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Abstract

The effects of the water retention curve hysteresis on concrete made from Recycled Con-

crete Aggregates are investigated. A multiscale multiphase FE² model is developed and

validated experimentally. Properties for the calibration of the hysteresis are also obtained

experimentally. A coupled chemo-hydraulic multiscale model, able to represent the chlor-

ide ingress inside the porous structure of concrete, was developed with the Finite Element

squared (FE²) method. The constitutive equations are based on properties that are meas-

ured in laboratory conditions, for concrete manufactured with 100% Natural Aggregates

(NA) or Recycled Concrete Aggregates (RCA), respectively. The hysteresis of the water re-

tention curve is implemented according to the Van Genuchten formulation. Results suggest

that not accounting for the hysteresis of the water retention curve introduces a significative

error in the saturation degree of concrete and, therefore, in the chloride content.
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1. Introduction1

Durability of concrete can be defined as the ability of a structural concrete member to2

withstand the effect of time and degradation processes while retaining its strength for which3

it was designed [1]. Degradation processes can have multiple causes such as freeze-thaw4

cycles, carbonation, chloride attacks or, in most cases, a combination of these [2, 3]. Most5

of the degradation processes that take place in concrete depend on the water content of the6

concrete porous system. For freeze-thaw cycles, the greater the saturation degree of the7

material is and the greater the degradation may be. For chloride attacks and carbonation,8

corrosive ions require water to migrate and reach the reinforcements [4]. Furthermore, reac-9

tions of corrosion are the most critical at around 85% of saturation degree [5]. Understanding10

the transfer of water in concrete is therefore crucial for the evaluation of its durability.11

12

In spite of the environmental concerns related to concrete manufacturing, the use of re-13

cycling materials is being promoted as substitute to natural materials. Recycled Concrete14

Aggregates (RCA) have thus been studied for many years to reduce the consumption of15

Natural Aggregates (NA). Unfortunately, this substitution tends to decrease the durability16

properties of concrete, mainly due to changes in its porous structure [6, 7, 8]. This modifica-17

tion of the porous system is then correlated to differences in the water transfer properties of18

concrete. An extensive study of water transfer properties must then be performed in order19

to better apprehend the effects of that substitution on durability [8].20

21

The water content of many geomaterials, such as concrete, has been characterised through22

Water Retention Curves (WRC) in the literature [9, 10, 11, 12, 13, 8]. Water retention curves23

relate the degree of saturation of a porous medium to the environmental conditions such as24

the relative humidity and the temperature, through the expression of the total suction. For25

this definition to be valid, the theory of porous media must be applied to the porous system26

of concrete. That is, pores of concrete can only be filled of air, water or a mix of both.27

In a saturated porous medium, the pores are filled with water, whereas in an unsaturated28
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porous medium, the porous system is filled with both water and air. The theory of mixture29

[14, 15] is also applied to concrete. It states that all phases are assumed to occupy the same30

region of space simultaneously, as the superposition of different continua. It allows the mass31

balance equations of our model to be defined for each phase separately [14], with interactions32

between the constituents [15].33

The total suction can be written through the Kelvin’s law:34

s = −ρw
R T

M
ln(RH) (1)

with s the matrix suction [Pa], ρw the water density [kg/m³], R the constant of ideal gases35

(equal to 8.3143 [J/K.mol]), M the molar mass of water (equal to 18.016 [g/mol]) and,36

finally, T and RH the temperature [K] and Relative Humidity [-], respectively. In this37

paper, we make the assumption that the total suction is equal to a matrix suction, that is38

to the difference between the air pressure and the water pressure:39

s = Pg − Pw (2)

with Pg and Pw the gas and water pressures [Pa], respectively.40

41

An example of WRC is given in Figure 1. The shape of the WRC depends significantly42

on the porous structure of the material [11, 16], and four zones are often depicted, depending43

on the number of phases filling the pore system and the (dis)continuous nature of said phases44

[11]:45

1. When the suction is smaller than the air-entry pressure (denoted as α in Figure 1),46

then the material is completely saturated, as no air can enter the pores and therefore,47

no water can escape. This section is almost horizontal, and some authors refer to it as48

the boundary effect zone due to the local exchanges between the surface of the sample49

and its environment [11, 17, 16];50

2. Once the suction is equal to the air-entry pressure, air can enter the porous system51

and the degree of water saturation decreases. This state is called the funicular state52

where the liquid phase is continuous and the gas phase consists of isolated air pockets.53

3



This section marks the transition from the funicular state (which consisted of the first54

two sections) to the pendular state (that is the last two sections) [11, 17, 16];55

3. The third section is defined by discontinuous gas and liquid phases, neither being56

continuous anymore. It is also part of the transition zone [16];57

4. The last region observed is the residual state [16, 11], where the water saturation58

degree is equal to the residual saturation degree, often noted Sr,res. It corresponds59

to the water content that may never be extracted without extreme heating, such as60

chemically bonded water.61

A porous material such as concrete exhibits two separate water retention curves: one62

specific for drying conditions, and another one for wetting conditions, the shape of both63

curves being modelled as similar. Depending on the drying and wetting history of the64

porous material, the water retention curve can follow an infinity of paths [11]: this is the65

hysteresis phenomenon. It is often associated to multiple causes:66

• The ink-bottle effect [9, 10, 19, 16, 20]: the cross section of the pores are irregular,67

requiring a local increase in suction for the liquid phase to continue its movement.68

The water content inside a capillary is indeed different at drying or wetting, at equal69

suction;70

• The raindrop effect [9, 10, 19, 16, 20]: the value of the contact angle is different between71

an advancing and a receding meniscus;72

• Entrapped air [21, 10, 22, 19, 16, 20]: the liquid phase is required to push the air out73

of the porous medium prior to rewetting, which can lead to entrapped air inside the74

material, accounting for up to 10% of the volume of a soil [10].75

The hysteresis phenomenon is presented in Figure 2. The two main WRC, that is the76

boundary drying curve and the boundary wetting curve, act as limits that may never be77

crossed. In between, an infinity of scanning curves can be created, depending on the history78

of the material [9, 19].79
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Figure 1: Typical water retention curve (modified after [11, 18])

The scientific community has developed many models to represent the water retention80

curve of geomaterials. They can be divided into two categories: the domain models (also81

called physically based models) and the empirical models [10, 22]. Amongst the domain mod-82

els, some are called dependent models or independent models [23], depending on whether the83

model takes into account the water content of surrounding pores or not, respectively [10].84

The domain models, in general, represent the porous system of a material as a collection of85

pore domains of specific radii, based on the domain theory of capillary hysteresis [22, 10].86

In that theory, the pores can only be full of water or empty, each state being assigned to a87

5



Figure 2: Hysteresis in the water retention curve (from [9])

value of drying or wetting suction [10]. On the other hand, the empirical models focused on88

the development of empirical laws that were fitted to experimental results [10, 24]. For the89

empirical models, two subgroups can be observed [10]: those that use the same empirical90

equation for both boundary drying and wetting curves, adjusting the value of the fitting91

parameters accordingly [24], and those that express relationships between the two curves.92

An extensive comparison of 29 models based on experimental results for 34 soils has been93

presented in Pham et al. (2005) [10]. Unfortunately, no data is available for similar experi-94

ments on concrete.95

96

The description of the hysteresis is often neglected in numerical models, as the valid-97

ation of such models require experimental results, that are often hard to obtain and very98

time consuming. Furthermore, it increases the number of parameters describing the WRC.99

Hence no consensus was found in the litterature on the incorporation of the hysteresis inside100

numerical models [22].101

For this research, as the durability of concrete greatly depends on the saturation degree of102
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its porous system, it was decided to implement the hysteresis of the water retention curve.103

Experimental results allowed the precise determination of the numerous parameters required104

for the model. To better quantify the effect of the hysteresis on durability, the model also105

incorporates the ingress of chloride ions, which can serve as an indicator of durability inside106

reinforced concrete. Furthermore, this work is part of a study that tends to characterise the107

influence of the substitution of natural aggregates with recycled concrete aggregates inside108

concrete. A comparison of the hysteresis effect between the two materials is also presented.109

2. Materials and Methods110

2.1. Materials111

The experimental phase of this work focused on obtaining intrinsic properties for the112

transfer of water and chlorides inside several materials:113

• a concrete made from Natural Aggregates (NA), called Natural Aggregates Concrete114

(NAC), that comprises CEM I 42.5 N cement, 0/2 Rhine Sand and 2/7 limestone115

aggregates;116

• a concrete made from Recycled Concrete Aggregates (RCA), called Recycled Aggreg-117

ates Concrete (RAC), that comprises the same cement and sand than the NAC but118

with 2/7 RCA. The RCA originate from another study made at the University of Liège119

named SeRaMCo [25]. They consist of sandstone concrete blocks cast in the laborat-120

ory and crushed multiple times by an impact crusher. The particle size distribution of121

the RCA was reconstructed to be similar to that of the NA, and the substitution was122

performed with a 100% substitution ratio at equal volume;123

• an equivalent mortar, called E-M, composed of the same cement and Rhine sand than124

the two concretes, and whose composition method was the Concrete Equivalent Mortar125

method [26].126

The composition and fresh properties of the three materials defined are visible in Table 1,127

and more information on the materials may be found in Fanara et al. (2023) [27].128
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Table 1: Composition and fresh properties of the materials characterised:

NAC, RAC and E-M.

Composition magg (kg/m3) msand mcement mwater W/C Efficient W/C

NAC 1111 643 320 172.5 0.54 0.5

RAC 946 643 320 201.2 0.63 0.5

E-M - 1337 622.5 336 0.54 0.54

2.2. Methods129

The experiments performed were aimed at determining water transfer properties or chlor-130

ide transfer properties:131

• Water transfer properties [8]:132

– the water absorption, dry and saturated densities, and water-accessible porosity133

of our materials were determined according to the ASTM C 642-97 "Standard134

Test Method for Density, Absorption, and Voids in Hardened Concrete";135

– the water intrinsic permeability was obtained according to the NBN EN ISO136

17892-11:2019;137

– the parameters of the water retention curves were obtained with the vapour con-138

trol method. This experiment is detailed in Section 2.2.1 below.139

• Chloride transfer properties [27]:140

– the chloride diffusion coefficient was obtained with an experiment of chloride141

diffusion under transient conditions, following the guidelines of the NBN EN142

12390-11 "Testing hardened concrete - Part 11: Determination of the chloride143

resistance of concrete, unidirectional diffusion".144

2.2.1. Static Sorption and Desorption145

The Water Retention Curve can be obtained by fitting an empirical model, such as146

the one of Van Genuchten (1980) [24] to experimental results. Experimentally, the water147
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saturation degree of a material may be linked to the suction through the expression of the148

Kelvin’s law (Equation 1). To obtain our boundary drying and wetting curves, the vapour149

control method is implemented [28], based on the hypothesis that all hygroscopic materials150

absorb or release water vapour depending on their water saturation degree, in order to151

reach equilibrium with the humid air they are in contact with: the vapour pressure and152

temperature inside the porous system and outside must be equal [28]. The control of the153

relative humidity of the ambient medium, through the use of saline solutions, and the control154

of the temperature through a climatic chamber, enable the acquisition of several (s ; Sr)155

points on the water retention curves [29, 13]. The saline solutions and their respective target156

suction at 21◦C are shown in Table 2.157

Table 2: Saline solution and their respective target RH [%] and suction [MPa] at 21◦C, used for the

determination of the water retention curves of our materials.

Saline Solution KCl NaCl Ca(NO3)2 MgCl2 Silica salt

Target RH [%] 90 75 56 35 6

Target Suction [MPa] -14.3 -39.1 -78.7 -142.5 -381

Samples are initially saturated, or dried at 105◦C, until they reach a constant mass.158

Then, they are placed inside a chamber with one of the saline solutions. Each week, the159

mass and the ambient air parameters (RH and T) are measured. After approximately three160

months, the sample mass doesn’t vary considerably anymore and the sample is considered161

in equilibrium. Based on its mass at equilibrium and previous measurements of its dry and162

saturated mass, the degree of saturation can be obtained. To model the hysteresis, the163

samples were put in a first chamber, then after hygroscopic equilibrium and measurement164

of their mass, they were changed of chamber. This was repeated multiple times to obtain a165

noticeable hysteresis.166

2.2.2. Modelling the Water Retention Curve hysteresis167

The model implemented in this work is the empirical model of Van Genuchten (1980)168

[24] for the boundary curves, and the model of Zhou et al. (2012) [30] for the hysteresis169
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curves.170

According to Van Genuchten, the water saturation degree is linked to the suction through171

the following equation [24]:172

Se = Sres + (Ssat − Sres)
(
1 +

( s

α

)n)−m

with m = 1− 1

n
(3)

where n [-] is an adimensional model parameter related to the rate of desaturation of the soil173

and m [-] is another adimensional model parameter related to the curvature (slope) of the174

water retention curve. The last model parameter, denoted α [Pa], is related to the air-entry175

pressure [8]. Finally, one can see the maximum saturation degree Ssat [-] and the residual176

saturation degree Sres [-] [17], as well as the suction s [Pa].177

178

The main boundary curves of the water retention curves, defined by Equation 3, can be179

written specifically for the drying curve (with a suffix d) and for the wetting curve (with the180

suffix w):181

Se,w = Sres + (Ssat − Sres)

[
1 +

(
s

αw

)nw
]−mw

(4)

Se,d = Sres + (Ssat − Sres)

[
1 +

(
s

αd

)nd
]−md

(5)

The scanning curve (suffix s) is then defined by [30]:182

∂Se,s

∂s
(wetting) =

(sw
s

)b
(
∂Se,w

∂s

)
with sw = αw

(
S−1/mw
e

)1/nw (6)

∂Se,s

∂s
(drying) =

(sd
s

)−b
(
∂Se,d

∂s

)
with sd = αd

(
S−1/md
e

)1/nd (7)

where the parameter b [-] is defined as a fitting parameter, always positive. It influences the183

gradient of the scanning curve: the closer it gets to zero and the closer the hysteresis curve184

is to the main curve, while the greater it is and the more horizontal the hysteresis curve gets185

[30]. The wetting and wetting boundary curves, along with an example of a scanning curve,186

are shown in Figure 3.187

The final saturation degree may then be obtained thanks to the derivative defined above188

and the increment of suction (ds) applied:189

St
e = St−1

e +

(
∂Se,s

∂s

)
× ds (8)
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Figure 3: Drying/wetting boundary and scanning curves (modified after [30]).

It is clear from this formulation that the increment of suction plays an important role in the190

accuracy of the results, as the scanning curve is obtained from the slope, at a given suction,191

of the main boundary curve.192

193

The experimental results with the WRC fitted with the Van Genuchten model are shown194

in Figures 4, 5 and 6 for the NAC, RAC and E-M, respectively. In blue is represented the195

boundary drying curve and in orange the boundary wetting curve. The experimental data is196

shown with markers and their error bars. The Van Genuchten model is proven to accurately197

fit the experimental data of our materials.198

In Figure 7 are shown the results for the hysteresis part of this experiment. Two sets of199

hysteresis were measured. The samples were initially dry: they adsorbed water along the200
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boundary wetting curve, then the hysteresis started with 3 desaturation steps followed by201

a final re-saturation phase. The model by Zhou et al. (2012) was then fitted based on the202

parameters of the boundary curves obtained previously. Each hysteresis resulted in a differ-203

ent values for the fitting parameter b, with a small difference between the minimal (b = 0.75)204

and maximal (b = 1.2) values found.205

206

A summary of the properties obtained is visible at Table 3. The parameter nvG is rather207

constant for a specific composition, and the difference in between compositions is not that208

important. For the parameter αvG, which is related to the air-entry pressure, the greater the209

maximum pore size of the porous material and the smaller it is in desorption. It is therefore210

logical that a mortar has a smaller air-entry pressure than concretes, and that the RAC has211

a greater maximum pore size than the NAC. The inverse is true for the sorption.212
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Figure 4: Water Retention Curve of the NAC obtained by fitting the Van Genuchten model to the

experimental results of the sorption and desorption experiment.
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Figure 5: Water Retention Curve of the RAC obtained by fitting the Van Genuchten model to the

experimental results of the sorption and desorption experiment.
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Figure 7: Fitting of the hysteresis of the WRC for all three compositions based on the model by Zhou et

al. (2012) [30].

3. Numerical Model213

The numerical model implemented for this work is a multiscale multiphase model based214

on the Finite Element Squared (FE²) method. It is implemented in the FE software215

LAGAMINE [31] developed at the University of Liège.216

The multiscale model allows the modelling of water and gas flows, as well as chloride ions217

diffusion and advection, inside a saturated or unsaturated porous material, with the subscale218

representing a slice of concrete made of mortar (either new mortar or adherent mortar for219

the RCA) and impervious natural aggregates, as represented in Figure 8.220

The model has been proven to be able to replicate experimental results of a concrete based221

on intrinsic properties of a mortar, the subscale filling the gap [32].222

14



0 5 10 15 20 25

X coordinate (mm)

0

5

10

15

20

25
Y

 c
o

o
rd

in
a

te
 (

m
m

)

Mesh generated by the GMSH software: 

5596 nodes and 5068 elements.

Figure 8: Example of a subscale representing a Recycled Aggregates Concrete for our multiscale numerical

model. In blue, the new mortar, and in orange, the adherent mortar. Both may have distinct transfer

properties. The natural aggregates, considered impervious with respect to mortar, are unmeshed.

A detailed review of the model is available in Fanara et al. (2024) [32]. The constitutive223

equations at both scales, as well as the algorithm to obtain the subscale, are presented. The224

parameters implemented in the model are all obtained from the experimental campaign and225

shown in Table 3.226

4. Sensitivity Analysis on the Hysteresis227

The implementation of the hysteresis of the water retention curve requires controlling228

several variables. These include the parameter b, which influences the gradient of the scan-229

ning curve [30], and the increment of suction ds, which may introduce estimation errors for230
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Table 3: Results of the experimental campaign for the three compositions studied: E-M, NAC and RAC.

Parameter E-M NAC RAC

Water absorption experiment

Dry Density [kg/m³] 2025 2263 2061

Porosity [% Volume] 22.83 14.16 20.5

Water permeability experiment

Intrinsic Permeability [10−19m²] 38.7 1.73 2.58

Static sorption and desorption experiment

nvG (Desorption) [-] 1.35 1.39 1.36

nvG (Sorption) [-] 1.4 1.38 1.36

αvG (Desorption) [MPa] 6.23 8.16 7.2

αvG (Sorption) [MPa] 0.77 0.41 0.54

Hysteresis b1 [-] 0.8 0.85 0.75

Hysteresis b2 [-] 1.1 1.2 1.2

Diffusion under unsteady-state

Dapp [10−11m²/s at 29 days] 1.43 1.41 1.65

the slope of the scanning curve, as per Equation 8.231

232

The first parameter is obtained experimentally by fitting, although sorption and de-233

sorption experiments can be slow and laborious, particularly when observing hysteresis.234

Additionally, the experimental work in this research has demonstrated that a single value235

of b may not satisfy the same material, depending on its history. Therefore, it is crucial to236

understand the effect of this parameter b on our model’s response to characterise its signi-237

ficance.238

The second variable, the increment of suction ds, varies in our simulation due to the applied239

boundary conditions. As per Equation 8, the derivative ∂Sr/∂s is assumed constant over the240

increment of suction ds. The model is therefore more prone to error with larger increments,241
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as this assumption only holds for small increments of suction.242

243

The following two sections examine the impact of each variable. The model employs244

the parameters listed in Table 3. As the mesoscale is composed of permeable mortar, the245

implemented mesoscale properties (porosity, intrinsic permeability, and chloride diffusion246

coefficient) are those of the E-M composition, multiplied by 1.3 to account for the difference247

between a 2D and 3D model [32]. The water retention curve, however, is considered as248

a macroscale property. Indeed, the parameters of the WRC mainly depend on the type249

and size of the pores. In our multiscale model, such small components are not directly250

modelled, and a homogeneisation is thus necessary. Two options were available: define the251

WRC as mesoscale properties, and use the parameters related to the E-M, or define them as252

macroscale properties and use the parameters of the concretes directly. The second option253

was chosen as the first seemed to oversimplify the problem. Therefore, the parameters254

implemented for the WRC correspond to either NAC or RAC, depending on the mesoscale255

used. Figure 9 shows the two mesoscale representative volume elements modelled for the256

NAC and RAC used in this sensitivity analysis. The macroscale represents a 1D sample257

that is 10cm long (Figure 10).258
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Figure 9: RVE representing the mesoscale of both NAC (left) and RAC (right), with properties of the E-M

composition for the blue mortar phase (new mortar matrix) and the same properties for the orange mortar

phase (adherent mortar of the RCA).
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Figure 10: Macroscale mesh for the study of the influence of both the increment of suction and the

parameter b on the hysteresis model.

4.1. Influence of the Increment of Suction259

The first sensitivity analysis performed focuses on the increment of suction. A study was260

conducted using our multiscale model, and the results are presented in Figure 11. It displays261

the solutions of our model to three values of suction increment. Indeed, the increment of262

suction calculated from the boundary conditions is divided into sub-increments of equal263

value N . The variation in refinement results in a difference in the degree of saturation of the264

porous medium, even when the same final suction value is applied as a boundary condition.265

The degree of difference may be significant, depending on the size of sub-increments applied.266

The reason for this resides in the use of derivatives to navigate the scanning curves, which267

are supposed constant over the increment of suction ds. It was therefore chosen to relate the268

value of the sub-increment N to the air-entry pressure as it allows for precise results while269

maintaining a physical meaning.270
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Figure 11: Effect of the increment of suction on the hysteresis model. On the left, the total response for

three different values of increment of suction (noted N). On the right, a zoom on the hysteresis part of the

response.

4.2. Influence of Parameter b271

The second parameter studied is b, a positive, dimensionless value that controls the slope272

of the hysteresis scanning curve. This curve ranges from parallel to the main water retention273

curve (b closer to zero) to horizontal (b closer to infinity). Figure 13 displays the results of274

our multiscale model for a NAC and RAC RVE, and for various values of b. Two simulations275

were conducted without the hysteresis of the water retention curve, using properties of the276

boundary drying or wetting curves.277

The initial water pressure conditions inside the sample were equal to the atmospheric pres-278

sure. The pressure on the outside border is changed bi-annually to -2MPa and -200MPa for279

a period of ten years. Furthermore, the outside border is set to have a chloride content of280

0.11 [-], while the inside of the sample is initially devoid of chloride. The macroscale mesh281

and the boundary conditions are shown in Figures 10 and 12.282

The higher the value of b, the faster the hysteresis reaches the boundary curves. Addi-283

tionally, the saturation degree throughout the NAC has a greater variation range than the284

RAC RVE.285
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Figure 12: Boundary conditions for the study of the influence of the parameter b on the hysteresis model.
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Figure 13: Influence of the parameter b on the hysteresis model: evolution of the saturation degree with

the applied suction, for NAC (left) and RAC (right).
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This is confirmed by Figure 14, which shows the evolution of the saturation degree at the286

surface of exchange of the concrete for both the NAC and RAC. It is evident that the hyster-287

esis curves approach the main boundary curves during both drying and wetting phases. The288

transition slope becomes more horizontal with an increase in the value of b, which relates to289

a faster convergence of the hysteresis curves to the boundary curves.290
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Figure 14: Influence of the parameter b on the hysteresis model: Water Saturation Degree of NAC and

RAC at the surface over a ten-year period (left), with a focus on a specific year (right).

Figures 15 and 16 show the chloride content evolution at depths of 0cm, 2cm, 5cm, and291

10cm inside the sample for both NAC and RAC over a ten-year period. Additionally, the292

results are presented in Figure 17 at a depth of 3cm only.293

As the value of b increases, the variations between drying and wetting phases decrease and294

the water saturation degree evolves more linearly. Consequently, the chloride content tends295

to be higher for greater values of b, with a negligible difference for values of 3 and above.296

Using a higher value of b is therefore conservative due to the overestimation of the chloride297

content.298

Furthermore, the impact of the boundary conditions is smaller at greater depth, the diffusion299
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being predominant over the advection of chloride ions. At the surface, the difference between300

the values of b is negligible due to the applied boundary conditions.301

Additionally, it may be concluded that higher saturation degrees and chloride contents are302

positively correlated, as supported by simulations without hysteresis. Indeed, the sample303

with the boundary drying curve consistently exhibits higher chloride content than the one304

with the boundary wetting curve.305
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Figure 15: Influence of the parameter b on the hysteresis model: Chloride Content of NAC at 0, 2, 5 and

10cm depth over a ten-year period.

Therefore, it is necessary to implement the hysteresis model to obtain accurate chloride306

content values. Otherwise, the chloride content may be underestimated or overestimated307

when using the properties of the boundary wetting or drying curve, respectively. Addi-308

tionally, it is useful to use the correct value of b, which can be obtained experimentally, to309

avoid overestimating the chloride content within the sample. However, if experimental work310

is to be excluded, a value of b greater than 3 should be used as it is on the safety side.311

Furthermore, the difference in chloride content caused by the different values of b decreases312

with time, as represented in Figures 18 and 19, which show the mean chloride content over313
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Figure 16: Influence of the parameter b on the hysteresis model: Chloride Content of RAC at 0, 2, 5 and

10cm depth over a ten-year period.
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Figure 17: Influence of the parameter b on the hysteresis model: Chloride Content of NAC and RAC at

3cm depth over a ten-year period.
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the first two centimetres of the sample, after 189 days and 10 years, respectively. One may314

see that after 189 days, there is a noticeable difference in between the several values of b.315

However, after 10 years, only a slight difference in the mean chloride content for the differ-316

ent values of b is visible. However, once again, the usefulness of the implementation of the317

hysteresis is confirmed as the results for the boundary curves only are quite different than318

with the hysteresis implemented.319
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Figure 18: Influence of the parameter b on the hysteresis model: mean chloride content over the first 2cm

of the sample, after 189 days.

5. Conclusion320

This paper focuses on implementing a hysteresis model for the water retention curves of321

concrete. Water retention curves are a useful tool for modelling unsaturated conditions in322

porous materials. However, their hysteresis is often neglected when implemented numerically323

due to the difficulty of obtaining experimental results for calibration. For the development324

of this model, the Van Genuchten model (1980) [24] was implemented for the boundary325

drying and wetting curves, along with the hysteresis model by Zhou et al. (2012) [30] that326
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Figure 19: Influence of the parameter b on the hysteresis model: mean chloride content over the first 2cm

of the sample, after 10 years.

is compatible with the boundary curves of Van Genuchten.327

Experiments were conducted on concretes made of 100% natural aggregates and recycled328

concrete aggregates, as well as on an equivalent mortar. This experimentation allowed329

for the determination of numerous parameters necessary for the implemented constitutive330

equations. The Van Genuchten model, along with the hysteresis model by Zhou et al., was331

experimentally calibrated to accurately replicate unsaturated conditions of concrete made332

from natural or recycled aggregates.333

334

The model was used for a sensitivity analysis on two parameters: the value of b, the335

fitting parameter for the hysteresis model, and the increment of suction ds (Equation 8). It336

was necessary to perform experiments to calibrate the value of parameter b as the satura-337

tion degree obtained numerically may be erroneous. To better understand the influence of338

b, the model allowed for the ingress of chloride ions into the concrete. Chloride ingress is339

strongly influenced by the saturation degree of the porous system, making it a useful tool340
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for characterising the impact of the hysteresis. Results have shown that higher values of b341

correspond to higher chloride content. Therefore, it may be better to use a value of b of 3342

or higher to err on the side of caution and avoid the need for further experimentation.343

Regarding the increment of suction (ds), it has been proven to significantly affect the satur-344

ation degree as per Equation 8. Therefore, it was decided to divise the boundary conditions345

into sub-increments whose value is equal to the air-entry pressure, which has proven to be346

sufficient for obtaining accurate results.347

348

When comparing the results of our study between the NAC and RAC, it was experi-349

mentally found that the RAC has a smaller (or higher) air-entry pressure for the boundary350

drying (or wetting) curve. This means that the exchange of moisture with the environment351

takes place sooner than for the NAC. The parameter nvG, which corresponds to the rate of352

(de)saturation, is rather similar for both compositions. If we consider the chloride content353

of the two compositions, the chloride content of the RAC tends to be higher than that of354

the NAC, which is logical because of the greater movement of water between the sample355

and its environment, and the greater chloride diffusion coefficient of the RAC.356
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