
 

 

 
 
 

Edinburgh Research Explorer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Experimental Investigation of Hydraulic Fracturing and Stress
Sensitivity of Fracture Permeability under Changing Polyaxial
Stress Conditions

Citation for published version:
Fraserharris, AP, Mcdermott, CI, Couples, GD, Edlmann, K, Lightbody, A, Cartwrighttaylor, A, Kendrick, JE,
Brondolo, F, Fazio, M & Sauter, M 2020, 'Experimental Investigation of Hydraulic Fracturing and Stress
Sensitivity of Fracture Permeability under Changing Polyaxial Stress Conditions', Journal of Geophysical
Research: Solid Earth. https://doi.org/10.1029/2020JB020044

Digital Object Identifier (DOI):
10.1029/2020JB020044

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
Journal of Geophysical Research: Solid Earth

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 11. Jan. 2021

https://doi.org/10.1029/2020JB020044
https://doi.org/10.1029/2020JB020044
https://www.research.ed.ac.uk/portal/en/publications/experimental-investigation-of-hydraulic-fracturing-and-stress-sensitivity-of-fracture-permeability-under-changing-polyaxial-stress-conditions(36915a00-8249-40e8-a4cc-289e5d66da12).html


mailto:*a.p.fraser-harris@ed.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JB020044&domain=pdf&date_stamp=2020-11-20


 

 
©2020 American Geophysical Union. All rights reserved. 

Keywords: 

Hydraulic stimulation, Fracture fluid flow, Triaxial stress, True-triaxial stress, Polyaxial 
stress, Permeability 
 

Abstract 

Understanding and predicting fracture propagation and subsequent fluid flow characteristics 
is critical to geoenergy technologies that engineer and/or utilise favourable geological 
conditions to store or extract fluids from the subsurface. Fracture permeability decreases non-
linearly with increasing normal stress, but the relationship between shear displacement and 
fracture permeability is less well understood. We utilise the new Geo-Reservoir 
Experimental Analogue Technology (GREAT cell), which can apply polyaxial stress states 
and realistic reservoir temperatures and pressures to cylindrical samples, and has the unique 
capability to alter both the magnitude and orientation of the radial stress field by increments 
of 11.25° during an experiment. We load synthetic analogue materials and real rock samples 
to stress conditions representative of 500 - 1000 m depth, investigate the hydraulic 
stimulation process, and then conduct flow experiments whilst changing the fluid pressure 
and the orientation of the intermediate and minimum principal stresses. High-resolution 
circumferential strain measurements combined with fluid pressure data indicate fracture 
propagation can be both stable (no fluid pressure drop) and unstable (fluid pressure drop). 
The induced fractures exhibit both opening and shear displacements during their creation 
and/or during fluid flow with changing radial stress states. Flow tests during radial stress field 
rotation reveal that fracture normal effective stress has first order control on fracture 
permeability but increasing fracture offset can lead to elevated permeabilities at maximum 
shear stress. The results have implications for our conceptual understanding of fracture 
propagation as well as fluid flow and deformation around fractures.  
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1. Introduction 
The hydro-mechanical behaviour of rock fractures is of fundamental importance for a wide 
variety of subsurface applications. These include groundwater resources (Gaus & Ó 
Dochartaigh, 2000), geotechnical applications such as tunnel excavation (Bossart et al., 
2002), radioactive waste disposal (Birkholzer et al., 2018; Fraser Harris et al., 2015; Hudson 
et al., 2005; McDermott et al., 2015), carbon capture and storage (McCraw et al., 2016; 
McDermott et al., 2016), energy storage (e.g. strategic gas storage, compressed air storage or 
hydrogen storage Bai et al., 2018; Heinemann et al., 2018; Kabuth et al., 2017), tight 
conventional and unconventional hydrocarbons (Aybar et al., 2014; Fatahi et al., 2017; Guo 
et al., 1993; Guo et al., 2014), and geothermal energy (Hu et al., 2020; McClure & Horne, 
2014; McDermott et al., 2006; Tomac & Sauter, 2018). In low permeability rocks, extraction 
technologies such as unconventional hydrocarbons and geothermal energy, fractures 
represent desirable high permeability pathways that facilitate economic fluid flow. Where 
interconnected fracture networks do not occur naturally, or are unable to yield economically 
viable flow rates, stimulation mechanisms involving injecting pressurised fluid are used to 
either generate new fractures (hydraulic fracturing) or reactivate existing fractures (hydro-
shearing) increase existing permeability 

Many experimental studies have investigated the controlling factors on hydraulic fracture 
propagation including stress controls, injection parameters, and interactions with pre-existing 
features e.g. bedding planes or fractures. Stress controls on fracture propagation were first 
investigated by Hubbert & Willis (1957) who determined the expected orientation of 
fractures with respect to the tectonic stresses, assuming tensile (Mode I) failure. Experimental 
studies by Chitrala et al. (2013) have shown that both shear and tensile failure modes are 
common in hydraulic fracturing, as indicated by focal mechanism data from acoustic 
emissions (AE), while Solberg et al. (1977) showed that whether shear or tensile failure were 
the dominant mechanism is stress ratio related. Warpinski et al. (1982) investigated the 
important behaviour of fracture containment due to stress contrasts, highlighting this as one 
of multiple factors controlling fracture containment via the arrest of fracture propagation. The 
main injection parameters of interest have been the fluid viscosity, pressurisation rate or 
injection rate, and more recently cyclic injection schemes. Ishida et al. (2004), Stanchits et al. 
(2015), Zoback et al. (1977) all show that high viscosity fluid is more likely to lead to stable 
fracture propagation based on the conceptual model that high viscosity fluids are unable to 
penetrate tight fractures to apply the fluid pressure at the fracture tip (Zoback et al., 1977).  
Pressurisation rate or injection rate has been shown to impact breakdown pressures, with 
higher rates leading to higher breakdown pressures e.g. (Cheng & Zhang, 2020; Haimson & 
Zhao, 1991; Lockner & Byerlee, 1977; Zhuang et al., 2018). In an attempt to reduce 
seismicity during hydraulic fracturing and improve efficiency, fatigue hydraulic fracturing 
through cyclic injection schemes has been proposed. Hofmann et al. (2018), Patel et al. 
(2017), Zhuang et al. (2020, 2019) introduced experimental and field work on cyclic injection 
schemes which reduce the breakdown pressure and reduce the maximum amplitude of 
associated acoustic emission (AE) events released by fracture generation. The final major 
area of research concerning fracture propagation has been the investigation of fracture 
propagation with respect to anisotropic mechanical properties and pre-existing interfaces such 
as natural fracture networks and bedding planes. Experimental and numerical research has 
shown that a larger differential horizontal stress magnitude induces dominant cross-cutting 
hydraulic fractures (Bahorich et al., 2012; Hou et al., 2014; Tan et al., 2017; Xu et al., 2015; 
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Zhou et al., 2008). Cross-cutting fractures are also promoted by a high fracture approach 
angle (Blanton, 1982; Gu et al., 2012; Hou et al., 2014), high injection rate and low fluid 
viscosity (Beugelsdijk et al., 2000; de Pater & Beugelsdijk, 2005; Fan & Zhang, 2014; Lee et 
al., 2014; Zhou et al., 2008), and high shear strength or narrow cemented fractures (Bahorich 
et al., 2012; Lee et al., 2014; Sarmadivaleh, 2012; Tan et al., 2017; Zhou et al., 2008). Other 
factors of interest are the ratio of the induced hydraulic fracture height to the existing 
discontinuity (Bahorich et al., 2012), anisotropy of laminated media (Tan et al., 2017; Xu et 
al., 2015), and the fracture density (Fan & Zhang, 2014). Due to the need to understand true 
triaxial stress state controls on fracture propagation orientation and interaction, the majority 
of experiments necessarily employ true triaxial testing equipment. 

Fracture propagation can be inferred from CT scanning (Zhuang et al., 2020), thin section 
and image analysis (Patel et al., 2017), as well as post experimental destructive analysis using 
dyed fluid e.g. (Cheng & Zhang, 2020). However, these are all post-experimental analyses 
that do not capture the propagating fracture front. Fracture propagation is monitored better 
through using AEs to reconstruct time series 3D location maps (Hu et al. (2020) and Stanchits 
et al. (2015) are recent examples of this); however this is an incredibly time and labour 
intensive process. Potential for induced seismicity is often assessed through AE event rates 
and magnitude-frequency distributions (Benson et al., 2020; Gehne et al., 2019; Meng & De 
Pater, 2011). The majority of hydraulic fracture propagation investigations focus on the 
propagation mechanisms, using these methods to better understand the fracture geometries 
and networks produced, as well as the likely fracture extent. AEs are also used to show the 
accumulation of damage during cyclic injection prior to fracture propagation (Diaz et al., 
2020; Zhuang et al., 2020). In some cases following breakdown when fluid injection is 
sustained, AEs have been recorded at stable fluid pressures e.g. Hu et al. (2020). In these 
situations it is not possible to ascertain the exact origin of these AEs, as they could be a 
consequence of fracture slip, fracture closure/opening, and/or stable fracture propagation. We 
investigate an alternative monitoring technique using fibre optic strain sensors to observe in 
real-time the propagating fracture front.  

Here we utilise the Geo-Reservoir Experimental Analogue Technology (GREAT cell) that is 
capable of generating hydraulic fractures under polyaxial stress conditions and maintaining a 
hydraulic seal when the propagating fracture reaches the sample edge. We monitor hydraulic 
fracture propagation in both synthetic and real rock samples by employing fibre optic strain 
sensors attached to the circumference of the sample. These provide circumferential strain data 
around the sample with localised strain measurements every ~2.6 mm to a resolution of 1 
micro-strain at a frequency of 25 Hz. Circumferential strain has previously been measured 
using extensometers (e.g. Hofmann et al., (2016)) but these only provide total/bulk 
circumferential strain. Our novel approach, facilitated by the cylindrical design of the 
polyaxial GREAT cell, allows us to detail localised deformation associated with fracture 
propagation events and their relation to fluid injection pressure to ascertain if stable or 
unstable fracture propagation is occurring. 

The aim of hydraulic stimulation for either unconventional hydrocarbons extraction or EGS is 
to increase fluid flow to production wells in the subsurface through enhanced/generated 
fracture permeability. Experimental and numerical investigations of fracture permeability are 
an incredibly active area of current research and represent many challenges. In its simplest 
form, fracture permeability can be estimated from the fracture aperture (space between the 
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two fracture surfaces) by approximating the fracture surfaces to two parallel plates 
(Witherspoon et al., 1980; Zimmerman & Main, 2003; Zimmerman & Bodvarsson, 1996). 
However, fractures are not simply planar parallel plates, and many authors have shown that 
taking the mean mechanical aperture (determined from fracture surface characteristics and 
used to represent the aperture between parallel plates) will not result in an accurate prediction 
of fluid flow (Kulatilake et al., 2008; Renshaw, 1995). The topography of fracture surfaces 
leads to significantly more complex behaviours, such as channelization (e.g. Guo et al., 2016; 
McDermott et al., 2015), non-linear flow (Konzuk & Kueper, 2004; Zhang & Nemcik, 2013; 
Zhou et al., 2015), non-linear relationships between fracture normal stress and effective 
hydraulic aperture (e.g. Bandis et al., 1983; Barton et al., 1985; Pyrak-Nolte et al., 1987; 
Witherspoon et al., 1980; Zimmerman & Main, 2003), and potential effective hydraulic 
aperture change when displacement juxtaposes fracture surface asperities (Chen et al., 2000; 
Lee & Cho, 2002; Shen et al., 2020; Vogler et al., 2016).   

Of particular interest in unconventional hydrocarbons and EGS is the fluid flow response to 
fracture normal stress and shear displacement behaviours. To investigate fracture normal 
stress relationships with permeability, many researchers conducted uniaxial experiments 
(stress applied in axial direction either with or without jacketing the sample) to show that 
increasing normal stress leads to a decrease in permeability (Barton et al., 1985; Gale, 1982; 
Pyrak-Nolte et al., 1987; Witherspoon et al., 1980). This has particular importance when 
trying to understand fracture closure during the production phase from unconventional 
hydrocarbons (Iriarte et al., 2018). Witherspoon et al (1980) used this methodology to 
validate the cubic law for normal stresses below 20 MPa. Durham (1997) used a triaxial rig to 
perform fracture closure experiments under hydrostatic stress conditions on a fractured 
sample from the KTB geothermal site and Lamur et al., (2017) investigated fractured samples 
of different porosity under hydrostatic conditions. Both found a non-linear relationship 
between effective stress and permeability while Lamur et al., (2017) showed the greatest 
impact of fracture generation was on lower porosity samples. A similarly non-linear 
relationship was found when hydraulic properties during fracture closure were investigated 
with conventional triaxial experimental equipment on sandstone and shale fractures 
containing proppant (Iriarte et al., 2018).   

Shear dilation refers to the increase in effective hydraulic aperture as a result of juxtaposing 
asperities on each side of the fracture being forced past each other by displacement of the 
fracture. Experimental investigations of this phenomenon include static fracture offset tests 
(Chen et al., 2000; Hofmann et al., 2016; Zhou et al., 2015), direct shear tests at constant 
shear displacement rates (Shen et al., 2020), increasing shear stress (Rutter & Mecklenburgh, 
2018), and hydraulically induced dynamic shear tests (Ye & Ghassemi, 2018). Kamali & 
Ghassemi (2018) and Ye & Ghassemi (2019) also provide mechanisms and evidence of 
fracture displacement leading to enhanced permeability through increased fracture tip stresses 
and the coalescence of nearby fractures during shear displacement, as opposed to the 
enhancement of permeability of each individual fractures through shear dilation. However, a 
consensus on the impact of displacement on permeability is somewhat inconclusive as some 
authors indicate that at low fracture normal stresses fracture offset leads to shear dilation that 
increases fracture permeability (Lee & Cho, 2002; Ye & Ghassemi, 2018), but at higher 
fracture normal stresses, or when dynamic slip behaviour produces wear products, shear 
displacement reduces permeability (Rutter & Mecklenburgh, 2018; Shen et al., 2020). 
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Figure 12 presents further evidence for the influence of shear displacement on the fracture 
permeability in the fracture fluid flow results for the greywacke. This test immediately 
follows the fracturing stages described in Section 3.1.3 and involves the same stress rotation 
protocol as for the uniform resin i.e. through 90° in 22.5° steps before reverting back to the 
fracturing stress field. The strain data show the continued growth of the fracture from Figure 
12A until Figure 12C in the direction of 350° when it appears to be fully formed. During 
these stages the circumferential strain data suggest dextral shear displacement. During Figure 
12D the strain data no longer show the characteristic shape of a propagating fracture and, at 
this time, the orientation of the intermediate principal stress to the position that the initial 
fracture propagation reaches the sample boundary (170°) is greater than 90°. This means that 
the stress field is now trying to shear the sample in a sinistral fashion, where previously it was 
dextral. Furthermore, the strain in Figure 12E shows a clear sinistral offset in the vicinity of 
350° indicating that the fracture experiences sinistral shear displacement before the stress 
reverts to the original stress field orientation in Figure 12F.  

Figure 12G and H also show plots of the mean differential pressure (+/- 1 standard deviation) 
during each stress field rotation. Here we choose to present differential pressure (rather than 
permeability as in previous analyses) because the calculation of permeability using equations 
1-3 requires the width and length of the fracture to be known. In this case, as the fracture is 
still propagating from Figure 12A-C we cannot know these parameters. The two plots 
indicate that, even though the fracture continues to propagate during these stages, when the 
stress fields are approximately the same during Figure 12A and F, the differential pressures 
are essentially equal. This indicates that the dominant flow path is unaffected by the fracture 
propagation and that this may be due to the location of our strain sensors at the axial mid-
point of the sample. 

The stages shown by Figure 12B and E have similar magnitudes of normal and shear stresses 
on the fracture but the strain measurements indicate that the shear displacement is in 
opposing directions. As the differential fluid pressures in stages A and F are comparable, we 
can infer that the continued fracture growth occurring in stages shown by Figure 12A-C does 
not influence the fluid pressure, possibly because the dominant flow path is already created 
prior to these stages. Using this assumption, we can compare the differential fluid pressure in 
stage B during dextral shear displacement with that of stage E and sinistral shear. Even 
though the shear stresses and normal stresses are similar, differential pressure during dextral 
shear is 4.83 MPa lower than during sinistral shear displacement. This suggests that the 
fracture surface geometry (see the wavy profile at the sample base and the rough fracture 
surface in Figure 8E) influences the effective hydraulic aperture. Therefore, we infer that the 
difference in differential pressures at similar normal and shear stresses in stages B and E are 
as a result of the different motions of shear displacement on a rough and wavy fracture 
surface.  

4.2. Effective fracture permeability as a function of fracture-fluid pressure 
We compare calculated permeabilities between experiments conducted at different 
downstream fluid pressures by normalising each dataset against the permeability when the 
fracture is under the greatest apparent average fracture-normal stress of 6.62 MPa (stress 
orientation shown by the red arrows in Figure 13B). This allows comparison of the change in 
permeability caused by the change in normal stress induced by a rotation of the stress field 
under different fluid pressure conditions. To take into account the fluid pressure we calculate 
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Figure 1: Schematic diagram of the GREAT cell set-up used in the presented experiments. 
Axial load is applied via the hydraulic ram, radial stresses in the sample are induced via the 
fluid pressure in the Pressure Exerting Element pairs generated by the hydraulic circuit, and 
fluid is injected into the intact or fractured sample through two optional pump arrangements 

depending on the test. 
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Figure 2: Samples for hydraulic fracturing experiments; A) uniform resin sample, B) 
heterogeneous resin sample with both horizontal and inclined planes (indicated by the red 

arrows), and C) greywacke. 
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Figure 4: Schematic diagram of the experimental stages during the hydraulic fracturing 
experiments showing the set-up stages including conventional axisymmetric loading, 

hydraulic fracturing under polyaxial loading, fluid flow tests during radial stress rotation, and 
shutdown stages. In addition, a fluid injection profile for the hydraulic fracturing stage of the 
greywacke experiment in this paper (Section 3.1.3) is shown along with the PEE pressures 

during the static and changing true-triaxial stress conditions. 
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Figure 6: Fracture geometry and temporal evolution of strain and fluid pressure in the 
uniform resin sample. A-C) The hydraulic fracture generated in the uniform resin sample 

showing the lateral jog (white dotted line shows how the fractures 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 sample with respect to the radial stress field. D) shows the fluid pressure results for the 
whole experiment and E) shows a zoomed in section highlighting the episodic fracture 

propagation which is correlated to the circumferential strain data. F) Circumferential strain 
results from the axial mid-point of the sample are shown for the intact sample, G) the first 

fracture event, H) the second event causing increased dextral shear offset, I) the final 
breakthrough event, and J) the post-fracture state once a fully connected flow path is 

established. The red arrows indicate the orientation of the principal stresses.  Two fractures 
are shown by the dotted red lines because the fibre intersects both parts of the fracture that is 

connected by the lateral jog shown in A. 
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Figure 7: Fracture geometry and temporal evolution of strain and fluid pressure in the 
heterogeneous resin hydraulic fracturing experiment; A) Sample image parallel to the fracture 
showing the generated fracture intersects only the top 35 mm of the borehole. B) Top down 

view of the surface fracture trace showing the fracture propagated at an angle to the 
intermediate principal stress before rotating round to parallel. C) A base up view of the 

fracture trace (red) showing it is parallel to the intermediate principal stress but asymmetric 
(black arrows) as it is hindered by the inclined plane (dotted white line). D) A view 45° to the 
fracture plane showing the inclined plane in blue and the approximate extent of the fracture in 

red. Angles shown in A-D refer to those in the strain maps. E) Injection fluid pressure and 
flow rate, including the point at which a leak was tightened. Although there is some data loss 

throughout the experiment due to poor quality signals F) shows circumferential strain 
immediately prior to hydraulic fracturing. G-I) capture the propagation of the hydraulic 

fracturing with elongation either side of the propagating fracture at 247.5° and 292.5°, and 
contraction at c.100-105°. J) shows the post-fracture state of the sample. 

  


















