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Hydraulic conductivity of the matric porosity of an unsaturated Vertisol: a field and laboratory comparison

In many swelling clay soils several types of porosity can be defined: matric, structural and crack porosities. Measuring the hydraulic conductivity associated with the matric porosity is of major interest because soil movements are governed by matric water flows. Our purpose was to determine the matric conductivity of a vertisol from Guadeloupe (French West Indies) under laboratory and field conditions. We used an Eulerian flow description to measure the conductivity of natural vertisol clods in the laboratory with a drying method. In order to take into account soil movements in every direction, we introduced a tensorial analysis of soil deformations and hydraulic conductivity. The instantaneous profile method was used in the field under wetting conditions. Using soil layer thickness transducers we described water flows in a material coordinate system that can deal with volumetric soil deformations. For wet soil the ratio between the hydraulic conductivity measured in the field and that measured at the laboratory ranged around 10. However, because the spatial variation of the water content was large, no final conclusion could be drawn to explain this discrepancy. We showed that the gradient of the overburden potential was smaller than that of the matric potential in the field

Introduction

In swelling clay soils, and especially in vertisols, successive cycles of wetting and drying induce volumetric deformation and changes of porosity. These movements can be followed by subsidence or collapse of the soil's surface and crack formation. On the basis of hydraulic criteria, three kinds of porosities can be defined. These are as follows.

1 A network of vertical cracks, which delimits the continuous peds or prisms containing a system of fine pores and a system of larger structural pores [START_REF] Stirk | Some aspects of soil shrinkage and the effect of cracking upon water entry into the soil[END_REF]. This network is more or less regular, and water flows inside these cracks rapidly.

2 The Matric porosity. A system of fine pores, hereafter called Matric porosity, is formed by the arrangement of clay particles. It remains saturated during structural and normal shrinkage (as defined by [START_REF] Stirk | Some aspects of soil shrinkage and the effect of cracking upon water entry into the soil[END_REF] and thus contains the water responsible for soil movement.

3 The Structural porosity is formed by macropores and mesopores (McIntyre & Sleeman, 1982). It is formed by the soil mesofauna, microbial activity and root paths. Structural water does not induce any deformation of the soil (Ritchie et al., 1972b).

Because cracks are present, it is difficult to measure the hydraulic conductivity of the whole unsaturated soil and to determine its significance. The representative elementary volume should represent several cubic metres, and naturally occurring water flow inside these cracks cannot be described by Darcy's law. When dealing with the conductivity of the prisms other difficulties arise. As emphasized by [START_REF] Cabidoche | THERESA: I. Matric water content measurements through thickness variations in vertisols[END_REF], structural and matric flows are almost independent. The structural porosity can be filled with water at any matric water content, and water moves from structural to matric porosity very slowly. Thus, water potentials can be horizontally heterogeneous inside the prisms. It is therefore necessary to separate matric and structural water flows.

Few investigators have measured the conductivity of an unsaturated vertisol in the field.

Tension infiltrometers were successfully used for swelling soils [START_REF] Jarvis | The use of tension infiltrometers to assess routes and rates of infiltration in a clay soil[END_REF].

Nevertheless, the range of suctions made it possible to obtain the conductivity of the structural porosity only [START_REF] Jarvis | Near-saturated hydraulic conductivity in soils of contrasting texture measured by tension infiltrometers[END_REF]. [START_REF] Douglas | Unsaturated hydraulic conductivity of a tilled clay soil[END_REF] used the internal drainage method in a material coordinate system, assuming that soil deformation was only vertical. Ritchie et al. (1972b) determined the hydraulic conductivity of undisturbed unsaturated vertisol cores in the laboratory. They used the pressure plate outflow method to measure the water diffusivity in the soil without taking into account soil movement. This method was approximate. Many other authors worked on clay paste using a material coordinate system which assumes that soil deformation occurs in one direction only (e.g. [START_REF] Smiles | Measurement of moisture diffusivity of wet swelling systems[END_REF][START_REF] Douglas | Compaction effects on the hydraulic conductivity of a clay soil[END_REF]. [START_REF] Garnier | Détermination des caractéristiques hydrodynamiques de sols déformables par la méthode inverse[END_REF] used an inverse modelling method to determine the hydraulic conductivity of a remodelled vertisol: water fluxes were described in a Lagrangian coordinate system [START_REF] Raats | Transport in soils: the balance of mass[END_REF][START_REF] Philip | Hydrostatics and hydrodynamics in swelling soils[END_REF] and the soil deformed in every direction. [START_REF] Nakano | Saturated and unsaturated hydraulic conductivity of swelling clays[END_REF] and Angulo et al. (1990a) used a fixed (Eulerian) coordinate system to describe water and solid flows. By relating solid and water potentials, they could measure the Darcian hydraulic conductivity [START_REF] Nakano | Saturated and unsaturated hydraulic conductivity of swelling clays[END_REF]Angulo et al., 1990b), but deformation was only one-dimensional.

When determining the hydraulic conductivity of undisturbed unsaturated swelling soils in the laboratory, one must do so as the soil dries. Indeed, when the soil rewets and swells, it can be laterally limited by the rigid sides of the core sampler, thus inducing a bias in the determination of the soil's characteristics [START_REF] Bronswijk | Shrinkage geometry of a heavy clay soil at various stresses[END_REF]. In this respect, the method used by Kim et al. (1992a) is questionable. They used the falling head method on a saturated clay paste with different moisture ratios, but the core was not allowed to swell. Kim et al. (1992b) recorded tensiometer pressure profiles and elevation changes of a remodelled clay soil as it dried. The distances between tensiometers were corrected based on measurements of height, as were the cross sections of the core, because of a differential shrinkage between the surface and the bottom of the core.

In our study we measured the matric hydraulic conductivity of an undisturbed unsaturated vertisol from Guadeloupe in the laboratory and in the field. In the laboratory we determined this conductivity under drying conditions by using an Eulerian coordinate system taking into account soil movements in every direction. In such a coordinate system, water and solid flows must be described. We defined the initial conditions, so that the structural porosity was filled with air, and water flowed only in the matric porosity. In the field, matric flow was described in a material or Lagrangian coordinate system using transducers that measured thickness variations of soil layers as the soil rewetted. In both theories water and solid flows are related to a unit cross-section of prism and not of soil. This is justified in two ways.

1 From a continuum point of view, the continuity of local variables (water and solid contents, water potential) is interrupted by the crack walls.

2 The soil behaviour (the appearance and disappearance of cracks) depends only on the matric flow, which is governed by the matric potential and matric hydraulic conductivity.

As the two methods are independent, we first present the theory and methods used in the laboratory and then those for the field.

Theory, materials and methods

Soil

The soil is a chromic vertisol from Guadeloupe (French West Indies) at la Simonière in S t François (16°7'57'' N, 61°19'03'' W, 34 m elevation). Based on the results of [START_REF] Cabidoche | THERESA: I. Matric water content measurements through thickness variations in vertisols[END_REF], we supposed that there was no water exchange from structural to matric porosities.

Laboratory measurements: theory

The soil is considered as a three-phase system: water, air and solid particles, each phase being in motion. The air flow is neglected. As water and solid are both in motion, we can describe water and solid flows in a fixed Eulerian coordinate system (subscript /o) or in a moving coordinate system linked to the solid flow (subscript /s). Hereafter, subscript w refers to water and subscript s to solid. The following hypotheses are supposed to be satisfied: 1 -the matric porosity is homogeneous and isotropic, 2 -solid particles are incompressible and chemically inert, 3 -water is incompressible and pure, 4 -water flow is isothermal and hydrodynamically stable, 5 -the flow of water vapor and the phase transition of water are not significant, 6 -a unique representative elementary volume can be defined for all the variables and parameters, 7 -there are no sinks and sources, 8 -Darcy's law is valid for water flow, 9 -the solid flow is described by the following phenomenological transfer equation:

q K s/o s/o s = -     , (1) 
where qs/o is the solid flow, Ks/o is the tensorial apparent solid conductivity, s is the solid potential which depends on the solid content only, and   is the vector differential operator.

Hypotheses 1 to 8 originate from [START_REF] Vauclin | Hydrodynamique des sols partiellement saturés déformables[END_REF], and hypothesis 9 originates from [START_REF] Nakano | Saturated and unsaturated hydraulic conductivity of swelling clays[END_REF] and Angulo et al. (1990a).

From hypotheses 2 to 6 it can be deduced that the total water potential  is the sum of the matric potential m (the opposite of the suction), the gravimetric potential -z (assuming the vertical axis to be positive downward) and the overburden potential  [START_REF] Philip | Hydrostatics and hydrodynamics in swelling soils[END_REF].

Hereafter, gravimetric and overburden potential will be neglected because of their small values (a few centimetres) compared with that of the matric potential (several hundreds of centimetres). If we suppose that the water content is uniform in the horizontal plane then both solid and water potentials are uniform in the plane. Thus Darcy's law in both a fixed and moving coordinate system and Equation (1) for solid particles can be written as: 
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where q is the flux and e z is the unit vector of the vertical axis. Symmetrical tensorial conductivities are written:

K =           K K K K K K K K K xx xy xz xy yy yz xz yz zz . ( 3 
)
If we suppose that the soil is not stratified (hypothesis 1), then the hydraulic conductivity Kw/s is isotropic and reduces to a scalar Kw/s. On the contrary, it is worth pointing out that the soil behaves as if it was stratified in the Eulerian coordinate system: the potential gradients are only vertical, but the movements of water and solid occur in every direction (for instance, see the cracks opening following a vertical evaporation). This leads us to consider the apparent hydraulic conductivity Kw/o and the apparent solid conductivity Ks/o as a tensorial property.

From hypothesis 1 it can be deduced that the water flow with respect to the fixed coordinate system is related to the water flow relative to the soil particles and to the flow of soil particles by the following equation:

q q q w /o w /s s/o = +    , (4) 
where  and  are the water and solid contents. According to [START_REF] Nakano | Saturated and unsaturated hydraulic conductivity of swelling clays[END_REF] and Angulo et al. (1990a), the relation between solid and water potentials is assumed to be:

        s w z z = -  , , 0 1 . 
(5)

The negative sign indicates that

  s z and   w z
act in opposite directions. In a saturated porous medium s and w are analogous to the effective mechanical stress and to the pore water pressure, respectively, and  is equal to 1 (Angulo et al., 1990a). By combining Equations ( 2), ( 4) and ( 5) we have in the vertical direction:

K K K zz zz w /o w /s s/o = -     . ( 6 
)
The aim is now to eliminate .

Instead of using the hydraulic conductivities in Equation ( 2), we can use the diffusivity tensors that are related to conductivities by the usual relation:

D K D K w /o w /o w s/o s/o s =  =       d d d d     . ( 7 
)
Thus, the combination of Equations ( 2), ( 7) and ( 5) implies

D D K K D D K K zz zz zz zz zz zz zz zz s/o w /o s/o w /o s w s/o w /o s/o w /o . =   = -  d d d d d d         (8) 
By introducing Equation ( 8) in Equation ( 6) and thus elimitating , we have

K K D D zz zz zz w /s w /o s/o w /o =  -        1     d d . ( 9 
)
According to Equation ( 9), we can calculate the hydraulic conductivity Kw/s from the apparent conductivity K zz w/o , the measurements of water and solid contents  and , the apparent diffusivities, and the shrinkage curve, which gives d d   .

Suppose water evaporates from a cylindrical saturated clod by its open face and that its base is impervious. The water balance calculated for a clod layer extending from depth z0 to the base of the clod for a t time increment is

       V t w w /o d bot up lat = -   = + +  q n , ( 10 
)
where n is the unitary vector pointing outside the elementary surface d.  is the outside surface of the clod layer. It is formed by the circular base bot, the upper circular surface up and the lateral surface lat. The water fluxes across bot and lat are nil and consequently are

q n w /o d bot lat   +    
. The water balance becomes

( ) ( ) ( )     V t q z t D z t d dz zz zz z t w w/o up w/o up =  = -         0 0 0 , , ,   (11) 
and we can then determine the apparent water diffusivity. A solid balance would give the same results for the solid apparent diffusivity. Having determined the diffusivities, we can calculate Kw/s with Equation ( 9).

Laboratory measurements: experimental procedure

An undisturbed cylindrical soil core (45 cm in height and 8.5 cm in diameter) was sampled in the subsoil inside the prism delimited by cracks. The sampling was done after continued ponding followed by a little drying to allow cracks to open slightly in the prismatic layer. Two gravimetric water content profiles were determined, and small undisturbed aggregates were sampled in the immediate vicinity of the core. The water content, volume and structural porosity of these aggregates were measured and plotted on the shrinkage curve. Once in the laboratory, the 45-cm high core was cut into ten small cylindrical cores each 4.5 cm in height and 8.5 cm in diameter. Figure 1 shows that the evaporation rate decreases considerably when the open face was smoothed. In order to avoid this smoothing when preparing the small cores, hot air was applied at the upper surface of each small core for about 20 sec before starting the experiment. This created a mulch formed by millimetre-sized aggregates that closed the hydraulic path so water could not move vertically any more. The micro-aggregates were then chipped away with the tip of a flexible knife. By this way, the natural pores at the surface remained open, and the water content was still homogeneous inside the core.

Water was then allowed to evaporate from the upper surface of each core under laboratory conditions (conditioned atmosphere at 24°C). The base of each core was sealed to prevent downward fluxes. As the core dried, it shrank, and shrinkage was greater at the top than at the bottom. The shape of the core became a frustrum of a cone, and this allowed evaporation from the sides. To prevent this evaporation the sides of the core were smoothed during sampling in the field and we put silicon grease between the core and cylindrical walls.

By measuring the water content at different distances of the sample wall for two different clods, we made sure that the water content did not vary horizontally (see Figure 2). Each core was then studied at different time intervals. For a given core and a given time interval thirteen measurements of the total vertical shrinkage were first made with a vernier. The number of measurement locations was chosen to obtain a good accuracy of the mean height of the core (standard variation lower than 0.5 mm), the total time required for the measurement being less than 1 min. The diameter of the core was measured at the bottom, at 20 mm from the bottom and at the surface. The cross sectional areas could thus be calculated. The core was then cut into six thin layers of about 7 mm to measure gravimetric water content profiles. Volumetric water and solid contents and the matric potential could be deduced from the shrinkage and retention curves.

The water retention curve was determined by using the ultrafiltration apparatus of [START_REF] Tessier | Utilisation de la microscopie électronique à balayage dans l'étude des sols[END_REF] for pressures less than 100 kPa, and the pressure plate apparatus for pressures between 100 kPa and 1600 kPa. Samples were initially saturated. The shrinkage curve was determined from small aggregates of a few cm 3 . Some of the aggregates were sampled in the field at different moisture contents. They were thus subjected to the natural field overburden potential. Other aggregates came from those used for the water retention curve. The overburden potential was consequently removed from these aggregates. The volumes were obtained from buoyancy measurements in petroleum, the aggregates having been saturated in petroleum [START_REF] Monnier | Une méthode de mesure de la densité apparente de petits agglomérats terreux. Application à l'analyse des systèmes de porosité du sol[END_REF].

At specific instants, water and solid content profiles and matric potential profiles were obtained. The apparent diffusivities were calculated according to Equation ( 11), and the apparent hydraulic conductivity K zz w/o was obtained from the water balance and Equation (2).

Equation ( 9) gave the Darcian hydraulic conductivity Kw/s.

Field measurements: theory

Material coordinates (subscript m) as described by [START_REF] Raats | Transport in soils: the balance of mass[END_REF][START_REF] Philip | Hydrostatics and hydrodynamics in swelling soils[END_REF] are used. The water balance on an elementary volume of a continuous ped without sinks and sources of water is

 t       = -  m m w /s  q , ( 12 
)
where   m is the vector differential operator expressed in the material coordinates of the solid phase and  is the moisture ratio. Introducing Darcy's law into Equation ( 12), we get:

( )    t K       =     m m w /s   , ( 13 
)
where  is the total potential of water and   the vector differential operator expressed in a fixed coordinate system.

The deformation gradient tensor relating

  m to   is    =   =                 m m m m m m m m m m with J J ,                   x x y x z x x y y y z y x z y z z z . ( 14 
)
Combining Equation ( 14) with Equation ( 13) we obtain

( )    t       =     m m m m   K , (15) 
with

K J m w/s =  - K 1 . ( 16 
)
Equation ( 15) is the same as Equation ( 20) of [START_REF] Raats | Transport in soils: the balance of mass[END_REF]. When deformation and flow occur in the vertical direction only, [START_REF] Raats | One-dimensional, simultaneous motion of the aqueous phase and the solid phase of saturated and partially saturated porous media[END_REF] wrote J as

J d =             1 0 0 0 1 0 0 0   d 0 , ( 17 
)
where  d is the dry bulk density and  d o is the dry bulk density in an initial state. In general cases, deformation occurs in every direction, and J is difficult to calculate (Raats & Klute, 1968; Vauclin, 1988). We propose calculating this matrix in the case of three-dimensional, but not necessarily equidimensional, soil movements by formulating some hypotheses.

Hypothesis 1. Soil moves without shearing: in which case, the matrix J becomes diagonal and can be written:

J =                 d d d d d d x x y y z z m m m 0 0 0 0 0 0 . ( 18 
)
For an elementary volume     V

x y z =   , the corresponding material volume is

     V V e x y z m m m m = + =   1 , ( 19 
)
where e is the void ratio. In the material coordinate system, the material volume is constant.

By differentiating equation ( 19) we have: 

( ) ( ) ( ) ( ) d d d d         V V x
= + = +          - 1 1 1 1 2    . ( 21 
)
Hypothesis 3. The soil deforms equidimensionally in the horizontal plane. Voltz & Cabidoche (1995) defined the anisotropic ratio k as the ratio between vertical and horizontal elongation rates:

( )

( ) ( ) ( ) k x x z z y y z z =         =           d d d d         . ( 22 
)
Hypothesis 4. We look for  so that 

+  + 1 1 1    . ( 24 
)
By definition, we have

( ) ( ) ( ) ( ) ( ) d d d d d d e e e e V V x x y y z z 1 1 1 + = + + = = + +         . ( 25 
)
Equation ( 25) becomes by using Equation ( 22):

( ) ( ) ( ) ( ) ( ) ( ) d d d d e e k z z k k x x k k y y 1 1 2 1 2 1 2 + = +   = +   = +         . ( 26 
)
Thus, when we put Equation (26) into Equation ( 24) and then Equation (24) into Equation ( 23), the fourth hypothesis becomes

 = +  k k 1 2 , ( 27 
)
and putting Equation ( 27) into Equation ( 16) the material hydraulic conductivity tensor K m can be written

( ) ( ) ( ) K m m h m h m v w / s w / s w / s =           = + + +                 - K K K K e K e K e 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 1 2    . ( 28 
)
Equation ( 15) and the above-mentioned material conductivity tensor are equivalent to the results of [START_REF] Garnier | Détermination des caractéristiques hydrodynamiques de sols déformables par la méthode inverse[END_REF]. This tensor can be written as a scalar if In the case of vertical one-dimensional soil movement and water flow, the ratio k is nil -see equation ( 22)-as is  according to Equation ( 27). Equation ( 15) becomes

K K m h m v = , which is equivalent to    = -  =  = 1 2 1 3 1 k , ( 29 
( )        t z K z z       =  -+       m m m m m  , (30) 
with

K K e m w /s = + 1 . ( 31 
)
Equations ( 30) and ( 31) are equivalent to the relation (9) of [START_REF] Philip | Hydrostatics and hydrodynamics in swelling soils[END_REF], relations ( 12) and (13a) of Angulo et al. (1990a), ( 14) of Kim et al. (1992a). Hence, our theory reduces to the existing theory for one-dimensional fluxes.

If the matric potential is uniform in a horizontal plane then the water flows only vertically but soil deforms three-dimensional still. In that case we get Equation (30) from Equation ( 15), but Equation ( 31) is now

( ) K K e m w / s = + - 1 1 2  .
(32)

Field measurements: experimental procedures

We used a transducer named THERESA that measured thickness changes of soil layers. It was designed by taking into account the intrinsic properties of vertisols. Its conditions of use were described in Cabidoche & Voltz (1995) and in [START_REF] Cabidoche | THERESA: I. Matric water content measurements through thickness variations in vertisols[END_REF]. The model relating thicknesses and the gravimetric water content is described in Voltz & Cabidoche (1995). We supposed a constriction of the structural porosity along the normal phase of shrinkage proportional to matric shrinkage [START_REF] Mcgarry | Shrinkage curve indices to quantify cultivation effects on soil structure of a Vertisol[END_REF]Cabidoche & Voltz, 1995). Thirty transducers were set up in the experimental parcel during three periods between 1993 and 1996. Five soil layers were investigated with six replicates for each depth.

This led to a good accuracy of 0.02 kg kg -1 for the calculation of the mean water content [START_REF] Cabidoche | THERESA: I. Matric water content measurements through thickness variations in vertisols[END_REF]. We supposed that the average water content profile changes were caused by vertical matric flow only. No exchange was supposed to occur from either structural to matric porosity or from cracks to matric porosity. The experimental parcel was drained by a network of pipes 16 m apart and 1.1 m deep. Hydrographs were installed at triangular weirs to record overland flow and drainage. We studied rewetting of the profile during and after each rainfall event not followed neither by drainage nor by runoff. At the bottom of the profile (1.20 m in depth) an impervious layer prevented downward water fluxes.

A water balance was made from the impervious base to the depth of 80 cm and 50 cm. By using the instantaneous profile method, the vertical material hydraulic conductivity could be calculated from Equations ( 30) and ( 32), assuming vertical water flow and three-dimensional deformation of the soil.

Results and discussion

The shrinkage curve is plotted in Figure 3a (W against ) and in Figure 3b ( against ). No difference can be observed between the aggregates sampled in the field and subjected to the overburden and the other aggregates in which the overburden was removed. This result and the uniform value of 0.85 of the ratio k with depth (Cabidoche & Voltz, 1995) show that the overburden potential does not influence soil properties. It contrasts with the results of [START_REF] Bronswijk | Shrinkage geometry of a heavy clay soil at various stresses[END_REF] who investigated unripe wet marine clay soil.

The retention curve is plotted in Figure 4 and fitted with the model of [START_REF] Van Genuchten | A closed-form equation for predicting the hydraulic conductivity of unsaturated soils[END_REF]. In the laboratory studies, three sets of cores were sampled. We plotted on the shrinkage curve the initial conditions of each set at the beginning of the experiment (Figure 3a). The initial conditions of each set were measured on the small aggregates sampled near the core (see Laboratory measurements: experimental procedure, first paragraph). This shows that structural porosity does not contain water and that water fluxes are only matric fluxes.

The instantaneous profiles for these sets are plotted in Figure 5a,b and c for the water content, and in Figure 6a,b and c for the solid content. The ratio between the apparent conductivity K zz w/o and Kw/s is plotted in Figure 7. This ratio ranges from 1 for dry soil to 5 when wet, the discrepancy being larger for the wetter soil. [START_REF] Nakano | Saturated and unsaturated hydraulic conductivity of swelling clays[END_REF] and Angulo et al. (1990b) found a ratio ranging from 1 to 3 for bentonite pastes.

In the field the model of Voltz & Cabidoche (1995) was used to calculate the gravimetric water content and specific volume of peds, and thus the volumetric water content.

In Figure 8 we plotted the Kw/s obtained in laboratory experiments and in the field.

The Darcian conductivity results show little variation when the soil is dry, but they are more variable for wet soil. The polynomial adjustment of degree 3 gives a conductivity value of 0.2 cm day -1 for a water content of 0.570 m -3 m -3 (matric potential of -3 kPa). Ritchie et al. (1972a) found an apparent conductivity of 0.03 cm day -1 at the same matric potential in vertisols from Texas and a field saturated conductivity of 0.1 cm day -1 (Ritchie et al., 1972b). [START_REF] Douglas | Compaction effects on the hydraulic conductivity of a clay soil[END_REF] measured a material conductivity of 0.08 cm day -1 for a matric potential of -0.1 kPa in a remodelled clay soil. The field measurements are more variable, but our experimental plot can be partly responsible for it. During the three measurement periods during several months, we could retain the rain on only three occasions to satisfy our assumptions about vertical water flow. Moreover, these events were quickly followed (several hours later) either by more heavy rain that caused drainage or runoff, or by water absorption by plant roots. The changes in thickness and water contents were then small. Indeed, the water content changes were of the same order of magnitude as the experimental accuracy.

Nevertheless despite this variation, the conductivities calculated from the field experiment are always one order of magnitude greater than the conductivities obtained in the laboratory.

Some authors [START_REF] Flühler | Bestimmung von hydraulischen Parametern für die Wasserhaushaltsuntersuchungen im natürlichen gelagerten Boden. Ein Vergleich von Feld-und Laboratoriumsmethoden[END_REF] found significant differences between the in situ hydraulic conductivity and the conductivity determined in the laboratory, especially for fine textured swelling soils. In our case, as in situ and laboratory measurements were conducted under wetting and drying conditions respectively, we can consider that a physical hysteresis is responsible for this discrepancy. We discuss this hypothesis below.

This hysteresis cannot be caused by bypass flow in the structural porosity because exchange of water from structural porosity to matric porosity is almost nil. Moreover, the transducers make it possible to measure the matric water content only. Preferential flow paths along slickensides must also be rejected because, in the soil we studied, the slickensides are just failure planes and have negligible volume. It seems questionable to explain this hysteresis by a bypass flow in the biggest matric pores: on the one hand, these pores are saturated as far as the flow occurs in the normal phase of the shrinkage curve, and on the other, the size of these pores is less than 2 m. The larger value of conductivity measured during wetting could be caused by micro-cracks along the wetting front. [START_REF] Stengel | Cracks formation during swelling: effects on soil structure regeneration after compaction[END_REF] observed this phenomenon in the field at the surface of the soil. In our experiments, as cracks remained open in the deep layers, the volume of these cracks enabled micro-cracks to appear when the peds rewetted.

Last our hypothesis concerning vertical water flow could be wrong. Owing to the spatial variation of the network of cracks and soil characteristics, water can enter cracks in a part of the field plot even if no drainage is recorded. This water can then wet the peds horizontally.

Consequently some of the transducers near the axes of the prisms measured variations in thickness due to vertical flow only and elsewhere those near crack walls measured changes caused by both vertical and horizontal flow.

For the three periods that we studied, we plotted the 90 % confidence interval of the estimation of the mean water content (Figure 8). Taking into account this spatial variation, we can see that the field conductivities are in the same range as those recorded at the laboratory.

Thus, we cannot conclude that physical hysteresis is responsible for the discrepancy between field and laboratory measurements.

We made calculations by both incorporating and not incorporating the overburden potential in the total potential for the field experiment. The conductivities calculated with the overburden potential were found to be not significantly different (at a 5 % level) from the conductivities calculated without taking into account the overburden potential. This is because the gradients of overburden potential (about 1 m m -1 ) are smaller than those of matric potentials (about 70 m m -1 ).

Conclusions

We have presented a laboratory method to measure the apparent and Darcian hydraulic conductivity of the matric porosity of a vertisol as a function of the water content under drying conditions. The theory deals with solid deformation and water flow in every direction and describes water flow in a Eulerian coordinate system. In our experiments, we restricted to vertical water flow only and we ensured that water flowed only in the matric porosity.

Millimetre-sized aggregates were removed from the side of the core so that the natural pores at the surface remained open and water could evaporate from them. Thus smoothing effects on the evaporation rate were avoided. Under rewetting conditions, the Darcian conductivity was measured in the field using a material coordinate system. The equations developed for that take into account vertical and horizontal soil movements and water flow. The deformations were not assumed to be equidimensional. Nevertheless, even if we suppose in our theory that soil movements are free of shear, which is probably not true, nothing more satisfactory can be used to describe three-dimensional water fluxes and soil movement.

We showed that the overburden potential did not influence soil properties and that its gradient was smaller than the gradient of the matric potential. The ratio between field conductivity and laboratory conductivity was about 10. This discrepancy may be explained by a hysteresis caused by a network of fine cracks that develops during the rewetting of the peds, but our results did not allow us to draw a final conclusion.
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Fig. 1 Smoothing effect upon drying of a small clod of vertisol. In the first case (open circles) the surface of the clod is not smoothed, whereas in the second case (continuous line) it is. The cumulative evaporation from a core with a smoothed surface always represents about one third of the cumulative evaporation from a core with a natural surface.

Fig. 2 Gravimetric water content profiles of two cores subjected to drying in the laboratory atmosphere: W is the gravimetric water content (kg kg -1 ) and Z the elevation (mm).

The first core was sampled after 2780 min, and the second after 2400 min.

Fig. 3

Shrinkage curves of aggregates: specific volume against gravimetric water content (Figure 3a) and volumetric solid content against volumetric water content (Figure 3b). In Figure 3a 

  As for the one-dimensional flow and deformation where the material coordinate is related to the fixed coordinate by the ratio 1

  )i.e. when soil deformation is isotropic. For the vertisol studied, Cabidoche & Ozier-Lafontaine (1995) found an anisotropic ratio of 0.85: vertical movements were more important than horizontal ones. With this value, Equation (27) implies 

  , the continuous line is the saturation line; the in situ samples (open circles) were subjected to the overburden potential, while this potential was removed in the samples used for the retention curve (open triangles). In Figure 3b the continuous line is the regression given by the equation written in the figure: the slope of this line, d d   , is used in Equation (9).
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 8 Fig. 8 Darcian unsaturated hydraulic conductivity of the matric porosity measured in the field

  Figure1

Acknowledgments

We are grateful to Claire Gay from the translation department of INRA for improving the English of this paper. We are also indebted to the two anonymous reviewers whose comments helped to improve an earlier version.