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ABSTRACT 
It is suggested that hydraulic fracturing (HF) may lead to aseismic slip of a fault near the injection zone that can propagate 
out and cause distal dynamic rupture. Seismic slip potential depends on the rate-state frictional (RSF) properties of the 
rock. Therefore, to provide insights about the RSF behavior of reservoir rocks typically subjected to HF in Western Canada, 
a series of laboratory tests were carried out using a double direct shear apparatus on simulated gouge material obtained 
from five different rock facies (including carbonate, shale, and interbedded carbonate/shale samples) from a Duvernay-
equivalent rock outcrop. Results show that these facies are likely to produce aseismic slip, except for one which is identified 
as a carbonate-rich debris flow, where the probability exists for this facies to lead to unstable slip at effective normal 
stresses of 10 or 20MPa.  
 
RÉSUMÉ 
Il est suggéré que la fracturation hydraulique (HF) peut conduire à un glissement asismique d'une faille près de la zone 
d'injection qui peut se propager et provoquer une rupture dynamique distale. Le potentiel de glissement sismique dépend 
des propriétés de friction d’état et de vitesse (RSF) de la roche. Par conséquent, afin de mieux comprendre le 
comportement RSF des roches réservoirs typiquement soumises à l'HF dans l'Ouest du Canada, des essais de laboratoire 
ont été réalisée en utilisant un appareil de cisaillement direct double sur du matériel de gouge simulé obtenu à partir de 
cinq faciès rocheux différents (y compris des échantillons de carbonate, de shale et de carbonate/shale intercalés) 
provenant d'un affleurement rocheux équivalent à Duvernay. Les résultats montrent que ces faciès sont susceptibles de 
produire un glissement asismique, sauf d’un qui est identifié comme une coulée de débris riche en carbonates, où la 
probabilité existe que ce faciès conduise à un glissement instable à des contraintes normales effectives de 10 ou 20MPa. 
 
 
 
1 INTRODUCTION 
 
The exploration and production of oil and gas has been an 
important economic driver for many countries, as well as 
satisfying their energy needs. As conventional oil and gas 
reserves reduce there has been a shift to unconventional 
resources (Barati and Alhubail 2020), which are typically 
found in low permeability shale rocks that also exhibit 
natural fractures (Salazar et al. 2010). 

Hydraulic fracturing (HF) is routinely used to stimulate 
production of unconventional oil and gas reservoirs; 
whereby highly pressurized fluids are injected into the 
subsurface to enhance local permeability of the rock mass 
and aid oil and gas recovery. This technique has been 
extensively used in the Western Canadian Sedimentary 
Basin (WCSB), in western Canada. However, the rapid 
increase in HF activities has also coincided with an 
increase in induced seismicity that has occurred over this 
region (Atkinson et al., 2016; 2020; Mahani et al., 2017, 
Schultz et al., 2020) . Bao and Eaton (2016) analyzed 
induced seismicity near Fox Creek in Alberta, showing that 
the majority of events occurred within 2 km of a horizontal 
well that was being subject to HF. A spatiotemporal 
analysis of seismicity in northeast British Columbia 
conducted by Chapman (2021) showed that 78% of 
recorded events M>3.0, between 2013 and 2019, were 

associated with HF stimulation of the Montney formation in 
the region.  

It is generally accepted that induced seismicity results 
from reactivation of existing faults within the sub-surface.  
However, although a strong causal relationship is assumed 
to exist between HF activities and induced seismicity in 
western Canada, the processes that govern fault 
reactivation resulting from HF are often debated. Three 
main hypotheses have been suggested to describe the 
activation mechanisms (Eyre et al. 2019). The first 
considers the reduction of effective normal stress on the 
fault arising from increases in pore pressure (Raleigh et al. 
1976) where a hydraulic connection exists between the 
stimulated hydraulic fracture and the fault (Garagash and 
Germanovich 2012, Eyre et al. 2019). However, for most 
cases of induced seismicity, the fault is not considered to 
be directly intersected by the hydraulic fracture and 
typically is vertically offset from the injection zone. 
Therefore, this hypothesis relies on pressure diffusion 
through the rock matrix, which is inhibited by its low 
permeability, or through tortuous routes through natural 
fractures. The second hypothesis focuses on poroelastic 
effects, where the creation of a fluid injection driven 
fracture induces an elastic far field response on the fault 
(Segall and Lu 2015, Deng et al. 2016), which alters the 



 

loading conditions on the fault, increasing stresses that 
overcome the effect of pore pressure at larger distances. 

A third hypothesis considers the induced seismic event 
resulting from pore pressure driven aseismic slip of the 
fault near to the injection zone, which then propagates out 
to a distal unstable zone leading to dynamic rupture(Eyre 
et al. 2019). This hypothesis utilizes the concept that the 
strength of a frictional fault that is undergoing slip is 
dependent on the rate of slip that the fault is experiencing 
(Dieterich 1979, Ruina 1983, Marone 1998) , see section 
1.1 for further details. Eyre et al. (2019) considered the 
influence of rate-state frictional behavior in generating the 
Mw 4.1 event that occurred close to Fox Creek during HF 
activities (Bao and Eaton, 2016). The earthquake is 
considered to have originated within the Wabamun and 
Winterbum formations that overlay the Duvernay formation, 
which was being stimulated. Eyre et al (2019), through 
numerical modeling, were able to recreate the induced 
earthquake location and magnitude by assuming stable 
aseismic slip within the Duvernay, and unstable slip in the 
Wabamum/Winterburn formation.  

In this paper we report on a series of laboratory tests 
that were carried out to evaluate the rate-state frictional 
behavior of a Duvernay equivalent source outcrop rock. 
The testing included velocity stepping and slide-hold-slide 
tests using a double direct shear apparatus on simulated 
fault gouge material. Five different rock facies from the 
outcrop rock were evaluated (including carbonate, shale, 
and interbedded samples) to assess the range of rate-state 
frictional behavior that might occur in the Duvernay sub-
surface formation.  
 
1.1 Rate and state friction  
 
The definition of stable or unstable behavior is related to 
changes in the dynamic friction of the rock, where stable 
behavior occurs when dynamic friction increases with slip 
velocity thereby strengthening the fault, while unstable 
behavior is related to velocity-driven reduction in friction 
resulting in an increasingly weaker fault. In this section we 
first describe the constitutive laws developed to describe 
the above behavior and then highlight the laboratory tests 
that are typically carried out for estimation of the rate-state 
frictional parameters   
 
1.1.1 Rate and state theory.  
 
Dieterich (1979)  was the first to develop a constitutive law 
to describe the observed behavior of a simulated fault in a 
rock sample, where a step change in the coefficient of 
friction, µ, was measured with a stepped change in 
displacement rate (velocity), and that µ recovered/decayed 
to a new value dependent on the shearing velocity as a 
function of displacement, and therefore a critical slip 
distance, dc. The relationship between dc and velocity, V, 
describes the ‘average time of asperity contact’ that was 
later called the average contact lifetime, which is the 
classic description of the state variable 𝜃. Ruina (1983) 
proposed a revised constitutive law, such that rather than 
time being a controlling factor, the relationship between 
static and dynamic friction was controlled by velocity and 
slip.  

Although the theoretical approaches to describe the 
observed frictional response observed in rocks are 
different, Dieterich and Ruina’s models each replicate the 
observed laboratory data.  The rate and state constitutive 
law, typically given by Marone (1998) is: 
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Where 𝜇𝑜  represents the initial coefficient of friction at 
an initial velocity Vo, and a and b are empirical variables 
that represent the direct, and evolution effects, 
respectively. To complete the RSF constitutive laws, it is 
necessary to add an evolution law that describes the 
behavior of 𝜃: 
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Equation 2 defines the state evolution law proposed by 
Dietrich (commonly called the ‘Aging law’) in which time is 
the main factor controlling the evolution. In contrast, 
equation 3 is called ‘Slip law’ proposed by Ruina (1983) 
where the evolution of friction is controlled by slip and 
velocity, where slip is necessary for friction change even 
for quasistationary contact (Marone 1998). 

The behavior of the rock is typically defined by the 
‘friction rate parameter’ (a-b) given by Marone, 1998): 
 
 

(𝑎 − 𝑏) =
∆𝜇𝑠𝑠

ln(
𝑉

𝑉𝑜
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                     [4] 

 
 

A positive value of (a-b) (i.e. (a-b)>0) implies a ‘velocity 
strengthening’ behavior resulting in stable slip, whereas a 
negative value of (a-b) indicates a ‘velocity weakening’ 
behavior that may generate seismic slip (Dieterich and 
Kilgore 1994, Marone 1998). The RSF constitutive laws 
have been proven to be sensitive to different factors, both 
inherent and external to the sample; Mineralogy is one of 
the most studied variables regarding its effect on RSF 
behavior, yet a challenge to describe.  

Several authors have studied the frictional behavior of 
different mineral components both isolated and combined, 
controlling the percentage of each mineral (e.g. Tembe et 
al. 2010). However, natural fault gouge have complex 
mineral composition, which can make the RSF behavior be 
unpredictable to some degree; a common practice in the 
literature is to classify samples within different mineral 
groups, such as clastic and clay components (Kohli and 
Zoback 2013), or classify them according to main minerals 
present, i.e. quartz, calcite, smectite, illite, or total clay 
content (e.g. Numelin et al. 2007, Collettini et al. 2009, 



 

Samuelson and Spiers 2012, Chen et al. 2015). In this 
study, we considered the first approach. 

 
1.1.2 Laboratory testing for determination of rate-state 
friction parameters. 
 
As highlighted above, the rate-state parameters a and b 
are used to determine whether a fault will exhibit stable or 
unstable behavior. The slip of a fault occurs whenever the 
resistance to sliding (or frictional strength) of the rock is 
lower than the shear stress on the fault. However, the 
shear strength is a function of the dynamic friction of the 
rock material, which can change based on the rate of slip 
on the fault. Therefore, shear tests where changes in 
shearing velocities, also known as velocity stepping, are 
carried out can be used to determine the a and b values 
along with the other state variables, dc and 𝜃.  

At the beginning of a test, an initial shear displacement 
is applied to a sample to reach a steady state friction value 
at a known shear rate. The sample is then subject to stages 
of shear where the shear velocity is increased and reduced 
in steps. Figure 1 shows the measured friction values for a 
sample subjected to a sequence of velocity stepping (left 
hand side of Figure 1), as well as a sequence of holding 
displacement (right hand side of Figure 1), also known as 
slide-hold-slide. When an increase in sliding velocity is 
applied to the sample (see inset Figure 1a) an immediate 
increase in measured friction, 𝜇, occurs reaching a peak. 

This immediate increase of 𝜇 upon a velocity change, also 
known as the direct effect, is controlled by the constitutive 
parameter ‘a’. After reaching a peak, the coefficient of 
friction will decrease until reaching a new steady value after 
a certain displacement, dc. The reduction in 𝜇 also known 
as the evolutive effect, is controlled by the constitutive 
parameter ‘b’. Velocity stepping tests will then allow to 

obtain a set of a, b and dc values specific to the rock tested 
and the sliding velocity (figure 1). 

Common practice is also to perform a series of slide-
hold-slide steps during the shear test, where after shearing 
at a specific velocity, the displacement is stopped for a 
period of time, before shearing is resumed at the same 
velocity as before the hold; several cycles of slide-hold-
slide are usually performed with increasing duration of 
hold. From this stage of the test, the frictional healing 
(∆𝜇𝑝𝑘) can be obtained, which is the difference between the 

steady state coefficient of friction before the hold and the 
peak value reached after shearing is resumed (figure 1b), 
and typically defined as the frictional recovery (or re-
strengthening) during quasi-stationary contact (not 
considered true stationary due to creep) (Marone 1998). 
With this information the healing rate 𝛽 for that material and 
sliding velocity can be determined, which usually has a 
logarithmic relation as follows: 
 
 

𝛽 =
𝑑(∆𝜇𝑝𝑘)

𝑑(log10 𝑡ℎ)
        [5] 

 
 

As mentioned by Dieterich (1979), healing plays an 
important role in fault slip as a frictional strength recovering 
mechanism between seismic events.  

To derive the RSF parameters, a numerical inversion of 
the lab data is required (Blanpied et al. 1998;  Reinen and 
Weeks 1993; Bhattacharya et al. 2015). In this research a 
MATLAB package named RSFit3000 (Skarbek and 
Savage 2019) was used to fit a non-linear least-squares 
line to the data, so the RSF parameters a, b and dc are 
determined for each velocity stepping stage.  

 
 

Figure 1 Velocity stepping (on the left of the red dotted line) and slide-hold-slide (right) stage from the ORM shear test at 
σn=50MPa. a) Identification of the constitutive parameters at a velocity up-step. b) Identification of the healing parameter 
at a 10 second hold (the zoom-in picture shows µ vs time (s)). 
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2 MATERIAL AND METHODS 
 
2.1 Samples  
 
Rock samples for testing were recovered from the 
Allstones Creek exposure of the Perdrix formation, a 
Duvernay-equivalent outcrop (McLean and Mountjoy 
1993). The various samples recovered were previously 
characterized and analyzed (Venieri 2021) to investigate 
the geological and geomechanical heterogeneity of the 
Duvernay formation. Two main lithofacies were identified 
namely carbonates and shales, which were further 
subdivided in to five facies: massive carbonate (MS), 
carbonate-rich debris flows (CRDF), carbonate-dominated 
mudstone (CDM), silica-rich mudstone (SRM) and organic-
rich mudstone (ORM).  

Rock samples were first grounded with a NAEF Bleuler 
rotary mill and then passed through a #200 sieve to ensure 
the simulated fault gouge material for testing was less than 
75μm. Sample mineralogy was determined through 
powder X-ray diffraction analysis (Table 1). The dominant 
mineral in rock material was calcite with most samples 
having between 60% and 80% calcite, except for the ORM, 
where calcite content was around 20%. The clastic fraction 
(Quartz, Pyrite & Feldspar) varied between 1.6% and 
30.9%, with the ORM sample having the highest content of 
~30.9%, where quartz was the dominant clastic component 
(27.6%). Smectite was the dominant clay mineral varying 
from 4.6% (CDM) to 5.4% (ORM). Figure 2 shows the 
ternary diagram for mineral composition of each sample for 
the three main components, namely QFP, calcite, and total 
clay content. Of the five facies, MC and CRDF have the 
highest calcite content, with ORM having the largest clay 
and clastic content. 

 
 

Table 1. Sample composition (wt%)  
 

 
 
2.2 Experimental apparatus and double direct shear 

sample assembly 

Figure 3 shows the schematic of the apparatus used for 
testing. This was a servo-hydraulic biaxial deformation rig 
(see Numelin et al. 2007) adapted with direct current 
displacement transducers (DCDTs) attached to the vertical 
and horizontal rams to record their displacement, as well 
as with Be-Cu strain gauge load cells to record the applied 
loads.  

For testing, a double direct shear assembly (DDSA) 
was used (Figure 4). This consisted of three metal blocks 
(two 10 x 10 x 2cm steel side blocks and a 10 x 15 x 3cm 
steel forcing block), with fault gauge material between each 

block giving 100 mm2 contact area. The DDSA is a widely 
used sample assembly due to its ability to avoid the 
creation of moment while applying the axial load, as well as 
being easier to calculate normal and shear stresses on the 
material compared to saw-cut assembly configurations (e.g 
Kohli and Zoback 2013).  

At the interface between the block and the rock material 
triangular grooves 0.8mm deep at 1mm spacing (Anthony 
and Marone 2005) are cut into the shearing block to ensure 
that shearing occurs within the gouge layer and not at the 
block-gouge material interface (Marone et al. 1990, 
Numelin et al. 2007a). Each layer of fault gauge material 
had an initial thickness of 5mm.  

After forming the gouge layers, the full assembly was 
secured with flexible adhesive membrane and positioned 
in the biaxial apparatus, ensuring it was centered with 
respect to the horizontal and vertical rams. Once the DDSA 
was in place, a normal (horizontal) load, 10 or 50 MPa 
depending on the testing condition, was applied. At this 
point the full DDSA thickness was measured using a digital 
caliper to determine the final gouge layer thickness after 
primary compaction. After primary compaction, DCDTs 
were used to measure both vertical displacement and 
change in assembly thickness during a test. 

 
Figure 2. Ternary diagram showing sample composition for 
the three main components; QFP, calcite and clay content. 
Note: the CRDF and MC markers are overlapped. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Schematic of the biaxial apparatus. Modified from 
Numelin et al. (2007).  
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Figure 4. Double direct shear assembly 
 
 
2.1 Experimental procedure 
 
Direct shear tests were performed at 𝜎𝑛=10, 20, 30 and 
50MPa to evaluate the RSF parameters over a range of 
stress conditions related to those found in the subsurface. 
Due to the maximum shear displacement that could be 
applied during a test and to avoid excessive reduction in 
gouge layer thickness, two tests were performed per 
sample: one test was conducted at an applied normal 
stress of 50MPa, while the other was carried out by 
increasing normal stresses from 10 MPa to 30MPa with a 
middle step at 20 MPa.  

The testing sequence was performed as follows: A 
normal stress was applied, 𝜎𝑛=50MPa, to the sample 
assembly and subsequently subjected to an initial shear 
(IS) step with a displacement rate of 10𝜇m/s for 10 mm of 
displacement. Then the sample was subjected to a 
sequence of velocity stepping (VS) with the following 

sequence 1-10-1-10-1-10𝜇m/s. Each shear velocity was 

applied for a displacement of 400𝜇m.  Following this stage, 
the sample was then subjected to a sequence of slide-hold-
slide (SHS) steps with constant slide rate of 10𝜇m/s (for 

with 400𝜇m displacement) and then hold stages of 3, 10, 
30, 100, 300, 1000s. This test sequence is defined as Test 
A.  

For the tests where 𝜎𝑛 was increased from 10 to 
30MPa, a normal stress of 10MPa was first applied to the 
sample assembly and subjected to an IS stage as stated 
above. Next, one stage of VS and SHS was conducted 
before the normal stress was increased to the next target 
value (20MPa). Then an IS stage was conducted at 10𝜇m/s 
shearing velocity for 2mm displacement before repeating 
the VS and SHS stage. Finally, the normal stress was 
increased to 30MPa and the IS stage of 2mm and VS and 
SHS was repeated. This test sequence is defined as Test 
B. 

Time, axial load, and normal and shear displacement 
were recorded continuously at 10Hz during the IS stage 
and at 1kHz during the rest of the testing sequence.  
 
 
3 RESULTS 
 
As highlighted above each sample was subjected to two 
different testing conditions to fully investigate the rate-state 
frictional behavior of the rock samples.  Figure 5 shows the 
measured frictional response of the massive carbonate 

(MC) sample for Test A described above. The coefficient of 
friction is determined from the measured shear stress and 
applied normal stress using a Mohr-Coulomb failure criteria 
throughout the test. 
 

Figure 6 highlights all the (a-b) friction rate parameter 
values that were obtained by using the RSFit3000 
MATLAB package for each of the VS steps (See Figure 1a) 
carried out on the samples during Test A and Test B. It can 
be seen that for the most part velocity-strengthening 
behavior (a-b>0) is observed, with all samples exhibiting a 
range for the measured (a-b) values. The CRDF sample 
exhibited a velocity weakening behavior for only three VS 
steps, namely -0.0003 for 𝜎𝑛 = 10MPa (3rd velocity up-

step), and -0.00006 and -0.0002 for 𝜎𝑛 = 20MPa (2nd and 
3rd velocity up-step, respectively). It can be noticed that for 
the CRDF and CDM samples the (a-b) values appear to fall 
into two distinct groups. For both cases, the greater (a-b) 
values were obtained from VS at 𝜎𝑛= 50MPa, while the 

lower grouping corresponds to VS at 𝜎𝑛= 10 to 30MPa. 
Table A.1 in the Appendix section summarizes the results 
from each of the tests. 

 
 

  
 
Figure 5. Plot of shear displacement against coefficient of 
friction measured for MC sample at 𝜎𝑛=50MPa and subject 
to initial shear stage (IS, blue) followed by velocity stepping 
(VS, orange) stage and slide-hold-slide (SHS, green) 
stage. 
 
 

μpeak was measured by taking the maximum 
coefficient of friction, μ, during the IS stages. Friction rate 
parameter values are obtained for each velocity up-step, 
hence having numerous (a-b) values for each applied 
stress condition (see figure 5); therefore, Figure 7 
compares the average (a-b) values for each applied normal 
stress with measured μpeak.   

It can be seen that the MC sample exhibits the 
highest μpeak value (0.712< μpeak <0.716) while the SRM 

sample gives the lowest (0.57< μpeak <0.616). In addition, 
the CRDF and CDM samples show an increase in μpeak with 
increasing normal stress, in contrast to the behavior 

Gouge layer Forcing block 

Side block 



 

observed for the SRM and ORM samples. MC samples 
show an almost constant μpeak value with increasing normal 
stress. Samples MC, SRM, ORM and CDM show a positive 
trend for (a-b) with increasing normal stress.   

 
 

 
 
Figure 6. Variation in (a-b) values measured for each 
sample. For each sample 18 (a-b) values were obtained. 
 
 

 
 
Figure 7. Relation between normal stress, average (a-b) 
and coefficient of friction for all the samples. Horizontal axis 
minimum value was restricted to 0.55 for better 
appreciation. 
 
 

Figure 8 presents the change in the (a-b) parameter 
with clay content for the tested samples. There does not 
appear to be any relationship between clay content and (a-
b) values, although excluding the CRDF sample, a slight 
trend for the remaining 4 Duvernay samples can be found, 
where higher clay content results in a smaller (a-b) value 

at 𝜎𝑛=50MPa; also, the (a-b) values are less scattered (i.e. 

the difference between the value at 𝜎𝑛=50MPa and 10MPa 
is smaller) with increasing clay content.  

An advantage of test A, where the three sets of VS 
and SHS were performed at a constant normal stress of 
50MPa, is that the effect of shear strain on the friction rate 
parameter (a-b) behavior can be investigated (Figure 9).  
The average (a-b) parameter and shear strain values were 
obtained from the 3 velocity up-steps that constitute each 
VS stage (i.e. each orange region in figure 5). Here we 
used engineering shear strain, defined as: 

 

𝛾 =
∑∆𝑥

ℎ
          [6] 

Where 𝑥 is the load point displacement and ℎ is the 
instantaneous gouge layer thickness. Including shear 
strain in the analysis allow us to account for the effects of 
gouge layer thickness on the RSF behavior of the sample 
(Ikari et al. 2011). 
 
 

 
 
Figure 8. Relation between the (a-b) parameter, normal 
stress and clay content of the samples. 
 
 

 
 
Figure 9. Friction rate parameter as function of shear strain 
for tests at 𝜎𝑛=50MPa. Note: shear strain values for CDM 
are lower than the other samples due to some problems 
incurred during normal stress loading. 
 
 

The results show that the MC and CDM samples 
exhibit a positive slope in the (a-b)/shear strain curve, while 
SRM and ORM show a negative slope. The CRDF (a-b) 
values seem to be independent of shear strain. It can be 
seen that the carbonate samples (MC and CDM) which 
have low clay content, show an increase in (a-b) with shear 
strain, with MC sample, whose clay content is the lowest of 
the two, having a steeper positive slope. For the shale 
samples (SRM and ORM), which have the highest clay 
content, the (a-b) values have a negative slope with 
increasing shear strain, with the ORM sample (highest clay 
content) having the steepest negative slope. The CRDF 
sample does not follow either pattern, thus this behavior 
cannot be generalized for all the Duvernay facies. 
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4 DISCUSSION 
 
Relationships between RSF behavior and mineralogy, 
normal stress or shear strain have been extensively 
studied (e.g. Mair and Marone 1999, Frye and Marone 
2002, Numelin et al. 2007a, Tembe et al. 2010b, Ikari et al. 
2011, Kohli and Zoback 2013), for both synthetic gouge 
material and natural rock samples. For natural rock 
samples, the inherent sample heterogeneity makes 
comparison of the effects of different factors, such as 
mineralogy or shear strain, on the RSF behavior 
challenging. Therefore, measuring RSF parameters as a 
function of normal stress, shear strain, and mineralogy 
composition allows potential driving factors and their 
importance to be better determined. 
 
 

 
 
Figure 10 Frictional strength curves of the samples, 
compared with Byerlee's law limits. 
 
 

As mentioned previously, μpeak was measured during 
the IS stages, with the coefficient of friction determined 
from the measured shear stress and applied normal stress 
using a Mohr-Coulomb failure criteria. Figure 10 shows the 
shear strength (corresponding to the μpeak values) with 
normal stress; it can be observed that all samples fit within 
Byerlee’s law (0.6σn<μ(slope)<0.85σn) (Byerlee 1978) 
except for the SRM sample which lies slightly below the 
lower limit (i.e. 0.6σn). The slope of the failure envelope for 
each rock sample varies from 0.558 σn (SRM) to 0.716 σn 
(MC) (Figure 10).  

Mineralogy can have a strong impact on the 
coefficient of friction and friction rate parameter, in 
particular total clay content, and to a lesser extent quartz 
content. It is typically observed, that low μpeak values are 
manifest with high clay content, while high μpeak values are 
associated with a high clastic and calcite content (e.g. 
Tembe et al. 2010, Ikari et al. 2011, Samuelson and Spiers 
2012, Kohli and Zoback 2013). As shown in Table 1, the 
samples tested are either calcite-rich or combined clastic- 
and calcite-rich rocks. This is also true for the shale 
samples. Although these have the highest clay content, 
they are not considered clay-rich as the maximum total clay 
percentage is considerably below 30%, therefore none of 
the samples tested had a low coefficient of friction. This 
gave rise to no noticeable trend relating clay content and 
μpeak being observed. 

The μpeak values for our carbonate samples (0.65< 
μpeak <0.71) are similar to those obtained by Carpenter et 
al. (2014, 2016), where the tested rock material had a 
similar mineral composition (high calcite content and low 
clay content). Similar results were also reported by Chen 
et al. (2015) on carbonate rocks with similar mineral 
composition to ours. The shale samples tested were 
calcite-rich and reasonably low clay content (9-11%), a 
composition similar to shale samples from the Eagle Ford 
reservoir analysed by Kohli and Zoback (2013), whose 
μpeak values (0.56-0.7) are similar to those obtained for our 
shale samples (0.57-0.67). 

The majority of Duvernay samples tested had low 
quartz content (<6%) and (a-b) values for 𝜎𝑛=50MPa 
above 0.005. The ORM sample in contrast had quartz 
content >20% and, as shown in figure 8, the difference in 
(a-b) value at 𝜎𝑛=50MPa between the CRDF and ORM 
samples is bigger than the difference between the samples 
with low-quartz content (MC, CRDF, CDM and SRM). 

Numelin et al. (2007) and Tembe et al. (2010) showed 
that an increase in the (a-b) value occurred with clay 
content (where the main clay mineral was illite or illite and 
smectite). However, no such behavior was observed. This 
is probably due to two factors: a) our samples are rich in 
calcite and clastic content, ranging from 51% to 83% of the 
total mineralogy, and b) they all have a low clay content 
ranging from 5-11% (mostly smectite with no illite content), 
whereas in previous studies the range was 15-70% for 
Numelin et al. (2007) and 0-100% for Tembe et al. (2010). 

As shown in Table A.1, velocity-weakening behavior 
was observed only for some velocity up-steps on the CRDF 
sample subject to normal stresses of 10 and 20MPa. No 
velocity-weakening behavior was consistently measured 
for any sample for any test conditions. The low applied 
normal stresses for which (a-b)<0 was observed suggests 
that velocity weakening behavior, and the potential for 
unstable slip, might only occur under conditions of over-
pressurization of the fault zone where the CDRF facies is 
present, where effective normal stress acting on this region 
is between 10-20MPa; such scenario could take place 
during hydraulic fracturing activities due to the high-
pressure injection of fluids. It is worth noting that even if 
these conditions occurred, unstable slip is still unlikely as 
velocity-weakening behavior was not consistently 
measured for the CRDF samples. 

These results support the distal dynamic rupture 
hypothesis proposed by Eyre et al. (2019), where they 
assumed that the Duvernay formation hosted aseismic slip 
(velocity strengthening behavior). Our results show that 4 
out of the 5 facies that were identified within the Duvernay 
formation are exclusively velocity-strengthening, with only 
one facies exhibiting velocity weakening behavior under 
specific normal stress conditions. Therefore, it can be 
assumed that slip of a fault within the Duvernay formation 
will be mostly stable.  

 
 

5 CONCLUSIONS 
 
This paper reports on a series of laboratory direct shear 
tests on fault gouge material from rock samples belonging 
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to five facies from the Duvernay-equivalent Perdrix 
formation to compare their rate and state friction behavior.  

The results show that the peak friction angle increased 
with normal stress, and (a-b) increased with shear strain, 
for the majority of the carbonate samples, while shales 
exhibited the opposite (a reduction in μpeak with increasing 
normal stress, and reduction in (a-b) values with increasing 
strain). Typically, increasing clay content led to a reduction 
in the (a-b) value at 𝜎𝑛=50MPa and the degree of scatter 
in values. However, the reasonably low clay content, and 
scatter in the data, prevents the influence of mineralogy 
from being conclusively proven. 

For the most part of the different facies of the Duvernay 
formation a velocity-strengthening behavior under the 
range of normal stresses tested is exhibited. However, a 
velocity-weakening behavior was observed for the CRDF 
facies at normal stresses of 10 and 20MPa for a limited 
number of velocity up-steps, thus suggesting that this 
behavior was not typical even at these normal stress 
conditions. 

The findings highlight that the Duvernay formation will 
most likely host stable fault slip, although the CRDF facies 
may exhibit unstable slip under certain stress conditions. 
Thus, care must be taken since unstable slip may still be a 
possibility. Therefore, careful characterization of faults 
surrounding the injection zone, along with identification of 
the facies constituting the fault zone and knowledge of in-
situ stresses, are required to help identify if seismic slip 
within the Duvernay formation is likely to occur during HF 
activities. 
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8 APPENDIX 
 
 
Table A.1. RSF parameter data summary. Negative (a-b) 
values are highlighted in blue.  
 

Sample 
Normal 
Stress 
(MPa) 

μpeak (a - b)average (a - b)max (a - b)min 
dc 

(μm) 

MC 

10 0.712 0.0011 0.0015 0.0009 1.700 

20 0.716 0.0031 0.0035 0.0028 1.860 

30 0.713 0.0060 0.0064 0.0058 3.149 

50 0.716 0.0079 0.0103 0.0048 7.483 

CRDF 

10 0.65 0.0001 0.0003 -0.0004 2.049 

20 0.673 -0.0001 0.0001 -0.0002 3.604 

30 0.683 0.0003 0.0004 0.0002 9.672 

50 0.694 0.0052 0.0057 0.0046 8.110 

CDM 

10 0.652 0.0005 0.0008 0.0002 2.227 

20 0.688 0.0010 0.0017 0.0004 5.604 

30 0.698 0.0016 0.0022 0.0012 8.246 

50 0.699 0.0069 0.0073 0.0063 4.566 

SRM 

10 0.616 0.0013 0.0013 0.0012 7.505 

20 0.596 0.0027 0.0029 0.0025 8.650 

30 0.593 0.0044 0.0046 0.0042 8.681 

50 0.57 0.0061 0.0065 0.0055 1.420 

ORM 

10 0.675 0.0011 0.0021 0.0005 13.455 

20 0.652 0.0020 0.0021 0.0018 17.895 

30 0.64 0.0022 0.0023 0.0022 20.116 

50 0.619 0.0025 0.0031 0.0021 25.642 

 
 


