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ABSTRACT
The excavation of underground research facilities (URF) in potential host rocks for nuclear

waste disposals generates damage and fractures around the tunnels, defining an altered
Excavation Damage Zone (EDZ). This fractures network can induce stress redistribution and
alteration of flow and transport properties, becoming preferential paths for releasing
radionuclides into the host rock. Nevertheless, in the long term, the fracture can be sealed
through the resaturation of water coming from the rock as a function of its self-sealing
potential, i.e., its capacity to restore its hydraulic permeability leading to the hydraulic closure
of the fracture. The French National Agency for nuclear waste management (ANDRA) selected
the Callovo Oxfordian Claystone (COx) as a potential host rock for its particular
hydromechanical properties, such as its low permeability and high retention capacity of
radionuclides. Several studies showed the self-sealing potential of COx claystone. The major
contribution to this self-sealing capacity is given by the presence of clay minerals in its
compositions, which are able to swell during water re-saturation. This process is quite fast; at
the beginning, it involves mainly the zone just surrounding the fracture, leading to its rapid
closure and, thus, a rapid reduction of water permeability. Moreover, this phenomenon is
generally associated with the generation of microcracks around the fracture, where the
material saturates quickly. In a second time, the sealing process progressively spreads out
through the sample. This study aims to offer a unified constitutive model able to reproduce
the self-sealing capacity of clay rocks. Implementing such a model in the finite element code
LAGAMINE allowed its validation through comparison with laboratory tests. In particular,
the role of the initial fracture size and the evolution of water permeability during the
wetting/drying process was investigated, reproducing what has been observed

experimentally.
1. Introduction

One of the major issues related to nuclear energy production is storing radioactive wastes. A
modern and fair reasonable solution consists of sealing them in metal canisters and then
storing them in repositories buried deeply in geological formations, ensuring the protection of
people and the environment [1]. In this context, the tunneling and storage operations induce
stress redistribution, triggering some damage to the host rock and generating an
interconnected fractures network localized in the immediate vicinity of the gallery. This



altered zone is defined as Excavation Damage Zone (EDZ); it is characterized by hydro-
mechanical and geochemical modifications responsible for altering the flow and transport
properties of the host material locally, therefore reducing its safety function [2][3]. It was
observed that the hydraulic conductivity of this zone could increase by several orders of
magnitude during excavation [4]. The generated fractures could then become preferential
pathways for the potential release and migration of radionuclides along the tunnels. Moreover,
the air ventilation carried out in the gallery during the excavation and the operational phases
could further fracture the host rock, altering its transport properties by increasing its
permeability [5].

A damaged zone around the gallery can occur in any geological formation; nevertheless, the
level of damage depends on the hydro-mechanical properties of the host rock, the in-situ stress
field, the geometry of the opening, the excavation method, and its duration [6]. In this context,
clay formations are considered suitable for hosting nuclear waste and have been extensively
studied in different countries for their properties, such as low hydraulic conductivity and high
retention capacity of radionuclides. In-situ experiments have been realized in Underground
Research Laboratories (URLs) in different clay formations such as the Callovo-Oxfordian
claystone (COx) in Bure in France (about 300 km east of Paris) [7], the Boom Clay in Mol in
Belgium [2] and the Opalinus Clay in Mont Terri in Switzerland [8].

Moreover, once the gallery is closed and after the emplacement of wastes, fractures can be
sealed through resaturation by the water coming from the claystone (Fig. 1) thanks to its self-
sealing potential, i.e., the rock's capacity to swell, promoting the hydraulic closure of the
fracture and helping in recovering its hydraulic permeability [2]. During this self-sealing
process, local structural changes are observed, leading to fracture closure, but there is no
mechanical strengthening. The interfaces remain a weakness plane in the material.

The self-sealing process proves to be a relevant feature in evaluating the potential host rock
for nuclear waste disposal. For this reason, many experimental studies have been carried out
to better understand and quantify it in the above-mentioned clay formations; the most relevant
are summarized in [6]. At the laboratory scale, it was observed that the main mechanisms

responsible for self-sealing are the swelling of clay minerals, consolidation, and creep [2].

During the excavation and Onset of re-saturation Self-sealing

storage phases
— Puw

Intact rock Tensile fracture: Re-saturation of fracture Fracture closure by change in
water content and/or
swelling of clay minerals
(hydraulic process)

Before excavation

Increase of fracture permeability
Strength reduction of the overall
material

Fig. 1 Schematization of the self-sealing process involving the host rock close to the gallery

For instance, the Boom Clay was observed to seal faster than the Opalinus Clay. In both cases,

the final permeability was very close to the undisturbed one. Moreover, in Boom clay, around
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the original fracture, an area of lower density than the intact material and proportional to the
size of the original fracture was observed [2], [9], [10].

Other experimental campaigns were conducted to understand and quantify the self-sealing of
COx formation, both at the repository scale [11], [12] and on laboratory samples [13]-[18]. Since
this paper deals essentially with self-sealing in COx samples, some of the experimental tests
considered representative by the authors will be described in detail. The Callovo-Oxfordian
claystone is a low-permeability claystone formation (k,, = 1072° m?) [19] consisting of three
different geological units lying at a depth from 422 to 554 m [20]. More specifically, the French
URL is built at 490 m depth in the lower unit, i.e., the argillaceous unit (U.A.), which consists
mainly of phyllosilicates, in particular layers of illite (non-swelling clay) alternating with
layers of smectite (swelling clay). The upper unit is the silt-carbonate unit (USC), while
between them, there is a transitional unit (U.T.) with mineralogical properties between the two
others [19]. The contribution of mineralogical composition (submicron scale) to the self-sealing
capacity of the COx argillite is demonstrated by several laboratory tests [15]-[18]: samples
taken from the carbonate-rich unit (USC) have a more limited self-sealing capacity compared
to the clay-rich unit (U.A.). Therefore, the swelling of clay minerals plays a major role in the
recovery of hydraulic properties. Conversely, the presence of a high carbonate content
prevents water from penetrating the sample and swelling the clay minerals.

It has been shown that swelling of clay minerals begins in the areas around the fracture and
then progressively spreads throughout the sample [21]. More specifically, a fracture results in
an initial equivalent permeability of several orders of magnitude greater than intact clay. Then,
during hydration and water uptake by the sample, the swelling process is quite rapid, leading
to a rapid fracture closure and, thus, a rapid reduction in permeability. Finally, as it involves
clay minerals far from the fracture, the process becomes slower and slower until it stabilizes.
This phenomenon has been observed by several experimental campaigns, as summarized in

Fig. 2 in terms of the temporal evolution of water permeability k,,.
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Fig. 2 Temporal evolution of water permeability k,, observed experimentally during hydration tests



The swelling and clogging of clay minerals define some microstructural changes around the
fracture. A density lower than that of the intact material was observed in sealed COx samples
[15], similar to what was observed in Boom Clay. This process is due to the fact that, during
hydration, a pattern of secondary fractures is generated around the main one ([21], [22]),
defining a disturbed and weak zone (i.e.,, low-density zone) (Fig. 3), which contributes

significantly to the self-sealing of the claystone.

After 5h

Fig. 3 X-ray images of a fractured Callovo — Oxfordian cylindrical sample (horizontal sections) at different time

Initial condition After 15 min

steps of a hydration test from the beginning (left) to the end (right) of the test [21]

Another aspect that has been investigated by laboratory testing is the role of the initial size of
the fracture. In particular, the smaller the fracture, the faster it will close, despite the reduced
peeling effect around it and thus the swelling capacity of the clay [21].

Although experimental results have shown that self-sealing is closely related to clay swelling
caused by hydration, it is worth noting that many experiments are conducted under certain
confining pressures [13], [14], [18] that contribute to the phenomenon, thus making it difficult
to separate the role of clay mineral swelling from that of applied pressure.

Nevertheless, self-sealing has been extensively studied experimentally, but, to the authors'
knowledge, limited attempts were made to model this phenomenon numerically. A numerical
approach in this field is necessary to describe and understand the hydro-mechanical behavior
of the fracture during hydration and drying through suitable constitutive laws able, in turn,
to predict the self-sealing process in the long term. Wang and co-authors [23] proposed an
elastoplastic damage model to describe self-sealing both at the sample scale and at the scale of
the excavation damaged zone, i.e., the scale of the CDZ (Compression Damage Zone)
experiment performed in Andra’s URL. This model successfully describes the self-sealing of
fractured unsaturated claystone; however, it does not define a constitutive model for the
fracture.

This paper aims to offer a constitutive model that accounts for the claystone's sealing capacity,
including some aspects introduced above (i.e., the clay swelling around the fracture and the
initial size of the fracture). Then, this law is implemented in a finite element code and
validated against some laboratory tests on COx samples under pseudo-oedometric conditions.
This study is therefore propaedeutic for a more realistic large-scale model able to represent
and predict self-sealing at the scale of the gallery. In the proposed model, the anisotropy of the

material, but also the chemical properties of the saturation water are not considered. They both
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deserve to be considered in future extension of the model. As will be seen below, this model
aims to simulate a vertical section of the samples tested in the laboratory, and it is defined in
2D. This simplification is justified because the selected laboratory tests are carried out on
cylindrical samples with a planar fracture, but future developments could also include the
third dimension. The next Section 2 is dedicated to analyzing the already published
experimental results, focusing on the key aspects responsible for the recovery of the hydraulic
properties of the claystone. Then, Section 3 describes the numerical background, with
particular attention paid to an interface constitutive model that can properly consider the
observations reminded in Section 2. Section 4 deals with the construction of the numerical
model as well as the numerical simulations, whose results are compared with experiments to
validate the law. A general discussion is given in Section 5, while some conclusions are

provided in the final Section 6.

2. Mechanisms contributing to the self-sealing of fractures during
hydration

The experimental campaign published in [21] investigated the role of clay content during the
self-sealing of COx claystone. Different samples with different initial fracture openings were
prepared from the same core extracted from the U.A. The hydration test consisted in injecting
water within the fracture. From the mechanical point of view, the samples were not loaded
but kept in pseudo-oedometric conditions (lateral strain prevented). Then, through Digital
Volume Correlation (DVC), it was possible to monitor the strain and displacement fields
during the test and thus follow the closure of the fracture during hydration. For the
experimental developments and the image analysis, the reader should refer to the published
works [16], [21]. In this study, the most relevant conclusions are considered to provide a
suitable constitutive law for the fracture that includes the physical mechanisms responsible
for its hydraulic closure. When saturation starts, it was observed that it first involves the clay
minerals close to the fracture, which swell and tend to close the discontinuity quickly. This
aspect is displayed in Fig. 4(a) (images W1-W6), where displacements concentrate around the
fracture lips, and their sign is consistent with the fracture closure (Fig. 4(b)). Then the
saturation progressively involves the whole sample (Fig.4(a); W7-W10) until a final condition
in which the swelling is prevented at the outer borders constrain.
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Fig. 4 (a) X Displacement fields resulted from DVC for a cylindrical sample (n. 8182) of diameter 8 mm, averaged
over the sample height for different time lapses twi; (b) Evolution of the discontinuity size with time [21]

The rapid swelling in the proximity of the fracture is associated with the generation of parallel
micro-cracks around the main one (Fig. 5(a)). This fracture network defines a damaged zone
and contributes to the recovery of the hydraulic properties. Moreover, it was observed that the
size of this fractured zone is related to the initial size of the discontinuity: the smaller the initial
fracture aperture, the smaller the space available for deformation, and the smaller the fractured
area is.

To further investigate self-sealing, Fig. 5(a) allows the measurement of the thickness of the
damaged zone (i.e., the zone including the main fracture and sub-fractured sides). Then,
subtracting the size of the main discontinuity (already measured in [21]) gives the thickness of
the damaged sides. Finally, for practical reasons, a symmetrical micro-cracks network is
assumed, such that the thickness computed previously can be divided by 2 to obtain the
thickness of each damaged side at the beginning of hydration h;,;. This thickness is plotted
against the initial size of the fracture d;;; in Fig. 5(b), for each hydration test of Fig. 5(a). Finally,
results can be fitted by an empirical power law type that can be assumed representative of
COx samples with planar fracture. This relationship is consistent with experimental evidence

since its sides remain intact (h;;,; — 0) if the initial fracture is sufficiently small (d;,; — 0).
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Fig. 5 (a) X-ray images after a few minutes of hydration, middle slice [21] with the definition of the interface zone
in the middle of the section (white dashed line) including the fracture and the damaged sides; (b) Definition of the
initial extension of the damaged sides (hyin; = hyini = hin;) in relation with the initial size of the fracture d;,; fitted
by a power law type (a=1.2019; b = 0.7914 R?=0.9989)

3. Theoretical formulation for the fracture and the intact material

The self-sealing of the claystone is investigated numerically by a 2D isothermal model
implemented in the finite element code LAGAMINE [24], [25]. The intact clay is modeled in
the framework of the continuum mechanics and is assumed as a linear elastic material, while
the fractured zone is modeled using a zero-thickness interface element [26]-[28]. This interface
element is widely used in modeling joints and rock discontinuities in the framework of finite
element methods since it is suitable for large deformations without re-meshing. It has also
been used to model the interface between two different media [29], [38], as well as in rock

fracture mechanics [39].

The contact zone is discretized through field nodes and is only activated in the case of contact.
An accurate description of this type of contact element is provided by Cerfontaine et al. [29]
for a 3D problem, while a 2D schematization is given in Fig. 6(a). The zero-thickness element
is discretized by the three-node method, i.e., the interface element includes the inner of the
discontinuity (index F) and the two adjacent sides (indexed I'" and I'?) allowing the modeling
of the fluid flow propagation along and through the discontinuity (f; and f;; in Fig. 6(b)). Each
node of the two sides (i.e., nodes 1-6) carries 3 degrees of freedom (the displacements u, and
u,, in the horizontal and vertical direction, respectively, and the pore water pressure p,,). Each
inner node (i.e., nodes 1’-3’) is fixed in terms of displacement and thus carries only the pore
water pressure degree of freedom.

This discretization allows a homogenous field of pressure across the interface while there is a
transversal drop of pressure between the two sides of the fracture [29]. The fracture opening
d in Fig. 6(b) is measured as the distance between the nodes of the side I'* and those of I'? and

is computed through a segment-to-segment discretization [30]-[32] as described in [29].
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Fig. 6 (a) Contact between two continuum deformable solids ©; and Q,; (b) Definition of the parabolic three-node
discretization of an interface element where I} and I, are the side of the interface (nodes 1-6), F is the inner of the

interface (nodes 1’-3” obtained as the projection of nodes 1-3 of the side Iy)

3.1. The hydro-mechanical formulation for the fracture

3.1.1. The mechanical problem

The fracture mechanical behavior is defined in terms of variation of the contact pressure with
the fracture closure V (or the hydraulic aperture d). When two perfectly smooth continuum
elements are not in contact, the closure V takes positive values. If the two parts come into
contact, their contact pressure increases while the distance V between them cancels (yellow
curve in Fig. 7). Nevertheless, the two counterparts are never perfectly smooth, but some
roughness on contact area exists. Since it is not possible to model all the asperity by finite
elements, the two adjacent surfaces are assumed to be perfectly smooth, and the average
distance between them defines the fracture closure V. In the particular case of rock joints, a
non-linear contact law accounting for the role of the asperities in contact was experimentally
observed [26], [33]-[36]. Among the others, a recent formulation to describe the non-linear
mechanical behavior of the fracture was proposed by Bart [37] and is represented in Fig. 7 (in
blue) in terms of effective normal pressure p’y. In the incremental form it writes:

_ K
()

D, defines the asymptotic mechanical closure of the fracture in absolute value, Ky is the

!

Ap'y =— €Y

stiffness coefficient defining the initial slope of the curve (for small values of p'y) and the
exponent y is a correction factor taken equal to 2 to represent the fracture behavior better but
generally varying between 2 and 6 [33].



Contact No contact
r

DN
compression

d

e

: P ini

S il 4

dini

| Ky ,
V= _DO Vini A\

Fig. 7 Interface normal behavior in terms of fault closure V — effective normal contact pressure p’y in the ideal case
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indicates the closure, hydraulic aperture and the contact pressure, respectively at the beginning of the test

If two bodies initially not in contact get closer and closer, their asperities begin to touch and
deform, with large displacement for low applied stress. This behavior is described through the
initial slope Ky defining a linear relationship between the normal contact pressure and the
closure. Then, the applied stress progressively induces smaller and smaller deformations since
the fracture is closing more and more, and the number of asperities in contact increases. At
this stage, the interpenetration of the two counterparts is related to the contact and
deformation of asperities. The pressure-closure relationship is no more linear and is defined
by the normal stiffness:

Ky= s @

(1 + D_o)

It depends on the mechanical properties of the rock, the physical properties of the filling
material (if any), and the configuration of the asperities (i.e., the number, surface, and relative
position). In this study, it should be intended as a penalty parameter introduced to ensure the
constraint of normal contact allowing the two contacting surfaces to interpenetrate each other
to simulate the contact between asperities. It should be high enough to avoid artificial overlap
between the two counterparts keeping in mind that too large values can ill-condition the
problem. Finally, the fracture behavior can be compared with the intact rock for a given load
applied. This occurrence explains the asymptote D, corresponding to the maximum
mechanical closure of the fracture.

From Fig. 7, the hydraulic opening d and closure V are related to each other by the relationship:
Do = |d| + V| = ldinil + [Vinil (3)

The index -ini indicates the initial values at the beginning of the test. Knowing the initial
hydraulic aperture d;,;, the slope Ky and the normal contact stress p’y at the beginning of the
test, Dy is computed by coupling Eq. (3) with:

v |((1—v)
Vini = Do <D0—KN PNimi + 1> -1 (4)




The opening d is always positive, while the closure V can be either positive (no contact) or
negative (contact).
Finally, the following statements apply:
- If there is no contact, the hydraulic closure V is zero, while the hydraulic opening d is
equal to the mechanical asymptotic closure Dy (p'y = 0 = V = 0 and d = Dy);
- If the contact pressure reaches large values, then the hydraulic closure V reaches
mechanical asymptotic closure D,, while the hydraulic opening d becomes null (p'y =
o=V =Dyand d = 0).

3.1.2. The fluid flow problem

The three-node discretization introduced above allows the description of the fluid flow (e.g.,
water in this particular case study) considering as a variable the pore water pressure inside
the interface and on the two sides in contact. In this way, it is possible to calculate the

longitudinal flow along the discontinuity and the transverse flow inside the interface (Fig. 6).

Flow equations along the fracture
The liquid water flow along the discontinuity is described by Darcy’s equation:

(F) 1, (F)
_ kT,W kW

F)
Y 5
™ Dw (5)

@ =
The index F stays for the fracture, p,, is the water dynamic viscosity, Vp,, is the gradient of
pore water pressure, k,.,, and k,, are the relative and intrinsic permeability of the fracture.
Since the fracture saturate quickly during water injection, the relative value k,.,, is set to the
unit value, hence the permeability is defined by the intrinsic value k,, that varies with the
fracture opening.
Water retention curve
The unsaturated behavior of a material is described by its water retention curve. In this case,
since the two damaged sides are very narrow, they are assumed to follow the same flow
equations and retention curve as the intact material. To the authors' knowledge, there are no
experimental investigations on the retention properties of the discontinuities. In this study;, it
is assumed that the water retention curve inside the discontinuity is represented by the Van
Genutchen relation [40]:

——1

1
ey mF\mF
F S
Srw=|1+ <_F> (6)

a

Where S;w is the degree of saturation; s (i.e.: pg — py) is the suction; pfand mF are, respectively,
the air entry pressure and the shape coefficient of the curve. More specifically, the air entry
pressure is the suction value at which pore water starts to displace from the initially saturated
condition. Therefore, the higher the fracture opening d and the smaller should be the threshold

p%. The Laplace equation accounts for this aspect:
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Where o is the water tension surface (¢ = 0.073 N/m). As already said, in this study, the
fracture is initially unsaturated and should rapidly become saturated during the hydration
phase. This behavior can be considered by choosing a relatively high value for the shape
coefficient m in Eq.(6) (compared to the one describing the intact material defined in Section
3.2), bearing in mind that too large values can cause numerical convergence issues.
Flow equations across the fracture
Water can also flow through the two adjacent surfaces as a function of the transversal
permeability of the fractured material (i.e., the transmissivity) and the difference in pressure
between the discontinuity and its two counterparts. According to Fig. 6, the two transversal
flow writes:

= pu Ttk (05 =8 )

2 = puTath (v - py) @
The transmissivity coefficient is defined as the product between the intrinsic and the relative
value, ie., T, and tl,,, respectively. They depend on the fluid and rock properties and should
be adequately calibrated.
The intrinsic transmissivity coefficient T, is a constant of the material and must take into
account the transfer between the fluid in the fracture and the two counterparts. When liquid
water is considered, the transfer is faster than with vapour water because, in the latter case,
some mass exchanges must occur at the wall of the counterparts. The relative value ti,, is a
dimensionless parameter function of the degree of saturation, accounting for the water
transmissivity in a two-phase flow (e.g., the water permeability in an unsaturated medium).
Since this case study deals with the contact between two continuums of the same material, the
same coefficients are assumed for the two adjacent parts 1 and 2:

TA=TZ=T,

1 42
trw_trw_trw

9)

Water relative transmissivity curve
The relative transmissivity coefficient t,,, is related to the degree of saturation through the Van

2
N
try = /5£W<1—(1—5£W ™) ) (10)

The shape coefficient n* is related to the shape coefficient m” of the fracture retention curve
defined in Eq. (6): nf = 1/mf —1.

In saturated conditions, the relative transmissivity assumes the unit value while it assumes

Genutchen equation [40]:

values lower than one in the unsaturated case, thus reducing the total transmissivity
coefficient during drying. This aspect is consistent with the fact that the gas propagates more

slowly than water.
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The main hydraulic parameters for the interface zone are synthesized in Tab. 1.

Tab. 1 Hydraulic parameters for the interface element

Parameter Symbol (unit) Value
Porosity ¢ (%) 100
Tortuosity T(-) 1.00
Van Genutchen coefficient mF (=) 1.67
Van Genutchen coefficient nf'(-) 0.401
Intrinsic transmissivity (water) T} (m/Pas) Calibrated
Intrinsic transmissivity (vapor) T, (m/Pas) Calibrated

3.1.3. The hydro-mechanical coupling
The hydraulic and mechanical formulations are coupled through the Terzaghi’s effective stress

principle under unsaturated conditions [41].

On the other side, the flow properties of the fracture are strongly dependent on its aperture by
the mean of the cubic law, defining the fluid flow proportional to the cubic of the fracture
opening d. By schematizing the fracture as two flat surfaces separated by a distance equal to
the opening d and characterized by a unit thickness w (Fig. 8), Poiseuille's law defines the fluid

flow rate Q as:

Wd3 out _ ,in
Pw bw (11)
12y, L
out

where pi* and pg“¢ are respectively the inlet and the outlet pressure, and L is the fracture

Q=

length.
Then, the Darcy equation writes:

ky’ Apgt —piy

Pw L
Where A = dw is the area of the cross-section. Combining the Eqs. (11) and (12):
d2
F_ =
k' = 5 (13)

This equation is the expression of the cubic law correlating the water permeability of the
fracture to its opening. Eq. (13) simplifies the reality as it does not consider roughness when
assessing permeability. It has, however, been validated by several studies [42], [43]. In
particular, roughness can be considered by referring to the hydraulic opening instead of the
mechanical opening [44].

w=1
iy pa

d

A
v

L

Fig. 8 Simplification of the fracture as two parallel plates with the definition of the inlet and outlet pressure (p{
and pg*, respectively)

The calculation of the hydraulic opening d during the resaturation process requires further
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investigation. As reminded in Section 2, the hydration of the fracture induces some micro-
cracks around it, defining a damaged zone able to swell quickly, favoring the hydraulic closure
of the fracture. The thickness of this zone depends, for the same material, on the initial
thickness of the fracture. Hence, since the area around the discontinuity contributes to self-
sealing, it must be considered when describing the interface constitutive behavior.

The modeling of these damaged sides requires further numerical effort. Nevertheless, since
they are narrow enough compared to the sample sizes (about the same order of magnitude as
the fracture opening), they do not need to be explicitly meshed. This evidence allows us to
implement them directly in the interface element with considerable numerical simplification,
as illustrated in Fig. (9). This aspect is simulated numerically by including two deformable
zones into the interface element, as shown in Fig. 9: the stiffness of the two sides, I} and I,
are K. 161"1) and K. 151"2) respectively, while inside the interface, the stiffness is computed as defined
in Eq. (2). Since the thickness of these damaged boundaries is relatively small, isotropic
behavior is assumed whereby the stiffness moduli are derived from the modified Cam Clay

model [45] and normalized by their initial thickness, i.e. hy j,; and h; ;,; respectively:

(Locp_ 1 (1+em ,ap
| K ! (1) p,N,ilni
el

h1 ini
(14)
| g = L (1 Cme
k h2 ini (Fz) P Nini
where e;,,; is the initial void ratio, p'ml(rl) and p'ml(FZ) are the reference effective mean

pressures (assumed equal to the respective values at the beginning of the test) and «_, (") and

K( 2) are the elastic coefficients, which should be calibrated numerically.
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Fig. 9 Sketch of the interface element accounting for the damaged area around the main fracture

For the equilibrium, the total pressure is the same across the whole system and, therefore, in
the interface element, the same increment of total normal stress Apy is applied:

apy v = Moy = Ap” = Apy (15)
By applying the Terzaghi effective stress principle, the equilibrium of the system can be

written as:
{ApN Apl(rl) + S(Fl)Ap 1) 4+ (1 _ S(Fl)) Ap(rl)
{ Apy = A/ 4 50D Ap(m +(1-552) p? (16)
/G F F F F F

In the following, we will omit the terms (1 - STW)Apg since the gas pressure is kept constant
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at environmental conditions in this numerical study.
The variation of effective normal pressure Ap'y is obtained assuming an elastic constitutive
behavior for the whole interface element (i.e., inner fracture + damaged sides). In particular,

the increment of the effective normal pressure inside the interface (Ap’l(\f)) can be related to

the increment of the fault opening Ad, as well as the increment of the effective normal stress
on the two sides I'! and I'? can be related to their swelling Ah; and Ah, respectively:

(P = -k Van,

Ap'$P = —K{ A, (17)

pp'P = kP ad

The negative sign indicates that the effective normal pressure is assumed positive in
compression.
Finally, substituting Eqgs. (17) in Egs. (16), it is possible to find the amount of swelling of the
fracture sides (Ah; and Ah,) and the increment of the hydraulic opening Ad:

r F F r r r r r r r F F
(Ko~ K (S50l — 5 ap(0) — K (55— s
1= ) o) | o (02 |, o F) (1)
Ky YKy Y+ KKy Y+ KKy
r F r r r F F F r r r r
K2 K4 g~ K (SS90~ Sap(0) — 0 (55292 — 5 )
| Ahz = ) oD |, o (02 |, o F) T (18)
Ky Ky Y+ Ky Ky P + Ky Ky
r r T F F T r r F F r r
. KT kTR o — gD (Sr(w)APv(v) —Sr(w2)APv(v2)) g (Sr(W)APv(v) _ sTpyd 1))
\ K}gm) Kl(vrl) T KIEIF) Klgrz) A K;SF) Klgrl)

When the two fracture sides have an infinite bulk modulus (K, 1511) =K 151"2) - oo: i.e., a null
elastic coefficient or a null thickness), the constitutive mechanical laws defined in Eqgs. (17)
reduces to the form defined in Eq. (1) where AV = Ad.

Considering that the two claystone elements respond to the same constitutive behavior, the
same material properties are assumed at the two disturbed zones around the fracture. They
have the same initial thickness that can be computed as a function of the initial fracture
aperture d as in Fig. 5(b) (i.e., Ay in; = hyini = hin;) and the same elastic coefficients (Kgl) =
KgZ) = k¢;) that should be adequately calibrated. Together with the penalty factor K, ,S,F), they
are properties of the material concerned independently from the test, the initial, and the
boundary conditions. It is important that the ratio between the stiffness of the two disturbed
zones and the penalty K,E,F)ensures the rapid hydraulic closure observed experimentally

during wetting.
3.2. The hydro-mechanical formulation for the intact material
3.2.1. Mechanical problem

Since this study focuses on the discontinuity, the intact claystone is simply described as an

isotropic linear elastic material.
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The main mechanical parameters of the Callovo Oxfordian claystone have been provided by

several experimental campaigns and are synthesized in Tab. 2.

Tab. 2 Mechanical parameters of Callovo-Oxfordian argillite (from [46])

Parameter Symbol (unit) Value
Dry density pa (g/cm?) 2.21-2.34
Grain density ps (g/cm?) 2.71
Young’s modulus E (MPa) 4000
Poisson’s coefficient v(-) 0.3

As explained in the following, the claystone can be disturbed during the sample preparation,
especially for small-size samples. In this case, a lower Young modulus should be considered.

3.2.2. Flow problem
As for the interface, the hydraulic constitutive behavior of the bulk material accounts for the

advection of liquid water through Darcy’s equation.

Water Retention Curve and relative permeability
The water retention curve of the Callovo Oxfordian claystone was obtained by fitting the

available data with the van Genuchten equation [47], as shown in Fig. 10. During the drying
process, gas displaces the water until residual saturation is reached. Then, during resaturation,
some gas bubbles may be trapped in the interstitial space resulting in a lower degree of
saturation than during the desaturation phase. This process explains the hysteretic behavior
of the retention curves in Fig. 10. Furthermore, by definition, the air entry value is higher in

the desaturation curve than in resaturation.

1.0E+09 3

1.0E+08 3

s (Pa)

1.0E+07 3

Drying path |
{ |=—=Wetting path Y

1.0E+06 T T T T
0 0.2 0.4 0.6 0.8 1
S (%)

Fig. 10 Water retention curve for Callovo-Oxfordian claystone [47]

As already discussed for the fracture, the water flow through the claystone depends on its
hydraulic permeability that varies, in unsaturated conditions, with the degree of saturation.
Similarly to the relative transmissivity coefficient defined in Eq. (10), the van Genuchten
formulation defines the relative permeability as a function of the degree of saturation for the
intact claystone:

ke =S (1= (1=520)") (19)

The hydraulic parameters for the Callovo-Oxfordian claystone are listed in Tab. 3.
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Tab. 3 Hydraulic parameters for the Callovo-Oxfordian claystone [47]-[49]

Parameter Symbol (unit) Value
Horizontal saturated water permeability kit (m?) 3.40 1072°
Vertical saturated water permeability k3 (m*) 1.331072°
Porosity ¢ (%) 15 — 18
Water content w (%) 3 -7
Tortuosity T(-) 0.25
Air entry value Pa (MPa) 12
Van Genutchen coefficient m(—) 1.49
Van Genutchen coefficient n(-) 0.329

For the sake of simplicity, the hysteretic behavior of the retention curve is not considered in
the modeling and only the wetting curve is considered. Moreover, the model is defined in
isotropic conditions. For the test described hereafter, the fracture is vertical and oriented
parallel to the bedding plane; thus, only vertical permeability is accounted for in the numerical

model.

4. Numerical modeling

The hydro-mechanical modeling of fractured Callovo-Oxfordian claystone samples is
performed in 2D plane strain conditions. The validation of the interface model requires the
calibration of its parameters and the comparison with some laboratory tests. The following

hydraulic paths are selected for this purpose:

o Wetting test [17]: water is injected into the fracture starting from the initial unsaturated
condition;

o Water vapor - wetting — drying test [21]: the sample is firstly saturated by water vapor
and then by liquid water, and finally, it is dried by injecting dry air;

o Drying-wetting test [21]: the sample is firstly dried and then re-saturated by injecting
liquid water.

4.1. Model construction

All the experimental tests used for calibration and validation were conducted on cylindrical
samples artificially fractured, as illustrated in Fig. 11(a). The sample was contained in a rigid
shell to prevent lateral deformation. To assess only the effect of resaturation on the hydraulic
recovery, no confining pressure was imposed. The sample fracture is oriented parallel to the
bedding plane. Since the modeling was carried out in 2 dimensions, only a vertical slice of the
sample was considered, as illustrated in Fig. 11(a), meaning that the anisotropy of the material
is not taken into account. The geometry, mesh, and boundary conditions are schematized in
Fig. 11(b). The sample dimensions and the initial thickness of the discontinuity are defined
for each test in Sections 4.2-4.4. In all tests, the displacements normal to the external boundaries
are fixed.

16



The two counterparts of the fracture are free to move, allowing swelling or contraction during
the test. Then water is injected from one extremity of the fracture controlling the pressure while
the other is set to environmental conditions (p,, = 0.1 MPa). Depending on the test, the water
pressure applied can be either positive or negative. Depending on the clay transmissivity,
water can flow across the interface, permeate the fractured walls, and eventually saturate/de-
saturate the entire system, generating a new equilibrium condition. The intrinsic
transmissivity coefficient needs to be calibrated, while the other main hydraulic parameters of
the fracture are listed in Tab. 1. Moreover, the calibration also involves the mechanical
parameters of the fracture, i.e., the coefficient Ky of the discontinuity and the elastic coefficient
K Of the two disturbed sides. The hydro-mechanical properties of the bulk material are
defined in Tab. 2 and Tab. 3.

slice 2D \

2R

(a) (b)
Fig. 11 Construction of the model: (a) Sketch of a cylindrical sample prepared and fractured artificially, the
vertical slice (in light yellow) is used for the 2D model building; (b) 2D model with the definition of mesh,
boundary conditions, and water injection Ap,, (the dimensions of the damaged elements and the aperture of the

fracture are out of scale for schematization purposes)

4.2. Wetting test

Four samples with diameter 2R = 37 mm and height h = 40 mm (see Fig. 11) collected from
the U.A. were prepared and then fractured using the Brazilian splitting test. Sample
preparation and experiments are described in [17], whose basic information is recalled in Tab.
4.

Tab. 4 Data on Callovo-Oxfordian samples used for the wetting test (from [17])

Sample label Core number Depth Geological Saturation degree  Initial aperture
(m) Unit (%) (um)
UA1-C EST 57903 -490 UA 86.8 21.58
UA2-C EST 58128 -490 UA 85.5 17.14
UA3-C1 EST 58145 -490 UA 84.3 16.02
UA3-C2 EST 58145 -490 UA 84.3 14.26
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All samples are extracted from the same core and differ slightly from each other regarding the
initial degree of saturation and initial fracture aperture. Synthetic water with specific
mineralogical composition was prepared in the laboratory and then injected into the fracture,
reaching the value of 0.5 MPa. Then, the drainage valve was closed, allowing the whole sample
to be re-saturated. Since the injection duration is unknown, it is assumed in the following that
the desired water pressure is reached in 3 hours, after which the fracture becomes saturated,
and water begins to flow through the system. This choice is justified because, at least

numerically, the injection duration does not affect the results.

4.2.1. Calibration of the hydro-mechanical parameters during wetting

In the following, the test UA2-C is described in detail to understand the physical meaning of
the unknown parameters and how to use them to fit the experiments. As defined in Tab. 4, the
initial fracture aperture for the test UA2-C is d;;,; = 21.58 um. The corresponding thickness of
the damaged sides is h;,; = 11.4 um (see Fig. 5(b)).

A sensitivity analysis is performed to calibrate the penalty parameter Ky in Eq. (2) and the
elastic coefficients k,; in Eq. (14). In addition, the intrinsic transmissivity T, controlling the
transversal flow (Egs. 8-9) should be defined. The values used for this sensitivity analysis are
listed in Tab. 5.

Tab. 5 Parameters used for the sensitivity analysis during the wetting test UA2-C

Parameter Symbol (unit) Value
Elastic coefficients for the damaged sides K (—) [0; 0.55; 1.10;2.20]
Stiffness parameter K N (MPa m_l) [100; 400; 1000; 4000]
Intrinsic transmissivity T, (mPa~1s71) [1071%; 10715 1071¢]

Fig. 12 shows the profile of water pressure p,,, effective normal pressure p’,, and hydraulic
opening d in the y-direction (i.e., along the fracture) when Ky = 400 MPa/m, k., = 2.20, and

the absolute transmissivity is T,, = 107> m/Pa s. Three main phases can be observed:

i.  t <3 h, injection phase: the pore water pressure increases along the whole fracture (y-
direction) as shown in Fig. 12 (a); this corresponds to a slight reduction of the effective
normal pressure (Fig. 12 (b)) and a slight increase of the fracture opening (Fig; 12 (c));
therefore this first part of the test is dominated by the resaturation of the fracture.

ii. 3 h<t<4days,self-sealing phase: once the defined values of pore water pressure are
reached on the top and the bottom of the fracture (t = 3 h), a transient process is
observed (Fig. 13). Water begins to flow transversely, firstly saturating the damaged
area and then the rest of the sample. The two counterparts begin to swell, leading, by
equilibrium, to the increase of the effective normal pressure within the fracture (Fig. 12
(b)) and consequently reducing its opening (Fig. 12 (c)). The variation in effective
normal pressure p’, and opening d along the fracture becomes more and more
negligible until reaching a uniform trend along the y-direction after about 12 hours.
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iii. t > 4days, stabilization. The pore water pressure reaches stationarity, as illustrated in
Fig. 13. This result is consistent with Fig. 12 since, after 4 days, there is no significant

temporal change in terms of effective pressure and fracture opening.

40 40 | 40
30 30 30
- = -
Ex E20 E2
- > -
10 10 10
40 8 6 4 2 0 10 10° 10" 0 5 10 15
p,, [MPa] p',, [MPa] d[um]

(a) (b) (©
Fig. 12 Profiles of the main hydro-mechanical features obtained numerically along the fault opening for the UA2-C
test (Ky = 400 MPa/m, ko, = 2.20 and T, = 10715 m/Pa s): (a) pore water pressure; (b) effective normal pressure;
(c) fault opening (the legend is on the right for the three graphs)
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Fig. 13 Pore water pressure along the fault opening after the injection phase

Several numerical tests were carried out to quantify the effect of the elastic coefficient on self-
sealing. The main results are plotted in Fig. 14 (a) in terms of the temporal evolution of the
equivalent aperture. The figure also compares the numerical results with experiments. The
initial opening (for t < 3 h) is negligible compared to the following closure. Then, once the
fracture saturates, it starts to close with time. This self-sealing process is not linear as it is rapid
at the beginning, becoming slower and slower until stabilization at a constant final value (for
t = 4 days). These results are also consistent, at least qualitatively, with the trend observed
experimentally [15], [17], [21], [22], [50]. Moreover, the increase in the elastic coefficient
reduces the stiffness of the damaged sides (see Eq. (14)), thus increases their swelling and the
closure of the fracture giving results comparable to experiments. An equivalent effect is
obtained by varying the penalty coefficient Ky, as illustrated in Fig. 14 (b): the increase of the
penalty increases the rigidity of the fracture, thus reducing its ability to seal. Considering the
hydraulic properties, as already mentioned, the swelling of the rock depends on the ability of
water to flow through it from the fracture; therefore, the transmissivity coefficient plays a
predominant role, which is illustrated in Fig. 14 (c). It defines the rapidity of the hydraulic
closure process: when T,, = 10716 m/Pa s, the water flow is relatively slow, while T;, > 1071°
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m/Pas self-sealing is quick. In particular, T,, = 10~** m/Pa s gives a rapid reduction of the
equivalent aperture that does not match experiments. The combination of parameters that
seems to fit the experimental results best is given by Ky = 400 MPa/m; k., = 2.20 and T, =
10715 m/Pa s. These values will be used to validate the model against the other wetting tests

presented in Tab. 4.

T, = 107%m/Pa.s
—T, =10 "m/Pa.s
—— T, = 10 "*m/Pa.s
o Eaxp.

k=0 100M Pa
1 1 1] A 1
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(a) (b) (©
Fig. 14 Calibration of the hydromechanical parameters and comparison with the experimental test UA2-C: (a) effect
of the elastic coefficient x,, (Ky = 400 MPa/m and T,, = 10~ m Pa~1s™1); (b) effect of the stiffness coefficient Ky
(key = 2.20 and Ty, = 107 m Pa~1s~1); (c) effect of the absolute tramsissvity T,, (k,; = 2.20 and Ky = 400 MPa/m);
the experimental data have been published in [17]

4.2.2. Results
The previously illustrated procedure is now adapted to the other samples of Tab. 4, and results
are plotted in Fig. 15 regarding the temporal evolution of mean hydraulic opening compared
with the experimental results. Based on the calibration performed in the previous Section 4.2.1,
the following set of parameters is chosen: Ky =400 MPa/m; k., =220 and T, =
2107 m/Pas, i.e., the same mechanical parameters used to obtain results in Fig. 12, while
the intrinsic transmissivity T;, was slightly increased to find the best match for all the tests. As
illustrated in Fig. 15, such parameters can fit the hydration tests successfully and reproduce
self-sealing in the Callovo-Oxfordian claystone. It can be observed that the larger the initial

fracture size, the smaller the sealing effect obtained.
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Fig. 15 Temporal evolution of the average fracture opening during the wetting test, comparison between numerical
and experimental results obtained by [17]: (a) Test UA1-C; (b) Test UA2-C; (c) Test UA3-C1; (d) Test UA3-C2

A better understanding of the phenomena is achieved by observing the evolution of the water
permeability with time. The equivalent fracture water permeability kf, is obtained by applying
the cubic law in Eq. (13) to the equivalent fracture opening d. However, it is generally more
helpful to define the equivalent permeability for the entire sample cross-section, which is
calculated as follows:

= Aqiky1 + Agoky, + Apks,
wea Atot

(20)

where Ag;and Ag, are the surfaces of the two bulk elements, k,,; and k,,, the respective
permeabilities, Ag is the surface of the fracture and A, is the surface of the whole sample.

Results are illustrated in Fig. 16. A good agreement between numerical and experimental
results is also obtained in terms of equivalent permeability. It can be observed that the
permeability of the intact material (k = 1.3372°m/s, gray dot line in Fig. 16) is approached

after the self-sealing process.
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Fig. 16 Temporal evolution of the average equivalent permeability during the wetting test, comparison between

numerical and experimental results obtained by [17]: (a) Test UA1-C; (b) Test UA2-C; (c) Test UA3-C1; (d) Test
UA3-C2

4.3. Vapor - Wetting - Drying test

Another experimental campaign has been carried out by Di Donna and co-authors, as detailed
in [16] and [21]. Cylindrical samples 8 mm in diameter and 20 mm in height were prepared
and artificially fractured, as sketched in Fig. 11. The experimental setup consists in connecting
the sample to a circuit that includes a pump and a reservoir. The sample defined in Tab. 6 was
first saturated and then de-saturated. The saturation phase consists of injecting water vapor
reaching relative humidity RH~100 % and then liquid water, while desaturation occurs by

injecting dry air (RH<20%). A sensor monitors the relative humidity and temperature inside

the reservoir.

Tab. 6 Main feature of the wetting-drying test (from [21])

Sample label ~ Core number  Depth Geological Water content Suction Initial aperture
(m) Unit (%) (MPa) (um)
3132 EST 53644 -490 UA 6.2 14.3 75
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4.3.1. Hydro-mechanical parameters
Due to its small size (8 millimeters in diameter), the sample is assumed to become slightly
damaged during its preparation. Therefore, the Young modulus of the material is assumed to
be 20 times lower than the one corresponding to the intact material.
Concerning the flow properties, vapor injection causes no significant effect on hydraulic
closure for the duration of the experimental test [21]. Although the fracture becomes
completely saturated, the vapor cannot quickly saturate the two adjacent clay elements as well.
This evidence means that, contrary to what happens when liquid water is injected, the
generation of secondary fractures on the sides of the main one is not clearly visible, and the
swelling of clay minerals is minimal. However, the sample preparation and the creation of the
main fracture, as well as the resaturation phase necessary to restore the sample to its in-situ
condition (before starting the test), can induce some secondary cracks. This circumstance is
considered in the model by accounting for a small thickness for the damaged sides (h = 2 um).
Then water is injected into the fracture generating a well-defined weak zone around it, as
illustrated previously in Fig. 5 (h = 32 um). The presence of a disturbed zone around the
fracture also controls the subsequent drying phase.
The stiffness parameters for the interface element are assumed to be equal to those defined in
the previous case independently from the fluid injected (i.e., they are properties of the
material: Ky = 400 MPa/m; k,, = 2.20).
Concerning the hydraulic parameters, a low transmissivity coefficient T;, is used to model the
vapor phase to account for the fact that the closure by saturation by the vapor is slower than
the one achieved by injecting liquid water. Here the intrinsic transmissivity is set to T,, =

15 m/Pa s for the water and drying phases (the same value

8e 18 m/Pa s, while it is set to 2e~
is used in previous wetting cases). For practical reasons, the gas supply phase is simulated by
injecting air at very low relative humidity; therefore, the same intrinsic transmissivity value is
used in wetting and drying. However, relative transmissivity (Eq. (10)) plays a fundamental
role during drying since it considerably reduces the total transmissivity coefficient to values

close to the transmissivity used during the vapor injection.

4.3.2. Results

The experimental and numerical evolution of the average fracture opening with time is plotted
in Fig. 17(a). The three main stages of the test (i.e., vapor, water, and air) are visible both
experimentally and numerically.

The vapor phase lasted about two days. An initial opening is observed experimentally that
might indicate that the vapor phase is still not equilibrated [21]. Numerically, no initial
opening is observed. Then, once saturation is achieved (relative humidity RH=1 in Fig. 17(a)),
the fracture starts to close slowly.

The wetting phase is consistent with the tests discussed in the previous Section 4.2: the closure
of the fracture is quite rapid at the beginning and then becomes slower and slower. Both
experimentally and numerically, no effect is observed at the beginning of the drying phase,
whereas a rapid increase in the hydraulic opening is observed experimentally after about four
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days. Numerically the process starts slightly later. However, the final opening value achieved
in the model is comparable with the one obtained from the test. The mismatch between
numerical and experimental results during the drying phase can be due to the assumption

made in the numerical model (e.g., the drying is simulated by injecting water at negative

pressure).
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Fig. 17 Temporal evolution of the average fault opening during test 3132; the experimental results refer to [17]; (b)

equivalent water permeability during test 3132

Since the permeability was not measured experimentally, the comparison can only be
performed regarding fracture opening. However, the cubic law allows the computation of the
fracture permeability, from which it is possible to estimate the equivalent permeability for the
whole sample, as defined in Eq. (20). Results are illustrated in Fig. 17( b). During the wetting
phase, the equivalent permeability reaches the value k, . = 1 107'8m? that is still larger than
the value of the undisturbed rock and those computed in Section 4.2. This result can be related
to the size of the fracture that is larger in this test than in the previous case study; in fact, it
was observed that the larger the fracture opening, the smaller the sealing effect.

The hydraulic closure/opening of the fracture is driven by the swelling/contraction of the clay

minerals from the lips of the fracture itself towards the sample boundaries.

4.4.Drying - Wetting test

In the experimental campaign published in [21] and introduced in Section 4.3, other tests were
carried out by injecting first some dry air and then re-saturating with liquid water. The test
selected in this study is the n. 8182, extracted from the same core of the test n. 3132 described
in Tab. 6. Therefore, it has the same initial features as the previous one, except for the initial
fracture size, which is 285 um for the present case study. As for the test n. 3132, due to its small
size, the Young modulus is reduced due to the preparation induced damage (E = 200 MPa)
with respect to the one of the undisturbed material.
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4.4.1. Hydro-mechanical parameters
If the sample is firstly de-saturated, the drying does not induce any visible damage around the
discontinuity, at least for the duration of the considered experimental test. Then, the hydration
generates a well-defined damaged area around the fracture.
Through the power law in Fig. 5 (b), it is possible to compute the thickness of the damaged
sides during hydration (h = 122 um). The same mechanical and hydraulic parameters defined

in Sections 4.2-4.3 are used for this numerical test.

4.4.2. Results
The experimental and numerical variations of the fracture opening with time are displayed in
Fig. 18. Numerically, the aperture varies almost linearly with time.
The hydration phase generates secondary cracks around the primary discontinuity that favor
the hydraulic closure of the fracture: the opening d decreases very quickly at first and then
more and more slowly, in line with what was discussed above in Sections 4.2 and 4.3. The
same trend is observed numerically.
The final equivalent water permeability reached (Fig. 18 (b)) is a few orders of magnitude
higher than the permeability of the intact material.
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Fig. 18 Temporal evolution of: (a) the average fault opening d during test 8182; the experimental results refer to
[17] (points P1 and P2 will be reminded in Fig. 19) (b) equivalent permeability k,, ¢4

Although the temporal evolution of the opening during drying does not follow the same
behavior observed experimentally, there is a good match at the end of this phase. This aspect
is confirmed by observing the displacement field in Fig. 19 corresponding to point P1 in Fig.
18. Afterward, almost at the end of the re-saturation process (point P2 in Fig. 18), a good match
between numerical and experimental displacement is observed in the whole section of the
sample. The large displacements computed numerically close to the fracture (light blue zone
in Fig. 19) are related to the damage generated around it, as already observed in Fig. 5 (a).
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Fig. 19 Gradient of displacements for a section in the middle of the sample and along the x-direction of dry air

(point P1 in Fig. 19) and water (point P2 in Fig. 18)

5. Discussion

The saturation phase generates micro-cracks around the fracture, defining a low-density and
fairly compressible zone, which is even more evident the greater the initial size of the fracture.
Thanks to the clay transmissivity, the water injected can permeate the clay, first involving the
damaged zone and then the rest of the sample. This process is clearly demonstrated by both
numerical and experimental results. However, the bigger the initial crack, the lower the
recovery.

Fig. 20 shows the final fracture aperture dfagainst the initial one d;,;. It is fairly
straightforward to see that the model is capable of reproducing the self-sealing well for a low
initial aperture d;,;. However, the 3132 and 8182 tests, corresponding to high initial aperture
value, are more complex, as they include a vapor and gas injection phase in addition to the
saturation phase with water. These phases were reproduced numerically by controlling the
water pressure in the fracture and without taking into account the real nature and the chemical
composition of the fluid injected, thus could explain the slight offset from the experimental
results.

The fracture closure dramatically reduces the water permeability, reaching values close to the

intact material.
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Fig. 20 Variation of the averaged final fracture d as a function of the initial value d;,
6. Conclusions

The numerical model, together with the calibration of the mechanical and hydraulic
parameters, is able to well reproduce the self-sealing of clay materials at the scale of laboratory
tests in terms of fracture closure and water permeability. The latter is assumed to be related to
the fracture opening through the cubic law.

Both experimentally and numerically, once the fracture is saturated, the recovery takes place
first quickly thanks to the swelling of clay minerals close to the fracture where some
microcracks generate, defining preferential paths for the water migration, and then slowly
until stabilization is reached. Here the permeability reaches a value close to the intact material.
Recovery is generally successfully achieved for a small initial opening of the fracture. The
recovery obtained by vapor saturation is negligible, but it is thought to be related to the short
duration of the considered experiments. In this sense, it might be interesting to carry out longer
tests.

The drying phase leads to different results depending on whether it follows or precedes
hydration: in the first case, hydration leads to a clearly visible cracked area around the fracture
which can contract during drying, favoring hydraulic opening, while in the second case, a
slight opening is observed since the secondary cracks are absent or not visible at the beginning
of the test and are not generated by the drying. This behavior is considered in the numerical
modeling, and the results agree with the experiments. However, for the test n. 3132, the
experimental results are not so well reproduced in terms of the fracture opening rate. As
mentioned, this difference can be caused by the assumption in gas injection modeling.
Moreover, the undisturbed material is assumed elastic, which simplifies the reality strongly. It
is worth recalling that this study is focused on the self-sealing of the fracture and, thus, on the

recovery of hydraulic properties during the hydration phase. The vapor and gas injection
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phases have been simplified since the gas pressure is kept constant to the environmental value.
Moreover, additional experimental tests are necessary to further investigate the fluid
exchanges during these phases.

Nevertheless, horizontal displacements are uniform along the vertical direction, which is
consistent with what was observed experimentally.

To further validate the model, the interface constitutive equations can be employed to test
other materials and ultimately to predict self-sealing at a large scale (i.e., in-situ experiments).
Moreover, since the model is developed in 2D, it does not account for any material anisotropy,

which can play an important role in self-sealing.
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