pores to centimetre-sized aggregates [14]. The addition of Recycled Concrete Aggregates20

enhances this heterogeneity by increasing the number of different materials present. This21

is the reason why it is computationally impossible to model the entire microstructure of22

concrete. One solution is to homogenise its properties over some spatial scale. Multiscale23

modelling, combined with numerical homogenisation techniques, has been developed to allow24

homogenisation of the properties at a smaller scale, to be scaled up later, and to keep25

the computational cost acceptable [15, 16]. Two material scales are therefore used in this26

approach:27

• Macroscale: the material is assumed to be homogeneous and the constitutive laws28

must therefore represent the overall behaviour of the material. Mixture theory is often29

used to introduce multiple phases (e.g. liquid water and water vapour) percolating30

through the porous medium [17, 18]. Models based on this single scale have a disad-31

vantage: any change in the microstructure (e.g. a change in constituents) requires a32

new experimental campaign to update the homogenised properties of the material.33
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• Mesoscale: the entire material structure is represented in the model, including the34

heterogeneities (e.g. aggregates). Each constituent has its own constitutive equations35

and set of properties. A model could be based solely on this scale, which would increase36

the accuracy of the response, but the computational cost is quite high and is therefore37

not appropriate for metre-scale engineering structures.38

Several homogenisation techniques have been developed in the literature, either analyt-39

ical [19] or numerical [20]. The homogenisation technique implemented in this model is40

considered as numerical homogenisation: it is formally called the unit cell method, based41

on the concept of the Representative Volume Element (RVE) [21, 20]. This RVE represents42

the mesoscale, the volume that must contain all the required material heterogeneities. The43

material properties and behaviour at the macroscale are then obtained from the modelling44

of this RVE [20, 21, 15].45

46

Numerous multiscale numerical tools have been developed in recent years. In civil en-47

gineering, where real-scale engineering problems are studied, the continuum approach of the48

Finite Element Method is highly appropriate for the macroscale. For the microscale, sev-49

eral options are available, which range from Finite Element Methods to Discrete Elements50

Methods [22]. The former approach is more appropriate when studying couplings, such51

as chemo-thermo-hydraulic couplings [15], as opposed to the latter, which is better suited52

for solid mechanics and the intricate behaviour of granular materials, including friction,53

dilatancy, and anisotropy [22]. Therefore, we have opted to utilise the FE2 method, also54

referred to as FEM-FEM, to develop our model, as the durability of concrete is dependent55

on the flow of water and gas, amongst other.56

A specificity of the FEM at the macroscale is that the material properties and behaviour are57

only known at the macroscopic integration points, due to the homogenisation of the RVE58

results [21, 20]. In fact, the integration points of the discretised homogenised macrostruc-59

ture are bound to a RVE and the finite element computations are performed for each RVE60

independently, assuming a periodicity of the microstructure near the integration point.61
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62

The developed model is a multi-physics FE2 model, accurately representing water and63

gas flow, as well as advection and diffusion of chloride ions within a porous system, such64

as concrete. In the multiscale approach, appropriate averages over the mesoscale must re-65

place macroscopic phenomenological quantities of interest, including storage terms and flow66

quantities. The constitutive equations, namely Darcy’s and Fick’s laws among others, are67

used at the mesoscale. In addition, homogenisation and localisation equations are employed68

to derive the macroscopic flows based on the phenomenological quantities of interest at the69

mesoscale. This process demands a significant space and time scale separation between the70

mesoscale and macroscale: the diffusion problem must be solved under steady-state condi-71

tions at the mesoscale. This hypothesis of steady-state also explains the necessity to perform72

a numerical homogenisation based on the concept of RVE instead of a direct numerical ho-73

mogenisation.74

75

The next section of this paper explains in more detail the FE2 model developed. First, a76

mathematical description of a general multiscale model is presented in Section 2.1. Then, in77

Section 2.2, the constitutive equations implemented for the mesoscale water and gas flows,78

as well as for the mesoscale chloride ingress, are presented. Finally, Section 2.3 shows the79

algorithm developed to generate a Representative Volume Element that accurately replicates80

a 2D slice of concrete.81

After presenting the theoretical aspects, the results of several modelling applications are82

presented in Section 3. The validation of the model under saturated conditions is presented83

first, followed by validation under unsaturated conditions. An experiment is also reproduced84

numerically to validate the effects of the RVE. It confirms the ability of our model to replicate85

the results of any concrete materials through the use of that RVE. Finally, an application86

based on a real scenario is described, allowing a better understanding of the effects of87

replacing natural aggregates by recycled aggregates.88

Finally, before concluding in Section 5, a sensitivity analysis of the RVE is performed in89

Section 4.90
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Throughout this paper, the necessary constitutive properties for the model are obtained91

through an extensive experimental campaign, which is detailed in Fanara (2023) [23].92

2. FE2 Model93

The numerical double-scale method employed in this paper can be summarised by four94

iterative steps performed on each Gaussian point of the macroscale mesh until the two scales95

converge [24]:96

1. Localisation: the macroscale boundary conditions are localised at each gauss point and97

transformed into gradients and mean values (e.g. water and gas pressures, chloride98

concentration, ...), which are passed on as mesoscale boundary conditions;99

2. Resolution of the mesoscale boundary value problem by finite element analysis;100

3. Homogenisation: the fluxes obtained at each mesoscale integration point are homo-101

genised to obtain a unique value per macroscale Gauss point;102

4. Resolution of the macroscale boundary value problem by finite element analysis.103

Theses steps will be elaborated in the following sections.104

2.1. Mathematical Description105

The multiscale modelling approach couples a subscale and a macroscale. The macroscale106

component ϕM and the subscale component ϕs of each scalar field ϕ are added together107

while the subscale portion defines the fluctuations of the total scalar field [25, 15]:108

ϕ = ϕM + ϕs (1)

If both components are coupled, then, on the boundaries of the Representative Volume109

Element, denoted as Γ, the subscale component ϕs is considered to be zero, leading to the110

solution of our model being ϕ = ϕM [16]. However, periodic boundary conditions are used if111

both fields are uncoupled, allowing the use of a Taylor expansion to establish the macroscale112

scalar field. Within the macroscale continuum, the expansion can be restricted to its first113
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order using the homogenisation technique’s assumption of a linear variation of ϕM inside114

the RVE:115

ϕM(x, x̄) ≈ ϕ̄(x̄) + ḡ(x̄)× (x− x̄) ∀x ∈ Ω (2)

where x̄ represents the centre of the RVE, and ḡ denotes a gradient that is defined by:116

ḡ(x̄) = grad ϕ̄ (x̄) (3)

The Taylor expansion is illustrated in Figure 1 for a 1D RVE.117

118

In the subscale, it is not always certain that the scalar field will exhibit continuity. As a119

result, the higher order terms of the Taylor expansion are significant and cannot be ignored.120

To account for changes in material properties, a fluctuation field ϕf is thus substituted to121

the higher order terms [15]:122

ϕ(x, x̄) = ϕM(x, x̄) + ϕf (x)

= ϕ̄(x̄) + ḡ(x̄)× (x− x̄) + ϕf (x) (4)

x

ϕ

ϕ̄

x̄

•

•

ϕM(x, x̄)

ϕ(x)

Γ Γ1
ḡ

Figure 1: Illustration of the Taylor expansion limited to its first order, for a 1D RVE domain Ω (modified

from [16]).

However, it is essential that both the macroscale and the subscale components of the123

scalar field are identical at all points on the macroscale. Hence:124

ḡ(x̄)× (x− x̄) + ϕf (x) ≪ ϕ̄(x̄) (5)
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where the concept of separation of scales arises. It is required that the subscale’s character-125

istic length (lsc) is negligible compared to the macroscopic field’s characteristic fluctuation126

length (LM
c ) [26, 15].127

lsc ≪ LM
c (6)

First-order homogenisation techniques require the verification of this assumption. If this128

condition is not verified, the local macroscale gradients cannot determine the boundary con-129

ditions of the subscale.130

131

The transition from the subscale back to the macroscale, namely numerical homogen-132

isation, necessitates the transfer of the flux. Under stationary conditions, the mass balance133

equation writes:134

∇J = 0 in Ω (7)

where J is the homogenised flux and Ω is the domain occupied by the RVE, where the135

material heterogeneities are embedded.136

The scalar field division and first-order homogenisation thus enable the determination of the137

volume average J̄ of the flux within the RVE:138

J̄ =
1

|Ω|

∫
Ω
J(x) dΩ (8)

that is the macroscale flux.139

2.2. Constitutive Equations140

The multiscale model has been created to cater for both saturated and unsaturated141

scenarios. At the macroscale, three degrees of freedom, i.e. water pressure, gas pressure and142

chloride concentration, are defined and used as boundary conditions. Afterwards, gradient143

and mean values of aforementioned degrees of freedom are conveyed to the RVE for every144

Gauss point. Based on these localised boundary conditions, a value of the water pressure,145

gas pressure and chloride concentration is assigned to each integration point of the subscale.146

The boundary value problem at the subscale can then be resolved.147
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2.2.1. Mesoscale Water Flows148

The mass balance equation of liquid water inside the porous matrix of concrete, in a149

fixed and underformable system, under the hypothesis of steady-state, is:150

∂

∂ xi

(ρw vwi ) = 0 (9)

where ρw is the water density [kg/m3] and vwi is the fluid flow rate per unit area [m/s].151

152

The first factor of the Equation 9, that is the water density, varies with the mean water153

pressure:154

ρw = ρw0 ×
(
1 +

Pw,average − Pw0

χw

)
(10)

where ρw0 is the initial density of liquid water, Pw,average [Pa] is the mean pressure at the155

macroscale integration point and Pw0 [Pa] is the initial pressure inside the porous structure156

(pressure at which ρw0 was calculated). This relation is also dependent on the fluid com-157

pressibility, noted χw [Pa−1] (at 20◦C, 1/χw = 5 10−10 Pa−1). The water density may also158

vary depending on the ionic concentration of chlorides, but it has been neglected at this159

stage, its influence being deemed less important than the one of the water pressure.160

161

The second factor of the Equation 9 expresses the liquid water flow. The Darcy’s law162

is used to describe this movement of liquid water inside the porous medium. Under the163

hypothesis of a homogeneously permeable medium, and in the absence of gravitational forces164

(therefore the equations are the same along all directions), the fluid flux and the gradient165

of water pressure are directly proportional:166

vwi = −kint krel,w
µw

∂Pw

∂ xi

(11)

where kint [m2] is the intrinsic permeability of the porous matrix and krel,w [-] is the water167

relative permeability, µw [Pa.s] is the dynamic viscosity of water and (∂Pw)/(∂xi) is the168

gradient of water pressure.169

170
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The relative permeability krel,w is dependent on the degree of saturation of the porous171

matrix. It is theoretically equal to 0 in perfectly dry conditions, or equal to 1 in saturated172

conditions. The empirical equation used to express this relative permeability is the one of173

Van Genuchten [27]:174

krel,w =
√
Sr,w ×

(
1−

(
1− S1/mV G

r,w

)mV G
)2

(12)

where Sr,w [-] is the degree of saturation in liquid water of the porous medium and mV G175

[-] is a model parameter associated to the curvature of the water retention curve [28]. The176

degree of saturation is also obtained by an empirical equation from Van Genuchten [27]:177

Sr,w = Sres + (Ssat − Sres)

(
1 +

(
s

αV G

)nV G
)−mV G

(13)

where nV G [-] is another model parameter related to the rate of desaturation of the soil178

(equal to 1/(1−mV G)) and αV G [Pa] is the air-entry pressure. Two other parameters, Sres179

[-] and Ssat [-] are, respectively, the residual saturation of the medium and the maximum180

saturation of the medium. Finally, the suction s [Pa] is the matrix suction defined as the181

difference between the gas pressure and the liquid water pressure:182

s = pg − pw (14)

2.2.2. Mesoscale Gas Flows183

The mass balance equation of gaseous air inside the porous matrix of concrete, under184

the same hypothesis as for the water, is:185

∂

∂ xi

(ρg v
g
i ) = 0 (15)

where ρg is the air density [kg/m3] and vgi is the gas flow rate per unit area [m/s].186

187

The first term of the Equation 15, that is the gas density, varies with the mean gas188

pressure of the matrix:189

ρg = ρg0 ×
(
Pg,average

Pg0

)
(16)
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where ρg0 is the initial density of gaseous air, Pg,average [Pa] is the mean gas pressure at190

the macroscale integration point, and Pg0 [Pa] is the initial gas pressure inside the porous191

structure (pressure at which ρg0 was computed).192

193

The second factor of the Equation 15 expresses the gaseous air flow. The Darcy’s law194

is also used to describe this movement of gaseous air inside the porous medium. Under the195

same assumptions as for the liquid water, the gas flux writes:196

vgi = −kint krel,g
µg

∂Pg

∂ xi

(17)

where kint [m2] is the intrinsic permeability of the porous matrix and krel,g [-] is the gas197

relative permeability. The term µg [Pa.s] is the dynamic viscosity of the gas and (∂Pg)/(∂xi)198

is the gradient of pressure.199

The relative permeability of gas is computed with the same model as for the relative per-200

meability of water based on the principle that the porous matrix must be completely filled201

with water and gas, therefore the addition of the degree of saturation of liquid water and202

the one of gaseous air must be equal to one [27]:203

krel,g =
√

1− Sr,w ×
(
1− S1/mV G

r,w

)2 mV G (18)

A component of dissolved air could be taken into account in the model, as well as a204

component of water vapour [29]. However, at this stage in the development of the model,205

these two species have not been implemented. The errors introduced by not accounting for206

these components may be neglected as the water vapour is nearly absent at the temperatures207

studied in our model (around 20◦C) [29], and the gas pressure is fixed throughout our system,208

the unsaturated conditions being controlled through the evolution of the water pressure.209

2.2.3. Mesoscale Chloride Ingress210

The balance equation of the chloride ions is:211

∂

∂xi

(vci ) = 0 (19)
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where vci [m/s] is the chlorides flow rate per unit area.212

213

The chlorides flow rate can be caused by an addition of three phenomena: advection,214

dispersion and diffusion [30, 31, 32, 33, 34, 35]. The first one is a movement of the chlorides215

inside water due to water flows. The second one is due to the irregularity of the porous216

system, causing a local variation of the concentration. The last one is due to a gradient of217

concentration inside the fluid itself. One can therefore write:218

vci = vadvection
i + vdiffusion+dispersion

i

= CM vwi −D
∂ Cm

∂ xi

(20)

where CM [-] and Cm [-] are, respectively, the concentration in chloride ions at the macroscale219

and mesoscale integration points, vwi [m/s] is the water velocity obtained with Darcy’s law220

and D [m2/s] is the diffusion and dispersion coefficient, obtained experimentally.221

2.2.4. Macroscale Mass Balance Equations222

The mass balance equations for the multiple species (water, gas and chloride ions) oc-223

cupying the pore space of the macroscale are the following, respectively:224

∂

∂xi

(
ρw × vwi,homogenised

)
+

∂Sw

∂t
= 0 (21)

∂

∂xi

(
ρg × vgi,homogenised

)
+

∂Sg

∂t
= 0 (22)

∂

∂xi

(
CM × vwi,homogenised + vci,homogenised

)
+

∂Sc

∂t
= 0 (23)

where one recognizes the spatial variation of the flux and the temporal variation of the225

storage, for each species. The homogenised water, gas and chloride ions fluxes are obtained226

through the spatial homogenisation of the flux computed at the mesoscale, proportionally227

to the relative surface of the RVE, as explained hereabove. The storage terms, on the other228

hand, are computed by calculating the total mass of each species over the RVE, at each229

given time. For the chloride ions, the coupling between the water flows and the chloride230

advection is expressed at the macroscale, by multiplying the homogenised water flows and231

the mean macroscale concentration in chloride ions.232
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2.2.5. Homogenised Macroscale Response233

The constitutive equations explained above for the mesoscale solution are solved follow-234

ing a fully coupled finite element scheme, with analytical stiffness matrices. The mesoscale235

fluxes are thus obtained as a solution of the boundary value problem solved. They are236

then homogenised numerically: the fluxes of each mesoscale integration point are summed237

proportionally to their relative area. The homogenised flow, after being transmitted to the238

macroscale point of integration, is utilised to calculate the macroscale internal fluxes. The239

problem is subsequently solved through the use of a finite element scheme.240

241

The elementary stiffness matrix of the macroscale problem is obtained through perturb-242

ation, unlike that of the mesoscale [36]. The gradients and mean values of water and gas243

pressure, as well as chloride concentration, are perturbed in sequence, after which the stiff-244

ness matrix is computed for the macroscale based on these perturbations:245

Ki,j =
Fluxi,perturbated − Fluxi,original

Perturbationj

(24)

The method is time-consuming since it necessitates solving mesoscale calculations ten times.246

Nevertheless, it is imperative to obtain a consistent tangent operator as the problem is highly247

non-linear.248

2.3. Representative Volume Element249

The mesoscale, the key element of the multiscale formulation, is modelled by a represent-250

ative volume element (RVE). For this research, where our focus is on aggregate substitution,251

this RVE must represent a 2D slice of concrete whose scale is similar to the samples used for252

the experimental campaign, that is pluri-centimetre samples. This means that the RVE is253

made up of a homogenised mortar paste (with homogenised properties) filled with impervi-254

ous aggregates and, for recycled concrete aggregates, an adherent homogenised mortar paste255

[37]. Other studies would also place the ITZ between the aggregates and the mortar paste,256

and between the aggregates and the adherent mortar for RCA [38, 33, 39, 4, 40]. However,257

our model is based on properties that can be determined experimentally and the nature of258
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the ITZ makes it impossible to characterise this phase specifically. It was therefore decided259

to omit the ITZ rather than add uncertainties to the model.260

The parameters in the mesoscale equations are inherent material properties. These proper-261

ties are only related to a single phase, within either the adherent mortar or the new mortar262

matrix, depending on the location of the integration point at the mesoscale. At the macro-263

scale, however, the material is considered as a composite represented by a single homogenised264

phase. Thus all its properties are averaged effective properties.265

The mesoscale is defined with a characteristic length of the order of a centimetre, while the266

macroscale has a characteristic length of the order of a metre and above, to respect the267

principle of separation of scales.268

269

Multiple ways of generating an RVE are available, including image analysis and algorithm270

development [41, 16]. The former method enables the creation of a relatively precise concrete271

slice based on an image, whereas the latter relies purely on intrinsic features of the concrete272

mixture. For this study, an algorithm designed specifically for our model and based on that273

of Nilenius (2014) [25] was employed to generate the RVE.274

The algorithm is presented in Figure 2. The process necessitates several intrinsic properties275

of the concrete mix, including the Particle Size Distribution (PSD) of the aggregates, the276

Surface Fraction (SF) of aggregates within the mix, and their Aspect Ratio (AR). These are277

applied to generate a random 2D slice of concrete, which accurately represents the concrete278

produced in the laboratory.279

280

The first step in the algorithm is to compute the area required for each interval of the281

particle size distribution. Based on the RVE size and the surface fraction of aggregates (that282

is, under the strong hypothesis that the surface fraction is equivalent to the volume fraction,283

the volume of aggregate for one cubic metre of concrete), the required aggregate surface284

area can be determined. According to the particle size distribution, the total surface of285

aggregate is then distributed between the diameter intervals. Finally, the RVE is filled with286

aggregates from the largest diameter interval to the smallest. When an aggregate cannot be287
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placed without exceeding the required area, then the interval is considered complete and a288

smaller one is filled.289

The generation of the aggregate follows a random pattern. First, a random size is taken290

from the current diameter interval and used to generate an elliptical aggregate that meets291

the required aspect ratio. Next, the ellipse is degenerated into an octogon and all vertices292

are shifted slightly to emphasise the random aspect of the aggregate. Finally, this aggregate293

is randomly placed inside the RVE. To ensure that the aggregates do not make contact with294

each other, a non-intersection criterion is evaluated to confirm their respective positions.295

If there is an intersection with aggregates already placed, the latest one is deleted and a296

new aggregate is created. The rationale behind this is that the new aggregate may intersect297

several others. It is therefore more efficient to delete the new one than the ones already298

placed.299

Once an aggregate is placed into the RVE, the surface fraction is updated, and we may move300

on to the final step, provided that the concrete slice created comes from Recycled Aggregate301

Concrete. This step involves modelling recycled concrete aggregate (RCA) as a natural302

aggregate with a surrounding layer of adherent mortar. The surface area of the mortar layer303

is equal to a specified percentage of the RCA. After completing the entire RVE, it is meshed304

with the use of a different software from the University of Liege, namely gmsh [42]. Figure305

3 presents an example of a generated and meshed RVE, which displays a blue mesh with306

properties of the homogenised mortar, an orange mesh with properties of the homogenised307

adherent mortar, and unmeshed, white impervious aggregates.308
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Figure 3: Example of a RVE representing a concrete slice with recycled concrete aggregates. It was

generated with the algorithm developed and meshed with the software gmsh [42]. The new mortar is

meshed in blue, the adherent mortar of the RCA is meshed in orange and the natural aggregates inside the

RCA, considered impervious, are unmeshed.

This algorithm, whilst robust, has several drawbacks based on the underlying assump-309

tions including:310

• The surface fraction corresponds to the volume fraction of aggregate. However, this311

is only partially correct due to the non-homogeneous distribution of aggregates in312

concrete. Consequently, not all sections possess an identical surface fraction.313

• The distribution of particle sizes in the aggregates differs from that in a concrete slice.314

The aggregates are non-spherical, meaning their size and shape can vary depending315

on their orientation.316

One way to reduce inaccuracies resulting from these hypotheses is through reverse modelling317

and verifying that the Representative Volume Element (RVE) accurately replicates experi-318

ments conducted in the laboratory, for instance. It is shown later in this paper, in Section319

3.3.320

3. Results321

3.1. Validation of the Model under Saturated Conditions322

After constructing a model, the initial stage is the validation. Whenever achievable, the323

validation process must be analytical, but when necessary, it can be numerical by using other324
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previously validated models. Analytical solutions can be retrieved from existing literature325

for saturated conditions, and this study utilises the solution from Biver (1993) [35]. For a326

one-dimensional semi-infinite medium, the solution for the diffusion and advection of chloride327

ions can be expressed by [35, 43]:328

C(x, t) =
C0

2
exp

( ux
2D

)
×[

exp
(
−x

u

2D

)
erfc

(
x

2
√
Dt

−
√

u2t

4D

)

+exp
(
x

u

2D

)
erfc

(
x

2
√
Dt

+

√
u2t

4D

)]
(25)

where the limit state condition C0 [mg/ml], the fluid flow u [m/s] and the diffusion coefficient329

D [m2/s] can be observed. This equation evolves both in time (t [s]) and in space (x [m]).330

In the absence of fluid flow, it is equivalent to Fick’s second law solution. Fluid flows may331

be calculated using Darcy’s law:332

u = −kint
µw

∂Pw

∂x
(26)

The results of the analytical solution, represented by Equation 25, are shown in Figure 4.333

The parameters used in both the analytical validation and the developed multiscale model334

are given in Table 1. The RVE of the multiscale model to be compared with an analytical335

solution must be completely homogenised with a single phase.336

It can be seen that the analytical results (dots), are in perfect agreement with the numerical337

results (straight lines), thus validating the multiscale model for saturated conditions.338
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Figure 4: Analytical validation of the multiscale model for the diffusion and advection of chloride ions

under saturated conditions. Each color represents a different simulation time.

C0 [mg/ml] D [m2/s] u [m/s] kint [m2] µw [kg/m.s] ∂Pw/∂x [Pa/m]

100 1E-12 4E-13 1E-19 1E-3 4E3

Table 1: Properties of the material used to analytically validate the multiscale model under saturated

conditions.

3.2. Validation of the Model under Unsaturated Conditions339

Under unsaturated conditions, the model exhibits significant non-linearity, making ana-340

lytical validation difficult. Consequently, numerical validation was preferred, utilising estab-341

lished single scale models developed at the University of Liège [35, 29]. The combination of342

WAVAT and ADVEC laws, which were developed using the LAGAMINE software employed343

for this multiscale model, enables the simulation of advection and diffusion of any pollutants344

within an unsaturated porous medium. A homogeneous RVE was necessary for comparing345

the responses. Initially, the medium has zero chloride concentration, and the gas and wa-346

ter pressures throughout are equivalent to the atmospheric pressure. Then, the boundary347
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conditions are applied on the left border as shown in Figure 5. The water pressure varies348

cyclically from -124.39MPa to -6.96MPa, while the concentration of chloride ions rises to349

100 g of chloride per g of concrete and remains constant thereafter.350

The outcomes of the numerical validation are illustrated in Figures 6 and 7, denoting the351

chloride concentration and water pressure, respectively. The time and boundary conditions352

displayed by markers in Figure 5 refer to the responses of Figures 6 and 7.353

The outcomes of the recently developed multiscale model are shown with dashed lines and354

triangle markers, while the outcomes of the already validated single scale model are illus-355

trated with solid lines. It is evident that there is a satisfactory match between the two356

responses for both the water pressure and chloride concentration, indicating the validation357

of our model for chloride ion advection and diffusion within an unsaturated porous medium.358

3.3. Replication of Experimental Results359

The validated model was then compared with experimental results to evaluate its ability360

to accurately portray reality. The experiment on chloride diffusion under transient state361

conditions is an ideal case for this application [23]. The experiment tested three composi-362

tions: an equivalent mortar (E-M), a concrete made from NA (NAC) and another from RCA363

(RAC). Several additional experiments were conducted to determine the necessary intrinsic364

parameters of the materials, including intrinsic water permeability, porosity, and diffusion365

coefficient. The experimental intrinsic properties incorporated into the model are indicated366

in Table 2.367

The macroscopic mesh that depicts the experimental sample (that is a cylinder 5cm high and368

with a diameter of 10cm), is shown in Figure 9. The boundary conditions are enforced at the369

left of the mesh in Figure 9, which allows for chloride ions to leach into the porous structure370

in an unidirectional manner. The water pressure remains constant at atmospheric pressure371

to maintain a saturation degree of 1. Additionally, the chloride concentration matches the372

surface concentration (Cs) value of the corresponding concrete, which is listed in Table 2.373

This surface concentration depends on the chloride content of the solution, as well as on the374
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porosity and density of the material, as depicted in this equation:375

Cs[%] = Csolution [g/L Cl−]
n [% volume]
ρd [kg/m3]

(27)

The mesoscopic meshes provided in Figure 8 depict sections of either NAC or RAC.376

377

The results of the experimental validation can be viewed in Figures 10 and 11. The378

data points in black represent the experimental results obtained over 15, 29 and 91 days379

of diffusion [23]. We carried out various comparisons, starting with an RVE that was ho-380

mogeneous and had properties similar to those of the NAC or RAC obtained during the381

experimental campaign. Figures 10 and 11 show the results in solid lines. These lines rep-382

resent the best fit of our model to the experimental results, owing to the time variation of383

the diffusion coefficient expressed experimentally, whereas our model requires a single value384

of the diffusion coefficient. Nonetheless, these findings are favourable when compared to the385

experimental results, particularly the 29-day results which yielded the diffusion coefficient386

used numerically. Furthermore, that diffusion coefficient was obtained through the fitting of387

Fick’s law, the same law introduced into our model, confirming that it would not be possible388

to get a better fit of the experimental results.389

Property E-M NAC RAC

Intrinsic Permeability [m2] 3.87E-18 1.73E-19 2.58E-19

Porosity [% Volume] 22.83 14.16 20.50

Diffusion Coefficient [m2/s] 1.43E-11 1.41E-11 1.65E-11

Cs [%] 1.45 0.78 1.27

Table 2: Intrinsic properties of the E-M, NAC and RAC obtained experimentally and implemented in the

constitutive laws of the multiscale model.

The RVE depicted in Figure 8 was subsequently utilised, requiring the input of equivalent390

mortar paste (E-M) material properties as only the mortar is meshed in the RVE, with the391

aggregates being impervious. The resultant response, represented by a dashed line, is less392

precise than anticipated. However, accurate results are obtained by increasing the diffusive393
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properties of the mortar paste by 30%. This is due to the two-dimensional aspect of our394

model in comparison to a 3D experiment. Such findings are in line with previous studies,395

which state that the diffusion can increase up to 40% when the model is in 3D instead of396

2D [25].397

For the RAC, it is possible that the properties of the adherent mortar differ from those of398

the plain mortar paste. However, obtaining these properties experimentally is impossible,399

except through the use of reverse modeling. Initially, all phases of the RAC RVE utilise the400

properties of the E-M composition, just like the NAC. The RVE is indeed what distinguishes401

the two concrete types. To enable a comparison between the NAC and RAC, the parameters402

have also been increased by 30%. The outcomes are presented in dotted lines and represent403

a fairly accurate reflection of the experimental results.404

3.4. Application on a Real Life Scenario405

An application has been developed, based on a real scenario, to study the difference in406

durability between a concrete made from natural aggregates and one made from recycled407

concrete aggregates. The most critical environment in terms of chloride attack is the marine408

environment. It was therefore decided to study a reinforced concrete lock wall in direct409

contact with salt water. This wall is in contact with water on both sides: it is therefore410

divided in two in the model, under the hypothesis of a symmetrical response.411

The lock wall is shown in Figure 12. It is 50cm wide, 4m high out of the water, and412

2m deep under water. Of course, a real lock wall would be deeper than this, but it was413

verified previously that the response is constant under 2m of water, as the water pressure414

remains hydrostatic (see Figure 13) and the chloride ions only penetrate the concrete through415

diffusion. As no further information may be deduced from that zone, it has been cropped to416

reduce the time needed to run the simulation. As one can see, a transition zone is defined417

between the hydrostatic and atmospheric conditions to smooth the gradient of the water418

pressure applied to the wall.419

The environmental conditions were those of the study conducted by Zuquan et al. [44], and420

are shown in Table 4. They are applied mensually, with a linear interpolation in between421
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two months. The chloride concentration in water was chosen to be equal to 17g/L, or422

approximately 2% of the water density [44]. The chloride content was converted into a423

surface concentration using the subsequent equation:424

Cs[%] = 17 [g/L Cl−]
n [% volume]
ρd [kg/m3]

(28)

resulting in a surface concentration of 0.11% for the NAC and 0.17% for the RAC. The425

chloride concentration in the air was assumed to be 0%. In an ideal numerical simulation, the426

tides and water droplets should be taken into account. However, due to the time consuming427

nature of such simulations, this was neglected here.428

Property NAC RAC

Intrinsic Permeability [m2] 5.02E-18 5.02E-18

Porosity [% Volume] 29.68 29.68

Diffusion Coefficient [m2/s] 1.86E-11 1.86E-11

nV G [-] 1.53 1.48

αV G [MPa] 13.83 10.43

Table 3: Intrinsic properties of the NAC and RAC used in the application.
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Month RH [%] T [K] Pw [MPa]

Jan. 62.5 273.4 -59.3

Feb. 63.9 275.4 -56.9

Mar. 65.3 279.3 -54.9

Apr. 69.5 287.6 -47.7

May 72.5 290.1 -43.0

Jun. 81.9 293.9 -27.0

Jul. 86.1 297.9 -20.5

Aug. 81.4 298.8 -28.3

Sep. 69.3 295.4 -50.0

Oct. 65.2 289.6 -57.1

Nov. 66.3 282.2 -53.5

Dec. 63.9 276.0 -57.0

Table 4: Environmental conditions (temperature and relative humidity) applied to the pier, and the

corresponding water pressure.

For this application, two RVEs were used: one representing the NAC and the other the429

RAC. Therefore, the properties of the E-M were used for both compositions, increased by430

30% as demonstrated in Section 3.3. However, the water retention curve is defined as a431

macroscale parameter in the model and was therefore defined based on the experimental432

results of the NAC and RAC, respectively [23]. The parameters used in the model, for both433

RVE, are provided in Table 3.434

435

The simulation runs for 5 years, before comparing the response of both types of concrete.436

Figure 13 presents the results for water pressure. The pressure inside the NAC is lower than437

that inside the RAC. This result implies that the NAC had a more substantial moisture438

exchange with its surroundings since the water pressure at the boundary is closer to the one439

applied as boundary conditions. The water saturation degree in Figure 14 confirms that it440

is lower in the NAC compared to the RAC.441
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These findings contradict expectations that RAC would have higher rates of water and chlor-442

ide exchange with its environment compared to NAC, as suggested by previous experimental443

results [23]. However, RAC has a tendency to desaturate more rapidly than NAC, as evid-444

enced by its water retention curve. Consequently, the decrease in relative permeability due445

to desaturation may slow down the exchange rates between the core of the concrete and446

its environment. This is illustrated in Figure 15, where it can be observed that the water447

permeability of the concrete, which is the product of the intrinsic and relative permeabilit-448

ies, is lower for RAC than for NAC when the water pressure drops. Additionally, studying449

the chloride concentration (expressed as a percentage of the binder mass) in both concretes450

serves as an excellent indicator of the effects of unsaturated conditions. The chloride con-451

centration of RAC surpasses that of NAC in unsaturated conditions, but it appears to seep452

more deeply into NAC, as demonstrated in Figure 16. It is noteworthy that RAC also has453

a higher chloride content than NAC at the bottom of the mesh where both concretes are454

fully saturated. This can be explained by the fact that RAC is more diffusive. However,455

around the transition zone from hydrostatic to atmospheric conditions (at a height of 2m),456

the saturation degree of water reduces, and the phenomenon described above begins. Con-457

sequently, the NAC exhibits a chloride ion penetration front that is more advanced than458

that of the RAC.459

23



Figure 12: Representation of the lock wall studied in the application of our model. Under symmetric

conditions, only half its width is modelled.
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4. Discussion460

4.1. Sensitivity Analysis of the RVE461

Various parameters of the Representative Volume Element undoubtedly affect the out-462

comes. A sensitivity analysis is, therefore, beneficial in reducing the risk of an incorrect463

response caused by an inappropriate RVE. Parameters requiring investigation are the RVE’s464

dimensions, the quantity of mortar attached to the Recycled Concrete Aggregates and the465

characteristics of that specific phase.466

4.1.1. Influence of the size of the RVE467

The Representative Volume Element (RVE) is a 2D concrete slice with a specific Particle468

Size Distribution (PSD). To generate the RVE, aggregates must be randomly packed into469

a designated space to achieve the desired PSD. Smaller RVEs are more challenging to fill,470

leading to an incomplete PSD and a smaller percentage of impervious aggregates, resulting471

in a larger diffusive surface area. Figure 17 illustrates that phenomenon for various RVEs472

displaying diverse sizes for both NAC and RAC. The PSD incorporated in the generation473

algorithm is also demonstrated. It can be inferred that the PSD created approximates better474

the theoretical one as the size of the RVE increases.475
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The various RVEs were used in a straightforward diffusion simulation in fully saturated476

conditions. Figure 18 illustrates the results, where the vertical axis indicates the mean477

chloride concentration value of the entire macroscopic sample. A RVE of 30mm size for the478

RAC has not been tested, in opposition to the NAC, as it would take a very long time to479

compute and the results are already converged for 20mm. Two relevant observations can be480

made:481

1. Firstly, the RAC exhibits a greater mean concentration than the NAC throughout,482

due to its higher percentage of diffusive surface area (with equal diffusive properties483

in both mortar phases). For example, for the RVE with a size of 20mm, the NAC has484

67% of diffusive surface area whereas the RAC has 82% of diffusive surface area, for a485

mean chloride content (over space and time) of 9.9% and 11.4%, respectively;486

2. The RAC appears to be less reliant on the size of the RVE in comparison to the NAC.487

This may be attributed to the larger proportion of diffusive surface in the RAC.488
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The RVE’s minimum size should be 20mm based on these findings. Indeed, the average489

chloride concentration appears to have converged at this size, as depicted in Figure 18.490

Nonetheless, larger RVEs require longer computation times, necessitating a compromise491

between outcome accuracy and simulation costs. Furthermore, note that the simulations492

with a RVE representing RAC are more intensive than the one representing NAC as there493

are much more elements in those RVE, due to the meshing of the adherent mortar.494

4.1.2. Influence of the quantity and properties of adherent mortar495

Another important aspect of the Representative Volume Element is the type of concrete496

it is intended to represent. When equivalent properties are considered, using one type of497

concrete over another may impact the results. As shown in Figures 19 to 21, an RVE created498

from NA (or RCA, or RCA with 20% more adherent mortar) serves as an example.499

500

A one-dimensional problem of chloride diffusion and convection in saturated conditions501

is then analysed. The water pressure is initially equal to the atmospheric pressure and502

there are no chloride ions present in the sample. Following this, boundary conditions are503

implemented on the macroscale mesh’s left border, according to Figure 22.504

The findings are presented in Figure 23. Firstly, the RAC, which has increased diffusive505

surface due to recycled aggregates, exhibits higher concentration in chloride ions throughout506

the experiment compared to NAC, regardless of properties being equal for all phases. That507

is logical as chloride ions only leach into the porous structure of concrete, the aggregates508

being impervious. Therefore, the greater the quantity of mortar, the greater the ingress of509

chloride ions.510

Secondly, increasing the amount of adherent mortar in recycled aggregates by 20% results in511

an average concentration that is 17.6% higher. Furthermore, at equal quantity of adherent512

mortar, an increase of 100% in the diffusivity of said adherent mortar leads to a 23% increase513

in average concentration. Ultimately, it appears that the percentage of diffusive surface has a514

greater impact on the overall concrete response than the diffusive properties of the adherent515

mortar.516
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Figure 22: Boundary Conditions for the sensitivity analysis on the influence of the quantity and properties

of the adherent mortar inside the RVE. The BC are applied on the left border of the macroscale mesh:

water pressure and chloride concentration.

5. Conclusion517

In this paper, a multiscale multiphysics model has been described, developed and valid-518

ated. Subsequently, this model was utilised to replicate an experiment and furthermore, to519

achieve a real life scenario. Based on the numerical results, it has been demonstrated that520

concrete produced from recycled concrete aggregates is not necessarily less durable when521

compared to that produced from natural aggregates. Indeed, the non-linearity of the water522

retention curve and the decrease in relative permeability induced by desaturation balance523

the results of the two concretes. The Natural Aggregate Concrete therefore tends to al-524

low chloride ions to reach greater depths, but at a lower concentration than the Recycled525

Aggregate Concrete. However, the adherent mortar in the recycled aggregates possessed526

identical properties to the parent mortar, although it is commonly described as having more527

permeable and porous characteristics in the literature, which should be investigated.528

529

A sensitivity study conducted on the RVE revealed that the quantity of adherent mortar530
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is more important than its intrinsic properties. In fact, increasing the amount of adherent531

mortar by 20% increased the total chloride concentration by 17.6%, whereas increasing the532

diffusion coefficient of this mortar by 100% only increased the total chloride concentration533

by 23%. It is promising as the quantity of adherent mortar is more easily assessed and534

controlled than its properties.535

To increase the confidence in our results, another sensitivity analysis on the RVE should536

be performed while computing the response on the lock of the application, as well as a537

sensitivity analysis on the parameters of the water retention curve.538
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INPUT: Aggregates Particle Size Distribution (PSD),

Surface Fraction (SF) and Aspect Ratio (AR)

Computation of the SF required

for each interval of the PSD

Starting from the biggest diameter interval: while

[current SF + min (aggregate surface) < required SF)

Generate an aggregate of random size inside

the interval, in an elliptical form respect-

ing the AR and then degenerated into an

octogone whose vertices are slightly deformed

Change the current dia-

meter interval to a smaller one

Place it randomly and verify a criterion of

non-intersection with already placed aggregates

Update the SF for the current diameter interval

Generate a NA inside the RCA, whose

outer layer (adherent mortar) has a surface

equal to a given percentage of the RCA.

Is it a NAC or RAC ?

Figure 2: Algorithm generating the RVE. A red arrows means ’No’ while a green arrow means ’Yes’.
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Figure 5: Boundary Conditions of the validation under unsaturated conditions. Each marker corresponds

to a time represented in Figures 6 and 7.
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Figure 6: Numerical validation of the multiscale model under unsaturated conditions: results in terms of

chloride ions concentration. Each color represents a distinct elapsed time (see Figure 5).
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Figure 7: Numerical validation of the multiscale model under unsaturated conditions: results in terms of

water pressure. Each color represents a distinct elapsed time (see Figure 5).

0 5 10 15

X coordinate (mm)

0

5

10

15

Y
 c

o
o
rd

in
a
te

 (
m

m
)

0 5 10 15

X coordinate (mm)

0

5

10

15

Y
 c

o
o
rd

in
a
te

 (
m

m
)

Figure 8: RVE mesh representing the two types of concrete used: NAC (left) and RAC (right).
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Figure 9: Macroscale mesh representing the experiment performed, with the Boundary Conditions applied

according to Table 2. The diameter of the experimental sample is divided by two under axisymmetric

conditions.
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Figure 10: Replication of the experiment of diffusion under unsteady state. The experimental results are

compared with the results of our model for a homogeneous RVE with properties of the NAC, or for a RVE

representing the NAC with properties of the mortar E-M.
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Figure 11: Replication of the experiment of diffusion under unsteady state. The experimental results are

compared with the results of our model for a homogeneous RVE with properties of the RAC, or for a RVE

representing the RAC with properties of the mortar E-M.
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Figure 13: Results of the application: water pressure for the NAC (left) and RAC (right) after 1825 days.
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Figure 14: Results of the application: water saturation degree for the NAC (left) and RAC (right) after

1825 days.
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Figure 15: Results of the application: evolution of the water permeability with depth for the NAC and

RAC, at different height on the lock wall and at 1825 days.
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Figure 16: Results of the application: chloride ions concentration for the NAC (left) and RAC (right) after

1825 days, expressed as a percentage of the binder mass.
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Figure 19: RVE representing the

NAC.
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Figure 20: RVE representing the

RAC.
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Figure 21: RVE: RAC with 20%

more adherent mortar.
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Figure 23: Results of the diffusion of chloride ions inside two different RVEs (NAC and RAC) under

increasing water pressure and chloride content at the left border. Each color represents a distinct elapsed

time.
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