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Mesoscopic prediction on the effective thermal conductivity of unsaturated clayey soils with double porosity system
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The effect of water distribution on heat conduction in unsaturated structural clayey soils with double porosity system is investigated in the present study. A dual-porosity model consisting of intra-aggregate and inter-aggregate pores is developed to describe the water distribution within intra-aggregate and inter-aggregate pores. Heat transfer using this model is then numerically simulated to determine the soil effective thermal conductivity. The obtained values are compared with available experimental data. The results show that the model can predict the accurate soil thermal conductivity values at various water contents and densities. On one hand, the model shows a higher soil thermal conductivity when water content and/or dry density are higher. On the other hand, the model shows an effect of water distribution on the soil thermal conductivity; this later is higher when water is preferentially distributed within aggregates than between aggregates.

In addition, the model can give a direct visualization of heat transfer mechanisms in unsaturated clayey soils with double porosity system. In fact, heat conduction is dominant in the wet region of the dual-porosity space. This study provides both a useful predictive model of thermal conductivity and a better understanding on the physical mechanism of heat conduction in unsaturated structural clayey soils or other multiphase media with double porosity system.

Introduction

Thermal conductivity (λ) is one of the fundamental soil thermal properties. Understandings on soil thermal conductivity is particularly important when heat conduction process is taken into account in a large number of geotechnical and geological applications, including energy-saving materials [START_REF] Khedari | New lightweight composite construction materials with low thermal conductivity[END_REF], radioactive waste disposal [START_REF] Ould-Lahoucine | Measurement of thermal conductivity of buffer materials and evaluation of existing correlations predicting it[END_REF][START_REF] Tang | A study on the thermal conductivity of compacted bentonites[END_REF], energy foundations [START_REF] Abdelaziz | Counterbalancing ambient interference on thermal conductivity tests for energy piles[END_REF][START_REF] Brettmann | Thermal Conductivity Evaluation of a Pile Group Using Geothermal Energy Piles[END_REF][START_REF] Vijdea | Estimating the thermal properties of soils and soft rocks for ground source heat pumps installation in Constanta county, Romania[END_REF], freezing methods [START_REF] Zhou | Centrifuge experimental study of thaw settlement characteristics of mucky clay after artificial ground freezing[END_REF] and moisture monitoring [START_REF] Cao | Investigation of the influence of soil moisture on thermal response tests using active distributed temperature sensing (A-DTS) technology[END_REF]. Soil thermal conductivity depends on numerous factors such as mineralogy, dry density, water content, temperature and microstructure, among which water content is found to be the most important factor to consider. In fact, water content is particularly important to consider in many applications because it is more likely to change appreciably in the field under changing atmospheric or boundary conditions unlike other factors (i.e. mineralogy, grain size) which remain relatively constant [START_REF] Likos | Pore-Scale Model for Thermal Conductivity of Unsaturated Sand[END_REF]. The influence of soil water content on thermal conductivity has been investigated extensively [START_REF] Tang | A study on the thermal conductivity of compacted bentonites[END_REF][START_REF] Kersten | Laboratory research for the determination of the thermal properties of soil[END_REF][START_REF] Farouki | Thermal Properties of Soils[END_REF][START_REF] Tarnawski | Thermal Conductivity of Soils at Very Low Moisture Content and Moderate Temperatures[END_REF] and a large number of models have been developed to predict soil thermal conductivity from its water content [START_REF] Johansen | Thermal conductivity of soils[END_REF][START_REF] Côté | A generalized thermal conductivity model for soils and construction materials[END_REF][START_REF] Chen | A homogenization-based model for estimating effective thermal conductivity of unsaturated compacted bentonites[END_REF][START_REF] Chen | Estimating effective thermal conductivity of unsaturated bentonites with consideration of coupled thermo-hydro-mechanical effects[END_REF]. However, the influences of water on heat conduction are twofold: λ depends not only on the water content, but also on water distribution in soil pores [START_REF] Likos | Pore-Scale Model for Thermal Conductivity of Unsaturated Sand[END_REF][START_REF] Dong | Thermal and electrical conduction in unsaturated sand controlled by surface wettability[END_REF][START_REF] Kim | Relationship between thermal conductivity and soil-water characteristic curve of pure bentonite-based grout[END_REF][START_REF] Likos | Modeling Thermal Conductivity Dryout Curves from Soil-Water Characteristic Curves[END_REF]. Due to the aggregation nature of fine grains, the microstructure of clayey soils is usually described as families of pores: intra-aggregate pores and inter-aggregate pores [START_REF] Salla | Use of mercury intrusion porosimetry for microstructural investigation of reconstituted clays at high water contents[END_REF][START_REF] Ju | Soil Thermal Conductivity as Influenced by Aggregation at Intermediate Water Contents[END_REF][START_REF] Romero | An insight into the water retention properties of compacted clayey soils[END_REF][START_REF] Tang | Modelling the thermo-mechanical volume change behaviour of compacted expansive clays[END_REF]. The presence of double porosity system results in two kinds of water defined as intra-aggregate water and inter-aggregate water. Intra-aggregate water facilitates heat conduction within aggregates by reducing thermal resistance between fine particles inside a single aggregate, while inter-aggregate water expedites heat conduction between aggregates by enhancing thermal contacts between them [START_REF] Ju | Soil Thermal Conductivity as Influenced by Aggregation at Intermediate Water Contents[END_REF][START_REF] Usowicz | Effects of aggregate size on soil thermal conductivity: Comparison of measured and model-predicted data[END_REF]. It is thus clear that there are some differences between intra-aggregate water and inter-aggregate water in promoting heat conduction process through structural clayey soils with dual-porosity system.

The thermal conductivity of these structural soils like compacted clayey soils has been extensively investigated [START_REF] Ju | Soil Thermal Conductivity as Influenced by Aggregation at Intermediate Water Contents[END_REF][START_REF] Usowicz | Effects of aggregate size on soil thermal conductivity: Comparison of measured and model-predicted data[END_REF][START_REF] Hadas | Heat Transfer in Dry Aggregated Soil: I. Heat Conduction[END_REF], but most researches so far are based on experimental tests, which can only present an empirical relation between thermal conductivity and water contents. Experimental researches are phenomenological in nature, besides, the empirical relations between thermal conductivity and total water contents could not properly relate intra-aggregate water and inter-aggregate water to thermal conductivity and distinguish the different effects between intra-aggregate water and inter-aggregate water on heat conduction. Chen et al. [START_REF] Chen | A homogenization-based model for estimating effective thermal conductivity of unsaturated compacted bentonites[END_REF] investigated the thermal conductivity of compacted bentonite by using Eshelby inclusion theory in mesoscale, which has obtained a series of meaningful knowledge. However, the inclusion method is limited in describing the connection between pores [START_REF] Chen | Micromechanical Modeling of Anisotropic Damage-Induced Permeability Variation in Crystalline Rocks[END_REF], which indeed matters in water flow in soils.

Simultaneously, it might also affect heat flow process to some extent, especially for structural clayey soils with complex dual-porosity system [START_REF] Carson | An analysis of the influence of material structure on the effective thermal conductivity of theoretical porous materials using finite element simulations[END_REF][START_REF] Wang | Changes in thermal conductivity, suction and microstructure of a compacted lime-treated silty soil during curing[END_REF].

Recently, numerical simulations [START_REF] Wang | Modeling and prediction of the effective thermal conductivity of random open-cell porous foams[END_REF][START_REF] Zhang | Randomly mixed model for predicting the effective thermal conductivity of moist porous media[END_REF][START_REF] Wang | Lattice Boltzmann Simulation of Effective Thermal Conductivity of Porous Media with Multiphase[END_REF][START_REF] Albert | Inverse estimation of rock thermal conductivity based on numerical microscale modeling from sandstone thin sections[END_REF] on pore-scale heat conduction in porous media have been performed. Most simulations focused on the effective thermal conductivity of single-porosity media, Wang, Pan [START_REF] Wang | Mesoscopic simulations of phase distribution effects on the effective thermal conductivity of microgranular porous media[END_REF] developed a prevalent stochastic reconstruction approach, the Quartet Structure Generation Set (QSGS) method, to investigate the effect of particle size and water distribution on soil thermal conductivity. It is well known that clayey soils compacted on the wet side of the Optimum Water Content (OMC), i.e. at a water content higher than OMC, has a single-porosity structure [START_REF] Wang | Changes in thermal conductivity, suction and microstructure of a compacted lime-treated silty soil during curing[END_REF] while it has a dual-porosity structure [START_REF] Delage | Microstructure of a compacted silt[END_REF] when compacted on the dry side of OMC. Therefore, the simulations above based on QSGS method are only suitable for granular sandy soils and clayey soils compacted on the wet side of OMC rather than structural soils with dual-porosity system such as aggregated soils and clayey soils compacted on the dry side of OMC. It is then interesting to apply dual-porosity models to simulate heat conduction when working on a predictive model for soil with dual porosity system.

In the present work, the QSGS method proposed by Wang et al. [START_REF] Wang | Mesoscopic predictions of the effective thermal conductivity for microscale random porous media[END_REF] is adapted to structural clayey soils with dual-porosity system. The modified model is then validated with available experimental data. That allows giving a better understanding on the heat transfer process at pore scale.

Numerical framework

In the present study, the integration strategy and QSGS approach are combined to investigate the thermal conductivity of structural clayey soils with dual-porosity system. QSGS method usually generates a pore-system with a uniform pore size that is manageable for single-porosity media with a relatively narrow range of pore size. Nevertheless, for dual-porosity media exhibiting different range of pore sizes at dual-scale, the QSGS method would not be appropriate. Integration strategy is quite suitable for dual-porosity media by superimposing one pore-system into another pore-system to form a combined cross-scale pore-system. An example of superposition modelling approach can also be seen in the work of Jiang et al. [START_REF] Jiang | Representation of multiscale heterogeneity via multiscale pore networks[END_REF]. Hence, in the present study, the dual-porosity structure is generated by using QSGS method twice following the integration strategy. The schematic view of the method is shown in Fig. 1 and the details of this method (including 5 steps) are presented as follows.

Step 1 -Extraction of the statistical information about the pore network

To construct stochastically the pore network of dual-porosity soils, the statistical information of both inter-aggregate and intra-aggregate pores is determined in advance. The statistical information of different pores can be obtained based on the pore size distribution (PSD) curve.

From the PSD curve, the density distribution of pore size can be interpreted directly by figuring out the area corresponding to the two porosity levels. This approach is easily applicable when the bi-modal shape of PSD curve is apparent [START_REF] Pinyol | Compacted soil behaviour: initial state, structure and constitutive modelling[END_REF]. The void ratio and the porosity of intra-aggregate pores are defined as e m and P m , while the void ratio and the porosity of inter-aggregate pores are defined as e M and P M (stage 1 in Fig. 1). Besides, another statistical information is about the number densities of intra-aggregate and inter-aggregate pores as well as solid particles. The physical meaning of the number density for intra-aggregate pores is that the numbers of intra-aggregate pores in a unit volume, and the same for the meaning of the number density for inter-aggregate pores and solid particles. The number densities of intra-aggregate pores, inter-aggregates pores and solid particles are named as n dm , n dM and n ds , respectively. n dm and n dM can be obtained from the PSD curve as well. For a given structural clayey soil with dual-porosity system, the average volume of inter-aggregate pores is set to be v M from the PSD curve. The number density of inter-aggregate pores, n dM , can be derived as follows: [START_REF] Khedari | New lightweight composite construction materials with low thermal conductivity[END_REF] where V is the total volume of all pores and solid particles.

The number density of intra-aggregate pores, n dm , can be defined as follows:

(2) where v m is the average volume of intra-aggregate pores.

The number density of solid particles, n ds , can be calculated as follows:

(3)

where P s and v s are the fraction of solid particles and the average volume of all solid particles. v s can be reached from particle size distribution curve directly.

Step 2 -Stochastic generation of inter-aggregate pore network

In the present work, a 2D grid-system is employed to generate a pore network from the information extracted at Step 1.

Prior to generate the dual-porosity structure and water distribution by QSGS approach, the four classical parameters in QSGS approach must be introduced in advance. They are core distribution probability (C d ), directional growth probability (D i ), volume fraction (P n ) and phase interaction growth probability (I i ab ). As stated by Wang, Pan [START_REF] Wang | Mesoscopic simulations of phase distribution effects on the effective thermal conductivity of microgranular porous media[END_REF], the core distribution probability C d is defined as the probability of a cell in a grid system to become a core of the first growing phase.

Each grid will generate automatically a random number following a uniform distribution function within (0, 1). If this number is smaller than C d , then this grid will become the growing phase. The directional growth probability D i is defined as the probability for a neighbor cell to become part of the growing phase in the direction i (i = 1-8; see Fig. 2). The volume fraction P n is the proportion of the growing phase in the grid system. If the growing phase is air, the volume fraction is usually expressed as the porosity n. The phase interaction growth probability I i ab is defined as the growing probability of a phase on b phase along the direction i. In clayey soils, due to the strong interactions between particles and bound water, the growing probability of water phase on solid phase is much larger than that of water phase on water phase along each direction.

Although the meaning of each parameter has been introduced, the relation between these parameters and the statistical properties is still unclear especially for the core distribution probabilities of inter-aggregate pores and solid particles. As stated in [START_REF] Wang | Predictions of effective physical properties of complex multiphase materials[END_REF], the core distribution probability of inter-aggregate pores, C dM , indicates the number density of inter-aggregate pores n dM , from which C dM can be defined as follows in consideration of the total number of grids, N:

(4)
where V/N corresponds to the resolution of the grid-system.

To generate an isotropic structure in a grid system, the main directional probabilities (D 1 -D 4 ) and the diagonal directional growth probabilities (D 5 -D 8 ) are set to be constant: D i = 0.0001 for i = 1-4;

and D i =0.00025 for i = 5-8, which is similar to most applications of QSGS method [START_REF] Wang | Mesoscopic simulations of phase distribution effects on the effective thermal conductivity of microgranular porous media[END_REF]. The QSGS approach for generating inter-aggregate pore network contains 3 sub-steps as follows (Fig. 1):

(i) Gas (in inter-aggregate pores) is chosen as the growing phase. The cores of gas phase are randomly located in a grid system based on the value of C dM , which is the core distribution probability of the inter-aggregate pores. Each cell in the grid system is assigned with a random number following a uniform distribution function within (0, 1). Each cell whose random number is smaller than C dM is chosen as a core of gas. Note that a small value of C dM will increase the random fluctuation so that the value of C dM should not be too small. While V/N representing grid resolution should be fine enough to guarantee the precision of inter-aggregate pores, as a consequence, C dM should be then small enough. In this study, C dM is set as 0.001, a trade-off between random fluctuation and precise description of inter-aggregate pores.

(ii) All the elements of gas are enlarged to their neighboring cells in all directions based on each given directional growth probability D i . Again, new random numbers are assigned to its neighboring cells for each gas element. The neighboring cell in direction i becomes a new element of gas if its random number is not greater than D i .

(iii) The growing process (ii) is repeated until the volume fraction of gas reaches the porosity of inter-aggregate pores. Thus, the inter-aggregate pore network is constructed (Stage 2 in Fig. 1).

The domain occupied by the inter-aggregate pores is defined as Ω M , while the rest of the domain corresponds to the porous matrix representing aggregates defined as Ω A .

Step 3 -Stochastic generation of intra-aggregate pore network

To obtain a dual-porosity network when inter-aggregate pore-system has been modeled, the intra-aggregate pores are introduced into the porous matrix for aggregates (Ω A ). Similar to the generation procedure of inter-aggregate pores, the core distribution probability of solid particles, C ds , should be determined first. Noted the close relation between C ds and n ds , the core distribution probability of solid particles (C ds ) can be defined as below:

(

The QSGS approach adopted for generating the intra-aggregate pore network also includes 3 sub-steps (Fig. 1) as follows.

(i) Solid particle is chosen as the growing phase. The cores of solid phase are randomly located in the designed porous matrix region (Ω A ) above based on the value of Cd S . Each cell in Ω A is assigned a random number following a uniform distribution function within (0, 1). Each cell whose random number is not greater than Cd S is chosen as a core of solid particle. While, in clayey soils, the average size of solid particles is much smaller than that of inter-aggregate pores, so the number density of particles is greater than that of inter-aggregate pores in a unit volume, which results in the core distribution probability of solid particles is always much higher and set as 0.1 or 0.2 in the present study.

(ii) Every element of solid is enlarged to its neighboring cells in all directions. For each solid element, new random numbers are assigned to its neighboring cells. The neighboring cell in direction i will become a new element of solid phase if its random number is smaller than D i .

(iii) The growing process (ii) is repeated until the volume fraction of solid particles reaches the value extracted at Step 1 (Stage 3 in Fig. 1). The domain occupied by the intra-aggregate pores is defined as Ω m , while the rest of the domain corresponds to the solid particles.

Step 4 -Distribution of water in the pore network

The water phase grows following the phase interaction growth probability I i ws and I i ww ; I i ws represents the growth probability of the water phase on the solid phase along direction i, and I i ww represents the growth probability of the water phase on the water phase along direction i. In this study, clayey soils are investigated. It is well known that clay particles have a strong water adsorption capacity and water would exist in the form of liquid-film on the clay particle surface in spite of intra-aggregate water and inter-aggregate water. Besides, it is very difficult to distinguish the different morphologies of water-film for these two kinds of water, and there has not been a clear data for this issue. Therefore, these two types of water-film are set to be similar to simplify analysis. Then to model such a water-film, I i ws has been set ten times larger than I i ww as used by

Wang et al. [START_REF] Wang | Predictions of effective physical properties of complex multiphase materials[END_REF]. Furthermore, the water growth phase is first started in the domain of intra-aggregate pore Ω m , when the volume of water is higher than the volume of intra-aggregate pore, the inter-aggregate pores start to be filled with water (stage 4 in Fig. 1). In 1-D heat conduction condition, heat flow between two cell i and j is calculated as follows:

Step 5 -Determination of the effective thermal conductivity

where q ij and L ij are the heat flux density and the distance between the two cells i and j, and the temperatures in the center of cells i and j are T i and T j , respectively. λ ij denotes the effective thermal conductivity between two neighbor cells. Each cell contains only one phase and λ ij is calculated by the harmonic mean method [START_REF] Huai | Analysis of the effective thermal conductivity of fractal porous media[END_REF].

When the steady state is reached, the heat flux density through each cell in the computational region keeps balanced, which can be described as below.

(

) 7 
Based on the analyses above, the discrete equations about the temperature can be obtained by integrating the governing Eq. ( 7) over all the cells in the computational region. Consequently, when the number of cells in which the temperature is unknown is X, and there will be an equal number of linear equations to solve the temperature field. As long as the temperature field is determined, the effective thermal conductivity can be calculated by the following formula:

where q is the steady heat flux density through each cell along the y direction and L is the distance width of the grid (see Fig. 3).

In the present work, a square grid is used with the same number of cells on the x and the y direction. A preliminary work has been done to optimize the grid dimension. In Fig. 4, the thermal conductivity of the medium is plotted versus the grid dimension. The results show that the effective thermal conductivity of the medium becomes independent of the grid dimension when the latter is higher than 200 cells. Hence, in the present study, a grid system of 200×200 cells is used for all the simulations. As shown in Fig. 3, this system allows to represent several large pores with diameters of approximately 50 cells.

Results

Validation

To validate the approach proposed in this study for calculating the effective thermal conductivity of structural clayey soils with dual-porosity system, the numerical results are compared with experimental data [START_REF] Tang | A study on the thermal conductivity of compacted bentonites[END_REF][START_REF] Usowicz | Effects of aggregate size on soil thermal conductivity: Comparison of measured and model-predicted data[END_REF] from literatures in this section.

In the work of Tang et al. [START_REF] Tang | A study on the thermal conductivity of compacted bentonites[END_REF], MX80 bentonite, containing 92% of montmorillonite, from Wyoming (being considered as a potential reference buffer material for high-level radioactive waste disposal in several countries) was compacted at various water contents (w = 9% for series S1; 11.7% for S2; and 17.9% for S3). Each series includes several specimens compacted at various dry densities. Besides, some compacted specimens of series S2 were dried to obtain a water content of 9.1% (series S2b), and the series S3b corresponds to specimens of series S3 dried to a water content of 10.2%. Tang et al. [START_REF] Tang | A study on the thermal conductivity of compacted bentonites[END_REF]expected that compacted specimens prepared with direct compaction and with drying after compaction would have different moisture distribution in the pore space. The thermal conductivity of compacted soil specimens was measured by a commercial thermal properties analyser, KD2 (Decagon Devices Inc.) based on the hot wire method.

The porosity of intra-aggregate pores is determined as follows for each water content. The soil suction at each water content is estimated from the water retention curve [START_REF] Tang | Controlling suction by the vapour equilibrium technique at different t[END_REF], then e m is determined from the relation between e m and suction [START_REF] Tang | Modelling the thermo-mechanical volume change behaviour of compacted expansive clays[END_REF]. Noted that e m increases as water content increases due to the expansion of aggregates and e M decreases as dry density increases, and the values of void ratio corresponding to these intra-aggregate pores (e m ) are shown in Table 1. The thermal conductivity of water and gas are taken as λ w =0.5974 W/m•K, λ g =0.0243 W/m•K, and the thermal conductivity of solid phase λ s (which depends on the soil mineralogy) is equal to 2.0825 W/m•K following the study of Tang et al. [START_REF] Tang | A study on the thermal conductivity of compacted bentonites[END_REF].

Figure 5 shows the experimental results of the compacted samples and those obtained by the model. In Fig. 6, the predicted thermal conductivities are plotted versus the measured values for all the samples. The results show that the model can predict the accurate thermal conductivity values of samples subjected to drying path while it overestimates those of samples obtained by direct compaction.

Different preparation methods may result in different water distribution states. For the samples obtained by compaction, they would contain water both within and between aggregates [START_REF] Delage | Ageing effects in a compacted bentonite: a microstructure approach[END_REF].

However, for samples prepared by drying, both intra-aggregate water content and inter-aggregate water content are unknown, more water would be preferentially stored in intra-aggregate pores.

Hence, the present model (where water was preferentially distributed in intra-aggregate pores) can predict the accurate thermal conductivity values of samples obtained by drying due to the reasonable model of water distribution. In order to have a deeper analysis on the effect of water, a complementary model (Model 2) is employed where water is distributed preferentially in inter-aggregate pores.

To evaluate this assumption, the experimental results of all samples obtained by compaction are compared against their corresponding predictions by the two models in Fig. 7. In this figure, the results obtained by the two models are plotted in the form of error bars. The upper bound corresponds to the water distributed preferentially in intra-aggregate pores (Model 1) and the lower bound corresponds to the water distributed preferentially in inter-aggregate pores (Model 2).

It can be seen from Fig. 7 that the experimental results of series S1 mainly correspond to the lower bound of the model, while those of the series S2 fall in the range between the lower and the upper bounds. However, only the result of one sample in the series S3 (with lowest dry density) agrees with the model, and those of the two others are over-predicted.

In the study of Usowicz et al. [START_REF] Usowicz | Effects of aggregate size on soil thermal conductivity: Comparison of measured and model-predicted data[END_REF], a haplic phaeozem at Werbkowice was sieved into six series and each one has different aggregate sizes. The soil aggregates in each series were loosely packed into the cylinders of 100 cm 3 volume, 5 cm diameter in five replicates. Some characteristics of the soil were given in Table 2 [START_REF] Witkowska | The impact of aggregate structure of mineral soils on their hydrophysical characteristics[END_REF][START_REF] Sikora | Thermal properties of aggregate soil samples for different aggregate diameter and moisture[END_REF], and the method for measuring thermal conductivity was also taken from Sikoro [START_REF] Sikora | Thermal properties of aggregate soil samples for different aggregate diameter and moisture[END_REF].

The influence of volumetric water content on the thermal conductivity in structural clayey soil was also investigated at various aggregate sizes. The pore size distribution of soil samples was not available. The porosity of intra-aggregate pores was then determined following the suggestion of Real et al. [START_REF] Real | Thermal conductivity of structural lightweight aggregate concrete[END_REF]. They measured the thermal conductivity of structural lightweight aggregate concrete at various water contents. The results show an inflection point in the relation between thermal conductivity and water content. That point corresponds to the transition from inter-aggregate water to intra-aggregate water at a drying path. Thus, the water content at the inflection point can be used to estimate the porosity of intra-aggregate pores. In the work of Usowicz et al. [START_REF] Usowicz | Effects of aggregate size on soil thermal conductivity: Comparison of measured and model-predicted data[END_REF], all curves presented an inflection point at a volumetric water content of 20%.

In the present work, the porosity of intra-aggregate pores was then estimated to be 0.20.

Figure 8 presents the experimental data and the predicted results of the samples with different aggregate sizes. Figure 9 shows the thermal conductivity predicted by the model versus the experimental data. In Table 3, the summary statistics of measured and predicted thermal conductivities are compared between the present study and the study of Usowicz et al. [START_REF] Usowicz | Effects of aggregate size on soil thermal conductivity: Comparison of measured and model-predicted data[END_REF].

Figure 8 shows that the model can predict the accurate thermal conductivity values for most of the experimental data except that with aggregate size smaller than 0.25 mm. In fact, the latter corresponds to non-aggregated soil sample, which means it does not have a dual-porosity system.

Table 3 shows that the model in the present study can improve the prediction as compared to the one proposed by Usowicz et al. [START_REF] Usowicz | Effects of aggregate size on soil thermal conductivity: Comparison of measured and model-predicted data[END_REF]; its coefficient of determination R 2 is higher than that of Usowicz et al. [START_REF] Usowicz | Effects of aggregate size on soil thermal conductivity: Comparison of measured and model-predicted data[END_REF] for all the series of soil samples, except that with aggregate size smaller than 0.25 mm.

Pore-scale heat flow analysis

A series of typical heat flow density fields are required to give a deep insight into how heat transfers within and between aggregates in structural clayey soils with dual-porosity system. Three typical water distribution model in the dual-porosity space and their corresponding heat flow density fields at different water contents are chosen for comparison to give a visual presentation about the heat flow path and its relation with water distribution. In Fig. 10, the pure structural model of the dual-porosity system without any water (e w =0) is presented in the top, below which its corresponding heat flow density field is shown. The second water content corresponds to the content with saturated intra-aggregate pores (e w =e m ), the structural model of water distribution is shown as the upper half in Fig. 11 and the corresponding heat flow density field as the lower half.

As to the third water content, it is set to be twice of the water content of the second one (e w =2e m ).

Simultaneously, their water distribution and heat flow density field are shown in Fig. 12 with a similar layout in Figs. 10 and11.

From Figs. 10, 11 and 12, we can see that heat flow mainly goes through connected aggregated generally. In addition, it is preferred to the wet region in the dual-porosity space. It is thus clear that heat conduction is closely dependent on the water distribution between intra-aggregate pores and inter-aggregate pores. With the increase of water content, water is mostly retained within aggregates. Heat flow path mainly falls within the region of aggregates and none flow path pass through the areas of inter-aggregate pores. As the water content continues to increase, intra-aggregate pores are saturated and water appears in inter-aggregate pores in form of liquid-film along the aggregates region. In this case, heat flow path is getting wider and wider, and the added region for the path just corresponds to the space occupied by the inter-aggregate water in this stage. It can be clearly observed that there is a difference in widening heat flow paths between intra-aggregate water and inter-aggregate water. Intra-aggregate water mainly widens heat flow between fine particles within aggregates, while inter-aggregate water mainly acts on broaden heat flow path in the inter-aggregate pores. Except for a correct prediction of effective thermal conductivity, this model can also directly show how heat transfers in soils at pore scale.

The latter can be seen as another promising advantage of the model, especially for the differences in promoting heat conduction between intra-aggregate water and inter-aggregate water from a perspective of heat flow paths.

Discussions

Microstructural-based quantitative computation of the thermal conductivity in structural clayey soils is always challenging due to the presence of dual-porosity system. As a promising tool to relate structural properties to thermal conductivity in porous media, numerical modelling has been employed in this field. But less effort was made to model heat transfer process in complex dual-porosity media [START_REF] Heinze | Heat transfer and parameterization in local thermal non-equilibrium for dual porosity continua[END_REF] like compacted clayey soils. Dong et al. [START_REF] Dong | Critical Review of Thermal Conductivity Models for Unsaturated Soils[END_REF] presented a critical review on the models for predicting soil thermal conductivity and classified the models into three types including mixing models, empirical models and mathematical models. For examples, the most popular Johansen model [START_REF] Johansen | Thermal conductivity of soils[END_REF] belongs to the empirical models. In most of these models, the effect of water distribution on thermal conductivity is ignored. In the present work, as the water distribution is considered, simulations show clearly that heat transfer is controlled by thermal contacts between aggregates and inside the aggregates. These domains are strongly influenced by the presence of inter-aggregate water and intra-aggregate water.

It should be noted that the model could predict the accurate thermal conductivity values when the dual-porosity system of the soil pore network is dominant. In the case of soil compacted at high densities (or compacted on the wet side of OMC), the volume of inter-aggregate pore is negligible.

In these cases, the accuracy of the predictive model would be adversely affected and it tends to overestimate the values of soil thermal conductivity (see Fig. 7). This problem would be improved by generating a more realistic pore network [START_REF] Zhao | Permeability prediction of numerical reconstructed multiscale tight porous media using the representative elementary volume scale lattice Boltzmann method[END_REF] but it would be more time consuming.

It is thus clear that the proposed model in this paper is still far away from a mature predictive model, and it would be a long way to go as a new predictive one compared with other experienced models. In addition to the accuracy problem, some other limitations are also noteworthy. Soil structure is three-dimensional, heat conduction process in real soils is much more complex while the predictive model in our work is a 2-D model and would be somewhat inadequate to provide a more detailed description. Furthermore, as a new predictive model, it still needs to be validated by more experimental data with both thermal conductivity values and pore size distribution curves available. Finally, yet importantly, the determination of the Representative Element Volume (REV)

and its mesh need more considerations. The size of the REV should be large enough to avoid random fluctuation, at the same time the mesh size should be small enough to guarantee a precise description of the fine pores. The cost for modeling would be extremely high if the above demands are both satisfied, under this circumstance, an in-depth trade-off must be carried out to make minor sacrifices to safeguard the major interests. In the present study, the grid dimension strategy is just a simple case and more work is needed to give more insights into this issue. In addition, it should be noted that the present model only describes heat transfer by conduction process in unsaturated soils, and other phenomenon such as latent heat transfer is ignored. It has been experimentally shown [START_REF] Nikolaev | Experimental Investigation of Soil Thermal Conductivity Over a Wide;Temperature Range[END_REF] that heat transfer is dominant by conduction for unsaturated soils in a low-temperature range (2℃ to 30℃), while latent heat transfer turns out to be noticeable when the temperature is high enough (greater than 40℃) in soils. Hence, the present model is then mostly suitable over a low-temperature range.

The effect of water distribution on soil properties is usually related to hysteresis effect. For compacted clayey soils as a typical case, Tang et al. [START_REF] Tang | A study on the thermal conductivity of compacted bentonites[END_REF] found that the thermal conductivity of specimens obtained by drying was higher than that of specimens prepared by direct compaction with the same dry density and water content. This phenomenon was also noted by Farouki [START_REF] Farouki | Thermal Properties of Soils[END_REF]. In compacted soils with dual-porosity system, water distribution depends largely on hydro-mechanical history. It is well known that at a given water content the matric suction on a drying path (or a unloading path) is always higher than that on a wetting path (a loading path).

Indeed, matric suction indicates water distribution state; higher suction means that more water tends to be retained in intra-aggregate pores with small pore size. For this reason, there is more water distributed within aggregates for specimens obtained by drying than that for the specimens obtained by compaction in the study of Tang et al. [START_REF] Tang | A study on the thermal conductivity of compacted bentonites[END_REF]. This effect of water distribution on soil thermal conductivity is demonstrated by the simulations obtained by the present model. In addition, it should be noted that when the soil pore network is dominated by a monomodal porosity, the hysteresis effect on thermal conductivity would be negligible. Nguyen et al. [START_REF] Nguyen | Water retention and thermal conductivity of a natural unsaturated loess[END_REF] investigated thermal conductivity of natural loess during wetting-drying paths, whose pore size distribution shows only one pore family, and they found a unique relationship between thermal conductivity and degrees of saturation.

Conclusions

In the present work, the thermal conductivity of structural clayey soils with dual-porosity system is predicted based on its microstructure and water distribution. The following conclusions can be drawn:

1) A microstructural-based model is proposed to calculate thermal conductivity of structural clayey soils with dual-porosity system. The model was validated with the data obtained from two types of soils. The results show that the model can give appropriate predictions when the dual porosity system is dominant in the soil pore network.

2) Water distribution has a significant effect on soil thermal conductivity. Thermal conductivity is always higher when water is preferentially distributed within aggregates than between aggregates.

3) The model can give a deep insight into heat flow paths at pore scale. Numerical simulations demonstrate that heat conduction mainly goes through aggregate region and is preferred to wet pores of the dual-porosity space. 
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Table 1

 1 Detailed e m and e w information at each water content in[START_REF] Tang | A study on the thermal conductivity of compacted bentonites[END_REF].

	w (%)	9.0(S1)	9.1(S2b)	10.2(S3b)	11.7(S2)	17.9(S3)
	em	0.43	0.43	0.46	0.50	0.58
	ew	0.25	0.25	0.28	0.32	0.49
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