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a b s t r a c t
Being a potential preferential way for water to ﬂow, interfaces between host rock and engineered barriers
are critical in the design of deep radioactive waste repositories. In case of cementitious materials, presence of water may lead to long term degradation by leaching. Such a phenomenon could impede the
integrity of the conﬁnement by its effect on the hydro-mechanical properties of the interface. Recent
experimental results from Buzzi et al. [8] have evidenced some effects of leaching on the hydro-mechanical behavior of rock–concrete interfaces for one leaching time. This paper intends to investigate the
inﬂuence of leaching on the mechanical behavior of rock–mortar interfaces by means of numerical simulations. These latter will be run for several leaching times to produce a better understanding of the phenomenon. For this purpose, a DEM approach has been developed to simulate the increase of the macroporosity resulting from the leaching process. The implementation of the approach is ﬁrst discussed. Then
direct shear tests under constant normal stress are performed on a simple interface geometry and on a
natural interface geometry. The results after Buzzi et al. [8] are corroborated by this research.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Many countries are currently facing the issue of nuclear waste
storage and one possible option is underground repositories. Over
the past 20 years, comprehensive studies have been undertaken to
assess the feasibility of such a solution and to better understand
the materials involved in the design of both engineered and natural
barriers. These includes different types of rock, concrete or compacted bentonite mixtures or pellets. Not only the fundamental
properties of these materials are of prime importance but also their
possible interactions [13,16,34] and the issue of interfaces [11,7].
Unlike usual civil engineering structures, the service life of nuclear
repositories is counted in thousands of years [37] and consequently, many studies are devoted to long term behavior of materials with an emphasis on aging or degradation. One possible
degradation phenomenon is calcium leaching, which generally affects cementitious materials in presence of water. Natural leaching
is a very long process and very few data are available in the literature about natural degradation of concrete [33]. In order to obtain
data in an acceptable time frame, accelerated degradation protocols have been established. Leaching kinetics can be accelerated
* Corresponding author. Tel.: +61 2 49 21 54 54; fax: +61 2 49 21 69 91.
E-mail addresses: Cedric.Lambert@csiro.au (C. Lambert), Olivier.Buzzi@newcastle.edu.au (O. Buzzi), Anna.Giacomini@newcastle.edu.au (A. Giacomini).
0266-352X/$ - see front matter Ó 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compgeo.2009.09.006

either by use of ammonium nitrate [10] or by electrical potential
[32]. Even though the acceleration factor is signiﬁcant (up to 300
with ammonium nitrate [1]), the tests are still long lasting. During
the process of leaching, several chemical components of the cement paste such as portlandite are dissolved, locally augmenting
the macro-porosity [10]. As a result, the degraded material experiences a loss of mechanical strength and a reduction of stiffness
[23,14,10,18]. Unlike for the mechanical properties, the effect of
leaching on the transfer properties of leached cementitious materials (e.g. permeability) have not been widely investigated. Actually, they are usually correlated to the porosity by means of
empirical formulas [27,25]; the general trend being that an increase of porosity produces an increase of permeability.
So far, most of the research on leached cementitious materials
have been focused on the properties of the bulk material. In fact,
little data are available on the impact of leaching on interfaces despite their importance for the efﬁciency of the nuclear waste repository. A recent experimental study by Buzzi et al. [8] has shown
that a leached rock–concrete interface exhibits a lower shear
strength than an intact interface. Also, and against expectations,
the leached interfaces did not seem to conduct more water than
the intact ones. The study by Buzzi et al. [8] was performed for a
ﬁxed leaching depth. The study presented in this paper was undertaken to provide a better understanding of the mechanical behavior of leached interfaces for various leaching depths. The Discrete
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Element Method code PFC3D from Itasca [31] has been used since
DEM offers the possibility to capture the increase of macro-porosity resulting from leaching and the breakage of contact asperities,
two key phenomena of the problem. The method to implement
the leaching has ﬁrstly been validated by means of numerical
unconﬁned compression tests. Then, two interface morphologies
have been sheared under different levels of constant normal stress
and for different leaching depths. The ﬁrst interface is a simple saw
tooth geometry in order to eliminate complications due to a complex geometry. Then, a natural morphology has been tested to conﬁrm the results obtained on the saw tooth interface. The results
tend to corroborate the conclusions obtained by Buzzi et al. [8]
and to provide new insight into the effect of leaching on the
mechanical behavior of interfaces. The existence of a transitional
leaching depth, at which the joint exhibits neither dilation nor contraction has been evidenced. Most of the mechanical strength is
lost before this leaching depth and the joint becomes fully contractant passed this same leaching depth. The implications for
water ﬂow within the interface are also brieﬂy discussed. The preliminary results of this study were published in Lambert et al. [22]
and they are partly reproduced in this paper to offer the reader a
complete view of the problem.
2. Intact materials
This numerical study consists in three series of tests i.e. unconﬁned compression tests on intact and leached mortar, direct shear
tests on intact and leached saw tooth interfaces and direct shear
tests on intact and leached ‘‘natural” interfaces. The materials considered in these simulations are a mortar and a granite, the
mechanical and chemical (if relevant) properties of which are given by Bernard et al. [4] and Le Bellego et al. [23] for the mortar
and by Grasselli [15] for the granite.
The calibration of the contact laws and properties between particles was achieved following the procedure described in Itasca
[20] in order to obtain the macro properties (unconﬁned compressive strength and Young’s modulus) given by Bernard et al. [4], Le
Bellego et al. [23] and Grasselli [15]. The result of the calibration
and the intact properties of the different materials are given in Tables 1 and 2. Note that for the mortar, two kinds of particles have
been used i.e. cement and sand. The proportions of cement and
sand were calculated knowing the volumetric air fraction of 3%
in the mortar [4], its composition (1380 kg/m3 of sand) and assuming Gs = 2.6 for the sand. It can then be deduced that 45% of the particles are cement and 55% are sand. These particles are randomly
distributed in the specimen. From a numerical point of view, sand
and cement particles have the same density but different stiffness.
As suggested by Bernard et al. [4], the stiffness of the sand–sand
contact is approximately 3.5 times greater than the stiffness of

Table 2
Results of the calibration for intact mortar and granite.
Properties

Mortar

Granite

Exp.

PFC

Exp.

PFC

UCS (MPa)
E (GPa)

68.1
44.1

62.3
44.5

48.44
172.53

48.6
170.8

the cement–cement contact. An equivalent stiffness is automatically calculated by PFC3D for the cement–sand contact. The bond
strength of the sand–sand contact and cement–cement contact
are the same for a matter of simplicity.

3. Implementation of leaching
Several studies on cementitious materials have shown that
leaching of cement paste leads to an increase of macro-porosity
[10,18,5], which has to be reproduced to simulate leaching. The
main components dissolved during the leaching process are the
Calcium Silicate Hydrates (CSH), the Calcium Hydroxides (CH)
and the Hydrated Aluminates (denoted HA herein). It has also been
evidenced that leaching is a multiple front process [9]. Bernard
et al. [4] have actually identiﬁed four leached zones, each one being
delimited by two successive fronts and characterized by different
amounts of CSH, CH and HA. The position of each front has been
observed topﬃﬃbe a function of the square root of leaching time
(xdij ¼ aij  t ). In the scope of this paper the positions of the various fronts are deﬁned in relation to the overall leaching depth LD.
The data after Bernard et al. [4] were ﬁtted to obtain the position of
each dissolution front and the amount of CSH in zones 3–5 as a
function of the leaching depth LD [22]. The equations are given
in Fig. 1, which is adapted from Bernard et al. [4]. For a matter of
simplicity, the percentage of leached CSH is considered to be constant (average value) in zones 3 and 4.
Effect of leaching is introduced by randomly removing a given
percentage of particles within the leached zones in accordance
with the chemical proﬁles given in Fig. 1. The mechanical properties of the bonds between the particles are kept unchanged. The
number of particles deleted is estimated from the proportion of
chemical species dissolved at a given leaching depth (or leaching
time). CSH, CH and HA are considered to have the same mechanical
properties and size. No distinction is made between these three
components. However, it is still required to quantify the volumet-

Table 1
Material parameters for intact materials.
Description

Cement

Sand

Granite

Particle properties
Particle contact modulus (GPa)
Ratio of particle normal to shear stiffness (kn/ks)
Particle friction coefﬁcient

18.0
2.5
0.364

63.0
2.5
0.364

56.1
2.5
0.7

1.0
18.0
2.5
69.5
5

1.0
63.0
2.5
69.5
5

1.0
56.1
2.5
191
19.1

69.5
5

69.5
5

19.1
19.1

Parallel-bond properties
Parallel-bond radius multiplier
Parallel-bond modulus (GPa)
Ratio of parallel-bond normal to shear stiffness
Mean value of bond normal strength (MPa)
Standard deviation of bond normal strength
(MPa)
Mean value of bond shear strength (MPa)
Standard deviation of bond shear strength (MPa)

Fig. 1. Hydrated aluminates and sulfoaluminates phases proﬁles adapted from
Bernard et al. [4] with expressions of the front positions (xdij expressed in mm) and
percentage of leached CSH in each zone as a function of leaching depth (LD
expressed in mm).
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ric fraction of CSH, CH and HA present in the mortar to properly
implement the leaching. Since cement particles represent 45% in
volume of the mortar (see Section 2), on the basis of experimental
observation by Bernard et al. [4], the initial volumetric proportion
of each chemical species (VPMo) in the mortar can be estimated
(see Table 3).
For each zone, at a given time, a proportion d of the components
is dissolved so that the percentage of particle to be removed (PPR)
for each chemical species becomes:

PPR ¼ d  VPMo

Table 5
Validation of the implementation of leaching. (a) Evolution of ratio of Young’s
modulus over initial Young’s modulus with respect to leaching time. (b) Evolution of
ratio of unconﬁned compressive strength over initial unconﬁned compressive
strength with respect to leaching time.
Leaching time (days)

0

28

56

98

E/E0 (exp. after Bernard et al. [4])
E/E0 (PFC)

1
1

0.77
0.67

0.64
0.55

0.47
0.43

UCS/UCS0 (exp. after Le Bellego et al. [23])
UCS/UCS0 (PFC)

1
1

0.76
0.64

0.63
0.51

0.51
0.34

ð1Þ

As all the particles have the same mechanical properties and no
distinction is made between different components, the total percentage of cement particles randomly removed is given by:

PPRtotal ¼ dCH  VPMoCH þ dCSH  VPMoCSH þ dHA  VPMoHA

ð2Þ

where the subscripts CH, CSH and HA refer to the corresponding
chemical species.
The method to implement the leaching process has been validated via some unconﬁned compression tests on cylindrical specimens for simulated leaching times of 28, 56 and 98 days [22]. The
position of the leaching fronts and the percentage of particles removed (see Table 4) have been estimated in accordance to experimental observations. Note that modeling the evolution of
leaching depth in time is out of the scope of this paper. The numerical results, expressed in terms of decrease of Young’s modulus and
decrease of unconﬁned compressive strength with leaching time,
have been compared to the experimental data in Table 5. A good
agreement has been found for the deformation properties between
experimental and numerical data. However, the strength reduction
obtained numerically tends to underestimate the strength the leached material. The procedure developed in this paper reproduces
the increase of macro-porosity by randomly deleting particles in
the sample. Luping and Nilsson [24] showed that with the same
porosity, samples with smaller pore size exhibits a greater
strength. The use of a polydisperse particle size distribution and removal of the smallest particles would certainly improve model
predictions and is worth further investigations.
4. Behavior of single saw tooth interface
4.1. Interface model
The mechanical response of rock joints is highly inﬂuenced by
the morphology of the interface [3] so that a simple saw tooth
interface has been chosen to start with. It consists of a single tooth
5 mm high and with an angle of 30° (Fig. 2). Using simple geome-

Table 3
VPCPo: initial volumetric proportion in cement paste. VPMo: initial volumetric
proportion in mortar.

o

VPCP (%) after Bernard et al. [4]
VPMo (%) (VPMo = 0.45  VPCPo)

CH

CSH

HA

14.7
6.6

40.2
18.1

17.9
8.1

tries is a common approach when testing rock joints and in fact,
this very same geometry was used by Yang and Chiang [36].
Fig. 2 shows not only the contact morphology but also the expected
water ﬂow path and the progression of the leaching fronts with in
the walls of the contact as a result of the water ﬂow. As the study is
about rock–mortar contacts, only the mortar wall is leached.
The rock–mortar specimen is built on 31,200 particles having a
radius ranging from 0.4 mm (in the vicinity of the interface) to
1.6 mm. The interface is frictional (friction angle of 20°) and the recent ‘‘smooth joint model” (SJM) [26] was used to prevent the contact roughness from depending on the particle size. The specimen
is ﬁrstly subjected to a compression along axis Y (Fig. 2) and then
to a shearing along axis X at constant normal stress. Displacements
along Z are restrained. The sum of contact forces on the periphery
of the upper half are used to compute the normal stress and shear
stress. In the following, the mechanical behavior of the leached
contact is studied as a function of the leaching depth LD. The method described in Section 3 was used to determine the position of the
leaching fronts and the amount of CSH left in zones 3–5 for various
leaching depths.
4.2. Mechanical behavior of the intact interface
Numerical direct shear tests under constant normal stress ranging from 1.5 MPa to 6 MPa were performed on the intact interface.
Here, the simulations aim to check that the well known qualitative
response of rock joints upon shearing is reproduced. Fig. 3a and b
show the evolutions of shear stress and of normal displacement
with tangential displacement. It can be seen that the qualitative
mechanical behavior of rock joints upon shearing is well captured
[17,12]: the higher the normal stress, the higher the shear stress
and the lower the dilation. Also, the peak in stress occurs in the
ﬁrst 2 mm of shearing. Experimentally, the dilation is preceded
by a slight contraction usually due to the walls interlocking. This
is not simulated here and, consequently, no contraction is observed
before dilation. These numerical tests are useful to validate the
qualitative behavior of the intact interface. Should any change take
place for the leached interface, it will be attributed to the leaching
process.
4.3. Mechanical behavior of the leached interface
Similarly, direct shear tests under constant normal stress were
performed on the leached interface for various leaching depths.

Table 4
Estimation of the percentage of particles removed in each leached zone to simulate the increase of macro-porosity and position of dissolution fronts for various leaching times.
Leaching duration

28 days
56 days
98 days

Percentage of particles removed

Position of fronts (mm)

Zone 2

Zone 3

Zone 4

Zone 5

xd21

xd32

xd43

xd54

6.6
6.6
6.6

9.4
10.2
11.1

22.9
24.9
27.1

25.6
28.3
31

8.9
12.6
16.7

8.0
11.3
15

5.9
8.3
11

3.7
5.3
7
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Water flow

Y
X
Fig. 2. View of the joint model using DEM code PFC. Dimensions of the model: 50 mm (X)  50 mm (Y)  40 mm (Z). White line represents the contact, the darkest material is
sound, the lightest is leached.
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Fig. 3. Numerical results on intact interface. (a) Evolution of shear stress vs. tangential displacement. (b) Evolution of normal displacement vs. tangential displacement.
Normal stress ranges from 1.5 MPa to 6 MPa.
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Fig. 4. Numerical shear tests at constant normal stress (rn = 2.5 MPa). Evolution of: (a) shear stress vs. tangential displacement and (b) normal displacement vs. tangential
displacement for different leaching depths LD.
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The evolutions of shear stress and of normal displacement with the
tangential displacement for a normal stress of 4 MPa are shown in
Fig. 4a and b. The reduction in shear strength as leaching progresses is very clear. Consistent with the results by Buzzi et al.
[8], a change in behavior from brittle to ductile progressively takes
place. The loss of mechanical strength of the interface is due to the
weakening of the bulk material [10,23] and, in the framework of
rock joints, could be seen as a weathering of the mortar wall [2].
Not only the shear strength is affected by leaching but also the
joint dilation upon shearing. It is progressively reduced to a point
where the joint becomes fully contractant, which is also consistent
with the results obtained by Buzzi et al. [8] (see Fig. 5). The leaching depth at which no volume change occurs will be referred to as
the transitional leaching depth. The interface progressively turns
fully contractant as zone 5, which is the most porous (around
30% in Table 4), extends. The creation of a porous band or compaction band leads to contraction instead of dilation. Obviously, the
deeper the leaching front, the wider the compaction band and consequently, the more the interface will contract.
Interestingly, the major part of shear strength is lost in the ﬁrst
5 mm of leaching. This can very likely be related to the roughness
of the interface and, more speciﬁcally in this case, to the height of
the tooth (5 mm). Until a leaching depth of 5 mm, a part of the
tooth is still intact creating a hard point in the contact, through
which forces are still transmitted (see Fig. 6a and b). The most sig-



sp ¼ ð1  er=r Þ  C J þ r  tanð/r Þ

s ¼ r  tan JRC  log 10

DIST
INT
LIX3
LIX2

0.6

0.8

1

1.2

1.4
0

2
4
Shear displacement Ws [mm]

6

Fig. 5. Evolution of normal displacement us with respect to shear displacement Ws
after Buzzi et al. [8].

ð3Þ

where sp is the peak shear stress, r is the normal stress, r* is the
exponential decay parameter delimiting the low stress zone from
high stress zone, CJ is the equivalent Mohr Coulomb cohesion and
/r is the equivalent Mohr Coulomb friction angle. Barton [3] proposed another formulation based on the Joint Roughness Coefﬁcient
(JRC) and on the Joint Compressive Strength (JCS) (Eq. (4)).



0.4

Normal displacement us [mm]

niﬁcant loss of strength takes place during this ﬁrst phase (around
50%). Passed the transitional leaching depth (5 mm), the tooth is
totally weakened and there is no hard point in the contact. It can
be seen from Fig. 6c that the transmission of forces within the contact is more uniform through the contact area. For more extended
leaching, the shear strength keeps decreasing at a very slow rate
and would eventually stabilize.
Numerical shear tests under increasing normal stress were also
performed to identify the effect of leaching on the failure criterion
of the contact. Mohr Coulomb criterion is not exactly the most
appropriate failure criterion for rock joints due to a nonlinearity
under low normal stress [3]. As a result of employing such criterion, very high values of cohesion can be found which is not realistic and surely not a conservative engineering approach. Patton
[30] proposed a bilinear model to account for the low experimental
cohesion, later improved by Jaeger [21] in an exponential continuous form (Eq. (3)).

 
JCS

r


þ /b

ð4Þ

where s is the peak shear stress, r is the normal stress, and /b is the
base friction angle.
Jaeger and Barton failure criteria have been estimated in Fig. 7a
and b, respectively and the loss of mechanical strength clearly appears on the failure criteria. Fig. 7c shows the loss of friction angle
and cohesion CJ for the Jaeger criterion. The two stage loss of
mechanical strength is visible with most of the drop in equivalent
friction angle and equivalent cohesion occurring in the ﬁrst 5 mm
of leaching. Regarding the Barton criterion. Fig. 7d shows the loss
of JCS for the Barton criterion. Interestingly, in this criterion, a value of JCS lower than UCS indicates weathering of the wall. The
lowest value of JCS considered by Barton [3] is a quarter of UCS.
Here with leaching, JCS drops to around 1/70 of the UCS (see Table 2) suggesting that leaching is an extreme case of weathering.
JRC and /b do not vary with leaching as they represents the roughness of the interface and the angle of frictional sliding resistance
between particles, respectively.

Fig. 6. View of the chain forces after 0.6 mm shear displacement for different leaching depths: 2 mm (a), 5 mm (b) and 10 mm (c). Thickness of the line represents the
intensity of the contact force.
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Fig. 7. Failure criterion of intact and leached interfaces: (a) Jaeger’s criterion (Eq. (3) with r* = 0.6 MPa). (b) Barton criterion (Eq. (4) with JRC = 15 and /b = 40, values selected
for a best ﬁt). (c) Evolution of equivalent friction angle and equivalent cohesion with leaching depth (Jaeger criterion). (d) Evolution of JCS with leaching depth (Barton
criterion).

5. Application to a natural joint morphology

5.3. Mechanical behavior of the leached natural interface

5.1. The interface model

The qualitative mechanical response of the leached saw tooth
interface and the leached natural interface are very similar. A
change from brittle to ductile behavior is observed with a signiﬁcant loss of shear strength (from 5 MPa initially to 1.7 MPa under
15 mm of leaching) and the interface progressively turns fully contractant as leaching progresses (Fig. 10a). The transitional leaching
depth i.e. that producing no volume change, appears to be around
7.5 mm here, which is the amplitude of the asperities height
(Fig. 10b). The results obtained by Indraratna et al. [19] on rock
joints with inﬁll material suggest that the transition takes place
for an inﬁll thickness (or here a leaching depth) close to the asperity amplitude. This was effectively observed here on the saw tooth
interfaces, on the natural interfaces and in the results by Buzzi
et al. [8] where the asperity amplitude and the transitional leaching depth are around 5 mm.
When estimating the possible failure criteria of the interface
(Jaeger and Barton criteria in Fig. 11), the two stage loss of mechanical strength appears clearly. The JCS drops from 70 MPa down to
0.5 MPa, the equivalent friction angle from 38° down to 20° and
the equivalent cohesion from 1.46 MPa to 0.3 MPa. The JRC of the
joint has been estimated to 12 visually using Barton’s proﬁles
and /b of 40° is slightly high but consistent for a granite [3]. From

The saw tooth interface being somehow an extreme morphology, simulations were also conducted on a smoother natural surface (see Fig. 8a). This surface comes from a natural discontinuity
in granite studied by Grasselli [15]. The surface is around 70 
70 mm2 and the amplitude of the asperities is around 7.5 mm.
Fig. 8b shows a view of the DEM model for this interface. The
boundary conditions described in Section 4.1 were applied and
tangential displacement was imposed along axis X.

5.2. Mechanical behavior of the intact natural interface
The mechanical response of the intact interface is plotted in
Fig. 9 in terms of shear stress and normal displacement and it is
consistent with the general mechanical behavior of rock joints
available in the literature. The slight plateau before the peak in
Fig. 9a is due to the interaction of the multiple asperities of the surface. It is here exacerbated by the scale of the horizontal axis and
can actually be observed on experimental results, see for example
in Hans and Boulon [17].
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Fig. 8. (a) Representation of the granite surface. All dimensions in mm. (b) Cross section located at Y = 35 mm. Interface sheared along axis X.
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Fig. 9. (a) Evolution of shear stress versus tangential displacement for the intact natural interface. (b) Evolution of normal displacement versus tangential displacement. Shear
test under constant normal stress of 4 MPa.
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Fig. 10. (a) Evolution of shear stress versus tangential displacement. (b) Evolution of normal displacement versus tangential displacement. Shear test under constant normal
stress of 4 MPa. Leaching depth ranges from 0 mm to 15 mm.
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Fig. 11. Failure criterion of intact and leached interfaces: (a) Jaeger’s criterion (Eq. (3) with r = 0.6 MPa). (b) Barton criterion (Eq. (4) with JRC = 12 and /b = 40°).

an engineering point of view, the issue of leaching should be accounted for, if relevant, when initially deﬁning the failure criterion
for the interface. This could be done by determining the failure criterion at the transitional leaching depth. Indeed, most of the
mechanical loss occurs before reaching this depth.
6. Signiﬁcance for water ﬂow
Transmissivity is a crucial parameter of the interface in the context of nuclear waste storage [8,7,11]. The leaching of the interface
walls leads to a local increase of porosity in the bulk material and
an augmentation of the interface transmissivity could logically be
expected. On the contrary, Buzzi et al. [8] observed that the leached
interface would not conduct water upon shearing before physical
breakage of the interface. The results presented herein tend to corroborate the fact that, passed the transitional leaching depth, the
leached interface does not necessarily conduct water. Indeed, it
has been shown that passed the transitional leaching depth, the
interface contracts upon shearing. As a result, the mechanical
and hydraulic aperture also decrease and the overall transmissivity
of the interface will decrease. The relationship between mechanical aperture, hydraulic aperture and transmissivity are well known
[17,29,28] and also captured by the Reynolds lubrication equation
[6] or by the cubic law [35].
7. Conclusions
Calcium leaching is a well known long term degradation phenomenon of cementitious materials in presence of water. The result of leaching is a local increase of porosity and a loss of
mechanical strength and stiffness. However, most of the studies
so far have been conducted on bulk materials and the impact of
leaching on the behavior of interfaces have been somehow neglected despite its relevance in the context of nuclear waste repositories. The recent study by Buzzi et al. [8] showed that a leached
rock–concrete interface exhibits a lower shear strength than an intact interface. Also, and against expectations, the leached interfaces
did not seem to conduct more water than the intact ones. A numerical study was under taken here to extend the experimental study
by Buzzi et al. [8] and to provide some new insight into the effect of
leaching on the mechanical behavior of rock–mortar interfaces.
The existence of a transitional leaching depth, at which the joint
exhibits neither dilation nor contraction has been evidenced. This
depth depends on the roughness of the interface and is roughly

equal to the amplitude of the asperities as shown by Indraratna
et al. [19] for inﬁll joints. It has been observed that most of the
mechanical strength is lost before the transitional leaching depth.
This translates clearly to the failure criterion of the interface, which
does not vary much once the transitional leaching depth has been
reached. Another remarkable feature is that the joint becomes fully
contractant passed the transitional leaching depth, which has signiﬁcant implications for water ﬂow within the interface. Indeed,
contraction of the interface means reduction in its transmissivity.
This conclusion is very speciﬁc to the interfaces since, for bulk
materials, leaching means increase of porosity and thus increase
of permeability.
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canadaś underground research laboratory. In: Clays in natural and engineered
barriers for radioactive waste conﬁnement. Experiments in underground
laboratories, Andra, Reims, France; 2002.
[12] Esaki T, Du S, Mitani Y, Ikusada K, Jing L. Development of shear-ﬂow test
apparatus and determination of coupled properties for a single rock joint. Int J
Rock Mech Min Sci 1999;36:641–50.

266

C. Lambert et al. / Computers and Geotechnics 37 (2010) 258–266

[13] Gens A, Guimaraes LdN, Garcia-Molina A, Alonso E. Factors controlling rock–
clay buffer interaction in a radioactive waste repository. Eng Geol
2002;64:297–308.
[14] Gérard B. Contribution of the mechanical, chemical and transport couplings in
the long term behavior of radioactive waste repository structures. Ph.D. thesis,
Laval University, Québec, Canada – Ecole Normale Supérieure de Cachan,
France; 1996.
[15] Grasselli G. Shear strength of rock joints based on quantiﬁed surface
description. Ph.D. thesis, Ecole Polytechnique Federale de Lausanne,
Switzerland; 2001.
[16] Grindrod P, Peletier M, Takase H. Mechanical interaction between swelling
compacted clay and fractured rock, and the leaching of clay colloids. Eng Geol
1999;54:159–65.
[17] Hans J, Boulon M. A new device for investigating the hydromechanical
properties of rock joints. Int J Numer Anal Meth Geomech 2003;27:513–48.
[18] Heukamp FH, Ulm FJ, Germaine JT. Mechanical properties of calcium-leached
cement pastes triaxial stress states and the inﬂuence of the pore pressures.
Cem Concr Res 2001;31:767–74.
[19] Indraratna B, Haque A, Aziz N. Laboratory modelling of shear behaviour of soft
joints under constant normal stiffness conditions. Geotech Geol Eng
1998;16:17–44.
[20] Itasca. PFC3D version 4.0. User manual; 2008.
[21] Jaeger JC. Friction of rocks and the stability of rock slopes. Geotechnique
1971;21:97–134.
[22] Lambert C, Buzzi O, Giacomini A. DEM study of the mechanical behavior of a
leached interface upon shearing. In: RockEng 09. Toronto, Canada, paper no.
3985; 2009.
[23] Le Bellego C, Gérard B, Pijaudier-Cabot G. Chemo mechanical effects in mortar
beams subjected to water hydrolysis. J Eng Mech 2000;126(3):266–72.
[24] Luping T. A study of the quantitative relationship between strength and pore
size distribution of porous materials. Cem Concr Res 1986;16:87–96.

[25] Luping T, Nilsson LO. A study of the quantitative relationship between
permeability and pore size distribution of hardened cement paste. Cem Concr
Res 1992;22:542–50.
[26] Mas Ivars D, Potyondy D, Pierce M, Cundall P. The smooth joint contact model.
In: Proceedings of the 8th world congress on computational mechanics.
Venice, Italy, paper 2735; 2008.
[27] Ollivier JP, Massat M. Permeability and microstructure of a concrete: a review
of modelling. Cem Concr Res 1992;22:503–14.
[28] Olsson R, Barton N. An improved model for hydromechanical coupling during
shearing of rock joints. Int J Rock Mech Min Sci 2001;38:317–29.
[29] Olsson WA, Brown SR. Hydromechanical response of a fracture undergoing
compression and shear. In: Rock mechanics in the 1990s, Proceedings of the
34th US rock mechanics symposium, vol. II; 1993. p. 685–8.
[30] Patton FD. Multiple modes of shear failure in rock. In: Proceedings of the 1st
Int Cong Rock Mech, Lisbon; 1966. p. 509–13.
[31] Potyondy DO, Cundall PA. A bonded-particle model for rock. Int J Rock Mech
Min Sci 2004;41:1329–64.
[32] Saito H, Deguchi A. Leaching tests on different mortars using accelerated
electrochemical method. Cem Concr Res 2000;30:1815–25.
[33] Tragardh J, Lagerblad B. Leaching of 90-year old concrete mortar in contact
with stagnant water. SKB TR-98-11; 1998.
[34] Vaunat J, Gens A. Analysis of the hydration of a bentonite seal in a deep
radioactive waste repository. Eng Geol 2005;81:317–28.
[35] Witherspoon PA, Wang JSY, Iwai K, Gale JE. Validity of cubic law for ﬂuid ﬂow
in a deformable rock fracture. Water Resour Res 1980;16:1016–24.
[36] Yang ZH, Chiang DY. An experimental study on the progressive shear behavior
of rock joints with tooth-shaped asperities. Int J Rock Mech Min Sci
2000;37:1247–59.
[37] Yow JL, Hunt JR. Coupled processes in rock mass performance with emphasis
on nuclear waste isolation. Int J Rock Mech Min Sci 2002;39:143–50.

