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Abstract 

Shales are sedimentary formations currently studied for their involvement in many geo-energy 

related applications, such as radioactive waste disposal, CO2 sequestration, oil and gas 

extraction. 

In Switzerland, the Opalinus Clay shale has been selected as the host formation for the 

construction of a repository for geological disposal for radioactive waste. Opalinus Clay is a 

Jurassic shale widespread in the northern part of the country, characterised by sedimentation 

planes (also, bedding). In the shale formation, several lithostratigraphic units have been 

identified. Also, the current and maximum depths that the formation has experienced are not 

homogeneous among the locations. Most of the research in the last 20 years have been 

concentrated on one of the lithofacies (characterised by high clay content), the shaly facies, in 

the rather shallow location of the Mont Terri Underground Rock Laboratory, and on a few 

other deeper sites, in the north-east of the country. 

This thesis aims to study the impact of the composition and burial depth on the hydro-

mechanical response of the Opalinus Clay. The results serve to estimate the geomaterial 

response for compositions and locations (e.g., where the disposals are planned) where the 

possibility to directly test the shale may be limited because of cost and time efforts. 

An experimental study was carried out, to test the hydro-mechanical response, in saturated and 

unsaturated conditions, of samples from various locations and compositions. 

Samples from shallow locations (<100 m depth) showed similar responses, at the laboratory 

scale, to those from deeper locations, in terms of permeability and compressibility, although 

clear signs of weathering were detected at the field scale for the first few tens of meters. 

The hydro-mechanical response of the Opalinus Clay shale was interpreted as a layered 

geomaterial, composed as an alternation of two-layer types. The first (shaly) is composed of a 

clay matrix in which grains of quartz, calcite or other minerals are embedded. The latter (sandy) 

is composed by a compact quartz structure, whose pores are filled with clay. The properties of 

each layer type were estimated via the gathered experimental data. For each tested sample, the 

volumetric fraction of the shaly layer and the corresponding hydro-mechanical response were 

estimated. The results were verified against the experimental data, finding good agreement. 
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The volumetric response observed during hydraulic loading performed in free stress conditions 

was characterized by significant anisotropy and dependence on the sample composition. 

Irreversibility of the strains was investigated by performing X-ray tomographies of a specimen 

subjected to a hydraulic load. Cracks opening was detected both during swelling and during 

drying, but in different locations in the samples. 

It was highlighted that samples with lower clay content, such as those belonging to the sandy 

facies, showed higher stiffness and shear strength, that may be considered more desirable 

properties for underground constructions. On the other hand, samples with higher clay content 

(such as those belonging to the shaly facies) were found to have a higher capacity to swell upon 

saturation, and therefore to potentially self-seal cracks. Further, they have lower permeability 

and pore throat diameter. From this perspective, the high-clay-content part of the formation has 

more desirable properties to behave as a barrier to fluid flow in the radioactive waste disposal 

context. 

Keywords: Opalinus Clay, shale, radioactive waste disposal, shale characterisation, 

mineralogical composition, burial depth, layered structure, hydro-mechanical behaviour, 

anisotropy, water retention behaviour, crack opening, partial saturation. 
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The disposal of radioactive or dangerous waste in underground tunnels 

For the final disposal of radioactive/hazardous waste, shales represent a possible host material 

in multi-barrier repository systems. In particular, the capacity of self-sealing and self-healing 

cracks when in contact with wetting fluids helps to guarantee the insulation of the waste from 

the external environment. 

Storage of CO2 

In this application, shale represents the caprock. Carbon-dioxide is injected in a reservoir rock 

(for instance a sandstone), and the stratum of shale on top of it prevents the leakage of the CO2 

to the atmosphere. The low porosity and the high retention capacity help in constraining the 

gas in the underlying reservoir. 

Oil and gas extraction 

As mentioned before, shale can be rich in organic matter (few %). Part of the organic matter 

deposited with the clay in the shale formation is transformed, because of burial and temperature 

increase, into oil and natural gas trapped in the small pores. This kind of shales is referred to 

as unconventional reservoirs for oil and gas. Conventional reservoirs are often sandstones 

(porosity >20%, permeability in the mD range), in which drilled wells can exploit the oil and 

gas. In the case of unconventional reservoirs, drilling wells is not sufficient as the oil/gas is 

trapped in the pores and will not naturally flow to the wells. Hydraulic fracturing (injection of 

a high amount of water at pressure) is employed to enhance the permeability of the reservoir. 

1.1.1. A focus on radioactive waste disposal in Switzerland 

Switzerland has 5 operating nuclear power plants that are responsible for about 40% of Swiss 

electricity production. In 2011 the Swiss Federal Council decided not to install any new reactor 

and to phase out the nuclear power gradually.  

The radioactive waste produced by the power plants, but also from medicine, industry or 

research activities, needs to be handled with care and safely stored. The worldwide recognised 

solution for radioactive waste is the disposal in stable geological formations. Switzerland 

decided to adopt so-called multi-barrier systems. The radioactive waste will be vitrified, placed 

in metal canisters, surrounded by a buffer of swelling bentonite (engineered barriers) and 

emplaced in tunnels excavated in underground geological formations (geological/natural 

barrier). 

The produced waste is generally subdivided into two categories: high-level waste (HLW), and 

low/intermediate level (L/ILW) waste. 



http://www.nagra.ch/en/volumesen.htm
http://www.ensi.ch/
https://www.bfe.admin.ch/bfe/en/home.html
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detailed information on a few sites to which the selection was narrowed down at the end of 

Stage 2 (November 2018). 

1.2. Context and Objective of the thesis 

The geological formation designated to host the repositories is the Opalinus Clay shale. This 

Jurassic shale is found throughout the northern part of the Switzerland, where the repository 

candidate sites are located. The formation has a certain degree of heterogeneity; although the 

main components are common to all the investigated areas (e.g., clay minerals, carbonates, 

quartz), the proportion among them can vary significantly within a few tens of meters. 

In the last 20 years, a substantial part of the research was conducted on cores sourced at the 

Mont Terri (MT) Underground Rock Laboratory (URL), located at 300 m depth in the Jura 

Mountains. A few geotechnical studies have also been conducted on Opalinus Clay from deep 

boreholes in north-eastern Switzerland (e.g., Schlattingen borehole, 950 m depth). 

With reference to the Mont Terri URL, many works have been dedicated to the characterisation 

of one of the lithofacies of the geological formation, named shaly facies, that is an argillaceous 

shale with lenses of sandstone. However, in the north-eastern part of the country, where the 

candidate sites are located, lithofacies similar to the shaly and sandy facies, defined in Mont 

Terri (marly shale, with lenses of sandstone), are encountered (Bossart and Thury, 2008; Jaeggi 

et al., 2014). Because of the large volume of waste involved, the actual repositories will most 

probably cross different lithofacies. The difference in the hydro-mechanical response of the 

two facies is therefore of great interest. While the distinction between the lithofacies is evident 

in some of the investigated sites (as in Mont Terri URL), the separation is less defined in others. 

Further, the current and maximum burial depth experienced by the formation plays a significant 

role in the shale response and needs to be clarified. 

In this work, the main hydro-mechanical aspects of Opalinus Clay, at the laboratory scale, are 

studied on samples from a selection of compositions and sourcing depths. The variability of 

the hydro-mechanical response with respect to the composition and the burial depth is shown 

and analysed. From the analysis, tools to estimate the geomaterial response, based on its 

characterisation, are elaborated. The tools are intended to contribute to the evaluation of the 

expected shale response in a broad range of composition and depth conditions, and to support 

the identification of zones with favourable/unfavourable properties, during the design process. 
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Figure 2-1 Approximate location of sites of Mont Terri, Lausen and Schlattingen, from which the samples of Opalinus Clay 
in this study were sourced; Swiss map from facts.co. 

2.3.1. The Mont Terri Underground Rock Laboratory URL 

The Jura Mountains in Switzerland are characterised by a Fold-and-Thrust belt that occurred 

in the late stages of Alpine formation (Bossart and Thury, 2008). Mont Terri (MT) is one of 

the anticlines of the Folded Jura, in which the Underground Rock Laboratory is located (Figure 

2-2). This is an underground research facility, comprising about 700 m of galleries and niches 

situated in the north of St-Ursanne, at about 300 m depth. The research centre is devoted to the 

hydrogeological, geochemical and geotechnical characterisation of the Opalinus Clay shale. 

The shale formation is currently found there at a depth of approximately 300 m and has an 

actual thickness of about 90 m. It is estimated that at this location, the formation has reached a 

maximum burial depth of approximately 1350 m (Mazurek et al., 2006). 

40 km 
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Figure 2-2 Location of the Mont Terri underground rock laboratory and geologic profile of the Mont Terri anticline (figure 
from www.mont-terri.ch). 

In Mont Terri, the formation has been subdivided, according to the lithostratigraphy, into three 

main facies:  

- a shaly facies, mainly argillaceous and marly shale with lenses and layers of  millimetre 

thick sandstone; 

- a sandy facies, marly shale, with lenses of limestone or sandstone with pyrite; 

- a carbonate-rich, sandy facies, calcareous sandstones, intercalated with bioturbated 

limestone beds, with high detrital quartz content. 

The differences in the facies composition have been attributed to the environmental settings at 

the coastal basin during the deposition process (Bossart and Thury, 2008). The carbonate-rich 

facies is more common in the western part of the country and rarely present in the north-eastern 

Switzerland, where the candidate repository sites are located.  

Several samples from the Mont Terri URL, in particular from the sandy facies, were tested in 

this work. Experimental results obtained in other studies (Favero, 2017; Minardi et al., 2019) 

on cores from Mont Terri were considered for comparison. 
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Figure 2-3 Scheme of the shale characterisation. Bulk density is calculated on a (cylindric) block of the core then divided 
into sub-pieces and used for determining the other properties. 

Bulk Density 

The bulk density is the ratio between the mass and the bulk volume of a sample. For specimens 

of regular geometry, the volume can be computed via its dimensions, measured with the help 

of a calliper. For samples of non-regular geometry, the measurement is more complicated.  

For the core characterisation, the bulk density was obtained by the fluid displacement method 

on a block of ~6-10 cm in height (Figure 2-3), trimmed from each core (block weight of 

approximately 1000-2000 g). The fluid displacement technique is based on Archimedes 

principle. The sample mass was taken. Two coats of melted paraffin were then applied on the 

surface of the specimen, to protect the sample from entering in contact with fluids; the waxed 

specimen was weighed again to assess the amount of paraffin applied, and then it was immersed 

in water, and its mass in the fluid was measured. The sample volume is equivalent to the volume 

of water displaced, computed as the difference in sample weight (outside and inside the fluid) 

divided by the water density, and taking into account the volume of paraffin applied. After 

removing the paraffin wax, the block was divided into sub-pieces and used to determine the 

other geotechnical properties (Figure 2-3). 

Water content 

The water content was obtained after oven drying a sample at 105°C for 24h, and computed 

as:  
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obtained following the standard ASTM D4318-17 (2017). The Atterberg limits are the water 

contents of the paste, when attaining the liquid limit wL (above which the mix is considered in 

a liquid condition, and below which it is in a plastic condition) and the plastic limit wP (above 

which the mix is considered in a plastic condition, and below it is in a semi-solid condition). 

The difference between the two, wL - wP, is the plasticity index, PI. 

Grain size distribution 

A specific procedure for the definition of the grain size distribution was adopted in order to 

quantify the different grain size fractions. The procedure was developed in order to help the 

disaggregation of the particles without crushing coarser grains, that are expected to be 

abundant, in particular in the sandy facies samples.  

The technique includes manual disaggregation of the shale fragments using a rubber hammer 

in order to minimise particle crushing (Figure 2-4a), particle dispersion in distilled water for 

15 minutes by using a mixer (Figure 2-4b) and wet sieving (Figure 2-4c) the slurry with the 

help of a soft brush. The material fraction passing the last sieve is subsequently placed in 

distilled water along with a dispersing agent (sodium pyrophosphate) and shook overnight, and 

then analysed by standard hydrometric test (ASTM D422-63). 

 

Figure 2-4 Grain size distribution procedure: (a) manual disaggregation, (b) powder mixing with water, (c) wet sieving. 

The mixer was tested to detect any possible particle damage during the mixing. To check that, 

grain size distribution on quartz sand was performed twice. First, a standard wet sieving 

analysis was performed for the sand. Second, the sand was mixed in water for 15 minutes, and 

then wet sieved. No appreciable difference between the grain size distributions was found 

(Figure 2-5). It was concluded that the mixing was not damaging the coarser grains inside the 

sample, and therefore, it was suitable to help in the disaggregation of the particles.  
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2-8  

with VHg being the volume of mercury, and Vs the solid volume of the sample.  

Scanning electron microscopy (SEM) 

Scanning electron microscopy images were taken on a sample from the Lausen borehole (L3) 

and a sample from the shaly facies of the Mont Terri URL (BFEB). A thin slice, of few 

millimetres thickness, was cut from the sample, dried in a desiccator with silica gel and then 

kept under vacuum. To minimise the disturbance of the sample surface, samples were dry 

polished with SiC paper 4000 (5µm), and then the ionic milling was performed (ILION from 

Gatan company). No coating was applied. Sample preparations and Scanning electron 

microscopy were performed at the Interdisciplinary Centre for Electron Microscopy (CIME, 

EPFL), using the microscope Zeiss GEMINI 300. Images were taken at a working distance of 

10.0 mm, and an acceleration voltage of 15.00 kV. Several pictures of the two samples were 

taken at various magnifications.  

Mineralogical analysis 

The mineralogical composition, including organic carbon content, of several samples of 

Opalinus Clay was analysed using X-ray diffractometry (XRD). Part of the results on the 

mineralogy was obtained on samples previously used for hydro-mechanical tests. The 

mineralogical analyses were performed at the Institute of Geological Sciences, University of 

Bern. Description of the adopted methodology can be found in Wersin et al. (2013). 

2.5. Results and analysis 

2.5.1. Geotechnical characterisation 

The results of the geotechnical characterisation of Lausen samples are summarised in Figure 

2-6. Each point represents a measurement on a specimen, sourced at the indicated depth. The 

core code, corresponding to each specimen, is reported along with the bulk density values, as 

an indication for all the reported curves. An indication of the compositional similarity among 

specimens can be gathered from the measurement of the void ratio, which, for Opalinus Clay, 

is strongly affected by the mineralogical composition (Houben et al., 2014), as discussed in 

Section 2.2. The results of the geotechnical characterisation of the samples from Mont Terri 

are reported inTable 2-3. Ranges of the geotechnical parameters of MT samples, tested at 

EPFL, are provided also in Table 2-3, including data from shaly and sandy facies (from this 
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Figure 2-8 Results of the MIP tests for the Lausen samples.  
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Figure 2-9 Summary of the MIP results for specimens from the Lausen borehole; pore size distribution versus pore diameter 
(*data from Favero, 2017) 

A detailed description of the correspondence between porosity, mineralogy and pore throat size 

is provided in Section 2.6.2, together with the comparison with some literature data on Opalinus 

Clay.  

In Figure 2-10, Figure 2-11 and Figure 2-12, scanning electron microscopy images of two 

Opalinus Clay samples, from Mont Terri and Lausen, are reported. The peculiar structure of 

the shale formation is shown: in the clay matrix, that looks homogenous at the millimetre scale, 

a high number of inclusions in the order of micrometres is embedded, e.g. carbonates, quartz, 

feldspars, pyrite. 

 
Figure 2-10 Scanning electron microscopy image of an Opalinus Clay sample from the shaly facies of Mont Terri (BFEB).  

pyrite fossil 

feldspar 

clay matrix 

quartz 

calcite 



The impact of the composition and the compaction on the Opalinus Clay characterisation 
 

28 
 

 
Figure 2-11 Scanning electron microscopy image of an Opalinus Clay sample from the Lausen core L3. 

    
Figure 2-12 Scanning electron microscopy image of an Opalinus Clay sample: a zoom-in of the structure. (a) clay matrix, (b) 
deviated and deformed particles at contact with larger grain 

In the clay matrix, the clay aggregates present a rather oriented structure (Figure 2-12a), with 

particles aligned along the bedding direction. On the other hand, at the contact points with 

larger grains (Figure 2-12b), the particles need to bend to accommodate the coarser particles, 

and slightly larger pores may form. The fissures visible in the images (at the micrometre scale) 

can be attributed to the crack opening generated upon drying during the sample preparation. 

2.5.3. Mineralogical composition 

Mineralogical analyses were performed at the University of Bern on selected specimens. The 

main mineralogical components (i.e. calcite, quartz, clay minerals and others) of the Lausen 

(a) (b) 
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Figure 2-13 Ternary plot representing the mineralogical composition on several Opalinus Clay samples sourced from 
different sites (MT= Mont Terri, SLA= Schlattingen, LAU= Lausen). 

Samples from MT can be easily divided into two subgroups: one with high clay content (>60%, 

roughly), on the right side of the plot including samples from the shaly facies; one with low 

clay content (<40%) on the left side of the plot, including samples from* the sandy facies. On 

the other hand, samples from LAU and SLA sites seem to fill the gap between these two groups, 

having sample compositions which are more heterogeneously spread also in the clay content 

range 40-60%. 

2.6.2. Impact of the mineralogy and the depth on the characterisation 

In Figure 2-14, the results regarding the clay-mineral content, void ratio and dominant pore 

throat diameter of specimens from the Lausen borehole are examined versus the depth. It is 

shown that higher clay-mineral contents correspond to higher void ratios, but lower dominant 

pore throat diameters. Consistent results, showing the correspondence between the increase in 

the clay-mineral content and the increase in the porosity, were provided in Mazurek et al. 

(2017) on a larger dataset of results from Lausen specimens. The findings relating those 

properties are in good agreement with the literature regarding the microstructural investigations 

of Opalinus Clay layers (e.g., Houben et al., 2014). In Opalinus Clay, pores can be found 

mainly in the clay matrix, which is also characterised by the lower pore throat diameter. The 

non-porous quartz/calcite particles can be considered as inclusions in the clay matrix, reducing 

the total porosity. Instead, when higher contents of non-clayey particles characterise the fabric, 

shaly 
sandy 
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the average pore throat diameter is found to be slightly higher, even though the global porosity 

is lower. This outcome is supposedly caused by the pores generated at the contact between 

clayey and non-clayey particles (as mentioned in Section 2.5.2), whose arrangement allows for 

larger pore throat diameters.  

However, in the first 20 metres of the borehole, higher void ratios (0.26-0.31) were obtained 

compared to the rest of the borehole results. This outcome is explained by the alteration of the 

formation at very shallow depths, as documented in Vogt et al. (2017), that is represented at 

the scale of the sample for the characterisation of the cores (approximately 10 cm), but not 

observed at the millimetre-centimetre scale of the laboratory mechanically tested specimens.  

Clay-mineral content and void ratio values of the intact specimens retrieved from the three sites 

mentioned in this work (Lausen, Mont Terri and Schlattingen) are reported in Figure 2-15, and 

show the trend of increasing void ratio with increasing clay-mineral content. The results from 

Mont Terri and Lausen are easily fitted in a common, increasing trend with the clay-mineral 

content. However, the results on specimens from the greatest depth (SLA) are located at void 

ratios lower than the others are. This outcome can be interpreted primarily as the effect of the 

more pronounced diagenesis and mechanical compaction that is expected to have occurred in 

Schlattingen (Favero et al., 2016), because of the different geological burial history (Nagra, 

2002; Mazurek et al., 2006) compared to the Mont Terri and Lausen locations.  

 
Figure 2-14 Summary plot of the void ratio, clay-mineral content and dominant pore throat diameter of specimens from the 
Lausen borehole, plotted versus the depth.  



Chapter 2 
 

33 
 

 
Figure 2-15 Void ratio and clay-mineral content of several specimens from various sites. Schematic representation of the 
shale structure.  

2.6.3. Interpretation of the evolution of the porosity with the composition 

The correlation between porosity and composition of the shale is here evaluated, adopting two 

models. The first model is the one proposed by Marion et al. (1992), based on the ideal packing 

of a binary mixture. The packing of binary mixtures depends primarily upon the diameter ratio 

of the particles, which are assumed spherical. When the diameter ratio (large/small) of the 

spheres is large (typically greater than 100), packing of the mixture is close to ideal. That is, 

the very small spheres do not disturb the original packing of the large spheres and vice-versa. 

For the Opalinus Clay, the structure is hypothesised to be simplified to a mixture of clay matrix 

(small particles) and non-clayey particles, including e.g. quartz, calcite (large particles) having 

spherical shapes. 

In Marion et al. (1992) model, the following equations write: 

a) if ncc n ,  (1 )nc cn n c n  

b) if ncc n ,  nc cn n n  

c) if ncc n ,  cn cn  

In which c is the clay volume fraction, n is the porosity of the mixture, nnc is the porosity among 

larger particles (non-clay, e.g., quartz, calcite), nc is the porosity of the smaller particles (i.e. 

clay particles) porosity. 

Case a) corresponds to the condition in which the clay volume fraction is less than the pure 

sand porosity, and clay particles fit into the pores and reduce the overall porosity. Case b) 

occurs when all the porosity is filled with clay particles. For higher clay volumetric fraction, 
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case c) applies, in which the sand lattices is expanded to leave space to the clay, that controls 

the structure. The equations to move from clay volume to clay mass fraction were reported in 

the work of Marion et al. (1992). 

The data on the porosity of Opalinus Clay are interpreted with the mentioned model. Two cases 

are considered: a high porosity OPA (i.e. data from Mont Terri and Lausen) and a low porosity 

OPA (from the deeper site of Schlattingen). Since the measurements of very low porosity 

geomaterial are sensitive to the technique used (Busch et al., 2017), only the results obtained 

with the same technique, the drying method (water loss, Equation 2-3), were used for the 

interpretation.  

Table 2-7 Parameters for the Marion et al., 1992 model for binary mixtures. 

 
Solid density 

(Mg/m3) High porosity (LAU, MT) Low porosity (SLA) 

 n (-) e (-) n (-) e (-) 
Non-clay 2.72 0.38 0.61 0.30 0.43 

Clay 2.68 0.21 0.27 0.17 0.20 

 
Figure 2-16 Porosity evolution with the composition, interpreted as a binary mixture. 

Results are shown in Figure 2-16, as porosity versus clay-mineral content. Two representative 

fitting curves (model parameters in Table 2-7) are obtained for higher and lower porosity 

samples. The fitting curves show a good agreement for the data from the deeper samples (low 

porosity). For the shallower (high porosity) samples, the model predicts an overestimated 

decrease in porosity with decreasing clay-mineral content. The model, in fact, assumes that 

when the non-clayey particles increase, they substitute the porous matrix, decreasing the 

overall porosity. Also, the model assumes spherical particles. The incompatible geometry 

between the various grain sizes lead to slightly larger pores at the contact clay/non-clay (e.g., 

Figure 2-12). Therefore the porosity remains higher than what the model would predict.  
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A second model was therefore used in the attempt to reproduce the porosity change with 

decreasing clay content. Considering the structure of Opalinus Clay at the millimetre-

centimetre scale (Section 2.2), it is hypothesised that the samples can be schematized as layered 

materials, alternating two kinds of layer: layers of high clay content, in which the grains are 

embedded, hereafter called shaly layers, and layers of the quartz-calcite structure where pores 

are filled with clay, hereafter called sandy layers (full description in Chapter 6.2.). The 

schematisation follows the microstructural studies on the layers of Opalinus Clay (e.g., Houben 

et al., 2014; Philipp et al., 2017; Seiphoori et al., 2017). Each layer has a porosity, associated 

with the structure and the mineralogical composition. The void ratio of the ensemble is 

calculated as the weighted sum of the void ratio of each layer kind, considering the solid 

volumetric fraction of each layer type: 

2-9 shaly shaly sandy sandye e e   

where e is the total void ratio, eshaly and esandy, the shaly and sandy layer void ratios, shaly  and 

sandy  are the volumetric solid fraction of the shaly and sandy layers, i.e. the solid volume of 

the layer type, over the total solid volume. Void ratios are converted to porosity, and vice-

versa, using Equation 2-4. 

The detailed description of the layer composition and the derivation of the solid fraction of the 

shaly and sandy layers are reported in Chapter 6.2, in which the schematization is used to 

interpret also the mechanical behaviour of the shale. 

The parameters adopted are shown in Table 2-8, reporting for each layer kind the porosity and 

the void ratio of the shaly and sandy layers. As mentioned before, two sets of parameters need 

to be defined for the deep and shallow Opalinus Clay. The results are reported in Figure 2-17. 

For consistency with the first model results, the plot shows porosity versus the gravimetric 

clay-mineral content. 

Table 2-8 Parameters for the layered structure model. 

 
High porosity (LAU, MT) Low porosity (SLA) 

n (-) e (-) n (-) e (-) 

Shaly layer 0.19 0.23 0.13 0.15 
Sandy layer 0.12 0.13 0.05 0.05 
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Figure 2-17 Porosity evolution with the composition, interpreted as a layered structure 

In this hypothesis, the experimental results are better reproduced, and the decrease in porosity 

with the decrease in clay-mineral content is reflected. The two curves for high and low porosity 

samples have the same trend, but the latter is shifted towards lower porosity values.  

2.7. Conclusions 

In this Chapter, the sites from which Opalinus Clay samples were sourced were presented, with 

a focus on the different geological histories and current depths. The workflows for geotechnical 

and microstructural investigations have been discussed. The results show the similarity and 

differences among samples obtained from different sites and among samples sourced from the 

same location. The Opalinus Clay mineralogical components are the same among the various 

samples, although the proportions between them can vary significantly (e.g., clay content 

varying from 15 to 80 wt.%). 

The key impacts of the mineralogical composition, in particular the clay component, on the 

Opalinus Clay porosity has been identified by the comparison of specimens sourced from 

various sites. Higher clay-mineral contents correspond to higher porosity, but to lower pore 

throat diameters. Porosity results from Lausen were found to be in line with Mont Terri results, 

except for the first 20-30 m where the impact of the exhumation on the fissuring is expected. 

The porosity of samples from Schlattingen appears to be considerably lower, likely because of 

a higher impact of diagenesis and maximum burial attributed to the different geological history.  

The variation of porosity with respect to the composition has been interpreted with two 

simplified models: (i) a binary mixture of clay matrix and embedded particles and (ii) 

alternation of clay-rich and quartz-calcite-rich layers. The second leads to a better 

representation of the experimental results, capturing the dependency of the porosity on the 

composition. For both hypotheses, the data corresponding to samples from greater depth 
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Chapter 3 
Hydro-mechanical one-dimensional behaviour of Opalinus Clay from 
various sites  
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porosity is filled with clay particles, shifting the fabric to grain-supported as the quartz content 

increases. Those layers are also found to have a lower porosity compared to the clay layers. As 

a consequence of the layer alternation, it has been assessed that Opalinus Clay samples with 

higher quartz and carbonate contents present higher rigidity (Gräsle and Plischke, 2010) and 

lower volumetric sensitivity to changes in water content (Minardi et al., 2016). The influence 

of carbonate on the strength of Opalinus Clay has been studied in Klinkenberg et al. (2009) and 

a positive correlation between the carbonate content and the strength has been derived in the 

work of Kaufhold et al. (2013).  

For the design of a radioactive waste repository in Switzerland, the range of possible 

construction depths currently considered is between approximately 400 m and 900 m below 

ground. The maximum depth is controlled by construction suitability, while a minimum depth 

is required for safe long-term isolation of the waste (time period to be considered for high-level 

waste: 1 million years and beyond). Therefore, future erosion scenarios need to be developed, 

and the effects of host rock decompaction and repository exhumation need to be assessed as 

part of the long-term safety analysis (ENSI, 2009).  

In 2015, a borehole was drilled close to the village of Lausen, in the Tabular Jura (Switzerland), 

where Opalinus Clay is encountered immediately at the base of Quaternary sediments at a 

shallow depth, from 6 to 71 m, with a sub-horizontal bedding orientation (Vogt et al., 2016), 

and past maximum burial likely well in excess of 1000 m (Mazurek et al., 2006; Nagra, 2002). 

At Lausen, the formation has already experienced exhumation from much greater depth over 

geological time-scales and therefore provides a unique analogue for the evaluation of the long-

term evolution of a repository. The exhumation may be associated with alteration of the shale 

properties, including mechanical degradation, fracture propagation and weathering. 

Geochemical analyses showed signs of weathering of the formation in the uppermost 20-30 m 

(Mazurek et al., 2017). In the same section (down to 20-30 m), cored samples were profoundly 

disturbed by fractures (Vogt et al., 2016), and in situ tests demonstrated high hydraulic 

conductivity (Vogt et al., 2017).  

The analysis of the material hydro-mechanical properties at the laboratory scale, compared to 

samples from greater depths, represents an exceptional opportunity for investigating the effects 

of the erosion of the above strata on the material properties. Little previous research has 

involved heavily overconsolidated Opalinus Clay samples from shallow current depths (e.g., 

Aristorenas, 1992; Bellwald, 1990; Hekel, 1994).  
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similar porosities and compaction response of the Opalinus Clay in Lausen and Mont Terri, 

one could hypothesise that the formation in the two sites has had a similar depth history. 

The sequence of processes that have actually occurred represents the link between the two 

testing conditions (remoulded and intact conditions) that are usually adopted, and it can be 

summarized as follow (arrows depicted in Figure 3-19): the soil, after deposition, was subjected 

to compaction and diagenetic processes that induced the reduction in porosity and a decrease 

in the compressibility of the formation. Different levels of compaction and diagenesis led to 

different void ratio reductions. Afterwards, in the shallowest site, geological phenomena 

caused a substantial vertical stress decrease, bringing the formation to a very low depth and 

stress level, and leading to a slightly higher void ratio.  

 
Figure 3-19 Mechanics of porosity reduction: comparison of the data from different sites and in remoulded and intact 
conditions. Data of MT and SLA from Favero et al. (2016). 

From the mechanical information gathered from the testing programme, an idealised 

exhumation path can be drawn to predict void ratio evolution by one-dimensional unloading 

(due for instance to the erosion of the above strata) from the in situ initial conditions (the 

measured sample porosities and the current depths). It is hypothesised that the elastic unloading 

processes are according to the measured swelling indexes until the minimum considered depth 

of 10 m. For each specimen, the initial effective stress was computed considering the current 

overburden and hypothesising the water table at ground level; a depth of 300 m was considered 

for Mont Terri. The results are reported in Figure 3-20. The void ratios of the as-received cores 
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Figure 3-23 Hydraulic conductivity from oedometric tests (specimens loaded parallel, //, to the bedding planes) compared to 
field data (borehole Lausen). 

3.6. Conclusions 

The results of the experimental study on the hydro-mechanical behaviour of Opalinus Clay 

shale from Lausen and Mont Terri sites are presented. Intact twin specimens, from the same 

depth, have been loaded, mechanically and hydraulically, either parallel or perpendicular to the 

bedding direction. The results have been compared to previous findings on the same formation, 

from sites at greater depths, allowing for an evaluation of the effect of geological uplifting on 

the shale properties.  

The key impacts of the mineralogical composition, in particular the clay component, on the 

Opalinus Clay mechanical parameters have been identified by the comparison of specimens 

sourced from various sites. It was found that higher clay-mineral contents correspond to higher 

swelling and compressibility indexes, for specimens irrespective of the sourcing depth.  

The anisotropic features of the shallow Opalinus Clay, in terms of oedometric compressibility 

and hydraulic conductivity, have been investigated. The results have shown that, while the 

elastic behaviour is significantly different in the two loading directions, the elasto-plastic 

behaviour is comparable. For high-stress levels, the oedometric moduli in the two loading 

directions tend to be similar, revealing that the differences diminish at high stresses, post-

yielding, where the effect of the prior loading history is reduced.  
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Hydro-mechanical behaviour of the sandy facies of the Opalinus Clay 
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4.1 Introduction 

In the locations currently considered for the final repository, Opalinus Clay formation is 

expected to present both clay-rich sections and quartz-rich lenses. With reference to the 

lithofacies defined in the Mont Terri Underground Rock laboratory, the sandy facies, as 

mentioned in Chapter 2, is characterised by a high degree of variability in the layering 

composition that is visible at the centimetre to the decimetre scale. This heterogeneity, for the 

laboratory samples, has two main consequences.  

The first consequence is related to the difficulties in assigning specific parameters to the 

material. Samples located within a close distance could respond differently to the same hydro-

mechanical load, because of their specific composition and layering configuration. It is of 

primary importance to accurately determine the location and composition of the samples, in 

order to match the hydro-mechanical response with other sources of information (mineralogical 

composition, X-ray images, borehole logging) and determine which are the factors driving the 

different response of apparently similar samples, to predict their behaviour. An extensive 

description of the relation between the material composition and the hydro-mechanical 

properties is provided in Chapter 5 and uses the data from this Chapter, and Chapter 3. 

The second consequence is related to a practical aspect of sample testing: the higher the 

stiffness/strength heterogeneity within a sample, the higher the stress localisation is during any 

applied load, with the consequent risk of sample breakage even during the preparation phase. 

Careful handling of brittle samples of rather big dimensions for preparation (e.g. cylinders with 

a diameter of 50 mm and height of 100 mm, or more) requires long times, increasing the 

possibility of drying, and therefore of causing cracks in the samples. Because of the very low 

permeability of the formation, the sample dimensions are impacting significantly also the 

needed re-saturation and consolidation time. Also, lower strain rates are required to test 

samples in drained conditions compared to undrained conditions, thus increasing the testing 

time. Reducing the drainage length is, therefore, advantageous for the test duration. 

Often, to cope with the very low permeability, in literature, the samples are tested in partially 

saturated conditions. However, the partial saturation and the suction generated inside the 

sample can significantly modify the shale response upon hydro-mechanical testing (e.g., Wild 

et al., 2015; Ferrari et al., 2018; Minardi et al., 2018), and the parameters can be considerably 

overestimated compared to the saturated state. Sample resaturation is particularly crucial since 
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3c) in isochoric conditions, i.e., putting the sample in contact with the water, and preventing 

the swelling deformation that would occur by progressively increasing the radial and 

vertical stress. 

The paths (a, b, c) are reported in Figure 4-2. In the first case (a) the effective stress is brought 

to zero by reducing the suction without any confinement, resulting in the swelling of the 

sample. The free swelling phenomenon is known to be non-elastic, and damage occurs because 

of cracking induced by inhomogeneities of sample texture and saturation (Section 6.6), 

therefore inhomogeneous effective stress distribution. At the end of the saturation, the sample 

is cracked and may behave differently from the original material. In the second case (b), the 

final condition is similar to the in situ condition. However, before the saturation, the sample is 

subjected to an increase in effective stress, which is higher than the initial and the in situ 

condition, and may cause yielding of the sample. Given the uncertainties related to the effective 

stress determination in shales, the maximum effective stress that the sample experienced is in 

this case unknown, yet different from the one of that the formation experienced in situ.  

In the third case (c) the sample volume is kept constant, and, in the isotropic elastic hypothesis, 

the mean effective stress stays constant. The final mean effective stress is supposed to be higher 

than the in situ one and should correspond to the increase in effective stress induced by the 

initial sample desaturation. Although the stress condition at the end of saturation is not 

necessarily the same than the in situ one, the maximum stress experienced during the 

conditioning process is constrained, while it is not in case (b). For the mentioned reasons, it 

was decided to adopt the third methodology to recondition all the samples.  

 
Figure 4-2 Various stress paths, from the in situ condition to the sample resaturation: (a) mean effective stress versus suction, 
(b) mean effective stress versus void ratio.  
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Saturation verification: B-check 

In order to verify the saturation of the samples, B-check tests were performed. The B-check 

test consists in measuring the Skempton B pore water pressure coefficient (Skempton, 1954), 

that corresponds to the increment of pore water pressure induced by an increment of mean total 

stress when isotropic stress is changed in undrained conditions. Undrained conditions are 

imposed by closing the valves of the cell drainage lines; total stress is increased isotropically, 

and the pore water pressure response is registered by a pressure transducer located at the outlet 

of one of the drainage lines. 

While saturating soils, the B value increases until it became equal or very close to unity. On 

the other hand, for stiff geomaterials, such as shales and rocks, the coefficient may assume 

values lower than one even at full saturation (e.g., Gutierrez et al., 2015). These low values are 

due to the compressibility of the solid skeleton, that is comparable to the compressibility of the 

pore water and the solid particles. When saturation is not fully achieved, the measured B value 

increases with increasing backpressure. This fact is due to the increasing degree of saturation, 

and decreasing compressibility of the pore fluid as the backpressure is increased (Wissa, 1969; 

Fredlund, 1976).  

Three to five consecutive isotropic compression increments were performed in undrained 

conditions, and the corresponding B values were computed until they were assessed to be 

reasonably stable (not increasing nor decreasing with total stress changes).  

When dealing with stiff geomaterials, the compressibility of the apparatus can affect the quality 

of the measured B values. Wissa (1969) proposed a correction to the B value to take into 

account the compressibility of the dead volume of water (i.e., the water in the drainage system) 

and the compressibility of the system (tubes and transducers). However, several researchers 

(e.g., Ghabezloo and Sulem, 2010) show that the compressibility of modern types of steel tubes 

and transducers has a negligible impact on the B measurements compared to the dead water 

volume impact. Therefore, the corrected B-values (Bcorrect) were obtained using the following 

formulation (Wissa, 1969; Favero et al., 2018): 

4-2 
1

1
(1 )

correct
L

obs f s

B V K
B V K K K

  

where Bobs is the measured B value, VL is the volume of fluid in the pore-water lines, V is the 

volume of the specimen, K is the bulk modulus of the specimen, Kf bulk modulus of the pore 
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Figure 4-3 Stress paths adopted for the performed triaxial tests. The 4 phases of the tests are highlighted.  

4.4 Test results 

4.4.1 Saturation and B-check 

During saturation, a tendency to swell occurred. The swelling of the samples was constrained 

by increasing the radial and vertical total stress. In Figure 4-4, Figure 4-5, Figure 4-6, the 

saturation phases of the three samples are reported. 
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Figure 4-4 Saturation phase of sample S-1: (a) strains and (b) stress evolution in time. 

 
Figure 4-5 Saturation phase of sample S-2: (a) strains and (b) stress evolution in time. 
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Figure 4-7 Swelling pressure versus sample saturation, in consideration of the allowed swelling strains and initial void ratio. 

At the end of this phase, the saturation was verified by performing B-checks. The measured B 

are reported in Figure 4-8 for samples S-2 and S-3 as a function of the applied backpressure. 

For sample S-2 (Figure 4-8a), the second step failed, and it was excluded by the following 

considerations. B-check for sample S-1 is omitted, as the pressure results were affected by a 

leakage in the drainage line.  

 
Figure 4-8 measured B-values for samples S-2 and S-3 as a function of the applied backpressure.  

As an example, the evolution of the pore water pressure and the mean total stress for sample 

S-3 are reported in time in Figure 4-9. 
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excluded from the figures. As expected, a somewhat brittle behaviour was shown from the 

tested samples. The response upon loading was almost linear up to the peak, and a considerable 

drop in sustained shear stress was observed after the maximum value. After this point, the 

sample starts to separate in two blocks sliding one on the other. The continuity of the sample 

is not anymore ensured from the peak on. Therefore, the radial measurement does not represent 

the response of the overall sample behaviour anymore, but only of the part of the sample where 

the chain system is located; the same applies for the computed volumetric strain (dotted lines 

in Figure 4-16). 

 
Figure 4-16 Synthesis of the performed drained triaxial tests: (a) deviatoric stress and (b) volumetric strain versus axial 
strain. 

4.4.4 Composition and water content 

After each test, the cell was dismantled, and the sample water content was measured by drying 

the whole sample in the oven at 105°C for about one week. The dry weight of the sample was 

measured after a few days of drying, and in a later stage of the drying, to assess the weight 

stabilisation, meaning the drying was completed. The mineralogical composition of the 

samples was performed (Chapter 2).  

The results of the composition are here reported (Table 4-3). 
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5.1. Introduction 

The Opalinus Clay is a shale widely spread in the underground of northern Switzerland and 

southern Germany that has been studied as a possible natural barrier for engineering 

applications such as radioactive waste disposal and CO2 sequestration.  

The shale has a very low porosity and permeability, good self-sealing potential and yet 

relatively high mechanical strength. The combination of these characteristics designates 

Opalinus Clay an ideal geological barrier (Gautschi, 2017). It has a transversely isotropic 

behaviour; in the sedimentation direction, at the centimetre to decimetre scale, the shale 

presents a layered structure, with an alternation of clay-rich and quartz-calcite rich layers, 

whose differences in composition have been attributed to the environmental conditions in the 

coastal basin during the deposition process (Bossart and Thury, 2008). At the scale of the Mont 

Terri Underground Rock Laboratory, several lithostratigraphic sub-units have been identified 

(Nagra, 2002). Due to their predominance in the sites of interest for practical applications, two 

of those facies are of primary importance: the shaly facies (argillaceous shale with quartz-rich 

lenses) and the sandy facies (a marly shale, with lenses of sandstone). Heterogeneities in the 

composition of the sandy facies were identified (Peters et al., 2011). A large part of the research 

has so far focused on the behaviour of the more homogeneous shaly facies of the formation. 

To explore the effect of material variability, e.g. for engineering suitability of underground 

openings, the sandy facies is increasingly of interest. 

The impact of composition on sample porosity at the micrometre scale has been shown by 

microstructural observations (e.g., Houben et al., 2014; Philipp et al., 2017), by laboratory 

measurements at the centimetre scale (e.g., Mazurek et al., 2017; Crisci et al., 2019) and by 

density calibrated tomographic scans at the core scale (e.g., Keller and Giger, 2019). Few 

experimental studies highlighted the effect of the composition on the mechanical behaviour. 

Samples of Opalinus Clay with higher quartz and carbonate contents showed higher rigidity 

(Gräsle and Plischke, 2010), and minor volumetric sensitivity to changes in total suction 

(Minardi et al., 2016), lower compressibility and swelling indexes in one-dimensional 

consolidation (Crisci et al., 2019). Attempts to relate the composition to the shear strength have 

been proposed in Kaufhold et al. (2013), based on triaxial test results obtained on non-saturated 

samples (Gräsle and Plischke, 2011, 2010). The saturation has been shown to play a significant 

role in the mechanical response of shales and gas shales (e.g., Minardi et al., 2016). 
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Figure 5-4 Definition of the elasticity parameters for a transversely isotropic material. 

In transversely isotropic conditions, the elastic laws write as in Equation 5-18. 
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Although it is an independent parameter, G2 is often not measured, because of practical 

difficulties of obtaining it in the laboratory. Several authors proposed correlations, obtained by 

empirical observations, among the other elastic parameters to estimate G2 (e.g., Barden, 1963; 
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5.3.2. Elastic parameters dependency on the composition 

As described in Section 5.2, the structure of the Opalinus Clay can be schematized as a layer 

alternation of shaly and sandy strata. In this section, the elastic properties of the stratified 

material, at the sample scale, are inferred from the behaviour of the single strata. 

Given the stratification of the samples, the elastic properties of a transversely isotropic 

continuum medium can be derived by the properties of the layers (Figure 5-6) as analytically 

derived in several works (Adhikary and Dyskin, 1997; Chou et al., 1972; Gerrard, 1982; 

Salamon, 1968).  

 

Figure 5-6 (a) Stratified medium as alternation of shaly and sandy layers, and (b) continuum homogeneous medium and 
related elastic parameters. 

The equations to move from the single layers properties (Figure 5-6a) to those of a continuum 

homogeneous medium (Figure 5-6b) were derived based on the strain energy equivalence of 

the two media (Salamon, 1968), considering the following hypotheses: 

- each layer is homogeneous and transversely isotropic (or isotropic); 

- the size of the sample is representative of the material; in the presented case, the size is 

representative of the material with a certain shaly volumetric fraction; 

- the material remains continuous after deformation, and no relative displacements occur 

at the interfaces among layers; 

- the variation of stresses and strains across the equivalent medium are negligible. 

The several micro and macrostructural studies (Sections 5.1 and 5.2) that lead to the layered 

structure hypothesis support the validity of the layer homogeneity and transverse isotropy 

hypotheses. The size of the sample (about 76 mm) is considered sufficient to guarantee the 

representativeness of the hydro-mechanical behaviour of the sample with a certain 

composition, i.e., shaly volumetric fraction. The homogeneity of the stress and strain 

distribution is assumed to be valid in the limited strain range adopted for the elastic properties 

estimation. The results will confirm the acceptability of the hypothesis. 
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Table 5-2 Initial void ratio in normally consolidated conditions and compressibility index of a sandy and shaly layer. 

 Sandy 
layer 

Shaly 
layer 

e0,i 0.13 0.27 
Cc,i 0.008 0.047 

The compressibilities (Cc) resulting from the combination between shaly and sandy layers are 

reported in Figure 5-12, that shows the evolution of the oedometric curves with the shaly 

volumetric fraction. The initial void ratio e0,i of each curve is the weighted average of the sandy 

and shaly. Cc is calculated as reported in Equation 5-27. 

 
Figure 5-12 Change in the normal compression line (elasto-plastic compressibility) of Opalinus Clay as a function of the 
shaly volumetric fraction (numbers refer to volumetric percentage).  

The comparison between modelled and experimental compressibility index values is reported 

in Figure 5-13. Compressibility index for several tests on samples coming from three 

investigation sites are reported: Lausen borehole (Crisci et al., 2019), Schlattingen borehole 

(SLA) and Mont Terri Rock Laboratory (MT) (Crisci et al., 2019; Ferrari et al., 2016). In the 

three sites, the Opalinus Clay is found at different depths, and the formation has been subjected 

to different loading histories. The interpretation of the material behaviour as a layered structure 

is in agreement with the experimental increase of compressibility with the shaly volumetric 

fraction increase. The different loading history is likely to be among the causes of the gap 

between model and experiments. The data on samples from the greater depth (SLA) lies in the 

lower part of the group of points, and the layered structure model is overestimating the 

compressibility. However, a limited number of points for each site is available, which may 

hinder a dependency on the diagenetic processes.  
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It has to be noted that the approach considers as an extreme, the case in which the material is 

composed at 100% by shaly layers, that have an average clay content of 67 wt.%. In one case, 

a sample with even higher clay content (L13, Chapter 3, about 80 wt.%) was found. For these 

samples, the proposed model would simulate the material as a 120% shaly volumetric fraction, 

above the maximum possible, although the actual geomaterial may have a different structure 

compared to the proposed one.  

 
Figure 5-13 Comparison between the estimated Compressibility index Cc for a layered material and the experimental results. 
Experimental data from Crisci et al. (2019) and Ferrari et al. (2016). The shaded area is meant to help reading the graph.  

5.5. Shear strength 

The peak and ultimate strength of Opalinus Clay samples tested in saturated triaxial conditions 

are here analysed. The results from the sandy facies (Chapter 4) and shaly facies (Favero et al., 

2018) are compared with the larger dataset of experimental data in Minardi et al. (2019), and 

the impact of the mineralogy on the shear strength is analysed, assuming the layered 

composition presented in Section 5.2. Empirical correlations are drawn between the shaly 

volumetric fraction and the peak and ultimate shear strength.  

5.5.1. Strength evolution with the composition 

The results obtained from drained (Chapter 4 and Favero et al., 2018) and undrained saturated 

triaxial tests (Minardi et al., 2019) are summarised in Figure 5-14. All the results refer to S-

samples. For some tests, either the peak or the ultimate shear strength was not available (e.g., 

in multistage tests). Therefore, not all the points in the peak shear strength plot have a 

corresponding value in the ultimate shear strength plot, and vice-versa.  


































































































































