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increasing offset can lead to elevated permeability. 24 
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Abstract 30 

Understanding and predicting fracture propagation and subsequent fluid flow characteristics 31 

is critical to geoenergy technologies that engineer and/or utilise favourable geological 32 

conditions to store or extract fluids from the subsurface. Fracture permeability decreases non-33 

linearly with increasing normal stress, but the relationship between shear displacement and 34 

fracture permeability is less well understood. We utilise the new Geo-Reservoir 35 

Experimental Analogue Technology (GREAT cell), which can apply polyaxial stress states 36 

and realistic reservoir temperatures and pressures to cylindrical samples, and has the unique 37 

capability to alter both the magnitude and orientation of the radial stress field by increments 38 

of 11.25° during an experiment. We load synthetic analogue materials and real rock samples 39 

to stress conditions representative of 500 - 1000 m depth, investigate the hydraulic 40 

stimulation process, and then conduct flow experiments whilst changing the fluid pressure 41 

and the orientation of the intermediate and minimum principal stresses. High-resolution 42 

circumferential strain measurements combined with fluid pressure data indicate fracture 43 

propagation can be both stable (no fluid pressure drop) and unstable (fluid pressure drop). 44 

The induced fractures exhibit both opening and shear displacements during their creation 45 

and/or during fluid flow with changing radial stress states. Flow tests during radial stress field 46 

rotation reveal that fracture normal effective stress has first order control on fracture 47 

permeability but increasing fracture offset can lead to elevated permeabilities at maximum 48 

shear stress. The results have implications for our conceptual understanding of fracture 49 

propagation as well as fluid flow and deformation around fractures.  50 

 51 

1. Introduction 52 
The hydro-mechanical behaviour of rock fractures is of fundamental importance for a wide 53 

variety of subsurface applications. These include groundwater resources (Gaus & Ó 54 

Dochartaigh, 2000), geotechnical applications such as tunnel excavation (Bossart et al., 55 

2002), radioactive waste disposal (Birkholzer et al., 2018; Fraser Harris et al., 2015; Hudson 56 

et al., 2005; McDermott et al., 2015), carbon capture and storage (McCraw et al., 2016; 57 

McDermott et al., 2016), energy storage (e.g. strategic gas storage, compressed air storage or 58 

hydrogen storage Bai et al., 2018; Heinemann et al., 2018; Kabuth et al., 2017), tight 59 

conventional and unconventional hydrocarbons (Aybar et al., 2014; Fatahi et al., 2017; Guo 60 

et al., 1993; Guo et al., 2014), and geothermal energy (Hu et al., 2020; McClure & Horne, 61 

2014; McDermott et al., 2006; Tomac & Sauter, 2018). In low permeability rocks, extraction 62 

technologies such as unconventional hydrocarbons and geothermal energy, fractures 63 

represent desirable high permeability pathways that facilitate economic fluid flow. Where 64 

interconnected fracture networks do not occur naturally, or are unable to yield economically 65 

viable flow rates, stimulation mechanisms involving injecting pressurised fluid are used to 66 

either generate new fractures (hydraulic fracturing) or reactivate existing fractures (hydro-67 

shearing) increase existing permeability 68 

Many experimental studies have investigated the controlling factors on hydraulic fracture 69 

propagation including stress controls, injection parameters, and interactions with pre-existing 70 

features e.g. bedding planes or fractures. Stress controls on fracture propagation were first 71 

investigated by Hubbert & Willis (1957) who determined the expected orientation of 72 

fractures with respect to the tectonic stresses, assuming tensile (Mode I) failure. Experimental 73 

studies by Chitrala et al. (2013) have shown that both shear and tensile failure modes are 74 

common in hydraulic fracturing, as indicated by focal mechanism data from acoustic 75 
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emissions (AE), while Solberg et al. (1977) showed that whether shear or tensile failure were 76 

the dominant mechanism is stress ratio related. Warpinski et al. (1982) investigated the 77 

important behaviour of fracture containment due to stress contrasts, highlighting this as one 78 

of multiple factors controlling fracture containment via the arrest of fracture propagation. The 79 

main injection parameters of interest have been the fluid viscosity, pressurisation rate or 80 

injection rate, and more recently cyclic injection schemes. Ishida et al. (2004), Stanchits et al. 81 

(2015), Zoback et al. (1977) all show that high viscosity fluid is more likely to lead to stable 82 

fracture propagation based on the conceptual model that high viscosity fluids are unable to 83 

penetrate tight fractures to apply the fluid pressure at the fracture tip (Zoback et al., 1977).  84 

Pressurisation rate or injection rate has been shown to impact breakdown pressures, with 85 

higher rates leading to higher breakdown pressures e.g. (Cheng & Zhang, 2020; Haimson & 86 

Zhao, 1991; Lockner & Byerlee, 1977; Zhuang et al., 2018). In an attempt to reduce 87 

seismicity during hydraulic fracturing and improve efficiency, fatigue hydraulic fracturing 88 

through cyclic injection schemes has been proposed. Hofmann et al. (2018), Patel et al. 89 

(2017), Zhuang et al. (2020, 2019) introduced experimental and field work on cyclic injection 90 

schemes which reduce the breakdown pressure and reduce the maximum amplitude of 91 

associated acoustic emission (AE) events released by fracture generation. The final major 92 

area of research concerning fracture propagation has been the investigation of fracture 93 

propagation with respect to anisotropic mechanical properties and pre-existing interfaces such 94 

as natural fracture networks and bedding planes. Experimental and numerical research has 95 

shown that a larger differential horizontal stress magnitude induces dominant cross-cutting 96 

hydraulic fractures (Bahorich et al., 2012; Hou et al., 2014; Tan et al., 2017; Xu et al., 2015; 97 

Zhou et al., 2008). Cross-cutting fractures are also promoted by a high fracture approach 98 

angle (Blanton, 1982; Gu et al., 2012; Hou et al., 2014), high injection rate and low fluid 99 

viscosity (Beugelsdijk et al., 2000; de Pater & Beugelsdijk, 2005; Fan & Zhang, 2014; Lee et 100 

al., 2014; Zhou et al., 2008), and high shear strength or narrow cemented fractures (Bahorich 101 

et al., 2012; Lee et al., 2014; Sarmadivaleh, 2012; Tan et al., 2017; Zhou et al., 2008). Other 102 

factors of interest are the ratio of the induced hydraulic fracture height to the existing 103 

discontinuity (Bahorich et al., 2012), anisotropy of laminated media (Tan et al., 2017; Xu et 104 

al., 2015), and the fracture density (Fan & Zhang, 2014). Due to the need to understand true 105 

triaxial stress state controls on fracture propagation orientation and interaction, the majority 106 

of experiments necessarily employ true triaxial testing equipment. 107 

Fracture propagation can be inferred from CT scanning (Zhuang et al., 2020), thin section 108 

and image analysis (Patel et al., 2017), as well as post experimental destructive analysis using 109 

dyed fluid e.g. (Cheng & Zhang, 2020). However, these are all post-experimental analyses 110 

that do not capture the propagating fracture front. Fracture propagation is monitored better 111 

through using AEs to reconstruct time series 3D location maps (Hu et al. (2020) and Stanchits 112 

et al. (2015) are recent examples of this); however this is an incredibly time and labour 113 

intensive process. Potential for induced seismicity is often assessed through AE event rates 114 

and magnitude-frequency distributions (Benson et al., 2020; Gehne et al., 2019; Meng & De 115 

Pater, 2011). The majority of hydraulic fracture propagation investigations focus on the 116 

propagation mechanisms, using these methods to better understand the fracture geometries 117 

and networks produced, as well as the likely fracture extent. AEs are also used to show the 118 

accumulation of damage during cyclic injection prior to fracture propagation (Diaz et al., 119 

2020; Zhuang et al., 2020). In some cases following breakdown when fluid injection is 120 

sustained, AEs have been recorded at stable fluid pressures e.g. Hu et al. (2020). In these 121 
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situations it is not possible to ascertain the exact origin of these AEs, as they could be a 122 

consequence of fracture slip, fracture closure/opening, and/or stable fracture propagation. We 123 

investigate an alternative monitoring technique using fibre optic strain sensors to observe in 124 

real-time the propagating fracture front.  125 

Here we utilise the Geo-Reservoir Experimental Analogue Technology (GREAT cell) that is 126 

capable of generating hydraulic fractures under polyaxial stress conditions and maintaining a 127 

hydraulic seal when the propagating fracture reaches the sample edge. We monitor hydraulic 128 

fracture propagation in both synthetic and real rock samples by employing fibre optic strain 129 

sensors attached to the circumference of the sample. These provide circumferential strain data 130 

around the sample with localised strain measurements every ~2.6 mm to a resolution of 1 131 

micro-strain at a frequency of 25 Hz. Circumferential strain has previously been measured 132 

using extensometers (e.g. Hofmann et al., (2016)) but these only provide total/bulk 133 

circumferential strain. Our novel approach, facilitated by the cylindrical design of the 134 

polyaxial GREAT cell, allows us to detail localised deformation associated with fracture 135 

propagation events and their relation to fluid injection pressure to ascertain if stable or 136 

unstable fracture propagation is occurring. 137 

The aim of hydraulic stimulation for either unconventional hydrocarbons extraction or EGS is 138 

to increase fluid flow to production wells in the subsurface through enhanced/generated 139 

fracture permeability. Experimental and numerical investigations of fracture permeability are 140 

an incredibly active area of current research and represent many challenges. In its simplest 141 

form, fracture permeability can be estimated from the fracture aperture (space between the 142 

two fracture surfaces) by approximating the fracture surfaces to two parallel plates 143 

(Witherspoon et al., 1980; Zimmerman & Main, 2003; Zimmerman & Bodvarsson, 1996). 144 

However, fractures are not simply planar parallel plates, and many authors have shown that 145 

taking the mean mechanical aperture (determined from fracture surface characteristics and 146 

used to represent the aperture between parallel plates) will not result in an accurate prediction 147 

of fluid flow (Kulatilake et al., 2008; Renshaw, 1995). The topography of fracture surfaces 148 

leads to significantly more complex behaviours, such as channelization (e.g. Guo et al., 2016; 149 

McDermott et al., 2015), non-linear flow (Konzuk & Kueper, 2004; Zhang & Nemcik, 2013; 150 

Zhou et al., 2015), non-linear relationships between fracture normal stress and effective 151 

hydraulic aperture (e.g. Bandis et al., 1983; Barton et al., 1985; Pyrak-Nolte et al., 1987; 152 

Witherspoon et al., 1980; Zimmerman & Main, 2003), and potential effective hydraulic 153 

aperture change when displacement juxtaposes fracture surface asperities (Chen et al., 2000; 154 

Lee & Cho, 2002; Shen et al., 2020; Vogler et al., 2016).   155 

Of particular interest in unconventional hydrocarbons and EGS is the fluid flow response to 156 

fracture normal stress and shear displacement behaviours. To investigate fracture normal 157 

stress relationships with permeability, many researchers conducted uniaxial experiments 158 

(stress applied in axial direction either with or without jacketing the sample) to show that 159 

increasing normal stress leads to a decrease in permeability (Barton et al., 1985; Gale, 1982; 160 

Pyrak-Nolte et al., 1987; Witherspoon et al., 1980). This has particular importance when 161 

trying to understand fracture closure during the production phase from unconventional 162 

hydrocarbons (Iriarte et al., 2018). Witherspoon et al (1980) used this methodology to 163 

validate the cubic law for normal stresses below 20 MPa. Durham (1997) used a triaxial rig to 164 

perform fracture closure experiments under hydrostatic stress conditions on a fractured 165 

sample from the KTB geothermal site and Lamur et al., (2017) investigated fractured samples 166 
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of different porosity under hydrostatic conditions. Both found a non-linear relationship 167 

between effective stress and permeability while Lamur et al., (2017) showed the greatest 168 

impact of fracture generation was on lower porosity samples. A similarly non-linear 169 

relationship was found when hydraulic properties during fracture closure were investigated 170 

with conventional triaxial experimental equipment on sandstone and shale fractures 171 

containing proppant (Iriarte et al., 2018).   172 

Shear dilation refers to the increase in effective hydraulic aperture as a result of juxtaposing 173 

asperities on each side of the fracture being forced past each other by displacement of the 174 

fracture. Experimental investigations of this phenomenon include static fracture offset tests 175 

(Chen et al., 2000; Hofmann et al., 2016; Zhou et al., 2015), direct shear tests at constant 176 

shear displacement rates (Shen et al., 2020), increasing shear stress (Rutter & Mecklenburgh, 177 

2018), and hydraulically induced dynamic shear tests (Ye & Ghassemi, 2018). Kamali & 178 

Ghassemi (2018) and Ye & Ghassemi (2019) also provide mechanisms and evidence of 179 

fracture displacement leading to enhanced permeability through increased fracture tip stresses 180 

and the coalescence of nearby fractures during shear displacement, as opposed to the 181 

enhancement of permeability of each individual fractures through shear dilation. However, a 182 

consensus on the impact of displacement on permeability is somewhat inconclusive as some 183 

authors indicate that at low fracture normal stresses fracture offset leads to shear dilation that 184 

increases fracture permeability (Lee & Cho, 2002; Ye & Ghassemi, 2018), but at higher 185 

fracture normal stresses, or when dynamic slip behaviour produces wear products, shear 186 

displacement reduces permeability (Rutter & Mecklenburgh, 2018; Shen et al., 2020). 187 

Nevertheless, recent re-analysis of a stimulation operation at Fenton Hills in the 1970s via 188 

numerical modelling suggests that “hydro-shearing” (inducing shear dilation) does have the 189 

potential to produce enhanced fracture network permeability without generating unacceptable 190 

levels of seismicity (Rinaldi & Rutqvist, 2019). 191 

Here we investigate normal stress and fracture offset controls on fracture permeability in an 192 

entirely novel way. Utilising the unique capability of the GREAT cell, we rotate the 193 

anisotropic horizontal stresses in stages within a polyaxial stress field during a fluid flow 194 

experiment in hydraulically generated fractures in rock and synthetic materials to investigate 195 

the relationship between fracture permeability, normal stress, and fracture offset in a 3D 196 

stress field.  197 

 198 

2. Materials and Methods 199 

2.1. Experimental equipment 200 

The Geo-Reservoir Experimental Analogue Technology (GREAT) cell has been built within 201 

the context of a collaboration between the University of Edinburgh, University of Göttingen, 202 

and Heriot Watt University, with the aim of providing testing facilities for large, fractured-203 

rock samples under near-natural stress conditions. GREAT is a novel experimental apparatus 204 

capable of creating controlled, user-defined polyaxial stress states in large (193.75 mm 205 

diameter, 190-205 mm length) cylindrical fractured-rock samples, with the option of flowing 206 

fluids under thermal reservoir conditions (McDermott et al., 2018). Figure 1 shows a 207 

schematic diagram of the GREAT cell set-up under isothermal conditions. Axial load is 208 

applied via the hydraulic press acting on a steel platen on the top of the sample, with a fixed 209 

basal platen on the cell pedestal providing the opposite reaction force. Radial stresses in the 210 

sample are induced by pressurizing eight independently controlled pairs of fluid-filled 211 



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

bladders retained by recesses in the confining vessel. These bladders, termed Pressure 212 

Exerting Elements (PEEs), are separated from adjacent PEEs by Dynamic Sealing Strips 213 

(DSSs) to prevent “pressure cross-talk”. A 2 mm thick Viton™ sheath placed between the 214 

sample and the PEEs and DSSs ensures a good hydraulic seal if the fractures propagate to the 215 

sides of the sample. Pressure control of each PEE pair by the hydraulic circuit depicted in 216 

Figure 1 provides the ability to rotate and/or change the radial stresses during an experiment, 217 

enabling an in-depth investigation of the effect of the state of stress on coupled processes of 218 

non-isothermal fluid flow as well as mass and heat transport in fractured-porous rock 219 

material. Further details on the cell design are given in McDermott et al. (2018). 220 

 221 

 222 

Figure 1: Schematic diagram of the GREAT cell set-up used in the presented experiments. Axial load is applied via the 223 
hydraulic ram, radial stresses in the sample are induced via the fluid pressure in the Pressure Exerting Element pairs 224 
generated by the hydraulic circuit, and fluid is injected into the intact or fractured sample through two optional pump 225 
arrangements depending on the test.  226 

Fluid is injected into the cell through a central fluid port in the top platen (Figure 1). The 227 

system has two potential fluid injection options – a pair of Teledyne Isco 100DX pumps 228 

capable of a maximum pressure of 10,000 psi (68.95 MPa) and maximum flow rate of 50 229 

ml/min used to generate hydraulic fractures, or a Scientific Systems Inc. Column Packing 230 

(CP) pump rated to 1000 psi (6.90 MPa) with a maximum flow rate of 300 ml/min. Fluid 231 

inlet pressure is recorded with a wireless Additel pressure transducer rated to 10,000 psi 232 

(68.95 MPa) in both pump configurations. There are also two options for downstream fluid 233 

pressure control -  a manual backpressure regulator coupled with a an Omega PX409USB 234 

transducer rated to 1500 psi, or the pair of Teledyne Isco 100DX pumps in receive mode (to 235 

accurately monitor fluid flow rates when injecting with the SSI CP pump). 236 

Strain data are recorded using a distributed fibre optic sensor produced by LUNA 237 

Technologies that uses Swept-Wavelength Interferometry to obtain strain data with a 238 

resolution of 1 µε (Gifford et al., 2007). More information of the methodology and the 239 

advantages of this approach can be found in Gifford et al. (2007). The fibre is attached to the 240 

sample in a circumferential arrangement at the axial mid-point, providing a full recording of 241 

the strain at intervals of approximately 2.6 mm, providing 234 strain measurements. For 242 
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hydraulic fracturing data are recorded at 8 Hz (uniform resin) and 25Hz (heterogeneous resin 243 

and greywacke). Fracture fluid flow tests are recorded at 1 Hz. 244 

2.2.  Samples  245 

To investigate both the creation of hydraulically generated fractures, and their subsequent 246 

permeability response under varying polyaxial stress conditions (rotating the radial stresses), 247 

we conduct a series of experiments on three cylindrical low permeability samples – two 248 

synthetic rock analogues, and a greywacke collected from the central belt of Scotland. In each 249 

case the samples are 193.75 mm in diameter, and 200 mm in length.  250 

2.2.1. Synthetic samples 251 

The two synthetic samples are transparent polyester resin and were prepared in-house by 252 

mixing water-clear polyester resin with MEKP catalyst at 1% concentration and casting in 253 

specially designed moulds of High Density Polyethylene (HDPE) in a series of pours (Fraser-254 

Harris et al., 2020). The final diameter and parallel end faces are achieved on a workshop 255 

lathe.  256 

Porosity was measured with a Micromeritics AccuPyc II 1340 helium pycnometer at the 257 

University of Liverpool on three polyester resin samples and found to have a mean of 0.16%, 258 

and a range between 0.08% and 0.22% (with an accuracy of +/- 0.05%, see supplementary 259 

information). The mechanical properties are a function of the accuracy of the fabrication 260 

process and, as such, there is a possible range of Young’s Modulus between 3 - 4 GPa. This 261 

is based on literature data (Aly et al., 2010), modelling (3.85 GPa from McDermott et al., 262 

2018), and in-house jacketed axial compression testing, which reveals a value of 3.11 GPa – 263 

close to the supplier data sheet value of 3.15 GPa. Poisson’s ratio is taken to be 0.4 (Aly et 264 

al., 2010). The jacketed axial compression testing was conducted with the triaxial 265 

deformation rig in the NERC Experimental Geoscience Facility Rock Physics and Rock 266 

Deformation Laboratory at the University of Edinburgh on a standard sized sample (38 mm 267 

diameter, 95 mm length) using a 1 x10-5 s-1 strain rate. The resin, confined to <0.1 MPa, 268 

yields and deforms visco-elastically at approximately 19 MPa (see supplementary 269 

information). As such, we remain below this value for hydraulic fracturing and fluid flow 270 

testing herein. Ultimate tensile strength (UTS) for a fully cured polyester resin given by the 271 

supplier is 40 MPa, although it is clearly stated that this is neither a minimum nor a maximum 272 

for the material due to potential variations in preparation. In addition, composites exhibit rate 273 

dependency (Lee, 2002), changing from visco-elastic behaviour to brittle failure with 274 

increasing strain. Brazilian tensile tests were conducted using an Instron 5969 uniaxial press 275 

at the Experimental Volcanology and Geothermal Research Laboratory at the University of 276 

Liverpool. Nine samples were deformed at three different equivalent diametric strain rates 277 

(three samples each at 1x10-2 s-1, 1x10-3 s-1, and 1x10-4 s-1). Tests reveal that the polyester 278 

resin shows rate dependent behaviour, becoming more compliant but also stronger at slower 279 

strain rates. Mean Brazilian tensile strength from the two most consistent samples at each rate 280 

increases from 17.96 MPa, to 21.69 MPa, and to 27.31 MPa at 1x10-2 s-1, 1x10-3 s-1, and 281 

1x10-4 s-1 respectively (see supplementary information).  282 

Polyester resin is chosen for its ease of constructing samples, flexibility with respect to 283 

introducing heterogeneity during the construction, and its transparency that enables a clear 284 

observation and characterisation of the geometry of the fractures generated. As explained in 285 

Fraser-Harris et al. (2020), the construction of the resin samples is performed in small 286 

incremental pours to avoid heat damage (cracking of the resin as it cures). This process 287 

provides an opportunity to introduce contrasting materials at the interface between two 288 

successive pours, and to do so while also changing the angle of the mould so the orientation 289 
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of the new pour can be controlled (see heterogeneous resin image in Figure 2 for different 290 

orientations of heterogeneity). Using this necessary step-wise process to our advantage, we 291 

create mechanical heterogeneity in one resin sample by including a layer of 5 g of fine-292 

grained sand (40-100 mesh size) on the interfaces between four pours. Using this method we 293 

introduce layers at 40 mm, 70 mm, 95 mm, 150 mm height from the base. In addition to the 294 

four horizontal layers (designed to simulate bedding planes), an inclined plane at 60° to 295 

horizontal is also included (Figure 2) to simulate the presence of a healed pre-existing 296 

fracture (or small fault). Sand-layers introduce mechanical heterogeneity but they do not 297 

affect the hydraulic properties of the encasing resin, and the evidence from the experiments 298 

reveals that the sand grains do not create a permeable pathway due to the complete 299 

encasement of each grain by the resin.  300 

Each resin sample contains a 3 mm central bore 125 mm in length i.e. slightly more than half 301 

the sample length. This wellbore-like hole is for the fluid injection, and the length is designed 302 

to promote a fracture that initiates in the centre of the sample, growing to connect the 303 

injection point with the outlet at the base of the cell, to facilitate fracture flow experiments. 304 

Properties of the resin are summarised in Table 1. 305 

2.2.2. Greywacke 306 

The third sample is a low-porosity, low-permeability greywacke of the Eastgate Sandstone 307 

Member of the Silurian Westgate Formation obtained from a quarry in the central belt of 308 

Scotland, UK (Figure 2). It is composed of fine grained volcanic rock fragments, 309 

monocrystalline quartz, and subordinate plagioclase feldspar, as well as isolated large clasts 310 

of siltstone up to 45 mm in length, 20 mm in width. There is a <0.5 mm thick calcite vein that 311 

dips at approximately 83 degrees away from the central bore, starting at a distance of 38 mm 312 

from the bore at the top of the sample and intersecting the base of the sample 70 mm from the 313 

central axis. The greywacke sample preparation required the development of specific rock 314 

turning and grinding machinery designed and assembled in-house. The end faces were 315 

ground parallel and the diameter achieved by the newly designed up-right rock-turning rig 316 

(RTR) described in Fraser-Harris et al. (2020). A central borehole, 6 mm in diameter and 100 317 

mm in length (due to available tooling) was drilled in the greywacke for fluid injection. 318 

The greywacke is chosen for its extremely low connected porosity and corresponding low 319 

permeability, in order to minimize the contribution of matrix flow. Connected porosity was 320 

measured using the helium pycnometer at the University of Liverpool for 11 samples, with a 321 

mean connected porosity of 1.12% and a range of 0.73 to 1.47% (with an accuracy of +/- 322 

0.05%). Based on the fractal adaptation of the Kozeny-Carmen model of Pape et al. (2000) 323 

for a shaley sandstone, matrix permeability is estimated to be 2.58x10-19 m2 for the mean 324 

porosity of 1.12%. Due to the low connected porosity and permeability of the samples and 325 

the relatively short duration of the flow-through experiments in the generated fractures in this 326 

paper, (see section 2.4.3) we assume that the contribution of fluid flow in the matrix is 327 

negligible in comparison to fracture-hosted fluid flow. We therefore attribute calculated bulk 328 

permeability changes following changes in stress or fluid pressure to changes in the 329 

hydraulically-induced fracture(s) geometries.  330 

Jacketed samples confined at <0.1 MPa were deformed axially in the triaxial deformation rig 331 

at the University of Edinburgh at a strain rate of 1x10-5 s-1 in two orthogonal orientations. 332 

Young’s Modulus was determined to be 26.20 +/- 0.06 GPa (see supplementary information). 333 

Brazilian tensile tests were conducted using the Instron 5969 uniaxial press at the University 334 

of Liverpool. Six Brazilian tensile tests were performed at two equivalent diametric strain 335 

rates of 1x10-3 s-1 and 1x10-4 s-1 (three at each rate). Results show little rate dependency, with 336 

mean Brazilian tensile strengths from the two most consistent samples at each rate of 17.10 337 
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MPa and 16.67 MPa at 1x10-3 s-1 and 1x10-4 s-1, respectively (one anomalously low strength 338 

was recorded, possibly due to an unseen defect in the sample; see supplementary 339 

information).  340 

Table 1: Selected mechanical and petrophysical properties of the tested samples. The Young’s Modulus of the resin is a 341 
calibrated value from numerical modelling (McDermott et al., 2018). Tensile strength for the resin reported here is the 342 
Brazilian tensile strength. Greywacke mechanical properties are determined from jacketed deformation tests and Brazilian 343 
tensile tests. Permeability of the greywacke is estimated from the model of Pape et al. (2000) for a shaley sandstone. *As 344 
discussed in the text, the tensile strength of the polyester resin was strongly rate dependent – the figures in this table are for 345 
1x10-2 s-1 and 1x10-4 s-1 respectively. **These figures are for the two equivalent diametric strain rates of 1x10-3 s-1 and 1x10-346 
4 s-1 respectively.  347 

Sample 

type 

Young’s 

Modulus 

(GPa) 

Poisson’s 

Ratio 

TS (MPa) Porosity 

(%) 

Permeability 

(estimated) 

(m2) 

Resin 3.85 0.40 17.96-25.08* 0.16 N/A 

Greywacke 26.20   0.27 17.01-16.67** 1.12 2.58x10-19 

 348 

 349 

Figure 2: Samples for hydraulic fracturing experiments; A) uniform resin sample, B) heterogeneous resin sample with both 350 
horizontal and inclined planes (indicated by the red arrows), and C) greywacke.  351 

2.3. Experimental Stress conditions 352 

The target stresses for the experiments are shown in Table 2. For the polyester resins targets 353 

are: 𝜎𝑎𝑥𝑖𝑎𝑙 = 𝜎1 = 12 MPa, 𝜎2= 7 MPa, 𝜎3= 3 MPa. For the fracture flow experiments with 354 

downstream pressure, the radial pressures are slightly higher (𝜎2= 8 MPa, 𝜎3= 4 MPa) to 355 

enable a larger range of downstream pressures to be investigated. Target stresses are slightly 356 

larger for the greywacke sample to simulate depths of approximately 1 km (𝜎1= 20 MPa, 𝜎2= 357 

15 MPa, 𝜎3= 7 MPa). Maximum principal stress is axial, so, based on standard theory, 358 

fracture propagation is expected to run parallel to both 𝜎1 and 𝜎2 (Hubbert & Willis, 1957). 359 

The experimental radial pressures in the PEEs around the sample circumference for the 360 

fracturing stage of each experiment are presented in Table 2. Pressure measurements in the 361 

PEEs are accurate to 0.1 MPa and automatically controlled to +/- 0.3 MPa around a set point. 362 

This can result in slight differences in boundary conditions depending on whether a bladder is 363 

increasing in pressure or decreasing towards the set point, as can be seen in Table 2 where the 364 
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set-points are shown in brackets. This equipment constraint is being addressed in ongoing 365 

equipment upgrades.  366 

Table 2: Table of the actual pressures of the Pressure Exerting Elements (PEEs) during each hydraulic fracturing test 367 
compared to the target pressures in brackets. *𝜎1in each test is axial, **denotes 𝜎2 orientation, and ***denotes 𝜎3.  368 
 

Radial Pressure (MPa) 
 

Test 1 

Uniform Resin 

Test 2 

Heterogeneous 

Resin 

Test 3 Greywacke 

Axial 11.9 (12.0)* 12.0 (12.0)* 19.8 (20.0)* 

PEE 1 & 1A 5.2 (5.0) 5.2 (5.0) 7.3 (7.0)*** 

PEE 2 & 2A 4.2 (4.0) 4.3 (4.0) 9.3 (9.0) 

PEE 3 & 3A 3.3 (3.0)*** 3.2 (3.0)*** 11.3 (11.0) 

PEE 4 & 4A 3.8 (4.0) 4.3 (4.0) 12.8 (13.0) 

PEE 8 & 8A 4.9 (5.0) 5.1 (5.0) 14.8 (15.0)** 

PEE 7 & 7A 5.7 (6.0) 5.8 (6.0) 12.9 (13.0) 

PEE 6 & 6A 6.7 (7.0)** 6.8 (7.0)** 11.3 (11.0) 

PEE 5 & 5A 5.7 (6.0) 5.9 (6.0) 9.3 (9.0) 

 369 

 370 

2.3.1. Stress conditions in the GREAT cell 371 

In the experiments reported here, the GREAT cell has been utilised to induce a polyaxial 372 

stress state within the sample. Due to the cylindrical shape, and the loads that we can apply 373 

(only normal tractions on the circumference), it is not possible to achieve a uniform true-374 

triaxial state because of the inability to apply shear stresses on the sample margin in the radial 375 

directions that lie in between the principal directions. Although there are no sensors located 376 

within the sample at this stage of work, which could potentially demonstrate unequivocally 377 

what stress states are created, numerical simulations of the loaded experiment (Figure 3) 378 

show almost-true triaxial stress states within the sample (with small angular variations in 379 

principal directions), but with non-uniform (but still polyaxial) stress magnitudes that vary 380 

from the centre to the margins. Here we use these simulations to demonstrate the stress 381 

conditions generated within the GREAT cell for given experimental boundary conditions. 382 

Further modelling would be required to quantify the impact of these stress gradients on 383 

hydraulic fracture propagation, yet, our simulations illustrate that the designed (far-field 384 

loading) state is achieved in a quasi-rectangular region within the centre of the sample, with 385 

departures from that near-uniform stress condition governed by the specific PEE pressure 386 

assignments used in each experimental procedure. In the experiments presented here, we use 387 

an opposing pair of PEEs to create the segments of radial principal stresses, and arrange a 388 

linear variation of pressures in those PEEs located between the principal directions. A key 389 

component of the experimental investigation is to utilise the capabilities of the GREAT cell 390 
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to rotate the created radial stress field during an experiment, and the same approximation to 391 

true-triaxial states will apply for these incrementally rotated conditions. 392 

Using the linear elastic finite element model developed in McDermott et al (2018), the 393 

volume of the sample that is subjected to approximate true triaxial stress conditions is shown 394 

in Figure 3 i.e. within σ3 + 3% and σ2 − 3% of the first stress invariant (I1 = 𝜎1 + 𝜎2 + 𝜎3) – 395 

a zone approximately 50 mm x 50 mm along the length of the sample. Here the stress states 396 

illustrated are those for the initial hydraulic fracturing stage of the uniform resin at the axial 397 

mid-point of the sample, using the values in Table 2. If induced fractures propagate from the 398 

central bore beyond this zone, they will encounter different (initial) stress conditions as they 399 

approach the sample margins. Although the propagation and subsequent presence of the 400 

fracture will change the stress field, the colder colours towards the sample edge along the y=0 401 

axis in Figure 3b, suggest that fractures propagating parallel to the intermediate principal 402 

stress will encounter an increasing value of the minimum principal stress (acting normal to 403 

that fracture plane) towards the sample edge. However, the shortest transport route through 404 

the fracture, and thus the part hosting the majority of fluid flow (assuming the largest aperture 405 

is near the fracture centre), is within this quasi-true triaxial zone. It is therefore reasonable to 406 

make an initial interpretation of the flow results based on these modelled true triaxial stress 407 

conditions.  408 

 409 

Figure 3: Linear elastic finite element models simulating the extent of the true triaxial zone in the cylindrical specimens 410 
tested in this paper; A) shows 𝜎2, B) shows 𝜎3. The approximately true triaxial zone (approximately 50 mm x 50 mm) is 411 
delimited by the iso-surfaces at 𝜎3 + 3% and 𝜎2 – 3% of the first stress invariant (I1 = 𝜎1 + 𝜎2 + 𝜎3). In these figures, the 412 
applied stresses of the uniform resin hydraulic fracturing experiment have been applied - 𝜎1 is axial, 𝜎2 is parallel to the x-413 
axis, and 𝜎3 is parallel to the y-axis. 414 

  415 

2.4.   Experimental Protocol 416 

Each experiment consists of a set-up loading phase, the experimental procedure (hydraulic 417 

fracturing and/or flow test), and the shut-down phase. Here we describe each in turn, and any 418 

variations with each test.  419 

2.4.1. Sample loading 420 

Two sample loading approaches are assessed as the experimental protocol is still being 421 

developed for the new GREAT cell within the limitations of the original control system. The 422 
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two resin samples are loaded axially to the target axial stress before the radial loads (in all 423 

PEEs) are uniformly raised to the maximum horizontal stress magnitude. The greywacke 424 

sample is loaded in stages under axisymmetric triaxial conditions i.e. both axial and radial 425 

stresses are raised together, with axial stress kept greater than the uniform radial stress 426 

(Figure 4) to prevent possible damage to the optical fibre strain sensor. Once the maximum 427 

horizontal stress is reached under axisymmetric triaxial conditions, the radial stress 428 

conditions are modified by reducing the pressure in appropriate PEEs to create the polyaxial 429 

stress conditions chosen for the experimental phase.  430 

  431 

Figure 4: Schematic diagram of the experimental stages during the hydraulic fracturing experiments showing the set-up 432 
stages including conventional axisymmetric loading, hydraulic fracturing under polyaxial loading, fluid flow tests during 433 
radial stress rotation, and shutdown stages. In addition, a fluid injection profile for the hydraulic fracturing stage of the 434 
greywacke experiment in this paper (Section 3.1.3) is shown along with the PEE pressures during the static and changing 435 
true-triaxial stress conditions.  436 

 437 

2.4.2. Hydraulic fracturing procedure 438 

Once the experimental stress conditions have been established, each sample is hydraulically 439 

fractured in the GREAT cell by a constant-flow-rate fluid injection into the central, partially 440 

penetrating borehole (Figure 4). Fluid is injected with the pair of Teledyne Isco 100DX 441 

pumps, and fluid pressure is recorded with the wireless Additel pressure transducer (Figure 442 

1). Following fracture propagation, fluid injection is continued for a nominal time until 443 

constant outflow is observed. During the hydraulic fracturing tests, the downstream pressure 444 

remains ambient (i.e. P = 1 bar).  445 

Hydraulic fracturing is followed by the shutdown phase, in the resin samples, to visibly 446 

determine the orientation of the fracture before the sample is used for subsequent flow tests. 447 

In contrast, hydraulic fracturing of the greywacke sample is followed immediately by 448 

hydraulic flow tests, with shutdown occurring afterwards.  449 

2.4.3. Hydraulic flow test procedure 450 

In the hydraulic flow tests, normal and shear stresses are changed to determine their influence 451 

on fracture permeability. Each test consists of constant flow rate injection into the central 452 

borehole with a constant downstream pressure (at the sample’s base, opposite to the injection 453 

that occurs from the top) for the duration of each test, under polyaxial stress conditions. Fluid 454 

is injected with the Scientific Systems Inc. Column Packing (CP) pump, and downstream 455 
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pressure is generated using the Teledyne Isco 100DX pumps in receive mode (Figure 1). 456 

Injection fluid pressure is recorded with the wireless Additel pressure transducer, while 457 

downstream pressure and flow rate are recorded by the Teledyne Isco 100DX pumps. During 458 

each test, the radial stress field is rotated in stages, such that the orientation of 𝜎2 and 𝜎3 459 

rotate anti-clockwise by the angular difference of one PEE pair (22.5°). All pairs of PEEs 460 

changed simultaneously from their prior pressures during the few seconds taken to make 461 

these changes. During that short (approximately 2-5 seconds) transient stress state 462 

changeover, the fluid pressure data is not considered in the analysis of the fracture flow 463 

properties. The short stage length is designed to be long enough to establish flow parameters 464 

not affected by the process of the stress field rotation (Figure 4) but also to limit the impact of 465 

any geochemical reactions on the fresh fracture surface, especially for the greywacke.  466 

2.4.3.1. Further tests in the heterogeneous resin 467 

In addition to the above flow test procedure, in the heterogeneous resin sample this type of 468 

experiment was repeated for four downstream pressures (0.69 MPa, 1.38 MPa, 2.07 MPa, and 469 

2.76 MPa). This is to explore the influence of changing fluid pressure on effective hydraulic 470 

fracture aperture, and to examine whether any effects are dependent on hydraulic fracture 471 

orientations within the 3D stress field.   472 

2.4.4. Shutdown phase 473 

A reversal of the set-up phase is employed as a shutdown phase. In each case the stress field 474 

is returned to an axisymmetric stress field and axial and radial pressures are lowered in stages 475 

with the axial pressure always exceeding the radial PEE pressures to protect both the PEEs 476 

and the optical fibre.  477 

 478 

 479 

  480 
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3. Results 481 
In this section, the results of the hydraulic fracturing experiments are presented for each of 482 

the three samples in turn, summarising the experimental stress state created, the fluid pressure 483 

data, and the circumferential strain response of the sample. Fracture geometries depend on 484 

the sample type, sample heterogeneity, and stress field. The fracture configurations are 485 

discussed for each case. The hydraulic flow test data are interpreted in terms of derived 486 

fracture permeability, presented in the following section, along with discussion of the 487 

implications.  488 

3.1. Hydraulic fracturing  489 

In each sample, a 𝜎1-parallel fracture is generated that propagates to the full axial length of 490 

the sample, with different radial extents for each of the three experiments, thus creating a 491 

connected flow path from end-to-end approximately through the centre of the sample. High-492 

spatial-resolution strain data is recorded around the circumference of each sample at the axial 493 

mid-point. During the injection, fluid pressure increases until breakdown and fracture 494 

propagation are achieved.  495 

3.1.1.  Uniform Resin Sample  496 

The hydraulic fracturing of the uniform resin sample captures three distinct progressive 497 

fracturing events as the fracture propagates approximately parallel to the intermediate 498 

principal stress. 499 

Figure 5 shows the experimentally applied radial pressures (A) and the corresponding 500 

circumferential strain (B) at PEE locations between 0 and 90° (see inset i in Figure 5B). 501 

Maximum horizontal stress is in the direction of 90°-270°, and minimum horizontal stress is 502 

aligned along 0°-180° (see inset i in Figure 5B ). Figure 5 also shows the difference in strain 503 

as a consequence of axisymmetric and polyaxial stress states, possibly as a result of the 504 

reduction in mean stress as the sample changes from axisymmetric to the selected polyaxial 505 

stress conditions (created by reducing pressures in selected PEES). The PEE response to the 506 

hydraulic fracture propagation as the deformation of the sample causes a change in pressure 507 

of the pressurising fluid in the PEEs before the system automatically responds (Figure 5A). 508 

Parallel to the fracture (approximately 90°) there is a small reduction in PEE pressure 509 

initially, but elsewhere around the circumference there is an increase in PEE pressure (with 510 

maximum perturbations perpendicular to the fracture). This matches with the strain data 511 

(Figure 5B) as hydraulic fracturing causes a different strain response depending on the 512 

angular location of the strain measurement. Parallel to the fracture (approximately 90°) the 513 

strain data show an increase in contraction but a decrease at all other measurement location 514 

angles during the fracture propagation events. Following the completion of fracture 515 

propagation, the strain show a variable recovery around the circumference of the sample. 516 

There is a permanent contraction parallel to the maximum horizontal stress (approximately 517 

parallel to the fracture) but permanent elongation is observed (with increasing magnitudes) 518 

towards the minimum horizontal stress (approximately perpendicular to the fracture). This 519 

indicates the sample has changed from an ellipse to an extended ellipse with localised kinks 520 

parallel to the fracture (see inset ii). The link between the sample deformation and the 521 

measured change in PEE pressures shows elastic stress transfer as a result of a propagating 522 

fracture.   523 
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 524 

Figure 5: Experimental data for the uniform resin hydraulic fracturing test; (A) Applied experimental PEE pressures and (B) 525 
fluid injection pressure and circumferential strain at the PEEs between 0-90°.The inset shows the location of the strain data 526 
presented in B colour-coded with dark blue parallel to 𝜎3 and light blue parallel to 𝜎2. Note the strain is micro-strain and is 527 
also negative upwards on the y-axis i.e. shows contraction as the PEE pressure increases.  528 

Water is injected at a rate of 0.01667 ml.s-1 (1 ml.min-1) into the central bore until a hydraulic 529 

fracture initiates at a breakdown pressure of 33.36 MPa, occurring after 445 seconds of 530 

injection (781 seconds of total experiment time). The post-experiment fracture trace reveals 531 

that a fracture propagates the full length and width of the sample (Figure 6A-C). However, 532 

the surface fracture trace on the side of the sample parallel to 𝜎2 (at 90° in Figure 6) is not 533 

continuous – ‘the fracture’ is actually two separate fractures that are connected by a lateral 534 

jog within the sample, providing evidence of complex fracture propagation (Figure 6A).   535 

Figure 6D-E presents the fluid pressure data during the test. Following breakdown (labelled 536 

G), the fluid pressure drops rapidly to 5.69 MPa over 4 seconds, before plateauing for 6 537 

seconds at 5.40 MPa. This is followed by a further drop to 4.94 MPa over 4 seconds before 538 

the fluid pressure gradually rises to 5.28 over the next 8 seconds. The fluid pressure plateaus 539 

for a second time for 4 seconds, then gradually rises to 5.43 MPa after 8 further seconds 540 

before plateauing for a third time at 5.43 MPa. There follows a third plateau for 5 seconds. 541 

During this time, no fluid is observed exiting from the cell. A total of 39 seconds after the 542 

initial fracture propagation, the fluid pressure drops from 5.44 MPa to 2.12 MPa over 9 543 

seconds before recovering and stabilising at 2.90 MPa +/- 0.1 MPa until fluid injection 544 

ceases. It is after this final pressure drop that fluid is observed exiting the cell through the 545 

basal fluid port, indicating a fully-connected flow path from inlet to outlet. Figure 6D shows 546 

the fluid pressure during the fracturing process, including a zoomed-in section of the pressure 547 

fluctuations described here following fracture initiation (Figure 6E). These pressure changes 548 

imply that this fracture propagates in a series of small events of varying magnitude – the first 549 

propagation leads to the greatest change in strain and largest fluid pressure drop while 550 

subsequent propagation events produce further small strain changes. This interpretation is 551 

corroborated by the strain data and is similar to that presented in recent studies e.g. Benson et 552 

al., (2020) and Gehne et al., (2019). The strain data are collected sufficient frequency (8 Hz) 553 

to capture the mechanical response on the exterior of the sample during these fluctuating fluid 554 

pressure stages, but not during the rapid fracture propagation events that are inferred to occur 555 

from the pressure transients. Here we present the circumferential strain as radar plot strain 556 

maps, which may be interpreted as a plan-view of the shape of the sample at the height at 557 

which the fibre is attached.  558 

From the strain data it is possible to identify each stage of the hydraulic fracture propagation 559 

that is indicated by the fluid pressure results. The strain data reveal three significant 560 

propagation events – the initial propagation at 781 seconds (marked G on Figure 6D), the 561 



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

second propagation that causes the pressure drop at 791 seconds (H on Figure 6E), and the 562 

final propagation at 820 seconds that creates a fully connected flow path, and allows the 563 

sample to be compressed towards its un-fractured size as the fluid pressure within the fracture 564 

void drops (I on Figure 6E). We present the strain data of the intact sample (Figure 6F), 565 

during each of the three main propagation steps (Figure 6G-I), and after final breakthrough 566 

(Figure 6J).  567 

The approximate trace of the fracture(s) at the level of the fibre optic sensor is shown by the 568 

red dotted lines in Figure 6I & J only i.e. once the fracture propagation is complete.  569 

Interspersed between the larger propagation events, smaller events are recorded in the strain 570 

that correspond to the plateaus in the fluid pressure data e.g. at 803 seconds and 815 seconds. 571 

This suggests that the fracture was propagating in small, stable steps at these times, such that 572 

the newly created volume did not lead to a pressure drop i.e. the new volume was rapidly 573 

infiltrated by fluid at a rate that kept up with volume creation. 574 

In addition, the strain data highlight that the main propagation events resulted in different 575 

amounts of displacement on the fracture plane. The initial fracture propagation at 781 576 

seconds leads to approximately symmetrical strain around the plane of the fracture (90° - 577 

270°) with a slight dextral offset (Figure 6G). However, the second event after 791 seconds 578 

leads to appreciable dextral offset, as recorded at the axial mid-point of the sample (Figure 579 

6H). The strain data show increased circumferential contraction around the vicinity of the 580 

fracture trace and relative elongation elsewhere. Following the final breakthrough, the sample 581 

is compressed almost back to its original shape, but a small permanent dextral displacement 582 

remains. 583 
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 584 

 585 

Figure 6: Fracture geometry and temporal evolution of strain and fluid pressure in the uniform resin sample. A-C) The 586 
hydraulic fracture generated in the uniform resin sample showing the lateral jog (white dotted line shows how the fractures 587 
join within the body of the sample), the full lateral and vertical extent of the fracture, and the fracture trace on the base of the 588 
sample with respect to the radial stress field. D) shows the fluid pressure results for the whole experiment and E) shows a 589 
zoomed in section highlighting the episodic fracture propagation which is correlated to the circumferential strain data. F) 590 
Circumferential strain results from the axial mid-point of the sample are shown for the intact sample, G) the first fracture 591 
event, H) the second event causing increased dextral shear offset, I) the final breakthrough event, and J) the post-fracture 592 
state once a fully connected flow path is established. The red arrows indicate the orientation of the principal stresses.  Two 593 
fractures are shown by the dotted red lines because the fibre intersects both parts of the fracture that is connected by the 594 
lateral jog shown in A.  595 
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3.1.2. Heterogeneous Resin Sample  596 

Results from hydraulic fracturing of the heterogeneous resin indicate a single fracturing event 597 

leading to a laterally contained fracture propagating parallel with the intermediate principal 598 

stress. The presence of the included heterogeneity, striking parallel to 𝜎3, appears to impact 599 

the final fracture geometry.  600 

In the heterogeneous resin sample, fluid is injected into the central bore at 0.00167 ml.s-1 (0.1 601 

ml.min-1; an order of magnitude lower than in the uniform resin), generating an asymmetric 602 

vertical bi-wing fracture that extends the full length of the sample but not the full width 603 

(maximum width is approximately 160 mm, Figure 7A, B, C). The fracture initiates in the top 604 

35 mm of the borehole with its trace at a bearing of 21° +/- 2° from 𝜎2 before rotating to 605 

propagate parallel to 𝜎2 (Figure 7A, B). The fracture then propagates the full height of the 606 

sample, such that only the top 35 mm of the fracture actually intersects the borehole (Figure 607 

7A). The horizontal stress field is oriented such that a tensile fracture propagating parallel 608 

with 𝜎2 would intersect the inclined plane at 90° (as viewed along the sample axis). The trace 609 

of the fracture at the base of the sample indicates that, even at this high intersection angle, the 610 

inclined discontinuity hinders the propagation, producing an asymmetrical fracture trace on 611 

the base (Figure 7C). Figure 7D shows the position of the horizontal and inclined planes in 612 

relation to the generated fracture. The inclined plane is depicted by the area between the 613 

white dotted line and the blue outline. The white dotted line represents the location of the 614 

inclined plane in line with the fracture strike. It can be seen that the estimated fracture extent 615 

within the sample (red line) does not reach the inclined plane near the top of the sample, is 616 

arrested along the inclined plane for a portion of its height, but propagates through the 617 

inclined plane near the base.  618 

There was a small leak at the injection pump during the experiment, but after tightening 619 

fittings, fluid pressure follows a steep rise until fracture propagation at a breakdown pressure 620 

of 37.45 MPa and subsequent pressure drop to 3.42 MPa – just above the minimum principal 621 

stress of 3.20 MPa (Figure 7E). Both the fluid pressure and the strain data indicate that the 622 

fracture propagation did not follow the same episodic pattern as with the uniform sample, and 623 

instead, the fracture formed in a single event that lasted approximately 0.12 s. Due to the loss 624 

in data, caused by poor quality signals in the fibre throughout the experiment, the equivalent 625 

plot to Figure 5 has not been included. 626 

Figure 7 F-J shows the circumferential strain at the intact state immediately before fracturing 627 

(F), followed by the fracture propagation process over 0.12 s (G-I), and then after fracture 628 

propagation once the strain has stabilised (J). Although there is some data loss caused by poor 629 

signal quality, it is possible to see that the propagating fracture causes relative elongation of 630 

the sample margin, normal to the propagating fracture, and contraction on the boundaries 631 

parallel to the fracture. Following the onset of steady state flow, the relative circumferential 632 

strain relaxes close to the original un-fractured state, although a small permanent strain 633 

remains (J). 634 
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 635 

 636 

Figure 7: Fracture geometry and temporal evolution of strain and fluid pressure in the heterogeneous resin 637 
hydraulic fracturing experiment; A) Sample image parallel to the fracture showing the generated fracture 638 
intersects only the top 35 mm of the borehole. B) Top down view of the surface fracture trace showing the 639 
fracture propagated at an angle to the intermediate principal stress before rotating round to parallel. C) A base 640 
up view of the fracture trace (red) showing it is parallel to the intermediate principal stress but asymmetric 641 
(black arrows) as it is hindered by the inclined plane (dotted white line). D) A view 45° to the fracture plane 642 
showing the inclined plane in blue and the approximate extent of the fracture in red. Angles shown in A-D refer 643 
to those in the strain maps. E) Injection fluid pressure and flow rate, including the point at which a leak was 644 
tightened. Although there is some data loss throughout the experiment due to poor quality signals F) shows 645 
circumferential strain immediately prior to hydraulic fracturing. G-I) capture the propagation of the hydraulic 646 
fracturing with elongation either side of the propagating fracture at 247.5° and 292.5°, and contraction at c.100-647 
105°. J) shows the post-fracture state of the sample. 648 

3.1.3 Greywacke Sample 649 

In this section we present the results of the hydraulic fracturing of the greywacke rock sample 650 

that show different rates of hydraulic fracture propagation and the complex interaction 651 

between fracture deformation and further propagation. The results also show dextral shear 652 
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displacements as a result of the fracture orientation with respect to the intermediate principal 653 

stress, as well as a characteristic strain pattern during hydraulic fracture propagation. 654 

Fluid is injected into the central bore at a rate of 0.01667 ml.s-1 (1 ml.min-1 as in the uniform 655 

resin). An axis-parallel fracture is generated, propagating towards both the ends and sides of 656 

the sample and transecting the entire length of the borehole, creating a connected flow path 657 

from injection point to the cell exit. The fracture intersects the top of the sample only to one 658 

side of the central bore, but post-experiment examination and the strain data reveal that the 659 

fracture is bilateral over almost all of its vertical extent (Figure 8C-E).   660 

Figure 8 shows the applied PEE pressures (A) and the corresponding strain (B) in the 661 

quadrant between 135° and 225° (see Figure 9), on either side of the fracture plane (which 662 

strikes approximately 172-348), during both the set-up phase, and during the hydraulic 663 

fracturing phase of the experiment. The fluid pressure is also shown in the strain plot. The 664 

sample is subjected to maximum isotropic (𝜎1 = 𝜎2 = 𝜎3) loading of 20 MPa before reducing 665 

the radial components to the target experimental conditions. As is the case for the resin 666 

samples, the onset of polyaxial stress conditions, achieved by reducing the pressure in certain 667 

PEEs, reduces the mean stress and leads to an elongation of the sample exterior. The 668 

hydraulic fracturing process causes incremental elongations, and creates permanent 669 

deformation, especially at 180, closest to the fracture strike (see positive elongation strain at 670 

180° (purple) in Figure 8B). There is also a short-lived pressure spike in the PEEs in response 671 

to the initial hydraulic fracturing event (before the pressure generators automatically 672 

adjusted), that is greatest at those PEEs with lowest pressure, i.e. along the 𝜎3 direction. 673 

 674 

 675 

Figure 8: Experimental data and post-experiment images of the greywacke hydraulic fracture; A) PEE pressures during the 676 
set-up and hydraulic fracturing stage. B) Circumferential strain recorded at selected PEEs (between 135° and 225° in Figure 677 
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9) plotted alongside experimental fluid injection pressure. The red-dashed box shows the data presented in Figure 10. C) 678 
Top surface of the sample after the experiment whosing the orientation of the fracture trace to the intermediate principal 679 
stress. There is also apparent infiltration of the prexisting fracture (top right) but it is not possible to ascertain whether this 680 
was during or post experiment. D) shows the wetted fracture between 0 and 337.5 intersects the sample edge part-way up. E) 681 
shows the fracture surface after the final connected part was later broken, revealing a ‘wavy’ fracture trace at the sample 682 
base.   683 

The fluid-injection pressure data (Figure 9) indicate a rapid increase until a breakdown 684 

pressure of 39.62 MPa at 2312 seconds (402 seconds after the start of injection), followed by 685 

a rapid drop to 10.54 MPa over a period of 6 seconds. A further gradual drop in fluid pressure 686 

to 9.14 MPa occurs over the next 27 seconds before the pressure rises to 10.72 MPa over the 687 

following 456 seconds. No fluid flow is observed coming out of the cell at this point 688 

(suggesting the fracture has not reached the base of the sample). The flow rate is increased to 689 

0.08333 ml.s-1 (5 ml.min-1) after this time. This is accompanied by a small rise in fluid 690 

injection pressure to 11.50 MPa +/- 0.04 MPa at which point flow is observed at the cell 691 

outlet port almost immediately. It may be inferred that the increased flow rate, and the 692 

resulting increase of injection pressure, provoked a final propagation of the fracture creating 693 

the fully connected flow path. 694 

Figure 9 shows the strain of the intact sample loaded to the pre-injection state (A) followed 695 

by the strains during the steps of fracture growth (note the times on the upper corner of each 696 

plot B-F). The direction of 𝜎2 is 135-315°, while 𝜎3 is 45-225°. This figure firstly illustrates 697 

that initial fracture propagation occurs predominantly in the direction of 172°, at a strike 698 

angle of approximately 36.5° to 𝜎2 over a period of 0.12 seconds. The first stage of 699 

propagation involves a near-uniform elongation of the sample circumference (C), followed by 700 

further elongation focussed around 157.5° and 207.5° (D), with comparatively little 701 

elongation around the final fracture location. Once the fracture propagates to the edge of the 702 

sample, the elongation strains around 157.5° and 207.5° relax, and the elongations are 703 

localised at the fracture strike direction (E). It is interesting to note that the differential 704 

magnitudes of the intermediate and minimum principal stresses influence the strain pattern 705 

developed (D) as more elongation is observed towards 202.5° (closer to 𝜎3) than 157.5° 706 

(closer to 𝜎2). 707 

The strain data in D capture the configuration of strain in the sample as a fracture is 708 

propagating within it i.e. the fracture is growing but has not yet reached the sample edge. 709 

Using this pattern of strain evolution as a proxy for identifying a propagating fracture, we can 710 

see that the fracture initially only propagates towards c.172° (D), but once the fracture is fully 711 

formed in this direction, it begins to propagate in the opposite direction (note the 712 

configuration of the strain in E around 348°). This strain pattern then continues with 713 

increasing elongation as the experiment continues to the point shown in F 692 seconds later 714 

(which includes the flow rate increase to 0.08333 ml.s-1 (5 ml.min-1)), where the fracture has 715 

not propagated to the sample edge at the elevation at which the strain is measured. This 716 

implies a significantly slower rate of fracture growth than the initial hydraulic fracture. 717 

Immediately following point F, a hydraulic flow test involving stress rotations that further 718 

propagated the fracture to produce the fracture trace in Figure 8C was conducted. 719 
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 720 

Figure 9: Fluid pressure and temporal evolution of circumferential strain in the greywacke hydraulic fracturing experiment; 721 
A) Injection fluid pressure and flow rate from the start of injection (1900 s) to end of the experimental stage (3000 s). B) 722 
Circumferential strain immediately prior to hydraulic fracture propagation indicating deformation associated with the 723 
polyaxial stress field (indicated by the red arrows). C-E) Circumferential strain maps at 0.04 s intervals during the rapid 724 
hydraulic fracturing propagation towards c.172°. These strain maps highlight that the fracture forms at c.36.5° to the 725 
intermediate principal stress, and that the sample circumference sees elongation either side of the fracture as it propagates, 726 
but before it reaches the sample boundary. Once it has reached the sample boundary (E), the strain is localised on the 727 
fracture, and the fracture begins to propagate in the other direction (towards c.350°). F) Circumferential strain at the end of 728 
this stage of the experiment (3000 s) indicates a gradual propagation towards c.350° and a dextral offset. 729 

Figure 8 indicates that the fluid flow rate and pressure increase is accompanied by a strain 730 

response that suggests transient partial closure of the fracture in the vicinity of 180°. A closer 731 

inspection of the strain at 180° and 157.5° and the corresponding strain on the opposing side 732 

of the sample (0° and 337.5°) is shown in Figure 10 along with a sequence of schematic 733 

diagrams of our interpretation of the strain data during this transient phase. The strain and 734 

fluid pressure evolution are very gradual during the lower flow rate conditions (Figure 10 735 

Point 1) before the changes induced by the increased fluid flow rate. At the onset of higher 736 

flow rate (Point 2), strain at 180° shows a contraction, which is interpreted as fracture 737 

closure, followed by an elongation until the fluid pressure rise begins to stabilise (Point 3). 738 

This expansion is also observed in the strain at 0° and 337.5° suggesting a small amount of 739 

fracture propagation. At this point fluid is observed exiting the cell, so it is possible that this 740 

is the event that fully connects the inlet with the outlet. When the fluid pressure stabilises, the 741 

strain at 0° and 337.5° also stabilises, but the relative contraction continues in the direction of 742 

180° (Point 4). This trend continues until approximately 2850 seconds of overall experiment 743 

time, before an initially gradual and then more rapid expansion occurs in the direction of 0° 744 

and 337.5°. As this propagation proceeds, the strain in the direction of 180° stabilises to a 745 

new equilibrium (Point 5). This can be interpreted as the fracture closing in the direction of 746 

180° (where it has propagated to the sample edge) and then propagating in the opposite 747 

direction and at a much slower rate. Furthermore, fracture propagation continues to the end of 748 

this stage of the test even though fluid pressure remains relatively stable. These mechanisms 749 

of the fracture-propagation process permit an inference that there are significant interplays 750 

occurring between the fluid injection, fracture opening/closing and propagation, and 751 
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modifications of the interior strains (inferred because of the exterior strains, but not measured 752 

here). The observations point to an evolution that is non-monotonic.  753 

 754 

 755 

Figure 10: Close up view of the non-monotonic relationship between injection fluid pressure and transient strain data in the 756 
greywacke sample and associated interpretation; A) shows the increase in fluid pressure and the transient strain behaviour 757 
(from the dashed red box in Figure 8). B) A not-to-scale schematic interpretation of the strain data showing the propagation 758 
of the fracture during this transient phase at each labelled point in A. Point 1 shows the stable conditions at 1 ml/min flow 759 
rate. Point 2 shows that the flow rate increase from 1ml/min to 5 ml/min causes relative fracture closure towards 157.5° and 760 
180° but relative fracture opening towards 0° to 337.5°. Point 3 shows a relative fracture opening at 180° that may indicate 761 
final breakthrough as this coincides with observed fluid flow. Point 4 indicates further closure at 180° but stable strain at 0° 762 
and 337.5°. From Point 4-5 relative fracture opening towards 0° and 337.5° increases gradually before accelerating after 763 
approximately 2850 s, while deformation stabilises in the direction of 157.5° and 180° after 2900 s. This is interpreted as a 764 
change in locus of the fracture propagation towards 0° and 337.5°.  765 

4. Interpreted fracture flow behaviour in response to fluid pressure and stress 766 
Here we analyse the flow test results within the framework of the parallel plate model and 767 

modelled stress field. We show the impact of fluid pressure and normal and shear stresses on 768 

fracture flow in each of the three fractured samples. Results indicate that normal stress has a 769 

first order control on fracture permeability, but that shear displacement at fracture 770 

orientations of maximum shear exerts a secondary control. Furthermore, in the greywacke, 771 

the direction of shear is important in controlling the fracture permeability.    772 

The unique design of the GREAT cell allows a rotational change of the radial stresses during 773 

an experiment (McDermott et al., 2018). This capability has been employed to investigate the 774 

effect of apparent fracture-normal stress on the fluid flow within the fracture in each sample. 775 

Here, we describe how we calculate an effective fracture permeability to compare between 776 

different samples and loadings. The effective fracture permeability is calculated using the 777 



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

parallel plate model of the cubic law (Zimmerman & Bodvarsson, 1996) that relates 778 

volumetric flow to the pressure gradient along the fracture length, and the fracture aperture: 779 

1) 𝑄 =  
𝑤𝑏3

12𝜇

∆𝑃

𝐿
 780 

where 𝑄 is the volumetric flow rate (m3/s), 𝑤 is the fracture width (m) viewed along the 781 

sample axis, 𝑏 is the fracture aperture (m), 𝜇 is the dynamic viscosity of the fluid assumed in 782 

each case to be 0.00103 Pa.s, 𝑃 is the fluid pressure (Pa), and 𝐿 is the fracture length in the 783 

direction of the flow (m). During the flow period we have no independent measure of fracture 784 

aperture (𝑏), so this parameter is the calculated unknown. For the greywacke and the uniform 785 

resin samples the length 𝐿 is taken as the distance between the base of the borehole and the 786 

base of the sample, and the width 𝑤 is taken as the sample diameter, since the fractures 787 

intersect the full borehole length and extend for the full sample width. An estimated length of 788 

0.165 m and width of 0.16 m is taken for the heterogeneous resin sample where the fracture 789 

intersects the borehole for the top 35 mm and does not propagate to the sample sides. We 790 

adopt the parallel-plate model to facilitate comparisons between different experimental 791 

deformation outcomes and different mechanical loadings, even though it assumes that the 792 

aperture (𝑏) is constant across the fracture width, which cannot be true in the case of a 793 

contained fracture (heterogeneous resin), and is also unlikely to be true in the homogeneous 794 

resin. Thus, the values calculated here are suitable for comparisons only.  795 

Permeability calculations are performed on fluid flow data only after the fracture reaches its 796 

full extent. However, in the case of the greywacke the fracture continues to propagate during 797 

the fluid flow part of the test, so it is not possible to calculate a representative permeability 798 

during this phase as we do not know the fracture extent. Consequently, we present differential 799 

pressure (∆𝑃), determined as the difference between the upstream pressure and downstream 800 

pressure. Equation 1 can be rearranged to determine the effective hydraulic aperture: 801 

2) 𝑏 =  √
12𝜇𝑄𝐿

∆𝑃𝑤

3
 802 

Assuming there is no contribution from the un-fractured material to fluid flow, the effective 803 

permeability of the fracture is then given by (Witherspoon et al., 1980; Zimmerman & Main, 804 

2003; Zimmerman & Bodvarsson, 1996): 805 

3) 𝑘 =  
𝑏2

12
 806 

Fluid exits the cell (after flowing through the fractured sample) through a central fluid port in 807 

the base platen (which also has a gathering plate), meaning the resultant calculated 808 

permeability constitutes the average for the entire fracture. Apparent normal stress (𝜎𝑛) and 809 

shear stress (𝜏) acting on the fracture is calculated from the orientation of the fracture with 810 

respect to the nominal experimental state i.e. the applied far-field stress state: 811 

4) 𝜎𝑛 =  𝑙2𝜎1 + 𝑚2𝜎2 + 𝑛2𝜎3 812 

 813 

5) 𝜏 =  √[(𝑙2𝜎1
2 + 𝑚2𝜎2

2 + 𝑛2𝜎3
2) −  𝜎𝑛

2] 814 

where 𝑙, 𝑚, 𝑛 are directional cosines for the normal vector of the fracture plane relative to the 815 

direction of the principal stresses.  816 
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Linear elastic numerical modelling of the stress conditions that are generated by the GREAT 817 

cell (Figure 3) show the generated fracture is likely to have a complex stress field along its 818 

length as a result of the non-uniform polyaxial stress field. To address this in our analysis of 819 

the stress influence on fluid flow, we model the stresses on a hypothetical plane representing 820 

the generated fracture with an angular offset from 𝜎2 corresponding to the stress rotations. 821 

These results indicate that for each orientation there may be a gradient of normal stress in the 822 

fracture, with highest stresses at and near the injection borehole. However, as a first 823 

approximation, we take the mean, integrated by area, of the numerically modelled normal and 824 

shear stresses along the hypothetical fracture from the centre to the edge. 825 

We assume, for now, that the apparent stress state of an intact sample provides a suitable 826 

frame of reference to calculate the stress components on the fracture plane. However, this is 827 

not correct in the case of a fully open fracture void, where the stress at the fracture surface is 828 

a function of the shape of the fracture opening and the far-field stress, rather than purely the 829 

resolved far-field stress state. Nevertheless, due to the lack of internal strain measurements 830 

from within the sample, the apparent fracture normal and shear stresses in this case provide a 831 

practical tool for use in comparing experiments, and to express relationships between fracture 832 

fluid pressure and stress.  833 

In the following sections, we present results from each sample for the two types of hydraulic 834 

flow tests described earlier, interpreted in the framework described above. These flow tests 835 

are designed to investigate the influence of apparent fracture-normal stress and fluid pressure 836 

on the fracture flow properties.  837 

4.1. Effective fracture permeability in deforming fractures as a function of normal 838 

and shear stress 839 

To investigate fracture permeability as a function of apparent normal stress on fractures 840 

whose surfaces are juxtaposed by varying displacements, a fracture flow test with radial 841 

stress rotation is conducted on the uniform resin sample. Because the fracture reaches the 842 

edge of this sample, the changing stress field is expected to induce a small degree of 843 

displacement between the two almost-separated blocks (though at the measurement locations 844 

for the strain sensors, the blocks are fully separated) initializing a new static configuration of 845 

the mismatched fracture surface asperities. The set-up loading procedure shown in Figure 4 is 846 

followed until the onset of polyaxial stress loading. In this experiment, the polyaxial stress is 847 

initially set up in the same orientation as that under which fracturing is induced in the 848 

previous fracture test, before subsequently rotating the radial stress field by 90° and then 849 

rotating the stresses anti-clockwise by the angular spacing of the PEE (22.5° each PEE) in 850 

relation to the original stress field orientation (see stress arrows on strain maps, Figure 11). 851 

Water is injected into the central bore at a constant rate of 0.41667 ml.s-1 (25 ml.min-1) and a 852 

downstream pressure of 3.45 MPa (500 psi) is applied from the start of the polyaxial loading 853 

phase (i.e. before the stress rotations). In order to achieve this high downstream pressure, the 854 

radial stresses were raised each by 1 MPa over the original stress conditions (see Section 2.3). 855 

Circumferential strain maps for each rotational stage are presented in Figure 11. These are 856 

absolute values of circumferential strain differenced from the start of the radial confinement 857 

(not incremental circumferential strains). As the stress field rotates (from plot A to C) there is 858 

an increase in apparent dextral shear displacement. This consists of a combination of the 859 

elastic deformation of the block in response to the changing stress orientation, which causes 860 

an elongation of the circumference in the direction of the minimum principal stress, as well as 861 

dextral shear that separates the blocks where the fracture intersects the sample margin (and 862 

presumably also within). Plots D and E show an apparent reduction in the displacement or 863 
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reversal of the displacement direction. In plot D, this is caused primarily by the elastic 864 

deformation of the fractured blocks as the stress parallel to the fracture increases, while in 865 

plot E this process is in addition to a partial reversal in displacement. Physical and visual 866 

analysis of the sample (once recovered from the cell) reveals that where the fracture intersects 867 

the vertical edges of the sample it is possible to feel the dextral displacement of the two 868 

almost-separated blocks.  869 

Using equations 1-3, effective fracture permeability is calculated and plotted against apparent 870 

fracture-normal stress (Figure 11). The displacement of the two fracture surfaces during the 871 

stress rotations alters the simple relationship between the apparent fracture-normal stress and 872 

effective fracture permeability (Figure 11). Nevertheless, an increase in apparent fracture 873 

normal stress leads to a decrease in effective fracture permeability despite the difference in 874 

displacement on the fracture, suggesting that normal stress has the first order control over the 875 

fracture permeability. A simple power law trend between results for stress orientations B, C, 876 

E, and F in Figure 11 returns a correlation coefficient (r2) value of 0.9997, suggesting a 877 

strong relationship between the apparent fracture-normal stress and effective fracture 878 

permeability. However, at the stress field orientation where the fracture is closest to being 879 

critically stressed with respect to 𝜎2 i.e. when shear stress is greatest (2 MPa) and dextral 880 

shear displacement is largest (D), calculated effective permeability is higher than predicted 881 

from the normal stress relationship.  882 
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 883 

Figure 11: Permeability and circumferential strain data during radial stress rotations in the uniform resin; A) Permeability 884 
vs. normal stress during a rotation of the horizontal stress field in the uniform sample. Error bars are one standard deviation 885 
from the mean permeability for each stage. B-F) Strain maps for each stage corresponding to the labels in panel A, highlight 886 
the shear offset during horizontal stress rotation. Shear offset is largest when the fracture is 45° to 𝜎2  i.e. largest theoretical 887 
shear stress (D). 888 

Figure 12 presents further evidence for the influence of shear displacement on the fracture 889 

permeability in the fracture fluid flow results for the greywacke. This test immediately 890 

follows the fracturing stages described in Section 3.1.3 and involves the same stress rotation 891 

protocol as for the uniform resin i.e. through 90° in 22.5° steps before reverting back to the 892 

fracturing stress field. The strain data show the continued growth of the fracture from Figure 893 

12A until Figure 12C in the direction of 350° when it appears to be fully formed. During 894 

these stages the circumferential strain data suggest dextral shear displacement. During Figure 895 

12D the strain data no longer show the characteristic shape of a propagating fracture and, at 896 

this time, the orientation of the intermediate principal stress to the position that the initial 897 

fracture propagation reaches the sample boundary (170°) is greater than 90°. This means that 898 

the stress field is now trying to shear the sample in a sinistral fashion, where previously it was 899 

dextral. Furthermore, the strain in Figure 12E shows a clear sinistral offset in the vicinity of 900 

350° indicating that the fracture experiences sinistral shear displacement before the stress 901 

reverts to the original stress field orientation in Figure 12F.  902 
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Figure 12G and H also show plots of the mean differential pressure (+/- 1 standard deviation) 903 

during each stress field rotation. Here we choose to present differential pressure (rather than 904 

permeability as in previous analyses) because the calculation of permeability using equations 905 

1-3 requires the width and length of the fracture to be known. In this case, as the fracture is 906 

still propagating from Figure 12A-C we cannot know these parameters. The two plots 907 

indicate that, even though the fracture continues to propagate during these stages, when the 908 

stress fields are approximately the same during Figure 12A and F, the differential pressures 909 

are essentially equal. This indicates that the dominant flow path is unaffected by the fracture 910 

propagation and that this may be due to the location of our strain sensors at the axial mid-911 

point of the sample. 912 

The stages shown by Figure 12B and E have similar magnitudes of normal and shear stresses 913 

on the fracture but the strain measurements indicate that the shear displacement is in 914 

opposing directions. As the differential fluid pressures in stages A and F are comparable, we 915 

can infer that the continued fracture growth occurring in stages shown by Figure 12A-C does 916 

not influence the fluid pressure, possibly because the dominant flow path is already created 917 

prior to these stages. Using this assumption, we can compare the differential fluid pressure in 918 

stage B during dextral shear displacement with that of stage E and sinistral shear. Even 919 

though the shear stresses and normal stresses are similar, differential pressure during dextral 920 

shear is 4.83 MPa lower than during sinistral shear displacement. This suggests that the 921 

fracture surface geometry (see the wavy profile at the sample base and the rough fracture 922 

surface in Figure 8E) influences the effective hydraulic aperture. Therefore, we infer that the 923 

difference in differential pressures at similar normal and shear stresses in stages B and E are 924 

as a result of the different motions of shear displacement on a rough and wavy fracture 925 

surface.  926 
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 927 

Figure 12: Circumferential strain data and differential fluid pressure relationship with normal and shear stress during stress 928 
field rotation in the greywacke sample; A-C) Circumferential strain data during radial stress field orientation (shown by the 929 
red arrows) indicates the continuation of the slow fracture propagation towards 350° and the dextral shear offset. D-E) 930 
Circumferential strain data suggest the reversal of the shear offset orientation to sinistral. F) A return to the same stress field 931 
orientation as A showing the reinstatement of dextral offset. The strain at 350° indicates the fracture has propagated fully at 932 
the horizon of the strain sensor. G) shows the relationship between the differential pressure and modelled normal stress on 933 
the fracture, and H) the relationship between differential pressure and modelled shear stress. Differential pressure is 934 
significantly higher when shear offset is sinistral (D and E) suggesting that the sense of shear offset is an important factor 935 
controlling fracture fluid flow. 936 

 937 

 938 

4.2. Effective fracture permeability as a function of fracture-fluid pressure 939 

We compare calculated permeabilities between experiments conducted at different 940 

downstream fluid pressures by normalising each dataset against the permeability when the 941 

fracture is under the greatest apparent average fracture-normal stress of 6.62 MPa (stress 942 

orientation shown by the red arrows in Figure 13B). This allows comparison of the change in 943 

permeability caused by the change in normal stress induced by a rotation of the stress field 944 

under different fluid pressure conditions. To take into account the fluid pressure we calculate 945 

the ‘net fracture stress’ – a term used here to avoid confusion in terminology with ‘effective 946 
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stress’ because the resin sample in these experiments is so impermeable there is no 947 

mechanism for the exchange of fluid between the fracture and the resin ‘matrix’. Therefore, 948 

the fluid pressure in the fracture acts as a traction boundary on the fracture surface and the net 949 

stress on the fracture surface can be calculated from the apparent average fracture-normal 950 

stress with respect to the far-field stress state (𝜎𝑛), and the fracture-fluid pressure (𝑃): 951 

6) 𝜎𝑓 = 𝜎𝑛 − 𝑃 952 

This formulation is selected to establish a single parameter that may be used for determining 953 

a relationship between fluid pressure and stress. In doing so, we assume that 𝜎𝑛  at the 954 

fracture boundary is not dependent on 𝑃 or structural changes induced by variations in 𝑃. 955 

The permeability data from four repeat tests on the heterogeneous resin sample, at different 956 

downstream pressures, are plotted in Figure 13. Circumferential strain data for all four 957 

fracture flow tests showed no variation as a result of the different fluid pressures (Figure 958 

13B-F). For each downstream pressure, the change in average normal stress across the 959 

fracture during a full rotation of stresses is the same (1.31 MPa), however, Figure 13 shows 960 

that with reducing net fracture pressures (i.e. increasing fluid pressure) there is a larger 961 

change in permeability for a given change in normal stress.  962 

 963 
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Figure 13: Normalised permeability and circumferential strain data for stress rotations at controlled downstream fluid 964 
pressures; A) Normalised permeability vs net fracture stress (normal stress - downstream fluid pressure) for downstream 965 
fluid pressures of 0.69 MPa, 1.38 MPa, 2.07 MPa, 2.76 MPa, B-F) Circumferential strain recorded at different stress field 966 
orientations (indicated by the red arrows) for each fluid pressure. Radial axis is Strain x10-6. At high fluid pressures (lower 967 
net fracture stress) the change in permeability as a function of normal stress is larger than at low fluid pressure. The 968 
approximate location of the fracture is plotted as a dashed red line and the orientation of the stresses is shown by the red 969 
arrows. These data indicate that the different fluid pressures are not causing deformation around the circumference of the 970 
sample and that differences in the permeability must therefore be attributed to deformation at the fracture surface.   971 

 972 

 973 

  974 
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5. Discussion 975 
We describe experiments that focus on hydraulic fracturing of zero- and low-permeability 976 

samples under polyaxial stress conditions. The samples deform elastically at first in response 977 

to the applied boundary loads, and then permanently by hydraulic fracturing under constant-978 

flow-rate water injection into a partially penetrating axial borehole. Fractures in the two resin 979 

samples form parallel with the intermediate principal stress, a response compatible with a 980 

tensile failure process, while the hydraulic fracture in the greywacke propagates at an angle 981 

striking 36.5° to the intermediate principal stress direction, compatible with the development 982 

of a primary shear fracture. The subsequent fluid flow behaviour of the fracture(s) shows 983 

dependency on several factors: absolute fluid pressure inside the fracture void, the difference 984 

in fracture-fluid pressure and the resolved far-field normal stress on the fracture plane (which 985 

is varied, as we rotate and/or alter the far-field boundary conditions), and the relationship 986 

between the fracture orientation and the intermediate far-field stress component. The set of 987 

observations provides a basis from which to examine some existing ideas concerning the 988 

controls on effective fracture apertures. 989 

In the uniform resin sample a hydraulic fracture is formed at a breakdown pressure of 33.36 990 

MPa under a minimum principal stress of 3.30 MPa, while in the heterogeneous resin 991 

breakdown pressure is 37.45 MPa with a minimum principal stress of 3.20 MPa. As these 992 

fractures are approximately parallel to the intermediate principal stress, the classical tensile 993 

failure model (Hubbert & Willis, 1957) suggests that the tensile strength of the sample is 994 

approximately 30-34 MPa – slightly lower than the ‘typical’ value provided by the polyester 995 

resin supplier of 40 MPa, but significantly higher than the Brazilian test results. There are a 996 

number of possible reasons for this. Firstly, the Brazilian test results indicate an increase in 997 

strength with decreasing equivalent diametric strain rate, suggesting that the higher 998 

breakdown pressure achieved at the lower flow rate in the heterogeneous resin is as expected 999 

for this material (but unusual for rocks). Secondly, the uniform resin hydraulically fractured 1000 

after 445 seconds (approximately 7.5 minutes) which is a similar timescale to the highest 1001 

strength samples in the Brazilian testing (26.5 MPa; 9 minutes, and 28 MPa; 9.5 minutes – 1002 

see supplementary information), but the heterogeneous resin took far longer due to a 1003 

combination of the pump leak (indicated in Figure 7E, and rectified at an injection pressure of 1004 

22 MPa) and the slower flow rate. Finally, Haimson & Zhao, (1991) and Zhuang et al., 1005 

(2018) show that hydraulic breakdown pressures at the laboratory scale are dependent on the 1006 

borehole size effect and pressurisation rate with smaller borehole diameters leading to higher 1007 

breakdown pressures. The small diameter borehole in the greywacke (6 mm) and resins (3 1008 

mm) could also be a contributory factor in elevated breakdown pressures.  1009 

In the uniform resin sample the fracture propagates in the orientation approximately as 1010 

predicted by the classical tensile failure model (Hubbert & Willis, 1957), and the strain and 1011 

fluid pressure data show that the propagation behaviour is not a single event. Multiple stages 1012 

of fracture propagation are observed as the fracture continues to extend towards the 1013 

boundaries over a 39 second period after initiation. Three major events can be identified that 1014 

correspond to fluid pressure drops (as shown in Figure 6) interspersed with smaller events 1015 

that correlate with plateaus in fluid pressure. These events measured in the strain data at 1016 

constant fluid pressure suggest the fluid infiltration was keeping pace with fracture 1017 

propagation i.e. the fracture propagation was stable, as seen for viscous fluids (Stanchits et 1018 

al., 2015; Zoback et al., 1977). The strain data show increased circumferential contraction 1019 

around the vicinity of the fracture trace and relative elongation elsewhere. This pattern of 1020 

strain is compatible with (but not discriminate against some alternate) an interpretation of the 1021 

sample responding as two thick crescents, with a pronounced-aperture fracture opening in the 1022 

centre with a closed-fracture tip near the sample margins. A small variation in the symmetry 1023 
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of the boundary loads shown in Table 2 (particularly PEEs 8 and 1 that are 45° to the 1024 

principal stresses) may cause the small amount of dextral shear observed during the 1025 

fracturing process, which increases with each step of the propagation. This suggests that even 1026 

small variations in the orientation of the developing hydraulic fracture (e.g. by local 1027 

heterogeneity, or local stress changes caused by hydraulic stimulations with pre-existing 1028 

fractures (Mack, 2016; Sarmadivaleh, 2012)) could lead to a component of shear 1029 

displacement even in situations where pure tensile failure might be expected. 1030 

The fracture in the heterogeneous resin sample propagates out of the top 35 mm of the 1031 

borehole at an angle of 21 +/- 2° to the far-field intermediate principal stress (𝜎2) before 1032 

aligning parallel with 𝜎2 (Figure 7). Both the fluid pressure and the strain data indicate that 1033 

this fracture propagation occurred as a single event. This axis-parallel fracture intersects the 1034 

pre-existing, axis-normal, ‘horizontal’ heterogeneities defining the initial ‘layers’ at 1035 

approximately 90°, propagating through all the layers to create a fully-connected flow path 1036 

from the top to the base of the sample. This response is as expected based on current 1037 

understanding of fracture-interface interactions, whereby hydraulic fractures that intersect 1038 

interfaces at high angles are more likely to cross the interface than to open the interface or be 1039 

arrested, offset or /deflected (Chuprakov et al., 2010; Gu et al., 2012; Jamison & Azad, 2017; 1040 

Meng & De Pater, 2010; Renshaw & Pollard, 1995; Sarmadivaleh & Rasouli, 2014; 1041 

Sarmadivaleh, 2012). The induced fracture also intersects the inclined plane/discontinuity at a 1042 

90° difference in strike, but the asymmetrical fracture trace on the base of the sample 1043 

indicates that the inclined plane/discontinuity hindered or altered fracture propagation 1044 

through it. This relationship suggests that fracture-rock-interface interactions need to be 1045 

considered in three dimensions to determine fully whether fracture arrest, propagation or 1046 

deflection may occur at interfaces.  1047 

Breakdown pressure for the greywacke sample is 39.62 MPa with a minimum principal stress 1048 

condition of 7.30 MPa. Assuming the Hubbert & Willis (1957) model of hydraulic fracturing, 1049 

this would suggest a tensile strength of approximately 32 MPa - higher than that determined 1050 

from Brazilian testing results (see Table 1 and supplementary information). For the 1051 

greywacke, Brazilian testing did not reveal a strong rate dependence and strengths were 1052 

generally consistent, suggesting that the elevated breakdown pressures may be due to the 1053 

borehole size effect (Haimson & Zhao, 1991; Zhuang et al., 2018). However, as the hydraulic 1054 

fracture generated in the greywacke propagates at an angle of 36.5° to the intermediate 1055 

principal stress suggesting a shear component, a simple comparison of breakdown pressure 1056 

and tensile strength as above is not appropriate. The circumferential strain data capture the 1057 

propagation of the fracture in one direction over a period of 0.12 s and also the gradual 1058 

extension of the fracture trace in the opposite direction during continued fluid injection. This 1059 

is in notable contrast to the heterogeneous resin that is laterally constrained but does not 1060 

continue to grow. As the fracture in the greywacke propagates outward from the central 1061 

borehole, the strain data indicate that the sample circumference experiences elongation 1062 

normal to the propagating fracture plane, but very little strain parallel to it. Once the fracture 1063 

propagates fully to the boundary, the strain normal to the fracture recovers, suggesting an 1064 

elastic deformation around the propagating fracture tip. It is not possible to deduce from this 1065 

individual greywacke experiment why the fracture propagated at an angle to the intermediate 1066 

principal stress, but one potential explanation may be provided by numerical simulations of 1067 

borehole mechanics with different radial stress magnitudes, thus accounting for the role of 𝜎2. 1068 

These indicate that the circular shape of the central borehole and displacement of the 1069 

borehole wall promote mixed-mode and shear failure as the dominant propagation 1070 

mechanism in natural materials such as Berea sandstone, and other material types with lower 1071 

porosity and permeability, as a result of well pressurisation (Alruwaili, 2016, Alruwaili et al., 1072 
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2017). The temporal evolution of the strain in the vicinity of the fracture (as described in 1073 

Section 3.1.3) hints at a complex interaction between fracture deformation and subsequent 1074 

fracture growth.  1075 

Results from the fracture fluid flow experiments conducted on the uniform resin sample 1076 

under rotating radial stress conditions show that although apparent fracture-normal stress is 1077 

the main controlling factor on fracture permeability, fracture orientation with respect to the 1078 

polyaxial stress field is also important, especially for vertical hydraulic fractures.  1079 

The process of shear dilation has long been recognised as a mechanism by which fracture 1080 

conductivity may be increased (Barton et al., 1985; Chen et al., 2000; Ye & Ghassemi, 2018). 1081 

It refers to the opening of the fracture aperture due to the displacement of two non-planar 1082 

surfaces juxtaposing ‘high points’ against each other i.e. contacting asperities, and the surface 1083 

roughness is a key component for shear stimulation leading to self-propping fractures (Ye & 1084 

Ghassemi, 2018). In contrast, Rutter & Mecklenburgh (2018) provide evidence of 1085 

transmissivity reduction as a result of fault slip and the generation of wear products in the 1086 

fracture during dynamic failure. It should be noted that in our experiments displacement 1087 

caused by the rotation of the stress field is not the same process of fracture/fault reactivation 1088 

that may generate wear products, or stick-slip behaviour in frictional sliding experiments, 1089 

such as those conducted by Rutter & Mecklenburgh (2018) and Ye & Ghassemi (2018). The 1090 

process in our experiments is much slower and each stress orientation reflects a stable 1091 

configuration of the juxtaposed fracture surfaces i.e. in a new stick-state depending on the 1092 

orientation within the 3D stress field (more akin to Chen et al. (2000), Hofmann et al. (2016), 1093 

and Zhou et al. (2015) who used spacers to control the magnitude of fracture surface 1094 

displacement). Calculated permeability at maximum shear stress and dextral displacement 1095 

(inferred from the circumferential strain data) in the uniform resin is larger than predicted 1096 

from the normal stress relationship derived from the other stress orientations (Figure 11). We 1097 

interpret that this is a result of the (minor) dextral offset that leads to the juxtaposition of 1098 

fracture surface asperities when the fracture is oriented at maximum shear stress – 1099 

approximately 45° to the intermediate principal stress. In addition, our results support the 1100 

concept that shear direction is an important factor as the sinistral offset in the greywacke 1101 

leads to higher differential pressures (Figure 12B vs E), which suggests that the initial dextral 1102 

offset opens the fracture, but the reversal of displacement re-matches the fracture surfaces 1103 

and increases differential pressure. This is in agreement with previous studies that have 1104 

numerically shown a directional dependence of permeability on shear offset (Cheng et al., 1105 

2017). 1106 

These experimental results highlight that normal stress exerts first order control on fracture 1107 

flow behaviour, which is in agreement with recent field data from hydraulic pumping tests in 1108 

over 200,000 shallow boreholes in crystalline rock (Mattila & Follin, 2019). However, 1109 

Mattila & Follin, (2019) also indicate that understanding the full 3D stress state is 1110 

fundamental for predicting whether fractures will be conductive to fluid flow due to the 1111 

potential for shear dilation/contraction to significantly alter fracture fluid flow characteristics. 1112 

This has been discussed by Lei et al., (2017) who showed numerically the importance of the 1113 

full polyaxial stress state magnitude and orientation on fracture permeability. 1114 

The response of fracture closure to a change in normal stress has been studied with a wide 1115 

range of analytical and numerical approaches (Bandis et al., 1983; Barton et al., 1985; 1116 

McDermott & Kolditz, 2005; Walsh et al., 2008; Wang & Sharma, 2017), many of which 1117 

need stochastic or physical data for the fracture surface. A commonly used empirical 1118 

approach is the Goodman (1976) model. We choose to use this as we do not have the fracture 1119 

surface information required to parameterise other models. The Goodman (1976) model 1120 
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calculates the change in fracture aperture (∆𝑉𝑗) as a function of the initial stress (𝜎𝑖), the 1121 

normal stress (𝜎𝑛), and the maximum fracture closure (𝑉𝑚), in our case fracture aperture:  1122 

7) ∆𝑉𝑗 =  𝑉𝑚 − (𝑉𝑚 − 𝜎𝑖)
1

𝜎𝑛
 1123 

Here we take the initial stress to be the net fracture pressure at the start of each stress rotation 1124 

and use the same calculations for normal stress as in previous analyses. Choosing the net 1125 

fracture pressure allows for the variation in fracture aperture with fluid pressure, and 1126 

highlights the importance of the fluid pressure in the process. The model (dashed lines in 1127 

Figure 14) is calibrated to the calculated experimental fracture aperture obtained from 1128 

Equation 2 for each experiment (symbols in Figure 14) by adjusting the maximum fracture 1129 

closure parameter (𝑉𝑚). Figure 14 shows the best-fit model (𝑉𝑚 = 3.50 x10-3 mm) of fracture 1130 

closure for each experimental downstream pressure in the heterogeneous resin sample (0.69 1131 

MPa, 1.38 MPa, 2.07 MPa, 2.76 MPa). It indicates that the model is able to obtain a good fit 1132 

to the experimental data when the fluid pressure is taken into account. The approximately 1133 

linear relationship shows the experimental conditions remain within the low stress linear 1134 

section of the empirical function. 1135 

 1136 

Figure 14: Modelled fits to the experimental data for fracture closure in the heterogeneous resin sample at different 1137 
downstream pressures (0.69 MPa, 1.38 MPa, 2.07 MPa, 2.76 MPa) using the Goodman model (1976).  1138 

In our experiments on the heterogeneous resin the circumferential strain is the same 1139 

irrespective of the fracture fluid pressure yet the calculated permeability change for a given 1140 

change in net fracture pressure is different for different fluid pressures. Lamur et al., (2017) 1141 

tested the impact of effective pressure on fracture permeability by increasing confining stress 1142 

on fractured samples, a methodology similar to many investigating fracture closure e.g. 1143 

(Bandis et al., 1983; Barton et al., 1985; Durham, 1997; Gale, 1982; Witherspoon et al., 1144 

1980). In these methodologies, the change in fracture aperture with stress is measured 1145 

directly and records the deformation of the fracture as it is increasingly confined. These 1146 

experiments record non-linear relationships between permeability and normal stress as a 1147 

result of increasing contact area and fracture stiffness (e.g. Zimmerman & Main, 2003). In 1148 

our experiment, the fracture is contained within the specimen so the circumferential strain 1149 

records any changes in fracture opening/closure with different fluid pressure due to the 1150 

fractured portion of the sample separating. Figure 13 shows that deformation in response to 1151 

the changing stress field did occur, but that there is no consistent difference at different fluid 1152 

pressures.  1153 
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This suggests that the deformation leading to effective hydraulic aperture change is 1154 

accommodated within the resin block or on the fracture surface. McCraw et al. (2016) 1155 

identified a similar behaviour in supercritical CO2 fracture flow in shales. They interpreted 1156 

this as high fluid pressures leading to elastic deformation (opening) of the rock matrix 1157 

between contacting asperities on the fracture surface, which would lead to a change in 1158 

effective hydraulic aperture in the fracture. A similar process may be in operation here, 1159 

possibly made more evident due to the low Young’s Modulus and absence of permeability for 1160 

the polyester resin.   1161 

It is worth noting that the foregoing discussion is based on an assumption that the stress state 1162 

locally adjacent to the fracture may be estimated as an average across the width of the 1163 

fracture, as calculated from a linear elastic finite element model of an intact sample with the 1164 

experimental loading conditions for boundary conditions. This may not be true, of course, 1165 

especially as the fracturing process will alter the local stress field in the vicinity of the 1166 

fracture, and further work is still required to determine the internal stress states in 1167 

experiments such as ours. A more significant uncertainty in the estimation of internal states 1168 

of stress is associated with the feedbacks within the system of intact-blocks and fracture(s) 1169 

that comprise a sample after and during the fracturing process. A full examination of these 1170 

feedbacks, and thus changes of state, is beyond the scope of this paper. Simulation studies 1171 

using dis-continuum geo-mechanics methods reveal major changes of local stress states 1172 

within the intact blocks of rock (Alruwaili et al., 2017), although these concepts are not 1173 

widely acknowledged in the geoscience literature. Nevertheless, we feel compelled to 1174 

mention this subject because they indicate there is a convincing need to test such simulation-1175 

based ideas about the complexity of stress states within fractured rock masses against 1176 

experimental data as described in this paper. 1177 

 1178 

6. Conclusions 1179 

Our hydraulic fracturing experiments under polyaxial stress conditions show that the 1180 

fractures induced in these large (193.75 mm diameter) cylindrical samples, composed of 1181 

homogeneous and heterogeneous, non-porous resin, and a low porosity-permeability 1182 

greywacke, propagate in both tensile and shear orientations with respect to the polyaxial 1183 

stress state (caused by differential radial pressures). High resolution circumferential strain 1184 

data indicate both tensile and shear displacements on the fractures, and show elongation of 1185 

the sample margin normal to the fracture and contraction on the margin parallel to the 1186 

propagating fracture. The combination of the fibre optic strain sensors and fluid pressure data 1187 

reveal that fracture propagation occurs both with fluid pressure drops (unstable) and at 1188 

constant fluid pressure (stable).  1189 

Permeability of the generated fractures is dependent on fracture-normal stress, fracture fluid 1190 

pressure, and the complete stress state. These novel experiments, based on the ability of the 1191 

GREAT cell to change both the magnitudes and orientations of the principal stresses while 1192 

the sample remains in-situ, provide the following key findings: 1193 

 Average normal stress on the fracture plane (as calculated from a linear elastic finite 1194 

element model of the applied stress conditions) exerts a primary control on fracture 1195 

permeability, with higher normal stress reducing fracture permeability as expected.  1196 

 Axially aligned hydraulic fractures with a component of shear, oriented at maximum 1197 

shear stress to the intermediate principal stress, show (elevated) fracture fluid flow 1198 

characteristics that do not conform to the simple normal stress-permeability 1199 

relationship.  1200 
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 The direction of shear displacement is important due to the potential to match or mis-1201 

match fracture surface asperities leading to second order control on fracture flow. 1202 

 High fracture fluid pressure counteracts fracture closure at low net fracture pressures, 1203 

characterising a non-linear relationship between net fracture pressure and 1204 

permeability.  1205 

These results demonstrate the unique ability of the GREAT cell to probe the interactions 1206 

between hydraulic and mechanical processes in fractured samples under polyaxial stress 1207 

states.  1208 

  1209 
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