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Abstract

Hydromechanical compression tests have been performed on rock–mortar interfaces representing the contact between a host rock and
a concrete bulkhead within an underground nuclear waste repository. The rock used in the tests is a Toarcian argillite. Most published
studies concerning rock–concrete interfaces involve concrete–concrete contacts in which rock replicas are used instead of real rock sam-
ples. As a result, the effect of rock features, such as bedding planes and changes of the rock interface zone, on the hydromechanical
behaviour of the interface cannot be investigated. The tests discussed in this paper demonstrate that the mechanical response is not
affected when changing the parameters of the samples even not mismatching both walls. On the contrary, an initial monitored lateral
displacement modifies the hydromechanical behaviour by limiting the interface ability to be hydraulically closed. The latter ability
has been quantified by a simple evolution law and the difference of behaviour between the two kinds of samples has been confirmed.
The analysis led to determine the hydraulic aperture shows that the values obtained are much lower to the classical values available
in the literature. Finally, the application of the experimental results to the confinement by a bulkhead showed the localization of the flow
within the interface.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Disposal in underground geological repositories has
been selected in many countries (Canada, France, Sweden,
Spain, Japan and others), as the method for isolating
nuclear waste from the biosphere. Repository design relies
on natural and engineered barriers for confinement of the
waste. Underground Research Laboratories (URL’s) have
been developed in a number of these countries to study the
feasibility of underground isolation. Although the physical
properties of most of the materials involved (rock, concrete
and bentonite mixtures) are now reasonably well known,
there have been few studies to date on the behaviour of
the contact interfaces between these materials. Observa-
tions during Tunnel Sealing experiment (Dixon et al.,
1474-7065/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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2002) have indicated that any flow that was able to ‘escape’
past the tunnel seal when fluid pressure was applied to the
inner surface of the sealed was localized within the contact
interface between the host rock and the seal barrier. This
observation has drawn attention to the fact that the behav-
iour of interfaces may be critical in determining the effec-
tiveness of an engineered barrier.

Studies have been conducted on rock–bentonite inter-
faces by Gens et al. (2002), Grindrod et al. (1999), Pusch
(1983) and Dixon et al. (2002), but very little is available
on real rock–concrete interfaces, despite their relevance
for nuclear waste disposal, dam stability or other soil-(or
rock-) structure interactions. Usually, such contacts are
considered to behave in the same way as rock joints. When
they are investigated, artificial rock or mortar replicas of
the surfaces are often used (Johnston and Kodikara,
1994; Johnston and Lam, 1984; Seidel and Haberfield,
2002). As a result, while roughness can be simulated easily
(Seidel and Haberfield, 2002), some rock parameters, such
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as natural discontinuities of the bedding planes – which can
constitute a pathway for water and increasing the transmis-
sivity of the interface – cannot be reproduced using
replicas.

This study deals with the contact between the host shale
rock (argillite) and a concrete bulkhead, represented at the
laboratory scale by mortar–argillite interfaces. This shale
rock is highly anisotropic (Rejeb (1999)) because of the
bedding planes. The influence of bedding planes on the
hydromechanical behaviour has been investigated. Other
parameters relevant to the in situ configuration of the con-
crete bulkhead have also been investigated. Mortar–rock
interfaces are formally very similar to rock joints, so similar
hydromechanical behaviour can be expected (Gangi, 1978;
Benjelloun, 1991; Lee and Cho, 2002; Hans and Boulon,
2003). Our series of experiments is focussed on the influ-
ence of some sample parameters on the intrinsic transmis-
sivity when a compressive load is applied across the
interface. Since the argillite is very sensitive to hydration/
dehydration (Charpentier et al., 2003), particular attention
has been paid to any modification of the rock within the
interface zone due to water and normal stress.

This paper presents the experimental results obtained on
the hydromechanical behaviour of rock–mortar interfaces.
Results are interpreted in terms of intrinsic transmissivity
and of the ‘hydraulic aperture’ – a concept often used in
the analysis of the flow of fluids through rock fractures
(Barton et al., 1985; Boulon et al., 1993; Esaki et al.,
1999; Olsson and Barton, 2001). A simple application of
the experimental results to a full-scale configuration is
proposed.
Fig. 1. Front view section along one shear axis of the BCR3D: (1) sample to be
device enabling translation movements, (5) load cells, (6) horizontal actuators,
(9) coupling device, (10) rigid columns, (11) displacement sensors (LVDT me
structure.
2. Experimental facilities

The tests were performed using the direct shear box
BCR3D and the associated hydraulic device. This appara-
tus was designed by Boulon (1995) and developed by
Armand et al. (2000) and Hans (2002).

2.1. The direct shear box BCR3D

This experimental device enables all classical compres-
sion tests and shear tests (constant normal stress, constant
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 rota-
tion can affect greatly the quality of the tests (Boulon,
1995). By the use of two actuators on the horizontal shear
axis, the relative tangential displacement of both rock walls
are symmetrical with respect to the vertical axis allowing
the application of the normal force on the joint. One
advantage is that the normal force is kept centered on
the active surface of the joint preventing the upper part
of the sample from rotating. Each axis is equipped with
one or two actuators (capacity of 100 kN) and of sensors
measuring displacement and force. Two LVDT’s are used
on the normal load axis to check that there is no parasite
rotation during the shear test. A front cross-sectional view
of the apparatus is shown in Fig. 1. For the experiments
described in this paper, the BCR3D was used in compres-
sion only.
tested, (2) internal removable metallic boxes, (3) external boxes, (4) specific
(7) rigid frame, (8) displacement sensors (LVDT measuring Dy1 and Dy2),

asuring Dz and dz), (12) vertical actuator, (13) rigid vertically translating



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 sample with a continuous measurement of flow rate and of pressure.

Fig. 3. Artificial roughness of the rock wall: hand made grooves (section
1 mm per 1 mm, diameter of the sample 63 mm).
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2.2. The associated hydraulic device

The diagram of the hydraulic device used for the hydro-
mechanical 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 sample with a continuous mea-
surement 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 col-
lected by a membrane.

2.3. Materials

The rock used is an argillite of the Toarcian age from the
IRSN experimental site of Tournemire. Many studies have
been led on this material (Niandou et al., 1997; Daupley,
1997; Mathieu et al., 2000; Rejeb, 1999). This rock has a
high clay fraction (70% of clay (kaolinite, illite, smectite,
mica), from 10% to 20% of calcite and from 10% to 20%
of quartz), 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 modulus of elasticity ranges from 9 GPa to 32 GPa
depending on the location of the site from which the rock
sample was taken. The water content is very low (from
1% to 5%) as for the permeability (from 10E�13 to
10E�15 m/s) (from Rejeb, 1999).

The Rapidex 712 Mortar from Lanko has been used to
prepare the mortar part of the interface. Some tests per-
formed at the laboratory gave an unixial compressive
strength of 35 MPa at 24 h and a tensile strength of
6 MPa at 24 h. The Young’s modulus is about 15 GPa.

2.4. Specimen preparation

A different rock sample was used for each hydrome-
chanical test in order to highlight any modification of the
rock and any possible influence of the stratification (natu-
ral discontinuity of the rock) on the evolution of the trans-
missivity of the interface. However, to compare results, the
rock wall morphology must be constant. This was achieved
by creating an artificial roughness, which was reproducible.
The regular grooves were made by hand with a saw before
sealing the sample to create the contact – as shown in
Fig. 3. The procedure followed to prepare the interface
samples, so as to allow radial flow, is explained in Fig. 4.
2.5. Experimental program

2.5.1. Parameters studied

Fig. 5 gives a general view of the variables considered in
this study. Let us consider a geological massif with a spe-
cific orientation of the bedding planes (here horizontal) in
which a gallery is excavated. In case of a concrete bulkhead
poured in place, the natural shrinkage of the concrete can
lead to either a distinct aperture at the interface (Didry
et al., 2000) or at least to a reduction in the compression



Fig. 4. Diagram of specimen preparation. Step 1: metallic boxes (1) and (2) and the complementary mould (3) are assembled using the pins (1 0). Step 2: the
rock sample (5) is positioned using a wedge (6) and sealed with a mortar (4). Step 3: The specific device for the centered injection hole ((7) and (9)) is
positioned and the mould is filled with mortar (8). Step 4: after a few hours, all pieces are removed and the interface sample (10) can be tested. H: height
used to calculate the Young’s modulus.

Zone 2

Zone 3

Zone 1

x
Excavation

Argillite 
rockmass

Concrete

Bedding
planes

g          y

Fig. 5. Diagram of a geological massif of specific bedding planes in which
a gallery is excavated and a concrete structure is built.

Table 1
Set of the tests performed

Tests 1AM 2AM 3AM 4AM 5AM 6AM 7AM

Stratification PA PA PA PE PE PE PE
Mould B B B B B S S
History O LD LD O NO O LD

8AM 9AM 10AM 11AM 12AM 13AM 14AM

Stratification PA PA PA PA PE PE PE
Mould B B S S B B S
History NO NO NO NO O LD LD

Meaning of the symbols: the stratification can be parallel (PA) or per-
pendicular (PE) to the contact plane. The interface can be seen as the
bottom (B) or the side (S) of the concrete mould. The contact may have
been never opened (NO), opened and closed without any lateral dis-
placement (O) or opened and closed with a lateral displacement of 1 mm
(LD).
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across the interface. The long term convergence of the
excavation due to rock creep will progressively compress
the interface, tending to close it. However, the different
zones of contact between the host rock and the bulkhead
do not follow the same history.

The bottom (zone 3) should not be opened (except in
case of ovalization of the gallery). The vault (zone 1)
may be opened and closed without any lateral relative dis-
placement (symmetrical geometry) whereas any other zone
(e.g. zone 2) will be closed with a small tangential relative
displacement between the rock wall and the concrete
(called lateral displacement). Moreover, the orientation of
the bedding planes with regards to the contact plane differs
from one zone to another. The orientation of the contact
plane with regards to the gravity may also have an impor-
tance since segregation and laitance phenomena usually
occur when pouring concrete (Neville, 2000). Thus, we will
distinguish two configurations (to reduce the number of
combination of the parameters): the contact plane can be
seen as the bottom (zone 3) or the side of the concrete
mould (zone 2).

Table 1 outlines a suite of tests with different combina-
tions of the variables. The 14 samples have each been
loaded following a prescribed loading path. The in situ
stress ranges from about 11 MPa to about 15 MPa
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(ANDRA, 2001) but, as noted previously, the final stress
depends on the behaviour of the sample and on the exper-
imental device. The actual stresses in the tests ranged from
5 MPa to 21 MPa.
2.5.2. Test procedure

After installing the sample in the experimental device
and preparing it for testing, an initial normal stress of
1 MPa is applied. Flow is then started and the steady-state
pressure and flow rate monitored continuously. The total
normal stress is increased progressively from 1 MPa to
1 MPa with steps of hydraulic steady state measurement.
The final normal stress depends on the sample behaviour
and any technical problems such as leakage.

From a hydraulic point of view, changes in the initial
flow rate and pressure are the result of compression of
the interface only. However, if the flow rate is too small
to be measured, the operator can increase the rate in order
to continue the test and to obtain relevant data. It should
be noted the all of the tests carried out involve compression
loading of the sample.
2.5.3. Calculation of the hydraulic transmissivity

As with rock joints, the argillite–mortar interfaces are
networks of voids, of overall permeability k, saturated with
water and following Darcy’s law. The transmissivity tests
are performed on annular specimen of interface. A quasi-
radial permanent flow is created by applying an injection
overpressure of fluid DP at the internal radius (ri) of the
sample, and atmospheric pressure (taken to be the pressure
origin) at the external radius (re) of the sample (see Fig. 6).
As with many other investigators (Hans and Boulon, 2003;
Esaki et al., 1999; Lee and Cho, 2002), the test results have
been interpreted in terms of transmissivity rather than per-
meability because this avoids the necessity to make a
hypothesis for the local hydraulic aperture. Assuming that
the transmissivity of the interface is isotropic, the intrinsic
transmissivity T can be expressed as
(atmospheric pressure)

(injection pressure)

External radius re = 31.5 mm

Internal radius ri = 2.5 mm

Interface zone

radial flow

Fig. 6. Annular geometry of the interface and radial flow.
T ¼ lnðre=riÞ
2p

� l � Q
DP

ð1Þ

with:

• T: intrinsic transmissivity (m3),
• Q: flow rate (m3/s),
• DP: internal injection pressure (Pa),
• re: external radius of the annular sample (mm),
• ri: internal radius (mm),
• l: dynamic viscosity of the fluid (Pa s).

As for permeability, the transmissivity t and the intrinsic
transmissivity T are linked by T ¼ t � l

cw
with cw: weight

density 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 mea-
sured during the whole campaign and it varies very slightly
(from 18 �C to 21 �C). Its incidence on the transmissivity
calculation has thus been neglected.

3. Results

3.1. Mechanical responses

It is well known that a discontinuity affects the stiffness
of the rock matrix and that the effect is greater if the joint is
mismatched (Bandis et al., 1983). We have therefore sepa-
rated the results of matched and mismatched interfaces (i.e.
without and with lateral displacement respectively). Fig. 7
Fig. 7. Evolution of normal stress with respect to normal relative
displacement for mechanical compression tests on argillite–mortar
interfaces.



Fig. 8. Evolution of intrinsic transmissivity with respect to normal stress.
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shows the change in normal stress rn with normal relative
displacement for all the tests. It should be noticed that the
mechanical responses are very similar (except for tests
1AM and 9AM). This indicates that the test variables
had no major influence on the mechanical response of the
samples. The average initial normal stiffness of the samples
calculated from the mechanical response Fig. 7 is about
16 MPa/mm. Even when the strains are not homogeneous,
we can calculate a maximum value for the global modulus
of elasticity. The sealing mortar ((4) and (8)) cannot slip
from the metal boxes ((1) and (2)) (see Fig. 4) and assuming
that only the part of the sample of lower section is strained
(i.e. the whole rock sample and the 63 mm diameter mortar
part see Fig. 4), we can establish a maximum value for the
global modulus of elasticity of the sample:

Eglobal ¼ kn � H ð2Þ

with H: height of the sample argillite part added to the
mortar part of lower section (see Fig. 4). The maximum va-
lue is obtained for the highest sample (65 mm theoreti-
cally). This leads to a value of:

Emax
global ¼ kn � H max ¼ 1:12 GPa

The modulus of elasticity of the rock and of the mortar
are greater than 9 GPa and approximately 15 GPa respec-
tively. The global modulus of elasticity of the samples is
thus affected considerably by the discontinuity. However,
contrary to the qualitative results by Bandis et al. (1983),
we do not observe any difference in stiffness between well
matched samples (with no initial lateral displacement)
and mismatched samples (with an initial lateral displace-
ment). This is probably due to the very smooth character
of the walls.

3.2. Hydromechanical responses

Fig. 8 shows the change in transmissivity (on a semi-log-
arithmic scale) with normal stress for all the tests (except
10AM and 14AM, which failed). Unlike the mechanical
responses, the curves are much more dispersed and the
change in transmissivity differs from one sample to
another. First, there is a natural initial dispersion due to
hydraulic conditions and rock wall morphology which
are not exactly the same for all of the tests. There are
almost two orders of magnitude of dispersion under a nor-
mal stress of 1 MPa (T = 1E�16 m3 for test 11AM and
T = 6E�15 m3 for test 6AM). This dispersion increases
with increase in the normal stress.

For all the tests, the transmissivity decreases with
increase in normal stress. This classical result of rock
mechanics is due to the reduction of voids and increase
in tortuosity (Hans and Boulon, 2003; Lee and Cho,
2002; Gale and Raven, 1985; Capasso et al., 1999). How-
ever, the manner in which the transmissivity decreases is
different for each test. Samples without initial lateral dis-
placement seems to close sooner (i.e. at a lower normal
stress) than those with an initial lateral displacement. Com-
plete hydraulic closure of the interface (flow equal to zero)
but with residual electronic noise leads to an approximate
value of transmissivity of about 1E�19 m3 that can be
detected for tests 5AM, 8AM, 11AM and 12AM. Concern-
ing test 12AM, complete hydraulic closure appeared to be
developing but an unexpected leakage ended the test.

The influence of stratification can be assessed from tests
4AM, 5AM, 6AM and 12AM which have a bedding plane
orientation perpendicular to the contact plane and no lat-
eral displacement (see Table 1). The existing discontinuities
may allow some water flow, thereby increasing the trans-
missivity of the interface. In fact it is observed that it is
not the case since the transmissivities are very low (except
for test 6AM) and hydraulic closure is reached. This sug-
gests that orientation of stratification has no significant
influence on the hydromechanical behaviour of such inter-
faces when subjected to compression. Finally, except for
some local damage due to normal stress (which is to be
expected), the rock appeared to be unchanged at the end
of the hydromechanical tests.
4. Discussion

4.1. Influence of the initial lateral displacement

Analysis of the results indicates that the test variables
have no major influence on the mechanical behaviour of
the interface. Lateral displacement alone has any influence
on the fluid transmissivity of the interface. In order to con-
firm this conclusion, we have investigated the change in rel-
ative transmissivity, Fig. 9, represented by the factor h as a
function of the normal stress This allows us to examine the
evolution of the transmissivity independently of the initial
dispersion. h is defined as follows:



Fig. 9. Evolution factor h as a function of normal stress rn. h is defined by
T ðrn;DP ;QÞ ¼ hðrn;DP ;QÞ � T max

1 with T max
1 : intrinsic transmissivity on

unit normal stress, 1 MPa.
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T ðrn;DP ;QÞ ¼ hðrn;DP ;QÞ � T max
1 ð3Þ

where T max
1 is the maximum value of transmissivity under a

normal stress rn of 1 MPa. When the flow is not laminar,
the transmissivity is a function of the flow and fluid pres-
sure. This is why DP and Q appear in Eq. (3). The factor
h will vary from 1 (for rn = 1 MPa) to zero. Fig. 9 confirms
the major influence of initial lateral displacement. Except
for test 6AM, a greater normal stress is required for the
samples with lateral displacement to obtain the same de-
crease of transmissivity (i.e. h) as for the well matched
samples.
Table 2
Coefficients a and b of the linear approximation of decrease of the intrinsic tr

Tests Logarithmic scale N

ln(T) = �a Æ rn + b T

a b T

With lateral displacement 2AM 0.076 �35.59 3
7AM 0.184 �35.66 3
3AM 0.115 �34.87 7
13AM 0.132 �32.73 6

Without lateral displacement 4AM 0.618 �35.46 3
6AM 0.126 �32.87 5
1AM 0.447 �33.74 2
5AM 0.353 �36.1 2
8AM 1.250 �33.58 2
9AM 0.610 �35.53 3
11AM 0.208 �37 8
12AM 0.339 �35.43 4
4.2. Linear approximation of the behaviour

If we do not take into account the last stage of the test
behaviour (large decrease in transmissivity or in h for tests
5AM, 11AM and 12AM corresponding to the closure), it is
possible to consider, as a first approximation, that the
change in transmissivity is linear (on a semi-logarithmic
scale). Thus, we can quantify the decrease of transmissivity
and the difference between the samples with and without
lateral displacement. A linear change in transmissivity on
a logarithmic scale implies a relationship of the form:
ln(T ) = �a Æ rn + b with a and b being the slope and inter-
cept respectively of the linear variation. Defining T0 by eb,
it is possible to rewrite a simple law:

T ¼ T 0 � e�a�rn ð4Þ

Parameters a and b, calculated for all hydromechanical
responses, and both mean and standard deviation are sum-
marized in Table 2. As mentioned earlier, tests with and
without initial lateral displacement were treated separately.
It has been found that if the sample has been subjected to
an initial lateral displacement, then �a ¼ 0:126, while for
cases of no lateral displacement �a ¼ 0:542. Thus, the differ-
ence in hydromechanical behaviour is quantified and there
is a factor 4.3 between the average slopes of the two types
of tests Indeed, a represents the ability of the interface to be
closed. This factor becomes 4.8 if test 6AM is neglected.

Beyond the qualitative conclusion, this simple law pro-
vides a quantitative estimate of the influence of the initial
lateral displacement on the hydromechanical behaviour.

4.3. Evaluation of the hydraulic aperture eh

Many hydromechanical studies are based on the
hydraulic and mechanical apertures of rock joints (Barton
et al., 1985; Boulon et al., 1993; Esaki et al., 1999; Olsson
and Barton, 2001). Fig. 10(a) shows the change in hydrau-
lic aperture as a function of normal relative displacement.
ansmissivity of argillite–mortar interfaces in semi-logarithmic axis

ormal scale �a Standard deviation amax amin

¼ T 0 � e�a�rn

0 = eb

.49E�16 0.126 0.04 0.184 0.076

.25E�16

.18E�16

.1E�15

.98E�16 0.542 0.33 1.25 0.126

.3E�15

.2E�15

.09E�16

.60E�15

.71E�16

.53E�17

.1E�16



Fig. 10. (a) Evolution of hydraulic aperture (calculated by the cubic law)
with respect to normal relative displacement. (b) Evolution of ratio
hydraulic aperture/initial hydraulic aperture with respect to normal
relative displacement.

Fig. 11. Serial materials model. The three samples are subjected to a
normal stress.
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This aperture is calculated using the cubic law (T ¼ e3
h=12

for the intrinsic transmissivity) and ranges from 1.3 lm
(residual value when the interface is closed) to 45 lm.
According to Witherspoon et al. (1980), the cubic law is
valid within this range.

Hydraulic aperture decreases with increase in normal
displacement. For well matched samples, this decrease is
large at the beginning of the compression but the hydraulic
aperture tends to a constant, no – zero value as compres-
sion is increased, as shown by Indraratna and Ranjith
(2001). The change in hydraulic aperture is much more reg-
ular (almost linear) for the mismatched samples. Indeed,
mismatching prevents the high closure at the beginning of
compression that is seen with matched aperture faces. This
difference between the two kinds of samples is more read-
able in Fig. 10(b) where the hydraulic aperture is divided
by its initial value.

It is interesting to compare the variations of hydraulic
aperture (Deh) induced by a variation of normal relative
displacement (D[un]) to this latter value. To consider more
accurately the closure of the interface independently of the
normal strain of the rock and concrete matrix, the normal
relative displacement is corrected according to Eq. (5). This
correction is established taking into account three sections
of the samples subjected to a normal stress: i.e. the rock,
the mortar and the interface (Fig. 11). The corrected nor-
mal displacement is expressed as

½u�i ¼ ½u�total � rn �
hm

Em

þ hr

Er

� �
ð5Þ

with:

• [u]i: normal relative displacement of the interface,
• [u]total: global measured normal relative displacement

including rock and mortar matrices,
• hm: height of the mortar part of lower section (5 mm),
• Em: Young’s modulus of the mortar (�15 GPa),
• hr: height of the argillite sample (maximum 65 mm),
• Er: Young’s modulus of the argillite (�9 GPa),
• rn: normal stress.

Fig. 12 shows the change of the ratio Deh

jD½un �j with the cor-
rected normal relative displacement. It is seen that the val-
ues are of the same order of magnitude for samples with
and without lateral displacement – when a difference could
have been expected. Moreover, Deh

jD½un �j quickly tends to very
low values (about 0.01) meaning that reducing the hydrau-
lic aperture becomes more and more difficult as normal
stress increases. Many empirical relations have been pro-
posed to link hydraulic and mechanical apertures (Barton
et al., 1985; Benjelloun, 1991) but, while it is clear that
an increase of normal relative displacement will decrease



Fig. 12. Evolution of ratio ð Deh

jD½un �jÞ with respect to the variation of normal
relative displacement: (a) samples without initial lateral displacement and
(b) samples with initial lateral displacement.

Fig. 13. ‘‘Hydraulic excursions’’ performed during tests 6AM, 13AM and
14AM for different values of normal stress.
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the mechanical aperture (Barton et al., 1985; Hopkins
et al., 1998; Chen et al., 2000), no data are available on
the relation between D[un] and DEm.

If we assume that D[un] and DEm are of the same order
of magnitude, we can compare our results to those of Bar-
ton et al. (1985). It appears than the ratio Deh

jD½un�j is less than
the values determined by Barton (minimum value of 1/7).
Moreover, this ratio is independent of the initial matching
of the rock walls.

4.4. Validity of the transmissivity calculation

The calculation of the transmissivity is based on Darcy’s
law, assuming that the flow is laminar. If not, a kinetic term
appears in the expression for the hydraulic gradient (v2 in
Forcheimer’s law or vn with n > 2 (Rasoloarijaona,
1993)). To check the laminarity of the flow within the inter-
faces tested, some ‘‘hydraulic excursions’’ have been per-
formed at different normal stresses for three tests. These
‘‘excursions’’ are presented in Fig. 13.

Pressure and flow have been increased from the initial
hydraulic conditions and any deviation from a linear
change going through the origin (equivalent to a constant
transmissivity) means a loss of laminarity. The limits of
laminarity, in terms of flow, are

• Q � 100 g/min for the test 6AM under 16 MPa (approx-
imative Reynolds number Re = 220),

• Q � 100 g/min for the test 13AM under 5 MPa (approx-
imative Reynolds number Re = 200),

• Q � 500 g/min for the test 14AM under 4 MPa (approx-
imative Reynolds number Re = 1000).

The Reynolds number, calculated at the inlet of the
interface, is expressed as

Re ¼
2 � Q

p � ðri þ ehÞ � m
with:

• Q: water flow rate (m3/s),
• ri: internal radius (m),
• eh: hydraulic aperture calculated by the cubic law (m),
• m: kinematic viscosity of the fluid (m2/s).

In order to remain in the laminar domain and to verify
the hypothesis of the Darcy’s law, it is necessary to perform
the hydromechanical tests with a low initial flow (about
100 g/min). Indeed, it is very difficult to determine accu-
rately for each sample (and so for each void geometry),
the laminar/turbulent transition value. In the case of turbu-
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lent flow, the transmissivity becomes a function of pressure
and flow rate (see Eq. (3)), increasing the natural disper-
sion. The quality of the tests and the relevance of the anal-
ysis are then affected.

5. Schematic application of the experimental results

to the confinement by a concrete bulkhead

Let us consider a cylindrical concrete bulkhead in a gal-
lery excavated in a geological massif of a specific stratifica-
tion. We consider that the rock is locally damaged (EDZ of
annular geometry Fig. 14). Moreover, a hydraulic gradient
generates a flow from point A to point B. The data used are:

• diameter of the bulkhead: D = 2R = 6 m,
• thickness of the damaged rock equal to 1.2 Æ R, so

DEDZ = 13.2 m,
• range of permeability values for the geomaterials sup-

posed homogeneous: 1E�21 m2
6 K 6 1E�17 m2

(order of magnitude from the literature),
• hydraulic gradient between A and B: i = �grad(h),
• T: intrinsic transmissivity of the interface for a given

level of normal stress (m3),
• Kb: intrinsic permeability of the bulkhead (m2),
• Kr: intrinsic permeability of the damaged rock (m2).

Darcy’s law is applied to this geometry to calculate the
flows within the interface (Qi), within the bulkhead (Qb)
and within the damaged rock (Qr). Their expressions are

Qb ¼ Kb

cw

l
� i � p � D

2

4
ð6Þ

Qi ¼ T � cw

l
� p � D � i ð7Þ

Qr ¼ Kr
cw

l
� i � p � ðD

2
EDZ � D2Þ

4
ð8Þ

Then, two different ratios are defined:

Qi

Qb

¼ 4 � T
Kb � D

ð9Þ

Qi

Qr

¼ 4 � T � D
Kr � ðD2

EDZ � D2Þ
ð10Þ
hydraulic
head h2
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Fig. 14. Geometry of the application. A cylindrical concrete bulkhead is
built in an excavated gallery.
The transmissivity T is calculated using the simple law
defined equation 4ðT ¼ T 0 � e�a�rnÞ but T0, a and rn have
to be chosen:

• we consider the maximum and minimum values found
for the initial transmissivity (T 1

0 ¼ 1E� 14 m3 and
T 2

0 ¼ 1E� 16 m3, see Table 2),
• we assume that a = 0.12 (an in situ lateral relative dis-

placement between the rock and the concrete cannot
be avoided),

• We have chosen three steps of normal stress covering the
expected range of stresses due to long term creep of the
host rock: 0 MPa, 6 MPa and 12 MPa.

The corresponding values of T, which are summarized in
Table 3, are used to calculate the ratios Qi

Qb
and Qi

Qr
.

The change of these ratios with the permeability of the
geomaterials is shown in Fig. 15. As the geomaterial per-

meability decreases, the ratios Qi

Qb
and Qi

Qr
increase. The

curves of equal initial transmissivity for different normal
stress are close to each other, which is due to the low value
of a (i.e. the decrease of transmissivity as a function of time
is very low). However, this analysis does not take into
account phenomena affecting the materials: e.g. possible
healing by calcite of the EDZ fractures or potential degra-
dation by leaching of the concrete at the interface.

Concerning T0, we have chosen extreme values of our
results but we can expect values higher than 1E�14 m3.
Indeed, the in situ rock wall roughness (excavation by
pneumatic hammer or blasting) may be larger than the
artificial value used in the laboratory tests. The combina-
tion of a large roughness and lateral displacement of the
interface will lead to higher transmissivity than the values
obtained in the laboratory. Moreover, the scale effect,
which tends to amplify any phenomenon, is not taken into
account.

For classical values of rock and concrete permeability
(1E�19 m2

6 K 6 1E�21 m2) and for the lower interface
transmissivity, the minimum value of the ratios is 100,
which means that, even for the tighter interface contact,
the flow is localized within the interface. This observa-
tion emphasizes the finding that interfaces are critical for
the long term effectiveness of the confinement system.
Moreover, localized flow can generate a degradation of
the concrete by leaching; this will increase the flow still
further.
Table 3
Different values of transmissivity for three levels of normal stress and for
two values of initial transmissivity, deduced from Table 2

Evolution law: T ¼ T 0 � e�a�rn

a 0.12
rn (MPa) 0 6 12
T ½m3� ðT 1

0 ¼ 1E� 14 m3Þ 1E�14 4.8E�15 2.3E�16
T ½m3� ðT 2

0 ¼ 1E� 16 m3Þ 1E�16 4.8E�17 2.3E�18



Fig. 15. Ratios Qi

Qb
(a) and Qi

Qr
(b) as a function of intrinsic permeability of the concrete or of the damaged rock, for three different levels of normal stress (0, 6

and 12 MPa) and for two values of initial transmissivity (T 1
0 ¼ 1E� 14 m3 and T 2

0 ¼ 1E� 16 m3).

830 O. Buzzi et al. / Physics and Chemistry of the Earth 32 (2007) 820–831
6. Conclusions

This series of experiments was designed to investigate
the influence of some specific variables of the rock–mortar
interfaces, and intended to study realistic scenario for the
behaviour of the interface between the concrete bulkhead
and the rock. Shrinkage of the concrete bulkhead can result
initially in a ‘gap’ at the interface, which will tend to close
later due to long term creep of the host rock.

These tests have shown that such interfaces behave iden-
tically to rock joints from a qualitative hydraulic and
mechanical point of view. The mechanical response of the
interfaces is not affected by the investigated variables i.e.
orientation of the bedding plane, effect of gravity and his-
tory of the contact. Even the initial lateral displacement of
the interface has no significant effect, contrary to the obser-
vations by Bandis et al. (1983) who concluded that the
stiffness of mismatched joints is lower than that of well-
matched joints.
Some natural discontinuities corresponding to the rock
bedding are present in the interface zone, perpendicular
to the contact plane. Usually, geological water flows pref-
erentially in such discontinuities compared to the rock
mass but no increase of transmissivity was observed. By
contrast, the change in transmissivity is modified consider-
ably by an initial lateral displacement between faces of the
interface. This lateral offset limits the aperture reduction
and reduces the ability of the interface to close hydrauli-
cally. This finding is confirmed by an analysis of the
hydraulic apertures based on the cubic law, which led to
values of eh much lower than classical values in the litera-
ture (Barton et al., 1985).

Moreover, the difference between samples with or with-
out lateral displacement in terms of transmissivity has been
quantified by a simple evolution law which is based on the
parameter a, representing the decrease of transmissivity
with normal stress. A factor 4.3 has been identified between
the slopes of transmissivity decrease of the two kinds of
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samples, highlighting the difference in hydromechanical
behaviour (awith LD = 4.3 Æ awithout LD) between the two.
Application of this law to the case of confinement by a con-
crete bulkhead, reveals the probability that flow will local-
ize within the interface. This indicates that interfaces are
critical for the efficiency of concrete seals, and points up
the problem of material degradation (e.g. leaching of con-
crete). The true roughness of rock walls and scale effects
have not been taken into account in the application dis-
cussed in the paper. These practical factors would lead to
greater flow ratios than those calculated.

Finally, it has to be said that no major modification of
the rock has been observed at the end of the tests despite
the fact that the argillite is very sensitive to hydration/
dehydration. It has been shown that rock surface variables
do not have any major influence on the hydromechanical
behaviour of the interfaces. Thus, these conclusions justify
the use of ‘rock surface replicates’ in testing.

References
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