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This report presents the work performed by GRS as part of the European project DOPAS (Full 
scale Demonstration of Plugs and Seals) under WP 3 task 2 and WP 5 task 1 on “Design and 
technical construction feasibility of the plugs and seals”  and “Performance assessment of plugs 
and seals systems” . This subproject performed more comprehensive experiments on the 
claystone-bentonite mixture in comparison with pure bentonite and bentonite-sand mixture. 
The seal materials were characterized in terms of key geotechnical properties. The sealing 
behaviour of the excavation damaged claystone (EDZ) that will play an important role in the 
long-term seal performance of the plug/seal systems was also studied.
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1 Introduction 

Many countries have chosen argillaceous clay formations for deep geological disposal 

of radioactive waste, such as the Callovo-Oxfordian formation in France /AND 05/ and 

the Opalinus Clay formation in Switzerland /NAG 02/. In Germany, two clay formations, 

the Unterkreide Clay in the north and the Opalinus Clay in the south of Germany, are 

proposed as potential host rock for the disposal of high level radioactive waste (HLW) 

/BGR 07/ and /JOB 15a,b/ and /LOM 15/. 

Depending on the individual geological environments and safety requirements on the 

potential repositories, these countries have developed reference disposal concepts 

/NAG 02/, /AND 05/, /JOB 15a/b/ and /LOM 15/. Various feasible techniques for the 

disposal operations have been developed and demonstrated by large and full-scale 

experiments in the Underground Research Laboratories (URLs), for instance, at the 

Mont-Terri-URL in Switzerland, the MHM-URL in France, and the other URLs in differ-

ent host rocks.  

The European Full-Scale Demonstration of Plugs and Seals project (DOPAS) conduct-

ed during the time period of 09.2012 – 08.2016 is a technology development project to 

improve the adequacy, consistency and industrial feasibility of the plugs and seals de-

signed for safe sealing repositories in different geological formations (clay, salt, crystal-

line/granite) /HAN 13/14/. According to the geological conditions, different types of 

plugs and seals have been designed and demonstrated in the DOPAS project by five 

full-scale experiments: 

1. Full-Scale Seal (FSS) in France;  

2. Experimental Pressure and Sealing Plug (EPSP) in Czech Republic;  

3. Dome Plug (DOMPLU) in Sweden;  

4. Posiva’s Deposition Tunnel Plug (POPLU) in Finland; and  

5. In situ Demonstration Test for Shaft Sealing Components (ELSA) in Germany.  

The materials used for the construction of the plugs and seals are characterized in la-

boratory experiments to provide a robust database for analysing the long-term sealing 

performance of the plug/seal systems. 
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In most of the plug/seal concepts, compacted bentonite-based materials are chosen to 

ensure certain swelling pressures to compress the surrounding damaged rock and to 

achieve low hydraulic conductivity of the whole plug/seal system. As an alternative to 

the bentonite-based materials, crushed claystone produced by excavation of repository 

openings is also considered as backfill/seal material, because of its many advantages 

such as chemical-mineralogical compatibility with the host rock, availability in sufficient 

amounts, low costs of material preparation and transport, and no or less occupancy of 

the ground surface for the excavated claystone. The crushed raw material shall be 

used for backfilling repository openings and, mixed with bentonite, for sealing bore-

holes, drifts, and shafts. In the frame of the previous German national projects /ZHA 

10a/13a/, an investigation programme was performed with the crushed claystone exca-

vated from the MHM-URL. The experiments showed favourable properties of the 

crushed claystone as backfill material and the compacted claystone-bentonite mixture 

as seal material with respect to their barrier functions.  

In task 3.2 of the DOPAS project, GRS performed more comprehensive experiments 

on the claystone-bentonite mixture in comparison with pure bentonite and bentonite-

sand mixture. The seal materials were characterized in terms of key geotechnical 

properties such as compacted density, water uptake and retention capacity, swelling 

pressure and expansion, water permeability and gas migration.  

Additionally, GRS also investigated the sealing behaviour of the excavation damaged 

claystone (EDZ) that will play an important role in the long-term seal performance of 

the plug/seal systems. This important issue was studied with artificially-cracks clay-

stones under relevant in situ conditions, including determination of the long-term de-

formation, damage und induced permeability, moisture effects on deformation and 

strength, fracture closure and permeability reduction, gas migration in damaged and 

resealed states.  

The experimental results on the seal materials and the claystones were evaluated con-

cerning the model prediction of the sealing performance of the plug/seal systems in 

clay formations. The modelling work was performed in task 5.1 by verification and im-

provement of the constitutive models for the hydro-mechanical behaviour of the seal 

materials and the claystones, which are available in the THM computing code CODE-

BRIGHT developed by the Technical University of Catalonia (UPC) /UPC 15/. The vali-

dation of the models was carried out by numerical simulations of various kinds of la-
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boratory experiments performed on the seal materials and claystone using CODE-

BRIGHT.  

This report presents the final work and results achieved by GRS as part of the DOPAS 

project under task 3.2 “characterization of seal materials applied in plug/seal systems” 

and task 5.1 “performance assessment of the plug/seal systems and identification of 

the relevant tools for predicting the behaviour of a complete plug/seal system”. Chapter 

2 gives a short overview of the backfilling/sealing concepts for repositories in clay for-

mations. Chapter 3 highlights the self-sealing behaviour of fractured claystones. The 

geotechnical properties of the investigated seal materials (claystone-bentonite mixture, 

bentonite, and bentonite-sand mixture) are illustrated in chapter 4. The modelling work 

is reported in chapter 5. Finally, main conclusions drawn from the investigations are 

summarized in chapter 6. 

 

 

 

 

 

 

 

 

 

Remarks: 

The report at hand is the final technical report issued after 42 months of the DOPAS 

project. This report supersedes the interim version (D5.5) /ZHA 14a/ issued after 24 

months of the DOPAS project. 
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2 Backfilling and sealing concepts 

The fundamental basis of the geological disposal concepts for radioactive waste is 

generally a multi-barrier system, which comprises the natural geological formations and 

engineered barriers (EBS). The EBS represents engineered materials placed within a 

repository, including the waste form, waste canisters, buffer, backfill, plugs and seals. 

After emplacement of radioactive waste, the disposal boreholes/drifts, access drifts and 

shafts must be backfilled and sealed with suitable materials to prevent release of radi-

onuclides into the biosphere. The engineered barriers are designed to assure the sta-

bility of the repository and of the thermo-hydro-mechanical-chemical (THMC) condi-

tions, and to provide low permeabilities and diffusivities, chemical buffering, and long-

term retardation of radionuclides.  

In deep clay host formations, which are practically impermeable and have sufficiently 

large dimensions, the engineered barriers will play a central role in the disposal system 

ensuring the long-term containment and retardation of radioactive waste. According to 

the characteristics of the clay host rocks at selected potential repository sites, the dis-

posal concepts and the functional requirements on each component of the EBS, refer-

ence backfilling and sealing concepts have been developed in several countries includ-

ing France, Switzerland, Belgium, Germany, and others. Clay-based backfill and seal 

materials and emplacement techniques have been investigated and demonstrated in 

full-scale experiments under realistic repository conditions. Some reference backfill-

ing/sealing concepts for the potential repositories in argillaceous formations are briefly 

represented in the following.  

2.1 Swiss concept 

Fig. 2.1 shows an overview on the Swiss reference backfilling/sealing concept for spent 

fuel / high level radioactive waste (SF/HLW) in the Opalinus Clay at a depth of about 

650 m below the surface /NAG 02/, /OEC 04/, /KOH 15/. The argillaceous formation at 

the potential repository site has a thickness of about 100 m. In order to maximise the 

length of the radionuclide transport to adjacent formations both above and below the 

repository, the horizontal disposal in drifts was selected. The waste emplacement drifts 

and the operation drifts will be excavated in the centre of the formation. SF/HLW will be 

emplaced in horizontal drifts of 2.8 m inner diameter and 800 m length. The disposal 
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drifts are separated by pillars of 40 m width and oriented in the direction of the maxi-

mum principle stress so as to favour the stability. Each canister will be embedded in a 

suitable buffer material that is made of compacted bentonite blocks and of granulated 

bentonite mixture.  

 

Possible layout of a deep repository 

 

SF/HLW drift backfill and seal 

Fig. 2.1  Swiss repository concept for SF and HLW disposal in horizontal drifts in the 

Opalinus clay formation /NAG 02/  
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Sufficiently high density is required for the buffer to ensure adequate long-term sealing 

performance of the bentonite-based material since it directly influence the other safety 

relevant attributes such as mechanical stability, swelling pressure, hydraulic conductivi-

ty to water and gas, porosity and suppression of microbial activity. A saturated density 

of 1.90 g/cm3 (corresponding to a dry density of 1.45 g/cm3) for the bentonite buffer is a 

desirable target and can be achieved by constructing bentonite blocks of a dry density 

of 1.80 g/cm3 on the drift floor and by backfilling bentonite pellets into the remaining 

space using a prototype backfilling machine with five auger conveyers, as demonstrat-

ed in the Full-Scale Emplacement (FE) Experiment at the Mont-Terri URL /MUL 15/.  

Final closure of the repository would involve installation of ~ 40 m long seals of highly 

compacted bentonite in the access drifts and backfilling the ramp with a mixture of ben-

tonite and sand. 

2.2 French concept 

In the French disposal concept, HLW and ILW will be disposed in the Callovo-

Oxfordian argillaceous formation at a depth of about 500 m below the surface /AND 

05/15/. The repository is located on a single level in the middle of the formation with a 

thickness of about 130 m and divided into HLW and ILW disposal areas. Fig. 2.2 shows 

the concept for the French Deep Geological Repository (Cigéo) /AND 15/. 

 

 

Fig. 2.2 French repository concept for HLW and ILW disposal in horizontal bore-

holes and drifts in the Callovo-Oxfordian clay formation /AND 15/ 
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The HLW disposal area includes several hundred disposal boreholes of 70 cm diame-

ter and tens of meters in length. The boreholes are steel-lined to support the surround-

ing rock and to ensure emplacement and potential retrieval of waste packages. No 

buffer material is placed in the disposal cells, but grout is injected in the annular gap 

between the rock wall and the steel liner. The boreholes are sealed with a swelling clay 

core and with two low-pH concrete containment plugs, one at each end.  

The ILW disposal area includes several tens of large-diameter disposal vaults, each 

about 400-500-m long. Waste containers are emplaced in a concrete disposal contain-

er. Vault concrete lining and disposal containers provide a cementitious environment 

for the waste. The gaps between waste packages and vault lining could be left empty 

or backfilled with cementitious material or neutral filler.  

The remaining openings are backfilled and sealed. The excavated host rock is used to 

backfill the drifts, shafts and ramps with the concrete lining maintained. In key posi-

tions, the shafts, ramps, drifts, and disposal vaults will be sealed. Fig. 2.2 shows the 

seal locations. The conceptual designs for the seals are quite similar. Fig. 2.3 illustrates 

an example for a drift seal /FOI 15/. Each seal consists of a swelling clay core and two 

low-pH concrete containment walls. The swelling core provides the required long-term 

sealing performance, whereas the containment walls are to confine the core mechani-

cally. Before installation of the swelling core, the concrete linings in the selected posi-

tions are fully or partly removed, depending on the mechanical strength of the host rock 

there. Shaft and ramp seals will be located in the upper part of the COX formation with 

sufficiently high strength, so that the lining can be fully removed there. For the drift and 

vault seals in the middle part of the formation with less strength, the lining is allowed to 

be partly removed. The removal of the lining ensures a good contact and seal between 

the clay core and the host rock. 

Based on the safety functions, requirements on the seals are specified. For instance, a 

low hydraulic conductivity of 10-11 m/s is currently set for the swelling cores in the drift 

seals, even though the performance assessment modelling has suggested a higher 

value of 10-9 m/s for the seals /WHI 14/. The swelling pressure shall be close to but not 

exceed the effective mechanical stress of 7 MPa and a length of two drift diameters (or 

20 m) at least. Bentonite-based materials such as bentonite pellets and bentonite-sand 

mixture will be used for the swelling cores. The swelling cores have to be constructed 

to be homogeneous and have a good contact with the surrounding rock.  
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Fig. 2.3 French reference drift sealing and backfilling concept /FOI 15/ 

In order to develop confidence in and to demonstrate the feasibility of constructing the 

full-scale seals, large and full-scale experiments have being undertaken in the MHM-

URL and in surface facilities, for instance, FSS /FOI 15/ and NSC /DEL 15/ experi-

ments.  

The FSS Experiment is a demonstrator experiment for the drift seal and carried out 

within the DOPAS project /FOI 15/. The swelling clay core was comprised of bentonite 

pellets and powder in a ratio of 70 % to 30 %. The material was backfilled in a con-

crete-made drift model of 7.6 m diameter and 36 m length. The feasibility of filling the 

drift with recesses in the host rock was demonstrated. After emplacement an average 

dry density of 1.49 g/cm3 was achieved. Fig. 2.4 shows the concept of the FSS seal as 

constructed. 

 

Fig. 2.4 longitudinal view of the FSS experiment made by ANDRA /FOI 15/ 
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The NSC Experiment is a large-scale experiment to evaluate the sealing performance 

of a drift seal itself and the interface between the seal and the surrounding EDZ /DEL 

13/15/. A drift of 5 m long and 4.6 m in diameter was sealed using the compacted ben-

tonite-sand blocks (300 x 200 x 100 mm). The remaining space between the drift wall 

and the seal was filled with bentonite pellets. Fig. 2.5 shows the test layout and a pic-

ture of the seal construction. An average dry density of 1.45 g/cm3 was estimated for 

the constructed seal. 

 

 

Fig. 2.5 General layout of the NSC experiment in the MHM-URL and seal construc-

tion in the drift using bentonite-sand blocks and bentonite pellets /DEL 15/  
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2.3 German concept 

Within the framework of the German R&D project “ANSICHT” /JOB 15a/ for develop-

ment of an integrated methodology to demonstrate the safety of a HLW repository in 

clay formations in Germany, two disposal concepts as well as the associated backfilling 

and sealing concepts have been proposed for two clay host formations respectively: 

the SOUTH concept for the Opalinus Clay in the southern Germany /JOB 15b/ and the 

NORTH concept for lower-cretaceous Clays (Barremium and Hauterivium) in the 

northern part of Germany /LOM 15/. One key point is to demonstrate the integrity of the 

geological and engineered barriers for isolating the waste in the host rock called “con-

tainment rock zone” (CRZ) for a period of 1 million years.  

The Opalinus Clay host rock at the repository model site in the south of Germany is in 

a thickness of 100 to 130 m. The potential repository will be at a depth of about 670 m 

below the ground surface. Due to the limited thickness of the Opalinus clay the horizon-

tal drift disposal, like in the Swiss concept (Fig. 2.1), is the only suitable option since a 

vertical borehole disposal would lead to a very small CRZ only. Fig. 2.6 shows the 

schematic of the disposal drift with concrete liner, backfill and POLLUX casks. The 

drifts have an excavated cross section of about 22-24 m2 and a length of 400 m. With 

regard to temperature limitations in buffer and host rock /JOB 15a/, the distance be-

tween neighbouring casks will be of 23 m and the distance between the drifts of 20 m. 

In the preliminary concept, the casks will be laid down on highly compacted blocks 

consisting of prepared excavated rock material (Opalinus clay). If necessary, expansive 

clay minerals will be added to ensure a sufficient swelling pressure development. The 

remaining spaces in the emplacement drifts will be backfilled using a prepared granu-

late of the same material. The use of the excavated claystone or claystone-bentonite 

mixture as buffer material is desired because of its chemical-mineralogical compatibility 

with the host rock and other advantages. 

The large thickness of about 540 m of the Lower-cretaceous Clay host rock in the 

northern of Germany allows HLW disposal in vertical boreholes with sufficient large dis-

tances to the above and below adjacent formations leading to a much smaller footprint 

of the repository. The main level of the potential repository will be at a depth of ca. 770 

m below the ground surface. Fig. 2.7 illustrates the principle of the vertical borehole 

disposal concept. Vertical boreholes will be drilled to a depth of 27 m. Considering pos-

sibly high rock stresses, the boreholes are lined with steel tubes to prevent breakout of 
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the borehole walls. Three waste canisters are emplaced in an inner steel tube and 

separated with dry sand. This inner casing allows the retrieval of the canisters easily, 

when it is required within 500 years after the disposal. The casing is emplaced on the 

compacted clay-based buffer at the bottom. The remaining annular space between the 

inner and out liners is backfilled with the compacted clay-based ring blocks. The bore-

holes are sealed with plugs at the tops. The utilisation of the excavated claystone is 

desired for the buffers. 

 

 

 

Fig. 2.6  German concept for HLW disposal in horizontal drifts in Opalinus Clay /JOB 

15b/  
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Fig. 2.7 German concept for HLW disposal in vertical boreholes in Lower-

cretaceous Clay /LOB 15/  

A similar principle to ANDRA’s drift backfill/seal concept (Fig. 2.2) is taken into account 

in the German concepts for backfilling and sealing drifts. Fig. 2.8 shows an example of 

the drift plug/seal system proposed for the potential repository in the Lower-cretaceous 

Clay. Subject to mechanical stability demonstration the liner at the sealing element lo-

cation will be removed and several slots will be excavated into the rock. Two seal cores 

will be constructed with compacted clay-based blocks and bentonite pellets filling the 

remaining space between the drift walls and blocks (cf. Fig. 2.5). The seal cores must 

have certain swelling capacity to compress and cut off the EDZ. The seal cores are 

confined by three concrete plugs at each end and in the middle to ensure the mechani-

cal stability. It is also considered to add asphalt/bitumen elements between the seal 

cores and plugs as immediate active seal elements. The remaining space in the drifts 

will be backfilled with the excavated claystone, which is expected to take the long-term 

barrier function.    
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Fig. 2.8 German drift backfilling/sealing concept for the potential repository in Un-

terkreide Clay /LOB 15/  

It is to be pointed out that the EDZ as a crucial component belongs to any plug/seal 

systems because its hydro-mechanical behaviour determines the sealing performance 

of the whole systems.  

Shaft sealing systems, currently under development in the German ELSA project /HER 

15/, will complement the overall sealing system yielding a multi-barrier system consid-

ering redundancy and diversity in sealing elements and sealing material. 
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3 Sealing behaviour of fractured claystone  

Excavation of a repository leads to a concentration of the deviatoric stress in the sur-

rounding rock and results in micro- and macrocracks in the near-field, which may act as 

potential pathways for fluid flow and radionuclide migration into the biosphere. As ob-

served in the URLs at Mont-Terri /BOS 04/ and at Bure /ARM 14/, the damaged zone is 

developed near drift walls and the permeability increases over several orders of magni-

tude.  

However, reconsolidation and sealing of the fractures in the EDZ can be expected due 

to the convergent compression of the surrounding clay rock, the increasing resistance 

of the backfill/seal materials, and the swelling of clay minerals into fracture interstices. 

The closure of the fractures will decrease the hydraulic conductivity, depending on the 

mineralogical components of the clay rock and the hydro-mechanical conditions. As the 

EDZ becomes water-saturated, gas migration through the EDZ may need a sufficiently 

high pressure to overcome the capillary resistance in it.  

For assessment of the sealing performance of the plug/seal systems and hence the 

long-term safety of a repository, the development of the EDZ surrounding the plugs and 

seals has to be precisely characterized, deeply understood, and reliably predicted. This 

important issue has been extensively investigated at the GRS laboratory in the frame  

of the R&D projects EC-NFPRO /ZHA 08a/, EC-TIMODAZ /ZHA 10a/, THM-TON /ZHA 

13a/ and EC-DOPAS project /ZHA 14c/d/. Various laboratory experiments were carried 

out on core samples from the Callovo-Oxfordian (COX) and the Opalinus (OPA) clay 

rocks in order to investigate the long-term deformation, damage and failure strength, 

damage-induced permeability, swelling capacity, self-sealing of fractures, water and 

gas flow in damaged and resealed claystone. The results are presented in the GRS re-

ports and publications /ZHA 08/a/b/, /ZHA 09/, /ZHA 10a/b/, /ZHA 11/, /ZHA 13a/b/, 

/ZHA 14a/b/, /ZHA 15a/b/. A number of scientific papers dealing with the key topics 

were published during the time period of the DOPAS project: 

A. Sealing of fractures in claystone, Journal of Rock Mechanics and Geotechnical 

Engineering (2013) /ZHA 13b/; 

B. Gas migration in damaged and resealed claystone, Geological Society Special 

Publication 415 (2014) /ZHA 14b/; 

C. Deformation of clay rock under THM conditions, Journal of Geomechanics and 

Tunnelling (2015) /ZHA 15a/; 
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D. Stress-strain-permeability behaviour of clay rock during damage and recompac-

tion, Journal of Rock Mechanics and Geotechnical Engineering (2015) /ZHA 15b/. 

This report focuses on the most important issues of damage-induced permeability and 

self-sealing of fractures in claystones, whereas the other topics mentioned above can 

be found in the given documentations.  

3.1 Characteristics of investigated claystones 

The Callovo-Oxfordian claystone (COX) at the -490m level of the MHM-URL and the 

Opalinus claystone (OPA) from the shaly facies at the Mont-Terri-URL have been ex-

perimentally investigated at the GRS laboratory. Both COX and OPA argillaceous for-

mations are results of a specific geological history that lasted hundreds of millions of 

years, beginning with deposition and aggregation of fine-grained particles in sea water, 

followed by sedimentation and consolidation with a concurrent expelling of porewater, 

development of diagenetic bonds between mineral particles, and other processes /AND 

05/, /NAG 02/, BOC 10/. They have been highly consolidated to porosities of 14-18 %. 

The pore sizes mainly range from nanometer scale in between the parallel platelets of 

the clay particles to micro- and mesometer scale between solid particles. The fraction 

of pores smaller than 20 nm amounts to about 60-80% for the clay rocks. On average, 

the COX claystone contains 25-55% clay minerals, 20-38% carbonates and 20-30% 

quartz, while the OPA clay-schist has higher clay contents (58-76%), less carbonates 

(6-24%) and quartz (5-28%). Because of the relatively high clay components, both the 

investigated claystones can be referred as clay rich. The claystone matrix contains ac-

cessory minerals but mainly clay, which consists of particles with strongly adsorbed in-

terlayer water and adsorbed water at the external surfaces. In large pores is bulk water 

mobile. 

3.2 Fracturing-induced permeability 

Mechanical damage and induced permeability changes were determined on COX clay-

stone samples under triaxial compression stresses, whereby deformation of the sam-

ples, gas permeability and wave velocity through them were recorded. Details of the 

tests and results are given in /ZHA 15b/.  
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Fig. 3.1 shows a typical example of the stress-strain-permeability response of the clay-

stone and a conceptual mode of crack evolution during triaxial loading. The establish-

ment of this mode takes into account the micro tomography of localized damage and 

deformation made on the same claystone during triaxial loading /VIG 11/, and also the 

typical fracture pattern observed on the samples after testing. The stress-strain-

permeability behaviour may be characterized in four sequential stages. 

 

 

Fig. 3.1 Stress-strain-permeability behavior of COX claystone including thresholds 

of yield �VY, dilatancy �VD, percolation �VP, and peak failure �VB  
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I. The claystone deforms relatively largely in the very beginning of the load due to 

the closure of the remaining microcracks, and then it follows a linear axial com-

pression �H1, radial extension �H3 and volumetric compaction �Hv until a deviation ap-

pears at a differential stress �VY. The yield point indicates onset of microcracking, 

as detected by shear wave velocity on the Opalinus claystone /POP 07/. The yield 

stress recorded is about 60 % of the peak failure strength �VB. 

II. Further increasing the stress results in a non-linear plastic hardening process with 

an overall volume compaction. This implies that the pre-existing and newly-created 

microcracks mostly keep closed during shearing /VIG 11/. As a result, the initially 

very low permeability does not change much. 

III. When the deviatoric stress reaches a high value �VD close to the peak �VB, the vol-

ume compaction changes over to dilatation due to crack opening. Exceeding the 

dilatancy threshold, the microcracks grow and propagate much faster with further 

loading. Just as some of the neighbouring microcracks coalesce to a continuous 

network through the sample, the permeability begins to rise. The corresponding 

differential stress �VP is usually called percolation threshold. It occurs shortly before 

the peak failure at low lateral stresses �V3 �”������MPa but shortly after the peak at high 

lateral stresses. So it is reasonable to assume �VP �§ �VB. 

IV. Beyond the fracture percolation during the post-failure phase at the residual stress, 

the connection of the cracks results in a spontaneous increase of the permeability, 

accompanied with very small dilatancy. After the crack connectivity is sufficiently 

developed, further deformation is mainly dominated by fracture slipping, so that the 

increase of the fracturing-induced permeability is limited. 

The damage and the resulting permeability change are dependent on the lateral confin-

ing stress. As the confining stress is increased, the inner structure of the claystone be-

comes more compacted and fracturing is inhibited. The deformation becomes progres-

sively from brittle to ductile, as shown in Fig. 3.2. Because high confining stresses sup-

press the initiation, growth and propagation of cracks, the compaction phase before the 

onset of dilatancy lasts longer and the fracture percolation occurs later on at high lat-

eral stresses. The increased permeability is also relatively low at high confining stress-

es. Generally, the critical stresses and strains at yield, dilatancy, percolation, and peak 

failure increase with increasing the lateral confining stress. 
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