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Abstract. Crushed and compacted argillite extracted from Bure site (France) has 
been proposed as a possible sealing and backfilling material in the geological 
high-level radioactive waste disposal. In order to better understand its coupled hy-
dro-mechanical behaviour in the real storage situation, changes in microstructure 
of two crushed argillites of different grain size distributions with decreasing suc-
tion under confined condition were investigated using mercury intrusion po-
rosimetry (MIP). The results show that wetting under constant-volume condition 
reduces the size of macro-pores, without significantly affecting the micro-pores 
size. A clear effect of grain size distribution on the microstructure was also ob-
served: two pore families were identified for the coarse soil; however, there was 
only one maro-pore family for fine soil (inter-aggregates pores). 
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1   Introduction 

In most conceptual designs of the deep geological repository for high-level radio-
active wastes, expansive clays are considered as engineering barrier materials, 
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thanks to their low permeability, high swelling and high radionuclide retardation 
capacities (Pusch, 1979; Yong et al., 1986; Villar et al., 2008). In France, the 
crushed Callovo-Oxfordian (COx) argillite excavated from the Bure site of the 
ANDRA underground research laboratory - URL (-490 m, North-eastern France) 
was proposed as a possible sealing and backfill material, because of the following 
advantages: (i) it is more economical compared to the commercial bentonites to 
use local excavated argillite; (ii) the negative impacts on the environment is re-
duced by recycling the excavated material; (iii) there is better compatibility with 
host rock because of the same mineralogical and chemical compositions (Andra, 
2005; Tang et al., 2011a; Tang et al., 2011b). 

In the real repository, after the local groundwater redistribution the water in the 
host rock formation will move into the repository. Due to the restriction of the 
host formation, the clays cannot swell, resulting in the development of swelling 
pressure. The generated swelling pressure will then result in the soil microstruc-
ture changes. A good understanding of this micro-structure change is essential as 
it is directly related to the macroscopic engineering behaviour and physical prop-
erties of this material (Cui et al., 2002; Delage, 2007; Tang et al., 2011a). 

This study focuses on the compacted crushed Callovo-Oxfordian (COx) argil-
lite. Soils with two different grain size distributions were compacted, and then hy-
drated by different suctions (from 57 to 38 MPa) using the vapour equilibrium 
technique under constant volume conditions. After equilibrium, the microstructure 
was observed using mercury intrusion porosimetry (MIP), allowing the analysis of 
the effect of suction on the changes of micro-structure. 

2   Materials and Experimental Methods 

Callovo-Oxfordian (COx) argillite taken from the Bure site of the ANDRA URL 
was studied. It contains 40–45% clay minerals (mainly interstratified minerals il-
lite–smectite), 20–30% carbonates and 20–30% quartz and feldspar (Hoteit et al., 
2000; Lebon & Ghoreychi, 2000; Zhang et al., 2004). The in-situ water content is 
2.8–8.7 %; the bulk density is 2.32–2.61 Mg/m3 and the specific gravity is 2.70 
(Fouché et al., 2004; Tang et al., 2011a). 

The excavated argillite was air-dried and crushed following two different pro-
cedures, leading to two soils: (1) the coarse soil with the maximum grain size of 8 
mm; its air-dried water content was 2.8%; (2) the fine soil with the maximum 
grain size of 0.25 mm; its air-dried water content was 2.4%. The grain size distri-
butions of the two soils determined by dry sieving are presented in Fig.1; the 
coarse soil contains 18% fine grains (0.08 mm) while the fine soil contains 70% 
fine grains. The grain size distribution determined by sedimentation is also pre-
sented in Fig.1, the two curves are similar, and it confirms that about 40% grains 
are clay particles (< 2 µm). 
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Fig. 1. Grain size distribution of crushed COx argillite. 

MIP tests were performed on samples hydrated with different suctions under 
constant-volume conditions to analyse the soil microstructure changes with suc-
tion. The air dried soil was firstly statically compacted to a dry density of 
2.0 Mg/m3 (e = 0.35), with an initial suction of about 150 MPa (measured by a 
relative humidity sensor). Then, the sample was hydrated under constant volume 
conditions at different suctions using the vapour equilibrium technique. After 
equilibrium, the sample was cut to small sticks and freeze-dried. Mercury intru-
sion was then performed by progressively increasing mercury pressure, and the 
volume of the pores penetrated during the increase in pressure is continuously 
monitored (see Delege & Lefevbre, 1984; Cui et al., 2002., Tang et al., 2011a for 
more details). 

3   Results and Discussion 

The results of the coarse soil at different suctions are presented in Fig. 2. It is ob-
served that the final values of intruded mercury void ratio (em) are lower than the 
soil void ratio (e = 0.35). This is mainly attributed to the limited range that the 
MIP technique can cover. For the high-plasticity soils, there is a significant pore 
volume (entrance diameter smaller than 6 nm) that the mercury could not pene-
trate to (Delage et al., 2006). The same phenomenon was noted by Lloret et al. 
(2003) in the pore size distribution curve of compacted Almeria clay (Spain), due 
to an important amount of pores of very small entrance diameter; the total intra-
aggregated void ratio appears to be much larger than the intruded one. Compari-
son of the curves at three suctions shows that with decreasing suction, (150 MPa, 
57 MPa, and 38 MPa), the amount of accessible porosity decreases, indicting that 
during wetting (suction decrease) under constant-volume conditions, the macro-
pore is filled by small clay particles (Cui et al., 2002). 

Fig. 3 presents the pore size distribution curves, dem/dlog(d) versus log(d), of 
the coarse soil for different suctions. At the initial state (s = 150 MPa, ρd = 
2.0 Mg/m3, e = 0.35), two pore populations are observed, that are micro-pores 
(having a mean size of 0.03 µm) and macro-pores (having a mean size of 1.5 µm) 
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(Fig.3). The decrease of suction leads to a slight change in micro-pores size, but a 
significant change of the macro-pores family (Fig.3): the application of a suction 
of 57 MPa decreases the modal size of macro-pores to 1.0 µm; a subsequently de-
crease of suction to 38 MPa reduces the macro-pores size to 0.8 µm. Similar phe-
nomenon was also observed by Cui et al. (2002) who investigated the micro-
structure changes of Kunigel/sand mixture with suction under constant-volume 
conditions. The results show the decrease in inter-aggregate pore size with de-
creasing suction. It confirms the conclusion that wetting under constant volume 
conditions leads to clay aggregate hydration, and exfoliation phenomenon occurs 
around the macro-pores leading to the clogging of macro-pores. 
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Fig. 2. Intruded mercury void ratio versus pore size for coarse soil. 
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Fig. 3. Pore size distribution curves of coarse soil at different suction. 

The results obtained on the fine soil are presented in Fig. 4 and Fig. 5. In the em 
- log (d) plot (Fig. 4), a lower value of em compared to the global void ratio of the 
soil (e = 0.35) was obtained due to the limited range of the MIP technique as for 
the coarse soil; with decreasing suction, the amount of accessible porosity de-
creases as the macro-pore is filled by small clay particles. However, in the 
dem/dlog(d) versus log(d) plot (Fig. 5), different phenomenon was observed for the 
fine soil: there is only one pore family with a mean size of 0.4 µm at the initial 
state (s = 150 MPa), that also corresponds to the macro-pores family (inter-
aggregates pores), the micro-pores (intra-aggregates pores) are not clearly ob-
served. It indicts the obvious effect of grain size distribution on the microstructure: 
for the finer soil, the intra-aggregate pores would be hidden by the inter-aggregate  
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pores having similar size because of the large amount of fine grains created during 
crushing (see Fig.1). With the subsequent decrease of suction, the macro-pores 
size reduces to 0.2 µm and 0.15 µm at suction of 57 MPa and 38 MPa (Fig.5) re-
spectively, showing the clogging of macro-pores upon wetting. 
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Fig. 4. Intruded mercury void ratio versus pore size for fine soil. 
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Fig. 5. Pore size distribution curves of fine soil at different suction. 

4   Conclusion 

In order to better understand the coupled hydro-mechanical behaviour of the com-
pacted expansive soil used as sealing and backfill material in the deep geological 
repository for high level radio-active wastes, the microstructure changes of 
crushed COx argillites (having two different grain size distributions) with decreas-
ing suction under confined conditions are investigated using mercury intrusion  
porosimetry (MIP). The results show that under constant-volume conditions, de-
creasing suction reduces the size of macro-pores, but the changes in micro-pores 
size being not significant. A clear effect of grain size distribution on the micro-
structure was also observed, two pore families (macro-pores and micro-pores) 
were identified for coarse soil. By contrast, there was only one pore family for the 
fine soil (macro-pores) because of the large amount of fine grains produced during 
crushing. 
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