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Soil Water Retention Curve (SRWC), also called soil moisture characteristic, is used for simulation models of soil water storage or soil aggregate stability. The present study addresses the modeling of SRWC with particular attention paid to hysteresis effects of water filling and draining the pores attributed to ink-bottle effects. For that purpose, an idealized pore size distribution previously developed for predicting water 2 sorption isotherms on cementitious materials, and which can consider the double porosity structure of soils, is used. An inverse analysis performed on experimental results of SRWC obtained on different types of soils has allowed to propose a calibration method of parameters involved in the definition of the idealized pore size distribution that can be assessed from mercury intrusion porosimetry tests (MIP) and from grain size distribution (GSD). The model adequately reproduces the hysteretic behavior of SRWC and can also predict the specific surface area.

Introduction

The Soil Water Retention Curve (SWRC) which describes the relationship between matric suction, attributed to capillary and adsorptive forces acting between liquid, gaseous, and solid phases, and water content/degree of saturation, is known to play an important role in determining the hydro-chemomechanical behavior of soil. SWRC is generally determined by subjecting a soil sample to the drying, and re-wetting cycle, which consists of successive application of the increase in suction, followed by a decrease in suction. The hysteresis effects in SWRC are explained by the following:

-Irregularities in the cross-sections of the void passages interconnected in series or in parallel [START_REF] Delage | L'eau dans les sols non saturés, techniques de l'ingénieur[END_REF][START_REF] Klausner | Fundamentals of continuum mechanics of soils[END_REF]).

-Differences in contact angle during drying and re-wetting between soil particles and water [START_REF] Bear | Dynamics of fluids in porous media[END_REF] -Entrapped air, which exhibits a different volume based on the increase or decrease in soil suction.

-Thixotropic regain or aging due to the wetting and drying history of the soil.

-Difference in physical mechanisms governing drying and wetting processes: cavitation during drainage and liquid coalescence during wetting [START_REF] Beckett | Prediction of soil water retention properties using pore-size distribution and porosity[END_REF] Let us note that the laboratory process of determining SWRC is cumbersome, time-consuming, and expensive, as evident from studies [START_REF] Carsel | Developing joint probability distributions of soil water retention characteristics[END_REF][START_REF] Gapak | Laboratory determination of volumetric shrinkage behavior of bentonites: A critical appraisal[END_REF][START_REF] Haverkamp | Soil properties and moisture movement in the unsaturated zone. The handbook of groundwater engineering[END_REF].

For that reason, the prediction of SWRC by paying particular attention to the hysteresis effects of partially saturated soils is a challenge in the field of soil mechanics. The physical models of hysteresis can be classified into three groups: empirical models, mathematical models, and physically-based models.

As reported by [START_REF] Pham | A study of hysteresis models for soil-water characteristic curves[END_REF], empirical models are based on fitting the observed shape of the hysteretic SWRCs to a selected equation using empirical parameters. They can be divided into two subgroups: models that simply use the same curve fitting equation for both the wetting and drying curves but adjust the value of the parameters in each equation dependently or independently [START_REF] Feng | Hysteretic influence associated with thermal conductivity sensor measurements[END_REF][START_REF] Karube | The role of pore water in the mechanical behavior of unsaturated soils[END_REF][START_REF] Kawai | The model of water retention curve considering effects of void ratio[END_REF][START_REF] Likos | Hysteresis and uncertainty in soil water-retention curve parameters[END_REF][START_REF] Scott | Hysteretic effects on net infiltration[END_REF][START_REF] Tarantino | A water retention model for deformable soils[END_REF]) and models that rely on relationships between the two boundary curves based on specified points or slopes taken at specified points [START_REF] Azizi | A water retention model accounting for the hysteresis induced by hydraulic and mechanical wetting-drying cycles[END_REF][START_REF] Dane | Effect of hysteresis on the prediction of infiltration, redistribution and drainage of water in a layered soil[END_REF][START_REF] Han | Simple Approaches for Modeling Hysteretic Soil Water Retention Behavior[END_REF][START_REF] Hayashida | A hysteresis model with continuity of tangential slopes of soil-water retention curves[END_REF][START_REF] Nimmo | Semiempirical model of soil water hysteresis[END_REF][START_REF] Wheeler | Coupling of hydraulic hysteresis and stress-strain behaviour in unsaturated soils[END_REF]. It is also worth noting concerning empirical models that some soils exhibit bimodal SWRC due to the presence of both macropores and micropores (dual-porosity soils). A bimodal pore size distribution is commonly observed in soils with bimodal grain size distribution [START_REF] Durner | Hydraulic conductivity estimation for soils with heterogeneous pore structure[END_REF][START_REF] Rahardjo | Characteristics of residual soils in Singapore as formed by weathering[END_REF]Satyanaga et al. 2013). Thus, the bimodal SWRC cannot be described using a unimodal SWRC equation (Russell 2010;[START_REF] Wijaya | Equation for unimodal and bimodal soil-water characteristic curves[END_REF]. Among the numerous bimodal SWRC equations for dual-porosity soils proposed in the literature, a hysteretic model of hydraulic properties based on a fitting of modified bi-modal Van Genuchten model was proposed by [START_REF] Toride | A hysteretic model of hydraulic properties for dual-porosity soils[END_REF]. Hysteresis is considered only in the first pore domain affecting mainly higher water contents, while a non-hysteretic behavior is assumed in the second pore domain affecting mainly lower water contents.

Different mathematical models have been proposed in the literature to predict the hysteretic behavior of water retention curves in soils [START_REF] Abbasi | Estimating hysteresis in the soil water retention curve from monolith experiments[END_REF][START_REF] Chen | Analytical model of soil-water characteristics considering the effect of air entrapment[END_REF][START_REF] Pham | A study of hysteresis models for soil-water characteristic curves[END_REF][START_REF] Pham | A study of hysteresis models for soil-water characteristic curves[END_REF] have presented a list of models based on the theory of domains which consider a threedimensional water distribution diagram involving a water function distribution. Such function explains how water in a domain can be specified as a function of two independent variables, the drying soil suction and wetting soil suction, respectively. However, most of these existing mathematical models are physically incomplete because these models only tackle the capillary hysteresis and overlook the hysteresis developed due to air-entrapment. More relevant approaches have been recently developed by [START_REF] Chen | Analytical model of soil-water characteristics considering the effect of air entrapment[END_REF] to take both capillary and air-entrapment hysteresis into account in the SRWC model and to consider the possibility of negative matric suctions where pore water is pressurized [START_REF] Chen | General Scanning Hysteresis Model for Soil-Water Retention Curves[END_REF]. However, despite the fact that mathematical models describe well the hydraulic hysteresis of unsaturated soils, their application remains limited by the fact that measured data, i.e., the boundary hysteresis loop, are required to calibrate the water function distribution. Moreover, such models do not consider and cannot predict any information about the pore structure.

Physically-based models refer to models developed based on the description of the soil pore structure associated with the water content distribution function. [START_REF] Hu | A water retention curve and unsaturated hydraulic conductivity model for deformable soils: consideration of the change in pore-size distribution[END_REF] have proposed an SRWC model by considering the change in wetting and drying water retention behavior of soil based on the evolution of pore size distribution (PSD). They assumed that the PSD at a deformed state could be obtained by a vertical shifting and vertical scaling of the corresponding PSD at reference state. However, the model requires the use of several parameters. [START_REF] Beckett | Prediction of soil water retention properties using pore-size distribution and porosity[END_REF] have also proposed a prediction of soil water retention properties with consideration of hysteresis effects by incorporating porosity and PSD combined with a more realistic arrangement of soil particles which governs the geometry of water meniscus. Larger particles have been modeled as spheres (silts and above), while clay particles have been represented as cuboids. Cavitation and liquid coalescence have been adopted by the authors as mechanisms to explain pore drainage and filling, respectively, which allows the model to predict hysteresis between drying and wetting conditions in the presence of adsorbed films without the need to consider the effects of pore interconnectivity. Nevertheless, it is worth noting that the validation of the model was limited to the comparison with drying retention curves.

More recently, [START_REF] Cheng | A new water retention model that considers pore nonuniformity and evolution of pore size distribution[END_REF] have used a modeled "intrinsic" pore size distribution of soil from MIP results to predict the main drying and wetting paths of SWRC under hydro-mechanical loads.

Intrinsic pore size distribution refers to the pore size distribution without the influence of pore nonuniformity encountered on MIP tests. The equations involved in the model are based on the theoretical evolutions of both pore structure (pore size distribution and void ratio) and water content distribution (as a function of pore size and matric suction) under hydro-mechanical loads. The model was validated with experimental data obtained from the literature for different types of soil despite the fact that its application was limited only to the prediction of the boundary hysteresis loop.

The present study aims to propose a new prediction model of SWRC with particular attention paid to the hysteresis phenomena encountered in partially saturated soils. As mentioned above, physically-based models allow us to achieve a more relevant physical description of moisture transport in soils. Thus, an original pore network model developed by [START_REF] Ranaivomanana | Prediction of relative permeabilities and water vapor diffusion reduction factor for cement-based materials[END_REF][START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF] for cement-based materials is adopted for the purpose of this work. Based on experimental results of SWRC obtained on different types of soils, an adequate calibration method of parameters involved in the model is proposed and discussed in the present study regarding its transposition on soils.

Materials

Seven different soils obtained from literature were considered for this study. Their geotechnical properties are presented in Table 1. 

Laboratory test

For the present study, a certain laboratory test was conducted on the compacted natural silty soil imported from Marches Les Dames (MLD), which was reported in the study of [START_REF] Das | Evaluation of the longterm effect of lime treatment on a silty soil embankment after seven years of atmospheric exposure: Mechanical, physicochemical, and microstructural studies[END_REF][START_REF] Das | Compressive strength and microstructure evolution of lime-treated silty soil subjected to kneading action[END_REF] for the validation of the model.

The water content and suction measurements of the natural MLD silty soil were conducted by oven drying at 105˚C (ASTM 2010) and by using WP4C Dewpoint Potentiometer (Decagon device), respectively.

For microstructural analysis, compacted specimens were freeze-dried and then subjected to Mercury Intrusion Porosimetry (MIP) and Brunauer-Emmett-Teller (BET) tests. During the MIP test, freeze-dried specimens of 1cm 3 were placed inside a sealed penetrometer and then evacuated via heating under vacuum or flushing with an inert gas [START_REF] Espinal | Porosity and its measurement[END_REF]. After evacuation, mercury was progressively introduced into the samples through incremental hydraulic pressure steps. The volume of mercury intruded, V (ml/g), and the applied pressure, p (MPa), is recorded [START_REF] Klobes | Porosity and specific surface area measurements for solid materials[END_REF]. By measuring the pressure required to be applied to force the mercury into a cylindrical pore diameter were obtained using the Washburn equation.

BET is a nitrogen gas adsorption technique for measuring the Specific Surface Area (SSA) of the soil [START_REF] Brunauer | Adsorption of gases in multimolecular layers[END_REF]. Freeze-dried samples were evacuated or degassed to remove moisture, vapor, and any other unwanted gas species from the pore surface at 50°C. Nitrogen gas at 77K and at a pressure lower than the equilibrium/saturation gas pressure (p0) is then injected, and the first forms monolayer adsorption of nitrogen molecules give the value for SSA. Further increasing the gas pressure cause formation of multilayer adsorption over the monolayer. Once the saturation pressure (p0) is reached, the completion of the adsorption phase occurs, and the desorption phase is initiated, in which the gas is progressively withdrawn until the initial point of the adsorption phase is achieved. These adsorption and desorption branches characterize the PSD inside the soil mass. This procedure of obtaining the PSD is regarded as Barrett-Joiner-Halendapore (BJH) [START_REF] Barrett | The determination of pore volume and area distributions in porous substances. I. Computations from nitrogen isotherms[END_REF]. [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF][START_REF] Ranaivomanana | Prediction of relative permeabilities and water vapor diffusion reduction factor for cement-based materials[END_REF] to predict water vapor sorption/desorption isotherms on cement-based materials

Description of the model developed by

Principles of the model

The model developed by [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF][START_REF] Ranaivomanana | Prediction of relative permeabilities and water vapor diffusion reduction factor for cement-based materials[END_REF] for cement-based materials consists of an idealized PSD of a unit volume of material with 3 modes associated with C-S-H pores and with narrow and wide capillary pores, respectively. Firstly, it is worth specifying that the liquid phase considered in the present study is an inert wetting-fluid. The wide capillary pores are assumed to play an essential role in the water permeability of the saturated material since their drainage has an impact on the continuity of the percolated part of the liquid phase. Moreover, the latter would form a path connected to the surface of the material which is responsible for the sharp drop of desorption isotherms observed experimentally at high relative humidity (RH). In the pore size classification proposed by [START_REF] Mindess | Concrete, 2nd edition[END_REF] and adopted for the pore network model, the C-S-H gel pores are smaller than 0.010 µm. Thin capillaries are between 0.0025 µm and 0.050 µm, and large capillaries are between 0.050 and 10 µm.

Pore size distribution, pore connectivity, and management of hysteresis

A porous mode is represented by four portions of parabolas, each of which is set to a range of log (r) equal to the amplitude δ and height on the axis dV/dlog (r) equal to  as seen in Figure 2. Each of the three modes is characterized by three parameters: the radius of the central mode rmode, the amplitude δ, and the height . For a distribution containing 3 modes, we have:

( )   3 1 4 1 3 2 2 1 ) (log ) (log log = = = =         + + = i i j j ji ji ji r r r d dV    (1)
where the coefficients 𝛽 𝑗𝑖 𝑘 (k=1 to 3) depend on r mode , δ and  .

Referring to the classification proposed by [START_REF] Mindess | Concrete, 2nd edition[END_REF], the following values were imposed: δ = 0.4 associated with a value of rmode fixed at 0.0015µm for the first mode (rC-S-H) and 0.0095 µm for the second mode (rnarrow). A constant value of 0.3 µm was assigned to rwide according to different classifications of large capillaries range proposed in the literature. The height of each mode is assumed to be proportional to its porosity. The 1 st mode, corresponding to C-S-H pores, is calibrated by calculating the volume of C-S-H formed per unit volume of material by using a cement hydration model. The acronym C-with wide capillaries, rwide, was directly deduced from the sharp drop of the desorption isotherm at high RH.

It means that the prediction of water sorption/desorption curves from the model requires at least the experimental achievement of moisture equilibrium at high RH.

In most of the pore network models developed earlier for the prediction of transport properties of cement-based materials, pores are generally represented with cylindrical geometry. However, a flattened morphology seems more conceivable for small pores. This seems to corroborate the representation of C-S-H with a layered structure. For this purpose, [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF][START_REF] Ranaivomanana | Prediction of relative permeabilities and water vapor diffusion reduction factor for cement-based materials[END_REF] have proposed an oblong geometry for pores with lower radii. The oblong shape (Fig. 3) can be characterized by an aspect ratio Ap defined as the ratio between the width and the height of the pore cross-section. For the reasons mentioned above, the coefficient Ap evolves to flatten the pores with a small radius. For this purpose, an exponential equation given by Eq. 2 was used:

𝐴 𝑝 = 𝑙 2𝑟 = 𝑚𝑎𝑥 [𝑒𝑥𝑝 ( 𝑟 𝑐𝑟 𝑟 ; 1)] (2)
where rcr is a calibration parameter called the "critical radius". This parameter may be interpreted as the pore radius below which pores are more oblong shaped compared to cylindrical shape. Indeed, according to equation 2, the large pores are cylindrical, as their aspect ratio slightly exceeds 1 and the pores become progressively flattened as r decreases. By an inverse analysis conducted on different types of cementitious materials, [START_REF] Ranaivomanana | Prediction of relative permeabilities and water vapor diffusion reduction factor for cement-based materials[END_REF] have suggested a value of 0.002 µm for rcr.

The pore cross-sectional area, a(r) is given by the relationship:

𝑎(𝑟) = [4(𝐴 𝑝 (𝑟) -1) + 𝜋]𝑟 2 (3) 
In order to model the isotherms, while paying particular attention to the hysteresis effect, it was assumed that the drying of a pore is possible only if it is connected to the dry fraction of the pore network.

The hysteresis between desorption and adsorption isotherms is the consequence of the presence of "ink bottle" shaped pores. This leads to the drying of a greater part of the pore volume at low RH. We can therefore consider that drier is the material, higher is the probability of the connection of a saturated pore to the dry fraction of the pore network. This seems to provide a logical explanation for the decrease of hysteresis in the area of low RH. Assuming that drying affects pores with size ri when the relative humidity is hi, the drained portion of the porous network represents a fraction of pores of radius larger than r1. This fraction depends on the connectivity between the drained portion and pores of radius r1. It is very likely that longer the developed length of pores with radius bigger than r1, greater is their potential connectivity.

In fact, most of these pores are long, so they are able to interconnect pores of various sizes. For this reason, it was assumed that the probability of interconnection Pint (r> ri) of pores with a radius greater than ri can be approximated by the ratio between the total length of pores for which r > ri to the cumulative total length of all pores of the network considered.

(4)

where a(r) is the pore sectional area defined by Eq. 4. dV/dlogr is the density function of the PSD, approximated by Eq. 1 in the model.

The probability of connection Pint concerns the C-S-H pores and the narrow capillaries only because the connectivity of wide capillary pores was assumed to be maximal (Pint=1) as they are supposed to form a path connected to the surface of the material. So, the function Pint was normalized by [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF] with respect to the porosity corresponding to each mode.

If the RH decreases from hi to hj< hi, then the pores with radii between ri and rj (corresponding to

hj) are partially drained. The residual saturation degree of pores with radii greater than rj, noted Sink is in the context of the present model, dependent on their connectivity to the dry fraction of the network. As a first approximation, the following relationship (Eq. 5) was adopted:

𝑆 𝑖𝑛𝑘 = 1 -𝑃 𝑖𝑛𝑡 * (𝑟 > 𝑟 𝑗 ) (5) 
If the RH increases from hi to hk, pores with sizes between ri and rk (corresponding to hk), which belong to the dry portion of the network, are instantly saturated again. Of course, the volume of water in pores with radii greater than rk, which can be drained only via smaller pores remains constant. The mechanisms of the evolution of the degree of saturation of a pore with a given radius are detailed in the study of [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF].

Given that the management of saturation increments based on relative humidity increments is easy only on a numerically discretized porous network, the PSD was discretized, and the probability of interconnection (Eq. 4) was approximated by linear interpolation from one discrete radius to another. A sensitive analysis of the model parameters conducted by [START_REF] Ranaivomanana | Transferts dans les milieux poreux réactifs non saturés: application à la cicatrisation de fissure dans les matériaux cimentaires par carbonatation[END_REF] has shown that beyond a value of 100 (for the entire PSD), the number of discretization has no effect on the simulation results.

Finally, let us remind that water retention curves are expressed in terms of matric suction for soils rather than in terms of RH. Nevertheless, a relationship given by Kelvin's law (Eq. 6) exists between the two quantities.

 = -𝜌 𝑙 𝑅𝑇 𝑀 𝑣 ln h (6) 
where:

-, the matric suction (Pa), -h, the relative humidity -T, the temperature taken equal to 293 K (20°C)

-l, the density of water taken equal to 1000 kg/m 3 -R: the perfect gas constant (8.32 J/K/mol) -Mv: the molar mass of water (18 x 10 -3 kg/mol)

Application of the model developed by Ranaivomanana et al. (2011, 2013) to the prediction of SRWC

Modeling strategy

The model developed by [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF][START_REF] Ranaivomanana | Prediction of relative permeabilities and water vapor diffusion reduction factor for cement-based materials[END_REF] would seem to be well-adapted to the prediction of SRWC of soils. Indeed, PSD allows to take into account explicitly the double porosity aspect associated with macropores (mostly the inter-aggregate pores between aggregations) and micropores (intra-aggregate pores) respectively and can be involved in the implementation of physically-based models (e.g., [START_REF] Beckett | Prediction of soil water retention properties using pore-size distribution and porosity[END_REF][START_REF] Casini | Consequences on water retention properties of doubleporosity features in a compacted silt[END_REF][START_REF] Cheng | A new water retention model that considers pore nonuniformity and evolution of pore size distribution[END_REF][START_REF] Hu | A water retention curve and unsaturated hydraulic conductivity model for deformable soils: consideration of the change in pore-size distribution[END_REF][START_REF] Prapaharan | Moisture curve of compacted clay: mercury intrusion method[END_REF][START_REF] Romero | Water permeability, water retention and microstructure of unsaturated compacted Boom clay[END_REF]Simms andYanful 2002, 2001). However, according to [START_REF] Cheng | A new water retention model that considers pore nonuniformity and evolution of pore size distribution[END_REF], the PSD obtained from MIP is affected by the pore non-uniformity and does not represent the intrinsic PSD of soil.

Thus, a relevant description of the realistic PSD of soils could be achieved by the model proposed by [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF]. Moreover, the representation of C-S-H pores with an oblong geometry could also be adjusted to soils given that the crystalline structure of clay minerals is built up from different types of sheets or layers. A similar approach was adopted previously by [START_REF] Beckett | Prediction of soil water retention properties using pore-size distribution and porosity[END_REF] or by [START_REF] Barast | Swelling properties of natural and modified bentonites by rheological description[END_REF] with a representation of clay particles as cuboids.

However, given that soil structure or fabric mainly depends on its composition and texture and is also strongly affected by the application of chemo-hydro-mechanical loadings (e.g., [START_REF] Al-Mukhtar | The fabric of a clay soil under controlled mechanical and hydraulic stress states[END_REF][START_REF] Coulon | Effects of compaction on the pore space geometry in sandy soils[END_REF][START_REF] Cuisinier | Fabric evolution during hydromechanical loading of a compacted silt[END_REF][START_REF] Delage | Study of the structure of a sensitive Champlain clay and of its evolution during consolidation[END_REF][START_REF] Griffiths | Change in pore size distribution due to consolidation of clays[END_REF][START_REF] Ranaivomanana | Effects of cement treatment on microstructural, hydraulic, and mechanical properties of compacted soils: Characterization and modeling[END_REF][START_REF] Ranaivomanana | Permeability prediction of soils including degree of compaction and microstructure[END_REF][START_REF] Simms | Measurement and estimation of pore shrinkage and pore distribution in a clayey till during soil-water characteristic curve tests[END_REF], the pore structure of soils cannot be described with a unique set of parameters values as adopted by [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF] for cement-based materials. Thus, for the purpose of applying the model developed by [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF] to soils, the strategy adopted in the present study consists first in calibrating the model parameters from an inverse analysis of SWRC. Once the values of the parameters are calibrated, they are discussed and compared with measured data from the literature in order to propose a relevant calibration method that can be directly deduced from soil fabric.

Let us recall that the model proposed in the present work is mainly based on the interconnection of pores and does not consider other possible factors which may also explain the hysteretic behavior of SWRC.

For that reason and given that the contact angle values of soils considered in this study are not available, a

simplifying assumption of constant contact angle during both drying and wetting phases is adopted.

Moreover, the role of the contact angle in SWRC has not been adequately recognized. Different modeling approaches describing the evolution of contact angle with pore size have been proposed in the literature.

However, analytical approaches may involve many fitting parameters [START_REF] Liu | An investigation in the influence of contact angle on Soil Water Characteristic Curve with a modified capillary rise method[END_REF]) while both multiphysic and multiscale approach require a description of particles shape combined with a realistic representation of their arrangement [START_REF] Beckett | Prediction of soil water retention properties using pore-size distribution and porosity[END_REF]). Another important aspect that has to be considered in the modeling of SWRC is the volume change that may occur as a result of changes in the moisture content more particularly on clay rich soils (shrink-swell behavior). However, these volume 

Results and discussion

SWRC with hysteresis effects

Firstly, the only available drying paths that have been experimentally measured for soils named "Sable de Rivière", "Pachapa loam" and "Touchet silt loam" respectively (soils cited and studied by [START_REF] Assouline | A conceptual model of the soil water retention curve[END_REF]) are compared with the simulated drying paths to illustrate the ability of the model to predict only the drying path (Figs. 5 to 7). Despite the fact that experimental wetting paths are not available (probably not measured) for the previous soils, the corresponding simulated wetting paths are also represented in order to confirm the potentiality of using the model to predict hysteretic effects. 

Calibration of porous mode values rmode

Except for Pearl clay, Viadana Silt, and Rideau clay loam, soils considered in the present study exhibit two porous modes (Figs. 12 to 18). The first mode, located between 0.5 and 80µm, is probably associated with interaggregate macropores, while the second one located between 0.025 and 5µm, probably corresponds to intra-aggregates micropores. According to the values shown in Table 2, it can be observed that the value of macropore mode tends to decrease with the increase of the percentage of fine elements. Such results are consistent with those obtained by [START_REF] Ranaivomanana | Permeability prediction of soils including degree of compaction and microstructure[END_REF]. For sandy soil named "Sable de Rivière," a mode value of 80µm was found (Fig. 13). For loamy soils named "Touchet Silt loam" and "Pachapa loam".which were composed of silt, clay, and sand, a lower mode value was obtained (35 and 15µm, respectively) (Figs. 14 & 15). Finally, for silty soil named "Marche Les Dame Silt", which contains the lowest percentage of sand (6%), a mode value of 0.5µm was found (Fig. 12). Concerning the loamy soil named "Rideau clay loam", the two porous modes located at 90 and 3000µm respectively correspond to macropores, including probable microcracks, while the first mode located at 0.25µm belongs certainly to intra-aggregates micropores (Fig. 18). Similarly, for the clayey soil named "Pearl clay", which is a fine soil, the porous mode observed at 3000µm can also be interpreted as the result of microcracking. The two other modes observed at 0.19 and 5 µm, respectively, can be considered as being part of clay micropores (Fig. 17).

Comparatively to loamy soils, the presence of a low percentage of sand (2.7%) in the silty soil named "Viadana Silt" probably explains the formation of the macropores porous mode identified at 30µm (Fig. 16). The two other mode's values located at 0.01 and 1.7µm, respectively, are associated with micropores.

The evolution of micropores mode value seems to be more dependent on the amount and the mineralogy of clays which vary from one soil to another than on particle size distribution and presence of microcracks, in comparison with macropores mode value.

The results mentioned above, thus, confirmed the heterogeneity of the pore structure of soils as already mentioned in section 5.1 and the difficulty to achieve a description of the idealized PSD with a unique set of parameter values as adopted by [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF] for cementitious materials. For that purpose, the use of MIP appears as an adapted tool to calibrate the values of porous modes of macropores and micropores, respectively. The relevance of such calibration method is validated by the similarities between the porous mode values deduced from simulations and those obtained from MIP results which have been measured experimentally for silty soil named "Marche Les Dames Silt" (Fig. 12) and extracted from literature for sandy soil named "Sable de Rivière" (Fig. 13) and for silty soil named "Viadana

Silt" (Fig. 16), respectively [START_REF] Juang | Measurement of Pore-Size Density Function in Sand[END_REF][START_REF] Oualmakran | Pore-size distribution of a compacted silty soil after compaction, saturation, and loading[END_REF]).

Finally, it can be observed in Fig. 12 that the PSD of silty soil named "Marche Les Dames Silt", obtained from BET measurements reveals the presence of a porous mode associated with micropores located around 0.002µm. Such porous mode, which has already been detected in previous studies (for example, Kuila and Prasad 2013), was not considered in the characterization of the dual structure of soils porosity [START_REF] Casini | Consequences on water retention properties of doubleporosity features in a compacted silt[END_REF][START_REF] De La Morena | A water retention model accounting for void ratio changes in double porosity clays[END_REF][START_REF] Li | Characterization of dual-structure pore-size distribution of soil[END_REF]. In fact, water flow is considerably slow in smaller pores (Committee and America 2008; Sumner 1999), and its removal is possible only when the soil is significantly dry. Nevertheless, the SSA of soils is mainly attributed to the presence of those small pores, and the SSA obtained from BET measurements being generally much higher than that provided by MIP results. Besides, the model proposed in the present study can provide the SSA values of the soil particles by multiplying pore perimeters by their developed lengths as performed in [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF]. For silty soil named "Marche Les Dames Silt", an SSA of 14m²/g was obtained by considering only the porous modes obtained from MIP test while a higher value equivalent to that provided by the BET method, i.e., 21 m 2 /g, was found when the porous mode associated with small pores (detected only with BET measurements and not with MIP tests) was considered. The results obtained confirmed and validated the role played by small pores in the estimation of the specific surface area, even if their contribution to water movement is often neglected.

Calibration of the amplitude  of a porous mode

Ranaivomanana et al. ( 2011) obtained an amplitude,  equal to 0.4 (in log(r), where r is in nm), for cement -based materials. In the present case, despite the fact that the porous structure of cementitious materials and that of soils are not comparable in terms of mode values, the amplitude of the latter is approximately of the same order of magnitude as seen in Table 2.

Calibration of the height  of a porous mode

As already specified in section 4.2, the height  of a porous mode was assumed to be proportional to its porosity. For cement-based materials, the partition of the porosity between large capillary pores and small C-S-H pores can be estimated using hydration models [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF]. For soils, it may be considered that the volume of micropores depend on the fine fraction, particularly on the clay fraction.

Given that different clay structures can be encountered in soils, mineralogical aspects should also be considered in order to estimate the porosity related to micropores more precisely. However, these aspects will not be addressed in the present study.

As a first approximation, it was decided to correlate the volume of macropores with the coarse fraction of soils, which affects the mode value of macropores, as seen previously. Indeed, it can be assumed at the granular level that the higher is the fine fraction, the lower is the macropore porosity. Such assumption can be physically justified by the fact that the porous spaces between coarse elements corresponding to macropores are filled with finer particles resulting in a decrease in macropores porosity. For soils considered in the present study, it can be observed in Fig. 18 that the porosity fraction associated with macropores was almost equivalent to the sand fraction, thereby corroborating the existence of a correlation between the two quantities as mentioned above. For clayey soil named "Pearl clay", which is composed only of silt and clay (see Table 1), a porosity fraction corresponding to macropores equal to 5% was found.

Such value gap can be attributed to the presence of microcracking, which also probably explains the results obtained for silty soil named "Viadana Silt" (see section 5.2.2.1). Let us notice that the sandy soil named 29 "Sable de Rivière" and loamy soils named "Touchet Silt loam" and "Pachapa loam" respectively are not represented in Fig. 19 since their sand fraction is not available. Nevertheless, for sandy soil named "Sable de Rivière", in particular, it is highly likely that the sand fraction and porosity fraction associated with macropores (equal to 85%) are comparable to each other. 

Calibration of the critical radius rcr

As detailed in section 4, the critical radius rcr is a calibration parameter that can be interpreted as the radius below which pores feature is more oblong than a cylindrical shape. In other words, it could be the threshold between capillary and C-S-H pores. For soils, it is more appropriate to define critical radius as the threshold between macropores and micropores. Nevertheless, as seen in Table 2, the value of rcr varies from one soil to another while it remained constant for cement-based materials [START_REF] Ranaivomanana | Toward a better comprehension and modeling of hysteresis cycles in the water sorption-desorption process for cement based materials[END_REF][START_REF] Ranaivomanana | Prediction of relative permeabilities and water vapor diffusion reduction factor for cement-based materials[END_REF]. Such difference is obviously due to the diversity in soil structure, making the relevant estimation of rcr complex for a given type of soil. Despite this complexity, an interesting correlation can be established between the clay fraction and the ratio between the mode value of macropores denoted as rmacropores, and the critical radius rcr. Indeed, it would appear in Fig. 20 that rmacropores/rcr ratio decreases exponentially with the increase of clay fraction. Given that the value of rmacropores can be obtained from MIP test as discussed in section 5.2.2.1, the corresponding value of critical radius can thus, as a first approximation, be estimated using the following relationship given by Eq. 7.

𝑟 𝑐𝑟 = 𝑟 𝑚𝑎𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠 10106𝑓 -2.133 (7)
where f is the clay fraction.

It is worth noting that the unknown clay fraction of loamy soil named "Touchet Silt loam" was estimated to be in the range of 20 to 40% based on soil textural classes defined by Survey (1993). On the other hand, the sandy soil named "Sable de Rivière" was not represented in Fig. 20 since the rmacropores/rcr ratio equal to 0.53 was found, despite a low clay fraction (estimated to be less than 15%). Such a result is probably the consequence of a more pronounced influence of the granular structure of sandy soils on the shapes of pores compared to that of the clay fraction. Of course, further investigations are necessary for the purpose of a better understanding and a more relevant prediction of the evolution of critical radius depending on the type of soil. 

Conclusion

A physical porous network model has been developed for soils to simulate SWRC and to predict any hysteresis. The modeling was based on a pore size distribution previously developed for cementitious materials. The model takes into account in an accurate way the double porosity encountered in soils and was also able to predict the specific surface area of soils. Each porous mode of the pore size distribution is characterized by 3 parameters: the mode radius, its amplitude δ, and its height . The mode values can be obtained from MIP test while the value of δ was fixed at 0.4 (in log(r), where r is in nm). The height of a porous mode was computed from the porosity associated with each mode by assuming that the porosity fraction related to inter-aggregates macropores corresponds to a sand fraction while that related to intraaggregates micropores corresponds to a fine fraction.

Similarly, to cementitious materials, a function of inter-connectivity was associated with the pore size distribution to manage the hysteresis attributed to ink-bottle effects. The inter-connectivity was approximated by the ratio between the total length of pores affected by drying at a given pore suction and the total cumulative length of all pores of the network. For that purpose, small pores were represented with an oblong geometry characterized by a progressive dimension's ratio managed by an aspect ratio involving a parameter noted rcr (critical radius). For soils, the critical radius can be defined as the transition size between macropores with cylindrical shape and micropores with oblong shape. As a first approximation, rcr has been correlated with the clay fraction and the mode value of macropores. Nevertheless, further investigations are necessary to achieve a better understanding of the evolution of this parameter depending on the type of soil since the shape of pores is not influenced only by the clay fraction but also by the granular structure.

The simulations, performed on different types of soils, allow reproducing SWRC satisfactorily with hysteresis loops. The next step is to extend the model to predict the evolution of pore structure under thermo-hydro-chemo-mechanical loadings and their effects on SWRC and other properties like permeability and diffusivity.
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 1 Fig. 1. Conceptual definitions used for soil-water hysteresis (from[START_REF] Pham | A study of hysteresis models for soil-water characteristic curves[END_REF] 
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 2 Fig. 2. Representation of one porous mode with four portions of parabola
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 3 Fig. 3. Oblong shaped pore (after Ranaivomanana et al. (2011, 2013))

  changes are neglected in the present study due the variety of soils tested. On the other hand, they have not been considered in the original version of the model developed for cement-based materials which may also exhibit a volume change behavior. Nevertheless, the recent findings on those aspects (Sun and Cui, 2020, Zhai et al., 2020) could be used in a further development of the model. A schematic diagram describing the drainage of the pore network as function of suction values is represented in Figure 4.
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 567 Fig.5Experimental results and simulated results of SWRC on Sable de Rivière[START_REF] Vachaud | Vérification de la loi de Darcy généralisée et détermination de la conductivité capillaire à partir d'une infiltration horizontale[END_REF] cited by[START_REF] Assouline | A conceptual model of the soil water retention curve[END_REF] 
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 8910 Fig. 8. Experimental results and simulated results of SWRC on Pearl Clay (Sun et al. 2007 cited by Han et al. 2019)
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 19 Fig. 19. Comparison between sand fraction and simulated porosity fraction associated to macropores
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 20 Fig. 20. Evolution of rmacropores/rcr ratio vs. clay fraction A flowchart that explains the main inputs and the main procedures to calculate intermediate
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 21 Fig. 21. Flowchart explaining the main inputs and the main procedures to calculate intermediate variables for the obtention of SWRC

  

  

  

  

  

  

Table 1 :

 1 Geotechnical properties of soil considered in the present study

		Grain Size Distribution				
					Liquid	Plasticity	Specific	
			(%)					Porosity
	Soil name				limit	Index	Gravity		References
		Sand	Silt	Clay				(%)
					(%)	(%)	Gs	
		(>50 µm)	(2-50 µm)	(< 2 µm)				
	Marche							
									Das et al. 2020, 2021 ;
	Les Dames	6.0	82	12	31.0	11.0	2.64	30.42
									Saussaye et al. 2020
	Silt							
	Viadana							
		2.7	76.9	20.4	32.6	8.3	2.73	39.75	Azizi et al. 2017
	Silt							
									Sun et al. 2007 cited by
	Pearl Clay	0	50.0	50.0	49.0	22.0	*na	na
									Han et al. 2019
	Rideau								Topp 1971 cited by Han
		36.1	29.3	34.6	na	na	na	52.50
	Clay Loam								et al. 2019
	Sable de								Vachaud 1966 cited by
					na			
	Rivière								Assouline et al. 1998
									Jensen and Hanks 1967
	Touchet							
					na				cited by Assouline et al.
	Silt Loam							
									1998
	Pachapa				na				Jackson et al. 1965 cited
	Loam								Assouline et al. 1998
	*na: not available						

Table 2 :

 2 Values of the parameters involved in the model for soils considered in the present study

		1 st porous mode	2 nd porous mode	3 rd porous mode		
	Soil name	rmode,1	%	rmode,2	%	rmode,3	%		rcr (µm)
		(µm)	porosity	(µm)	porosity	(µm)	porosity		
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Code availability:

The model was implemented via the free software SCILAB using simple numerical procedures described in the work.