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Abstract. Many countries, as among others France, Belgium and Switzerland, are facing the issue of finding a proper 

solution to store radioactive waste coming from nuclear power plants. The possibility to store them in underground tunnels 

is largely considered and investigated. In France, Andra (Agence Nationale pour la gestion des Déchets RAdioactifs) 

selected the Callovo-Oxfordian clay rock situated in the Meuse/Haute Marne site between 400 and 600 m depth as 

possible host rock deposit. The excavation of the storage tunnels is expected to create a fractured zone around galleries. 

The factures will be then gradually re-saturated by the underground water coming from the surrounding rock and they are 

expected to self-seal in contact with water, thanks to the swelling potential of COx. The capacity of self-

sealing, i.e. closing of fractures after water contact and possibly restoring of permeability, is thus of primary interest for 

the safety of the storage system with respect to water, gas and solutes transport. The physical mechanisms driving this 

phenomenon are mainly the swelling and de-structuration of the clay matrix present in the claystone. In this work, the 

self-sealing response of COx was investigated through x-ray tomography at multi-micrometre and sub-micrometre voxel 

size. The objective was to study the influence of mineralogy, size of the discontinuity, hydraulic paths, mutual orientation 

of the bedding plane and fractures. The size of the discontinuity is of primary importance in determining the percentage 

of closure. Fractures parallel to the bedding plane are more likely to seal as swelling is anisotropic and occurs mainly 

perpendicular to the bedding plane. The main novelty is represented by the direct and local observation of the physical 

process of self-sealing down to a scale lower than 1 μm. 
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1 Introduction  2 

Many countries, as among others France, Belgium and Switzerland, are currently facing the issue of finding a proper 3 

solution to store radioactive waste coming from nuclear power plants. As an example, in France, there are currently more 4 

than 50 operational nuclear power plants (among the largest there are those of Gravelines, Paluel, Cattenom, etc..). The 5 

90% of the produced wastes, i.e. those characterised by a low or medium radioactive level, are nowadays stored in three 6 

surface industrial plants, two actives in the Aube region and one almost closed in the north Cotentin area. The other 10% 7 

are high radioactive level wastes, which are temporary stored in specific and safe installations on the production sites, 8 

waiting for a more sustainable and long term solution. At the international scale, the other countries are experiencing 9 

similar situations. A complete international summary of the current situation can be found on the Andra web site 10 

(www.andra.fr). The possibility to store the high radioactive level wastes in deep underground repository is largely 11 

considered and investigated. In this framework, the comprehension of the geological host formations behaviour is 12 

mandatory to ensure the long-term safety of the facility. Argillaceous formations are considered suitable as host rock in 13 

several countries (France, Belgium, Switzerland, etc.) for many reasons, among which the low hydraulic conductivity 14 

associated to high retention capacity for radionuclides (uranium and platinum) and the limited number of hydraulically 15 

active fractures. However, it is well known that the drilling of the access and repository tunnels induces a so-called 16 

Excavation Damaged Zone (EDZ) around the gallery section, characterised by a network of fractures that may become 17 

preferential hydraulic paths within the host rock. The permeability of this zone with respect to water, gas and solutes 18 

transport might increase of several orders of magnitudes (Bossart et al. 2002).  19 

 20 

However, the hydro-mechanical in-situ conditions after the closure of the repository combined with the peculiar 21 

behavioural features of such argillaceous formations might be favourable for, at least partial, closure of open fractures 22 

and consequent, at least partial, recovery of the permeability (self-sealing). This was confirmed by the in-situ experimental 23 

observations realised in the Underground Research Laboratories (URLs) built for this purpose in Meuse/Haute Marne in 24 

Eastern France (Delay et al. 2007), Mol in Belgium (Bernier et al. 2004) and Mont Terry in Switzerland (Alheid et al. 25 

2004). The understanding of self-sealing mechanisms and their quantification is consequently an important factor to 26 

consider in the performance assessment for nuclear waste repository in clay formation. For this purpose, a number of 27 

experimental studies were also carried out at the laboratory scale on samples collected in the URLs and they pointed out 28 

that different mechanisms might contribute to the self-sealing of open fractures in clayey formations (Bernier et al. 2004, 29 

Davy et al. 2007, Zhang and Rothfuchs 2008):  30 

(i)  Mechanical induced closure (increase of normal stress, contracting behaviour during shearing, creep …);  31 

(ii)  Sedimentation combined with clogging by colloidal phases and precipitation of solutes;  32 

(iii)  Physico-chemical interaction between the clay particles and the pore water.  33 

 34 

A complete summary of the conclusions drawn from literature on the different mechanisms is provided by Bock et al. 35 

(2010). The focus of this paper is to go a step further in the understanding of mechanism (iii), which appeared to be not 36 

completely understood. The innovative approach proposed here allows the direct and local observation of the evolution 37 

of the clay matrix during the self-sealing process at submicron scale. In this study, the tested material is the Callovo-38 

Oxfordian claystone (COx), i.e. the geological formation selected by Andra (Agence Nationale pour la gestion des 39 

Déchets RAdioactifs) as host rock for nuclear waste disposal in France. The already mentioned Meuse/Haute Marne URL 40 

is built in the COx formation between 400 and 600 m depth. The main level of the URL consists of approximately 2 41 

kilometres of tunnels at a depth of 490 m, in the so-called "clay-rich unit" (U A). Above this layer, from 450 to 470 m 42 

depth there is the so-called Transitional Unit (U.T.), over which a Silicate-Carbonate Unit (U.S.C.) lies. The three units 43 

differ in terms of mineralogical composition, the U.A. being richer in clays, the U.S.C. being richer in carbonates and the 44 

U.T. being a transitional zone between the two others (Conil et al. 2018). The very low permeability of the material from 45 

the U.A. in intact conditions is in the order of 10-20 m2 (Davy et al. 2007, Distinguin and Lavanchy 2007).  46 

 47 

In this paper, the self-sealing behaviour of COx induced by the physico-chemical interactions in the clay matrix was 48 

studied experimentally, through x-ray micro tomography and quantitative image analysis. This represents the main 49 

innovative aspect with respect to previous studies. First, the known physical mechanisms and assumptions regarding the 50 

peculiar clays behaviour and microstructure are recalled. They are thought to be the driving mechanisms of the observed 51 

behaviour. Then, the experimental protocol and methods adopted are described. Finally, selected results are presented 52 

and discussed in the framework of the physical mechanisms highlighted previously and based on mineralogical analyses 53 
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performed to interpret them. The experimental campaign included samples coming from both the U.A. and U.T., prepared 54 

with different fractures sizes and orientations with respect to the bedding plane, to study the variability of the response. 55 

2 Physical mechanisms behind self-sealing 56 

The structure of COx at the micro and nano scale can be schematised as illustrated in Figure 1, where the nomenclature 57 

used in the following is also indicated for the sake of clarity. Clay minerals have a layered structure, which results from 58 

a combination of silicon tetrahedral (T) and aluminium or magnesium octahedral (O) sheets, forming in most of the cases 59 

either T-O-T (smectite or illite type) or T-O (kaolin type) layers (Mitchell and Soga 2005). Several layers form what is 60 

called a clay particle, which usually has thickness in the order of one μm or less.  61 

 62 

The COx clay matrix is mainly composed by T-O-T layers, with an alternation of smectite (swelling clays), in which the 63 

T-O-T layers are separated by inter-layer (intra-particle) bounded water, and illite (non-swelling clays), in which the space 64 

between the T-O-T layers are filled by ions, usually potassium (Conil et al. 2018). The clay particles external surfaces are 65 

negatively charged, mainly because of the isomorphic substitution, which results in a high adsorption potential. Therefore, 66 

exchangeable cations and water molecules are attracted to the surface, resulting in an inter-particle externally bounded 67 

water layer. At a larger distance from the surface of the clay particles, water increasingly becomes more weakly bonded 68 

and then free.  69 

 70 

Before the excavation of the repository tunnels, the rock mass is assumed to be in a hydro-mechanical equilibrium state, 71 

with a quasi-static distribution of bound and free water. The drilling induces a mechanical stress release and redistribution, 72 

which alters this equilibrium and leads to fractures formation. These are mainly traction and shear fractures close to the 73 

excavation and shear fractures only further from the drift. This might give rise to different scenarios: 74 

 75 

 During the operational phase, inflow of air is coming from the tunnel ventilation, with possible drying of the lips 76 

of the fractures. After the closure of the repository, these dry fractures will be gradually re-saturated by the water 77 

coming from the host rock; 78 

 Redistribution of bounded and free water, with possible inflow of water having different chemistry. This is 79 

promoted by the increased permeability, as well as by the osmotic gradients appearing because of the creation 80 

of new particles surfaces, which act as driving forces. 81 

Smectite clays are highly sensitive to water, showing swelling and structural disintegration during hydration. Depending 82 

on the confinement conditions, the clay in contact with water either undergoes a volume increase (unconfined conditions) 83 

or develops a swelling pressure (constant volume or partially confined conditions). In the case of COx, experimental tests 84 

performed by Zhang et al. (2007) show that the unconfined volumetric expansion reaches up to 8-12% and the swelling 85 

pressure is in the order of 10 MPa, varying depending on the confinement conditions. At the microstructural level, 86 

swelling is driven by electro-static mechanisms including (i) water absorption between the clay layers (inter-layer, intra 87 

particles) due to hydration of the exchangeable cations and (ii) water adsorption between the clay particles (inter particles) 88 

due to water interaction with the negatively charged particles surface. Swelling and possible structural disintegration due 89 

to fractures resaturation or water redistribution after the closure of the repository are considered to contribute significantly 90 

to fractures self-sealing. An analysis of these phenomena is the main goal of the experimental campaign described in this 91 

paper. 92 
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 93 

Figure 1. Schematic representation of COx microstructure and physico-chemical self-sealing inducing mechanisms (adapted 94 

from Bock et al., 2010). 95 

 96 

3 Tested material 97 

Samples collected in both the U.A. (cores EST53644 and EST58102) and the U.T. (cores EST57243 and EST57261) 98 

were tested in this work. The initial void ratio, water content and degree of saturation of the COx cores as received from 99 

the site are presented in Figure 2 (triangles), together with data collected from other studies on the same material (Pham 100 

et al. 2007, Mohajerani et al. 2011, Wan et al. 2013, Conil et al. 2018, Stavropoulou et al. 2018). Here, the void ratio was 101 

measured in the laboratory through the Archimedes’ technique, the water content was measured through oven drying at 102 

105 °C for 24 hours and the degree of saturation was computed knowing that the specific density of COx is Gs=2.7. 103 

Combining these data, it appears that the in-situ water content of COx generally ranges between 6 and 8 % in the U.A, 104 

with the void ratio varying between 0.12 to 0.28.  105 

 106 

The U.T. samples showed much lower initial water content (in the order of 1.5 to 2 %), which was associated to the very 107 

low void ratios. This might be not representative of the whole unit, but only of the cores tested in this paper. More data 108 

regarding the water content, void ratio and degree of saturation of all strata were provided by Conil et al. (2018). 109 

 110 

The mineralogy of the material coming from the U.A. is well known in the literature: it is composed by a clay fraction 111 

(phyllosilicates) of 42% ± 11%, a carbonates content of 30% ± 12%, a tectosilicates content of 25% ± 8%, and the other 112 

ancillary minerals constitute less than 4% (Conil et al., 2018). To compare these data with those related to the material 113 

coming from the U.T., x-ray diffraction mineralogical analyses were performed in this study on two samples collected 114 

respectively from cores EST57243 and EST57261. These analyses were carried out at the institute ISTerre (Grenoble, 115 

France). The results were obtained through the Rietveld method, after identification of the different phases present in the 116 

samples. The amorphic phases were not determined. The results are presented in Table 1 together with those of the U.A. 117 

from the literature. The uncertainty on the U.T. samples analyses is in the order of ± 1-2%.  118 

 119 

The material from core EST57261 presented an extremely high carbonates content (78.1%) and a low clay content (around 120 

9.5% with smectite around 5.9%) and tectosilicate (11.8%) content. The strong presence of carbonates is coherent with 121 

the very low void ratio measured in the laboratory. The material from EST57243 had a carbonates content of 38%, lower 122 

than EST57261 but still higher than the average values in the U.A. The clay content is also slightly higher (25.7%), but 123 

still lower than the one of the U.A material. This is also consistent with the measured values of void ratio.  124 
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 125 

Figure 2. Initial void ratio, water content and degree of saturation of the tested samples, compared with data from literature 126 

on the same material. 127 

Table 1. Mineralogical x-ray diffraction analyses on U.T. samples compared with those of the U.A. material from literature. 128 

Phase 
U.A. 

(Conil et al. 2018) 

EST57243 

(this study) 

EST57261 

(this study) 

Tectosilicates 

Quartz 

25 % 

25.2 % 

34.7 % 

8.5 % 

11.8 % Plagioclase 1.7 % - 

Feldspath K 7.8 % 3.3 % 

Carbonates 

Calcite 

30 % 

33.2 % 

38.0 % 

76.5 % 

78.1 % Ankerite 2.4 % 1.6 % 

Dolomite 2.4 % - 

Clay 

Smectite 

42 % 

11.9 % 

25.7 % 

5.9 % 

9.5 % Mica 12.0 % 3.3 % 

Chlorite 1.8 % 0.3 % 

Others 
Pyrite 

< 4 % 
0.8 % 

1.1 % 
0.4 % 

0.4 % 
Anatase 0.3 % - 

 129 

4 Experimental campaign 130 

The experimental procedure adopted is described hereafter, from the sample preparation, to the tests program and the 131 

description of the used device. The results are presented in the next sections, starting from those obtained on the samples 132 

from the shallowest units and going deeper up to those representatives of the U.A.  133 

 134 

4.1 Samples preparation  135 

The samples with height of 20 mm and diameter between 8 and 9 mm, were cut from the cores received from the site, by 136 

means of a diamond wire saw. The complete sample preparation procedure is illustrated in Figure 3. The cores were firstly 137 

scanned through x-ray tomography to identify the most suitable areas, which were selected as those with the minor number 138 

of cracks and large inclusions (an example for core EST57261 is shown in Figure 3a). Slices were cut from the cores 139 

(Figure 3b), in the selected zones, having either thickness of 20 mm (to cut samples with their axis parallel to the axis of 140 

the core) or 30 mm (to cut samples having their axis perpendicular to the axis of the core). Accordingly, the cylindrical 141 

samples were cut with various orientations with respect to the in-situ bedding plane (i.e. with respect to the in-situ 142 

principal stresses direction) in order to investigate the effect of fabric anisotropy on the material response (Figure 3c). An 143 

indication of the in-situ orientation of the cores with respect to the bedding plane was provided by Andra. Each sample 144 

was then cut in two semi-cylinders in order to create an artificial discontinuity (Figure 3d). Finally, each semi-cylinder 145 

was glued on a semi-cylindrical shell (Figure 3e). The two half-shells were glued together, separated by a spacer 146 
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controlling the size of the artificial discontinuity. The shells containing the sample were then positioned in the 147 

experimental device (see later) for scanning through x-ray tomography (Figure 3f).  148 

 149 

Total suction and water content were also measured at different stages during samples preparation on a parallel series of 150 

specimens subjected to the same preparation procedure as those that were  tested, in order to monitor their hydraulic state 151 

from the core opening to the beginning of the experiments. The suction measurements were done through the filter paper 152 

technique, using Whitman 42 filter papers (Kim et al. 2016). In Figure 4, these data are compared with the measurements 153 

provided by Wan et al. (2013) for the same material. The retention behaviour of the samples obtained from cores 154 

EST53644, EST58102 (U.A.) and EST57243 (U.T.) was consistent with those found in the literature. However, the 155 

behaviour of samples from EST57261 (U.T.) was substantially different. This is consistent with the discussed 156 

observations regarding the low initial void ratio and water content (Figure 2), as well as the high carbonates content (Table 157 

1).  158 

 159 

Despite the attention paid during the sample preparation procedure, the water loss appeared to be significant. For this 160 

reason, the samples were re-equilibrated before testing in a chamber with controlled temperature of 30 °C and relative 161 

humidity of 90% for 48 hours. 162 

 163 

 164 
Figure 3. Sample preparation procedure: (a) Initial whole core x-ray scan, (b) cut of slices, (c) cut of cylinders, (d) cut of the 165 

artificial discontinuity, (e) positioning of the sample into the shells, (f) positioning of the sample in the tomograph.  166 

 167 

 168 
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 169 

Figure 4. Suction measurements at different stages during samples preparation and comparison with data from the 170 

literature.  171 

 172 

4.2 Testing program  173 

A summary of the performed tests with the corresponding experimental conditions is provided in Table 2. Samples 3132, 174 

4142, 8182 and 9192 were cut from core EST53644 (U.A. at around 490 m depth), samples AH1112 and AV1112 from 175 

core EST57243 (U.T. at around 463 m depth), samples BH4142 and BV3132 from core EST57261 (U.T. at around 460 176 

m depth) and samples V3132, V4142 and H2122 from core EST58102 (U.A. at around 490 m depth). The orientation of 177 

each sample with respect to the bedding plane are also indicated, according to the notation illustrated in Figure 5. The 178 

loading path imposed in each test is a combination of three possible loading conditions, i.e. the discontinuity was either 179 

saturated by water vapour, or by liquid water or dried by dry air circulation. Varying discontinuity sizes ranging between 180 

75 and 490 μm were tested. The opening and closure of the discontinuity during the different phases was monitored by 181 

x-ray tomography, regularly scanning the samples. Each scan is labelled with V, W or D, depending on the loading 182 

condition (V=water vapour, W=liquid water, D=drying), and numbered sequentially. The first eight experiments in Table 183 

2 were carried out using the tomograph at Laboratoire 3SR (Viggiani et al. 2015), in Grenoble (France). The last three 184 

tests were performed at the ID19 beamline at the European Synchrotron Radiation Facility (ESRF), also in Grenoble. In 185 

this case, the much higher brilliance allows higher spatial resolution and shorter scans. Consequently, higher frequency 186 

scanning was possible especially during the saturation by water phases, when the material was expected to react faster. 187 

The scans are reconstructed with Paganin Phase retrieval to increase contrast. In all testing phases, the duration of each 188 

scan was chosen according to the material’s reaction rate, thus being faster at the beginning of the experiment (to the 189 

detriment of the resolution) and gradually slower as the process evolved with time. The fastest scans in the Laboratoire 190 

3SR were 10 minutes long, with a voxel size of 15 μm (binning 2) or 7.5 m (no binning), while at ID19 a voxel size of 191 

0.7 μm (local tomography on a partial zone of the specimen) was obtained for a scan duration of 5 minutes. Quantitative 192 

full-field measurements of the kinematics between volume reconstructions have been performed with the digital volume 193 

correlation code SPAM (Stamati et al., 2020). The correlation window size was 21x21x21 voxels and the window spacing 194 

was 20 voxels size. 195 

 196 

Table 2. Experimental program. 197 
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Core Test Geological unit Bedding plane Loading path 
Fracture size 

[m] 

EST53644 3132 U.A. (490 m depth) Axial (fracture angle ≈ 30°) V-W-D 75 

EST53644 4142 U.A. (490 m depth) Axial (fracture angle ≈ 30°) V-W-D 150 

EST53644 8182 U.A. (490 m depth) Axial (fracture angle ≈ 30°) D-W 300 

EST53644 9192 U.A. (490 m depth) Axial (fracture angle ≈ 30°) D-W 425 

EST57243 AH1112 U.T. (463 m depth) Ortho-axial V-W 430 

EST57243 AV1112 U.T. (463 m depth) Axial (parallel) V-W 240 

EST57261 BH4142 U.T. (460 m depth) Ortho-axial V-W-D 490 

EST57261 BV3132 U.T. (460 m depth) Axial (parallel) V-W 165 

EST58102 V3132 U.A. (490 m depth) Axial (perpendicular) W not regular 

EST58102 V4142 U.A. (490 m depth) Axial (parallel) W 75 

EST58102 H2122 U.A. (490 m depth) Ortho-axial W 300 

 198 

 199 

Figure 5. Orientation of the samples and the artificial discontinuity with respect to the in-situ bedding plane. 200 

 201 

4.3 Experimental setup 202 

The experimental setup is presented in Figure 6. The polycarbonate shells containing the samples were placed between a 203 

base and a top cap, which were connected to a circuit including a pump and a reservoir. The pump circulates the dry air 204 

(RH<20%), water vapour (RH>96%) or liquid water contained in the reservoir to the sample discontinuity, from the 205 

bottom to the top. A sensor is used to monitor the relative humidity and temperature in the reservoir. During the phases 206 

of saturation by liquid water, the water was pumped up to fill completely the discontinuity, without continuing circulation 207 

to reduce the risk of material erosion. Synthetic water prepared in the laboratory according to the in-situ salinity was used 208 

(Table 3, Leroy et al. 2007). During the drying phases, calcium chloride salt (CaCl2) was used in the reservoir to dry the 209 

air, thanks to its hygroscopic behaviour. An external soft membrane was used around the shells to ensure sealing during 210 

saturation by water phases (Figure 3f).  211 

 212 
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 213 

Figure 6. Experimental setup. 214 

Table 3. In-situ water salinity reproduced in the experiments. 215 

Salt Quantity [g/l] 

NaCl 1.950 

NaHCO3 0.130 

KCl 0.035 

CaSO4,2H2O 0.630 

MgSO4,7H20 1.020 

CaCl2,2H2O 0.080 

Na2SO4 0.700 

 216 

5 Results in the U.T. at 460 m depth 217 

Figure 7 shows the central slice (middle height of the sample) at different steps during the experiment, for sample BH4142. 218 

The presented steps are those at the end of each testing phase (V-W-D). No remarkable reaction was detected with the 219 

naked eye in any of the testing phases, at least at this resolution and for the duration of the test. 220 

 221 

Figure 8 shows comparable results for sample BV3132. In this case, due to the limited reaction of the sample, the decision 222 

was taken to extend the W-phase to the detriment of the D-phase, which was not performed: thus, images are presented 223 

for the initial state before the beginning of the test, at the end of the V-phase and after 0.5 and 2 days of W-phase. Again, 224 

no reaction was discerned with the naked eye.  225 

 226 

The initial results were unexpected, especially if compared with the quite fast and evident reaction of the samples coming 227 

from the U.A. (see section 7), as well as based on the literature. This was the incentive to make the x-ray diffraction 228 

mineralogy analyses (Table 1) to compare the composition with that of the U.A. material (Conil et al. 2018). The 229 

mineralogy analyses indicate that the absence of reaction is potentially linked to the combination of very low clay content 230 

and small void ratio due to the very high carbonates content, which prevents the water to penetrate the sample. 231 

 232 
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 233 

Figure 7. X-ray images at different steps during test BH4142 (U.T.), middle slice, voxels size 15 μm. Initial mean gap is 490 234 

m. 235 

 236 

 237 

Figure 8. X-ray images at different steps during test BV3132 (U.T.), middle slice, voxels size 15 μm. Initial mean gap is 165 238 

m. 239 

 240 

6 Results in the U.T. at 463 m depth 241 

Figure 9 shows the central slice (middle height of the sample) of sample AH1112 before the start of the test, after 1.5 242 

days of saturation by water vapour and after 2 and 4 days of saturation by liquid water. As before, also in this case the D-243 

phase was omitted in order to extend the W-phase to the maximum time available. The low rate of the phenomenon 244 

enabled longer scans with improved resolution (voxel size 7.5 μm). Despite this, the reaction to both water vapour and 245 

liquid water was still very limited or at least invisible from visual inspection of the image data. However, analysing the 246 

result on the second sample coming from the same core (AV1112) but prepared with the artificial discontinuity parallel 247 

to the bedding plane, a modest closure was observed (Figure 10). In this case, only images from the saturation by liquid 248 

water are presented, as still no reaction was observed during the phase of saturation by water vapour. The fracture is far 249 

to be sealed, but its size reduces significantly in the duration of the experiment. To understand if the process was 250 

completed or still ongoing, further image analyses were carried out. The images were thresholded in the area around the 251 

fracture, with a threshold level corresponding to the average value of the two peaks of the grey level of the average 252 

histogram for the image stack in the selected sub volume (Figure 11), corresponding, respectively, to the water in the 253 

fracture and the solid part. A single threshold suitable for all test stages was identified. The fracture opening was estimated 254 

as the volume of the discontinuity (voxel counting) divided by the average height and width of the fracture. The result is 255 

represented in Figure 11b. This led to the conclusion that the process would have probably continued further (the duration 256 

of the W-phase was 4.5 days). At the end of the experiment, the average thickness of the discontinuity was reduced by 257 

more than 50%. The same procedure repeated for the test on sample AH1112 confirms a very limited evolution of the 258 

discontinuity size seen with the naked eye, with a maximum closure of less than 20 % of the initial fracture (the duration 259 

of the W-phase being 3 days). In this sense, the orientation with respect to the bedding plane plays an important role and 260 

the swelling of the material occurs preferably in the direction perpendicular to the bedding plane. With respect to samples 261 

BH4142 and BV3132 (section 5), the observed results are coherent with the different mineralogy, i.e. with the slightly 262 

higher clay content present in this case, associated with the lower carbonates content (Table 1). The two cores were 263 

collected at only three meters distance in depth, which may confirm the variability in space of the mineralogical 264 

conditions. 265 

 266 

Initial V4 ≈ 0.5 days vapour D4 ≈ 4 h dryingW8 ≈ 2 days water
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 267 

Figure 9. X-ray images at different steps during test AH1112 (U.T.), middle slice, voxels size 7.5 μm. Initial mean gap is 430 268 

m. 269 

 270 

 271 

Figure 10. X-ray images at different steps during test AV1112 (U.T.), middle slice, voxels size 7.5 μm. Initial mean gap is 240 272 

m (the thickness indicated are local values in the zoomed area).  273 

 274 

Figure 11(a) Example of selected volume for thresholding (test AV1112) and typical related histogram; (b) Evolution of the 275 

equivalent size of the discontinuity during the tests AV1112 and AH112. 276 

7 Results in the U.A. 277 

Figure 12 shows the central slice (middle height of the sample) for test 3132 before the beginning of test, after 10 minutes 278 

and 1 day of saturation by liquid water and after subsequent 3 days drying. Comparing with the reference scan obtained 279 

before the start of the experiment, the saturation by vapour phase does not present significant evolution so it was omitted 280 

here (see later). The sample reacted rapidly when it was put in contact with liquid water and the closure of the initial 75 281 

m discontinuity looked almost completed after a couple of hours, at least at the resolution of these images. The results 282 

for sample 4142 were comparable to those presented for test 3132. 283 

 284 

Figure 13 shows the same kind of results for the test on sample 9192, before testing, at the end of the 1-day drying phase, 285 

and after 10 minutes and 6 hours of W-phase. 286 
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 287 

Figure 12. X-ray images at different steps during test 3132 (U.A.), voxel size 13.5 μm. Initial mean gap is 75 m. 288 

 289 

 290 

Figure 13. X-ray images at different steps during test 9192 (U.A.), voxel size 15 μm. Initial mean gap is 425 m. 291 

 292 

In this case, during the drying phase, the reaction was difficult to appreciate with the naked eye, but it was extremely 293 

rapid when the sample was put in contact with liquid water. With respect to tests 3132 and 4142, the initial size of the 294 

discontinuity was in this case larger (425 m), and this wider space available, perhaps combined with the initial drying 295 

phase, amplified the swelling and de-structuring phenomena, leading to the formation of a visible peeling zone around 296 

the crack lips. In order to quantify the reaction in all the different testing phases, the same exercise described for sample 297 

AV1112 to study the evolution of the average thickness of the discontinuity was repeated for the four tests performed on 298 

U.A. samples. The results are presented in Figure 14a, b, c and d for test 3132, 4142, 8182 and 9192, respectively.  299 

 300 

The vapour phases lasted two and one day, for test 3132 and 4142 respectively. The almost invisible reaction is confirmed 301 

by this more accurate analysis. In both cases, a small and slow closure is detected, between 5 and 10 μm. It might have 302 

been more significant for a longer test duration.  303 

 304 

Conversely, when in contact with liquid water, the initial discontinuity closed rapidly, vanishing (less than 1 μm average 305 

value) after about 200-300 minutes for the small crack cases (test 3132 and 4142), and around 600 minutes for test 8182. 306 

The open space size in the last test (9192) looked larger even after stabilisation at 3280 minutes. This is likely due to the 307 

bigger initial size of the discontinuity. According to this analysis, with all the mentioned assumptions, the tests reached 308 

at the end a closure of more than 99% with respect to their aperture before the W-phase, except for test 9192, which 309 

reached 96%. Although the W-phase of test 9192 was the longest of the four, at the end, it had less closure. It is concluded 310 

that, for a given size of the specimens, the time needed to closure is linked to the initial size of the discontinuity, which 311 

seems to play the major role. 312 

 313 

It is worth noting that all the quantitative results are related to the assumptions made in the thresholding method and on 314 

the image resolutions. Voids and cracks smaller than the voxel size are not detected. In this sense, a complete closure 315 

means the absence of detectable voids.  316 

≈ 8 mm

Initial W1 ≈ 10’ water W11 ≈ 1 day water D9 ≈ 3 days drying

≈ 8 mm

Initial D9 ≈ 1 day drying W1 ≈ 10’ water W9 ≈ 6 h water
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 317 

Figure 14. Evolution of the average equivalent size of the discontinuity during test (a) 3132, (b) 4142, (c) 8182 and (d) 9192. 318 

 319 

During the drying phases, all the samples showed a significant opening of the fracture. This was clearly visible also with 320 

the naked eye for samples 3132 and 4142, which were subjected to drying after saturation (Figure 12). When drying was 321 

the first phase, the opening was less visible, but easily detected through the threshold method. Figure 15 compares the D-322 

phases of the four tests in terms of discontinuity opening with time. Note that tests 3132 and 4142 are subjected to drying 323 

after a V- then W-phase, which means that the size of the crack before drying is close to zero. On the other hand, tests 324 

8182 and 9192 starts directly with a D-phase, i.e. with an open fracture (300 and 425 μm respectively, see Table 2). The 325 

four curves show an initial opening rate in the order of 0.1-0.3 μm/min, and a second slower plateau-phase with an opening 326 

rate in the order of 0.001-0.004 μm/min. The opening rate of these two phases are common to all the tests. The main 327 

difference is that tests 3132 and 4142 (D-phase after V- then W- phases) keep the first opening rate for a longer period 328 

than tests 8182 and 9192 (D-phase as 1st step), ending up with an aperture twice (3132) and three times (4142) bigger 329 

than the two other samples.  330 

 331 

Interestingly, through the threshold method, tests 3132 and 4142 show a final aperture after drying which is bigger than 332 

the initial one (Figure 14). This is likely related to the creation of a network of micro fissures around the initial 333 

discontinuity lips during the precedent saturation phase. 334 
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 335 

Figure 15. Comparison of the D-phases of the four U.A. tests in terms of relative discontinuity aperture. 336 

 337 

7.1 Density evolution  338 

In the absence of direct measurement of permeability, it was important to estimate the degree of healing, during the W-339 

phases. At the near closure state, when the crack opening is smaller than the voxel size, the capacity of the former method 340 

based on grey level thresholding is limited and inaccurate. As the grey level is proportional to the bulk density of the 341 

material, the ratio of the grey level in the fracture zone to that of the intact material is used here as an indicator. Two 342 

volume selections were chosen for each test, one representative of the discontinuity and the other of the intact material. 343 

The evolution of the mean grey value in these two selected volumes was followed during the tests. The mean grey value 344 

of the intact material, is expected to remain quite constant, or it can slowly change due to eventual swelling and water 345 

resaturation (Stavropoulou et al. 2020). The grey level in the discontinuity is supposed to evolve from a value 346 

representative of air or vapour/liquid water (depending on the test) towards the one of the intact material. The discontinuity 347 

zone was selected to be entirely included in the empty area before the beginning of the tests, over the whole sample height. 348 

In this way, all the voxels included would be representative of the discontinuity. This is not always easy to achieve, 349 

especially for small fractures (e.g. in sample 3132), because of the not perfect verticality of the crack lips. This might be 350 

a source of inaccuracy in the measurement, which was verified to be in acceptable ranges. An example of the adopted 351 

procedure and obtained result is represented in Figure 16 for test 9192. In Figure 16a, the two selected zones are indicated 352 

on the axial vertical projection of the volume of the sample. In Figure 16b, the evolution of the mean grey value for the 353 

two selected volumes are presented during the test. As soon as the material starts to swell and the crack closes, the grey 354 

value increases sharply, while in the intact material outside the crack, the level drops very slightly. The intact rock target 355 

value was never achieved in the fracture at least in the considered test duration, meaning that in the fractured zone the 356 

initial intact condition is not completely recovered. This is likely related to the replacement of the main large fracture by 357 

a network of micro fractures, as discerned in the last image of Figure 13.  358 
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 359 

Figure 16. Density study: (a) example of selection of the analysed zones on an axial projection of the volume of sample 9192, 360 

(b) evolution of the discontinuity area and intact material density during test 9192. 361 

 362 

To generalise this founding and compare the density evolution of the four tests carried out, a ratio R between mean grey 363 

values of the discontinuity and intact material zone was computed for each test as: 364 

𝑅 =
𝑔𝑑
𝑔𝑖

∗ 100 365 

where gd is the mean grey value of the discontinuity volume at the end of the W-phase and gi is the mean grey value of 366 

the intact material volume averaged over all the steps. The R-values obtained for the four tests are compared in Figure 17, 367 

as a function of the initial discontinuity size. It appears that the degree of recovery decreased with the increasing of the 368 

initial size of the discontinuity. The initial size of the discontinuity seems to play a primary role: the test with the larger 369 

initial discontinuity (test 9192) was the one with the lowest ratio R, even if it lasted longer than all the others did. It seems 370 

reasonable to conclude that the material has a maximum swelling potential. This could be related to the quantity of water 371 

available, the maximum number of water layers which can be adsorbed by the smectite particles (Saiyouri et al. 1998, 372 

Menaceur et al. 2016), but eventually also to the available material, which means in this case to the size of the sample. 373 

To understand better this phenomenon, x-ray micro tomography tests at higher resolution were performed. The results 374 

are discussed in the next section. 375 

 376 

Figure 17. R-values at the end of the W-phases for the four tests performed on the U.A. samples. 377 
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7.2 High resolution images 378 

For improved analyses of the physical phenomena driving the self-sealing behaviour of the material, three experiments 379 

on U.A. samples were repeated at a higher resolution (voxel size 0.7 μm) in beamline ID19 at the European Synchrotron 380 

Radiation Facility (ESRF), in Grenoble (France). The details of the experimental program are given in Table 2, the size 381 

of the specimens is the same as previously (about 10 mm diameter). One sample (H2122) was cut ortho-axial with respect 382 

to the in-situ bedding plane, while the two others (V3132 and V4142) were axial, respectively, with the fracture 383 

perpendicular and parallel to the  bedding plane (Figure 5). The fracture size of sample H2122 was 300 μm, while the one 384 

of sample V4142 was around 75 μm. Sample V3132 resulted with a non-regular discontinuity due to technical problems 385 

during sample preparation. During each test, a scan session was performed every 15 minutes, including one “low-386 

resolution” tomography (voxel size=6 μm) on the whole sample and two local high-resolution tomographies (voxel 387 

size=0.7 μm). These latter were focused on the discontinuity area, with a field view of about 2.6 mm in diameter: one 388 

perfectly centred on the discontinuity (labelled A) and the other slightly moved on the side (labelled B) to better analyse 389 

the diffusion of the phenomenon in the material (Figure 18). With respect to previous tests, in these ones a significantly 390 

higher spatial and temporal resolution was achieved, allowing gathering more information on the kinematic aspects of the 391 

studied phenomena. Figure 19, Figure 20 and Figure 21 show the central slice of samples H2122, V3132 and 4142, 392 

respectively, before the beginning of the tests, after 15 minutes and 1 hour of W-phase, and at the end of the experiment. 393 

Each test has a different duration, as it was stopped when the process was assumed stabilised. It appears that the bedding 394 

of sample H2122 is not exactly horizontal but rather inclined by 25° to the horizontal plane (Figure 19, bottom-left). As 395 

shown later, this appears to be important for understanding the process of crack sealing. Similarly, for sample V4142, the 396 

bedding is not exactly parallel to the crack but rather inclined by about 25° to the crack in the horizontal cut (Figure 21, 397 

top-left). 398 

 399 
Figure 18. set of X-ray tomographies obtained at the ESRF; (left) scan on the whole sample (voxel size 6 m), (middle) high-400 

resolution local scan (voxel size 0.7 m) centred on the crack, (right) the same slightly off-centred from the crack. 401 

Scan A
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≈ 2.6 mm

≈ 10 mm
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 402 

Figure 19. X-ray images at different steps during test H2122 (U.A.), local tomography with voxel size 0.7 μm. Initial gap is 403 

300 m. The red dotted line in the bottom-left intact vertical cut shows the orientation of the natural bedding.404 

    

 

 

Figure 20. X-ray images at different steps during test V3132 (U.A.), voxel size 0.7 μm. The red dotted line in the top-left intact 

horizontal cut shows the orientation of the natural bedding. 

 

 

Figure 21. X-ray images at different steps during test V4142 (U.A.), voxel size 0.7 μm. Initial mean gap is 75 m. The red 

dotted line in the top-left intact horizontal cut shows the orientation of the natural bedding. 
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At this scale and spatial resolution, the network of induced micro fractures is clearly visible. This highlights the micro 

mechanisms occurring behind the macro swelling behaviour detected at the larger (sample) scale. The macro swelling 

could appear to be the result of peeling (Figure 13), as theoretically discussed in the introduction (Figure 1), which is 

clearly visible here for the three tests, where the closure mechanism is dominated by the appearance of micro-cracks 

around the initial crack. For samples H2122 and V4142, the peeling of the material is strongly conditioned by the 

orientation of the bedding plane and mostly parallel to it. It appears essentially as a dense network of parallel micro-

cracks, the opening of these cracks contributing to the reclosing of the initial crack. For sample H2122, if the bedding had 

been perpendicular to the crack, as expected during the preparation of the sample, the closure mode would probably have 

been quite different, as the peeling parallel to the bedding would not have been able to contribute to filling the main crack. 

This can be observed in sample V3132, the bedding being quite perpendicular to the crack. It appears that the network of 

cracks is much less dense than in the other two cases, with a lower reclosing efficiency. The orientation of these cracks 

corresponds to an intermediate orientation between the crack plane and the bedding plane. 

 

The threshold technique was applied again with the purpose to understand if the sum of the sizes of the micro fractures at 

the end of the process was equivalent to the initial size of the discontinuity. Figure 22b shows the grey level profile along 

the sample diameter in the rectangular selection presented in Figure 22a at the beginning of the experiment and after 15 

minutes, 1 and 4 hours. Based on this, the threshold was in this case chosen as 25000, with the purpose to include all the 

visible micro fissures. Thresholding was applied in the rectangular selection area represented in Figure 22c, and the result 

in terms of equivalent aperture is presented in Figure 22d. The equivalent total aperture remains roughly constant during 

the process, leading to the conclusion that the total void space available in the sample does not change significantly.  

 

In accordance with permeability measurements realised during self-sealing tests and available in the literature, in such 

conditions, the hydraulic permeability is expected to reduce significantly with respect to the open fracture configuration. 

According to the cubic law for fracture permeability, the final hydraulic permeability of a net of N fractures having size 

δ/N, δ being the size of the initial discontinuity, can be estimated as proportional to 1/N2. For instance, (Davy et al. 2007) 

concluded that water permeability increases of one or two orders of magnitude due to fractures, but than it goes back to 

the initial values of 10-21 m2 after a few hours on injection. Similarly, Giot et al. 2018b showed a reduction in permeability 

of one order of magnitude, from 10-17 to 10-18 m2.  
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Figure 22. Analysis of the open fracture size during the process: (a) selected area for the threshold choice, (b) greyscale 

profiles in the selected area, (c) thresholded area and (d) evolution of void space with time. 

 

In addition to the peeling mode occurring around the initial crack, there is also a diffuse deformation mechanism 

throughout the sample, which given the boundary conditions imposed on it (no or small displacements on the 

circumference), also contributes to the sealing process. This was also argued by Giot et al. 2018b, who observed a first 

quick swelling of the smectite clay minerals close to the crack, followed by swelling of the smectite clay minerals in the 

whole sample. Here, this was measured by digital volume correlation on the global scans of sample H2122. A progressive 

swelling propagates through the whole sample from the initial central crack (Figure 23). The deformation component 

shows a significantly larger deformation in the axial direction (z) of the sample than in the direction perpendicular to the 

crack (x), while the direction parallel to the crack (y) shows almost no deformation (Figure 24). This shows that the 

swelling is clearly anisotropic, dominated by the natural orientation of the bedding, and by the boundary conditions 

imposed on the sample. The swelling is highest in the direction perpendicular to the bedding. It is also significant in the 

direction perpendicular to the crack and contributes to the crack sealing process. The same observation can be done from 

sample V4142, with a progressive swelling through the sample (Figure 25).  Swelling is significant in the direction 

perpendicular to both the initial crack and bedding (x), while it is vanishing in other directions (Figure 26). 
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Figure 23. Field of volume strain measured at different steps of the test H2122, from the low resolution (6um) global scans 

(positive sign means expansion). 

 

Figure 24. Profiles of deformation of the test H2122 in the z, y and x direction corresponding to a profile perpendicular to the 

crack. The noisy data in the central zone (peeling area) are not significant. 

 

 

 

Figure 25. Field of volume strain measured at different steps of the test V4142, from the low resolution (6um) global scans 

 

Figure 26. Profiles of deformation of the test 4142 in the z, y and x direction corresponding to a profile perpendicular to the 

crack. The noisy data in the central zone (peeling area) are not significant. 
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8 Conclusions 

The self-sealing response of COx claystone was experimentally investigated through x-ray tomography. The experimental 

campaign performed was designed to study the influence of a number of parameters on the self-sealing behaviour of the 

COx claystone, such as different geological units, size of the discontinuity, different hydraulic paths, mutual orientation 

of the bedding plane and fractures. As highlighted by Giot et al. (2018a), two phases are usually observed in self-sealing, 

i.e. a fast closure of the fracture corresponding to a rapid decrease of water permeability and a slow process that leads to 

a further slow decrease of water permeability. The observations made in this study are representative of short-term 

evolution of the material. Comparing the results obtained, the following conclusions can be drawn. 

 

Concerning the geological units, the results were strongly dependent on the geological unit from which the samples came 

from. Samples coming from the clay unit (U.A.) were definitely more reactive than those of the transition unit (U.T.). 

This was linked to the substantially different mineralogy: U.A. samples were richer in active (smectite) clay, while U.T. 

samples were richer in carbonates (Table 1). High carbonates content were also associated to very low porosity of these 

samples, responsible of limiting the access of water to the possibly existing swelling clays. 

The sealing process can be broken down into two phenomena. In the area adjacent to the crack, a peeling phenomenon 

opens up micro-cracks that preferentially run parallel to the material bedding. These cracks contribute to the filling of the 

main crack. In addition, around the peeling zone, the material shows a diffuse swelling. In the case of oedometer 

conditions (radial displacement prevented on the circumferential edge of the sample), this swelling contributes to the 

sealing of the main crack. 

 

Concerning the size of the discontinuity, in small fractures (75 to 150 μm) the self-sealing phenomenon stabilised rapidly, 

showing an almost complete closure, with no visible peeling effect at the resolution of the images realised in this study 

(voxel size 15 μm). This is likely to be related to smaller space for deformation available as well as to the related quantity 

of water provided during saturation. Note however that a test with an initial small fracture performed with high-resolution 

tomography (voxel size 0.7 μm) show a peeling effect with very thin fractures. In samples with larger initial 

discontinuities, the peeling effect was much more evident, even at the same resolution. Higher resolution images (voxel 

size 0.7 μm) highlighted this effect at the discontinuity lips, showing that the closure of the main fracture is actually 

associated with the de-structuration of the material and the consequent creation of a network of smaller cracks. However, 

in such conditions the hydraulic permeability is still expected to be significantly reduced with respect to the open fracture 

configuration (Davy et al. 2007, Giot et al. 2018b). This was confirmed by the analysis of the evolution of the bulk density 

around the discontinuity (peeling area) during saturation: it evolved towards the one of the intact material, without 

completely reaching it. It was found that, at a given specimen size, the bigger the initial discontinuity, the lower the 

percentage of recovery in density, which was however always over 88% (Figure 17).  

 

The hydraulic path itself has an impact. The reaction of all samples during the phases of saturation by water vapour was 

very limited, at least for the duration of these experiments. The response of reactive samples to liquid water was on the 

contrary very fast, independently on the fact that it was preceded by a vapour or drying phase. However, samples subjected 

to drying first showed possibly a more evident peeling effect. During drying phases, all samples showed an opening of 

the fractures, which was most important in samples that were previously subjected to saturation by liquid water (Figure 

15). 

 

Concerning the orientation of the bedding plane, the specimens cut with the fracture parallel to the bedding plane showed 

a more significant reaction with respect to the one cut with the facture perpendicular to the bedding plane. In particular, 

the peeling cracks appear roughly parallel to the bedding plane, as expected. In addition, the swelling of the material in 

the area outside the peeling zone shows an anisotropic swelling, which is significantly greater in the direction orthogonal 

to the bedding. If the bedding is parallel to the fracture, this swelling clearly contributes with more efficiently to the 

sealing. For a fracture perpendicular to the bedding, there can be a peeling phenomenon, but less strong than in the parallel 

case, with an intermediate orientation between the fracture and the bedding. 

 

The obtained results are perfectly in accordance with the conclusion provided by Menaceur et al. (2016) on the evolution 

of COx microstructure during hydration. They found that, the reduction of suction to zero (as in the W-phases of this 

study), allows to place a third and even a fourth layer of water molecules between the smectite layers. According to these 

authors, this induces a significant change in the porosity of the material, with a simultaneous creation of a network of 
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saturated cracks. The global swelling observed at the macro scale results from the combination of these two phenomena. 

It is concluded that the physico-chemical interactions are of primary importance in governing the micro structural 

behaviour of the claystone, being able to mobilise an energy strong enough to break the inter-particle bonding present in 

the initial state. In this sense, these physico-chemical phenomena provide a strong contribution to the self-sealing. 
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