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Abstract

Water retention curves are used to describe the degree of water saturation in porous materials. These curves exhibit
hysteresis, meaning that the relationship between water content and applied suction depends on the wetting

and drying history of the material and environmental conditions. This study investigates the effect of hysteresis

on the durability of concrete made from recycled concrete aggregates (RCA), demonstrating that the Van Genuchten
model can be applied to such recycled materials. A chemo-hydraulic, multiscale finite element squared (FE?) model
was developed and validated. This model represents chloride ingress within the unsaturated porous structure

of concrete. The constitutive equations are formulated at the mortar scale based on experimentally measured intrinsic
material properties. Through numerical homogenization, these properties are upscaled to simulate the macroscopic
behavior of concrete made with 100% RCA. Hysteresis calibration properties were also obtained experimentally.
Experimental validation confirms that the Van Genuchten model can be applied to recycled aggregate concrete.

A sensitivity analysis of the hysteresis model parameters revealed that water content is significantly impacted. How-
ever, this influence is less pronounced when studying chloride ingress.

Keywords Hysteresis, Durability, Finite element analysis, Multiscale modeling, Recycled aggregates, Transport properties

1 Introduction

The construction industry is one of the most important
industry worldwide, and is the most energy-consuming
industry, particularly due to the production of concrete
and other cement-based materials. In 2019, the esti-
mated production of concrete reached 1.2 billion tons in
the EU-27 [1, 2], which required an enormous amount
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of aggregates, mostly naturally, extracted from quarries:
2.55 billion tons were extracted in the same year for the
EU-27, 45% of that volume being destined for concrete
[2, 3]. In the mean time, a significant amount of con-
struction and demolition wastes is generated. In 2021
for the EU-27, it accounted for 36% of the global waste
stream, which represents around 800 million tons, exca-
vated soils included [2, 4]. This stream is also expected
to continuously increase as the existing building envi-
ronment ages.

Despite the environmental impacts associated with con-
crete production and waste management, the incorpora-
tion of recycled materials is increasingly encouraged as
an alternative to natural resources. In this context, recy-
cled concrete aggregates (RCA) have been investigated for
many years as a means to decrease the demand for natural
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aggregates. However, their use often leads to reduced dura-
bility performance, primarily due to alterations in the
material’s porous structure [5-7]. These changes in pore
structure directly affect the water transport behavior of
concrete. Consequently, a detailed assessment of water
transfer properties is required to better understand how
such substitution influences overall durability [6].

While speaking of durability of concrete, it may be
defined as its ability to withstand the effects of both time
and degradation processes, while retaining its initial design
properties [8]. Degradation mechanisms in concrete arise
from various sources, including freeze—thaw cycles, car-
bonation, chloride ingress, or, more commonly, a combi-
nation of these [9, 10]. Most deterioration processes are
strongly influenced by the water content within the con-
crete’s pore network. During freeze—thaw cycles, higher
degrees of saturation generally intensify damage. In the
case of chloride penetration and carbonation, aggressive
ions rely on the presence of moisture to migrate toward
and interact with the steel reinforcement [11]. Moreo-
ver, corrosion reactions tend to be most severe when the
degree of water saturation approaches approximately 85%
[12]. A comprehensive understanding of water transport
in concrete is therefore essential for reliably assessing its
durability.

The water content of numerous geomaterials, including
concrete, has been widely characterized in the literature
using water retention curves (WRC) [6, 13—17]. The WRC
describe the relationship between the saturation degree of
a porous medium and its boundary environmental condi-
tions, typically relative humidity and temperature, through
the concept of total suction. Total suction is commonly
expressed using the law of Kelvin:

RT

In(RH
M, n(RH)

§=—Pw 1)
with the total suction s (Pa), the density of water p,, (kg/
m?), the constant of perfect gases R (8.314 3 (J/(K.mol))),
the molar mass of water M,, (18.016 (g/mol)), the tem-
perature 7 (K) and relative humidity RH. Throughout this
study, the total suction is assumed equal to the matrix
suction, thereby neglecting the effects of the osmotic
contribution. The matrix suction is defined as the pres-
sure differential between the air and the water pressures:

(2)

where the gas and water pressures are noted P, and Py,
(Pa), respectively. This hypothesis is only valid for solu-
tions whose ionic concentration is close to zero, that is
deionized or slightly ionized water. In the case of sea
water, the osmotic pressure may reach approximately
—2.97 MPa, which is rather negligible compared to

s =Py —Py
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atmospheric suction that may reach —59.3 MPa (which
is equivalent to a temperature and relative humidity of
273.4 K and 62.5%, respectively).

For this definition to hold, the porous network of con-
crete is treated within the framework of porous media
theory, where pores contain only air (gas or dissolved),
water (liquid or vapor), or mixtures of these. Water sat-
urated media contain only liquid water and dissolved
gas, whereas unsaturated media contain both water and
air. Mixture theory [18, 19] is also adopted, allowing all
phases to coexist within the same spatial domain and
enabling separate mass-balance formulations for each
phase [18] while accounting for their interactions [19].

The shape of the WRC is strongly controlled by
the pore structure of the material [15, 20], and typi-
cally spans saturated, funicular, pendular, and residual
regimes [15, 20, 21]. Porous materials such as con-
crete also exhibit distinct drying and wetting reten-
tion curves, whose similar functional forms bound an
infinite set of intermediate scanning paths governed by
hydraulic history [15]. This hysteresis arises from sev-
eral mechanisms: the ink-bottle effect, linked to irreg-
ular pore geometries [13, 17, 20, 22, 23]; differences
between advancing and receding contact angles (rain-
drop effect) [13, 17, 20, 22, 23]; and air entrapment dur-
ing rewetting, which can represent up to 10% of pore
volume [17, 20, 22-25]. As shown in Fig. 1, the bound-
ary drying and wetting curves define outer limits that
are not crossed, while any number of scanning curves
may form between them [13, 23].

Numerous models have been proposed to describe
the WRC of geomaterials, broadly classified as physi-
cally based (domain) models [26] and empirical models
[17, 24]. Domain models represent the porous system
as a collection of idealized pore domains, typically
assuming that each pore is either full or empty, and are
primarily applied to soils or natural aggregates [17, 24].
While they provide insight into pore-scale processes,
they do not capture the complex heterogeneity intro-
duced by recycled aggregates and the adherent mortar
in recycled aggregate concrete (RAC). Empirical mod-
els, such as the Van Genuchten formulation adopted
here [27], rely on fitted functional relationships to
experimental data and offer flexibility [17, 21, 27], but
they generally lack physical consistency in representing
hysteresis and do not explicitly account for the mes-
oscale structure of RAC. Two subgroups are commonly
identified [17]: models that apply the same equation to
both boundary curves with different fitting parameters
[27], and models that explicitly relate drying and wet-
ting curves.

Concrete structures are continuously exposed to
fluctuating environmental conditions, which induce



Fanara et al. Low-carbon Materials and Green Construction (2026) 4:9

Field capacit
h, | pacity
el

Imbihition (or wetting)
Boundary drying curve

Scanning drying curves
Primary drying curves

\ Internal
Primary === branches due to
wetting successive reversals
curve

Drainage

Boundary
(or drying)

wetting curve

Scanning
wetting curve
Irreducible moisture

Starting with a
saturated sample

0 / content
0 60 0 6,
Entrapped air
— |
o Suo 1.0 S

Fig. 1 Hysteresis in the water retention curve (from [13]). The x-axis
represents the water saturation degree S, while the y-axis represents
the suction through the capillary pressure head he

significant variations in their degree of saturation.
Although water retention hysteresis plays a key role
in these processes, it is still commonly neglected
in numerical modeling of concrete. This omission
is mainly due to the lack of experimental datasets
required for model calibration, and to the increased
number of parameters introduced when hysteresis
is incorporated. As a result, no consensus currently
exists regarding how hysteresis should be represented
in numerical models of unsaturated concrete [24],
particularly for RAC, whose pore structure is more
complex.

Furthermore, studies specifically addressing water
retention curves at the scale of RAC remain very lim-
ited. Most existing work on recycled materials focuses
primarily on the properties of the aggregates them-
selves rather than on the behavior of the composite
concrete. For instance, Jiménez et al. (2014) [28] inves-
tigated the water retention curve behavior of recycled
aggregates derived from demolition waste. However,
the impact of these aggregate-level properties on the
hydraulic behavior of concrete incorporating recycled
aggregates has not been comprehensively explored.
Other studies have examined the water retention prop-
erties of cementitious materials [29], but these inves-
tigations considered only natural aggregates, without
addressing the complexity of RAC.
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This study addresses this gap by providing an integrated
experimental and numerical framework that enables
the reliable incorporation of water retention hysteresis
into multiscale models for chloride ingress in RAC. We
experimentally determined the full set of WRC parame-
ters, including those governing hysteresis, and used them
to implement a hysteretic WRC within a finite element
squared (FE?) multiscale chloride transport model. The
results demonstrate that accounting for hysteresis sig-
nificantly improves the prediction of saturation evolution
and chloride penetration, offering new insights into the
durability of concrete made with recycled aggregates.

2 Materials and methods

2.1 Materials

The experimental part of this work consisted of the deter-
mination of the intrinsic properties of both water and
chlorides transfer inside several cement-based materials:

+ The first material is the reference concrete, which is
made with natural aggregates (NA) and named NAC.
The cement used is CEM I 42.5 N, along with 0/2
Rhine sand and 2/7 natural limestone aggregates;

+ The second material is a RAC whose composition is
identical to the reference material except for the nat-
ural aggregates that have been substituted with RCA.
Those RCA were obtained in another study from the
University of Liege, SeRaMCo, by crushing multiple
times, with an impact crusher, sandstone concrete
blocks previously cast in our laboratory [30]. Their
particle size distribution (PSD) was reconstructed to
be identical to the PSD of the natural aggregates, and
the full substitution is done in volume. The RCA have
been characterized prior to the mixing: their mean
porosity is equal to 17.49% in volume, and their mean
cement content, measured by salicylic acid dissolu-
tion, is equal to 10.98 % in mass [31];

+ The third and last material is an equivalent mortar,
named E-M. It was composed through the concrete
equivalent mortar (CEM) method [32], and used the
same Rhine sand and cement as the two other mate-
rials. It was proved experimentally that its transport
properties are similar to the ones of the bulk mortar
that may be found in the two concretes.

Table 1 details the quantities of each ingredients in the
three materials presented above. More details are available
in Fanara et al. [33]. The PSDs of the NA and RCA are pre-
sented in Fig. 2. The initial PSDs are shown, as well as the
final PSD of the RCA which was corrected to be identical
to the one of the NA.
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Table 1 Quantities of cement, water, sand, natural and recycled concrete aggregates used for each cement-based material
investigated in this study. The total w/c accounts for water adsorption by the aggregates, whereas the effective w/c is corrected to
exclude this effect. Although our recycled aggregates were pre-saturated with the additional water required for the RAC mix, the

effective w/c of the concrete remains unchanged

Material Cement Water Rhine sand Natural agg. Recycled agg. w/c W/Cetf
(kg/m3) (kg/m?3) (kg/m3) (kg/m?3) (kg/m?3)

NAC 320 172.5 643 1111 - 0.54 0.50

RAC 320 201.2 643 - 946 063 0.50

E-M 622.5 336.0 1337 - - 0.54 0.54

Initial and corrected PSD of the aggregates
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Fig. 2 Initial particle size distribution of the natural and recycled
concrete aggregates, and corrected particle size distribution
for the RCA used in the mix, corrected to be identical to the one
of the natural aggregates

2.2 Methods
The experimental program was designed to characterize
both moisture-related transport mechanisms and chlo-
ride migration behavior. It comprised two main catego-
ries of tests:

« Water transport characterization [6]:

— Dry and saturated bulk densities, water absorption,
as well as open porosity accessible to water, were
measured in accordance with ASTM C 642-97,
Standard Test Method for Density, Absorption, and
Voids in Hardened Concrete;

— The intrinsic permeability to water was evaluated
following the procedure specified in the standard
NBN EN ISO 17892-11: 2019, which describes
laboratory methods for determining water perme-
ability of soils and geomaterials [34];

— The water retention behavior was determined using
the vapor equilibrium technique, as described in
Sect. 2.2.1.

« Chloride transport characterization [33]:

— The apparent chloride diffusion coefficient Dy, was
assessed under non-steady-state diffusion condi-
tions, in accordance with NBN EN 12390-11, Test-
ing hardened concrete - Part 11: Determination of
the chloride resistance of concrete by unidirectional
diffusion [35].

2.2.1 Static sorption and desorption

The water retention curve is commonly described by
adjusting an empirical relationship to experimental data,
such as the model proposed by Van Genuchten [27].
From an experimental standpoint, the degree of water
saturation of a porous material can be related to suction
via Kelvin’s law (Eq. 1). In the present work, the main
drying and wetting curves were determined using the
vapor control technique [36]. This approach relies on the
assumption that hygroscopic materials exchange water
vapor with the surrounding air until thermodynamic
equilibrium is reached, meaning that vapor pressure and
temperature are identical inside and outside the pore
network [36]. By regulating the ambient relative humid-
ity with saturated salt solutions and maintaining a con-
stant temperature using a climatic chamber, a series of
(s; Sy) data points can be obtained along the water reten-
tion curves [16, 37]. The saline solutions employed in this
study, together with their corresponding target suctions
at 21°C, are listed in Table 2.

Square specimens with dimensions of 100 x 100 x
10 mm? (five samples per material) were first condi-
tioned to either a fully saturated state or oven-dried at
105 °C until a stable mass was reached. The specimens
were then transferred to sealed chambers containing one
of the selected saline solutions. At weekly intervals, the
specimen mass was recorded together with the ambient
air conditions, namely relative humidity and tempera-
ture. After a conditioning period of approximately three



Fanara et al. Low-carbon Materials and Green Construction (2026) 4:9

Table 2 Saline solutions and their corresponding target RH (%)
and suction (MPa) at 21 °C, employed to determine the WRC
properties of the investigated materials

Saline solution Silicasalt MgCl, Ca(NOs), NaCl KCI
Target RH (%) 6 35 56 75 90
Target suction (MPa)  —381 —1425 =787 —39.1 —143

months, the mass variation fell below 1% per month, at
which point hygroscopic equilibrium was assumed to
be achieved. The degree of water saturation was subse-
quently calculated by comparing the equilibrium mass
with previously determined dry and saturated masses.

To capture hysteresis effects, the specimens were
sequentially exposed to different humidity environments:
after reaching equilibrium and recording the correspond-
ing mass in one chamber, the samples were relocated to
another chamber with a different relative humidity. This
procedure was repeated several times, allowing the dry-
ing and wetting paths to be clearly distinguished.

3 Numerical multiscale FE model

The numerical framework employed in this study is a
multiscale, multiphase approach based on the FE?> meth-
odology. It has been introduced in the finite element
software LAGAMINE [38], initially developed at the Uni-
versity of Liege.

This model enables the simulation of coupled water
and gas transport, as well as chloride ion diffusion and
advection, within both saturated and unsaturated porous
media. At the subscale, the representative volume ele-
ment (RVE) consists of a concrete slice comprising mor-
tar, either newly cast or the existing adhered mortar in
RCA, and impermeable NA, as illustrated in Fig. 3.

Previous studies have demonstrated that this approach
can accurately reproduce experimental behavior of con-
crete by applying numerical homogenization to mortar
intrinsic properties [39].

FE? multiscale modeling generally follows a four-step
work-flow. First, the structural domain is meshed, and
each Gauss point of the macroscale model is associated
with a mesoscale RVE, such as the one shown in Fig. 3.
This mesoscale description captures the heterogeneities
of concrete. In our case, the RVE explicitly represents new
and old mortar phases as well as impervious aggregates, so
that the macroscopic behavior of concrete emerges directly
from the intrinsic properties of its mortar components.

Since water, gas and chloride transfer are investigated,
the key material parameters used at the mesoscale (listed
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Fig. 3 lllustration of a subscale used for the multiscale numerical
modeling of our RAC. The new mortar is shown in blue,
while the adhered mortar is depicted in orange. Each mortar phase
can exhibit different transport properties. The natural aggregates,
assumed impermeable relative to the mortar, are left unmeshed.
The RVE has a surface fraction of mortar equal to 61.1%, meanwhile
our experimental concrete had a volume fraction of mortar equal
to 58.9%. Because the model is two-dimensional, aggregates exhibit
a cylindrical shape, which is a strong hypothesis that was taken
into account by reverse modeling of experimental results

in Table 3) are the porosity of the mortar phases, their
intrinsic water permeability, the parameters of their
water retention curves, and their chloride diffusion
coeflicients.

Based on the boundary conditions applied at the mac-
roscale, that is water and gas pressure, which control the
suction, and chloride content, corresponding periodic
boundary conditions are imposed on the RVE. It is done
by calculating the macroscopic variation of the boundary
condition at the specific Gauss point’s location. The cal-
culated averaged value and gradients are then translated
to the corners of the RVE, and serve as mesoscale bound-
ary conditions [40-42]. The finite element resolution
at the mesoscale then provides the local water, gas and
chloride fluxes. These are finally homogenized, through
the calculation of averaged flows and storage terms
over the surface of the elements of the RVE, and fed to
the macroscale so that each macroscale Gauss point is
assigned a single set of effective transport properties [40,
43, 44]. This homogenization step is central to the model,
as it enables the durability performance of concrete to be
predicted solely from the intrinsic properties of mortar.

A summary of theses four steps is represented in Fig. 4.
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More details about this model are available in Fanara
et al. [39]. Some constitutive equations have evolved
since, and the new ones are presented hereafter. The
parameters employed in the developed model were all
determined through the experimental work, and are vis-
ible in Table 3.

3.1 Constitutive equations

The FE? model developed accounts for multiphasic flows
in porous recycled concrete, under the hypothesis of an
isothermal medium. Two phases are defined through the
theory of mixture presented previously:

+ A liquid phase in which dissolved air is inside liquid
water;

+ A gas phase in which water vapor and dry air are
mixed.

Several transport mechanisms are therefore to be
defined, for each species:

+ Advection flow of the liquid water;

+ Advection and diffusion flows of the dissolved air;
+ Advection and diffusion flows of the water vapor;
+ Advection and diffusion flows of the gaseous air.
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3.1.1 Mesoscale liquid and gas flows

The mass balance equations of water and air inside the
porous matrix of concrete, in a fixed and underformable
system, under the hypothesis of steady-state, are:

O (1 1, ¢ 0 (wg) _
@(pwV/JfPW"/g)JF@(G )=0 (3)
d (¢ I 0\, 9 (ad  ag
@(pal/lg—kpa V,»)—l—aij(zj +lj )=0 (4)

The first term of each equation is the mass flow by advec-
tion, v; (m/s) being the mean velocity of the phase, and the
second term is the mass flow by diffusion, i; (m/s) being the
diffusive flow. In Eq. 3, ,0114, v} is the advective flow of liquid
water, p$ 14 is the advective flow of water vapor, and i,
is the diffusive flow of water vapor. In Eq. 4, p5 V}g is the
advective flow of gaseous air, p’ V; is the advective flow of
dissolved air, i is the diffusive flow of dissolved air, and
i;z’g is the diffusive flow of gaseous air.

First, let us review the advective flows for both Eqs. 3 and
4. The first term of the advective flow of liquid water is the
water density, which varies with the mean water pressure:

P w,average — P w,0>

Xw ©)

/0114/ = Pw,0 X <1+

4: Computation at the macroscale

X X
X X
X X
X X

3: Homogenisation

1: Localisation
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2: Computation at the mesoscale

Fig. 4 Conceptual representation of the FE> modeling work-flow and its four iterative steps performed on each Gauss point of the macroscale
during the multiscale computation
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where py,0 (kg/m?) is the initial density of liquid water,
Py average (Pa) is the mean pressure at the macroscale inte-
gration point, and Py, (Pa) is the initial pressure inside
the porous structure (pressure at which p,, 0 was calcu-
lated). This relation is also dependent on the fluid com-
pressibility, noted x,, (Pa™!) (at 20 °C, 1/y,, =5 x 10710
Pa~!). The water density may also vary depending on
the ionic concentration of chlorides, but it has been
neglected at this stage, its influence being deemed less
important than that of the water pressure.

Darcy’s law is used to describe the movement of liquid
phase inside the porous medium. Under the hypothesis of
a homogeneously permeable medium, the fluid velocity is:

I _ Kint krel,w P, ]
DT\ T ow g

(6)
where k;,,; (m?) is the intrinsic permeability of the porous
matrix, Ky, is the water relative permeability, u" (Pa.s)
is the dynamic viscosity of water, (dPy)/(9x;) is the gra-
dient of water pressure, and gj (m/s?) is the gravity term
along the j direction.

The relative permeability k., varies along with the
water saturation degree: it is (theoretically) equal to 0 in
perfectly dry conditions, or equal to 1 in saturated condi-
tions. The model used to express this relation is the empiri-
cal model of Van Genuchten [27]:

m 2
krel,w = m X (1 — (1 _ S’},{”””VG) VG)

where S, is the degree of saturation in liquid water of
the porous medium and myg is a model parameter asso-
ciated to the curvature of the water retention curve [6].

To obtain the advective flow of water vapour, one
requires the density of water vapour p% [kg/m®], which is
obtained through the law of perfect gases. The density of
the gas mix is indeed the sum of the density of the dry air
and the water vapour:

?)

g
pg ::Og +,0§/ with Pfgus = @ RT
gas

(8)

(PW _Pg)MW>

— P =Pl eXP( RT
w

)
where pi,o (kg/m®) is the density of saturating water
vapour:

p%,0 =[194.4 exp (—0.06373 x (T — 273)

- 10
1(0.1634 x 103(T — 273)2)} ! (10
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Darcy’s law is also used to describe the movement of
gaseous air inside the porous medium. Under the same
assumptions as for the liquid water, the gas flux writes:

‘/g _ _kint krel,g (8Pg

J we \ow pggj)

(11)

kreg is the gas relative permeability, uf (Pas) is the
dynamic viscosity of the gaseous mix, and (dPg)/(9x;) is
the gradient of gas pressure. Based on the porous media
theory, the addition of the degree of saturation of liquid
water and that of gaseous air must be equal to one [27],
yielding the gas relative permeability:

2 myg
kretg = /1= Sprw % (1 — S}’{VV”VG)

The dynamic viscosity of the gaseous mix, used in Eq. 11,
is given by the following equation:

(12)

-1

X¢ X3 Pa
g _ a w g _ Pa/w
W= |—+— where X°, = (13)
T ar e

with u€ the gas dynamic viscosity and X¢ its mass frac-
tion. The Kelvin law is used to express a thermodynamic
equilibrium between the two phases of water: liquid
water and water vapour. It defines the pressure of water
vapour, noted Pﬁ,, as a function of the suction, written s:

0 —sM

(14)

with Pﬁ’o (Pa) the saturated pressure of water vapor, M,,
the molar mass of water, R the constant of perfect gases,
and T the temperature.

To compute the advective flow of gaseous air, one needs
the gas velocity from Eq. 11 and the density of gaseous air
05 which varies with the mean gas pressure of the matrix:

P
g 2,0 g,average
Pa = Pa X <>
Pgo

where pa’o (kg/m?) is the initial density of gaseous air,
Py average (Pa) is the mean gas pressure at the macroscale
integration point, and Py (Pa) is the initial gas pressure
inside the porous structure (pressure at which pa’o was
computed).

For the advective flow of dissolved air, one needs the lig-
uid velocity from Eq. 6 and the density of dissolved air p’,
which is obtained through Henry’s law, under the hypoth-
esis that the presence of dissolved air doesn’t modify the
liquid phase properties:

(15)

pl = Hy(T) 0§ (16)
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with H, the Henry’s constant for air which depends on
the temperature.

Finally, the only remaining terms of Eqs. 3 and 4 are the
diffusive flow of water vapour, the diffusive flow of dis-
solved air, and the diffusive flow of the gaseous mix, all
expressed by the Fick’s second law:

i = p, S nt DV — 9 (P (17)
i w Or,w 3961 O
0 pg
ag _ w,.g a g
l] —pg 1 =S8,w)nt Dy axj (Pg) ==
(18)

where 7 is the porosity and 7 the tortuosity, and with p}
(kg/m®) the density of dissolved air and D! = 2 x 10~
m?/s the coefficient of diffusion of dissolved air inside
liquid water. D, (m?/s) is the diffusion coefficient of the
dry air inside the water vapour:
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advection flow is due to water flows, while the diffusion
flow is due to a gradient of concentration inside the fluid
phase. The dispersion flow, finally, is due to the irregular-
ity of the porous system. One can therefore write:

e =V§dvection + Vfiil:fusion+dispersion
] ] J
¢ 3 Cm (22)
=M
]homogemzed app 9 x;

where Cyr and Cy, are, respectively, the concentration in
chloride ions at the macroscale and mesoscale integra-
tion points, v /homogemzed (m/s) is the homogenized mac-
roscale liquid velocity obtained with Darcy’s law (Eq. 6)
and Dy (m?/s) is the apparent diffusion and dispersion

coeflicient, obtained experimentally.

3.1.3 Macroscale mass balance equations

The mass balance equations at the macroscale are simi-
lar to the mesoscale ones, with the addition of a storage
term. They are shown in Egs. 23 to 25.

9 [ g (23)
0x; (o ¥} homogenized + o V;'g,homogeniZed) + (l/ homogemzed) 0
—a A
A Lyt g _ (24)
0x; (pa V}'g,homogenized T Pa Vj,homogenized) + (l homogemzed i ]homogemzed)—i_g =0
P T 1.75
at = L2 (- 9 ! aS.
Da = DO( Pg > <T0> (19) axl (CM Vj,homogenized + Vjc,homogenized) +7at =0
(25)

where Dy =242 x 107° m?%/s, P
To = 303 K.
The Henry’s law expresses the equilibrium between dry

air in the gas phase and dissolved air in the liquid phase:

¢,0 = 101325 Pa and

Pl =Kl (20)
which formulates that under constant temperature, the
molar fraction of dissolved air, noted xfl, is proportional
to the partial pressure of air through a constant K é

3.1.2 Mesoscale chloride ingress
The mass balance equation of the chloride ions, in a fixed
and undeformable system, is:
8 C
—w;)=0
o, ) (21)
where v{ (m/s) is the chloride flow rate per unit area.

The chlorides flow is the sum of the contribution of the
advection, dispersion and diffusion flows [45-49]. The

One recognizes the spatial variation of the flow and
the temporal variation of the storage, for each species
and phase. The homogenized flows are obtained through
the numerical spatial homogenization of the mesoscale
flows, proportionally to the surface of the RVE. Storage
terms are obtained by computing the total mass of each
species over the RVE, for each specific time. The advec-
tion of chloride ions due to water flows is coupled at the
macroscale, based on the homogenized macroscale chlo-
ride content at the Gauss point.

3.2 Homogenized macroscale response

At the mesoscale, the hypothesis of steady-state allows
the determination of an analytical stiffness matrix,
according to a fully coupled FE scheme, with the flows
obtained as a solution to the boundary value problem.
The mesoscale flows are then numerically homogenized
proportionally to the relative area of each mesoscale inte-
gration point. Based on those homogenized flows at the
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macroscale Gauss point, the macroscale internal fluxes
are obtained through a macroscale FE scheme.

However, the transient and highly non-linear problem
at the macroscale doesn’t permit the obtaining of an ana-
lytical stiffness matrix. It was therefore decided to obtain
the macroscale elementary stiffness matrix through per-
turbations [41]: the applied gradients and mean values
of water and gas pressure, as well as chloride concentra-
tion, are perturbed in sequence, after which the stiffness
matrix is computed for the macroscale:

I:luxi,perturbated - Fluxi,original
Perturbation;

Kij = (26)

3.3 Modeling the hysteresis of the water retention curve
In this study, the water retention behavior is represented
using the empirical model proposed by Van Genuchten
(1980) [27] for the primary drying and wetting curves, while
the scanning curves associated with hysteresis are described
following the approach of Zhou et al. (2012) [50].

Within the framework of the Van Genuchten model,
the degree of water saturation is related to suction
through the following expression [27]:

(27)

AN i 1
Sy = Syes + (Seat — S,es)(1 + (;) ) with m=1-
where #n is a dimensionless parameter that governs
the rate at which the material (de)saturates, while m is
another dimensionless parameter controlling the cur-
vature (or slope) of the water retention curve. The third
model parameter, « (Pa), represents the air-entry pres-
sure [6]. Additionally, the maximum and residual degrees
of saturation, Sgat and Syes, respectively, as well as the suc-
tion s (Pa), are considered in the formulation [21].
In their version of the model, Zhou et al. [50] use an
effective saturation degree, defined as:

S}" - SV@S

Sp= —— %
Ssat - Sres

(28)

In our model, the following assumption has been made:

Sres =0 and  Ssatw = Ssata =1 — Se =5,
(29)
The expression of the principal boundary curves of
Eq. 27 may be rewritten specifically for the drying curve
(with the suffix d) or for the wetting curve (with a suffix
w):

s ng mq
Se,d :Sres + (Ssat - Sres) |:1 + <Old> :| (30)

(2026) 4:9
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s Ay —My
Se,w :Sres + (Ssat - Sres) |:1 + <> ] (31)

Ay

The scanning curves of the hysteresis (suffix s) are then
defined through the following expression [50]:

aSe, Sw\b [0S, ) .
oo =) (%5 ) vt (s -

1) 1/ny (32)

0Ses (SN (S0a\ . im Vg
e =(%) " (5 ) wihss =as(s 1) ™ (@3

where b is a dimensionless positive fitting parameter. It
controls the gradient of the hysteresis curve: the closer it
is to null, the more parallel the scanning curve is to the
boundary curve. In the opposite, the greater it gets, the
more horizontal the scanning curve is [50]. The principal
wetting and drying curves, along with a random scanning
curve, are represented in Fig. 5.

Finally, the degree of saturation at time ¢ is computed
by adding the value at the previous time step, S}, to the
product of the previously defined derivative and the suc-
tion increment, ds:

3Ses\ "
$=$*+<3?>m

This formulation highlights that the suction increment
has a critical influence on the accuracy of the results,
since the scanning curve is derived from the slope of the
main boundary curve at a given suction.

(34)

4 Experimental results

Table 3 displays a summary of the experimental results
obtained on the mortar paste and both natural and recy-
cled concretes. For more details on the experimental
methods, see references [6, 33].

If we first look at the dry densities and porosities of our
materials, which are obtained based on measurements
on 40 samples, it can be seen that the NAC is denser and
less porous than the RAC, which is due to the presence of
less dense adherent mortar in the RCA, which is relevant
with the literature [51-53]. The E-M is slightly less dense
and more porous than the RAC. Overall, the greater the
volume fraction of mortar in the mix, the less dense and
more porous the material is.

With regards to the intrinsic water permeability, which
is the mean on four samples, the RAC and the NAC have
a similar mean value, although the RAC is slightly more
permeable. It is, once again, in accordance with the lit-
erature [54]. The E-M, on the other hand, is more than
10 times more permeable, which clearly indicates a more
interconnected porous system with larger pores than the
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Wetting boundary curve
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Fig.5 Drying/wetting boundary and scanning curves (modified after [50])

Table 3 Intrinsic properties of the E-M, NAC, and RAC obtained experimentally and used in the numerical model developed

Variable NAC RAC E-M

Water absorption by immersion

Dry densities (kg/m?) 22633+94 2060.7 =86 20249 +
5.1

Open porosity (%) 1416 £ 0.34 2050 £0.29 22.83+£0.29

Intrinsic water permeability

Intrinsic water permeability (x 10~'%m?) 173+£0.88 258 +261 38.7 + 2067

Water retention curves

Ny 1.39 1.36 1.35

Ny 1.38 1.36 14

ag (MPa) 8.16 7.2 6.23

oy (MPa) 0.41 0.54 0.77

Hysteresis by 0.85 0.75 0.8

Hysteresis b, 1.2 1.2 1.1

Chloride diffusion under non-steady state

Dapp (10712m?/s at 29 days) 144 16.5 143

concrete mixes. The standard deviations presented may
seem high but are quite acceptable in spite of the scale
used, the three mixes presenting low intrinsic perme-
abilities compared to the literature. The water retention
curves will be discussed in more details thereafter. The
last parameter to discuss is therefore the diffusion coef-
ficient under unsteady-state. Theses results are obtained

by applying Fick’s second law to 8—12 experimental data
points, with R? ranging from 0.97 to 0.99. The measure-
ments were performed on samples that were immersed
in a saline solution for 29 days. All three compositions
display a similar diffusion coefficient, with the RAC
being slightly more diffusive than the NAC, which cor-
roborates the results found in the literature [52, 55-57].
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Figure 6 demonstrates the fitting of our experimental
water retention curves with the empirical model by Van
Genuchten. The fitted drying and wetting curves are
represented in plain and dash lines, respectively. Experi-
mental results are displayed by markers and their corre-
sponding error bars.

Initially, the empirical model by Van Genuchten was
developed for granular materials such as soils. Its use in
concrete is rather broadly accepted but the introduction
of new materials, notably RCA, into concrete, requires a
validation of the applicability of this empirical model to
RAC.

Based on the fitting performed, it can be concluded
that the Van Genuchten model accurately depicts the
water retention curve of RAC. Only one experimental
point, at high suction during the wetting phase, is not
accurately represented, for all compositions. However,
high suction is obtained experimentally through the use
of silica beads, and the relative humidity associated to
them is highly variable, possibly leading to false equilib-
rium conditions.

If we look at the value of each parameter (Table 3), the
one controlling the rate of (de)saturation, #, is similar in
drying and wetting for a given composition, while differ-
ences in between compositions are also negligible. This
was expected as this parameter is dependent on the type
of porosity presented: because all our materials are made
of the same cement paste, the type of porous structure is
similar.

The second parameter, o (Pa), is correlated to the air-
entry pressure. This air-entry pressure dictates the neces-
sary applied suction to enter the unsaturated state, both
in drying (from gas-saturated to unsaturated) and wet-
ting (from water-saturated to unsaturated). During des-
orption, a larger maximum pore size is associated with
lower values of the parameter «;, whereas an inverse
trend is observed during sorption. Compared to NAC,

Results of the sorption and desorption experiments

[—WRC E-M (D.) —WRC NAC (D.)
- -WRC E-M (S.) - “WRC NAC (S.)
° Exp.EM (D) © Exp.NAC (D.)
* Exp. E-M(S) * Exp.NAC (S.)

WRC RAC (D.)
WRC RAC (S.)
Exp. RAC (D.)
Exp. RAC (S.)

0.8

r

06

04f

Water saturation degree S

0.2f

%.1 1‘ 10 100 1000
Matrix suction s (MPa)

Fig. 6 Experimental wetting and drying data for the three materials

considered, together with the corresponding Van Genuchten model

fits used to describe their water retention behavior

10 000
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RAC exhibits a reduced air-entry pressure along the
drying path and an increased one during wetting. This
behavior suggests that RAC is characterized by a wider
pore size distribution, with larger maximum pores and
smaller minimum pores than those found in NAC. Over-
all, this indicates that the RAC will saturate and desatu-
rate sooner than the NAC, for identical applied boundary
conditions.

Figure 7 presents the outcomes of the hysteresis tests.
Two distinct hysteretic sequences were investigated. In
both cases, the specimens were initially in a fully dry
state and subsequently subjected to moisture uptake
along the primary wetting curve, followed by three con-
secutive drying stages, at distinct suction, and a final
rewetting phase. Experimental observations are indicated
by markers.

The hysteresis formulation proposed by Zhou et al.
(2012) [50] was subsequently calibrated using the param-
eters of the previously identified main boundary curves.
Although each hysteresis path led to a different fitted
value of the parameter b, the spread between the lowest
(b = 0.75) and highest (b = 1.2) values remains marginal.

5 Sensitivity analysis on the hysteresis

The empirical model implemented to account for the
WRC and their hysteresis are based on three parame-
ters: n, o, and b [27, 50]. Another key variable, which is
strongly influenced by the boundary conditions, is the
suction increment ds. Its value can affect the accuracy of
the estimated slope of the scanning curve, as indicated in
Eq. 34, resulting in errors.

The first three parameters are determined by fitting
the experimental data, although sorption and desorption
tests can be time-consuming and labor-intensive, espe-
cially when hysteresis effects are being considered. The
experimental results showed little deviation for the first
two and therefore, a sensitivity analysis on these param-
eters is not necessary. However, for the third parameter,
the experimental results obtained in this study indicate
that a single value of b may not adequately represent the
same material, as its behavior depends on the material’s
history. Therefore, it is essential to assess the influence
of b on the model’s response by performing a sensitivity
analysis to evaluate its significance.

The last variable, the suction increment ds, is controlled
by the imposed boundary conditions. As per Eq. 34, the
derivative (ase,s / Bs)t is calculated at time ¢ and deemed
constant throughout the suction increment ds: the model
is therefore prone to error for large increments.

The two following sections investigate the influence
of the variables described above. The numerical model
relies on the parameters presented in Table 3.
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Fig. 7 Representation of the water retention hysteresis for the three materials, reproduced using the model proposed by Zhou et al. (2012) [50]

Since the mesoscale is mainly filled with permeable
mortar, the mesoscale properties implemented in the
simulations (namely porosity, intrinsic water permeabil-
ity, and chloride diffusion coefficient) are based on the
E-M material and corrected by a factor of 1.3 to account
for the transition from a 2D representation to a 3D real-
ity [39, 58]. This correction was validated through reverse
modeling of experiments, and is explained by the lack of
out-of-plane flow in 2D.

In contrast, the WRC is treated as a macroscale prop-
erty, since its parameters are primarily determined by
the pore type and size. In the multiscale model, these
fine-scale features are not explicitly represented, mak-
ing homogenization necessary. Two approaches were
considered: either defining the WRC as a mesoscale
property, using the parameters associated with the E-M
composition, or treating them as a macroscale property
and directly employing the parameters measured for the
concrete. The latter approach was adopted, as the for-
mer was deemed to oversimplify the problem. Conse-
quently, the WRC parameters implemented correspond
to either NAC or RAC, depending on the material under
consideration.

In the following, only the RAC will be studied: Fig. 8
shows the mesoscale representative volume element

RAC1 ISWE meshed with gmsh: 764 nodes and 686 elements

Height (mm)

Width (mm)

Fig. 8 Representative volume element of the RAC mesoscale,
where the blue phase corresponds to the new mortar matrix
and the orange phase to the adhered mortar of the recycled
aggregates. Both phases are assigned the material properties
of the E-M composition. The size of the RVE was chosen

on the smaller size to limit computation time associated

with the sensitivity analysis while maintaining accurate results
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1D mesh of the macroscale

Boundary conditions:
™ Surface concentration (CS) and water pressure (PW)

Height (mm)
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Fig.9 Macroscale mesh used to investigate the influence

of the suction increment ds and the parameter b on the hysteresis
model. Boundary conditions, in the form of imposed water pressure
and chloride concentration, are imposed on the left border. The mesh
is chosen to be more refined closer to the boundary conditions

modeled. The macroscale represents a 1D sample that is
10 cm long (Fig. 9), imposed on the left border.

5.1 Influence of the increment of suction

Concrete elements are subjected to relative humidity and
temperature change throughout their lifetime. When
modelling theses solicitations, it is common to impose a
varying suction as boundary condition. As per Eq. 34, the

0 Influence of the increment of suction
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calculation of the saturation degree depends on the incre-
ment of suction applied and on the value of (3S,,s/d;) ! by
making the hypothesis that this gradient of saturation is
constant over the increment ds. For large time step, the
increment of suction may therefore be large and lead to
errors on the saturation degree. To decrease the numeri-
cal error, one option could be to limit the maximum
time step of our simulation. However, this would greatly
increase the computation time necessary. Another pos-
sible option is to implement an integrative approach to
Eq. 34:

N 9805\ "
St = Sg—l + Z (8?) X min (dspmax, ds)  (35)
i=1

where N is the number of sub-increments. It is calculated
through N = ds/ds;;4y, where dsy, 4, is a maximum incre-
ment of suction to be imposed. Finally, the time ¢; is equal
to(t — 1) +i (At/N).

A sensitivity analysis was therefore performed with our
FE? model, in order to determine the maximum value of
that sub-increment.

The results are presented in Fig. 10, which illustrates
the model responses obtained for four different values of
dsmax: the suction increment prescribed by the boundary

0.18

0.17K

0.16

Saturation degree
© © © © ©
> 85 3 ® &

©
—
o

0.09 *

2.5 3.0 35 40 45 50

Suction (108 Pa)

Fig. 10 Influence of the suction increment on the hysteresis model. Left: overall model response for four different suction increments (dSmax (Pa)).
Right: detailed view highlighting the hysteresis behavior. The term « (Pa) represents the value of the parameter related to the air-entry pressure

of the material studied, as per Van Genuchten
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conditions is subdivided into equal sub-steps of magni-
tude dsmax (Pa). The level of discretization in the suction
increments influences the computed degree of saturation,
even under identical final suction conditions. Depending
on the selected value of dsp,y, these discrepancies can be
substantial.

In order to maintain a physical meaning to ds;.y, it
was decided to correlate its value to the Van Genuchten
parameter «. Based on the obtained results, it can be
concluded that the maximum value of ds,,,y is strictly
equal or inferior to the value of 0.1, to remain accurate.

5.2 Influence of parameter b

The second parameter investigated is b, a positive, dimen-
sionless variable that governs the slope of the hysteresis
scanning curve. Depending on its value, this curve can
vary from being nearly parallel to the main water reten-
tion curve (for b approaching zero) to almost horizontal
(for large values of b). Experimental observations indicate
that, for a given material, the value of b is not constant
but depends on its water exchange history. A sensitiv-
ity analysis is therefore required in order to measure the
influence of this variability. When modeling WRC, sev-
eral options are available:

+ Modeling a single boundary curve, in wetting or dry-
ing, depending on the dominating phenomenon to be
studied;

+ Modeling a single boundary curve with mean prop-
erties between the wetting and drying one;

+ Modeling the two boundary curves and their hyster-
esis.

For the last option, the value b is to be calibrated
experimentally.

In the following, all three options will be studied, with
the addition of several values for the parameter b in the
third option. As for the previous section, only the RAC
will be studied.

In theses simulations, the initial water pressure inside
the sample is equal to the atmospheric pressure. The
pressure applied on the left exterior boundary is alter-
nated every six months between —2 MPa and —200 MPa
over a period of ten years. In addition, the left boundary
is prescribed a chloride concentration of 0.11 g Cl /g
cement, while the interior of the sample is initially free
of chloride. The macroscale mesh and the correspond-
ing boundary conditions are illustrated in Figs. 9 and 11,
respectively.
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| Imposed boundary conditions on the left border of the macroscale
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Fig. 11 Boundary conditions imposed on the left border
of the macroscale mesh (represented in Fig. 9) for the parametric
study of parameter b on the results of the model

10 Results for the RAC mesoscale
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Fig. 12 Influence of the parameter b on the hysteresis model:
evolution of the saturation degree with the applied suction for RAC.
The two black curves are the theoretical boundary curves in wetting
and drying. Three distinct values of b are defined for the hysteresis
model (blue, orange, and yellow). Three more curves are obtained
without the hysteresis model, with parameters of the main boundary
curves only (purple and green), or a mean set of parameters (light
blue). Finally, the two boundary conditions (B.C.) are defined vertically.
The last point of the simulation is represented with a large colored
dot marker. Results are shown at the first Gauss point of the first
element, explaining the small discrepancy between the last result
of the simulations and the boundary conditions

Figure 12 displays the results of our multiscale model
for a RAC RVE. The two black curves are the theoreti-
cal boundary curves in wetting and drying. Three dis-
tinct values of b are defined for the hysteresis model
(blue, orange, and yellow). Three more curves are
obtained without the hysteresis model, with parameters
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Chloride concentration pf RAC over limg, at 0-2-5-10 cm depth (top to bottom)
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Fig. 13 Effect of the fitting parameter b on the hysteresic model:
ten-years temporal evolution of chloride content (g chloride/g
cement) in the RAC at depths of 0, 2, 5, and 10 cm (top to bottom)
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Fig. 14 Effect of the fitting parameter b on the hysteresic model:
ten-year temporal evolution of chloride content (g chloride/g
cement) in the RAC at 3 cm depth

of the main boundary curves only (purple and green),
or a mean set of parameters (lightblue). Finally, the two
boundary conditions are defined vertically.

As per its definition, the higher the value of b, the
more horizontal the scanning curves are, meaning that
they reach the boundary curves faster. One may see,
thanks to the colored dot markers, that the use of the
hysteresis and the use of a correct value of b has a great
incidence on the last result of our simulations.

Chloride ingress is closely linked to the saturation
degree of concrete, as the relative contribution of trans-
port mechanisms (diffusion versus advection) depends
on the local water content. The hysteresis model param-
eter b affects the shape of the wetting-drying scanning
curves, and consequently the saturation degree at a given
capillary pressure. Different values of b therefore alter the
distribution of water within the concrete, which in turn
modulates the dominant transport mechanism. In other
words, b indirectly influences long-term chloride ingress,
which makes the study of chloride ingress a great indica-
tor of the effects of b on our model. Figure 13 depicts the
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temporal evolution of chloride content within the RAC
sample at depths of 0 cm, 2 cm, 5 ¢cm, and 10 cm (from
top to bottom) over a ten-year period. For clarity, Fig. 14
presents the results at a single depth of 3 cm only.

Firstly, a clear trend emerges: in the zone where wetting
and drying cycles are most prevalent, chloride content
differences are the greatest. Based on the main sources
of chloride ingress (advection due to water flows and dif-
fusion), it is expected that the greater the water content,
the greater the diffusion, and the greater the amplitude of
the water flows, the greater the advection.

For simulations with only one defined curve, using the
main wetting curve leads to a smaller saturation degree
at equal suction. This, in turn, leads to an overall smaller
chloride content at all time. For the boundary curve in
drying, it is the opposite. However, for the mean bound-
ary curve, the chloride content is closer to the main dry-
ing curve than to the wetting boundary curve.

For simulations with hysteresis implemented, it can be
concluded that the greater the value of b, the smaller the
variations between the drying and wetting phases. As a
result, the water saturation degree changes more gradu-
ally, leading to higher chloride concentrations for larger
values of b, although the differences between the three
values represented are negligible. In the absence of an
experimental campaign, employing a larger b value is
considered conservative, since it leads to an overestima-
tion of the chloride concentration.

Another observation is that at larger depths, the effect
of the boundary conditions is reduced because chlo-
ride migration is primarily controlled by diffusion, with
advection playing a minor role. The unsaturated front
is thus less pronounced. Near the exposed surface, the
effect of varying b is minimal, as the imposed boundary
conditions dominate the response.

Based on Figs. 13 and 14, it can be concluded that
implementing the hysteresis of the water retention curve
is necessary for accurately depicting chloride ingress in
unsaturated concrete. It is also preferable, though not
essential, to employ the appropriate value of b, deter-
mined experimentally, in order to avoid overpredicting
the chloride content inside the sample.

However, Fig. 15 shows that the difference in chloride
content decreases greatly over time. This figure relates
the mean chloride content inside the first 2 cm of the
RAC at 190 and 3 650 days of simulation. Indeed, after
10 years, only a slight difference in the mean chloride
content for different values of b is visible. As degrada-
tion reactions are long-term rather than short-term pro-
cesses, it could be concluded that the hysteresis of the
WRC could be neglected on an industrial scale in order
to simplify models and decrease simulation time.
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Chloride content of RAC at 190 days
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Chloride content of RAC at 3 650 days
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Fig. 15 Effect of the fitting parameter b on the hysteresic model: mean chloride content over the first 2 cm of the sample, after 190 and 3 650 days

6 Conclusions

This work implemented a hysteresis-based model for
the water retention curves of RAC, combining the Van
Genuchten boundary curves [27] and the hysteresis for-
mulation of Zhou et al. [50]. Both models were calibrated
using experiments conducted on (NAC, RAC, and a mor-
tar (E-M).

The results confirm that the Van Genuchten model is
suitable for mortar and concretes, including RAC. The
hysteresis tests showed that the parameter b varies with
the material’s history, motivating a sensitivity analysis. A
second sensitivity analysis concerned the suction incre-
ment ds (Eq. 34), which proved influential and required
the use of sub-increments limited by the Van Genuchten
parameter c.

Numerical FE*> simulations demonstrated that higher
b values yield higher chloride contents and smaller fluc-
tuations in water saturation degree. For long-term deg-
radation scenarios involving chloride ingress, hysteresis
effects become less significant, suggesting that hyster-
esis may be neglected in industrial applications without
major loss of accuracy, although it remains valuable for
scientific precision. However, the effect of hysteresis on
other long-term mechanisms (carbonation, freeze-thaw
cycles) still needs to be investigated. Furthermore, long-
term effects may modify the microstructure of concrete,
resulting in modifications of the water retention curves.
This phenomenon is under investigation.

Experimentally, RAC exhibited lower air-entry pressure
during drying and higher during wetting than NAC, indi-
cating earlier moisture exchange with the environment.
Both materials showed similar values of the parameter n,
which corresponds to the rate of exchange. Their chloride
profiles confirmed higher chloride ingress in RAC, con-
sistent with its greater moisture exchange and diffusion
coefficient.
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