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Summary

Interfaces between geomaterials may be critical for the long term confinement of the engineered
barriers of nuclear waste disposals, particularly if there is water flow. Hydromechanical compres-
sion tests have been performed on rock-bentonite interfaces representing the contact between a
host rock (toarcian argillite) and an engineered barrier within a nuclear waste repository. The
results show that there is no major influence of the bentonite fraction or the nature of the additive
as long as the additive is inert (sand or crushed rock): all the interfaces are closed for low values of
normal stress (about 4 MPa). On the other hand, the hydromechanical behaviour of the interfaces
changes when a high fraction of cement is used. Moreover, it has been shown that bentonite is
very sensitive to hydraulic erosion, producing flow channels within the interface zone. A numer-
ical study confirms the importance of erosion for the hydromechanical behaviour of the interface.
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1. Introduction

In many countries (Canada, France, Sweden, Spain, Japan and others), the design of

nuclear waste repositories is based on natural and engineered barriers to achieve long

term confinement. Some Underground Research Laboratories (URL) have been devel-

oped to study the feasibility of such concepts. The materials involved (rock, concrete

and bentonite mixtures) are now quite well known, but only limited information is

available on the behaviour of contacts between these materials. However, it has been

observed during a Tunnel Sealing Experiment (Dixon et al., 2002) that flow takes

place within the contact between the host rock and the engineered barrier and not

through the mass of these two elements when applying a pressure in the sealed

chamber. The fact that interfaces may be critical zones for an engineered barrier

has thus been emphasized.



Different kinds of contacts may affect a nuclear waste repository: rock joints,

concrete-rock contacts, which are quite similar to rock joints (Kodikara et al., 1994;

Seidel and Haberfield, 2002; Buzzi, 2004) and, bentonite-rock contacts. Some studies

have been conducted on rock-bentonite interfaces in order to examine the hydration

process of the buffer (Gens et al., 2002) or to investigate the evolution of the voids

between the buffer and the rock due to bentonite swelling (Grindrod et al., 1999;

Pusch, 1983; Marcial et al., 2001). Some shear tests on rock-bentonite are mentioned

in the literature (Borgesson et al., 1996; Marcial et al., 2001) without displaying all the

details and the results. Regarding the hydromechanical behaviour of such interfaces,

almost no data are available. Not even in the study by Missana et al. (2003), dealing

with water flow in a rock bentonite interface, is there any information about the

hydraulic conductivity. Consequently, there is no quantification of the water flow

through the interfaces. Yet, this is very significant information regarding the efficiency

of the engineered barrier.

This paper deals with a study of the different possible mixtures that have been

proposed in the literature as backfill material in the nuclear waste context. Pure

bentonite has been rarely proposed for the engineered barrier, usually some materials

(e.g. sand or crushed rock) are added to the bentonite in order to enhance its mechan-

ical properties.

Bentonite-sand mixtures with half mass content of bentonite have been widely

studied (Dixon et al., 1985, 2002; Tang et al., 2002; Tang and Graham, 2002; Graham

et al., 2001) but, other mixtures are also used for the same purpose. The sand can be

used at different mass fractions, ranging from 10 to 90%, (Santucci de Magistris et al.,

1998; Chapuis, 2002; Al Shayea, 2001; Chijimatsu et al., 2000) and crushed rock can

be used as an additive (Borgesson et al., 2003; Mata et al., 2001). In case of other

kinds of waste for which the confinement is also crucial, some bentonite cement

mixtures are sometimes employed (Koch, 2002; Garvin and Hayles, 1999). These

authors have shown the influence of the mixture composition on its mechanical prop-

erties and hydraulic conductivity.

A possible in situ scenario of evolution of the rock-bentonite contact is pro-

gressive compression due to a combination of rock creep and of bentonite swelling.

Once an equilibrium between these mechanism is reached, the voids between the

natural and the engineered barriers should be filled and the waste should be properly

confined. However, before reaching the equilibrium a transient phase is expected,

during which geological water may flow in the interface subjected to a progressive

compression.

The aim of this study is to identify the global qualitative behaviour of such

interfaces subjected to compression. As for any contact, the transmissivity is expected

to decrease when applying a normal stress, but the rock-bentonite interface requires a

series of hydromechanical tests to fully describe its behaviour and the phenomena

driving it. Another objective is to determine if one specific mixture should be used

from the hydromechanical point of view. The experimental investigations are com-

plemented by a hydromechanical uncoupled numerical study focused on the flow.

Using a fluid mechanics software rather than expressing the transmissivity with the

approximate cubic law enables us to calculate a number of relevant flow parameters

useful for understanding the experimental results.
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2. Experimental Facilities

2.1 Experimental Devices

The tests were performed using the direct shear box BCR3D and the associated

hydraulic device. This apparatus has been designed by Boulon (1995) and developed

by Armand (2000) and Hans (2002).

2.1.1 The Direct Shear Box BCR3D

This experimental device (Fig. 1) can be used for all classical interface compression

and shear tests (constant normal stress, constant normal stiffness, constant volume)

and has a shear velocity ranging from 0.05 mm=s to 50 cm=s through the use of both

quasi static and dynamic electro-mechanical jacks. The BCR3D has been designed to

avoid any relative rotation of the rock walls during the shear displacement. Such a

relative rotation can greatly affect the quality of the tests (Boulon, 1995). Through the

use of two actuators on the horizontal shear axis, the tangential relative displacement

of both rock walls are symmetric with respect to the vertical (normal) axis, facilitating

the application of the normal force on the joint. One advantage is that the normal force

is kept centered on the surface of the joint thus preventing the upper part of the

specimen from rotating. Each axis is equipped with one or two actuators (capacity

of 100 KN) and with sensors measuring displacements and forces. Two LVDT’s are

Fig. 1. Front view section along one shear axis of the BCR3D. 1: interface specimen to be tested, 2: internal
removable metallic boxes, 3: external boxes, 4: sliding device enabling translation movements along axis X,
5: load cells, 6: horizontal actuators, 7: rigid frame, 8: displacement sensors (LVDT measuring �y1 and
�y2), 9: coupling device, 10: rigid columns, 11: displacement sensors (LVDT measuring �z), 12: vertical

actuator, 13: rigid vertically translating structure
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used in the normal load axis to check that there is no parasite rotation during the shear

test. A front view section of the apparatus is shown in Fig. 1. For this experimental

program the BCR3D has been used only in compression.

2.1.2 The Associated Hydraulic Device

The diagram of the hydraulic device used for the hydromechanical tests is shown

in Fig. 2. A constant water flow Q1 produced by the volumetric pump is injected

into the hydraulic circuit which is divided in two branches: the first one (Nr3) is an

adjustable discharge. The second branch (Nr2) is connected to the specimen with a

continuous measurement of the pressure (P2) and the flow rate (Q2). Both hydraulic

gates R2 and R3 are used to drive the test which is neither at constant injection

pressure nor at constant flow rate. The outlet water (at atmospheric pressure) is

collected by a membrane specially made for these tests in order to confine the

bentonite.

2.1.3 The Membrane

Even when subjected to a 6 MPa compression, the bentonite is much less stiff than

the rock. A high normal stress can thus not be applied on the interface specimen

without confining the bentonite part. Moreover, the water flowing out of the interface

has to be collected. The membrane is divided into five sectors in order to measure the

flow in five directions and to be able to investigate the flow anisotropy. Either

sectorial flows or total flow can be used depending on whether the anisotropy is

studied or not. The membrane is made of an aluminium base for the mechanical

boundary conditions and of a complementary elastomer part to have an efficient

division into sectors and to prevent leakage during the test (see Fig. 3). Thus, the

membrane places the bentonite in quasi oedometric conditions and enables water

collection.

Fig. 2. Diagram of the hydraulic device. The pump injects a constant flow rate (Q1) into the circuit which is
divided into two branches. One branch (Nr3) is the discharge whereas the other one (Nr2) goes to the

specimen with a continuous measurement of flow rate and of pressure
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2.2 Experimental Program

Different bentonite mixtures have been tested to examine the influence of the bento-

nite fraction and the nature of the additive on the hydromechanical behaviour of the

interface. The series of tests and the composition of the mixtures are given in Table 1.

All the tests are performed twice in order to verify their reproducibility and the

relevance of the results. The first series of tests is shown in this paper while the

complete set of results are available in Buzzi (2004).

2.2.1 Description of the Test

After installing the specimen in the experimental device, an initial normal stress of

0.3 MPa is applied (to avoid leakage). Thereby the water is forced to flow within the

Fig. 3. Specific membrane designed for the rock-bentonite interfaces. a: Aluminium base of the membrane
providing quasi oedometric boundary conditions. b: Complementary part in elastomer preventing leakage. c:
Technical drawing of the membrane: plane view and section view. (1) and (2): metallic internal boxes
(drawn in dots in the plane view). (3) and (4): Upper and lower parts of the specimen. (5): Aluminium part of
the membrane. (6): Elastomer part of the membrane. (7) and (8): Channel and bore to collect the outlet
water. (9): Bores for screws and metal guides used to assemble both parts of the specimen as shown on the

section view and in Fig. 6
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interface opening gate R2 (see Fig. 2) while both injection pressure and flow rate are

measured. Once the hydraulic steady state has been reached (both injection pressure

and flow rate constant), the total normal stress is increased. The final normal stress

reached depends on the specimen behaviour and on any technical problems (e.g.

leakage).

The test is performed neither at constant flow rate nor at constant pressure. An

initial value of flow rate is imposed and the bentonite specimen subjected to

compression acts as a gate. The flow rate will progressively decrease while the

injection pressure increases when the normal stress increases. However, if the flow

rate is too small to be measured, the operator can increase it in order to continue

the test and to get relevant data. The tests are performed during loading and

unloading of the specimen. Although the membrane allows one to investigate the

anisotropy of the flow, the results are expressed considering the total flow. Indeed,

the water flows only in one channel (see Sections 2.4 and 3) making an anisotropy

study irrelevant.

Table 1. List of the performed tests. The name of the test is defined by the bentonite mixture used. e.g. BS80:
bentonite sand mixture with 80% in mass of bentonite. Each test is performed twice

Percent of bentonite in mass Additives

Sand (S) Crushed rock (R) Cement (C)

50 BS50 BR50 1BC50
60 BS60 BR60 no test
70 BS70 BR70 no test
80 BS80 BR80 no test
90 BS90 BR90 1BC90

Fig. 4. Schematic representation of the compression of the bentonite mixtures. a: before compression: the
bentonite mixture has a very high void ratio. b after the compression: the bentonite is compacted and the
void ratio is lower. (1): piston, (2): cylindrical mold, (3): porous stones, (4): bentonite mixture before

compression, (5): base, (6): compacted bentonite mixture
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2.2.2 Calculation of the Hydraulic Transmissivity

As in the case of rock joints, the rock bentonite interfaces are networks of voids

described as a porous medium of permeability k saturated by water and obeying

Darcy’s law. Transmissivity tests are performed on annular specimens of interfaces

and the flow is created by applying an injection overpressure �P of fluid at the

internal radius (ri) of the specimen while the atmospheric pressure (equal to zero)

is applied at the external radius (re). As in many other studies (Hans and Boulon, 2003;

Esaki et al., 1999; Lee and Cho, 2002), the tests can be interpreted in terms of

Fig. 5. Both parts of the interface specimen. a Rock specimen sealed in the metallic box with mortar. View
of the hand made grooves (depth¼ 1mm, width¼ 1mm). b Bentonite part in which the central injection hole
is not yet drilled (diameter 63 mm, height 30 mm). c Schematic section views along diametral planes (PP)
and QQ (a) of the contact. The water is injected in the central hole with measurement of pressure (P) and
flow rate (Q). Due to the alternance of groove and smooth impervious contacts, the water flows only in
the central groove (marked with a cross). Due to the obstruction of one part of the central groove by the
bentonite (left hand side of the groove), water flows only in one direction (towards the right hand side of the
groove). Channel dimensions: L¼ 1 mm, ri¼ 2.5 mm, re¼ 31.5 mm and eh (average aperture). For the sake

of clarity, normal stress and sealing are not shown on the section view along diametral plane QQ
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isotropic transmissivity rather than in terms of permeability because this choice avoids

making a hypothesis about the local hydraulic aperture.

The interfaces investigated in this paper are all made of a smooth bentonite wall,

which can be subjected to important plastic strains, and of a stiff grooved rock wall.

Then, assuming that the water flows in a channel (width L, length (re� ri) and average

aperture eh), as shown in Fig. 5(c), the intrinsic transmissivity T is expressed as:

T ¼ ðre � riÞ
L

� � � Q

�P
; ð1Þ

with:

� T: intrinsic transmissivity [m3],

� Q: flow rate [m3=s],

� �P: internal injection pressure [Pa],

� re: external radius of the annular specimen [m],

� ri: internal radius [m],

� L: width of the channel [m] (1 mm),

� �: dynamic viscosity of the fluid [Pa.s] (1.005E-3 Pa.s at 20 �C).

The transmissivity t and the intrinsic transmissivity T are linked by T ¼ t � ��w with

�w: volumic weight of the fluid [N=m3]. The intrinsic transmissivity is used to express

the results independently of the fluid properties. The temperature of the fluid, having an

influence on its viscosity, has been measured during the whole test series and it varies

significantly (from 16.5 to 25 �C). The changes of the physical properties of water with

temperature is described in John and Haberman (1979). Using the table given in the

appendix A, the viscosity of the fluid has been adjusted according to the temperature.

2.3 Materials

The rock used is an argillite of the Toarcian age from the IRSN experimental site of

Tournemire. Many studies have been conducted on this material (Niandou et al., 1997;

Daupley, 1997; Mathieu et al., 2000; Rejeb, 1999). This rock has a high clay fraction

(70%) (kaolinite, illite, mectite, mica), from 10 to 20% calcite and from 10 to 20%

quartz, it is saturated in its natural state and is highly anisotropic due to the bedding

planes. Some mechanical data about the intact rock are available in Rejeb (1999).

The Young’s modulus ranges from 9 to 32 GPa depending on the location of the

borehole. The water content is very low (from 1 to 5%) as is the hydraulic conduc-

tivity (from 10E-13 to 10E-15 m=s) after Rejeb (1999). This rock was also used for the

bentonite-crushed rock mixtures as a rock dust (Dmax � 2 mm) coming from the tunnel

excavation phase.

The mineralogic composition of the natural Ca-bentonite used is given in Table 2.

The Atterberg limits, determined in the laboratory, are wl¼ 120% and wp¼ 190%,

leading to a plasticity index Ip of 70%.

Table 2. Mineral composition of the bentonite FZ0

Minerals Ca Montmorillonite Illite Kaolinite Quartz Calcite

Percentage 70 to 80 12 to 15 4 to 5 2 to 5 2 to 5
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A silica sand has been used for preparing the bentonite-sand mixtures. The grain

size ranges from 0 to 2.5 mm and the sand is characterized by a coefficient D85¼
1.7 mm (85% in mass of the particules have a diameter lower than D85) and a

coefficient D10¼ 180 mm. Finally, the cement used for the bentonite-cement mixtures

is a standard cement CEM II=B 32.5R provided by Vicat company.

2.4 Specimen Preparation

As the argillite is very sensitive to hydration=dehydration (Charpentier et al., 2003),

attention has been paid to the possible degradation of the rock within the interface

zone during the test due to water and normal stress. To examine any modification of

the rock, one rock specimen was used for each hydromechanical test rather than using

replicas.

The bentonite mixtures have been prepared at the optimum water content (pre-

vious series of tests, (Buzzi, 2004) and have been left in plastic bags for a minimum of

48 hours to achieve a homogeneous water content. The mixture has then been sub-

jected to a compression of 6 MPa (using the mold shown in Fig. 4) to get the bentonite

part of the interface specimen (see Fig. 5b). This compression is not a consolidation of

a saturated clay since the specimen is actually a kind of powder which is compressed

during a few minutes. Under such conditions, the compression generates a drastic

reduction of the void volume and a compaction of the clay but not expulsion of water.

Due to the reduction of the void volume, the degree of saturation increases and at the

end of the compression, the specimens are considered saturated. The same process has

been followed for all specimens. The 5 mm diameter central injection hole is then

drilled in the compacted bentonite specimen. Some parameters of the specimens are

given in Table 3.

To highlight the influence of the mixture composition on the hydromechanical

behaviour of the interfaces, the rock wall morphology must be constant. This is why

we have chosen to create an artificial and reproducible roughness. Initially, the rock

wall is smooth and the regular grooves are hand made with a saw before sealing the

specimen to create the contact (see Figs. 5a and c).

A test, not shown in this paper but available in Buzzi (2004), has proven that an

interface between smooth rock (without any grooves) and bentonite prevents water to

flow even for high injection pressure. Due to the alternance of smooth contact and

grooves and when the compression is applied, the water can only flow in the central

groove since the water is prevented from flowing in any other direction. In theory, the

flow should take place in the groove through the entire diameter of the specimen but it

only occurred in one direction i.e. one radius. This can be explained by a difference in

Table 3. Saturation degree S, relative error on the saturation degree and dry volumetric weight �d of
bentonite-crushed rock and bentonite-sand specimens

Mixtures BS50 BS90 BR50 BR60 BR70 BR90

Saturation 1.002 1.006 1.01 1.005 1.08 1.02
Relative error �S=S 0.09 0.05 0.07 0.06 0.24 0.06
�d½kN=m3� 17 13 15.3 15.2 14.5 13.5

Hydromechanical Behaviour of Rock-Bentonite Interfaces Under Compression 351



penetration of the bentonite into the groove and in its possible degradation by water

between the two opposite radii. Figure 5c provides a schematic section view of the

contact.

The steps of preparation of the interface specimen, designed for allowing radial

flow, are explained in Fig. 6.

3. Experimental Results

The main goal of this experimental program is to investigate the hydromechanical

behaviour of rock-bentonite interfaces. Figure 7 shows the evolution of the normal

stress with respect to the normal relative displacement for test BR70. Due to the

membrane, the normal stress has to be corrected to determine the real stress applied

on the interface. This is done according to a procedure described in detail in Buzzi

(2004). Three loading=unloading cycles have been performed on the specimen. They

show a mechanical behaviour consistent with the mechanical boundary conditions

Fig. 6. Diagram of specimen preparation. Step 1: metallic boxes (1) and (2) and the membrane (3) are
assembled using the pins (10). Step 2: the rock specimen (5) is positioned using a wedge (6) and sealed with
a mortar (4). Step 3: The bentonite part of the specimen (7) is placed on the rock part to create the contact
(11). A steel cylinder with its support ((8) and (9) is positioned to create the injection hole in the mortar.
Then, the mould is filled with mortar (10). Step 4: after a few hours, all pieces are removed and the interface

specimen (11) can be tested
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(quasi oedometric compression) including a mechanical hysteresis and a stiffening of

the material.

The load is increased step by step and after each load increment the hydraulic

steady state is waited for, in order to register relevant values of pressure and flow rate.

Figure 8 shows the evolution of the intrinsic transmissivity with respect to the

normal stress for the same specimen (BR70). The transmissivity decreases as the

normal stress increases. The strained bentonite enters into the grooves of the rock,

filling the voids and reducing the transmissivity. The large plastic strains of the

bentonite lead to a closure of the interface under a low value of normal stress, between

3 and 5 MPa for all the tests. A transmissivity lower than 1E-16m3 means that the

interface is closed. This value is very low in comparison to values related to rock

joints (Hans and Boulon, 2003) or rock concrete interfaces (Buzzi, 2004) for which at

least 10 MPa is required to obtain a contact closure.

Unloading the specimen (cycles 1 and 2) does not lead to an immediate opening of

the interface. Indeed, the contact first remains closed due to the plastic strains of the

bentonite still obstructing the grooves. It then opens progessively and the transmissiv-

ity increases. This is the reason that a hysteretic path can be seen of the transmissivity

evolution. To investigate the hydromechanical behaviour of the interface for higher

values of normal stress (greater than 2.6 MPa for cycle 3), it is necessary to enable the

water to flow. To do so, the injection pressure is gradually increased by the operator

until the interface is open and the water flows, thus increasing the transmissivity.

Thereafter, the behaviour is the same as for previous cycles and the closure is still

reached for higher values of normal stress (here 6 MPa and 8 MPa).

It has to be noticed that no modification of the rock, due to water flow, has been

observed through the whole test series as it might perhaps have been expected. This

Fig. 7. Test BR70: evolution of the normal stress with respect to the normal relative displacement. Three
cycles loading=unloading have been performed for this test. ‘‘O’’ represents the beginning of the test
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could be explained by the average duration of the test, i.e. approximatively 3 hours,

which is not long enough to affect the torcian argillite.

4. Discussion of the Experimental Results

The present study only involves hydromechanical coupling. The maximum duration of

the test is 3 hours, the bentonite permeability and the injection pressure are very low

(respectively about 1E-19 m2 and lower than 0.5 MPa). We can therefore assume that

there is no modification in the mass of the compacted bentonite (Pusch and Kasbhom,

Fig. 8. Test BR70: evolution of intrinsic transmissivity with normal stress. a First two cycles, b All the
cycles. ‘‘O’’ represents the beginning of the test. Maximum injection pressure: 1.7 MPa
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2001), that there is no swelling during the test and that there is no chemical reaction

since usual reaction times are greater than 3 hours (Di Maio, 2004).

4.1 Influence of the Bentonite Mixture

Another goal of this program is to determine if the mixture composition has an

influence on the hydromechanical behaviour of the interface. Figures 9 and 10 show

Fig. 9. Bentonite-sand mixtures: Test BS70. Evolution of intrinsic transmissivity with normal stress.
O: beginning of the test. Maximum injection pressure: 2 MPa

Fig. 10. Bentonite-crushed Rock mixtures: Test BR60. Evolution of intrinsic transmissivity with normal
stress. O: beginning of the test. Maximum injection pressure: 0.4 MPa
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the hydromechanical responses of typical mixtures made of inert additive (sand and

crushed rock).

It is important to note that the initial transmissivity is very sensitive to the initial

pressure and flow rate (Buzzi, 2004) and the initial measurement is thus not a relevant

Fig. 11. Influence of the bentonite mixture. a Experimental evolution of transmssivity versus normal stress
and definition of the coefficient � for a load increment. � is defined by: �¼ abs(�T=��). b Evolution of
� versus bentonite mass content for bentonite sand and bentonite crushed rock mixtures and for the first three

load increments
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parameter to investigate the influence of the mixture. Actually, what can differ from one

mixture to another and may be a reliable parameter, is the ability of the mixture to fill

the voids and thereby close the interface to reduce the transmissivity. Therefore in order

to better assess the responses of the different mixtures, a coefficient �, defined by

�¼ abs(�T=��) for the three first load increments, is calculated (see Fig. 11a) to quan-

tify the decrease of transmissivity as function of normal stress. Figure 11b shows the

evolution of � (for each load increment) with respect to the bentonite mass content. This

figure proves that whatever the bentonite fraction or the additive used, all the hydrome-

chanical responses are very close in terms of transmissivity decrease versus stress level.

Fig. 12. Bentonite Cement mixtures: a Evolution of normal stress with normal relative displacement for
tests BC50 and BC90. b Evolution of intrinsic transmissivity with normal stress for tests BC50 and BC90.

O: beginning of the test
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In some studies conducted on the mechanical or hydraulic behaviour of bentonite

mixtures, it has been shown that the bentonite content can affect the mechanical or

hydraulic properties of the mixture (Santucci de Magistris et al., 1998; Al Shayea,

2001; Chapuis, 2002; Borgesson et al., 2003). These results, which concern the mate-

rial, can evidently not be extended to the interface. In the present study, no major

influence of the mixture is found as regards the hydromechanical behaviour of the

interface when the additive is inert (sand or crushed rock). As mentioned previously,

the plastic strains of the bentonite can explain the hydromechanical behaviour of the

rock-bentonite interface. The plastic behaviour of the bentonite is affected when

adding cement. Indeed, the cement hydration generates brittle bonds in the material,

turning the bentonite cement mixture into a quasi brittle material, even for low cement

mass content (e.g. 10% of cement).

The first consequence is that the hydrated bentonite cement mixtures cannot be

easily compacted since the application of large strains will break down the brittle

bonds. The compaction must be undertaken as soon as possible after having mixed the

water and dry mixture, otherwise the compacted bentonite blocks will crack and the

density will not be as high as targeted, which can affect the efficiency of the engi-

neered barrier.

Regarding the hydromechanical response, it appears in Fig. 12 that it is also

affected by the cement content. The hydromechanical response of a low cement

content mixture (BC90: 10% of cement) is very close to that of bentonite-sand or

bentonite-crushed rock mixtures since the interface is closed for a value of normal

stress equal to 4 MPa. On the other hand, for high cement content mixture (BC50:

50% of cement), higher values of normal stress, compared to bentonite-sand and

bentonite-crushed rock mixtures, are required to close the interface. Actually, such a

cement content highly affects the ductile behaviour of the bentonite and limits the

plastic strains so that the response tends to be very similar to that of argillite mortar

interfaces (Buzzi, 2004).

4.2 Degradation of the Bentonite by Water

All the bentonite parts of the interface specimens have been degraded by water during

the tests, as shown in Fig. 13. If the test is stopped before reaching the interface

closure, the bentonite is degraded as shown in Fig. 13a. This is due to the water flow-

ing in the interface and it can be likened to erosion. This phenomenon can be detected

by means of the evolution of the hydraulic parameters. Indeed, a sudden decrease of

pressure and an increase of flow rate is generated, leading to an increase of transmis-

sivity (Figs. 14a and b). Actually, bentonite is very sensitive to water. A flow against

the bentonite surface generates a superficial modification of the bentonite into a gel

like structure (Pusch, 1983; Grindrod et al., 1999).

Erosion can be explained by the shear stress applied by the flowing fluid on the soil

(James et al., 1996; Pusch, 1983). However, there is no way to predict the erosion

while performing the test since the key parameter is a local combination of pressure,

flow rate and section of the flow (Buzzi, 2004).

When the interface is closed (no flow) and the pressure is strongly increased to

resume the test (see Fig. 8), the interface is damaged as shown in Fig. 13b. This kind
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of degradation can be avoided by not increasing the injection pressure when the

interface has been previously closed. For all the tests, the large strain supported by

the bentonite leads to an interface closure for higher values of normal stress even with

these two kinds of degradation (see Fig. 8).

4.3 Reproducibility of the Tests

The tests have been performed twice in order to check the relevance of the results. An

identical response can hardly be obtained when testing twice the same mixture

because each specimen is unique and very sensitive to water. Figure 15 shows the

mechanical and hydromechanical responses for one bentonite cement mixture tested

twice (mixture BC90, tests 1BC90 and 2BC90). The mechanical and hydromechanical

curves are quite close before an erosion event damaging one contact. Afterwards, the

hydromechanical responses are obviously different. In any case, Fig. 15 enables one to

assess the reproducibility and the relevance of the results.

Fig. 13. Degradation of the bentonite part of the interface by the water: a Photograph of the eroded BR60
specimen. b Photograph of the eroded BS70 specimen
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4.4 Flow Regime

One way to examine the flow regime (turbulent or laminar) is to increase or decrease

pressure (resp. the flow rate) from an initial value and to investigate how flow rate

(resp. pressure) evolves with respect to pressure (resp. flow rate). In the ‘‘flow rate-

pressure’’ plane, a laminar flow is represented by a linear evolution of flow rate versus

pressure (Jing and Stephansson, 1995; Zimmerman et al., 1998).

Fig. 14. Effects of erosion. Test BR60 (normal stress �¼ 1.6 MPa). a Evolution of intrinsic transmissivity
with respect to time. b Evolution of flow rate and pressure with respect to time. A: beginning of the test. B:
an increment of normal stress is applied. Transmissivity and flow rate begin to decrease whereas pressure
increases. C: erosion of the bentonite: transmissivity and flow rate suddenly increase whereas pressure

decreases. D: erosion process has ended and the hydraulic parameters are stabilized
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Such investigations have been undertaken in this study and an example is shown in

Fig. 16 for three differents levels of normal stress for test BR90 (�¼ 2.2 MPa, 3.1 MPa

and 4 MPa). Figure 16a shows the evolution of the flow rate and normal stress vesus

time. The flow rate is successively decreased and increased for each normal stress and

the corresponding evolution of flow rate versus pressure is reported in Fig. 16b. In this

figure, the three cycles of decreasing=increasing the flow rate are visible: decreasing

(resp. increasing) the flow rate leads to a decrease (resp. increase) of the pressure. It

has to be noticed that the decrease of flow rate due to the augmentation of normal

Fig. 15. Reproducibility of the results: bentonite cement mixture with 90% in mass of bentonite tested twice
(Tests 1BC90 and 2BC90). a Mechanical response: evolution of normal stress versus normal relative
displacement. b Hydromechanical response: evolution of transmissivity versus normal stress. An erosion

event can be seen for test 1BC90. O: beginning of the test
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stress (visible in Fig. 16a) corresponds, in Fig. 16b, to a drop of flow rate accompanied

by an increase of pressure. In view of the evolution of flow rate with respect to

pressure, the flow is assumed laminar for that test. However, other tests have shown

that the flow is not always laminar, depending on the value of the flow rate and on the

channel dimensions for each test. The numerical study presented below is also a way

to assess the flow regime by means of the Reynolds number.

Fig. 16. a Evolution of normal stress � and flow rate Q with respect to time for test BR90. b Evolution of
flow rate versus pressure for the same test. O: beginning of the test. �: end of the test
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5. Numerical Study

This numerical part intends to study the flow within the interface using a fluid

mechanics code (Fluent Inc., 1993) rather than expressing the transmissivity with the

cubic law, so that the calculation of relevant flow parameters (e.g. Reynolds number,

local velocity, shear stress, flow rate) is possible. To do this, an uncoupled numerical

study is conducted by dividing the problem in two parts:

� The penetration of the bentonite into the rock grooves due to the compression is

studied by a pure mechanical analysis using Abaqus (Hibbitt, Karlsson & Sorensen

Inc., 1994) in order to obtain the void space in which the water flows.

� The obtained flow section is used to build a duct, in which the flow is simulated by

pure hydraulic analysis using Fluent. The applied boundary conditions correspond

to the experimental pressures (injection pressure at the inlet and atmospheric pres-

sure at the outlet) and the transmissivity is calculated as for the hydromechanical

tests.

5.1 Geometry and Mesh

The tests have shown that water flows into a central channel as shown in Fig. 5c,

which constitutes the basic cell of the numerical study (see Fig. 17). The rock part is

2 mm high whereas the bentonite part is 42 mm in order to enable the bentonite

penetration into the grooves. All the lateral displacements of the specimen are con-

strained. The problem is described using 3688 4-nodes elements built with 3954 nodes

and the mesh is refined within the interface zone (see Fig. 17).

A Coulomb elasto plastic constitutive model has been used for both materials,

the bentonite is described as a monophasic medium with the mechanical parameters

(given in Table 4) being consistent with undrained parameters. Actually, the bento-

nite parameters are adjusted in order to get a numerical mechanical response as close

as possible to the experimental one. Chosing  different from ’ leads to a non-

associated flow rule, which is desirable for geomaterials. Actually, the dilation angle

 is taken as low as possible for reason of numerical convergence. A large strain

calculation has been performed in view of the significant plastic strains observed

during the tests.

The contact between both specimens is frictional (f¼ 0.6). A biphasic description

of the bentonite including consolidation phenomena would have been more realistic,

but this first approach focuses specifically on the flow and the mechanical part is only

a necessary preliminary step to get some geometrical information.

Figure 18a shows the section resulting from the mechanical simulation, which is

meshed for the Fluent calculation. This meshed section is extruded to build the duct

shown in Fig. 18b and representing the channel made of bentonite and rock in which

the water flows. The duct consists of 8-nodes hexaedral elements (from 160000 to

650000 elements according to the section) and the PRESTO and SIMPLEC algo-

rithms of Fluent are used for the pressure and velocity coupling and calculation.

In case of turbulent flow, the k–" model developed by Launder and Spalding (1972)

is used.
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Table 4. Mechanical parameters of the bentonite and of the rock for the Abaqus calculation

E [MPa] c[kPa] Dilation angle  [�] Friction angle ’ [�] �

Bentonite 22 120 16 24 0.45
Rock 2000 100 10 18 0.35

Fig. 17. Abaqus simulation: a Mesh geometry, dimensions and boundary conditions. b Penetration of the
bentonite into the groove at �n¼ 2 MPa and view of the voids section used to simulate the duct for the

hydraulic calculation
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5.2 Numerical Results

The test BR60 has been used as a reference for this numerical study. For several values

of normal stress, a duct has been formed on the basis of the mechanical calculation

(see Fig. 19) and both experimental injection pressure and atmospheric pressure have

been applied as boundary conditions. For each level of normal stress, the calculation

has been performed according to a laminar or turbulent model depending on the

Reynolds number which is expressed as Re ¼ U�Dh

� where:

� U is the average velocity [m=s],

� � is the kinematic viscosity [m2=s],

� Dh ¼ 4�S
P

with S the flow section [m2=s] and P the hydraulic perimeter [m].

If Re is lower than 2000 (resp. greater than 3000), the flow is considered to be laminar

(resp. turbulent).

In case of Re between 2000 and 3000, the flow regime can not be accurately

defined (transition zone). Actually, the flow could be laminar or turbulent. Thus, both

laminar and turbulent calculations are made. This explains the double value of the

Reynolds number in Table 5. However, even with this double calculation, the flow

regime can hardly be assessed. For test BR60, two erosion events occurred at

�n¼ 1.6 and 2.4 MPa, leading to an important variation of pressure (decrease from

P¼ 250 to 60 kPa and from P¼ 280 to 8 kPa). To see if it is possible to simulate the

Fig. 18. ‘‘FLUENT’’ calculation. a View of the section coming from the mechanical simulation and meshed
with Gambit. b View of the duct and of the boundary conditions. L¼ 29 mm
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same variation of transmissivity just changing the boundary conditions, both values of

pressure before and after erosion have been imposed. Then, two transmissivities have

been calculated and confronted to the experimental results.

Table 5 summarizes the hydraulic parameters obtained by the Fluent calculation

and the comparison between the experimental and the numerical evolution of the

transmissivity with the normal stress is shown in Fig. 20.

The error on the numerical transmissivity can be estimated to be about 65% due to

the uncertainty of the void section coming from the mechanical simulation. For the

Table 5. Hydraulic parameters used and calculated for the flow simulation

�n[MPa] 0.75 1.15 1.6 2 2.4 2.9 3.2
Pexp[kPa] 50 55 250 60 80 280 80 85 370
Qexp[gr=min] 180 172 90 180 165 80 165 160 20
Pnum[kPa] 54 52 240 54 68 230 77 83 380

57 80 269
Qnum

[g=min]
141 140 263 129 103 145 54 8 7

99 85 115
Flow model T T T T and L T and L T and L L L L
Tnum [m3] 1.2E-12 1.3E-12 5.3E-13 1.1E-12 7.3E-13 3E-13 3.4E-13 4.6E-14 8.9E-15

8.4E-13 5.3E-13 2.1E-13
Re 3240 3300 6440 3180 2560 3650 1350 210 85

2440 2200 2890

�n: normal stress, Pexp: experimental injection pressure, Qexp: experimental flow rate, Pnum: numerical
injection pressure, Qnum: numerical flow rate, Tnum: numerical transmissivity, Re: Reynolds number,
L: laminar flow (Re< 2000), T: turbulent flow (Re> 3000), Tand L: transition flow (2000�Re� 3000).
In case of transition flow (T and L), two calculations have been performed: one laminar (L) and one
turbulent (T ). Italic results refer to laminar regime when both laminar and turbulent calculations are
performed. At 1.6 MPa and 2.4 MPa, two calculations with different numerical injection pressures have
been performed.

Fig. 19. Modeling of bentonite penetration profiles for different values of normal stress. Void section at
�n¼ 2.9 MPa is represented in grey (mechanical calculation using ‘‘Abaqus’’), eh being the average aperture
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sake of clarity, no error bars are plotted in Fig. 20. This error is not that important

considering the important experimental variations of transmissivity observed for a

given value of normal stress. The numerical evolution of the transmissivity shown

in Fig. 20 is very close to the experimental one.

Fig. 20. Numerical and experimental evolution of the transmissivity with the normal stress. At 1.6 MPa,
2 MPa and 2.4 MPa, results of the calculation of the turbulent flow model are plotted

Fig. 21. Schematic evolution of flow rate versus injection pressure in an interface for a turbulent regime.
The transmissivity is defined by T¼ c �Q=P with c¼� � (re-ri)=L. The non linear evolution corresponds to a
turbulent regime and leads to an increase of the transmissivity (from T1 to T2) when reducing the injection

pressure (from P1 to P2)
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It has been shown in Fig. 14 that erosion generates a decrease of pressure and an

increase of flow rate, leading to an increase of transmissivity. Modifying the pressure

conditions at the inlet of the duct from the pre-erosion pressure (e.g. P¼ 250 kPa at

�n¼ 1.6 MPa) to post-erosion pressure (e.g. P¼ 60 kPa at �n¼ 1.6 MPa) leads also to

an increase of transmissivity (see Fig. 20 at �n¼ 1.6 and 2.4 MPa). The Reynolds

number calculation at both levels of normal stress show that the flow is within the

transition zone between laminar and turbulent.

In the transition zone, the evolution of flow rate versus pressure becomes non

linear (Jing and Stephansson, 1995) and a schematic evolution is shown in Fig. 21.

This figure shows how dropping the pressure leads to an increase of transmissivity if

the flow is turbulent. As a conclusion, the erosion effect (in terms of transmissivity

augmentation) cannot be reproduced without modifying the interface as it occurs

under erosion. Moreover, this simple simulation will inevitably lead to a closure of

the interface whereas the real one can be opened by erosion.

The flow regime has been found to be laminar or turbulent at the different stages of

the test and it appears that a low value of flow rate (140 g=min or 2.3E-6 m3=s) can

generate a turbulent flow (Re¼ 3300). The flow has been found laminar for higher

values of flow rate in Fig. 16b but the regime depends not only on the flow rate value

but also on the flow section, which differs from one test to another.

6. Conclusions

The experimental and numerical study reported in this paper intends to investigate the

hydromechanical behaviour of the rock-bentonite interfaces. In more classical con-

tacts (e.g rock joints), the transmissivity is expected to decrease when applying normal

stress. For rock-bentonite interfaces, the behaviour is not well known and required a

series of hydromechanical tests to fully investigate the behaviour and the mechanisms

driving it. Moreover, the influence of the mixture composition is often discussed

regarding the mechanical properties or the permeability of the engineered barriers

but, no data are available on its influence on the hydromechanical behaviour of the

interface.

The tests have shown that, as for rock joints, the transmissivity decreases when the

normal stress increases. The interfaces are closed for low values of normal stress

(between 3 and 5 MPa). Whatever the mixture composition (when the additive is inert,

such as sand or crushed rock), the interface closure is reached for the same range of

normal stress. When the interface is closed and it is necessary to increase the injection

pressure to force the water to flow, the bentonite part of the interface specimen is

degraded (a channel is dug), which modifies the interface morphology and generates a

large increase of transmissivity. It is important to notice that even in case of such a

degradation, the interface closure can still be reached, thanks to the ductile behaviour

of the bentonite mixtures.

The hydromechanical response of the contact can be highly affected by the use of

cement (bentonite cement mixtures). The chemical reaction between cement and water

prevents the bentonite cement mixture from having the same ductile properties as the

bentonite sand or bentonite crushed rock mixtures. The first outcome is that the bento-

nite cement mixtures are difficult to compact. If hydration of cement starts before
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compaction, then, the compacted bentonite blocks are likely to be cracked and less

dense than targeted, affecting the efficiency of the engineered barrier. Furthermore, for

high cement content mixtures (50% of cement in mass), the hydromechanical behaviour

is very similar to that of rock joints due to a large increase of material stiffness.

As a conclusion, for an inert material (sand or crushed rock), there is no influence

of its nature nor of the bentonite fraction (for contents of inert material ranging from

10 to 50% of the total mass of the mixture) on the hydromechanical behaviour of the

interface. Similar to the findings of many authors, a superficial modification of the

bentonite has been observed due to the water flow. The bentonite turns into a gel like

structure, very sensitive to erosion, which can be seen as a shear stress threshold

phenomenon. This erosion can not be accurately predicted.

The numerical study enabled us to quantify some local and global parameters of

the flow (e.g. velocity, flow, pressure, shear stress). Thus, the transmissivity has been

calculated using hydraulic parameters rather than using the basic cubic law. The flow

regime can also be examined by means of the Reynolds number and it appears that

even a low flow rate (140 gr=min) can generate a turbulent flow.

The numerical results are very close to the experimental ones but the variation of

transmissivity due to erosion can not be properly reproduced. A consequence is that

modeling the soil with a more sophisticated constitutive model is meaningless if the

erosion is not taken into account.
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