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A compacted smectite clay was studied in order to understand the swelling phenomenon. The in#uence of the sample initial state on the swelling mechanisms was demonstrated. A complete physical}chemical and mineralogical characterization of the clay was achieved using X-ray by re#exion and thermal methods. The X-ray di!raction by transmission method allowed to describe the various levels of the hydrated clay organization and the microstructure evolution. The pore distribution and the water partition are shown. Other important parameters: water retention, inter-layer distances, particle size, number of layers per particle were examined. This information gives the ability to follow the swelling which occurred in two steps, and to calculate the swelling potential versus the water content, or the void ratio.

In application to this study, a water transfer in unsaturated clay was studied with the laws of continuous medium mechanics. A "nite di!erence program was used to examine two cases: prevented and free swelling in an oedometer. In order to take into account the material deformation, the swelling potential was introduced in the di!usion coe$cients. The simulation results of the water transfer obtained on this basis, were in good agreement with the experiments.

INTRODUCTION

The aim of this study was to understand and to model the swelling mechanisms in highly compacted clays, and to integrate these mechanisms into a water transfer calculation in a clay matrix. The practical application concerns, in particular, the construction of barriers in deep nuclear waste repositories.

The work focused on the modelling of clay behaviour based on a microstructural approach of the swelling mechanism. The studied clay is a smectite, highly compacted at small water content, in order to develop very high swelling pressure when hydrated at constant volume in a nuclear waste repository site.

The swelling phenomenon was experimentally studied by an important number of authors. } Several modelling works exist also on this subject. } The conclusion of all these works is that the macroscopic swelling for sodium or calcium smectites occurs in two microscopic steps: the "rst one is the water insertion between the elementary clay layers. Afterwards, spaces of larger sizes are "lled. The relative importance of the two mechanisms is di!erent when the clay is calcium or sodium. However, the studied clays were usually prepared from gels or powders, i.e. at a very high void ratio. It is therefore important to see if the initial state of the clay specimen will a!ect the swelling mechanisms.

The second aspect of our work is to introduce these mechanisms in a modelling of water transfer in compacted clay specimens.

Generally, the transfer phenomena are described by partial derivative equations (linear or non-linear), with physical parameters in the continuum of the porous medium. The models are established from the associated physical processes which are mass conservation and power balance-sheet, or Darcy's law for water #ow and Fick's law for gas #ow. They allow the prediction of space and temporal evolution of hydraulic or chemical or also thermal state in a porous medium. To solve them, one needs the knowledge of initial and boundary conditions, or some macroscopic factors like hydraulic or thermal conductivity or "nally di!usion or dispersion coe$cients.

To model the transfers in rigid or deformable unsaturated soils, numerical methods using "nite element or "nite di!erence program are now mainly used. Philip used an iterative method for horizontal and vertical in"ltration. He introduced the Boltzmann transformation and then used a "nite di!erence program to solve the resulting equations. Other works on #uid transfers in porous media with hydromechanical coupling are also presented in the literature. } In cases of deformable media, the transfer equations have to be coupled with the mechanical model describing the stress}strain relationship for a given medium. Di!erent approaches have been developed to take into account the mechanical behaviour of unsaturated soils. Several authors showed that the e!ective stress principle (Terzaghi) is not correct for unsaturated soils. Some others, Matyas et al. and Fredlund et al., proposed a description of soil behaviour which uses the constitutive surface area or state surface notion. Gens, proposed an elastoplastic modelling for unsaturated soils based on an approach which considers an independent role of the stress and the negative pore water pressure.

The main aspect of our work was to study the water transfer introducing the swelling in#uence on the #ow. This question dealt with attention to both experiment validation of the clay hydration, and the microscopic study of the clay especially by the X-ray di!raction method. The numerical code used for the #ow simulation was deliberately simpli"ed in order to enable the simple introduction of the underlying mechanisms shown by the microstructural observations. A monodirectional #ow was assumed which allowed to simulate a test in a one-dimensional condition, and to validate our approach on two typical cases: free and prevented swelling.

MATERIAL AND METHODS

The studied clay is called FoCa7 (Fourges-Cahaignes clay) from the Paris Basin. A complete physical}chemical characterization of this material was achieved, which is a smectite}kaolinite clay. The speci"c surface area was measured using the monoethyl ether ethylene glycol method (EGME) which was developed by Heilmen et al. The value found was 453)66 m/g. Usually in the literature, for a very high content of smectite clay (up to 90%), the average value of the speci"c surface area is about 800 m/g. This di!erence is explained by the natural state of the material which was used in our study, while higher values are obtained on puri"ed samples. The di!erent impurities were determined by thermal analysis and X-ray methods as described later. Nevertheless, it is su$cient to remember that the impurities reduce considerably the speci"c surface area of a clay. The analysis of the nature and quantity of the exchangeable cations (counterions) was performed, and the cationic exchange capacity (CEC) was measured in order to characterize the physical properties of the clay. The results obtained by the Soil Analysis Laboratory at Arras-France are shown in Table I.

These values con"rm that the FoCa7 clay is mainly a calcium smectite with a CEC average value comparable to those given in the literature.

The total proportion of cations and the number of exchangeable cations in the FoCa7 clay have also been determined. The results showed that the total calcium quantity present in this material is important. This is compatible with the previous analysis on the ratio of exchangeable calcium. The results also showed that FoCa7 contains a substantial fraction of iron (5)44 g/100 g of clay). This is an additional factor which decreases the swelling. Another conclusion is that the total potassium presence indicates the existence of illite in the clay.

In order to determine the mineralogical components of this material, we performed a powder analysis by X-ray apparatus in re#exion which indicated that the mineralogical components are essentially kaolinite and smectite. Because of the natural state of the clay, we noted also the presence of several impurities (quartz, gibbsite and goethite). The smectite fraction present in the sample is very important, around 80%, while only traces of the other components, except the kaolinite. A thermal method allowed to quantify the kaolinite present in the sample (about&7%).

Swelling experiments were performed on initially highly compacted clays. These samples were prepared from a powder which was one dimensionally compacted up to 60 MPa in the oedometer cell used for the hydration experiments. Their initial water content was&10%, which is the value corresponding to equilibrium with the atmospheric relative humidity of the experimental room (60% of relative humidity). Knowing the water content and the clay mass, the dry density was obtained by prescribing the total volume of the sample.

A set of experiments was carried out on FoCa7 samples in order to understand the swelling phenomena at the microscopic scale by the X-ray di!raction method. Especially, it is important to know and to explain the location of water between the layers and the water "lling spaces in larger pores. Thus, the samples were hydrated from the initial state, to high water content values, by decreasing the imposed suction within every sample.

The methods used were the pF cells, the Richard's cell apparatus ((1 MPa) and the relative humidity in dessicators. These methods are very well described in Reference 9. The principle for each method is brie#y described herein. The "rst and the second methods are based on pneumatic pressure which is "xed in the cell. The samples are in contact across a porous stone to de-ionized water which hydrates them according to the cell pressure value. They remain in the cell until the equilibrium between this pressure value and their suction is reached. On average it was obtained after 4 or 5 days. The pF tubes correspond to 0)1 at 100 KPa, while the Richard's cell goes up to 2 MPa. In the dessicators, the pressure is imposed to the sample by saturated salt solutions. These salt solutions are chosen to impose a particular relative humidity. The suction values reached by this method are very important (about 100 MPa). The greater imposed pressure value was 107 MPa. The equilibrium was obtained in more than 1 month.

Establishment of moisture proxles~water content and apparent volume

After equilibrium at each suction level by the three methods described previously, the water content and volume were measured. The water content was determined after heating the sample in an oven at 1053C for 48 h. For apparent volume measurements, we used a method developed by Tessier and Berrier: the volume was determined from the Archimed's pressure exerted on the samples submerged in kerosene (AFNOR standard).

Principle of the X-ray method

The hydrated samples were also analysed by the X-ray di!raction method in order to evaluate the swelling potential. This X-ray di!raction by transmission is performed on hydrated samples which were prepared at di!erent values of suction, and had their water content and void ratio measured.

The diagrams were obtained by transmission according to Pons. This method allowed information on the distance evolution between the layers d G , on the particle size distribution or on the number of layers per particle M. It also gives the probabilities p G , to have those values of di!erent quoted parameters.

The interpretation of the diagrams is based on the comparison between theoretical and experimental curves. Figure 1 presents an example at the suction value of 1 MPa. The parameters are obtained by a "tting of the theoretical curve compared to the experimental one.

The theoretical curve is obtained from the di!used intensity expression by the system which is crossed by the X-ray beam.

According to Pons et al., the di!used intensity by a smectite can be written as

I(s)" 1 2 "F (s)" s (M) G(s, M, p G , d G )
where s is the di!usion vector, F(s) is the structure factor in the direction perpendicular to the layering, (M) is the weight distribution in particle thickness, G(M) is the modulation function determined by Mering, and G(M) can be written as

G(s, M, p G , d G )"1#2 Re +\ L M!n M Q+ (s, p G , d G )
where

Q (s, p G , d G
) is a function which takes into account the interference between two adjacent layers.

In 

Q(s)" P G p G exp (2 isd G ) with P G p G "1
In the particular case of montmorillonite, the structure factor is known. Thus, the layer number per particle M, and the interlayer distances d G with corresponding probabilities p G can be simultaneously found.

RESULTS AND DISCUSSION

Water retention measurement. Water content and volume change curves

The void ratio and the volumetric and mass water content values become very large when the imposed suction values decrease. The water content and the void ratio versus the suction values are "rst presented in Figures 2 and3, respectively. The water content value reached at the lower imposed suction value (1 kPa) in the FoCa7 clay is about 68%. This is interpreted as due to the nature of smectite sheets present in the samples which can absorb large quantities of water and promote similar hydration and swelling. However, due to the presence of a more important number of divalent cations (Ca) in FoCa7 than of monovalent ones (Na), this amount of water content is small if compared to the water content reached for sodium montmorillonite, for example, which can be about 200% for low suction values.

In order to more clearly present the results concerning the water retention by the clay, the relation between the degree of saturation and the suction pressure can be used. The grain dry weight used is 2)67 g/cm for FoCa7. Figure 4 indicates that the clay is not saturated at the beginning of the cycle, but it becomes saturated at the end.

X-ray results and microstructures

The X-ray analysis gives the distances between the clay layers. These distances correspond to the number of water layers adsorbed between the clay layers. They can be equal to 10, 12)6, 15)6, 18)6 or 21)6 A s which corresponds to 0, 1, 2, 3, or 4 water layers. Figure 5 gives an example of adsorption of water between the clay layers.

In the following, we present the average layer distances and the clay particle sizes. The number of layers per clay particle decreases as the water content increases in the clay. For the lower value of the water content, a particle is composed of 100 layers (Figure 6). But when the water content increases, the number of layers per particle decreases until reaching only 10 layers Figure 7. Average distance between layers of clay versus suction Figure 6. Number of layers per particle and water content of the clay versus suction by particle. The particle size decreases in a ratio of 10 between the initial state and the very hydrated one.

Figure 7 presents the inter-layer distances for FoCa7, calculated using the Pons model. From the &dry' state (10% water content), we can see that a displacement from 15)6 to 18)6 A s , was observed from high-to-low values of suction. 

Swelling mechanism

Clay particle size change. It is usually reported in the literature that the clay swelling mechanism is mainly due to a change in layer distances. Our work shows that the size of particles is also a very important parameter to understand the clay behaviour, and especially the swelling. As shown in Figure 8, the convention we have chosen is that an aggregate is a set of particles or crystals, with the particles themselves composed of layers.

It appears from our experiments that the swelling mechanism of the clay begins by an adsorption of water between individual clay layers which is accompanied by a decrease of the particle size, or in other words by a subdivision of the clay particles.

Layer distance evolution. In Figure 7, FoCa7 clay presents only one water layer at about 50 MPa. We observe that the clay layer distance increases with the water content from 1 to 3 water layers from low to higher water content. When another water layer is adsorbed, the layer distance goes from 12)6 to 15)6 A s . This transition arises at a suction of about 7 MPa. The same behaviour had been observed by Delvaux for another smectitic clay: a sodium montmorillonite. We know, however, after Delvaux et al., and also after experiments performed and not shown in this paper, that another transition appears at about 60 kPa for a sodium clay and leads to a layer spacing of 21)6 A s (four water layers) and never more. We then conclude that the crystal swelling is limited to four water layers, while according to the study at low suctions the layer distance can reach 100 A s . Our interpretation is that the initial strongly compacted state of the clay limited the crystal swelling to four water layers.

Limited crystal swelling. The hydration is accompanied by the insertion of water layers between the clay layers, which causes a division of the initial particles (see Figure 9). The resulting smaller particles are separated by distances which increase considerably up to some water layers. The Figure 9. Swelling mechanism interpretation conclusion that it exists in spaces other than interlayer ones, comes from the calculation of water ratio in the interlayers compared to the total water in the clay. This question will be discussed in the following paragraph.

External water. The Pons model allows us to estimate the interlayer sizes in the hydrated clay by the probabilities p G to have one to four water layers in the interlayer spaces. The product of the speci"c surface area which is the surface that water can reach, by the size of water molecule gives the elementary volume of water. This later can be multiplied by the water layer number and the probability to have it in order to obtain the total water in each porosity scale. The results are the water volumes <1, <2, <3 and <4 which correspond to the water quantity in the spaces containing, respectively, one, two, three or four water layers. The di!erence between the measured total water content and the water in inter-layer spaces, i.e. the <1, <2, <3, and <4, constitutes the external water "lling interparticles pores. These water volumes are presented in Figure 10. The external water is also present in the same graph which shows that the external water appears very important compared to the di!erent <1, 2 , <4 when the suction values are small (several KPa). However, when the water content decreases, the external water decreases too, and the proportion of water in the volumes <1, 2 , <4 increases. It means that when the clay approaches a dry state, water is only present between the clay layers and there is nearly no external water. But when wet states are reached, the external water becomes important and its proportion compared to the interlayer water is higher.

It can be also deduced that when the suction is important, the volumes <1 and <2 are prevailing and when the suction decreases, the proportion of the volumes <3 and <4 increases. This means that in a very hydrated clay the probability to have clay layers separated by one or two water layers is very weak compared to the one to have three or four water layer. Moreover, the external water is simultaneously more important than the interlayer water. Swelling Modelling. After having established the existence of di!erent kinds of water corresponding to di!erent pore sizes, we can say that the swelling phenomenon in our clay occurs in two steps: "rst the insertion of adsorbed water between the clay layers, which is accompanied by the division of initial particles (in other words, the surface area is changing). Afterwards the particles are separated by distances which are greater than 21)6 A s . We can try to calculate those distances. This can be based on the water quantities already assessed in the previous paragraph (i.e. the external water), the number of layers and the speci"c surface area. The curve in Figure 11 presents the calculated distances versus the swelling pressure which represents the imposed pressure. We can therefore deduce the relationship between the external water (or interparticle distance) and the corresponding swelling pressure.

It can be noticed that a linear relationship between the distances and the log of the swelling pressure is obtained. We can therefore propose a model taking into account the overall amount of water as a function of the swelling pressure. In this model the interlayer distances can be plotted horizontally (Figure 12). If we try to achieve the same representation for FoCa7 clay, we take the results of Figure 11, and we add the values of interlayer distances versus the swelling pressure. This leads to Figure 13. We can say that the water between the clay layers gives a swelling less important than the interparticle water because of the repulsion with high distances between particles. Those distances are compatible with the existence of a di!use double layer around the particle surface. 

APPLICATION TO THE MODELLING OF WATER TRANSFER

Having proposed a model of swelling at a microscale, we will try now to introduce it at a macroscale. A part of the di$culty to understand the unsaturated soils behaviour arises because of the phenomenon associated with volume change. Some speci"c assumptions concerning the description of the soil potential must be considered "rst.

(w"water) is the total potential in the system and it can be composed of the sum of several terms: S is the speci"c entropy, is the applied pressure potential, corresponding to the external applied pressure, is the matricial potential, corresponding to the suction pressure in the soil, is the pneumatic potential, corresponding to the air pressure and is the gravitational potential corresponding to the gravitation e!ect.

d "!(S /g) d¹#d #d #d #d
In condition of isothermy (dt"0) and air at atmospheric pressure, we can write " # #

In the case of swelling, the applied potential is the swelling potential, i.e. we can write " # # is the swelling potential. Swelling clays develop high suction and swelling potential values, the gravitational potential can, thus, be neglected compared to the two other terms.

Two cases are presented: prevented and free swelling.

In the prevented swelling case (no deformed matrix), no volume change occurs. The single contribution is that of the suction potential, i.e. "

When the swelling is free and in order to take into account the swelling deformation, we introduced the potential of swelling in the total water potential of the sample, instead of the suction potential alone in the case of no deformed matrix. The swelling potential was the one measured experimentally, more precisely, deduced from the swelling pressure presented in the previous paragraphs. So, the swelling potential was added to the suction potential to take into account the total potential in the sample. This represents the originality of our approach concerning the water transfer study in swelling soils.

" # If D ( ) is the Darcy's di!usivity (or di!usion) coe$cient, it can be related to the potential derivative as follows (Figure 14):

D ( )"k * *
where K is the permeability to water coe$cient (called K in the following). is the concentration or water content.

In the non-deformed matrix case, the di!usion term can be written as

D "D D "!K * * D
is the matricial di!usion (obtained from the suction). In the free swelling case the di!usion coe$cient can be written as

D "D #D
where D "!K* /* D is the swelling di!usion (obtained from swelling potential).

In order to test the validity of our approach, we considered a simple case of one-dimensional swelling that we had experimental results at our disposal, on the same clay FoCa7. In the tests performed by Imbert the clay sample was 51 mm high, its initial water content was 10% and the water content at saturation was 52%. The test consisted to humidify the sample from the bottom and to follow the saturation front evolution in an oedometric cell, by the gamma spectroscopy method. The pro"les of water content and dry density of the clay were obtained every 3 mm from the bottom of the sample, during all the tests (Figure 15). Two cases were studied: free and prevented volume change. The equations controlling the water #ow have been studied by several authors. } A "nite di!erence method was used in order to solve these equations in a one-dimensional case. The aim of this section is to demonstrate that using the equations discussed before, we are able to model the water #ow with some speci"c boundary conditions according to each case. The results of calculation will be presented and compared to experimental results in the cases of no-volume change and free swelling for a highly compacted specimen of FoCa7 clay.

The hypotheses are the following:

(a) #ows are one-dimensional and deformations are small. (b) E!ect of gravity is neglected. (c) Darcy's law can be applied.

The #ow in porous media is governed by two equations: mass conservation for all phases (i), with concentration G and Darcy's law for #uid #ow behaviour. The combination of these two equations gives the transfer equation. In the one-dimensional case, for the aqueous phase only, the obtained standard di!usion equation with non-linear coe$cients which is called Richard's equation can be written:

* *t " * *x D( ) * *x
where is the total potential in the sample. The following boundary and initial conditions are considered: at t"0, " ; for all x when t'0, " at x"0 being the value of at saturation. To solve Richard's equation, a "nite di!erence program was used. An implicit scheme was tested on FoCa7 clay.

In the following, we use the notation:

(i x, k t)" I G
where x and t are, respectively, space and time steps.

As no humidity exchange is permitted with the outer medium of the sample, we can take another boundary condition which is no #ow at the head of the sample.

In the calculations, the di!erence between the case without swelling and the free swelling one is only in the form of the potential and then of the di!usion as discussed before.

To achieve the calculations, we had to introduce the values of several parameters. The initial and saturation water content were taken directly from the experiments. The permeability of the clay was experimentally measured by Imbert using another specimen with the same characteristics. The suction potential was deduced from the water retention curve, which was also measured by Imbert independently by using saturated salt solutions to impose the suction values in the sample. The di!usion coe$cient was calculated from those values using the relation:

D "!K * *
Having determined these coe$cients, the calculation of water transfer in the non-deformed case could be performed. The calculation of free swelling case needed also the swelling potential term in order to evaluate the di!usion factors. It was derived from the experimental curves presented above giving the relation between water content and swelling pressure (Figure 11). The function obtained between the swelling di!usion and the water content has roughly an exponential form. Thus, the swelling potential was added to the suction potential to take into account the total potential in the sample. The total di!usion which was deduced from the total potential is presented in Figure 14. These calculations gave the moisture pro"les versus time at every height in the samples, which could be compared to experimental results obtained by gamma spectroscopy. The results of calculation for the non-deformed matrix are presented in Figures 16 and17, respectively, for the distances 3 and 13 mm from the bottom of the sample, as well as the experimental values.

The graphs indicate that the calculation results are acceptable compared to the experimental measures. The complete saturation of the specimen occurs after 3 months for numerical results, in agreement with experimental results.

The results presented in Figures 18 and19 correspond to the comparison between our calculation with the conditions of free swelling, and the experimental data given in Reference 28 about water content pro"les at two distances 3 and 51 mm from the bottom, 51 mm is the top of the clay sample for the same FoCa7 clay. These "gures show a satisfactory agreement between calculations and experiments. In particular, the necessary time to achieve a complete saturation of the specimens is well predicted by the calculation.

We used the same model for undeformable matrix and for free swelling. The di!erence was only in the di!usion factors evaluation and so in the water potential considered in each case. The comparison between calculated and experiment results is satisfactory for the two cases. For the intermediate cases the actual formulation needs to be completed by a given stress}strain relationship of the clay particles, allowing us to compute the relation between the swelling pressure and the volume change of the clay specimen at a microscopic level. This point can be a logical following of this work. 

CONCLUSIONS

The experimental study of FoCa7 clay allowed us a better understanding of microscopic aspects of swelling. The X-ray method gave us the ability to follow the microstructure evolution of the clay samples during hydration. The conclusion about swelling is that it occurs in two stages with We demonstrated that the initial microstructure, i.e. before hydration, plays a key role in the mechanisms of the water adsorption. Our specimens were highly compacted (one dimensional compression up to 60 MPa). After swelling, when we measured the distances between clay layers by X-ray method we did not observe any distances exceeding 21 A s , which represents four water layers, while distances about 100 A s were measured in the case of hydration of clay samples which were gels or powders (suspension after hydration). So we can say that the initial compaction of the samples provoked a very close structure which resisted the water insertion and lead to the division into smaller particles.

Using the results of the experimental analysis, we proposed a modelling of water transfer in unsaturated compacted clays. The results of calculation in the case of one directional hydration compared well to experimental results in conditions of non-deformed matrix and free swelling.
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