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Abstract: Natural fractures are generally well developed iastmhydrocarbon and geothermal reservoirs, whiah maduce complex fracture
networks due to the activation of fractures durmglraulic stimulation. The present paper is devdtedieveloping a method to investigate the
activation characteristics of fracture under inftishearing coupled condition at laboratory sc@ke fluid is injected into the single-fracturechgite
until the fracture is activated based on the tabgirect shear tests. The results show that iiojegtrocess can significantly modify the shearsstre
distribution field, resulting in release of shearess and relative slip between the opposite sidethe fractured surface. The injection-induced
activation of fracture is strongly dependent on dhress states. When the normal stress incre&ses)jéction-induced activation pressure increases,
and the comparatively high normal stress can riestiha fracture activation. The fracture deformatinechanisms during injection are also discussed
preliminarily with the experimental data. The sé&miy of shear stress to fluid injection increaséth increase of shear stress level, while it dases
under high normal stress. The results can faalitetr understanding of the natural fracture adtwabehavior during fluid pressure stimulations.
Keywords. natural fracture; fluid injection; induced activat; triaxial direct shear test; hydraulic frachgi

1. Introduction Therefore, the interaction between hydraulic freetand natural fracture
has become a challenging issue over the recens yE€auprakov et al.,
Hydraulic fracturing is critically important in immpving productivity 2013; Wang et al., 2018; Cordero et al., 2019),ctvhis basically
of deep oil/lgas reservoirs, and has recently bedtely used in characterized by arresting, crossing and slippagetd the influences of
geothermal reservoirs (Nemoto et al., 2008; Chupra&t al., 2013; difference in horizontal principal stresses, apphirag angle, and friction
Kumari and Ranjith, 2019). Injection activities &requently encountered coefficient of fracture surface.
in various industries, e.g. hydrocarbon exploitatienhanced geothermal During hydraulic fracturing, the natural fracturase likely to be
system developments, geological carbon storagervas impoundment, activated under shear stress, and more completufeanetworks will be
and mining engineering (Deichmann and Giardini, 20@cGarr et al., created subsequently. This can maximize the stiedileeservoir volume
2015; Cheng et al., 2019; Zhang et al., 2019b).elbeless, wastewaterand effectively improve the productivity of resergo(Warpinski and
disposal associated with stimulation and produckigrinjection into the Teufel, 1987; Montgomery et al., 2005; Wang et 2018; Frash et al.,
subsurface could yield a higher risk of inducedsségity (Ellsworth, 2019a). Guglielmi et al. (2015a, b) experimentallgmonstrated that
2013), because this practice can activate prehegidtactures and even small-scale (micrometer-to-millimeter) fault activen may lead to a
large-scale faults. Rutqvist et al. (2015, 2016ncemted extensive dramatic increase in permeability, and further ada@ that fluid injection
researches on fault activation and induced seigniitigeological carbon can generally trigger aseismic slip, followed byduned seismicity.
storage. Doglioni (2018) classified the inducedisitity into four types, Nemoto et al. (2008) conducted laboratory injectiwiuced slip
namely (1) graviquake, (Il) reinjection quake, (IHydrofracturing quake, experiments on pre-fractured granite, and the teshlow that stepwise
and (IV) load quake; whilst fluid injection (typ# s possibly the most slip and temporal increase in permeability occurfriactures during
common mechanism of induced seismicity. Furthermosmme induced slip, and fracture roughness plays a sogmif role. Frash et al.
suggestions are proposed to reduce the probabflityggered seismicity (2016a, b; 2017; 2019b) performed a series of iniadirect-shear tests
(Zoback, 2012; Cornet, 2015; McGarr et al., 201/).addition to with X-ray imaging on shale (or schist) and invgated the shear fracture
large-scale faults, there are natural fracturesuimerous formations that propagation and flow behavior. Kohli and Zoback 120 studied the
are the host medium for oil/gas accumulation (Montgry et al., 2005), effects of clay and organic contents on the frizgioproperties of shale
and complex hydraulic fracture networks may beteauring treatment reservoir rocks using laboratory friction experirggrindicating that the
(Gale et al., 2007; Gu et al., 2012; Wang, 2019redver, many studies frictional strength can be reduced with increastigy and organic
(e.g. Huang et al., 2014; Selvadurai et al., 20¥8ng, 2019) have shown contents. Creep experiments were also conductddwhgouges in the
that the presence of natural fractures has sigmfigmpacts on the double direct shear configuration to analyze faslip evolution and
propagation of hydraulic fractures and associated ftharacteristics. hydrological properties under fluid injection (Sewidet al., 2017; Scuderi
and Collettini, 2018). Other observations have disen reported on
evolution of fracture permeability during sheariremd hydrostatic
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compression (e.g. Carey et al., 2015; Fang eR@l7; Selvadurai et al., diffraction (XRD). The XRD results indicate thatetlgranite is mainly
2018). composed of albite (55.31%), microcline (28.85%jantz (14.35%), and
Nevertheless, the above-mentioned studies mairdysied on the biotite (1.49%). Fig. 2 shows an optical microscapage at 25 times
fracture permeability evolution, frictional behanio and fault magnification, with which the mineral texture cae tlearly observed.
activation-induced seismicity. Parts of the experital achievements areAccording to the standard supported by the Intésnat Society of Rock
completed under low stress conditions, which iy snitable for practical Mechanics and Rock Engineering (Brown, 1981), citel samples
projects in shallow depth. In addition, studies fvacture or fault were prepared with a dimension of 100 mm x 50 nemgth x diameter),
activation are mainly based on numerical methods @hen et al., 2014; as shown in Fig. 3a. The intact rock sample hasiaxial compressive
Rutqvist et al., 2016; Lisjak et al., 2017; Cordetoal., 2019; Zhang et strength (UCS) of 96.7 MPa and a Young's modult)of 28.2 GPa. The
al., 2019a, c) and in situ micro-seismic (MS) moriitg (e.g. Huang et indirect tensile strength is 3.5 MPa measured tgzilan tests (ISRM,
al., 2014; Cheng et al., 2019), and few experinieolservations has 1978). The gas permeability of the studied rockemialt was measured to
been reported. In this context, we proposed a neihadl to investigate be 2.35 x 107 m? under confining pressure of 2 MPa.
the injection-induced activation characteristics fadcture, which can The Brazilian test was adopted to create a simgletdre along the
better facilitate our understanding of this isslieking the type Il of length of the granite sample (see Fig. 3b), in otdeensure the fracture
induced seismicity (Doglioni, 2018) as an examfie, stress conditions with equal/similar roughness (Kunal et al., 201&8ngd et al., 2019).
adopted in this method are almost consistent \ii¢hpractical cases, as
shown in Fig. 1.
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Effective normal stress:() The injection-induced fracture activation was irtigegted by triaxial
(@ © direct shear test. The shear test device was placedthe

hydro-mechanical coupling test system (Zhang eR8ll8), as illustrated
Fig. 1. () Schematic diagram of the injection well geomessed during hydraulic 1" Fig- 4a. The shearing disc consists of two déffie materials (parts A
fracturing of fractured reservoir (modified aftepm Davies et al., 2013; Scuderi@nd B) with different stiffnesses. Part A is rigitel (i.e. forcing block)
and Collettini, 2018). (b) Fluids infiltrating theatural fractures (blue arrows) due to@Nd part B is silicone with better elasticity arighter deformability. The
hydraulic fracturing connection. The stress stateiad the fracture is presented. (c)WO shearing discs are placed opposite on the umtower surfaces of
Coulomb-Mohr diagram for the fracture before flindiltration (gray semicircle). the sample to convert the axial force into sheagsstalong the fracture
As the fluid pressure increasesR), the fracture may become instable, approachingufface, as shown in Fig. 3c. It is worth notingttthe silicone filled
between the forcing block and the end surfaces aofipte provides
negligible additional resistance to axial sampléodeation (Samuelson
and Spiers, 2012; Liu et al., 2020).

the failure envelope (blue semicircle) and cauiagture activation.
2. Experimental set-up
2.1. Material

The studied granite was sampled from Suizhou, Hibyevince,
China. The mineral composition of the sample wasiobd using X-ray
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Fig. 3. (a) Granite samples, (b) the single fracture fmédated using the Brazilian test, and (c) sampétsillation and sealing method.
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Fig. 4. Experimental set-up. (a) Hydro-mechanical couptesj system, and (b) details of conceptual vied/@mciple of triaxial direct shear test. LVDTlinear Variable

Differential TransformersP; anda, respectively represent the confining pressurethachormal stress of fracture, which are equivalEns the axial force applied directly

on the shearing discsis the shear stress along the fracture convertedF. P, is the fluid injection pressure.

This experiment was performed at room-temperat@&°C) under
different normal stresses (eq.= 2, 5, 10, 20, 30, 40 MPa) in this work,
using the following steps. Note that the proposethod is applicable to the
most common mechanism of induced activation, ileid finjection
(Doglioni, 2018). The aim of this study is to vgrithe reliability of the
proposed method and preliminarily discuss the cieniagtics of
injection-induced fracture activation at laboratecgle. Taking:, = 20 MPa
as an example, the loading stress path is showigiba. 2)
(1) Step 1: Silicone is applied along the fracture loa sample outer

surface for preliminary sealing in order to make tluter surface flat, (3)

and then the sample and shearing discs are seatkrdavplastic
jacket (see Fig. 3c) to separate the sample frentyidraulic oil, and
placed in the confining chamber (see Fig. 4a). Sitear and normal
displacements are measured via LVDTs and laterainsgauge,
respectively. The pressures are monitored by traesd with
accuracy of £0.1 MPa. The above experimental databe recorded
in a data acquisition center.

Step 2: Apply confining stres$d) as isotropic stress by injecting
silicon oil into the confining chamber at a rate @6 MPa/min,
which is equivalent te, applied on the pre-existing fracture.

Step 3: Apply axial forceF) to the desired level by running the



axial servo pump at a rate of 1 mL/min under cortst@armal stress,
which results in a path that can be approximatestram-controlling
fashion (Carey et al., 2015; Frash et al., 201dag 2t al., 2020).
The applied axial force can be converted into theas stresszj on
the fracture according to the following relatiorttlwreference to the
method suggested by ISRM (Muralha et al., 2014):

R
DL

M

whereD andL are the diameter and length of the sample, reispact
Although Frash et al. (2019b, c) calibrated theaslstress obtained (6)

under the triaxial direct-shear condition using divect shear tests of two

Teflon semicylinder samples, the focus of this gtisdon the effects of

fluid injection on fracture activation behavior. hte, the additional

resistance induced by the deformed silicone carigbered, i.e. the

applied axial force is considered to completelyvahinto shear stress in

this context (Liu et al., 2020).

(4) Step 4: Water is injected at a rate of 0.5 mL/mitoithe fracture

®)

simultaneously through the permeable holes arrargjedg the
diameter inside the shearing discs which are placethe upper and
lower ends of the sample (see Fig. 4b). As injectiressure
increases, the pre-existing fracture will slip.(aetivated) due to the
continuous decrease of the effective normal sttess.injection rate

is employed in order to prevent a rapid increasejettion pressure
(Nemoto et al., 2008).

Step 5: The decreasedrduring injecting process can be regarded as
an indicator that the fracture has been activafedithermore, the
injection should be stopped and the fluid pressamust be unloaded

to prevent excessive slip that will affect the fdpgent tests.

Step 6: Continue increasingand repeat steps 3-5, i.e. multi-stage
shear procedure (Muralha et al., 2014). It is notéwy that three or
four shear stress levels/{nay) are selected under each normal stress
to investigate the injection-induced activation fofcture under
varied stress states, wherg.x refers to as the maximum shear
strength.
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Fig. 5. (a) Diagram of the stress pathsat= 20 MPa (MS: mechanical shear, FI: fluid injenjio(b) variation of shear stress during fluid atjen, and (c) shear and normal

displacements of fracture during fluid injection.



gradually, indicating that the opening onset of filaeture occurs during

3. Resultsand discussion sliding (Liu et al., 2020). This scenario possibbflects the surface
roughness and associated shear dilatation undeothbined shear stress
3.1. Stress state and activation pressure of fracture and continuous injection (Guglielmi et al., 2015&fter that, the dilation

rate increases dramatically. When the fracture cisvated, the shear

When the fracture is activated, the shear stremstiseably reduced displacement remains stable at the current positimfer the combined
(see Fig. 5b), which is consistent with the obsioma of fractured effects of reduced injection pressure and sheapchbehavior. However,
hydro-shear test (Frash et al., 2019b). Duringciige, the shear stressthe fracture tends to close as the injection pressuunloaded. There is
mainly shows four phases: constant (phase 1), @laddecreasing (phase also hysteresis scenario in recovery of normal ldtgment, similar to
I), sharply decreasing (phase lll), and slowlyressing (phase IV). It shear stress as mentioned previously. Thereforggction-induced
shows that low initial injection pressure has atdliinfluence on the activation of fracture can be well characterized thgy deformation
fracture stability, and the shear stress tendsetodmstant in phase I. Asmechanisms in this context.
the injection pressure increases, the effective mabr stress is
continuously reduced and the fracture starts teslshowing that the
shear stress decreases gradually (phase Il). Sudrsthq the frictional 40
instability on the fracture surface appears as apsldecrease in shear | 5,=40MPa
stress. Although the injection pressure is gragiualinloaded
simultaneously, the fracture will further slide emdhe comparatively
higher injection pressure, which presents contisudacrease in shear
stress (phase lll). In other words, there is hgster scenario in shear
stress restitution. When the injection pressureribaded to a certain
level, the shear stress starts to increase slgpigse V), due to the shear
resistance recovering correlated to the increagffettive normal stress.
This phenomenon is similar to the numerical resofitined by Kamali
and Ghassemi (2018). Therefore, the injection m®aa@n significantly
modify the shear stress distribution field of thacture surface, causing 0 10 20 30 40 50 60
release of shear stress and relative slip betweemopposite sides of the Shear stress (MPa)
fractured surface.

Fluid injection can result in reduction of effeeinormal stress, and
Mohr’s circle moves towards the sliding failure elope until it triggers a
slide (e.g. Ellsworth, 2013; Doglioni, 2018; Fandaru, 2019). Hence,
injection-induced activation of fracture has a elaslation with its stress 3.3. Stresssensitivity of fracture activation
states. When the normal stress is 2—20 MPa, tbetiiof-induced activation
pressure will decrease with increase of the shieesss When the normal According to the above deformation analyses, thetdre slides
stress is comparatively high (eg. = 30 and 40 MPa), the variations Ofcontinuously under constant shear stress in thé-shdaring stages, while

injection-induced activation pressure are not ewvidgon increasing shearthe fracture opening onset occurs under a certgétion pressure. The
stress (see Fig. 6). The results suggest thahthesise of;, can restrain the

fracture activation to some extent. Obviously,hesriormal stress increases
the injection-induced activation pressure increaaes approaches to the
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Fig. 6. Variations of the fracture activation pressurelifsdine) and fracture
critical-initiation pressure (dashed line) with ahestress under various normal
stressesag).

inflection point of normal displacement is highlgnsistent with initial
reduction of shear stress (i.e. the starting pointphase Il), and the
corresponding injection pressure can be considaedthe fracture
normal stress at, = 30 and 40 MPa in this work. For practical resesy critical-initiation pressure (poir.; in Fig. 5b). Prior to this, the fracture
the deeper the rocks, the higher the requiredtinjepressure to activate the
fractures, and the differential stresses also hasignificant effect (Rutqvist
etal., 2016).

may be stabilized due to the cessation of injecti@n the stable sliding
(phase 1), and then the fracture can enter theabiessliding (phases II, 111
after the fracture opening onset with the signiftceariations in shear and
normal displacements, as shown in Fig. 5b and eréefbre, the fracture
critical-initiation pressure of fluid injection nels in a significant change in
the stress state of the fracture surface. It i®itapt in assessing the fracture
activation behavior during injection.
In each experiment, the first injection-inducectfuae activation can
' weaken the shear resistance of the fracture to sxteat, including the
' damage of surface asperities, softening causediuiy ihjection, and
self-propped fracture formed after activation. As shear stress increases
gradually, subsequent repeated activation will ificemtly reduce the
increase in shear displacement. It can also betbegriuid injection can fracture critical-initiation pressure. This alsolmexplains that the cyclic

accelerate the slip rate of the fracture, showiggad agreement with the hydraulic fracturing can reduce the breakdown pressand further
findings reported by Guglielmi et al. (2015a), Sexickt al. (2017), and

Frash et al. (2019b). Furthermore, the variation fraicture normal
displacement is similar to that of shear stresshasvn in Fig. 5b and c.

3.2. Deformation characteristics of fracture during fluid injection

As shown in Fig. 5c, the shear displacement patalléhe direction
of fracture increase gradually during injection ggss. On one hand,
shear creep behavior occurs under constant shess f{Scuderi et al.
2017), resulting in an increase in shear displacén@n the other hand
fluid injection decreases the effective normal streand frictional
resistance, thus the fracture is more prone tanglidvith a gradual

enhance reservoir fracture connectivity (Zang et 2013; Patel et al.,
2017). Therefore, the fracture critical-initiatigmessure decreases with
increasing shear stress (i.e. cumulative activatiaes), as shown in Fig.
The fracture dilation is not obvious at the initiajection stage. As the 6. This is distinguished from the variations ofcfaze activation pressure,

injection pressure increases, the fracture dilatoours and acceleratesespecially under high normal stress (exg= 30 and 40 MPa), thus the



critical-initiation pressure can be utilized to gict the fracture activation
behavior under injection-shearing coupled conditiorthis context. For
comparison purpose, the fracture critical-activaticoefficient §) is
proposed to evaluate the sensitivity of shear sti@ijection process:

y = it @)
Pact

the activation pressure approaches to the apptechal stress and
remains almost constant with different shear stées3he fracture
critical-initiation pressure is defined based ore tHeformation
characteristics and variation of shear stress, iangcreases with
increasing shear stress under any normal stressddiition, the
sensitivity of shear stress to fluid injection ieases with increase of
shear stress level, but it can be reduced undepaxatively higher

normal stress, according to the proposed fracttitieat-activation
coefficient in this work.

Higher injection pressure may be required for deefpactured
reservoirs to activate the pre-existing naturattfree system and to

where P, is the injection pressure corresponding to fractactivation,
P represents the fracture critical-initiation presswvhich is the sign of (3)
shear stress decreasing and the transition frobtesdiding to unstable
sliding of fracture.

The largery indicates that the higher injection pressure may b

improve productivity during hydraulic stimulatioRurthermore, the
injection activities should also be well controlléd combination
with  site-specific conditions to prevent large-scalfault

activation-induced seismic hazards, especially imstewater
fluid injection. The smaller suggests that the response of shear stress is reinjection.

required for the initial release of shear stresgneclose to the fracture
activation pressurey(= 1), i.e. the shear stress is not very sensttive

more sensitive during injection process. As showifrig. 7, the fracture
critical-activation coefficient decreases monotasipu under varied Nevertheless, in this method, the additional rasis¢ resulting from
normal stresses, indicating that the sensitivitysbéar stress to fluid the deformed silicone in the shearing discs is awmtsidered. This may
injection increases with increase of shear stregsl.I Furthermore, the induce an overestimation of shear stress actinghenfracture, which
linear fitting slope decreases with increase ofmadrstress, suggestingshould be addressed in future work. In additior #ettings of stress
that the shear stress is more sensitive when nostreds is lower; the conditions in the following studies should focus practical cases of
fracture activation will be restrained when themar stress is higher, and reservoirs.

the sensitivity of shear stress is reduced subsgigue
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