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ABSTRACT

Fracture reactivation has become a key technique for enhancing the transmissivity of low-permeability rock
formations. Numerous studies have endeavored to elucidate the key parameters influencing fracture
reactivation, encompassing fault roughness, fault mineralogy, stress state, injection rate, injection volume, fluid
properties, and fluid-rock interactions. Nonetheless, substantial gaps persist in comprehending the
interrelationships among rupture energy, injection schemes, slip behavior, and resultant permeability. This
study investigates reactivation and rupture processes in pre-fractured Westerly granite using a triaxial flow-
through system, focusing on partitioning of energy between frictional sliding, creation of new fractures, and how
it affects evolution of permeability and acoustic emission (AE) activity. Two samples, one with a rough natural
fracture and one with a smooth saw-cut surface, were subjected to mechanical loading and controlled fluid
injection in order to trigger slip on the pre-existing fracture. Multiple stick-slip and dynamic rupture events were
produced, including the formation of secondary fractures.

The results show that AE energy correlates with rupture energy during slow slip events, whereas no systematic
variation in rupture energy is observed between mechanically and fluid-induced dynamic events. Mechanically
induced stick-slip events tend to display increasing rupture energies with accumulated slip distance, while
permeability evolution shows no consistent trend because of the competing effects of fracture dilation and
compaction, gouge formation, and secondary fracturing. Together, these observations highlight the complex
interplay between rupture energy, permeability changes, and AE release, providing insight into fault reactivation
processes and their implications for subsurface fluid flow and the mitigation of injection-induced seismicity.

1. INTRODUCTION

Fracture reactivation has been reported in a wide range of subsurface applications, including enhanced
geothermal systems (EGS) (Evans et al., 2005; Evans, 2005; Haring et al., 2008; Hofmann et al., 2019), geological
carbon sequestration (Hajiabadi et al., 2021), wastewater disposal (Kolawole et al., 2019; Mei et al., 2021), and
hydrocarbon production in tight reservoirs (Lei et al., 2017). Through controlled mechanical or hydraulic
stimulation, fracture reactivation has become a key technique for enhancing the transmissivity of low-
permeability rock formations (Jones et al., 2024; Meier & Zingg, 2025; Ricks et al., 2025). By increasing pore
pressure or applying external stress, pre-existing fractures can be reactivated, thereby improving fluid
connectivity within the reservoir. Reactivation may occur as tensile opening, as shear slip—representing relative
sliding along the fracture plane (Stober, 2021)—or as a combination of both. Optimizing this process requires a
comprehensive understanding of how fractures deform, transmit fluids, and release stored energy under
controlled stimulation conditions.

Despite decades of laboratory and field research, the coupled mechanisms governing fracture reactivation
remain incompletely understood. Numerous studies have examined how parameters such as fracture
roughness, mineralogy, stress state, injection rate, and fluid-rock interactions influence permeability evolution
(Ye and Ghassemi, 2018; Ishibashi et al., 2023; Ji et al., 2023). However, the underlying processes that control
how stored elastic energy is released and partitioned among frictional slip, microfracturing, and seismic
radiation remain elusive. Because energy partitioning determines both the mechanical stability of fractures and
their capacity to transmit fluids, resolving this gap is crucial for predicting the hydromechanical and seismic
outcomes of stimulation.

This study experimentally investigates shear slip on pre-existing fractures triggered by either fluid injection or
mechanical loading, with a focus on the partitioning of energy during stress accumulation and release. Special
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emphasis is placed on identifying the mechanisms through which stored elastic energy is redistributed among
frictional sliding, fracture propagation, and radiated seismic energy. We additionally examine the concurrent
evolution of fracture permeability and acoustic emission (AE) activity to link these observations to the underlying
energy dissipation processes.

2. METHODOLOGY

Two samples of pre-fractured Westerly granite (WG1 and WG2) were investigated using triaxial flow-through
experiments (Figure 1). Sample WG1 was prepared (saw-cut) with two opposing notches oriented at an angle of
a=~40° to the principal loading axis (o1), each about 10-15 mm in length, to promote controlled tensile fracture
development using a radial point load. Sample WG2 was saw-cut completely at an angle of a = ~55° to the
principal loading axis (04). The fracture surfaces were subsequently abraded using a #80 sandpaper to introduce
a controlled and homogeneous roughness.

Fluid Fluid
04 linjection 04 linjection

Figure 1. Schematic experimental setup and the two pre-fractured granite samples.

When samples were hosted in the triaxial cell, WG1 has a length of 50.8 mm and a diameter of 25.4 mm, while
WG2 has the same diameter but is shorter (45.9 mm). To ensure that the injected fluid is directed into the pre-
existing fracture, two small rectangular (~4 x 15 mm?) pieces of metal mesh were attached to the sample walls
at both ends, bridging the gap between the fracture inlet/outlet and the sample end faces (Figure 1). During the
experiments, samples were enclosed in a Viton rubber jacket to isolate them from the confining fluid and to
enable the application of lateral stress (0.= 03).

Throughout the tests, multiple physical parameters were continuously acquired, including axial and radial
stress, pore fluid pressure, axial displacement, acoustic emission (AE) signals, flow rate, and injected volume.
During the WG1 experiment, four slip events were observed: the first two were mechanically-induced under
drained conditions by applying axial load, and the latter two were fluid-injection reactivated through stepwise
increase in pore fluid pressure. The WG2 experiment comprised a sequence of mechanically induced stick-slip
events, followed by four fluid-injection reactivated slips.

3. RESULTS

At the start of the experiment, WG1 was confined to o,= 0;= 3 MPa radial and o, =5 MPa axial pressure (Figure
2). A constant fluid injection rate of 7 ml/min was maintained. The sample was loaded axially in displacement-
control mode until the first dynamic slip occurred. During the subsequent relaxation phase, a pronounced
increase in pore pressure was observed. The second event was triggered by repeating axial loading and occurred
in a quasi-static manner. After axial unloading and permeability measurement, the sample was again axially
loaded close to failure, after which pore pressure was increased stepwise via downstream pressure control to
induce the third slip. The same procedure was repeated for the fourth event. After each slip event, WG1 was
unloaded to the same state of stress (o1 = 4.2 MPa and o,= 0; = 3 MPa) for permeability measurement under
identical environmental conditions (i.e., the same shear and effective normal stress acting on the pre-existing
fracture). Post-experimental examination with X-ray CT scans revealed that deformation in WG1 was not
restricted to a single fracture surface but produced a complex damage zone. A dominant oblique fracture,
corresponding to the reactivation plane, cuts across the sample and is accompanied by extensive branching
cracks, particularly visible in slices a and b in Figure 2.
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Figure 2. The WG1 experiment. Left: Evolution of shear stress (), effective normal stress (a;,), pore fluid
pressure, and slip displacement (us;,) along the fracture plane, marked with the four slip events (m and f
denotes mechanical and fluid reactivation, respectively). Middle: Shear stress-inelastic slip displacement
of individual slip events. Right: CT scan images of WG1 after the experiment. The central image shows a
horizontal cross-section through the cylinder with red lines marking the locations of five vertical slices (a-
e) parallel to the loading axis.

Sample WG2 was first subjected to a confining pressure of 0,= 0; = 3 MPa radial, maintained constant throughout
the test, and to an axial stress of o, = 3.2 MPa. Steady-state fluid flow was then maintained by running the
upstream pump at constant flow rate of 5 ml/min, while the downstream pump was operated in pressure-control
mode to hold the prescribed back pressure (Figure 3). Events #1-#8 and #10-#11 are stick-slip events, triggered
by mechanical loading via a constant displacement rate of the pump piston of 0.01 MPa/s. Events #9, #13, and
#14 are triggered by increasing the back pressure in a stepwise manner, while the flow-through injection rate
was kept constant, presenting as “drained injection”-induced events. Event #12 is triggered at the same inflow
rate while the downstream is closed, presenting as “undrained injection”-induced event. X-ray CT scans of
sample WG2 show that deformation was not confined to the original saw-cut fracture but produced a complex
fracture network (Figure 3). In addition to the smooth saw-cut surface, a major conjugated fracture developed at
an angle of ~27° to the principal axis, most likely associated with the large dynamic slip event #14.
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Figure 3. The WG2 experiment. Left: Evolution of shear stress (7), effective normal stress (a;,), pore fluid
pressure, and slip displacement (us;,) along the fracture plane, marked with the fourteen slip events (m
and f denotes mechanical and fluid reactivation, respectively). Middle: Shear stress-inelastic slip
displacement of individual slip events. Right: CT scan images of WG1 after the experiment. The central
image shows a horizontal cross-section through the cylinder with red lines marking the locations of five
vertical slices (a—e) parallel to the loading axis.

The WG1 experiment (rough fracture) produced four slip events (Figure 2 and Figure 4). In all cases, post-peak
rupture energy exceeded pre-peak values. The first and third events were strongly post-peak dominated (96%
and 90%), while the second and fourth showed more balanced partitioning (45-60%) (Figure 4).

The WG2 experiment (smooth, saw-cut fracture) produced fourteen slip events. Rupture energy partitioning
(Figure 4) is shown for events] #1-#13; event #14 was excluded due to its large slip (*13.8 mm) and entirely post-
peak energy release (Figure 3). In the first three events, pre-peak rupture energy contributed 11-23% of the total,
while in later events it dropped below 10%, indicating predominantly post-peak dissipation. G e decreased up
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to event #5, whereas G o5t declined only until event #2 before rising again. Event #12 stands out, showing an
unusually high G e exceeding that of all mechanically reactivated slips (Figure 4).

In the rough fracture experiment (WG1), AE energy exhibits a clear positive correlation with rupture energy:
events associated with higher rupture energy also dissipated more energy as acoustic emission. This
relationship is evident in both pre-peak and post-peak stress stages, though the majority of AE energy was
recorded in post-peak stage (Figure 4). For the smooth saw-cut fracture (WG2), no systematic relationship
between AE activity and rupture energy could be established. Most stick-slip events produced only a single AE
signal, often clipped above the sensor threshold, making quantitative energy estimates unreliable. The scarcity
of detectable AE activity suggests that smooth fractures experience less asperity breakdown and grain crushing,
and therefore generate fewer seismic emission during slip.
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Figure 4. Rupture energy and its partitioning. (a) Partitioning of rupture energy G. versus cumulative slip
displacement for individual events in WG1. (b) Partitioning of rupture energy G. versus cumulative slip
displacement for individual events in WG2. (c) AE energy versus rupture energy in experiment WG1. (d)
Following Ohnaka et al. (1997), rupture energy, G: = G¢ore + Gc,post, defined as the area beneath the shear
stress-slip displacement curves, where the inelastic displacement is defined as the difference between
the breakdown slip displacement, D., and the initial slip displacement, D,.

4. DISCUSSION

Our experiments on rough and smooth fractures revealed that rupture energy partitioning depends strongly on
fracture morphology, loading mode, and pore-pressure evolution.

In mechanically induced slips, rough fractures showed an initial decrease in rupture energy, consistent with
asperity degradation and surface smoothing, followed by an increase during the final fluid-induced event,
indicating renewed microfracturing and dilation. Smooth saw-cut fractures, by contrast, did not exhibit a
monotonic trend—after an initial drop, rupture energy gradually increased with repeated slip. Fluid-induced
reactivations introduced further variability, highlighting the influence of injection strategy and transient pore-
pressure redistribution on fault stability and energy release.

Comparing loading modes shows that mechanical reactivation leads to systematic, friction-dominated
behavior, whereas fluid reactivation promotes heterogeneous rupture by locally reducing effective normal stress
and triggering microfracturing or tensile opening. Consequently, fluid-driven slips display a broader range of
rupture energies and more complex energy partitioning.
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Acoustic emission analysis supports this interpretation: AE activity in rough fractures correlated well with
rupture energy, particularly during post-peak stages where asperity breakdown dominated. In smooth fractures,
however, AE signals were sparse and clipped, indicating limited asperity interaction and less high-frequency
radiation.

Hydraulic resistance exhibited no clear relation to rupture energy, instead reflecting transient local processes
such as dilation, compaction, and gouge redistribution. We thus don’t produce an associated figure in this
paper. These findings emphasize that fracture transmissivity evolves through coupled mechanical and hydraulic
effects that cannot be captured by energy release alone.

Overall, the results demonstrate that frictional sliding and new fracturing are not distinct processes but
concurrent and interdependent. Their relative contributions shift dynamically as slip progresses, influenced by
roughness, loading conditions, and fluid pressurization. Understanding this evolving energy partitioning is
essential for predicting fracture stability, permeability evolution, and induced seismicity in subsurface systems.
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