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Abstract

Post-injection seismicity associated with hydraulic stimulation has posed great challenges to hydraulic fracturing operations.

This work aims to identify the causal mechanism of the post shut-in ML 2.9 earthquake in August 2019 at the Preston New

Road, UK, amongst three plausible mechanisms, i.e., the post shut-in pore pressure diffusion, poroelastic stressing on a non-

overpressurised fault, and poroelastic stressing on an overpressurised fault. A 3D fully-coupled poroelastic model that considers

the poroelastic solid deformation, fluid flow in both porous rocks and fracture structures, and hydraulic fracture propagation

was developed to simulate the hydromechanical response of the shale reservoir formation to hydraulic fracturing operations at

the site. Based on the model results, Coulomb stress changes and seismicity rate were further evaluated on the PNR-2 fault

responsible for the earthquake. Model results have shown that increased pore pressure plays a dominant role in triggering the

fault slippage, although the poroelastic stress may have acted to promote the slippage. Amongst the three plausible mechanisms,

the post shut-in pore pressure diffusion is the most favoured in terms of Coulomb stress change, seismicity rate, timing of fault

slippage and rupture area. The coupled modelling results suggested that the occurrence of the post shut-in ML 2.9 earthquake

was a three-staged process, involving first propagation of fracture tips that stimulated surrounding reservoir formations, then

hydraulic connection with and subsequent pore pressure diffusion to the partially-sealing PNR-2 fault, and eventually fault

activation primarily under the direct impact of increased pore pressure.
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Key points: 13 

 A coupled poroelastic model considering solid deformation, fluid flow and fracture growth was 14 

developed to evaluate induced seismicity. 15 

 The post shut-in ML 2.9 earthquake at the Preston New Road, UK was triggered by pore pressure 16 

diffusion to a partially-sealing fault. 17 

 The causal mechanism of induced seismicity highly depends on fault permeability and its 18 

connectivity to injection regions. 19 
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Abstract:  21 

Post-injection seismicity associated with hydraulic stimulation has posed great challenges to hydraulic 22 

fracturing operations. This work aims to identify the causal mechanism of the post shut-in ML 2.9 23 

earthquake in August 2019 at the Preston New Road, UK, amongst three plausible mechanisms, i.e., 24 

the post shut-in pore pressure diffusion, poroelastic stressing on a non-overpressurised fault, and 25 

poroelastic stressing on an overpressurised fault. A 3D fully-coupled poroelastic model that considers 26 

the poroelastic solid deformation, fluid flow in both porous rocks and fracture structures, and 27 

hydraulic fracture propagation was developed to simulate the hydromechanical response of the shale 28 

reservoir formation to hydraulic fracturing operations at the site. Based on the model results, Coulomb 29 

stress changes and seismicity rate were further evaluated on the PNR-2 fault responsible for the 30 

earthquake. Model results have shown that increased pore pressure plays a dominant role in triggering 31 

the fault slippage, although the poroelastic stress may have acted to promote the slippage. Amongst 32 

the three plausible mechanisms, the post shut-in pore pressure diffusion is the most favoured in terms 33 

of Coulomb stress change, seismicity rate, timing of fault slippage and rupture area. The coupled 34 

modelling results suggested that the occurrence of the post shut-in ML 2.9 earthquake was a three-35 

staged process, involving first propagation of fracture tips that stimulated surrounding reservoir 36 

formations, then hydraulic connection with and subsequent pore pressure diffusion to the partially-37 

sealing PNR-2 fault, and eventually fault activation primarily under the direct impact of increased 38 

pore pressure. 39 

Plain Language Summary: 40 

Hydraulic fracturing operations at the Preston New Road, UK caused a sequence of induced 41 

seismicity, with the largest magnitude 2.9 earthquake occurring after the fracturing operations stopped. 42 

The source of this earthquake was identified as a fault structure well oriented to rupture. However, it 43 

is unclear whether the fault slippage was primarily caused by direct fluid pressure increase on the 44 

fault, stress perturbations generated by injected fluids, or the combined effects of the two. We used 45 

computer modelling to simulate the hydraulic fracture propagation, fluid pressure diffusion and 46 

associated stress changes during and after hydraulic fracturing operations at the site. Based on 47 

simulated stress and pressure fields, we evaluated the potential for fault slippage and relative 48 

seismicity counts on the fault identified. Model results have shown that the occurrence of the 49 

earthquake is predominantly attributed to increased fluid pressure on the fault after fluid injection, 50 

although stress perturbations generated by injected fluids may have contributed to fault rupture. Our 51 

findings suggest that the fracturing operations drove hydraulic fractures to impinge on the fault, which 52 

was partially-sealing and allowed gentle fluid pressure diffusion to the fault after injection stopped, 53 

ultimately leading to the occurrence of the magnitude 2.9 earthquake. 54 

 55 
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 56 

1. Introduction 57 

Hydraulic fracturing has proved to be an effective technique to commercially exploit oil and gas 58 

resources from low-permeability reservoirs that are otherwise considered uneconomical. This 59 

technique involves the pumping of pressurised fluids into the subsurface to create a fracture network 60 

that acts as a permeable channel to increase the production of hydrocarbons from low-permeability 61 

formations. However, hydraulic fracturing operations in some formations have faced major challenges 62 

in terms of induced seismicity (Atkinson et al., 2020; Schultz et al., 2020). High pressurised fluids 63 

have the potential to activate pre-existing fractures/faults, either directly or indirectly, which results in 64 

induced seismicity, with moderate-size earthquakes that have been felt at the surface. Regulators have 65 

responded to induced seismicity concerns by imposing Traffic Light System (TLS) mitigation 66 

schemes (e.g., Verdon & Bommer, 2021) in some jurisdictions, which have resulted in the suspension 67 

or termination of operations at several different sites around the world (Schultz et al., 2020). 68 

In the majority of field sites that have been affected by induced seismicity, the seismicity rate peaks 69 

during the hydraulic stimulation stage, followed by diminished level of seismicity after completion of 70 

the well (Schultz et al., 2020). However, it is not uncommon for seismicity to persist for days or even 71 

months during the shut-in phase, and this is thus referred to as the “trailing effect”. For a number of 72 

hydraulic fracturing cases, in both shale gas development and enhanced geothermal systems (EGS), 73 

the largest earthquake has also occurred after cessation of fluid injection. Examples of hydraulic 74 

fracturing operations with significant trailing effects include the South Sichuan Basin, China (Lei et 75 

al., 2019) and Preston New Road, UK (Kettlety & Verdon, 2021); examples of EGS sites include 76 

Soultz-sous-Forêts, France (Evans et al., 2005), Basel, Switzerland (Häring et al., 2008), Paralana, 77 

Australia (Albaric et al., 2014), and Pohang, Korea (Grigoli et al., 2018). The trailing effect poses a 78 

challenge to the management of seismic risk using TLSs (Verdon & Bommer, 2021), since they 79 

represent a retroactive measure (operations are ceased after an event of a given magnitude). 80 

The use of maximum seismic magnitude forecasting models provide an alternative to TLSs for 81 

induced seismicity mitigation (e.g., Cao et al., 2020; Clarke, Verdon, et al., 2019; Kwiatek et al., 2019; 82 

McGarr, 2014; Verdon & Budge, 2018). These models relate the cumulative seismic moment to the 83 

injected volume, and are thus highly dependent on the timely update of operations data. The cessation 84 

of fluid injection terminates the monitoring of operations data as model inputs, which impacts the 85 

applicability of such models. Regardless of whether TLSs or forecasting models are used, when 86 

trailing red light events are detected, few effective mitigation strategies have been identified to 87 

alleviate further seismicity, since, by definition, for trailing events the injection has already been 88 

stopped. 89 
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The driving mechanisms for the trailing effect have not been well understood. Some insights could be 90 

obtained by referring to three fundamental mechanisms for induced seismicity: (1) the direct increase 91 

in pore pressure (Elsworth et al., 2016; Talwani & Acree, 1985), (2) poroelastic stress perturbations 92 

(Segall, 1989; Segall & Lu, 2015), and (3) fault slippage induced stress transfer (Cao et al., 2021; 93 

Eyre et al., 2019; Guglielmi et al., 2015; Schoenball et al., 2012). The most common explanation for 94 

the trailing effect pertains to the delayed effect of pore pressure increase after fluid injection (Baisch 95 

et al., 2010; Hsieh & Bredehoeft, 1981; McClure & Horne, 2011; Parotidis et al., 2004). Pore pressure 96 

perturbations continue to propagate away from the injection point after the shut-in of the well, which 97 

can produce further seismic activity if additional faults are encountered. Another explanation is based 98 

on the poroelastic effect caused by fluid injection (Segall & Lu, 2015). Under certain circumstances 99 

where injection-induced poroelastic stresses inhibit slip, the abrupt shut-in would cause relaxation of 100 

poroelastic stresses, and in turn heightened seismic activity. Poroelastic coupled modelling results of 101 

injection-induced fault slippage have suggested that the poroelastic effect could lead to a surge in the 102 

post-injection seismicity rate, and that the permeability of faults and hydraulic connectivity of faults 103 

are crucial factors governing this process (Chang et al., 2018; Chang & Segall, 2016). As a second-104 

order triggering effect, the stress transfer through aseismic creep subjected to delayed pore pressure 105 

diffusion may also play a crucial role in triggering trailing events (Eyre et al., 2020). Elevated pore 106 

pressure results in stable sliding on a fault, and subsequently co-seismic slippage of unstable regions. 107 

The persistent stable sliding of the fault and continuous loading on unstable regions account for the 108 

long-lived nature of post-injection seismic swarms. It was also argued that a large volume of seismic 109 

swarms previous linked to fluid diffusion can be alternatively explained by aseismic slip (Eyre et al., 110 

2020). 111 

In additions to explanations based on the three fundamental mechanisms for induced seismicity, a 112 

number of novel hypotheses that consider the shut-in conditions have also been proposed. One 113 

alternative explanation is that pressurised fluids in dead-end fractures backflow into larger fractures 114 

during the shut-in phase, potentially generating even larger events than those occurred during 115 

injection (McClure, 2015). Ucar et al. (2017) attributed the sustained post-injection seismicity to the 116 

normal closure of fractures after ceasing the injection, which acts as a fluid pressure support to 117 

advance the pressure front away from the injection point, increase apertures of fractures beyond the 118 

near-well region, and cause seismic events. It has also been recognised that the superposition of 119 

various mechanisms, such as the direct fluid pressure increase, stress transfer through fault slippage, 120 

and thermal effects (primarily in EGS) may have contributed to the persistent post-injection seismicity 121 

(De Simone et al., 2017). Some faults may tend to be destabilised by mechanical and thermal effects 122 

but held stable by the hydraulic effect during injection. The abrupt termination of injection resulting 123 

in sudden pore pressure decrease may trigger such faults to rupture. The various response times of 124 
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reservoir formations to hydraulic, mechanical and thermal effects further complicate the variations of 125 

the superposed stress field and the fault stability. 126 

The identification of causal mechanisms for post shut-in seismicity usually requires integrated 127 

interpretations of geophysical observations, hydrological properties and the geomechanical response. 128 

However, insufficient field monitoring data and large uncertainties in hydrological and geomechanical 129 

properties often impede such efforts. It is also difficult to preclude the possibility that more than one 130 

mechanism is at play in complex geological settings and fault orientations. Nevertheless, certain 131 

characteristics of post-injection seismicity may help identify or at least constrain the plausible 132 

mechanisms involved in field observations. For example, the delayed occurrence of post shut-in 133 

seismicity favours the delayed pore pressure diffusion mechanism or the aseismic slippage stress 134 

transfer mechanism, whereas the immediate post-injection occurrence and long distance away from 135 

the injection region indicate the poroelastic stressing mechanism. Some features may be difficult to 136 

explain with the delayed pore pressure diffusion mechanism, such as prolonged duration (up to 137 

several months), steady seismicity rate over time, and lack of hypocentre migration, indicate a role for 138 

the aseismic slippage stress transfer mechanism (Eyre et al., 2020). Seismicity event locations that are 139 

beyond previously stimulated regions (e.g., in Basel and Paralana) may suggest one or more of the 140 

delayed pore pressure diffusion mechanism, aseismic slip stress transfer mechanism, and post-141 

injection fracture normal closure mechanism. So far, the delayed pore pressure diffusion mechanism 142 

has been considered as the primary driving mechanism for post-injection seismicity in several 143 

hydraulic fracturing sites, e.g., the South Sichuan Basin, China (Lei et al., 2019), and the Red Deer 144 

region in Alberta, Canada (Wang et al., 2020). The aseismic slip mechanism was favoured to explain 145 

the persistent post-injection seismicity in the Fox Creek region in Alberta, Canada (Eyre et al., 2020). 146 

Field observations of other recent novel hypotheses have not yet been reported. 147 

Building upon different causal mechanisms of trailing events, various countermeasures have been 148 

proposed to mitigate against seismic risk. For example, in regards to the poroelastic stressing 149 

mechanism, tapering fluid injection rate instead of abrupt termination upon shut-in could lower or 150 

even eliminate the post shut-in spike in seismicity (Segall & Lu, 2015). Concerning the fluid backflow 151 

from dead-end fractures mechanism, reducing wellhead pressure (by initiating flowback immediately 152 

after injection) may be effective in alleviating post shut-in earthquakes (McClure, 2015). 153 

In this work, the causal mechanism for a post shut-in ML2.9 earthquake at the Preston New Road, UK, 154 

has been investigated through coupled poroelastic modelling that considers poroelastic solid 155 

deformation, fluid flow in both porous rocks and fault structures, and hydraulic fracture propagation. 156 

A recent work by Kettlety and Verdon (2021), where elastostatic stress modelling was performed 157 

under a representative ambient stress field, has suggested that this earthquake was most likely driven 158 

by delayed pore pressure diffusion. The objective of the current work is to reveal the evolving stress, 159 

pore pressure and seismicity rate on the activated fault during and after the hydraulic fracturing 160 
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operations, and to ascertain the respective contribution of delayed pore pressure diffusion and 161 

poroelastic stressing towards the post-injection fault slippage. In particular, we have examined three 162 

plausible mechanisms for the occurrence of the post shut-in earthquake, i.e., the post shut-in pore 163 

pressure diffusion, poroelastic stressing on a non-overpressurised fault, and poroelastic stressing on an 164 

overpressurised fault. We have also investigated the role of fault permeability and its connectivity to 165 

injection regions on the hydromechanical behaviour of reservoir formations and associated seismicity 166 

on the fault. 167 

2. Post shut-in ML 2.9 earthquake at Preston New Road 168 

In 2011, hydraulic fracturing operations commenced at the Preese Hall site in Lancashire, UK, 169 

marking the first onshore shale gas exploration in the UK (Clarke et al., 2014). In 2017, two 170 

horizontal wells (PNR-1z and PNR-2) were drilled in preparation for resumption of hydraulic 171 

fracturing tests at the Preston New Road (PNR) site, some 2.5 miles from Preese Hall. The PNR-1z 172 

well targeted the upper-most section of the Lower Bowland Shale at 2.3 km depth, while the PNR-2 173 

well was drilled approximately 250 m to the north of the PNR-1z well through the lower-most section 174 

of the Upper Bowland Shale at 2.1 km depth. A surface monitoring array (broadband seismometers 175 

and geophones) and a downhole geophone array situated in the adjacent well were installed to monitor 176 

microseismicity associated with fracturing operations. All operations were regulated by a TLS, where 177 

operations would proceed with caution when the seismic magnitude reaches a ML 0 threshold, and be 178 

suspended for a minimum of 24 hours after reaching a ML 0.5 threshold. 179 

Fracturing operations at the PNR-1z well commenced on 15 October until 17 December 2018 in 16 180 

stages, with a maximum injected volume of 431 m3 per stage. An ML 1.1 event occurred at the end of 181 

October, which triggered the TLS red light. Operations remained suspended throughout November. 182 

Hydraulic fracturing resumed to complete 5 further injection stages at the heel of the well in 183 

December 2018. An ML1.6 event occurred during this time, and operations were paused for around 48 184 

hours. Both red light events were believed to be related to a seismogenic planar structure referred to 185 

as the PNR-1z fault (shown as the grey plane in Figure 1). The fault geometry was illuminated by 186 

microseismic event locations, and the trend of the fault is aligned with the focal mechanisms of the 187 

largest events. The microseismic monitoring, processing and interpretation at the PNR-1z well were 188 

detailed in Clarke et al. (2019) and Kettlety et al. (2020). 189 

Hydraulic fracturing at the PNR-2 well took place during the period 15-23 August 2019, which 190 

sequentially stimulated 7 sleeves evenly spaced at 14.5 m from the toe of the well. The first 6 stages 191 

were operated to inject the full volumes of fluids and proppants as planned, with a maximum injected 192 

volume of 432 m3 per stage. After stage 6, seismicity began to escalate and magnitude ML > 0.5 193 

events occurred, resulting in a pause in injection. During stage 7, the well received a reduced volume 194 
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of injection fluids with increased viscosity to alleviate the risk of seismicity. However, elevated levels 195 

of seismicity continued to occur after the end of injection, ultimately culminating in the occurrence of 196 

the ML 2.9 earthquake. The regions stimulated and fault structures activated from the PNR-1z and 197 

PNR-2 operations were believed to be hydraulically isolated, since almost no overlap exists between 198 

microseismic event locations from the two wells (Kettlety et al., 2021). Here, we focus on the 199 

spatiotemporal distribution of induced seismic events including the largest ML2.9 earthquake during 200 

the PNR-2 operations. 201 

 202 

 203 

Figure 1. Map view of PNR microseismic event locations, focused on the PNR-2 events (Kettlety & 204 

Verdon, 2021). The two well paths are shown by black lines, and sleeve locations by yellow 205 

diamonds. Events are sized by magnitude and coloured by clusters. Coordinates used are 206 

based on the Ordnance Survey United Kingdom grid system. 207 

 208 

Detailed microseismic interpretation of the PNR-2 microseismicity can be found in Kettlety et al. 209 

(2021) and Kettlety and Verdon (2021). We reprise key aspects on that analysis here. In the PNR-2 210 

operations, microseismic events induced during stage 1 formed a cluster extending approximately 50 211 
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m above and below the well, and 150 m to the north and south, centred on the injection location. The 212 

cluster is closely aligned to the maximum principal stress direction, with a strike of 350° in the 213 

northward-propagating segment, and 155° in the southward-propagating one. This cluster was 214 

believed to represent the main hydraulic fracture emanating from the PNR-2 well, and was referred to 215 

by Kettlety et al. (2021) as the NS Zone (shown by the blue cluster in Figure 1). The NS Zone was 216 

driven by stage 2 operation to extend roughly 200 m northwards and 100 m southwards, followed by 217 

being maintained over stage 3 and 4 operations. Further to the west of the main NS zone, a cluster 218 

containing a smaller number of microseismic events also developed from stage 2 onwards. This 219 

cluster generally followed the maximum horizontal principal stress orientation, but manifested as a 220 

more diffusive feature. This microseismic cluster (shown by the green cluster in Figure 1) was also 221 

interpreted to result from hydraulic fracturing, and was referred to as the Western Cluster by Kettlety 222 

et al. (2021). 223 

After the stage 4 operation had stopped, a new seismogenic zone emerged approximately 100 m to the 224 

east of the main NS Zone, and slightly deeper than the well. This cluster with a height of 225 

approximately 60 m, gradually propagated around 50 m southwards along the maximum horizontal 226 

principal stress orientation. This cluster (shown by the yellow cluster in Figure 1) was believed to 227 

represent another hydraulic fracture extending from the PNR-2 well, and was referred to as the 228 

Eastern Zone by Kettlety et al. (2021). During stages 5 and 6, microseismic events continued to occur 229 

within the NS Zone. In addition, the length of the Eastern Zone was extended to approximately 100 m 230 

and then to 300 m to both the north and south of the well. Most microseismic events induced during 231 

the stage 7 operation were restricted within both the NS and Eastern Zones. Roughly 5 hours after 232 

injection of stage 7 had ceased, a sequence of earthquakes of magnitude in excess of ML 1.0 occurred, 233 

including the largest ML 2.9 earthquake, which occurred 66 hours after the end of stage 7. Kettlety et 234 

al. (2021) used the aftershock locations determined from the downhole array to illuminate the fault 235 

structure as the source of the ML 2.9 earthquake. The aftershock cluster defined a near-vertical 236 

seismogenic planar fault measuring 330 m × 250 m (length × height), and extending to the southeast 237 

of the Eastern Zone (Kettlety et al., 2021). Integrated interpretations of the ML 2.9 earthquake focal 238 

mechanism and the fault plane fitting to the seismic cluster have suggested that the fault has a 239 

strike/dip/rake of 135°/80°/180°. This fault was denoted as the PNR-2 fault (shown as the red plane in 240 

Figure 1).  241 

The fault activation mechanism responsible for the largest earthquakes at the PNR site is of particular 242 

interest. Kettlety and Verdon (2021) investigated the fault triggering mechanisms of both PNR-1z and 243 

PNR-2 faults through elastostatic stress modelling of the two hydraulic fracturing operations and the 244 

spatio-temporal evolution of microseismic event locations. To evaluate the impact of hydraulic 245 

fractures on stress conditions in the reservoir formation, they adopted a stochastic hydraulic fracture 246 

model, where a population of hydraulic fractures were generated following statistical distributions of 247 
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fracture geometrical attributes. This modelling approach allowed them to examine median Coulomb 248 

stress changes on target faults and the variability from multiple model realisations. It was found that 249 

PNR-1z was activated by the compound effects of direct pore pressure increase and stress transfer 250 

caused by hydraulic fracture opening. The PNR-2 fault was most likely governed by the post shut-in 251 

diffusion of increased pore pressure through hydraulically stimulated regions. However, the stress 252 

transfer produced by hydraulic fracturing opening may also have contributed to destabilise the fault. 253 

The difference between triggering behaviour of the two faults was attributed to the fault orientation in 254 

respect to the in-situ stress field: the PNR-1z fault is moderately well oriented to slip, whilst the PNR-255 

2 fault is extremely well orientated to slip. 256 

The elastostatic stress modelling of Kettlety and Verdon (2021) has qualitatively demonstrated the 257 

respective contribution of pore pressure change and poroelastic stress towards fault slippage by 258 

representing the most representative stress state that would exist during the hydraulic fracturing 259 

operations. However, this model did not capture the evolution of the pore pressure and stress state on 260 

target faults during the fracturing operations, and more importantly, after the end of injection. In 261 

addition, it is still unclear how the respective contribution of pore pressure change and poroelastic 262 

stress towards fault slippage varies, depending on the injection stages, stimulated regions, and 263 

hydraulic properties of the reservoir. This requires a more complex coupled hydromechanical model 264 

that considers both the hydraulic fracture propagation and injection pressure history in order to reveal 265 

the time-varying stress and pore pressure changes on target faults as the hydraulic fractures propagate 266 

and the reservoir is stimulated. 267 

3. Computational modelling methodology 268 

A 3D fully coupled poroelastic model, considering poroelastic solid deformation, fluid flow in both 269 

porous rocks and fault structures, and hydraulic fracture propagation, was developed to model the 270 

hydromechanical behaviour of reservoir formations during and after the PNR-2 operations, and to 271 

further evaluate the potential for earthquakes on the PNR-2 fault. Section 3.1 introduces the 272 

mathematical formulation of the coupled poroelastic reservoir model. Section 3.2 presents the 273 

development of the coupled model used to simulate the fluid injection-induced hydromechanical 274 

behaviour of the shale reservoir. Based on the model results, the evaluation of potential for seismicity 275 

in terms of the Coulomb stress change and seismicity rate is described in Sections 3.3 and 3.4, 276 

respectively. 277 

3.1 Governing equations 278 

The theory of linear poroelasticity has been used to describe the hydromechanical behaviour of porous 279 

media such as subsurface rocks (Wang, 2017). The poroelastic constitutive equations consist of a set 280 

of six equations that describe the solid deformation as a function of the stress and pore pressure, and 281 
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an equation that describes the pore fluid mass related to the pore pressure and mean stress. The first 282 

set of constitutive equations for an isotropic, linear elastic porous medium relate the strains εij to the 283 

stresses σij and pore pressure p: 284 

 
1

2 1 3
ij ij kk ij ijp

G K

 
    



 
    

 (1) 285 

where ν, K and G are Poisson’s ratio, bulk modulus and shear modulus of the porous medium, 286 

respectively,  is the Biot’s coefficient, and δij is the Kronecker delta. 287 

The other constitutive equation relates the increment of fluid content  to the pore pressure p and 288 

mean normal stress σkk/3: 289 

 =
3

kk p
K KB

 
   (2) 290 

where B is the Skempton’s coefficient. 291 

The geomechanical deformation of the poroelastic medium is based on stress equilibrium expressed in 292 

terms of the linear momentum balance equations: 293 

 , 0ij j if    (3) 294 

where fi is the body force. The effective stress σ’ij is defined by the stress σij and pore pressure p: 295 

 ij ij ijp       (4) 296 

By substituting Equation (1) and considering the compatibility relations between the strain and 297 

displacement , ,

1
( )

2
ij i j j iu u   , the stress equilibrium equations can be expressed in terms of the 298 

displacement: 299 

 

2

2 0
1 2

j

i i

i j i

uG p
G u f

x x x




 
    

   
 (5) 300 

The fluid flow in the porous medium is described by the mass conservation equation: 301 

 
i

i

q
Q

t x

 
 

 
 (6) 302 

where qi is the flux of fluid flow, and Q is a fluid mass source. Darcy’s law for fluid flow in porous 303 

medium takes the form: 304 

 i

i

k p
q

x


 


 (7) 305 

where k is the permeability of rocks, and µ is the fluid viscosity. Substituting Equations (2)(7) to 306 

Equation (6) gives: 307 
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2

23

kk

i

B p k p
Q

KB t t x





   
   

   
 (8) 308 

The linear poroelasticity of the medium involves the two-way coupling between geomechanics and 309 

fluid flow. Both coupling terms are implemented in the constitutive equations: the fluid-to-solid 310 

coupling is reflected in the influence of the pore pressure on the strain (Equation (1)), and the solid-to-311 

fluid coupling is considered by the influence of the mean normal stress on the fluid mass (Equation 312 

(2)). The coupled poroelastic response could be simulated by solving the governing equations of 313 

geomechanics and fluid flow incorporating these constitutive relations. 314 

3.2 Coupled poroelastic reservoir model 315 

A 1,000 m-long cubic hydromechanical model was constructed to simulate the PNR-2 hydraulic 316 

fracturing operations and the associated hydromechanical response of shale formations (Figure 2). For 317 

simplification, the model was considered to be comprised of shale formations with uniform 318 

mechanical and hydrological properties. The fluid injection-induced geomechanical response was 319 

modelled using the linear elastic constitutive model, with Poisson’s ratio υ = 0.29, and Young’s 320 

modulus E = 25.7 GPa (Verdon et al., 2020). The matrix permeability of the Bowland Shale was 321 

estimated to be typically less than 1 × 10-4 mD (Clarke et al., 2018), therefore, the shale formations at 322 

the PNR-2 site were assumed to have a permeability k = 1×10-4 mD before stimulation. Generic 323 

values were used for other hydrological properties: porosity ϕ = 0.1, and Biot coefficient = 0.8. 324 

 325 
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 326 

Figure 2. 3D model geometry for hydraulic fracturing operations at the Preston New Road, UK: (a) 327 

3D view, (b) plan view, and (c) side view. 328 

 329 

The model comprises of the two main hydraulic fracture zones (NS Zone and Eastern Zone), whose 330 

dimensions and orientations were determined based on the microseismic clouds recorded during and 331 

after the PNR-2 operation. Although multiple hydraulic fracture branches may be present, these inter-332 

connected fractures were simplified as two major vertical hydraulic fractures, one in each zone. The 333 

two major hydraulic fractures, as well as the PNR-2 fault, were represented by single low-dimension 334 

layers in the model, as shown in Figure 2. 335 

The tectonic stress at the PNR site is characterised by a strike-slip fault regime. Following the fracture 336 

growth trajectories delineated by microseismic clouds, the maximum principal stress was estimated to 337 

orient at 173 at the PNR site. The stress gradient of the maximum, intermediate (vertical) and 338 

minimum principal stresses are 0.032, 0.026 and 0.017 MPa/m, respectively (Clarke, Soroush, et al., 339 

2019; Verdon et al., 2020). The pore pressure gradient is 0.012 MPa/m. The model was initialised 340 

with both the in-situ stress and the initial poroelastic strain caused by the in-situ pore pressure, so as to 341 

achieve a uniform initial stress distribution at the same depth before hydraulic fracturing operations 342 

begin. The boundary conditions were set up in such a manner that the model base is fixed, and normal 343 

and shear stress components calculated from the in-situ stresses were applied to top and lateral 344 

boundaries. The initial pore pressure was vertically distributed based on gravitational equilibrium of 345 
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fluids using a density of 1,200 kg/m3. Fluid pressures computed from the pressure gradient was 346 

applied to all the outer boundaries to reach an initial pore pressure equilibrium. 347 

The propagation of the two major hydraulic fractures was modelled in such a way that the fractures 348 

initiate upon the onset of hydraulic fracturing operations, followed by progressive extension to the 349 

maximum lengths over the fracturing period (Zeng et al., 2021). Considering that microseismicity 350 

began to appear along the designated hydraulic fractures during the main stages, hydraulic fractures 351 

mainly propagate during and shortly after main stages, when the bottomhole pressure exceeds the 352 

minimum principal stress at 2,100 m depth (around 35.7 MPa). For simplicity we assumed that 353 

hydraulic fractures only propagate within the main stages of hydraulic fracturing, when the maximum 354 

injection rate maintained for a period (Figure 3b). It is acknowledged that hydraulic fractures may 355 

propagate sublinearly over time as indicated by analytical solutions such as KGD and PKN models 356 

(Rahman & Rahman, 2010). Here we assumed a linear approximation and used a constant 357 

propagation velocity during each operation stage for simplicity. This model is not intended to 358 

accurately simulate the physical process of fracture propagation, but to represent the spatio-temporal 359 

overpressure distribution in designated hydraulic fracture paths and its influence on distant fault 360 

structures. As the hydraulic fractures propagate, the permeability of surrounding reservoir rocks 361 

(within a certain stimulated width given later) is elevated from 1×10-4 mD to 100 mD. 362 

Although the injection ports from the 7 injection stages are spaced by 14.5 m, it is believed that 363 

hydraulic fracture branches are well connected according to microseismic observations. Thus, fluid 364 

injection into the NS and Eastern Zones was modelled by applying overpressure on the two main 365 

hydraulic fractures planes, instead of on the respective injection ports along the PNR-2 wellpath. The 366 

bottomhole pressure history at the fracturing depth back calculated from the wellhead pressure history 367 

was used as injection pressure inputs (Figure 3a). The NS Zone initiates since stage 1, and the Eastern 368 

Zone is not activated until after stage 4. The field wellhead pressure history was recorded until 25 369 

August, and the bottomhole pressure used after this date evolves with a leak-off type pressure 370 

decrease following an exponential function. The use of the injection pressure control in the numerical 371 

model allows for the accurate modelling of stress perturbations resulting from fluid injection, while 372 

the injection volume, which is not the focus of this work, is not explicitly represented. 373 

 374 
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 375 

Figure 3. Injection pressure and hydraulic fracture growth histories used to simulate the hydraulic 376 

fracturing operations at the Preston New Road, UK: (a) bottomhole pressure history for both 377 

NS and Eastern Zones, and (b) hydraulic fracture length for northward- and southward-378 

propagating segments of the NS and Eastern Zones. 379 

 380 

To understand the dominating factor of the fault slippage, the fault permeability and its hydraulic 381 

connection with injection regions were varied to assess the fault behaviour in various scenarios. Two 382 

end members of fault permeability, 100 mD and 110-6 mD, were considered to represent conductive 383 

and sealing fault scenarios in the numerical model. The fault permeability was represented by 384 

assigning a uniform aperture over the PNR-2 fault plane, based on the relationship between the 385 

effective fracture permeability k and fracture geometry (width h and aperture e), given by k = e
3
/(12h). 386 

Assuming a 10 m wide fault zone, apertures of 0.23 mm and 0.00049 mm provide effective 387 

permeabilities of 100 mD and 110-6 mD, respectively. The hydraulic connection between hydraulic 388 

fractures and the PNR-2 fault was varied by controlling the width of hydraulically stimulated regions. 389 

We used 0 m, 100 m and 200 m stimulated widths to represent hydraulic isolation of the PNR-2 fault, 390 

hydraulic connection only to the Eastern Zone, and hydraulic connection to both the NS and Eastern 391 

Zones, respectively. A total of six model scenarios were considered in the model, as listed in Table 1. 392 

The finite element method-based solver COMSOL Multiphysics was used to solve the coupled 393 

poroelastic model. A maximum timestep of 10 mins was used due to accuracy considerations in the 394 

fluid flow modelling. 395 
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 396 

Table 1 Six model scenarios with various fault permeabilities k and stimulated widths w 397 

 k = 100 mD k = 110-6 mD 

w = 0 m Hydraulically isolated conductive fault Hydraulically isolated sealing fault 

w = 100 m 

Conductive fault hydraulically 

connected to the Eastern Zone 

(baseline scenario) 

Sealing fault hydraulically connected to 

the Eastern Zone 

w = 200 m 

Conductive fault hydraulically 

connected to both the NS and Eastern 

Zones 

Sealing fault hydraulically connected to 

both the NS and Eastern Zones 

 398 

3.3 Coulomb failure stress evaluation 399 

The potential for fracture slippage can be evaluated by the Coulomb failure stress change along 400 

fracture planes: 401 

 s n( )f p          (9) 402 

where f is the friction coefficient, and σn and s are normal and shear stress changes resolved on the 403 

fracture plane, respectively. Here, negative normal stress changes σn indicate rock compression. The 404 

potential for fracture slippage is elevated for a positive Coulomb failure stress change, and suppressed 405 

for a negative value. To isolate respective contributions of poroelastic stressing and pore pressure 406 

change, Equation (9) can be re-arranged in terms of poroelastic stress change and pore pressure 407 

change: 408 

 s n( )f f p          (10) 409 

The fracture orientation most vulnerable to rupture is 45°-φ/2 (φ is the internal friction angle of 410 

reservoir rocks given by f = tanφ) off the maximum principal stress direction, according to the Mohr-411 

Coulomb failure criterion. Considering a friction coefficient f = 0.6 (Verdon et al., 2020) and the 412 

maximum principal stress orientation of 173°N at the PNR site, the most vulnerable fracture plane is 413 

orientated at 144.5°N or 202.5°N. The Coulomb failure stress change  in response to hydraulic 414 

fracturing was resolved on the PNR-2 fault plane with the fault strike 130°N, which is well oriented to 415 

rupture. 416 

3.4 Seismicity rate model 417 

Dieterich (1994) developed a model to quantify the rate of earthquake occurrence based on the 418 

assumption that the timing of a sequence of earthquake nucleation events is controlled by the initial 419 

conditions of nucleation sources and the stressing history. Implementation of the model to the 420 

nucleation of accelerating slip on faults with the rate-and-state friction law yields a state-variable 421 

constitutive formulation of seismicity rate associated with the applied stressing history. Segall and Lu 422 
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(2015) re-formulated the seismicity rate framework by eliminating the state variable and expressing 423 

the equation in terms of the seismicity rate relative to the background rate R: 424 

 
0a

dR R
R

dt t





 
  

 
 (11) 425 

where   is the Coulomb stressing rate, 0  is the tectonic Coulomb stressing rate, and 0/at a   is a 426 

characteristic decay time. a is the constitutive parameter reflecting the slip rate effect in the rate-and-427 

state friction law.   is the in-situ effective normal stress. For any given Coulomb stressing rate, there 428 

is a steady-state seismicity rate ss 0/R   . This implies that an arbitrarily low tectonic stressing rate 429 

could cause a low background seismicity rate. 430 

The in-situ effective normal stress at 2,100 m depth at the PNR site is 10.5 MPa. We assumed the 431 

constitutive parameter a = 0.005, and the background stressing rate 0  is 10-3 MPa/yr, such that 1 432 

MPa stress along the fracture plane accumulates in 103 years. As a result, a characteristic decay time 433 

is ta = 52.5 yr. In our model, we assumed that seismicity will only occur in regions with abundant 434 

fractures, such as within the NS and Eastern Zones and the PNR-2 fault. 435 

4. Model results and analysis 436 

4.1 Uncoupled, one-way coupled and fully-coupled models 437 

Before investigating the full problem involving different model scenarios, we illustrate the effect of 438 

poroelastic coupling on the reservoir behaviour by comparing results of the baseline model scenario 439 

from an uncoupled model, a one-way fluid-to-solid coupled model, and a two-way poroelastic 440 

coupled model. 441 

Figure 4 (a-c) presents the pore pressure distribution immediately after injection stage 7 at 2,100 m 442 

depth of the PNR-2 well. The uncoupled and one-way coupled models yield the same overpressurised 443 

regions, constrained within the stimulated regions and the PNR-2 fault. The fully-coupled model 444 

presents a slightly smaller pore pressure increase within the stimulated regions. This is because the 445 

rock compression by the overpressure increases the volume fraction to host fluids and acts as a liquid 446 

source (Equation (2)), which causes less fluid injected under controlled injection pressure conditions, 447 

and thus lower overpressure within the stimulated regions. The uncoupled model does not represent 448 

the solid-to-fluid coupling effect, and thus slightly overestimates the overpressure. In contrast, under 449 

controlled injection rate conditions, the poroelastic effect would cause larger overpressure according 450 

to Equation (2) (Chang & Segall, 2016). 451 

 452 
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 453 

Figure 4. Pore pressure change p and mean normal stress change σkk/3 immediately after injection 454 

stage 07 at 2,100 m depth of the PNR-2 well: (a, d) uncoupled, (b, e) one-way fluid-to-solid 455 

coupled, and (c, f) two-way poroelastic coupled models. The fault is conductive and 456 

hydraulically connected to the Eastern Zone (stimulated width 100 m, fault permeability 100 457 

mD). 458 

 459 

Figure 4 (d-f) presents the mean normal stress change σkk/3 from the three models. In the two 460 

coupled models, the overpressure causes the expansion of the shale formation, which is resisted by 461 

surrounding rocks. This leads to more compression of rock matrix within stimulated regions but less 462 

compression outside, as shown in Figure 4 (e and f). In the two-way coupled model, the rock 463 

expansion outside the stimulated regions creates liquid sinks and thus results in pore pressure 464 

reduction immediately surrounding the stimulated regions (Figure 4 c). The pore pressure distribution 465 

in turn dictates the normal mean stress distribution, resulting in a much larger stress perturbation as 466 

compared to the one-way coupled model. In both coupled models, poroelastic stress generated is 467 

much smaller than the overpressure within the stimulated regions, but has a much larger extent of 468 

influence than the overpressure. In following sections, numerical results presented are from the two-469 

way poroelastic coupled model. 470 

4.2 Poroelastic response to hydraulic fracturing 471 

Figure 5 presents the pore pressure change p after injection stages 3 and 7 for the six model 472 

scenarios. The increased pore pressure only distributes within stimulated regions in all the scenarios. 473 

Whilst the PNR-2 fault is not overpressurised throughout the hydraulic fracturing operations in 474 
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sealing or isolated fault scenarios, it begins to receive fluids as long as the hydraulic fractures impinge 475 

on the fault in conductive fault scenarios, such as at stage 7 for 100 m stimulated width (Figure 5f), 476 

and at stage 3 for 200 m stimulated width (Figure 5i). The pore pressure diffusion within the 477 

stimulated regions forms a pressure gradient, indicating less poroelastic stressing away from the 478 

hydraulic fractures. Consequently, the attenuation of pore pressure surrounding stimulated regions due 479 

to poroelastic stressing is less apparent for large stimulated widths, in particular a 200 m stimulated 480 

width. 481 

 482 

 483 

Figure 5. Pore pressure change p immediately after injection stages 03 and 07 at 2,100 m depth of 484 

the PNR-2 well: (a, b) hydraulically isolated conductive fault, (c, d) hydraulically isolated 485 

sealing fault, (e, f) conductive fault hydraulically connected to the Eastern Zone, (g, h) 486 

sealing fault hydraulically connected to the Eastern Zone, (i, j) conductive fault 487 

hydraulically connected to both the NS and Eastern Zones, and (k, l) sealing fault 488 

hydraulically connected to both the NS and Eastern Zones. 489 

 490 

Figure 6 and Figure 7 present the normal stress change σn and shear stress change τs after injection 491 

stages 03 and 07 for the six model scenarios. Displacement vectors are also indicated using the same 492 

length scale in the graphs. Fractures oriented in the fault direction are clamped within the stimulated 493 

regions, and relieved immediately surrounding these regions. Farther away from the stimulated 494 
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regions, regions to the northwest and southeast of hydraulic fracture tips are relieved, whilst other 495 

regions are more compressed. The normal stress relief is more pronounced around the PNR-2 fault in 496 

hydraulically connected conductive fault scenarios (Figure 6 f, i and j). 497 

 498 

 499 

Figure 6. Normal stress change σn immediately after injection stages 03 and 07 at 2,100 m depth of 500 

the PNR-2 well: (a, b) hydraulically isolated conductive fault, (c, d) hydraulically isolated 501 

sealing fault, (e, f) conductive fault hydraulically connected to the Eastern Zone, (g, h) 502 

sealing fault hydraulically connected to the Eastern Zone, (i, j) conductive fault 503 

hydraulically connected to both the NS and Eastern Zones, and (k, l) sealing fault 504 

hydraulically connected to both the NS and Eastern Zones. Grey arrows indicate 505 

displacement vectors. 506 

 507 

Shear stress is enhanced within the stimulated regions and hydraulic fracture tips, and suppressed in 508 

surrounding regions. It can be observed that in hydraulically connected conductive fault scenarios, the 509 

PNR-2 fault exhibits larger shear stress change after being connected to hydraulic fractures, as 510 

compared to sealing or isolated fault scenarios. Note that shear stress changes induced by fluid 511 

injection are much less than the normal stress changes. 512 

 513 
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 514 

Figure 7. Shear stress change τs immediately after injection stages 03 and 07 at 2,100 m depth of the 515 

PNR-2 well: (a, b) hydraulically isolated conductive fault, (c, d) hydraulically isolated 516 

sealing fault, (e, f) conductive fault hydraulically connected to the Eastern Zone, (g, h) 517 

sealing fault hydraulically connected to the Eastern Zone, (i, j) conductive fault 518 

hydraulically connected to both the NS and Eastern Zones, and (k, l) sealing fault 519 

hydraulically connected to both the NS and Eastern Zones. Grey arrows indicate 520 

displacement vectors. 521 

 522 

The displacement vectors manifest clear expansion of the shale formations in response to fluid 523 

injection. Under controlled injection pressure conditions, stimulation of larger regions requires a 524 

larger volume of fluids being injected, and thus results in larger rock deformation. In comparison to 525 

sealing or isolated fault scenarios, the displacement vectors are larger around the PNR-2 fault in 526 

hydraulically connected conductive fault scenarios (Figure 6 and Figure 7 f, i and j). 527 

4.3 Coulomb failure stress change 528 

Figure 8 presents the Coulomb failure stress change due to poroelastic stressing τs + fσn after 529 

injection stages 3 and 7 for the six model scenarios. The resemblance between Figure 8 and Figure 6 530 

suggests that the poroelastic stressing effect is dominated by the normal stress changes. In particular, 531 

the relief of the normal stress prevails over the elevation of shear stress within the stimulated regions. 532 

Nevertheless, strong negative shear stress changes to both sides of the NS and Eastern zones outside 533 
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the stimulated regions contribute to the inhibition of the potential for fault slippage away from the 534 

hydraulic fractures. In isolated or sealing fault scenarios, the northwest end of the PNR-2 fault falls 535 

within this seismic inhibited region. 536 

 537 

 538 

Figure 8. Coulomb failure stress change due to poroelastic stressing τs + fσn immediately after 539 

injection stages 03 and 07 at 2,100 m depth of the PNR-2 well: (a, b) hydraulically isolated 540 

conductive fault, (c, d) hydraulically isolated sealing fault, (e, f) conductive fault 541 

hydraulically connected to the Eastern Zone, (g, h) sealing fault hydraulically connected to 542 

the Eastern Zone, (i, j) conductive fault hydraulically connected to both the NS and Eastern 543 

Zones, and (k, l) sealing fault hydraulically connected to both the NS and Eastern Zones. 544 

 545 

Figure 9 presents the Coulomb failure stress change τ after injection stages 3 and 7 for the six model 546 

scenarios. The Coulomb failure stress change is dominated by pore pressure change within stimulated 547 

regions and the hydraulically connected conductive fault, albeit being restricted by the normal stress 548 

change. Outside the stimulated regions, Coulomb failure stress change is primarily contributed by the 549 

shear stress change, where the potential for fault slippage is suppressed to the sides of the NS and 550 

Eastern zones but promoted at the propagation fronts. In isolated or sealing fault scenarios, the 551 

northwest end of the PNR-2 fault is suppressed to slip; but once hydraulic connection is established, 552 

the increased pore pressure overwhelms in favour of fault slippage (Figure 9 f, i, j). 553 
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 554 

 555 

Figure 9. Coulomb failure stress change τ immediately after injection stages 03 and 07 at 2,100 m 556 

depth of the PNR-2 well: (a, b) hydraulically isolated conductive fault, (c, d) hydraulically 557 

isolated sealing fault, (e, f) conductive fault hydraulically connected to the Eastern Zone, (g, 558 

h) sealing fault hydraulically connected to the Eastern Zone, (i, j) conductive fault 559 

hydraulically connected to both the NS and Eastern Zones, and (k, l) sealing fault 560 

hydraulically connected to both the NS and Eastern Zones. 561 

 562 

Figure 10 presents the Coulomb failure stress change τ resolved on both hydraulic fracture zones and 563 

the PNR-2 fault immediately after each injection stage and at the end of modelling for the six model 564 

scenarios. The PNR-2 fault is not stimulated in the isolated fault scenarios (Figure 10 a and b), which 565 

provides a unique case to examine the effect of poroelastic stressing. Since the fluid injection into the 566 

NS Zone approaches the PNR-2 fault (at injection stage 02), the northwest end of the fault to the side 567 

of the NS Zone is clamped by the increased shear stress. As the Eastern Zone is stimulated (at 568 

injection stage 5), the northwest end of the fault in between the NS and Eastern Zones is further 569 

suppressed, whilst the front of Eastern Zone with elevated shear stress impinges the central part of the 570 

fault, promoting the potential for slippage.  571 
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 573 

Figure 10. Coulomb failure stress change τ on hydraulic fracture planes and the PNR-2 fault plane 574 

after each injection stage of the PNR-2 well: (a) hydraulically isolated conductive fault, (b) 575 

hydraulically isolated sealing fault, (c) conductive fault hydraulically connected to the 576 

Eastern Zone, (d) sealing fault hydraulically connected to the Eastern Zone, (e) conductive 577 

fault hydraulically connected to both the NS and Eastern Zones, and (f) sealing fault 578 

hydraulically connected to both the NS and Eastern Zones. 579 

 580 

When the stimulated width is 100 m (Figure 10 c and d), the PNR-2 fault is hydraulically connected to 581 

the Eastern Zone sometime after injection stage 6. This would intensively drive the entire fault to slip 582 

if conductive, or the majority of the fault (except the clamped northwest end) to slip if sealing. When 583 

the stimulated width is 200 m (Figure 10 e and f), hydraulic connection between the NS Zone and the 584 

PNR-2 fault forms sometime after the injection stage 2. A conductive fault would be promoted to slip, 585 

whilst a sealing fault would not be promoted until sometime after the injection stage 6, when the 586 

Eastern Zone connects with the fault and the stimulated regions cover the majority of the fault. 587 

Comparison between model scenarios with different stimulated widths suggests that the extent of 588 

poroelastic stressing is influenced by the area of stimulated regions. The larger the stimulated regions, 589 

the larger the clamped fault section before hydraulic connection. The Coulomb failure stress change 590 

contours in the hydraulically connected sealing fault scenario are consistent with the median Coulomb 591 

failure stress change contours influenced by the NS and Eastern Zones, as obtained from previous 592 

independent elastostatic stress modelling work incorporating a set of 1,000 stochastic hydraulic 593 

fractures for both the NS and Eastern Zones (Kettlety & Verdon, 2021).  594 

To examine the temporal evolution of the Coulomb failure stress change τ along the PNR-2 fault, a 595 

horizontal measurement line A-A is set up along the fault strike in Figure 9(a). As illustrated in Figure 596 

11, poroelastic stressing emerges along the full fault length since the start of the injection, and begins 597 

to clamp the northwest end of the fault after stage 2. In hydraulically isolated fault scenarios, the 598 
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Eastern Zone has a larger influence on Coulomb failure stress changes than the NS Zone (Figure 11 a, 599 

b). If the PNR-2 fault is hydraulically connected to the hydraulic fracture zones, the Coulomb failure 600 

stress change τ dominated by the pore pressure change could be an order of magnitude larger than 601 

that due to poroelastic stressing, either stabilising or destabilising. In hydraulically connected sealing 602 

fault scenarios, the southeast end of the fault is less influenced by the increased pore pressure (Figure 603 

11 d, f), as compared to conductive fault scenarios (Figure 11 c, e). Depending on the overpressure 604 

distribution, the extent of the seismicity suppressed fault section is around 150 m for hydraulically 605 

isolated fault scenarios (Figure 11 a and b), but could reach up to 200 m for hydraulically connected 606 

sealing fault scenarios (Figure 11 d and f). The magnitude of Coulomb failure stress change is also the 607 

minimum for the hydraulically isolated fault scenarios (Figure 11 a and b). 608 

 609 

 610 

Figure 11. Evolution of Coulomb failure stress change τ along the PNR-2 fault plane (the dashed 611 

purple line A-A in Figure 9a): (a) hydraulically isolated conductive fault, (b) hydraulically 612 

isolated sealing fault, (c) conductive fault hydraulically connected to the Eastern Zone, (d) 613 

sealing fault hydraulically connected to the Eastern Zone, (e) conductive fault 614 

hydraulically connected to both the NS and Eastern Zones, and (f) sealing fault 615 

hydraulically connected to both the NS and Eastern Zones. 616 

 617 

To examine the contribution of different stresses towards the Coulomb failure stress change τ, two 618 

measurement points B and C, spaced by 50 m apart, were set up on the measurement line A-A (Figure 619 

9a). Point B is on the extension line of the Eastern Zone, thus would be subjected to the largest 620 
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positive shear stress change before being hydraulically connected to the Eastern Zone. Point C is 621 

located within the clamped northwest end of the fault. Figure 12 presents the stress components at the 622 

two measurement points for three different hydraulic connection scenarios. Under injection pressure-623 

controlled conditions, no prominent distinction in hydromechanical behaviour was observed between 624 

a conductive fault and a sealing fault. In particular, shear stresses in conductive and sealing fault 625 

scenarios, respectively marked by yellow solid and dashed lines, are the same in all the graphs, 626 

because shear stress is independent of pore pressure change. Notably, when hydraulically connected, a 627 

sealing fault has sharper response to fluid injection than a conductive fault, in terms of both the 628 

injection-induced increase and the post-injection decrease in pore pressure change p and Coulomb 629 

failure stress change τ (Figure 12 c, d, e, f). 630 

 631 

 632 

Figure 12. Stress changes at measurement points on the PNR-2 fault: (a) point B (hydraulically 633 

isolated conductive fault), (b) point B (fault hydraulically connected to the Eastern Zone), 634 

(c) point B (fault hydraulically connected to both the NS and Eastern Zones), (d) point C 635 

(hydraulically isolated conductive fault) , (e) point C (fault hydraulically connected to the 636 

Eastern Zone), and (f) point C (fault hydraulically connected to both the NS and Eastern 637 

Zones). Locations of measurement points B and C are shown in Figure 9 (a). 638 

 639 

In hydraulically isolated fault scenarios, the post-stage 6 Coulomb failure stress change τ 640 

tremendously increases at point B, but sharply decreases at point C (Figure 12a, b). The first is 641 
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attributed to the dominant role of increased shear stress, and the latter to the elevated clamping force. 642 

In hydraulically connected scenarios, the elevated pore pressure contributes the most to the potential 643 

for fault slippage, although being counteracted by normal stress change in favour of rock compression 644 

(Figure 12c, d, e, f). Consequently, points B and C exhibit similar geomechanical behaviour. When 645 

the fault is conductive and the stimulated width is 200 m, pore pressure change p and Coulomb 646 

failure stress change τ at both points first increase after stage 2, followed by a sudden decease after 647 

stage 6 (Figure 12 e, f). This suggests the hydraulic connection first to the NS Zone where fluid flows 648 

to the fault, and then to the Eastern Zone where fluid flows from the fault to the large stimulated 649 

regions. The hydraulic connection to the Eastern Zone also greatly enhances the clamping force at 650 

both points (Figure 12 e, f). In contrast, when the fault is not conductive, pore pressure change p and 651 

Coulomb failure stress change τ do not increase until stage 6 at both points. 652 

4.4 Seismicity rate 653 

Figure 13 presents the seismicity rate R resolved on the PNR-2 fault as well as the hydraulic fracture 654 

zones immediately after each injection stage and at the end of modelling for the six model scenarios. 655 

Heightened seismic levels are observed in regions with a positive Coulomb stress change τ, as 656 

shown Figure 10. Pore pressure change results in much larger seismicity rates than the poroelastic 657 

stress change. In hydraulically isolated scenarios with the poroelastic stressing effect alone, the 658 

seismicity rate is mostly limited below 104. In contrast, the seismicity rate can reach up to 107 in 659 

hydraulically connected scenarios where pore pressure change dominates. Due to the quadratic 660 

relation between the seismicity rate and its change rate in Equation (11), the Coulomb stress change 661 

rate   has a more pronounced effect on the seismicity rate R than on the Coulomb stress change τ, 662 

in particular at high seismicity rates. When the PNR-2 fault is hydraulically connected to the 663 

hydraulic fracture zones, the Coulomb stress change τ increases by an order of magnitude, but the 664 

seismicity rate dramatically increases by over 4 orders of magnitude following the surge in the 665 

Coulomb stress change rate   (Figure 10 and Figure 13 c, d, e, f). 666 

Figure 14 presents the seismicity rate evolution along the full fault length over the hydraulic 667 

fracturing operation. The temporal evolution of seismicity rate is closely associated with that of the 668 

Coulomb stress change shown in Figure 11. Interestingly, although the seismicity rate R surges 669 

following a rapid increase in Coulomb stress change rate  , it does not fade off as fast following a 670 

rapid decline in Coulomb stress change rate  . Each injection stage represents a high Coulomb 671 

stress change rate, bringing the seismicity rate to a peak. The Coulomb stress change rate dramatically 672 

drops immediately after each injection stage, and the PNR-2 fault is characterised by a steady 673 

Coulomb stress only influenced by the pore pressure diffusion process. However, the post-injection 674 
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seismicity rate has a rapid followed by gentle decline after injection, maintaining at high levels over a 675 

prolonged period. 676 

 677 

 678 

Figure 13. Seismicity rate R on hydraulic fracture planes and the PNR-2 fault plane after each 679 

injection stage of the PNR-2 well: (a) hydraulically isolated conductive fault, (b) 680 

hydraulically isolated sealing fault, (c) conductive fault hydraulically connected to the 681 

Eastern Zone, (d) sealing fault hydraulically connected to the Eastern Zone, (e) conductive 682 

fault hydraulically connected to both the NS and Eastern Zones, and (f) sealing fault 683 

hydraulically connected to both the NS and Eastern Zones. 684 

 685 

Due to the dominant role of pore pressure change, it can be seen that in hydraulically connected 686 

conductive fault scenarios, the maximum heightened seismicity rates spread across the full fault 687 

length (Figure 14 c, e). In contrast, the maximum seismicity rates only concentrate on the most 688 

poroelastic stressed fault section for hydraulically isolated fault scenarios (Figure 14 a, b), and the 689 

hydraulically connected fault section for sealing fault scenarios (Figure 14 d, f). The combined actions 690 

of pore pressure change and poroelastic stressing could also result in variations in seismicity rate 691 

distribution along the fault length after injection stage 6, as shown in Figure 14 (e)(f). 692 

To compare against field records, the cumulative seismic event count from the baseline model was 693 

computed by integrating the mean seismicity rate within the NS and Eastern Zones and the PNR-2 694 

fault over time. Figure 15 presents the comparison between field recorded and modelled cumulative 695 

seismic event counts over the hydraulic fracturing operation period. The model prediction achieves an 696 

overall satisfactory match to the recorded value, in particular in the first five injection stages. The 697 

largest deviation from the field recorded value comes from stage 6, where the model prediction almost 698 

overestimates twice the event count. This is believed to be because of the drastic fluctuation in the 699 

wellhead pressure at stage 6 as model inputs. In the field fracturing practice, the change in bottomhole 700 
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pressure during fracturing would be much smoother than in wellhead pressure, so as the Coulomb 701 

stress change rate closely associated with the seismicity rate. 702 

 703 

Figure 14. Evolution of seismicity rate R along the PNR-2 fault plane (the dashed purple line A-A in 704 

Figure 9a): (a) hydraulically isolated conductive fault, (b) hydraulically isolated sealing 705 

fault, (c) conductive fault hydraulically connected to the Eastern Zone, (d) sealing fault 706 

hydraulically connected to the Eastern Zone, (e) conductive fault hydraulically connected 707 

to both the NS and Eastern Zones, and (f) sealing fault hydraulically connected to both the 708 

NS and Eastern Zones. 709 

 710 

Figure 15. The recorded and modelled cumulative seismic event counts over the hydraulic fracturing 711 

operation period. The PNR-2 fault is conductive and hydraulically connected to the 712 

Eastern Zone in the model. 713 
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 714 

5. Discussion 715 

5.1 Role of poroelastic stressing in triggering post shut-in earthquakes 716 

We proceeded to isolate the contribution of pore pressure change on the Coulomb stress change on the 717 

PNR-2 fault. Figure 16 (a)(b) presents the mean Coulomb stress change  and the contribution from 718 

pore pressure change fp resolved on the PNR-2 fault for the six model scenarios. When both the pore 719 

pressure and poroelastic stressing are at play within the PNR-2 fault, such as in hydraulically 720 

connected conductive fault scenarios (Figure 16 a), the Coulomb stress change  is lower than the 721 

pore pressure change fp. When only the poroelastic stressing effect is active within the PNR-2 fault, 722 

such as in hydraulically isolated scenarios and sealing fault scenarios (Figure 16 b), the opposite is 723 

true. 724 

 725 

 726 

Figure 16. The contribution of pore pressure change to mean Coulomb stress change  and 727 

seismicity rate R resolved on the PNR-2 fault. Mean Coulomb failure stress change  and 728 

the contribution from pore pressure change fp resolved on (a) a conductive fault, and (b) 729 

a sealing fault. Mean seismicity rate R calculated based on Coulomb failure stress change 730 

rate   and pore pressure change rate p  on (c) a conductive fault, and (d) a sealing fault. 731 

 732 

Figure 16 (c)(d) presents the mean seismicity rate R computed based on Coulomb failure stress 733 

change rate   and pore pressure change rate p  on the PNR-2 fault for the six model scenarios. If 734 

the PNR-2 fault is conductive and hydraulically connected, the seismicity rate computed based on the 735 

Coulomb stress change rate   is slightly smaller than that based on pore pressure change rate f p , 736 
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due to the counteractive effect of poroelastic stressing (Figure 16 c). In contrast, the poroelastic 737 

stressing dominates and the opposite is true for a hydraulically isolated fault or a sealing fault (Figure 738 

16 d). 739 

In hydraulically connected scenarios, the seismicity rate within the PNR-2 fault jumps to high levels 740 

when the hydraulic connection is established at injection stage 6 for a stimulated width 100 m, and at 741 

stage 2 for a stimulated width 200 m, so as the seismicity rate computed based on pore pressure 742 

change rate f p  (Figure 16 c). In hydraulically isolated fault scenarios, the surge in the seismicity 743 

rate occurs when the poroelastic stress becomes prominent at injection stage 6, regardless of a 744 

conductive or sealing fault (Figure 16 c, d). The fault is subjected to minimal mean pore pressure 745 

disturbance in both scenarios, as shown in Figure 16 (a)(b). Interestingly, in the former scenario, the 746 

increased pore pressure spreads across the fault plane leading to a gentle overall seismicity rate 747 

increase (Figure 16 c), but in the latter, the increased pore pressure is localised surrounding fracture 748 

tips, causing a relatively large seismicity rate increase even after being averaged across the full fault 749 

plane (Figure 16 d). 750 

The heightened seismicity rate in hydraulically isolated fault scenarios demonstrates that the 751 

seismicity rate is very sensitive to the stress change rate. This sensitivity can also be observed by 752 

comparing seismicity rate within the fault after stage 1 in all the scenarios, which is purely attributed 753 

to poroelastic stressing. Depending on the poroelastic stressing influenced by different stimulated 754 

widths, the post-stage 1 seismicity rate within the fault is only 100.33 = 2.1 for a 0 m stimulated width, 755 

and 100.55 = 3.5 for a 100 m stimulated width, but could reach up to 101.80 = 63 for a 200 m stimulated 756 

width (Figure 16 c, d). 757 

5.2 Mechanism of the post shut-in ML 2.9 earthquake 758 

Three plausible mechanisms examined for the occurrence of the post shut-in ML 2.9 earthquake at the 759 

PNR site include the post shut-in pore pressure diffusion, poroelastic stressing on a non-760 

overpressurised fault, and poroelastic stressing on an overpressurised fault. The first mechanism is 761 

represented by the model scenarios (c)(d), the second by the model scenarios (a)(b), and the last by 762 

the model scenarios (e)(f). We examined the possibility of the three mechanisms in terms of four 763 

factors based on modelling results: (1) Coulomb stress change, (2) seismicity rate, (3) timing of fault 764 

slippage, and (4) rupture area. 765 

A Coulomb failure stress change in excess of the generalised triggering threshold of 0.01 – 0.1 MPa is 766 

considered to have high potential to trigger fault slippage (Kettlety & Verdon, 2021; Shapiro et al., 767 

1997). Although Coulomb failure stress changes in the hydraulically isolated fault scenarios are much 768 

lower, they could reach well above 1 MPa ahead of fracture tips after stages 6 and 7 (Figure 12 a). 769 

Therefore, none of three mechanisms could be ruled out in terms of the Coulomb stress change value. 770 

Nevertheless, the focus lies in whether the fault slippage criterion is satisfied after injection at the 771 
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PNR field conditions, equivalently, whether the maximum Coulomb failure stress change within the 772 

fault occurs after injection at the PNR field conditions. Under constant injection rate conditions, 773 

following shut-in an unfavourably oriented, hydraulically connected fault may experience rapidly 774 

increased normal and shear stress changes, both contributing to the destabilisation of the fault, before 775 

the pore pressure declines (Segall & Lu, 2015). This would result in a rapid increase of Coulomb 776 

stress, and thus a post-injection spike in seismicity rate. Even after the pore pressure begins to decline 777 

after shut-in, the combined action of rapid poroelastic stress changes and the delayed response of pore 778 

pressure may cause a post shut-in peak in Coulomb stress. In this case, the fault transmissivity plays a 779 

crucial role on the peak magnitude and duration of the post-injection increase in Coulomb stress 780 

(Wassing et al., 2021). A conductive fault, with a fast post-injection pore pressure decline, tends to 781 

have a small and narrow peak in Coulomb stress. In contrast, a sealing fault, with a slow post-782 

injection pore pressure decline, could have a prominent and prolonged increase in Coulomb stress. It 783 

is noteworthy that the post-injection increase in Coulomb stress does not necessarily emerge across 784 

the full fault plane, but occur in a localised fault section. At the PNR hydraulic fracturing site, when 785 

the PNR-2 fault is hydraulically connected to the hydraulic fracture zones, its pore pressure change 786 

can be well constrained by the field-recorded wellhead pressure history. Under such conditions, the 787 

Coulomb failure stress change τ generated keeps decreasing after injection stage 7 at both points B 788 

and C (Figure 12 c, d, e, f), suggesting that the release of the normal stress is not rapid enough to 789 

cause a post-injection peak in the Coulomb stress. This indicates that although the poroelastic 790 

stressing mechanism is active, it does not play a governing role in triggering the post shut-in ML 2.9 791 

earthquake. 792 

Seismicity rate allows more straightforward comparison between recorded and modelled event counts. 793 

Examination of seismicity rate indicates that all the three mechanisms could result in heightened 794 

seismicity rates over the majority of the PNR-2 fault plane (Figure 13). However, the seismicity rate 795 

estimated for hydraulically isolated fault scenarios is mostly below 104, while that for hydraulically 796 

connected fault scenarios can reach above 106. The field observation of the surge in event count 797 

surrounding the fault plane indicates that the poroelastic stressing on a non-overpressurised fault 798 

mechanism is less favourable. 799 

The timing of post shut-in fault slippage differs for different mechanisms. For the poroelastic stressing 800 

on a non-overpressurised fault mechanism, the maximum Coulomb stress change occurs 801 

instantaneously when injection ceases, followed by a monotonical decline. For the post shut-in pore 802 

pressure diffusion mechanism, fault slippage usually happens sometime after the end of injection, 803 

depending on the permeability of the hydraulically connected fault. For the poroelastic stressing on an 804 

overpressurised fault mechanism, the delayed occurrence of fault slippage is also possible. The time 805 

after shut-in depends on the relative decline rate of pore pressure and normal stress, again modulated 806 

by the fault permeability (Wassing et al., 2021). Field records at the PNR site showed that the seismic 807 
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magnitude began to increase around 5 hours after the end of injection. Before the ML 2.9 event 808 

occurring over 60 hours post shut-in, there was an ML 1.1 event around 9 hours post shut-in, an ML 0.5 809 

event around 14 hours post shut-in, and an ML 2.1 event around 33 hours post shut-in. These 810 

observations indicate that the triggering mechanism was active over a prolonged period, thus at least 811 

the poroelastic stressing on a non-overpressurised fault mechanism could be ruled out. 812 

Comparison between the field-derived rupture area and regions with positive modelled Coulomb 813 

stress change provides useful constraints on the underlying triggering mechanism. For the PNR site, 814 

of particular interest is the distribution of recorded seismicity around the poroelastic clamped fault 815 

section: recorded seismicity within this fault section would suggest that the PNR-2 fault is conductive 816 

and hydraulically connected, and seismic quiescence would suggest the opposite. The PNR-2 fault 817 

delineated by aftershocks is elliptically halo-shaped, within which seismicity is quiescent. The 818 

poroelastic clamped fault section in the models falls outside the halo and is not seismic active (see 819 

Figure 7 of Kettlety and Verdon, 2021). This suggests that the PNR-2 fault is likely to be partially 820 

sealing, which allows pore pressure to diffuse but at a slow rate, so that the fault slippage is promoted 821 

by gradually elevated pore pressure but the pore pressure is not sufficiently large to activate the 822 

poroelastic clamped fault section. 823 

It is noteworthy that the stimulated width and fault permeability used in the models may not 824 

accurately represent the field conditions, but provide reasonable upper and lower bounds for extreme 825 

scenarios of hydromechanical behaviour. Building upon these modelling results and analyses, it is 826 

proposed that the occurrence of the post shut-in ML 2.9 earthquake was a three-staged process: 827 

hydraulic fracturing operations first stimulated surrounding reservoir formations and propagated 828 

fracture tips along the maximum horizontal principal stress orientation. Fracture tips then reached and 829 

established hydraulic connection with the partially sealing PNR-2 fault, followed by gradual pore 830 

pressure diffusion to the fault through stimulated regions. After the injection ceased, the pore pressure 831 

was significantly lowered, but it remained higher than the in-situ pressure and continued to drive the 832 

diffusion across the majority of the fault plane, eventually triggering the fault slippage and the 833 

earthquake. In view of this mechanism, continuous microseismic and hydrogeological monitoring is 834 

recommended over a prolonged post shut-in period. In case of continuously increasing seismic 835 

magnitude of post shut-in events, flowback of injected fluids might be performed to lower 836 

overpressure and prevent the delayed occurrence of large induced earthquakes. 837 

6. Conclusions 838 

A 3D fully coupled poroelastic model was developed to simulate the hydromechanical response of the 839 

shale reservoir formation embedded with the 330 m long, 250 m high PNR-2 fault during and after a 840 

one-week period of hydraulic fracturing operations in August 2019 at the PNR site, UK. Based on the 841 
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stress and pore pressure modelled, the slippage potential of the PNR-2 fault responsible for the post 842 

shut-in ML2.9 earthquake was evaluated in terms of the Coulomb failure stress change and seismicity 843 

rate. A total of six model scenarios, considering various fault permeabilities and hydraulic connection 844 

between injection regions and faults, were modelled to identify the causal mechanism amongst three 845 

hypotheses, i.e., the post shut-in pore pressure diffusion, poroelastic stressing on a non-846 

overpressurised fault, and poroelastic stressing on an overpressurised fault. 847 

Coupled modelling results have shown that increased pore pressure plays a dominant role in 848 

triggering the fault slippage, although the poroelastic stress may have acted to promote the slippage. 849 

Amongst the three plausible mechanisms, the post shut-in pore pressure diffusion is the most favoured 850 

in terms of Coulomb stress change, seismicity rate, timing of fault slippage and rupture area. 851 

Comparison between various model scenarios has indicated that the occurrence of the post shut-in 852 

ML2.9 earthquake was a three-staged process, where hydraulic fractures first stimulated surrounding 853 

reservoir formations, then hydraulically connected to the partially-sealing PNR-2 fault that allowed 854 

gradual pore pressure diffusion, and eventually the fault was activated primarily under the direct 855 

increase in pore pressure. Model results also highlighted the paramount role of the fault permeability 856 

and its connectivity to injection regions in promoting fault rupture, in addition to the fault orientation 857 

with respect to the ambient stress field. Co-seismic activation of faults of the same orientation may be 858 

attributed to different triggering mechanisms in different hydrogeological settings and stimulation 859 

conditions. 860 
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