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Discussion on the separation of macropores and micropores in a compacted expansive clay
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The behaviour of clayey soils is strongly correlated to their microstructure and evolution thereof. Microstructural investigations have contributed to understanding soil behaviour and have supported the development of multi-scale coupled models. One of the most accessible methods to characterize soil microstructure is mercury intrusion porosimetry, which provides a pore size distribution (PSD) ranging from few nanometers to several hundreds of micrometers.

PSDs can be used to compute micro and macro strains or simply to estimate, in aggregate microstructures, the void ratios associated to macro pores and micro pores. However, in both cases, a boundary has to be set to separate the different pore populations. This paper discusses some criteria that have been proposed in the literature to separate the pore populations. The discussion is illustrated with extensive micro structural data obtained for Maryland clay. The paper highlights the effect of initial conditions and boundary conditions on the delimiting diameter given by some of the criteria. It is also shown that using different criteria will yield different values of delimiting pore size, with a risk of obtaining unrealistic estimates of micro and macro void ratios and strains. Finally, it is suggested to account for known soil behaviour to interpret microstructural data.

1-Introduction

A remarkable number of studies have investigated the microstructure of clayey soils and its evolution under wetting, drying, aging or changes in effective stress [START_REF] Diamond | Pore Size Distributions in Clays[END_REF][START_REF] Sridharan | Pore size distribution studies[END_REF][START_REF] Ahmed | Pore sizes and strength of compacted clay[END_REF][START_REF] Delage | Study of the structure of a sensitive Champlain clay and of its evolution during consolidation[END_REF]Griffith andJoshi 1989, Simms and[START_REF] Simms | Measurement and estimation of pore shrinkage and pore distribution in a clayey till during soil-water characteristic curve tests[END_REF][START_REF] Agus | Effect of shrinking and swelling on microstructures and fabric of a compacted bentonite-sand mixture[END_REF][START_REF] Delage | Ageing effects in a compacted bentonite: a microstructure approach[END_REF][START_REF] Koliji | Suction induced effects on the fabric of a structured soil[END_REF][START_REF] Thom | Pore size distribution of unsaturated compacted kaolin: the initial states and final states following saturation[END_REF][START_REF] Li | Characterization of dual structure pore size distribution of soil[END_REF][START_REF] Romero | A microstructural insight into compacted clayey soils and their hydraulic properties[END_REF]. Mercury intrusion prorosimetry (MIP) is commonly used for microstructural analysis of dehydrated soils (often by freeze-drying, [START_REF] Zimmie | Shrinkage of Soil Specimens During Preparation for Porosimetry Tests, in: Soil Specimen Preparation for Laboratory Testing[END_REF][START_REF] Delage | Influence de la lyophilisation sur la structure d'une argile sensible du Quebec[END_REF][START_REF] Yuan | Technical aspects of mercury intrusion porosimetry for clays[END_REF] because of the large range of pore size covered (3.5 nm to 0.4 mm). Raw MIP data consists of the evolution of cumulative volume of intruded mercury per gram of specimen with mercury injection pressure, which is turned into an entrance pore diameter using Laplace-Young's equation. Multiplying the cumulative volume of intruded mercury per gram of soil by the unit mass of soil solid particles result in the intruded void ratio, here note eMIP. The first derivative of intruded void ratio with respect to logarithm of entrance pore diameter corresponds to the pore size density function of sample. Its relative ease of use and the fact that it provides an overall pore size distribution of the specimen, rather than some local surficial information [START_REF] Romero | Microstructure investigation in unsaturated soils: A review with special attention to contribution of mercury intrusion porosimetry and environmental scanning electron microscopy[END_REF].

In parallel to experimental studies, a number of models have been developed (e.g. [START_REF] Alonso | Modelling the mechanical behaviour of expansive clays[END_REF][START_REF] Yong | Overview of modeling of clay microstructure and interactions for prediction of waste isolation barrier performance[END_REF][START_REF] Simms | Predicting soil-water characteristic curves of compacted plastic soils from measured pore-size distributions[END_REF]2005;Sanchez et al., 2005;[START_REF] Romero | An insight into the water retention properties of compacted clayey soils[END_REF][START_REF] Casini | Consequences on water retention properties of double-porosity features in a compacted silt[END_REF][START_REF] Romero | A microstructural insight into compacted clayey soils and their hydraulic properties[END_REF][START_REF] Vecchia | A fully coupled elastic-plastic hydromechanical model for compacted soils accounting for clay activity[END_REF][START_REF] Masin | Development of a coupled thermo-hydro-mechanical double structure model for expansive soils[END_REF] to account for couplings between macropores and micropores. However, distinguish micropores and macroopres is not always straightforward and different criteria have been adopted by various authors.

The literature contains little information on the variability of answers given by the different criteria, the effect of selecting one criterion over another and the parameters that can affect the selection of a criterion.

In this paper, five different criteria are applied to microstructural data recently obtained on Maryland Clay [START_REF] Burton | Microstructural changes of an undisturbed, reconstituted and compacted high plasticity clay subjected to wetting and drying[END_REF][START_REF] Yuan | Multi-scale characterization of swelling behaviour of compacted Maryland clay[END_REF]2019a;[START_REF] Yuan | A microstructural perspective into soil collapse[END_REF] in order to discuss the variability of delimiting diameter obtained and the effect of initial and boundary conditions on some criteria. Observations are made to guide researchers to decide on how to select an appropriate delimiting diameter. Very importantly, the separation between pores should not be considered solely in terms of pore size but, rather, from behavioural features, related to water adsorption or volume change, for example.

2-Material and experimental data

The different criteria are discussed using MIP data obtained on compacted Maryland clay [START_REF] Burton | Microstructural changes of an undisturbed, reconstituted and compacted high plasticity clay subjected to wetting and drying[END_REF][START_REF] Yuan | Multi-scale characterization of swelling behaviour of compacted Maryland clay[END_REF]2019a;[START_REF] Yuan | A microstructural perspective into soil collapse[END_REF], a residual expansive clay containing about 10% in mass of interlayered illite-smectite clay [START_REF] Liu | Multi-scale characterization of the retention and shrinkage behaviour of four Australian clayey soils[END_REF][START_REF] Yuan | Multi-scale characterization of swelling behaviour of compacted Maryland clay[END_REF]). It has a liquid limit around 70%, a plastic limit around 25% and an optimum moisture content (under standard proctor compaction) around 24% for an optimum dry unit weight of 14.7 kN/m 3 .

3-Application of different criteria to Maryland Clay

Five delimiting criteria are introduced below and applied to compacted Maryland clay (See Figure 1 and Table 2):

• The "VALL" criterion (Figure 1a) consists of using the lowest point of the valley between the two peaks of a bimodal pore size distribution (PSD).

• The "CNC" criterion (Figure 1b) was proposed by [START_REF] Delage | Study of the structure of a sensitive Champlain clay and of its evolution during consolidation[END_REF]. It is based on the concept of constricted and non-constricted porosity, identified from mercury intrusion and extrusion curves.

• The "RFS" and "RCV" criteria (Figure 1c), proposed by [START_REF] Romero | An insight into the water retention properties of compacted clayey soils[END_REF], stem from the observation that, upon saturation, macro pores and micro pores merge into a monomodal distribution. The boundary between micro and macro is taken at the peak of the merged distribution. This approach applies to swelling under constant volume (RCV) and under free swell (RFS).

• The "SWRC" criterion, proposed by [START_REF] Romero | Water permeability, water retention and microstructure of unsaturated Boom clay[END_REF], is based on the dependence of retention curves on void ratio. A delimiting diameter can be inferred by using Laplace's equation at the value of suction corresponding to the point of convergence of retention curves.

The RCV, RFS and SWRC criteria are derived from the physical response of soils and rely on specific tests:

-Criteria RFS and RCV require MIP data on specimens having swollen under no applied stress (free swell) and under constant volume, respectively.

-Criterion SWRC requires at least two retention curves (at constant void ratio) in order to identify the suction at which the two curves merge. These three criteria yield a "fixed" value of delimiting diameter that can then be used on other PSDs. In contrast, VALL and CNC criteria directly reflect pore geometry and can be applied to any PSD. As such, these values are considered as "moving" delimiting diameters. [START_REF] Yuan | Multi-scale characterization of swelling behaviour of compacted Maryland clay[END_REF]Yuan et al. ( , 2019a[START_REF] Yuan | A microstructural perspective into soil collapse[END_REF]. In the case of the VALL criterion, the midpoint is considered as the delimiting diameter (DD) if there is a whole zone of similar low values.

The five criteria were applied to Maryland clay compacted at different values of void ratios and gravimetric water content. For the sake of conciseness, the values of delimiting diameter are presented only for one initial condition in Table 2. It can be seen that, depending on the criterion selected, the delimiting diameter ranges from 0.06 to 2.5µm, with associated micro void ratios (em) ranging from 0.22 to 0.46. Consistent with [START_REF] Monroy | Evolution of microstructure in compacted London Clay during wetting and loading[END_REF], the CNC criterion yields a value of 0.06 µm, which is much lower than all other criteria and which almost coincides with the left peak of micropores in Figure 1a. As such, we here consider that it is not an adequate boundary and will not be discussed further in the rest of the paper. 

4-Significance of boundary conditions and initial conditions for "fixed value" criteria.

The SWRC criterion relies on experimental retention curves determined at constant void ratio and, as such, boundary conditions and initial water content do not really apply. However, using a wetting branch or a drying branch to identify the merging point may affect the value of micro/macro boundary returned by the SWRC criterion. This effect was not verified with Maryland clay because the research conducted by [START_REF] Yuan | Multi-scale characterization of swelling behaviour of compacted Maryland clay[END_REF]Yuan et al. ( , 2019aYuan et al. ( , 2019b[START_REF] Yuan | A microstructural perspective into soil collapse[END_REF] focused on wetting paths and swelling. Yuan et al. (2019a) tracked the evolution of microstructural changes in compacted Maryland clay during wetting. Figure 2 shows the progressive merging of the two pore populations, for free swelling and hydration under constant volume. It can be seen, in Figure 2a and 2b, that merging is not complete and that some of the original micropores (pore size from 10 -2 µm to 10 -1 µm) are still present in both distributions, even after full hydration.

Consequently, without progressive tracking of microstructural changes, the final PSD could be interpreted as having two pore populations. i.e. micropores with pore size between 10 -2 µm to 10 -1 µm and macro pores with pore size between 2•10 -1 µm to 10 µm.

Using the RFS criterion on the PSD of the fully hydrated specimen (Figure 2a) returns a micro void ratio around 0.38. In contrast, considering a limit between 0.1 and 0.2 micrometer (VALL criterion), assuming that the micropores only correspond to the left peak, returns an em value in the order of 0.1, i.e. four times less.

For Boom clay, [START_REF] Romero | An insight into the water retention properties of compacted clayey soils[END_REF] concluded that the boundary conditions did not affect the position of the dominant peak post-swelling. However, this is clearly not the case for Maryland clay (see Figure 2) and the difference in peak position is quite significant: 2.5µm for free swell against 0.6µm for constant volume.

Figure 3 provides further evidence that, for Maryland clay, the position of the merged peak depends on boundary conditions (Figures 3a and3b) and initial conditions (Figure 3c) applied during swelling.

As expected, increasing the vertical stress on a specimen shifts the merged mono-modal peak post swelling towards smaller pore size. The effect is more pronounced for the combination of intial void ratio and initial water content that would result in most swelling, i.e. eo=0.62 and wo=13.2% (swelling pressure in excess of 400 kPa, [START_REF] Yuan | Multi-scale characterization of swelling behaviour of compacted Maryland clay[END_REF]. This is because the soil compacted at eo=0.82 and wo=17.8% develops less swelling pressure (around 100 kPa, [START_REF] Yuan | Multi-scale characterization of swelling behaviour of compacted Maryland clay[END_REF] under constant volume condition, resulting in less aggregate re-arrangement.

Table 3 summarizes the values of delimiting diameters obtained from the RCV, RFS and SWRC criteria for four different initial conditions for Maryland clay. 

4-Discussion

The idea behind a fixed criteria is laudable as it provides a value "once for all", that can then be applied to other PSDs [START_REF] Romero | An insight into the water retention properties of compacted clayey soils[END_REF]. However, this idea is somewhat defeated by the influence of initial conditions and boundary conditions. The SWRC criterion provides a single delimiting diameter but accurately measuring retention curves at constant void ratio can be time consuming. Another issue arises with fixed criteria if the dominat peaks shift significantly upon swelling (see Figures 2 and3) and drying (see Figure 4). In Figure 4, the RFS delimiting diameter clearly encroaches on the macropores, which will result in an overestimation of the micro void ratio em. In contrast, using a moving boundary (e.g. VALL criterion) seems more adequate to track microstructural changes.

It may be useful for researchers to estimate how much the micro/macro boundary may shift upon wetting and drying in order to interpret microstructural data more easily and more adequately. It was found, for Maryland clay, that the extent of pore size changes upon wetting and drying can be approximated from the microstructural data of the material compacted dry and wet of its optimum. Indeed, Figure 5 shows VALL delimiting diameters of 0.4 and 3.5 micrometer for 13.1% and 32% water content, respectively, to be compared to 0.4 µm (air drying to w=7.5%, Figure 4) and 2.5 µm (RCV criterion, Figure 3). Note that the position of the lowest point in Figure 5 does not depend on the void ratio achieved by compaction and is only marginally affected by the water content at high and low values of water content (see [START_REF] Yuan | A microstructural perspective into soil collapse[END_REF]. For clear bimodal distributions, the adequacy of a criterion to separate micropores and macropores can easily be assessed. The criterion is used for consistency in defining the delimiting diameter. For distributions that are not clearly bimodal, it is advised to track microstructural changes with loading via successive PSDs (as per Figure 2) to help in defining an adequate delimiting diameter. Special attention should be paid to cases where pore populations tend to merge, either partially or completely.

If pore populations can not be identified, one can question the appropriateness of trying to define micropores and macropores, especially if the results are to be interpreted in terms of inter-aggregates and intra-aggregates porosity.

Finally, it is suggested to account for the physical response of compacted soils when deciding on a delimiting diameter. For example, Yuan and co-workers used a value of 1µm for Maryland clay, which allows capturing:

-The decrease of macro pores upon compaction [START_REF] Delage | The mechanical behaviour of unsaturated soils[END_REF][START_REF] Lloret | Advances on the knowledge of the thermo-hydro-mechanical behaviour of heavily compacted "FEBEX" bentonite[END_REF] (Figure 6a)

-The collapse of macro pores upon wetting (Figure 6b).

-Aggregate swelling under hydration for different values of vertical stress (Figure 6c). [START_REF] Yuan | Multi-scale characterization of swelling behaviour of compacted Maryland clay[END_REF] quantified the void ratio associated to the micro pores before swelling (emo) and after a swelling phase under a constant normal stress (em). A negative change in micro void ratio (em -emo) reflects shrinkage of aggregates upon hydration, which is not possible and is a reflection of an inadequate delimiting diameter.

-The merging point of retention curves, as per SWRC criterion (approximately).

However, a 1µm delimiting diameter is not ideal at the end of free swelling, when pore populations merge with a peak around 2.5 µm. For the fully swollen states, regardless of boundary conditions, it is recommended to align the delimiting diameter with the merged peak (similar to RFS or RCV criteria). (2016). em is the micro void ratio at the end of swelling, emo is the micro void ratio after compaction, prior swelling.

4-Conclusions

Several criteria have been proposed to distinguish micropores and macropores in bimodal pore size distributions of compacted clayey soils. Five of the most commonly used criteria were 

Figure 1 :

 1 Figure 1: Criteria used to distinguish micropores and macropores, applied to pore size distribution (a-c) and retention curves (d) of Maryland clay. The pore size distributions pertain to compacted material or specimen after swelling. Information is provided, for each figure, in the legend. (a): VALL criterion, (b): CNC criterion, (c) RCV-RFS criteria, (d): SWRC criterion. Data from[START_REF] Yuan | Multi-scale characterization of swelling behaviour of compacted Maryland clay[END_REF]Yuan et al. ( , 2019a[START_REF] Yuan | A microstructural perspective into soil collapse[END_REF]. In the case of the VALL criterion, the midpoint is considered as the delimiting diameter (DD) if there is a whole zone of similar low values.

Figure 2 :

 2 Figure 2: evolution of pore size distribution during free swelling (a) and swelling under constant volume (b). The specimen was initially compacted at eo=0.62 and wo=13.2%.Suction was incrementally reduced using the osmotic method. Data fromYuan et al. (2019).

Figure 3

 3 Figure 3 (a) Pore size distribution of compacted Maryland clay samples (eo=0.62, wo=13.2%) upon swelling under different boundary conditions. FS: free swelling, CVS: constant vertical stress, CV: constant volume (after Yuan et al., 2016). (b): Pore size distribution of Maryland clay specimen (eo = 0.82, wo = 17.8%) after compaction and following swelling under constant volume or under constant vertical stress (after Yuan et al., 2016). (c): Evolution of delimiting pore size determined by the RCV criterion with initial void ratio for compacted Maryland clay samples subjected to constant volume swelling (after Yuan et al., 2016).

Figure 4 :

 4 Figure4: evolution of pore size distribution of compacted Maryland clay undergoing airdrying from initial conditions of wo=28%, eo=1.27 (after[START_REF] Burton | Microstructural changes of an undisturbed, reconstituted and compacted high plasticity clay subjected to wetting and drying[END_REF]. The RFS value of 6 micrometer was estimated from swell test C10 in[START_REF] Burton | Microstructural changes of an undisturbed, reconstituted and compacted high plasticity clay subjected to wetting and drying[END_REF].

Figure 5 :

 5 Figure 5: Pore size distribution of Maryland clay compacted to a void ratio of 0.9 with a water content of 13.1% (a) and 32% (b). The value associated with the lowest point of the valley between the pore populations is reported on each distribution. Data from Yuan et al. (2020).

Figure 6 :

 6 Figure 6: (a): Pore size distribution of Maryland clay compacted at a water content of 13.2% and at five different void ratios. Data from Yuan et al. (2020). (b): Pore size distribution of Maryland after compaction (initial suction of 6300 kPa, initial void ratio of 0.8) and after incremental swelling (to a suction of 473 kPa) leading to collapse. Data from Yuan et al. (2020). (c) Change in micro void ratio after free swelling and swelling under 200 kPa and 400 kPa, for different values of delimiting diameter. Data after Yuan et al. (2016). em is the

  applied to microstructural data obtained on compacted Maryland clay undergoing swelling and drying. Three of these criteria (RFS, RCV, SWRC) return a fixed value of delimiting factor while the other two (VALL, CNC) return a moving boundary. Different criteria were found to return very different values of delimiting diameters. The criterion based on intrusion and extrusion curves significantly underestimates the micro/macro boundary. The analysis of microstructural data also showed a strong dependence of the RFS and RCV criteria to initial and boundary conditions, which defeats the idea of providing a fixed boundary. For Maryland clay, the position of dominant peaks shift significantly under wetting and drying, which fixed value criteria do not adequately capture. It is proposed to analyse successive PSDs to better track microstructural changes and define an adequate delimiting diameter. This is particularly relevant when pore populations merge upon swelling. Finally, it is advised to verify that the computed values of micro void ratio is compatible with known response of compacted clayey soils.

Table 2 :

 2 Summary of delimiting diameters for compacted Maryland clay (initial conditions of eo = 0.62, wo = 13.2%) and values of micro void ratio em, estimated from the PSD of the compacted soil using the delimiting diameters of each criterion.

	Criterion to define delimiting diameter	VALL CNC	RCV	RFS SWRC*
	Delimiting diameter (µm).	0.40	0.06	0.60	2.5	0.8
	Micro void ratio em	0.36	0.22	0.38	0.46	0.39

*: calculated using Laplace's equation with a suction of 360 kPa, a water surface tension of 72.5 mN/m (at 20 degrees ) and a contact angle of 0 degree.

Table 3 :

 3 Summary of delimiting diameter for four different initial conditions applied to compacted Maryland clay.
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