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Executive summary 

This report describes an experimental study of 48 separate experiments examining the validity of 

critical stress theory. Two main types of experiment were conducted: 1). Loading-unloading 

tests, where fracture flow was monitored at constant injection pressure as normal load was 

increased in steps to a given level and then reduced back to the starting stress state; 2). Gas 

breakthrough experiments, where gas injection pressure was increased in a pressure ramp at 

constant vertical load. These were conducted with and without active shear. It was found that 

critical stress theory is valid in predicting the preferential flow of gas in relation to the 

orientation of the fracture plane with respect to the maximum horizontal stress direction. 

However, loading unloading experiments showed that understanding the stress history of the 

rocks is of paramount importance and a mere knowledge of the current stress state is insufficient 

in accurately predicting the nature of fluid flow. 

A total of 17 loading-unloading experiments were conducted, all on a 30° slip-plane. The main 

conclusions of this part of the study were; a). During a loading (vertical stress) and unloading 

cycle considerable hysteresis in flow was observed signifying the importance of stress history on 

fracture flow; b). For the case of gas injection the change in flow is chaotic at low normal loads, 

whereas for water injection the flow reduces smoothly with increased normal load; c). Hysteresis 

in horizontal stress observed during unloading demonstrates the importance of the ratio between 

horizontal stress and vertical stress and its control on flow; d). Differences have been observed 

between injection fluids (water and helium), especially the hysteresis observed in flow. For water 

injection flow is only partially recovered during unloading, whereas for gas enhanced flow is 

seen at low normal loads.  

A total of 26 gas breakthrough experiments were conducted on 0°, 15°, 30°, and 45° 

discontinuities; both with and without active shear. All tests were conducted in an identical 

manner. The main conclusions of this part of the study were; a). During gas breakthrough 

experiments episodic flow/fault valve behaviour was seen with a decrease in subsequent peak 

pressures and the form of the pressure response was different during subsequent breakthrough 

events; b). Repeat gas injection testing had shown a consistent gas entry pressure but 

considerably different, non-repeatable, gas peak pressures; c). Differences in gas entry pressure 

were seen dependent on the orientation of the fracture; d). Shear can be seen to reduce the gas 

entry pressure, suggesting that shearing in kaolinite has the opposite effect of self-sealing to gas. 

Other general observations of gas flow along fractures included; a). The flow of fluids through 

clay filled fractures is non-uniform and occurs via localised preferential pathways; b). The 

pressure recorded within the slip-plane showed a negligible fracture pressure and did not vary 

much in all tests. 
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1 Introduction 

Deep geological disposal is being widely considered as a viable option for the safe storage of 

high level radioactive waste. Safe management and disposal of radioactive waste in an isolated 

sub-surface setting is necessary to minimize the long term effects of radioactive waste on the 

biosphere. Deep geological disposal is currently the only available pragmatic solution for the 

storage and safe disposal of radioactive waste in Europe. 

According to the current concepts, high level and long lived radioactive waste and spent fuel are 

intended to be stored/disposed of in a geological disposal facility (GDF) within a stable 

geological formation (host rock) at depth (typically ~50 ï 800 m) beneath the ground surface. 

Hence, the radioactive waste is securely isolated and contained. At depth the rock mass may be a 

naturally fractured environment and the excavation of underground repositories is recognized to 

induce additional fractures (Bossart et al., 2002; Rutqvist et al., 2009). The zone of the host rock 

in the vicinity of the underground opening whose hydromechanical properties are modified as a 

consequence of excavation activities are referred to as excavation damaged zones (EDZ)
1
. The 

interplay of existing fractures and newly formed fractures in the EDZ will result in a complex 

array of fractures around the GDF. Depending on the in situ stress conditions, preferential 

pathways may form along faults, joints and the EDZ. Understanding the significance of such 

fractures and their connectivity in the transmission of repository fluids is of paramount 

importance in the long term storage of radioactive waste in the repository. 

This study aimed to experimentally understand the dependence of different fracture orientations 

and stress states on the transmissivity of repository fluids through both natural and induced EDZ 

fractures. Furthermore, this study attempted to experimentally validate the critical stress theory 

proposed by Barton et al. (1995). 

1.1 COMMON HOST ROCK TYP ES CHOSEN FOR SUBSURFACE RADIOACTIVE 

WASTE DISPOSAL 

The host rock formations considered for radioactive waste disposal can be broadly classified into 

crystalline rock, rock salt, indurated clay, and plastic clay formations. The rock salt, indurated 

clay, and plastic clay formations may self-heal and self-seal with time whereas crystalline 

formations may not do so. However, excavation of repositories in a crystalline formation is 

relatively stable when compared to those of rock salt, indurated clay, or plastic clay. Different 

host rocks behave in diverse ways during the various stages of repository development. During 

the excavation stage construction damage may lead to enhanced flow properties and result in 

stress redistribution. During the open-drift stage ventilation of the repository may modify the 

sealing properties of EDZ considerably. During the course of the early closure stage the effect of 

backfilling, resaturation and heating from waste canisters are likely to modify the properties of 

host rock and the EDZ. The degree of cooling, support degradation and self-sealing will 

influence the flow properties of an EDZ in the late closure stage. An extensive comparison of 

processes and issues associated with different EDZ host rock formations can be found in Tsang 

et al. (2005). A brief summary of different processes and factors affecting the EDZ in different 

host rock types is presented below.  

                                                 
1
 The term EDZ has been used interchangeably in scientific literature to denote either Excavation Disturbed Zone or 

the Excavation Damaged Zone. The definitions of these zones differ for specific host rock types such as crystalline 

rock, rock salt, indurated clay, and plastic clay. Detailed discussion about the terminology and characteristics of the 

Excavation Disturbed Zone or the Excavation Damaged Zone are presented in Tsang et al. (2005). In the present 

study we have adopted the definition of EDZ proposed by Bäckblom et al. (2004) where EDZ is defined as ñthe part 

of the rock mass closest to the underground opening that has suffered irreversible deformation where shearing of 

existing fractures as well as propagation or development of new fractures has occurredò.  
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1.1.1 Crystalline rock 

In crystalline rocks the type of excavation method used can have a profound influence on the 

thickness of the EDZ and the resulting change in permeability. Excavation by drill-and-blast can 

lead to approximately 2 ï 3 orders of magnitude increase in permeability with an EDZ thickness 

of between 10 and 150 cm; whereas the use of a tunnel boring machine will result in only one 

order of magnitude increase in permeability and the thickness of the damage zone is likely to be 

of the order of 1 cm. Stress redistribution following the excavation results in different parts of 

the drift experiencing either tension, compression, or shear. The extent of this stress anisotropy 

may extend up to 2 ï 3 meters beyond the wall of the drift. In the open-drift stage, the EDZ may 

dehydrate and the air flow through the shafts may lead to oxidizing conditions and potential 

chemical and biological activities. In the early closure stage, the presence of faults within the 

EDZ control the swelling pressure imparted by the wetting and swelling of a bentonite buffer and 

bentonite/sand mixture backfill material. During the late closure stage of a repository, the 

inability of the fractures in crystalline rocks to self-seal may cause problems in containing 

radionuclides. However, over a period of thousands of years, clay minerals are expected to 

migrate into the fractures as a consequence of long-term heating and thermohydrologic effects 

and are expected to offer a suitable seal. Moreover, parameters such as in situ stress, density of 

fractures, orientation of fractures, rock strength, and the orientation of the drift with respect to 

the principal stress field needs to be taken into consideration. The Äspö Hard Rock Laboratory 

(Sweden) and the Underground Research Laboratory at Pinawa, Manitoba (Canada) are 

examples of research laboratories which have been studied to experimentally assess the viability 

of radioactive waste disposal in crystalline host rocks. 

1.1.2 Rock salt 

Dilatancy, healing and creep properties of rock salt help minimise the effect of excavation on the 

fluid flow properties in the EDZ during the excavation stage. Ventilation and salt dehydration 

may affect salt creep properties whilst the drift is open. In the early closure stage, the increase in 

humidity is likely to affect the EDZ properties. The heating from the canisters will induce high 

temperature gradients which will in turn affect the creep properties of the salt. During the late 

closure stage self-healing of the fractures and microcracks will occur by means of viscoplastic 

deformation and recrystallization in the presence of brine which will reduce the permeability of 

the rock salt. Irrespective of its excellent self-healing and sealing properties, excavation of 

repositories in rock salt may require the installation of a stiff liner during or immediately after 

excavation which may be problematic. The Asse Mines (Germany) and the Waste Isolation Pilot 

Plant (New Mexico, USA) are examples of research laboratories which have been studied to 

experimentally assess the viability of radioactive waste disposal in rock salt. 

1.1.3 Indurated clay 

In the case of indurated clays, the stress redistribution that results from excavation may give rise 

to strongly anisotropic, deviatoric compression and/or tensile stresses; these result in: a) tensile 

and shear fracturing along bedding planes, and b) vertical extensional or tensile fracturing in 

rock adjoining side walls. Similar to crystalline rocks, rock property parameters, in situ stress 

state, drift orientation relative to bedding plane direction, moisture content of rocks, and drift 

shape play a crucial role in controlling the properties of the EDZ. During the open-drift stage, 

rock creep may result in gallery wall convergence. Dehydration of the host rock due to 

ventilation may result in rock strengthening and contraction. Potential microbiological processes 

may also operate under these conditions. In the early closure stage of the repository, humidity 

increase during resaturation may weaken the rock, enhance creep, and induces closure of 

fractures and faults formed during excavation. However, the influence of transient and spatially 

varying temperature and water-saturation on rock properties is crucial in the early closure stage. 

In the late closure stage self-sealing of fractures may occur via precipitation of infill minerals. 

The Mont Terri Rock Laboratory (Switzerland) and the Laboratory Souterrain Meuse/Haute 
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Marne (Bure, France) are examples of research laboratories which have been studied to 

experimentally assess the viability of radioactive waste disposal in indurated clay rocks. 

1.1.4 Plastic clay 

During the excavation of drifts in plastic clay formations, stress redistributions may result in 

contractant and dilatant processes with induced fracturing. During the open-drift stage of the 

repository, the drift wall moves towards the support offered by the liner. The hydromechanical 

properties of the clay are likely to be modified by drift ventilation and rock dehydration with 

ventilation leading to retardation in self-sealing capability of the rock. The effect of oxidation is 

usually limited to around 1 m into the rock. In the early closure stage, the effect of heating from 

the canister will result in a varying degree of saturation and thermal expansion/contraction and is 

likely to modify the rock properties. The creep rate of plastic clays will be boosted under 

increasing temperature conditions and open fractures are expected to heal. Piezometric studies in 

natural analogues have indicated that open fractures do not extend beyond a metre of the drift 

during simulated heating experiments. In the late closure stage, slow healing of fractures may 

take place during consolidation due to swelling and creep. Ensuing transport of radionuclides is 

likely to occur via diffusion mechanism. The Hades Underground Research Laboratory (Mol, 

Belgium) is an example of a research laboratory which has been studied to experimentally assess 

the viability of radioactive waste disposal in plastic clays. 

1.2 STATE OF STRESS AND DISTRIBUTION OF F RACTURES AROUND THE 

EXCAVATION TUNNELS I N THE EDZ  

The removal of rock mass during underground tunnel excavation significantly alters the local 

stress field (Figure 1). As a result of the redistribution of the in-situ stresses, the rock in the 

vicinity of the EDZ has to accommodate the stress borne earlier by the excavated rock mass. 

Tunnelling methodologies, such as drill & blasting or use of a tunnel boring machine, tends to 

damage the host rock which in combination with the inhomogeneous distribution of stress field 

results in the creation of complex fracture networks around the EDZ (Figure 2). Bossart et al. 

(2004) identified two distinct zones within the EDZ in Opalinus Clay of the Mont Terri 

Underground Research Laboratory (URL). The inner zone extends a metre from the tunnel wall 

made up of interconnected fracture network connected to the tunnel. The outer zone extends 

from the inner zone boundary to approximately 2 m from the tunnel wall and comprises non-

connected unloading fractures (Figure 2). The fracture density decreases away from the tunnel 

wall with the inner zone containing many more fractures than the outer zone. 

The hydromechanical and geochemical modification in the EDZ during excavation may lead to 

one or more orders of magnitude increase in permeability (Tsang et al., 2005). However, the 

extent of this hydromechanical and geochemical modification will be determined by the nature 

of the host rock and the associated physicochemical conditions. Studies by Bossart et al. (2004) 

on the permeability distribution around a test tunnel at the Mont Terri URL on Opalinus Clay 

have shown zones of high permeability located within the first 10 ï 20 cm within the inner zone 

of the EDZ with permeability values in the range of 10
-11

 to 10
-13

 m
2 

(Figure 3). However, 

between 40 and 100 cm from the tunnel permeability values were up to two orders of magnitude 

lower than in the previous case with typical permeability values in the range of 10
-15

 to 10
-16

 m
2 

(Figure 3) . 
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Figure 1 - Stress trajectories around a non-hydrostatically loaded circular opening, 

such as a tunnel, demonstrating the prevailing stress inhomogeneity adjacent to the 

tunnel wall (from Cuss, 1999). 

 

 

Figure 2 - Complex network of fractures in the EDZ. The density of fractures 

decreases away from the tunnel opening (from Bossart et al., 2002; Bossart et al., 

2004). 
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Figure 3 - Distribution of permeability in a tunnel at Mont Terri URL. Zones within 

10 ï 20 cm of the tunnel exhibited high permeability (1×10
-14

 m
2
) (from Bossart et 

al., 2004). 

1.3 CRITICAL STRESS THEO RY AND RELATED FLUID  FLOW  

The formation of fractures during tunnel excavation provides preferential pathways for fluids 

within the EDZ. The flow of repository fluids (water and/or gas) away from the repository along 

the fracture network will be determined by the fracture density, aperture of the fracture, extent of 

the fracturing, connectivity of the fractures, permeability through the fracture planes, and the 

orientation of the fractures (Barton et al., 1997; Barton et al., 1995; Finkbeiner et al., 1997; 

Rogers, 2003). Previous studies have shown that only some fractures within a fractured system 

act as conduits for fluid movement whereas other fractures do not contribute towards fluid 

movement. Critical stress theory has been proposed to explain these differences in fracture 

conductivities. 

It has been proposed that fractures and faults that are oriented parallel to ůHmax have the lowest 

normal stresses acting across them and therefore will undergo the least amount of closure and 

hence will be the most permeable (Heffer & Lean, 1993). Fractures and faults experiencing the 

least amount of stress will offer minimum resistance to flow and therefore will have relatively 

high permeability. Studies by Laubach et al. (2004) on a number of sedimentary basins in the 

western United States using core permeability datasets, stress measurements, and fluid flow data 

have shown that at a depth greater than three kilometres the open fractures do not parallel the 

ůHmax direction. Hence, in situ stress direction cannot be used as an indicator for predicting 

maximum permeability directions. 

Barton et al. (1995) suggested that fractures whose state of stress is close to the failure criterion 

are likely to be more conductive because of the localised failure as a consequence of large shear 

component acting along the fracture. Such fractures were termed to be critically stressed. To 

apply the critical stress theory for fracture flow, the in situ stress field acting along all the faults 

and fractures are resolved into shear and normal stress components. When the magnitude and 

direction of the stress field has been constrained, the horizontal stress (Ű) and normal stress (ůn) 

acting on a fracture surface can be given by (Jaeger et al., 2007): 
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Ű = ɓ11 ɓ21 ů1 + ɓ12 ɓ22 ů2 + ɓ13 ɓ23 ů3  and 

ůn = ɓ11
2
 ů1 + ɓ12

2
 ů2 + ɓ13

2
 ů3  

Where; ɓij  = directional cosines between the fracture surface and the stress tensor; ů1, ů2, and ů3  

= magnitude of the maximum, intermediate, and minimum principal stresses respectively. 

A three dimensional Mohr diagram (Figure 4) is commonly used to display the stress and 

orientation data. Since the magnitudes of the stresses increase with depth in a borehole all the 

data are normalised with respect to the vertical stress component to facilitate plotting of all data 

points within the same Mohr circle space. The Mohr-Coulomb failure criterion can be used to 

recognize whether a fracture or fault surface is expected to shear under the prevailing stress 

conditions (Figure 4). Assuming conditions of effective stress, the Coulomb failure criterion in 

given as: 

Ű = ɛ (ůn ï Pp) 

Where; ɛ = coefficient of friction; Pp = pore pressure. 

Later studies by Byerlee (1978) proposed that up to normal stresses of 200 MPa, the horizontal 

stress required to cause frictional sliding can be given by the equation: 

Ű = 0.85 ůn  

and for normal stresses above 200 MPa, the horizontal stresses required for sliding can be given 

by the equation: 

Ű = 50 + 0.6 ůn  

The intrinsic shear strength or cohesion of rocks is assumed to be negligible under the crustal 

stress conditions and hence neglected. Critical stress theory proposes that fractures with their 

horizontal stress and normal stress data that fall above the Mohr-Coulomb failure criterion are in 

a critically stressed state and therefore are likely to exhibit enhanced permeability. 

 

Figure 4 - The three-dimensional Mohr diagram displaying the horizontal stress and 

normal stress on faults and fracture surface with respect to the in situ stress field. The 

points lying above the Mohr-Coulomb failure criterion are critically stressed and are 

likely to be conductive. Conversely, the points lying below the Mohr-Coulomb 

failure criterion have not reached the condition for failure and hence will be 

impermeable to fluid flow  (from Rogers, 2003). 

Based on field observations in the Sellafield area, Cumbria, UK, Rogers (2003) suggested that 

maximum flow is unlikely to occur along the ůHmax direction and is more likely to occur along a 

direction ± 30 degree to the ůHmax direction (Figure 4). However, detailed studies of the in situ 



CR/13/001  Version 1.0 23/10/2013  

 7 

stress distribution at Sellafield confirmed that a majority of fractures lie below the Mohr-

Coulomb failure criterion and are not critically stressed (Reeves, 2002; Figure 5). Experimental 

understanding of critical stress behaviour and variations in fracture orientation in assisting fluid 

(water and gas) flow through discontinuities become important in the light of these uncertainties 

in field observations.   

 

Figure 5 - Detailed in situ stress data from the Sellafield area illustrating that none of 

the fractures are critically stressed at the present time. Flowing fractures are plotted 

on the left and the non-flowing fractures are plotted on the right. 

Analysis of fracture permeability and in situ stress by Ito & Zoback (2000) for fractures in the 

depth range of 3 to 7 km in the KTB scientific drillhole have shown that the permeable faults and 

fracture were aligned close to the Mohr-Coulomb failure envelope for a coefficient of friction of 

0.6. They concluded that critically stressed fractures in the crust are the most conductive to fluid 

flow and non-critically stressed fractures are least conductive. 

Berge et al. (1999) modelled the geomechanical behaviour of the Topopah Springs tuff, Yucca 

Mountain, Nevada by applying the concept of critical stress theory. The zones of enhanced 

permeability were determined following the work of Barton et al. (1995; 1997). Their Thermo-

hydro-mechanical (THM) modelling showed a factor of two increase in permeability for vertical 

fractures and up to a factor of four increase in permeability for fractures with slip movement.  

Analysis of fracture and fluid flow datasets from the geothermal reservoir at Dixie Valley by 

Barton et al. (1998) indicated that the majority of fractures with high permeability were critically 

stressed for frictional failure. However, many non-flowing but critically stressed fractures were 

also encountered in the same area. They concluded that in the Dixie Valley high fault zone high 

permeability was observed only when the individual fractures along with the Stillwater fault 

zone within the area were optimally oriented and critically stressed for frictional failure. 

A review of the role of hydro-mechanical (HM) coupling in fractured rock engineering by 

Rutqvist & Stephansson (2003) concluded that stress-dependant permeability plays a major role 

in rocks containing flat microcracks and macrofractures. They suggested that the fracture 

permeability under varying stress conditions depends on hydraulic properties such as fracture 

permeability and connectivity of the fracture network, and also on mechanical parameters such 

as fracture normal stiffness and fracture shear strength. Additionally, they ascribed the 

enhancement of permeability during shear slip on a critically stressed fracture to mechanisms 

such as brecciation, surface roughness, and breakdown of seals as proposed by Barton et al. 

(1995). 

Talbot & Sirat (2001) studied the hydraulic conductivity in highly fractured granitoid bedrock 

with large range of orientations and complicated deformation histories exposed in the Äspö Hard 

Rock Laboratory in Sweden. Out of ~ 11,000 documented fractured in the locality, only 8 % of 

those fractures appeared to be conductive during initial excavation. The majority of the wet 

fractures were either sub-horizontal, which were prone to thrusting, or sub-vertical with an 

underlying stress regime susceptible to wrench faulting. They concluded that faults favourably 

oriented for slip or dilation in the ambient stress field were most conductive to fluid flow. 

Similar observations were reported in the case of groundwater flow in Monterey Formation, 
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Santa Maria Basin, California by Finkbeiner et al. (1997) and in the vicinity of Yucca mountain, 

Nevada by Ferrill et al. (1999). 

Evans (2005) evaluated the fluid flow properties of critically stressed fractures in a 3.5 km deep 

borehole in granite at the Soultz-sous-Forets Hot Dry Rock (HDR) project site in the 

Rhinegraben area in France. He observed that all 18 naturally flowing fractures were critically 

stressed. Nonetheless, a significant number (~ 500) of fractures were non-flowing irrespective of 

fulfilling the critical stress criterion. He concluded that being critical stressed is a necessary 

condition for fracture flow but not a sufficient criteria for identifying flowing fractures. 

Rutqvist et al. (2009) presented numerical modelling of excavation-induced damage, 

permeability changes and fluid pressure responses during the excavation of a test tunnel in Lac 

du Bonnet granite as part of the tunnel sealing experiment (TSX) at the URL, Canada. They 

observed that the permeability changes during excavation are related to the combined effects of 

disturbance induced by stress redistribution around the tunnel and by the drill-and-blast-

operation. The decrease in mean effective stress at the side of the tunnel and the high horizontal 

stress and strain at the top of the tunnel resulted in permeability increase. The increase in 

permeability at the top of the tunnel was ascribed to the formation of fractures as a consequence 

of a series of microseismic events during excavation. 

An investigation into the stress controlled fluid flow in fractures within the crystalline basement 

of Fennoscandian shield in the Olkiluoto Island (Finland) by Matilla & Tammisto (2012) showed 

that the critical stress theory could not predict which of the fractures were conducting or not. The 

study involved the analysis of fluid flow properties of 38,703 fractures. They observed that 

between a depth range of 0 to 300 metres the majority of the conductive fractures were critically 

stressed. However, at depths of 300 to 800 metres almost all conductive fractures lay well below 

the critical stress criterion. They concluded that the transmissivity of fluids along fractures is 

determined by the normal traction acting across the fractures and suggested the integrated use of 

contemporary stress state in addition to slip & dilation tendency analysis of the fractures to 

predict fluid flow.    

The concept of critical stress has been widely applied in predicting and modelling the fluid flow 

through fractures under in situ stress conditions under many geological settings. The relationship 

between critically stressed fractures and fluid flow from field studies has been inconclusive. 

Moreover, the occurrence of flowing fractures in non-critically stressed rocks, and conversely, 

the presence of non-flowing fractures in critically stressed rocks call for an experimental 

investigation into the conductivity of critically stressed fractures. In order to experimentally 

validate the critical stress theory under controlled hydromechanical conditions, a series of 

experiments were planned and performed using the bespoke Angled Shear Rig at the Transport 

Properties Research Laboratory (TPRL) of the British Geological Survey (BGS). 
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2 Experimental apparatus and methodology 

A variety of different experimental geometries have been employed in the laboratory simulation 

of shear deformation. Different methods have distinct advantages and disadvantages. The most 

commonly used methods in laboratory fracture studies are (after Mogi, 2007):  

A) Conventional direct shear test; 

B) Conventional double-shear test; 

C) Biaxial compression shear test; 

D) Conventional triaxial compression test. 

Schematic representations of the different experimental setups are shown in Figure 6. The 

conventional direct shear test can be used to study large samples with large shear planes. The 

major disadvantage with this kind of experimental setup is that large contact area between the 

top and bottom blocks can result in non-uniform distribution of normal stresses along the 

experimental slip plane. Moreover, larger contact surface area implies that the maximum stresses 

that can be applied to the slip plane are relatively low. In the conventional double-shear test, two 

sliding surfaces are present; this setup also results in inhomogeneous distribution of stresses 

along the slip planes. In a biaxial compression shear test, uniform normal stresses could be 

applied but constant normal stresses cannot be maintained for stick-slip and the stresses that can 

be achieved are quite low. Conventional triaxial compression tests are employed in studies where 

higher stresses are required. The contact area of the slip plane is small and the contact area 

changes with shearing leading to variation in normal stress values. Apart from these fundamental 

shear apparatuses, rotary shear (ring-shear) apparatus are also employed where large 

displacements of the gouge can be achieved by rotary movement of the blocks.  

 

Figure 6 - Common friction test arrangements. a) Conventional shear test. b) 

Conventional double shear test. c) Biaxial test. d) Conventional triaxial test (from 

Mogi, 2007).  

In order to achieve the objective of the present study, conventional direct shear was adopted. A 

bespoke Angled Shear Rig (ASR) was built at the Transport Properties Research Laboratory 

(TPRL), British Geological Survey (BGS), and was employed to validate the applicability of 

critical stress theory in repository scenarios.  

2.1 ANGLED  SHEAR RIG (ASR) 

The ASR (Figure 7) used in the present study is a custom-modified form of the standard soil-

shear apparatus (conventional direct shear apparatus) as outlined by Gutierrez et al. (2000). The 

ASR facilitated independent control of the slip plane orientation, vertical and horizontal stresses, 
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pore pressure, and horizontal displacement (shear) rate. This assisted in experimentally 

understanding the relationship of fracture conductivity and the combined effect of variations in 

fracture orientation and stress conditions. The core components of the ASR are listed below: 

1. Rigid frame that has been designed to withstand the applied vertical and horizontal stresses. 

2. Vertical loading system comprised of a rigid loading beam, a rigid loading frame, two load 

cells, and a hydraulic jack controlled by a servo controlled ISCO syringe pump. 

3. Horizontal force actuator connected in parallel with a load cell. The force actuator was 

capable of a linear horizontal movement as slow as 14 µm a day along a low friction bearing. 

4. Pore pressure system comprised of an ISCO syringe pump connected to a water/gas interface 

vessel that could be used to inject either water or gas at a constant rate or at a constant 

pressure. A schematic of the fluid injection system is shown in Figure 9. 

5. Data acquisition system connected to the pressure transducers, load cells, thermocouples by 

means of acquisition software written in National Instruments LabVIEW
TM

 environment. 

This software also allowed remote monitoring and control of all experimental parameters. 

6. The experimental slip plane assembly consisting of precision machined 316 stainless steel 

top and bottom blocks with dips of 0º, 15º, 30º, and 45º. The top block was connected to the 

vertical loading mechanism by means of a swivel mechanism which was engaged to the 

shoulders on either side of the top block (Figure 8a). 

a b

c  

Figure 7 - Angled shear rig (ASR). a) Photograph of the vertical and horizontal 

loading system. b) Photograph of the angled shear block and the upper platen 

arrangement. c) Schematic of the ASR. 

A fully saturated kaolinite clay sample (80 % gravimetric water content) was placed between 

two stainless-steel blocks forming a 60 × 60 mm slip plane surface and was deformed by 

applying a vertical load and/or horizontal displacement which resulted in a gouge thickness of 
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approximately 70 ± 10 µm. The kaolinite paste was selected for two reasons; firstly it prevented 

cold-welding of the steel blocks, and secondly kaolinite is a low swelling clay which is 

commonly found as fracture fill. 

a b  

Figure 8 - Components of the top block. a) Frontal-view of top block. ñSò depicts 

the shoulders that are engaged to the loading mechanism to impart uniform normal 

stress along the slip plane. b) The bottom-view of the top block showing the central 

pore fluid injection port (P1) and the two orthogonally spaced pore pressure ports (P2 

& P3) to monitor the pore pressure within the slip plane during the course of the 

experiment. 

  

Figure 9 - Fluid injection circuit displaying the servo-controlled ISCO
TM

 injection 

pump and the gas-water interface vessel used to inject helium into the idealised slip 

plane. 
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2.2 SAMPLE PREPARATION A ND EXPERIMENT ASSEMB LY  

The powdered kaolinite (Echantillon Sample ï Supreme Powder) used in the present study was 

acquired from ECC International (presently known as Imerys Minerals Ltd.). Kaolinite paste was 

prepared by adding 16 g of de-ionised water to 20 g of kaolinite powder. The water and kaolinite 

powder were then meticulously stirred for about five minutes giving a kaolinite paste with a 

gravimetric water content of 80 ± 1 %. The paste was smeared uniformly onto the surface of the 

top block, which was then carefully lowered onto the bottom block thus forming a kaolinite paste 

gouge. The initial thickness of the gouge was measured to be 1 ï 2 mm. However, with loading 

the gouge thickness decreased to approximately 70 ± 10 microns. 

The experiments were conducted after carefully setting the load frame of the vertical loading 

system in order to ensure even loading across the width of the slip plane. The pore fluid was 

injected into the centre of the slip plane by means of an injection port (P1) in the top block and 

the distribution of fluid pressures within the slip plane was monitored using two orthogonally 

spaced ports (P2 and P3) positioned 1cm away from P1 (Figure 8b). Whilst setting the 

experiment the pipework and pressure transducers were filled with de-ionised water to ensure air 

volumes in P2 and P3 were minimised. 

2.3 EXPERIMENTAL PROCEDU RE 

A series of experiments (Table 1) were performed to study the fluid flow properties through 

experimental slip planes under different stress conditions. Experiments were performed on slip 

plane orientations of 0º, 15º, 30º, and 45º relative to the maximum horizontal stress direction. All 

the experiments can be broadly categorised into two types: 

1. Loading-Unloading (LU) Experiments  

2. Gas Injection (GI) Experiments  

In a few selected experiments, the effect of shear on fluid flow was investigated in both LU and 

GI experiments. In such cases, the bottom block attached to a servo controlled shear mechanism 

was allowed to move at a fixed rate to induce horizontal movement whereas the top block was 

locked into stationary position. 

2.3.1 Loading-Unloading (LU) Experiments 

In loading-unloading (LU) experiments the vertical stress acting across the slip plane was 

increased and decreased in stages and the corresponding response of flow-rate was monitored. 

As previously stated, vertical load was applied to the slip plane by means of a ISCO syringe 

pump connected to a hydraulic jack. The pressure of the syringe pump was increased in steps of 

1 MPa from 1 MPa up to 14 MPa and subsequently decreased in steps to 1 MPa. As shown in 

Table 2, a 1 MPa increase in pump pressure resulted in a force of 73.95 kg, or a stress of 172 

kPa. The vertical load was controlled within ± 1 kg.f throughout each stage. In the case of LU 

experiments with water, the injection pressure was maintained at 1 MPa. In the case of LU 

experiments with helium a gas pressure in excess of the gas breakthrough pressure was used. Gas 

breakthrough was achieved by systematically increasing the gas injection pressure in steps of 50 

kPa until significant gas flow was detected; gas pressure was then maintained constant and the 

normal load was varied accordingly to test the effect of normal load variation on gas flow. The 

list of LU experiments using water and gas injection fluids are given in Table 1.  
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 Experiment Start date 
Sample 
Material 

Type of test 
Pore 
fluid 

Slip-plane 
orientation 

Gas 
Injection 

test 
number 

1 ASR_Cal01_30 26-Jan-10 None Calibration He  
 
 
 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

2 ASR_Cal02_30    Calibration  

3 ASR_Cal03_30    Calibration  

4 ASR_Cal04_30    Calibration  

5 ASR_Tau01_30wLU 09-Nov-10 Kaolinite LU 
H2O 

30° 

6 ASR_Tau02_30wLUS 10-Dec-10 Kaolinite LU + shear 

7 ASR_Cal05_30xLU 26-Apr-11 Dry kaolin 

LU None 8 ASR_Cal06_30xLU 04-May-11 
Kaolinite 

9 ASR_Cal07_30xLU 09-May-11 

10 ASR_Cal08_30xLU 12-May-11 None Leak test  

11 ASR_Cal09_30xLU 12-May-11 Kaolinite 

LU 

 

12 ASR_Cal10_30xLU 17-May-11 
Dry 

 

13 ASR_Cal11_30xLU 19-May-11  

14 ASR_Cal12_30xLU 20-May-11 Kaolinite  

15 ASR_Tau03_30wLU 24-May-11 Kaolinite 
(100%) 

Pore fluid 
permeability 

test 
 

H2O 16 ASR_Tau04_30wLU 25-May-11 

17 ASR_Tau05_30wLU 27-May-11 

K
a
o

lin
it
e
 (

8
0
%

 s
a
tu

ra
te

d
) 

 

18 ASR_Tau06_30gGI 24-Jun-11 

H
e
liu

m
 

A 

19 ASR_Tau07_30gLU 22-Jul-11 Flow test   

20 ASR_Tau08_30gLU 22-Aug-11 
H

e
liu

m
 g

a
s
 p

e
rm

e
a
b
ili

ty
 (

G
I)

 
  

21 ASR_Tau09_30gGI 27-Sep-11 1 

22 ASR_Tau10_30gGI 10-Oct-11   

23 ASR_Tau11_30gGI 11-Oct-11 2 

24 ASR_Tau12_30gGI 09-Nov-11 3 

25 ASR_Tau13_30gGI 18-Nov-11 4 

26 ASR_Cal13_30xLU 08-Dec-11   

27 ASR_Tau14_30gLU 12-Dec-11   

28 ASR_Tau15_00gGI 14-Feb-12 

0° 

5 

29 ASR_Tau16_00gGI 23-Feb-12 6 

30 ASR_Tau17_00gGI 05-Mar-12 7 

31 ASR_Tau18_15gGI 22-Mar-12 

15° 

8 

32 ASR_Tau19_15gGI 03-Apr-12 9 

33 ASR_Tau20_15gGI 18-Apr-12 10 

34 ASR_Tau21_00gGI 01-May-12 

0° 

11 

35 ASR_Tau22_00gGI 14-May-12 12 

36 ASR_Tau23_00gGI 28-May-12 13 

37 ASR_Tau24_00gGI 06-Jun-12 14 

38 ASR_Tau25_45gGI 19-Jun-12 

45° 

15 

39 ASR_Tau26_45gGI 03-Jul-12 16 

40 ASR_Tau27_45gGI 13-Jul-12 17 

41 ASR_Tau28_00gGIS 25-Jul-12 
0° 

18 

42 ASR_Tau29_00gGIS 06-Aug-12 19 

43 ASR_Cal14_30x 20-Aug-12 
30° 

  

44 ASR_Tau30_30gGIS 29-Aug-12 20 

45 ASR_Tau31_45gGIS 10-Sep-12 45° 21 

46 ASR_Tau32_15gGIS 25-Sep-12 15° 22 

Table 1 ï List of all experiments undertaken as part of the current study. 
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ASR_Tau05_30wLU ASR_Tau07_30gLU 

ISCO Pump 
Pressure (MPa) 

Load cell 
(kg.f) 

ISCO Pump 
Pressure (MPa) 

Load cell 
(kg.f) 

L
O

A
D

IN
G

 

1  73.95 - - 

2  151.40 2  149.18 

3  229.19 3  227.42 

4  304.00 4  302.69 

5  380.46 5  378.97 

6  458.59 6  458.74 

7  538.37 7  538.33 

8  615.83 8  617.43 

9  700.60 9  700.53 

10 781.22 10 779.96 

11  863.66 11  859.56 

12  944.27 12  940.16 

13  1022.89 13  1021.09 

14  1106.15 14  1103.36 

U
N

L
O

A
D

IN
G

 

13  1044.49 13  1042.03 

12  977.68 12  974.56 

11  904.55 11  903.93 

10 826.42 10 830.81 

9  741.49 9  751.04 

8  663.86 8  666.79 

7  579.92 7  596.83 

6  498.64 6  499.29 

5  417.68 5  417.86 

4  336.74 4  336.77 

3  255.45 3  254.01 

2  164.37 2  162.62 

1  79.42 - - 

Table 2 - Variation in load cell reading during variation in ISCO syringe pump 

pressure. 

2.3.2 Gas Injection (GI) Experiments 

All the GI experiments reported here (Table 1) were performed at a pressure of 10 MPa in the 

controlling ISCO syringe pump, giving a load of 782 kg.f (2 MPa vertical load). The gas 

injection rate was controlled using a second ISCO pump as shown in Figure 9. All the GI 

experiments were started at a gas pressure of 4 MPa. It should be noted that the starting volume 

of gas within the water/gas interface vessel was 200 ± 0.2 cc in all GI experiments. Gas injection 

was performed by injecting water into the gas/water interface vessel at a flow rate of 700 µl.h
-1
 

using the ISCO pump. This increased the gas pressure within the interface vessel at a steady rate. 

Boyleôs law allowed gas pressure to be predicted knowing the initial volume and change in 

volume. Gas entry could be determined by carefully comparing the recorded pressure with the 

predicted pressure. When the two values begin to differ it showed that gas was moving into the 

clay gouge. The pressure at which gas entry occurred provided valuable information about the 

dependence of gas flow on the orientation of the slip plane along with the evolution of gas 

pressure after gas breakthrough and the evolution of fluid. 
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2.4 CALCULATION OF FRACT URE TRANSMISSIVITY  

Assuming radial flow of injection fluids (gas or water) from the central injection port (Figure 

10), transmissivity of fluid was determined from flow rate using the equation: 

( )12 /ln

2

rr

TH
Q

p
=  Equation 1 

 

where, Q = flow rate of the fluid (m
3
.s

-1
); T = transmissivity (m

2
.s

-1
); H = pressure head (m); r1  

= radius of the injection tube (m); p/)( 212 LLr = = equivalent outer radius of the slip plane 

surface (m).
 

 

Figure 10 - Plan-view of the slip plane with fluid injection port in the centre and two 

orthogonally located pore pressure sensor ports. The parameters L1, L2, r1, and r2 are 

also depicted. 

Equation 1 can be rewritten as: 

H

rrQ
T

p2

)/ln( 12=  
Equation 2 

 

since,  

g

P
H

f

i

r
=  Equation 3 

 

where; Pi = fluid injection pressure (Pa); ɟf  = density of the fluid (kg.m
-3

); g = acceleration due 

to gravity (m.s
-2

). 

Substituting H in Equation 2 with Equation 3, transmissivity can be determined from the 

following: 

i

f

P

rrgQ
T

p

r

2

)/ln( 12
=  

Equation 4 

 

Hydraulic conductivity can be determined from T by the relation: 

i

f

eP

rrgQ

e

T
K

p

r

2

)/ln( 12
==  

Equation 5 

 

Where; K= hydraulic conductivity (m.s
-1

); e = conducting aperture of the slip plane (m) 
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Permeability can then be determined by the relation: 

i

f

f

f

f

f

eP

rrQ

geH

rrQ

g

K
k

p

m

rp

m

r

m

2

)/ln(

2

)/ln( 1212
===  Equation 6 

 

Where; k = permeability (m
2
); ɛf = dynamic viscosity of the fluid (kg.s

-1
.m

-1
). 

2.5 NOTE ON STRESS CONVENTION  

Stress is described in this report with reference to the experimental apparatus; i.e. stress is 

horizontal (parallel with movement direction of the apparatus) and vertical. Stresses have not 

been converted to normal and shear directions parallel with and perpendicular to the fracture 

orientation. This approach has been adopted as the boundary condition of vertical stress is 

constant in different experiments with fractures at varying angles. Therefore variations observed 

in flow are in part due to differences in normal and horizontal stress at different fracture 

orientation, but illustrate the differences that would be seen in a similar location where multiple 

fracture directions are observed. 
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3 Observations and results 

3.1 FRACTURE TRANSMISSIV ITY EVOLUTION DURING  VARIATIONS IN 

VERTICAL  LOAD  

The effect of loading and unloading on fracture transmissivity was studied by sequentially 

loading and unloading an idealised kaolinite gouge filled slip plane (fracture plane) oriented at 

an angle of 60º to the vertical stress direction by means of a bespoke shear apparatus (Figure 7). 

Both water (de-ionised) and gas (helium) were used as permeants (pore fluids) in order to 

understand the differences in behaviour of water and gas transmissivity. 

3.1.1 Hydraulic flow during loading and unloading through an idealised slip plane 

Two experiments (ASR_Tau01_30wLU and ASR_Tau05_30wLU) were conducted to 

understand the effect of loading and unloading on hydraulic fracture transmissivity. Test 

ASR_Tau01_30wLU was a short duration experiment where vertical load was varied a couple of 

times a day whereas in test ASR_Tau05_30wLU the vertical load was varied once every day. 

3.1.1.1 RESULTS 

Test ASR_Tau01_30wLU comprised of a quick loading-unloading test devised to assess the 

experimental apparatus and to understand how the hydraulic flow along the slip plane was 

affected during variations in vertical load (Figure 11). The kaolinite gouge filled slip plane was 

loaded in stages of 0.2 MPa from 0 to 2.6 MPa and unloaded from 2.6 to 0 MPa in similar 0.2 

MPa steps (Figure 11b). The loading-unloading stages and their respective durations are listed in 

Table 3. The temperature fluctuation during the entire duration of the experiment is shown in 

Figure 11a. An abrupt drop in temperature from 21.4 °C to 20.5 °C was observed around Day 9. 

The variation in flow rate at an injection pressure of 1 MPa in response to variations in vertical 

load was analysed. Flow rate decreased from 87 µl.h
-1

 at 0.2MPa to 5 µl.h
-1
 at 2.6MPa (Figure 

11c&d). During unloading a partial recovery of flow rate to 22 µl.h
-1
 was observed. An abrupt 

increase in flow from 10 µl.h
-1

 to 30 µl.h
-1

 was recorded at Day 9. Similarly, transmissivity 

decreased from 9.3 × 10
-14

 m
2
.s

-1
 to 7 × 10

-15
 m

2
.s

-1
 during loading. Unloading of the slip plane 

surface from 2.6 to 0 MPa resulted in an increase in transmissivity from 7 × 10
-15

 m
2
.s

-1
 to 2.3 × 

10
-14

 m
2
.s

-1
 (Figure 11f). Horizontal stress increased linearly with each vertical load increase 

during loading. However, during unloading considerable hysteresis was observed in horizontal 

stress (Figure 11e). The pore pressures within the slip plane remained low (23 kPa and 15 kPa) 

and unchanged irrespective of the high injection pressures of 1 MPa applied approximately 1 cm 

away from the slip plane pressure sensors (Figure 11g).  

In order to understand the effect of loading and unloading on hydraulic flow in more detail, a 

longer duration repeat experiment ASR_Tau05_30wLU was performed (Table 4). Vertical stress 

was sequentially increased in stages of 0.2 MPa per day to a maximum vertical stress of 2.6 MPa 

(Figure 12). The pore fluid injection pressure was maintained at a constant value of 1 MPa. 

Although no horizontal stress was applied, the increase in horizontal stress as a consequence of 

vertical stress increase was logged throughout the duration of the experiment (Figure 12b). 

During the unloading stage, the vertical stress was decreased in steps of 0.2 MPa from 2.6 MPa 

to 0.2 MPa. 
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 Stage 
Vertical 

stress (MPa) 
Time 

(days) 

L
O

A
D

IN
G

 

1 0.2 0.0 

2 0.4 0.8 

3 0.6 1.3 

4 0.8 1.8 

5 1.0 2.3 

6 1.3 2.8 

7 1.5 3.4 

8 1.7 3.8 

9 1.9 4.3 

10 2.1 4.8 

11 2.3 5.4 

12 2.6 5.8 

13 2.8 6.2 

14 3.0 6.8 

U
N

L
O

A
D

IN
G

 

15 2.6 7.8 

16 2.2 8.3 

17 1.8 8.8 

18 1.3 9.8 

19 0.9 10.3 

20 0.6 10.8 

21 0.4 11.5 

22 0.3 12.0 

23 0.2 12.8 

24 0.1 13.2 

Table 3 - The loading and unloading stages in test ASR_Tau01_30wLU. 

 

Temperature remained uniform at 20.5 ± 0.1 °C throughout the entire duration of the experiment, 

with a few fluctuations of 0.2 °C at Day 17, 18, and 21 (Figure 12a). During loading (stages 1 to 

14), a linear increase of horizontal stress was observed with increase in vertical stress whereas 

during unloading (stages 15 to 27), the horizontal stress showed considerable hysteresis (Figure 

12b,e). The flow rate decreased an order of magnitude from 50 µl.h
-1
 to 5 µl.h

-1
 during loading 

from 0 to 2.6 MPa. During unloading from 2.6 to 0.2 MPa, flow rate doubled from 5 µl.h
-1
 to 10 

µl.h
-1

. Also from 2.6 MPa to 1.0 MPa vertical stress, the flow rate remained more or less 

constant at 5 µl.h
-1

 irrespective of the significant reduction in vertical load (Figure 12c,d). Pore 

pressure within the slip plane recorded much lower pressures (50 ï 80 kPa and 5 ï 25 kPa) than 

the injection pressure (1 MPa) (Figure 12f). Vertical stress to normal stress ratio decreased from 

1.6 to a minimum value of 0.7 during loading and increased to 1.9 during unloading (Figure 

12g). Moreover, a close correlation between the horizontal stress to vertical stress ratio and flow 

rate was observed in the unloading phase particularly when the initial horizontal stress to vertical 

stress ratio of 1.5 was exceeded and the flow rate doubled from 5 µl.h
-1
 to 10 µl.h

-1
. During 

loading, transmissivity decreased from 5 × 10
-14

 m
2
.s

-1
 to 0.6 × 10

-14
 m

2
.s

-1
. However, during 

unloading transmissivity recovered to only 1.1 × 10
-14

 m
2
s

-1
 (Figure 12h). The thickness of the 

kaolinite gouge decreased with loading from 54 µm at a vertical stress of 0.2 MPa to 42 µm at a 

vertical stress of 2.6 MPa. During unloading slip plane width continued to decrease further to 40 

µm before finally recovering to 43 µm after full  unloading. 
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a b

c d

e f

g  

Figure 11 - Results from test ASR_Tau01_30wLU: a) Temperature; b) Loading and 

unloading steps showing the stepwise variation in vertical stress and corresponding 

variations in horizontal stress; c) Hydraulic flow with time; d) Hydraulic flow 

variation with vertical stress; e) Horizontal stress versus vertical stress plot showing 

hysteresis; f) Hydraulic transmissivity; g) Pore pressures within the slip plane. 
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 Stage 
Vertical 

stress (MPa) 
Time (days) 

L
O

A
D

IN
G

 

1 0.2 0 

2 0.4 1 

3 0.5 2 

4 0.7 3 

5 0.9 4 

6 1.1 5 

7 1.3 6 

8 1.5 7 

9 1.7 8 

10 1.8 9 

11 2.0 10 

12 2.2 11 

13 2.4 12 

14 2.6 13 

U
N

L
O

A
D

IN
G

 

15 2.5 14 

16 2.3 15 

17 2.1 16 

18 1.9 17 

19 1.8 18 

20 1.6 19 

21 1.4 20 

22 1.2 21 

23 1.0 22 

24 0.8 23 

25 0.6 24 

26 0.4 25 

27 0.2 26 

Table 4 - The loading and unloading stages in test ASR_Tau05_30wLU. 
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a b

c d

e f

g h  

Figure 12 - Results from test ASR_Tau05_30wLU: a) Temperature; b) Loading and 

unloading steps showing the stepwise variation in vertical stress and corresponding 

variations in horizontal stress; c) Hydraulic flow with time; d) Hydraulic flow 

variation with vertical stress; e) Horizontal stress versus vertical stress plot showing 

hysteresis; f) Hydraulic transmissivity; g) Pore pressures within the slip plane; h) 

Fracture width variation. Since only one eddy-current sensor was used in this 

experiment the decrease in fracture width during unloading might have been a result 

of the tilting of the top block when the vertical stress was decreased. 

 

The abrupt increase in laboratory temperature during unloading is presented in additional detail 

in Figure 13a. Abrupt increases in temperature were detected at Days 17, 18 and 21. 
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Corresponding increase in flow rate and transmissivity were also observed (Figure 13 b&c). 

Figure 13d shows the increase in horizontal stress to vertical stress ratio during unloading.  

a b

c d  

Figure 13 ïDetail of effect of temperature fluctuations during the unloading stages 

in experiment ASR_Tau05_30wLU. a) Temperature; b) Flow rate; c) Transmissivity; 

d) Horizontal stress to vertical stress ratio. The arrows indicate the initial increase in 

horizontal stress to vertical stress ratio during unloading which might be due to the 

movement of the top block during each stepwise decrease in vertical stress. These 

steps also mark the stages where horizontal stress decreases rapidly during unloading 

as shown in Figure 12e.  

3.1.1.2 DISCUSSION 

A comparison of results from experiments ASR_Tau01_30wLU and ASR_Tau05_30wLU 

(Figure 14) shows that an increase in vertical stress resulted in a corresponding linear increase in 

horizontal stress during loading. The hysteresis in horizontal stress observed during unloading 

may be attributed to the cohesive strength of the clay as a result of hydrogen bonding between 

adsorbed water molecules and atomically charged clay mineral surfaces (Ikari & Kopf, 2011; 

Marry et al., 2008). The decrease in flow rate and transmissivity during loading suggests the 

progressive constriction of fluid pathways during loading. The initial dissimilarities in flow rate 

during loading between ASR_Tau01_30wLU and ASR_Tau05_30wLU might have been due to 

the initial packing of the clay platelets and the geometry of the initial pathways formed. 

However, at a vertical stress of 2.6 MPa, flow decreased to a uniform value of 5 µl.h
-1
 

irrespective of the initial flow rates. After complete unloading, flow increased uniformly in both 

tests ASR_Tau01_30wLU and ASR_Tau05_30wLU to 12 ± 2 µl.h
-1
 (Figure 14). The hysteresis 

in flow rate and horizontal stress during a loading and unloading cycle suggests that 

understanding the complete stress history rather than the current stress state is of paramount 

importance in predicting the flow of fluids through fractures. Heterogeneous distribution of pore 

pressures away from the central pore fluid injection port within the idealised slip plane suggests 

that the hydraulic flow through clays occurs via localised channel/s within the slip plane. 

Fluctuations in laboratory temperatures during the course of the experiments revealed an 

inexplicit relationship to fluid flow rates. In ASR_Tau01_30wLU an abrupt decrease in 

temperature of 1 °C on Day 9 from 21.5 °C  to 20.5 °C  resulted in the flow rate increasing from 

5 µl.h
-1
 to 30 µl.h

-1
 and transmissivity values increasing from 0.3 × 10

-14
 m

2
.s

-1
 to 3.3 × 10

-14
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m
2
.s

-1
 (Figure 11 c & f). An increase in temperature in ASR_Tau05_30wLU of 0.2 °C resulted in 

a flow rate increase from 4 µl.h
-1
 to 11 µl.h

-1
 and a corresponding doubling of transmissivity 

from 0.6 × 10
-14

 m
2
.s

-1
 to 1.2 × 10

-14
 m

2
.s

-1
 (Figure 13 a-c). This short-term increase in flow rate 

and transmissivity may be attributed to the thermal expansion and/or contraction of water or 

stainless steel pore fluid pump reservoir and pipe networks with rise or fall in laboratory 

temperature respectively. The exact process responsible for this anomalous observation is 

unclear from the present dataset. The diverse differences in the injection pressure and the 

pressure within the slip plane (Figure 11g & Figure 12g) suggests that the concept of effective 

stress (total stress minus pore fluid pressure) cannot be applied consistently to clays with the 

same assurance as it has been applied in the study of more porous and permeable rocks such as 

sandstones and fractured crystalline rocks (Cuss et al., 2011). 

Kaolinite being a non-swelling clay might behave differently to other swelling clays such as 

montmorillonite, illite and smectite during hydraulic flow. The flow rates in fault gouges filled 

with swelling-clays is expected to be significantly lower compared to that of a non-swelling clay. 

The process of swelling is likely to constrict any open pathways.  Additional experiments with 

swelling clays are necessary to completely understand the hydraulic flow properties through a 

slip plane containing a mixture of swelling and non-swelling clays. 

a b  

Figure 14 ï Comparison of results from experiments ASR_Tau01_30wLU and 

ASR_Tau05_30wLU. a) Horizontal stress versus vertical stress plot. Similar results 

are seen during loading, with only marginally differences seen during unloading; b) 

Flow versus vertical stress. During loading the initial flow rate in 

ASR_Tau01_30wLU were higher (90 µl.h
-1

) than the initial flow rate observed in 

ASR_Tau05_30wLU (50 µl.h
-1
) during the initial part of the loading cycle. After 

loading to 2.6 MPa flow rate decreased to 5 µl.h
-1
 for tests. Both tests also followed a 

similar unloading path. 

3.1.2 Gas flow during loading and unloading through an idealised slip plane 

Three loading and unloading experiments (ASR_Tau07_30gLU, ASR_Tau08_30gLU, and 

ASR_Tau14_30gLU) were conducted with gas injection to understand the effect of stress on gas 

flow through fractures. In all the experiments, vertical load was varied in steps of 0.2 ï 0.3 MPa 

per day. These experiments were performed at gas injection pressures equivalent to the pressure 

at which gas flow was detected (gas breakthrough pressures) which were different in each 

experiment. The injection pressures used were 3.55, 4.95, and 4.45 MPa for 

ASR_Tau07_30gLU, ASR_Tau08_30gLU, and ASR_Tau14_30gLU respectively. The 

experimental stages are listed in Table 5. 

3.1.2.1 RESULTS 

In ASR_Tau07_30gLU, the experimental slip plane was loaded and unloaded in steps at a 

constant gas injection pressure of 3.55 MPa (Figure 15). The temperature within the laboratory 

was maintained at 20 ± 0.25 °C throughout the test (Figure 15a). The vertical stress was 

increased in steps of 0.2 ï 0.3 MPa per day up to a maximum stress of 2.6 MPa and decreased in 
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similar steps to 0.4 MPa and the corresponding variations in gas flow rate were recorded (Table 

5, Figure 15b). As stated earlier, vertical load was varied only after gas flow through the slip 

plane had been achieved. During the loading stages of the experiment, flow rate increased and 

decreased randomly from 100 µl.h
-1

 at 0.4 MPa through 80 µl.h
-1
 at 0.5 ï 0.7 MPa and 117 µl.h

-1
 

at 0.9 ï 1.1 MPa to 225 µl.h
-1
 at a normal stress of 1.3 MPa (see Figure 15 c&d). Subsequent 

loading of the slip plane to a maximum stress of 2.6 MPa resulted in a steady decrease in flow 

rate from 225 µl.h
-1

 to 90 µl.h
-1
. During unloading, gas flow rate increased slowly from 90 µl.h

-1
 

at 2.6 MPa to 144 µl.h
-1
 at 1.2 MPa. Significant increase in flow rate was observed during further 

unloading with flow rate increasing to 186 µl.h
-1

, 360 µl.h
-1
, and 961 µl.h

-1
 at 1.0 MPa,  0.8 MPa, 

and 0.6 MPa respectively (Figure 15d). Horizontal stress increased linearly during loading and 

hysteresis was observed during the unloading stages (Figure 15e). The significant increase in 

flow rate on Day 27 during unloading appears to be related to the corresponding rapid decrease 

in horizontal stress as shown in Figure 15c,e. Pore pressure within the slip plane remained more 

or less unchanged during the entire duration of the experiment irrespective of the high injection 

pressure around 1cm away from the pore pressure sensors (Figure 15f). Horizontal stress to 

vertical stress ratio decreased during loading from 1 to 0.7 and during unloading increased 

remarkably to 1.6 (Figure 15g). Horizontal stress to vertical stress ratios above 1.5 corresponded 

to abrupt increases in flow rate as observed in Figure 15c,d. Similar to fluid flow, transmissivity 

increased and decreased during the initial loading stages up to 1.3 MPa. However, with further 

loading, transmissivity decreased from 1.2 × 10
-17

 m
2
.s

-1
 at 1.3 MPa to 4 × 10

-18
 m

2
.s

-1
 at a 

maximum vertical stress of 2.6 MPa (Figure 15h). During unloading, transmissivity increased 

gradually from 4 × 10
-18

 m
2
.s

-1
 to 7 × 10

-18
 m

2
.s

-1
 at 1.2 MPa vertical stress. With further 

unloading transmissivity of gas increased by up to an order of magnitude to 5.1 × 10
-17

 m
2
.s

-1
 at a 

vertical stress of 0.6 MPa. The thickness of the gouge within the slip plane decreased from 48.1 

µm to 34.5 µm, and during unloading decreased further to 34.1 µm (Figure 15i). 

In experiment ASR_Tau08_30gLU, the kaolinite gouge-filled slip plane was subjected to a 

loading and unloading cycle and the effect of variations in load on gas flow was studied. The 

results are presented in Figure 16. Random increase and decrease in flow rate was observed 

during the initial part of the loading cycle (Figure 16 c&d) as observed in previously. The flow 

rate fluctuated between 165 µl.h
-1

 and 550 µl.h
-1
 during stepwise loading from 0.4 MPa to 1.1 

MPa. Further loading resulted in more or less steady decrease in flow rate from 550 µl.h
-1

 at 1.1 

MPa to 276 µl.h
-1
 at 2.6 MPa. During unloading, flow rate increased gradually from 276 µl.h

-1
 at 

2.6 MPa to 298 µl.h
-1
 at 1.4 MPa. The final unloading step at 0.4 MPa saw a considerable 

increase in flow resulting in approximately 1000 µl.h
-1

. Horizontal stress increased linearly with 

loading and displayed hysteresis during unloading (Figure 16e). The pressure within the gouge 

remained approximately zero throughout the entire duration of the loading and unloading stages 

(Figure 16f). Horizontal stress to vertical stress ratio decreased during loading from 1.0 to 0.7 

and during unloading significantly increased to 1.8 (Figure 16g). The transmissivity of gas 

through the slip plane fluctuated between 6 × 10
-18

 m
2
.s

-1
 and 2 × 10

-17
 m

2
.s

-1
 during the initial 

loading stages and decreased to 1 × 10
-17

 m
2
.s

-1
 (Figure 16h). During unloading of the slip plane 

gas transmissivity increased to 3.8 × 10
-17

 m
2
.s

-1
 at 0.4 MPa vertical stress. Fracture width 

decreased with loading from 65µm to 51µm and during unloading remained relatively constant 

(Figure 16i). 

A third experiment (ASR_Tau14_30gLU) was performed at identical test conditions (Figure 17), 

with the slip plane loaded in steps to a maximum vertical stress of 1.8 MPa followed by 

unloading (Figure 17b). Flow rate fluctuated during the loading stages as observed in the 

previous experiments. The experiment was commenced at a flow rate of 85 µl.h
-1
 at an injection 

pressure of 4.45 MPa and a vertical stress of 0.3 MPa (Figure 17c,d). However, an increase in 

vertical stress to 0.5 MPa resulted in a remarkable increase in flow rate from 85 µl.h
-1
 to 262 

µl.h
-1

. Even though the flow rate fluctuated during loading, the general trend shows a decrease in 

flow rate during loading (Figure 17d). Flow at the maximum vertical stress of 1.8 MPa was 158 

µl.h
-1

. With unloading flow rate increased to 548 µl.h
-1

 at a vertical stress of 0.6 MPa. Hysteresis 
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in horizontal stress was observed during the unloading stages and the pore pressures within the 

fracture remained relatively unaffected during the course of the experiment (Figure 17e,f). 

Horizontal stress to vertical stress ratio decreased from 0.9 to 0.7 during loading and 

subsequently increased to 1.5 during unloading (Figure 17g). Transmissivity of gas through the 

slip plane increased from 3.8 × 10
-18

 m
2
.s

-1
 to 1 × 10

-17
 m

2
.s

-1
 during a slight increase in vertical 

stress from 0.3 MPa to 0.5 MPa (Figure 17h). Further loading resulted in the gas transmissivity 

to decrease randomly to 5.9 × 10
-18

 m
2
.s

-1
 at a vertical stress of 1.8 MPa. During the unloading 

stage, transmissivity increased gradually to 8.4 × 10
-18

 m
2
.s

-1
 at a vertical stress of 1.0 MPa 

followed by an abrupt increase to 2.3 × 10
-17

 m
2
.s

-1
 at a low stress of 0.6 MPa. When vertical 

stress was decreased further to 0.2 MPa, transmissivity increased by an order of magnitude to 1.8 

× 10
-16

 m
2
.s

-1
. Contrary to ASR_Tau07_30gLU and ASR_Tau08_30gLU where only one fracture 

width measuring eddy-current sensor was employed, ASR_Tau14_30gLU used two fracture-

width sensors. The fracture width measured by one sensor showed a decrease in fracture width 

with loading from 10 µm to -9 µm whereas the second sensor showed a corresponding increase 

in from 28 µm to 75 µm (Figure 17i). The opposite behaviour in fracture width evolution was 

observed during the unloading stage. The average fracture width showed unexpected increase 

from 22 µm to 32 µm during loading. However, during unloading the fracture width remained 

constant at 33 ± 1 µm (Figure 17i). 

 

ASR_Tau07_30gLU ASR_Tau08_30gLU ASR_Tau14_30gLU 

Stage 
Vertical 
Stress 
(MPa) 

Time 
(Days) 

Stage 
Vertical 
Stress 
(MPa) 

Time 
(Days) 

Stage 
Vertical 
Stress 
(MPa) 

Time 
(Days) 

L
o

a
d

in
g

 

1 0.4 3 1 0.4 11 1 0.3 28 

2 0.5 5 2 0.5 12 2 0.5 29 

3 0.7 6 3 0.7 13 3 0.7 30 

4 0.9 7 4 0.9 14 4 0.9 31 

5 1.1 8 5 1.1 15 5 1.1 32 

6 1.3 9 6 1.3 16 6 1.3 33 

7 1.5 10 7 1.5 17 7 1.4 35 

8 1.7 11 8 1.6 18 8 1.6 36 

9 1.8 12 9 1.8 19 9 1.8 37 

10 2.0 13 10 2.0 20 ï ï ï 

11 2.2 14 11 2.2 21 ï ï ï 

12 2.4 15 12 2.4 22 ï ï ï 

13 2.6 16 13 2.6 23 ï ï ï 

U
n

lo
a
d

in
g

 

14 2.5 19 14 2.5 24 ï ï ï 

15 2.3 20 15 2.3 25 ï ï ï 

16 2.1 21 16 2.1 26 ï ï ï 

17 1.9 22 17 1.9 27 ï ï ï 

18 1.8 23 18 1.8 28 10 1.7 38 

19 1.6 24 19 1.6 29 11 1.5 39 

20 1.4 25 20 1.4 30 12 1.4 40 

21 1.2 26 21 1.2 31 13 1.2 41 

22 1.0 27 22 1.0 32 14 1.0 42 

23 0.8 28 23 0.8 33 15 0.8 43 

24 0.6 29 24 0.6 34 16 0.6 44 

25 0.4 30 25 0.4 35 17 0.4 45 

Table 5 ï Loading and unloading stages during gas injection loading/unloading 

experiments ASR_Tau07_30gLU, ASR_Tau08_30gLU, and ASR_Tau14_30gLU. 
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a b

c d

e f

g h

i   

Figure 15 ï Results from experiment 

ASR_Tau07_30gLU: a) Temperature; b) 

Vertical and horizontal horizontal stresses; c) 

Gas flow rate; d) Flow versus vertical stress; 

e) Horizontal stress versus vertical stress; f) 

Pore pressure within the slip plane; g) 

Horizontal stress to vertical stress ratio; h) 

Transmissivity; i) Gouge thickness. 
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a b

c d

e f

g h

i  

 

 

Figure 16 ï Results from experiment 

ASR_Tau08_30gLU: a) Temperature; b) 

Vertical and horizontal horizontal stresses; c) 

Gas flow rate; d) Flow versus vertical stress; 

e) Horizontal stress versus vertical stress; f) 

Pore pressure within the slip plane; g) 

Horizontal stress to vertical stress ratio; h) 

Transmissivity; i) Gouge thickness. 
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a b

c d

e f

g h

i     j  

Figure 17 ï Results from experiment ASR_Tau14_30gLU: a) Temperature; b) Vertical and horizontal horizontal 

stresses; c) Gas flow rate; d) Flow versus vertical stress; e) Horizontal stress versus vertical stress; f) Pore pressure 

within the slip plane; g) Horizontal stress to vertical stress ratio; h) Transmissivity; i) Gouge thickness; j) Gouge 

thickness with vertical load. 
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3.1.2.2 DISCUSSION ON GAS INJECTION LOADING-UNLOADING EXPERIMENTS 

The three gas injection loading-unloading experiments were initiated at dissimilar injection 

pressures of 3.55, 4.95, and 4.45 MPa. The injection pressures in these experiments 

corresponded to the pressures at which gas breakthrough was detected. Gas breakthrough 

pressure varied irrespective of identical sample preparation and sample assembly routines. This 

might be attributed to the formation of preferential pathways which exploited a multitude of 

inherent weaknesses within the gouge matrix which may have varied in each experiment. The 

flow rate of gas fluctuated seemingly in a random manner during the initial loading stages of the 

experiments (Figure 18a). However, during further loading a decrease in flow rate was observed. 

The random nature of flow rate variation during the initial loading stages may be due to the 

horizontal movement of the steel blocks during each step wise increase in load which in turn 

affected the geometry and nature of the gas flow-pathways. Flows observed during almost total 

unloading of the fracture were an order of magnitude higher than flow observed during the initial 

loading stages. The significant enhancement of flow during the unloading stages of the 

experiments may also be ascribed to the effect of movement of the steel blocks on the gas flow-

pathways with each stepwise decrease in normal stress. Since different injection pressures were 

applied in each experiment, direct comparisons of the variations in flow rates between the 

different experiments were not attempted here. However, the flow rate of gas has been observed 

to be directly proportional to the injection pressure applied with higher injection pressures 

resulting in higher flow rates and vice versa. In experiment ASR_Tau07_30gLU run at an 

injection pressure of 3.55 MPa, the flow rate recorded at 1.8 MPa normal stress was 112 µl.h
-1
. 

In ASR_Tau14_30gLU performed at an injection pressure of 4.45 MPa, flow rate of 158 µl.h
-1
 

was recorded. In the case of ASR_Tau08_30gLU performed at the uppermost injection pressures 

amongst the experiments reported here, a flow rate of 276 µl.h
-1

 was recorded at a normal stress 

of 1.8 MPa.  

a b

c  

Figure 18 ï Comparison of results from tests ASR_Tau07_30gLU, 

ASR_Tau08_30gLU, and ASR_Tau14_30gLU. a) Flow rate versus vertical stress; b) 

Horizontal stress versus vertical stress showing hysteresis during unloading; c) 

Horizontal displacement with vertical stress.  

Horizontal stress increased linearly with step wise increase in vertical stress during loading. 

However, prominent hysteresis was observed in horizontal stress during the unloading stages of 
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the experiment (Figure 18b). As discussed earlier, this hysteresis may be attributed to the 

cohesive strength of the clay as a result of hydrogen bonding between adsorbed water molecules 

and atomically charged clay mineral surfaces (Ikari & Kopf, 2011; Marry et al., 2008). Even 

though horizontal movement of the top block was prevented as much as possible during the 

course of the experiment by securing the movement of the force actuator, horizontal 

displacements of 100 ï 120 µm were recorded in all the experiments. The amount of horizontal 

displacement appear to be linearly proportional to the degree of vertical loading with 

ASR_Tau14_30gLU which was subjected to a maximum vertical stress of 1.8 MPa recorded a 

horizontal displacement of 98 µm whereas ASR_Tau07_30gLU and ASR_Tau08_30gLU which 

were subjected to a maximum vertical stress of 2.6 MPa underwent horizontal displacements of 

120 µm and 125µm respectively (Figure 18c). Since different gas injection pressures were 

employed in these experiments, the accurate determination of the effect of above mentioned 

horizontal displacement in decreasing the overall transmissivity of gas was not possible. 

However, shear displacement is a well-established self-sealing mechanism and would have 

contributed to some decrease in gas transmissivity and the contribution of shear mechanism in 

the decrease in gas transmissivity observed in these present experiments cannot be entirely ruled 

out. 

3.1.3 Comparison of hydraulic flow and gas flow during loading and unloading 

A direct comparison of the effect of water and gas transmissivity during loading and unloading 

was not feasible because of the different injection pressures used. Irrespective of these 

differences, a general decrease in flow rate was observed during loading in the case of both water 

and gas injection experiments (Figure 19a). Hydraulic flow through the gouge-filled slip plane 

decreased with corresponding increase in normal stress. In the case of gas injection, the flow rate 

through the slip plane decreased and increased with corresponding normal load increase 

suggesting that new gas flow-pathways were being formed during the initial loading stages. In 

the case of water injection experiments, flow rates increased to only 0.25 of the starting flow rate 

during unloading (Figure 14b). However, in the case of gas injection, the flow rates observed 

during the unloading stages were up to an order of magnitude higher than that observed during 

the loading stages (Figure 18a). These observations suggest that the mechanism of gas flow and 

water flow through a gouge filled fracture during loading and stress-relaxation are significantly 

different. The gas flow properties through fractures are likely to be severely influenced by stress 

relaxation during tectonic uplift compared to that of hydraulic flow. Moreover, the pore 

pressures within the experimental slip plane recorded via two orthogonally located pore pressure 

ports located 10 mm from the central injection port remained unchanged throughout the duration 

of the experiment irrespective of the high injection pressure (Figure 8b). This inhomogeneous 

distribution of pore pressures within the slip plane indicates that the fluid flow must have 

occurred via localised fluid pathways within the fracture plane as reported by Cuss et al. (2012).  

In both water and gas injection experiments, horizontal stress increased linearly during loading 

(Figure 14a, Figure 19b). A close correlation between the horizontal stress to vertical stress ratio 

and increase in flow rate was observed during the unloading stage with manifest increase in flow 

rate during unloading occurring when the horizontal stress to vertical stress ratio values were 

above the starting ratio prior to loading. The present observations indicate the importance of 

horizontal stress to vertical stress ratio in determining the rate of fluid flow through fractures as 

reported by Zoback et al. (1985) and Brudy et al. (1997). Prominent hysteresis in horizontal 

stress was observed during the unloading stage and implies that understanding the stress history 

of the fractured rocks is of paramount importance in predicting the fluid flow behaviour. 

Complex stress histories are common for fractured crystalline bedrock which may have 

undergone complex subsidence and uplift histories, with multiple stressing and stress-relaxation 

events. Hence the predictions of fluid flow behaviour through fractures based on mere datasets of 

present-day stress regimes are insufficient and are likely to result in erroneous predictions of 

fluid flow behaviour. 
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a b  

Figure 19 ï Comparison of the hydraulic and gas injection experiments during 

loading and unloading. a) Flow rate versus vertical stress plot for water injection 

experiment ASR_Tau05_30wLU and gas injection experiment ASR_Tau07_30gLU. 

b) Horizontal stress versus vertical stress plot showing identical hysteresis in 

horizontal stress in the case of water and gas injection experiments. 

3.2 FRACTURE TRANSMISSIV ITY EVOLUTION DURING SHEAR 

Test ASR_Tau02_30wLUS was carried out to understand the influence of shear on fracture fluid 

flow. 

3.2.1 Experimental methodology 

The experiment was performed using water as the permeant. The kaolinite gouge filled slip plane 

was subjected to independent variations in vertical load, horizontal displacement rate, and 

injection pressure while keeping other parameters constant. The different stages involved in 

ASR_Tau02_30wLUS experiment are listed in Table 6. 

 

Stage 
Pore pressure 

(kPa) 
Vertical load 
pump (kPa) 

Horizontal 
displacement 

rate (mm.day
-1

) 

TIME 
(days) 

1 1000 5000 0 0.0 

2 1000 10000 0 5.8 

3 1000 1000 0 12.1 

4 1000 1000 0.3 14.2 

5 1000 2000 0.3 17.8 

6 1000 3000 0.3 27.0 

7 1000 3000 0.9 33.9 

8 1000 3000 0 38.1 

9 2000 3000 0 39.8 

10 2000 3000 0 40.1 

Table 6 ï Experimental stages of test ASR_Tau02_30wLUS.  

 

Stages 1 to 3 aimed to understand the effect of vertical stress variation on fluid flow through the 

gouge. In stage 1 the vertical stress was increased to 0.96 MPa while the injection pressure was 

maintained constant at 1 MPa and the resulting flow rate was monitored. In stage 2 at day 5.8, 

the vertical stress was increased from 0.96 MPa to 1.86 MPa while maintaining other parameters 

constant. In Stage 3 the vertical stress was reduced to 0.15 MPa and the effect on flow rate was 

monitored. Stages 3 to 7 were carried out to understand the effect of shearing and vertical load 

on fluid flow through the gouge. In stage 4 the slip plane was displaced horizontally at a rate of 

0.3 mm.day
-1

. In stage 5 the vertical stress was increased from 0.17 MPa to 0.37 MPa and the 

corresponding variation in flow rate was analysed. In stage 6 the vertical stress was increased 
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from 0.37 MPa to 0.56 MPa whilst the sample still underwent shear. The horizontal displacement 

rate was increased from 0.3 mm.day
-1

 to 0.9 mm.day
-1

 in stage 7. Shearing was stopped in stage 

8 and the hydraulic flow rate was monitored. In stage 9 the pore fluid injection pressure was 

increased from 1 MPa to 2 MPa and stage 10 signifies the end of the test. The time duration of 

each stage in ASR_Tau02_30wLUS and the boundary conditions of each stage are listed in 

Table 6.  

3.2.2 Results and discussion 

The results from stages 1 to 3 are shown in Figure 20. In stage 1 at a vertical stress of 0.96 MPa 

and a pore fluid injection pressure of 1 MPa an initial flow rate of 20 µl.h
-1

 was recorded. 

However the flow rate decreased rapidly from to 8 µl.h
-1
 within 7 hours. Subsequently, the flow 

rate further decreased gradually to 2.8 µl.h
-1
 at Day 6. The initial sharp decline in flow rate may 

be attributed to the healing or the blocking of the fluid pathways. Since the pathways constantly 

evolved with time, no steady state flow was reached. The flow rate decreased marginally to 1.4 

µl.h
-1

 when the vertical stress acting on the slip plane was doubled in stage 2 from 0.96 MPa to 

1.86 MPa. Data acquisition problems resulted in a loss of data from days 8.6 to 9.8. However, 

when the vertical stress was decreased in stage 3 from 1.86 MPa to 0.15 MPa, the hydraulic flow 

rate increased from 1.4 µl.h
-1

 to 50 µl.h
-1

. As discussed in section 3.1.1, the hydraulic flow rate 

decreased during an increase in vertical stress and vice versa. 

a b

c  

Figure 20 - Results from stages 1 to 3 of test ASR_Tau02_30wLUS. a) 

Temperature; b) Vertical and horizontal stress; c) Hydraulic flow.  

The hydraulic flow rate under conditions of shear from stage 4 to 8 is shown in Figure 21. The 

temperature of the laboratory remained constant at 20 ± 0.2 °C until day 32.1 when an abrupt 

increase of 0.5 °C occurred. Spikes in hydraulic flow were observed during the temperature 

fluctuation. However the effect of the temperature perturbations was negligible on the overall 

flow rate. At stage 4, the slip plane was subjected to horizontal movement at a rate of 0.3 

mm.day
-1

. As a result of horizontal movement, the hydraulic flow rate decreased significantly 

from 50 µl.h
-1

 to 29 µl.h
-1
. This suggests that shearing is an effective self-sealing mechanism and 

hence fractures undergoing shear are likely to be less conductive to hydraulic flow than fractures 

which are not experiencing any horizontal movement. An increase in vertical stress from 0.17 

MPa to 0.37 MPa in stage 5 with simultaneous horizontal displacement rate of 0.3 mm.day
-1
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resulted in a further reduction in hydraulic flow from 29 µl.h
-1
 to 15 ± 5 µl.h

-1
. The flow rate 

failed to attain steady state conditions even after 10 days (stage 5). An increase in vertical stress 

from 0.37 MPa in stage 5 to 0.56 MPa in stage 6 led to a gradual decrease in flow rate from 15 ± 

5 µl.h
-1

 to 9 ± 1 µl.h
-1

. The horizontal displacement rate was increased from 0.3 mm.day
-1

 to 

0.9mm.day
-1

 during stage 7 resulting in a decrease in flow from 9 ± 1 µl.h
-1
 to 5 ± 1 µl.h

-1
.   

 

a b

c  

Figure 21 - Results from stages 4 to 9 of the ASR_Tau02_30wLUS experiment. a) 

Temperature; b) Horizontal and vertical stress; c) Flow. 

 

a b

c  

Figure 22 - Results from stages 8 and 9 of the ASR_Tau02_30wLUS experiment. a) 

Temperature; b) Horizontal and vertical stress; c) Flow rate. 
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Flow rate remained virtually unchanged at 5 ± 1 µl.h
-1
 when the horizontal movement was 

stopped in stage 8 (Figure 22). This observation suggests that the sealing of fluid flow-pathways 

achieved as a result of shear displacement is perpetual and is not likely to be affected by the 

ending of any shear displacement that the rocks have undergone. The decrease in hydraulic flow-

rate through the kaolinite gouge observed in the present experiment might be due to the stacking 

of individual kaolinite clay platelets in an orientation parallel to its c-axis thus forming a dense 

framework of clay material and concomitant reduction in bulk porosity of the gouge. However, 

shear experiments on intact Opalinus Clay by Cuss et al. (2011) have shown evidence of 

enhanced flow as a result of the formation of new fractures during shearing. An increase in 

hydraulic injection pressure from 1 MPa to 2 MPa during stage 9 resulted in an increase in 

hydraulic flow from 5 ± 1 µl.h
-1

 to 20 ± 7 µl.h
-1

 even though steady state flow was not attained. 

Flow progressively decrease form 50 µl.h
-1

 at a vertical stress of 0.15 MPa to 7 µl.h
-1
 at a vertical 

stress of 0.56 MPa (Figure 23a). From the results presented in Figure 20, Figure 21, and Figure 

22  along with the results presented in Figure 23b, we conclude that an increase in vertical stress 

and shear rate leads to a general decrease in hydraulic flow rate and on the other hand an 

increase in hydraulic injection pressure results in an increase in hydraulic flow rate.  

 

a b  

Figure 23 ï Summary of observations for test ASR_Tau02_30wLUS. a) Variation in 

flow rate with increasing vertical stress; b) Effect of increase in shear rate and 

increase in injection pressure on hydraulic flow rate. 

 

3.2.3 The effect of shearing on hydraulic flow rate 

In order to understand the magnitude of flow rate reduction during shearing, a comparison of 

hydraulic flow rate evolution during loading-unloading experiments with horizontal movement 

(ASR_Tau02_30wLUS) and without horizontal movement (ASR_Tau05_30wLU) was done. 

The results are presented in Figure 24. The initial hydraulic flow rates recorded in the 

experiments ASR_Tau05_30wLU and ASR_Tau02_30wLUS were similar at 49 µl.h
-1
. 

However, in ASR_Tau02_30wLUS the slip plane was subjected to shear at a rate of 0.3 mm.day
-

1
 and the horizontal movement resulted in approximately 40% reduction in hydraulic flow rate 

(Figure 24). With progressive loading of the slip plane under conditions of shear resulted in a 

flow rate of 7 µl.h
-1
 at a vertical stress of 0.56 MPa. On the other hand, under conditions of no 

horizontal movement, vertical stress as high as 2.04 MPa was required to reduce the hydraulic 

flow rate to 7 µl.h
-1
. These observations suggest that shear displacement along a fracture plane is 

an efficient sealing mechanism and the effect of shear on sealing is considerably more 

pronounced than that of the effect of an increase in vertical stress. 
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Figure 24 - The effect of shearing on hydraulic flow, resulting in a 40% reduction in 

flow. 

3.3 INVESTIGATION OF FAU LT -VALVE BEHAVIOUR DUR ING GAS FLOW  

Experiment ASR_Tau06_30gGI was initially planned to understand the effect of loading and 

unloading on the rate of flow of helium gas through a kaolinite gouge-filled experimental slip 

plane. A comparison with the observations of hydraulic flow (test ASR_Tau05_30wLU) could 

then be made. However, the injection pressure of 1 MPa applied was far below the gas 

entry/breakthrough pressures required for gas flow through the slip plane. Consequently it was 

decided to test for gas entry pressures in the current experimental setup and investigate the 

likelihood of studying the fault-valve behaviour during gas flow through fractures.  

3.3.1 Experimental methodology 

Experiment ASR_Tau06_30gGI included 7 stages lasting 28 days in total. Stage 1 was 

performed at a vertical stress of 0.17 MPa and a constant gas injection pressure of 1 MPa, with 

gas flow monitored. Since no gas flow was detected, constant gas injection rate was commenced. 

In stage 2, gas was injected into the slip plane at a constant injection rate of 500 µl.h
-1

 and the 

corresponding increase in gas pressure was monitored. As the gas entry/breakthrough pressure 

was reached an abrupt drop in gas pressure was anticipated. Stages 3 to 7 represent stages of 

discrete gas injection rate where multiple gas breakthrough events occurred. The gas injection 

rates employed in the different stages in ASR_Tau06_30gGI are shown in Figure 25a. 

3.3.2 Results and discussion 

Results for the entire duration of the fault-valve behaviour test (ASR_Tau06_30gGI) are 

presented in Figure 25. Detailed descriptions of the results from each stage of the experiment are 

given below. 
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a

b

c

d  

Figure 25 - Results from the fault-valve behaviour test (ASR_Tau06_30gGI). a) 

Flow rate; b) Vertical stress; c) Gas injection pressure; d) Fracture width. 

a b

c d  

Figure 26 ï Stage 1 ï 2 of the fault-valve behaviour test (ASR_Tau06_30gGI). a) 

Flow rate. In stage 1, no flow was detected. Stage 2 was conducted as a constant flow 

gas injection test; b) Vertical stress; c) Injection pressure; d) Fracture width showing 

an abrupt decrease in gouge thickness after the gas breakthrough event. 


