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This study investigates fluid injection-induced fault slip under true triaxial stress, focusing on cases
where injection boreholes are either hydraulically connected or disconnected from the fault. Through
stress and displacement monitoring, acoustic emission analysis, spectral and source mechanism inver-
sion, and CT scanning, three stages of fluid injection-induced fault slip were identified: injection-
induced disturbance, hydraulic fracturing, and pore pressure buildup within the fault zone. The results
reveal the dynamic evolution of fracture initiation, pressure accumulation, and fracture propagation lead-
ing to fault slip, and show that the fault slip state significantly influences pressure buildup. The observa-
tions confirmed a poroelastic coupling mechanism: as pore pressure within the fault zone rises, slip
velocity initially increases with the injection rate and subsequently decreases. Source mechanism anal-
ysis indicates that fault slip is dominated by compressive-shear motion, whereas hydraulic fracturing
exhibits tensile-shear characteristics. Rock mechanical strength, permeability, and stress field evolution
analyses showed that fault reactivation precedes hydraulic fracturing of surrounding rock in hard rocks,
whereas hydraulic fracturing occurs before fault slip in soft rock. In addition, for low-permeability faults,
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direct fluid injection is more effective in controlling slip than that for high-permeability faults.
© 2026 China University of Mining & Technology. Publishing services by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Seismic records provide essential insights into the release of
tectonic stress associated with natural processes such as crustal
deformation and plate motions, as well as for the impacts of activ-
ities including underground resource extraction, wastewater injec-
tion, and hydrological changes (Fig. 1). Industrial operations such
as mining, oil and gas extraction, and geothermal energy produc-
tion are increasingly recognised as key drivers of induced seismic-
ity [1]. Seasonal climate changes, such as floods and droughts, have
also been linked to seismic responses [2]. Globally, among over
1,000 recorded earthquakes, about 33% are associated with fluid
injection and 25% with underground resource extraction [3]. These
earthquakes span a wide range of magnitudes, from small earth-
quakes caused by local rupture of nearby rock to reactivation of
major faults [4,5]. However, many induced earthquakes remain
insufficiently studied. Specifically, in complex scenarios where
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hydraulic fractures propagate and intersect with adjacent faults,
it remains to be clarified how high injection pressure drives the
evolution of fracture networks and reconstructs seepage paths,
thereby inducing fault instability. These critical hydro-
mechanical coupling mechanisms require further elucidation.
Since Healy [6] first discovered that fluid injection can trigger
fault slip and earthquakes, it has been widely accepted that
injection-induced fault reactivation is governed by the Mohr-
Coulomb fracture slip criterion and its extensions [7]. Two primary
modes are recognised: (1) the pore pressure-dominated mecha-
nism [8], which occurs when injected fluid directly enters the fault,
raising pore pressure and reducing effective normal stress, and (2)
the poroelastic coupling mechanism [9], in which injection-
induced pressure alters the stress field, even when the injection
well does not intersect the fault. In the latter case, stress perturba-
tions can extend over long distances, reaching up to 10 km [10].
There is a growing consensus that fluid injection can induce
acoustic emission (AE) activity in the laboratory corresponding to
microseismic events at field scale, serving as an indicator of fault
reactivation. Researchers typically employ three methods, i.e., sta-
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Fig. 1. Schematic diagram of mechanisms for fault reactivation and induced
seismicity.

tistical analysis, source parameter solution, and physical mecha-
nism analysis, to assess seismic risks associated with fluid injection
[11]. The statistical method primarily relies on microseismic cata-
logues to calculate changes in statistical characteristics of micro
seismicity, and compare them with background levels of historical
seismicity, thereby clarifying the relationship between induced
earthquakes and fluid injection activities [12]. In recent years,
probabilistic optimisation statistical models, developed based on
the Random sample consensus (RANSAC) random sampling consis-
tency method, have been widely applied to reconstruct discrete
fracture networks [13].

Source parameters primarily examine the microseismic charac-
teristics of fluid injection-induced fault reactivation by establish-
ing correlations between the spatiotemporal attributes of
microearthquakes and fault conditions or fluid injection parame-
ters. For example, spatiotemporal microseismic parameters have
been linked to variations in fluid injection parameters [14]. Addi-
tionally, the spatiotemporal distribution patterns of fluid
injection-induced micro seismicity have been analysed through
clustering techniques [15]. Moment tensor inversion enables the
differentiation between signals associated with hydraulic fractur-
ing and those stemming from fault slip [16], and can also support
the reconstruction of discrete fracture networks [17].

Physical mechanism analysis integrates laboratory experi-
ments, field measurements, and numerical simulations to examine
the microseismic and AE response associated with fluid injection-
induced fault reactivation. Multiphysics numerical models have
been used to simulate fluid injection-induced fault reactivation
processes and their seismic response [18]. This approach also pro-
vides insights into the spatiotemporal distribution of induced seis-
micity [19] and its correlation with fluid injection pressure and
temperature [20]. Additionally, a random discrete seismic activity
model has been introduced to simulate microseismic catalogues
and validate them against field monitoring data [21]. Furthermore,
laboratory experiments [22] and field studies [23] have been
employed to analyse the spatiotemporal characteristics and spec-
tral signatures of microseismic and AE events associated with fluid
injection-induced fault reactivation.

Controlled laboratory experiments have systematically examined
the influencing factors and coupled processes of fluid injection-
induced fault reactivation, using small-scale prefabricated samples
[24], large-scale prefabricated fault blocks [25], and even near
field-scale fluid injection experiments into faults [26]. The findings
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indicated that fluid injection-induced fault reactivation is a dynamic
process influenced by parameters such as injection rate, pore pres-
sure evolution, fault permeability, and frictional properties. This pro-
cess comprises two stages: fault reactivation and subsequent fault
slip. The latter may occur in two regimes: stable slip (constant veloc-
ity or velocity decay) and unstable slip (velocity acceleration) [27].
During the reactivation stage, high injection rates can cause rapid
pore pressure buildup on the fault, promoting fault slippage or
dynamic rupture [28]. In contrast, low injection rates promote fault
activation primarily through a progressive reduction in effective nor-
mal stress on the fault [29]. During the slip stage, pore pressure is the
key physical variable that controls the transition from stable to
unstable slip. The injection rate and fault permeability jointly govern
pore pressure evolution: increased permeability promotes the dissi-
pation of pore pressure, while high injection rates dominate the
accumulation of pore pressure. Their interaction determines
whether fault slip is stable or unstable. Studies have shown that fault
permeability and slip rate increase nonlinearly during slip [30],
reflecting the complex feedback between fluid flow, effective stress,
and slip behaviour.

Currently, laboratory fluid-solid coupling experiments predomi-
nantly utilise small-scale prefabricated cylindrical specimens [31].
However, these specimens face limitations in capturing the influence
of fluid injection-induced fracturing on fault reactivation under true
triaxial stress [32], as well as the localised fracturing processes that
occur within the fault zone. Furthermore, experimental schemes that
systematically incorporate multiple interacting factors remain chal-
lenging, making it difficult to develop models that realistically repre-
sent in-situ geological conditions. Many existing studies focus
narrowly on the hydraulic fracture propagation in intact rock masses
[18,19] or on fluid injection-induced fault reactivation mechanisms
[33], without adequately addressing their combined effects. There-
fore, conducting true triaxial fluid injection and fracturing experi-
ments using large-scale faulted rock specimens enables
comprehensive investigation of complex stress environments,
multi-factor interactions, and fluid migration behaviour.

This study is situated within the engineering context of under-
ground mineral resource exploitation and geothermal resource
development. It examines the fluid injection-induced fault reacti-
vation mechanisms and the associated seismic response under
conditions where injection boreholes are either hydraulically con-
nected to, or isolated from, the fault.

2. Experimental design and procedure
2.1. Experimental design

The 150 mm cubic blocks were diagonally cut into two symmet-
ric halves. Following rough and fine grinding of the interfaces, the
halves were reassembled in direct contact.

The experimental samples comprise yellow sandstone obtained
from a surface quarry in a specific mining area in Xuzhou, China.
The samples are characterised by a distinct sedimentary stratified
structure. Cubic samples of 150 mm in each dimension diagonally
cut into two symmetric halves. Following rough and fine grinding
of the interfaces, the halves were reassembled in direct contact.
The measured friction coefficient of the sandstone is 0.33. The sam-
ples were categorised into two groups: one with a fluid injection
drillhole connected to the fault plane, and one with a drillhole dis-
connected from the fault plane, with three samples in each group.
For the connected group, an 80 mm long, 10 mm diameter drillhole
was prefabricated at the midpoint of the top surface. In the discon-
nected group, a 50 mm long, 10 mm diameter drillhole was created
at the centre of the top surface. The fault plane in all samples was
inclined at 45° (Fig. 2).
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Fig. 3 presents result of preliminary basic parameter character-
isation. The samples, measuring 50 mm x 50 mm x 100 mm, were
subjected to a loading rate of 0.1 MPa/s under confining pressures
of 03=5 MPa and 0,=6 MPa, while the fluid injection pressure was
maintained at 4 MPa. Specifically, Fig. 3a depicts results of triaxial
seepage experiments, and Fig. 3b illustrates results of triaxial load-
ing experiments. The magnitude of the permeability (k) is around
10"'7 m?, showing the low-permeability of the samples.

The experimental setup employs a PWS-1500 true triaxial stress
loading system to establish a stable true triaxial stress environ-
ment. To maintain constant flow injection, an LC-3060B micro con-
stant pressure and constant flow dual-mode booster pump was
utilised. AE monitoring and analysis were conducted using a Milne
AE signal monitoring system and the InSite-Lab data processing
system (Itasca Consulting Group, UK), as illustrated in Fig. 4.

2.2. Experimental procedure

2.2.1. Stress loading path
The Mohr-Coulomb failure criterion is commonly used to eval-
uate fault reactivation [34]:

T ?Tcrit:ﬂ'(anfp)%’cf

(1)

where 7. is the critical shear stress for fault activation; 7 and o,
the fault shear stress and normal stresses, respectively; u the fault
friction coefficient; p the pore pressure; and ¢ the fault cohesion
(zero in this experiment).

For specimens with a fault inclination angle of 45°, ¢,, and 7 on
the fault are given by:

_01+03

On=— (2)

_0'1 — 03
= 3)

Using the friction coefficient measured as 0.33 in the preliminary
tests, the fault reaches a critical state when Eq. (1) is satisfied. Using
Egs. (2) and (3), the following conditions must therefore be satisfied:
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Disconnected samples: Stress is applied simultaneously in the
01, 02, and g3 directions at a loading rate of 0.1 MPa/s. The stresses
are held constant once o3=5 MPa, ¢,=6 MPa, and ;=10 MPa. After
stabilisation, fluid injection is applied at 10 mL/min from 132 to
567 s, 20 mL/min from 568 to 629 s, and 49 mL/min from 630 s
until the end of the experiment.

Connected samples: Stress is applied simultaneously in the o,
0, and o3 directions at a loading rate of 0.1 MPa/s. The stresses
are held sequentially when ¢3=10 MPa, 06,=12 MPa, and
01=20 MPa. Following the stabilization of the triaxial stress at
246 s, hydraulic fracturing is conducted at a constant flow rate of
49.99 mL/min.

2.2.2. Monitoring plan

The experimental system’s acquisition instruments are used to
collect stress and displacement data continuously. Fluid injection
volume and pressure are monitored in real time through the flow
control and pressure sensors. AE signals are recorded using probes
mounted on the loading head. Four probes are arranged on each
loading surface in a “+” configuration to monitor signals from fault
slip and micro-fracturing. AE signals are sampled at 10 MHz. To
minimize the frictional interference from the loading platens, a
uniform layer of Vaseline was applied to the specimen surfaces
during the experimental preparation phase.

To intuitively illustrate the derivation of the fault slip, a geo-
metric schematic is presented in Fig. 5. The net fault slip vector
AL along the fault plane is determined by the geometric projection
of the vertical displacement (Ay) at the top boundary and the hor-
izontal displacements (Ax;, Ax,) at the lateral boundaries. Conse-
quently, the fault slip can be calculated using the following [22]:

AL = (Ay + Ax)/2 cos 0 (5)

where Ax=Ax;-Ax,. 0 is the inclination angle of the fault.

3. Results

3.1. Fluid injection pressure

01 — O Fig. 6 illustrates the fluid injection process for the hydraulically
1= 033 4 - L - ;
o1+03-2p (4) disconnected sample group, with Fig. 5b showing key behaviour
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Fig. 4. True triaxial fluid injection-induced fault slip and fracturing experimental setup, equipped with AE monitoring and analysis systems.

exhibited in five stages: the fluid injection disturbance stage (132-
237 s), the hydraulic fracturing stage (238-370 s), the connection
of fractures and fault stages at injection rates of 10 mL/min
(371-567 s), 20 mL/min (568-629 s), and 50 mL/min (630 s).
Throughout the fluid injection fracturing stage, the injection pres-
sure exhibits a characteristic pattern of increasing, decreasing, and
increasing again. The injection pressure peaks reach to 7 MPa at
147 s, 10.8 MPa at 237 s, 11.2 MPa at 259 s, 12.1 MPa at 280 s,
and 11.9 MPa at 372 s. This process indicates that fracture propa-
gation during hydraulic fracturing is not instantaneous but instead
involves a dynamic sequence of sample rupture, fracture compres-

sion, and fracture extension.

A remarkable gap is evident between the initial pressure peak

and the subsequent peaks, with later peaks remaining at a rela-

tively stable level. This difference arises from stress concentration
and initial damage occurring near the fluid injection orifices at the
base of the sample, which reduced the local rupture pressure rela-
tive to the intact rock. During the fluid injection disturbance phase,
before water has penetrated the fault, stress distribution is pre-
dominantly influenced by poroelastic stress [10], resulting in a
nonlinear fault slip curve.

Due to the direct connection between the water injection hole
of the specimen with connectivity and the fault, water directly
influences the pore water pressure at the fault, thereby altering
its slip state. This process occurs without disturbance from poroe-
lastic stress effects (Fig. 7). Under conditions of constant confining
pressure and water injection rate, the pore pressure at the fault
exhibits minor fluctuations, as shown in Fig. 7b: for instance, the
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Fig. 5. Geometric schematic illustrating the calculation of the fault slip vector.

injection pressure decreases from 5 MPa at 573 s to 4.5 MPa at
576 s, then gradually recovers to 5 MPa. According to Darcy’s
law, the pore water pressure at the fault decreases linearly, which
increases the non-uniformity of stress distribution along the fault.
Consequently, while promoting overall fault slip, localized failure
also occurs within the fault, leading to minor fluctuations in the
injection pressure.

3.2. Spatio-temporal distribution of AE events

The AE events are plotted in a two-dimensional time-lapse
view, enabling the visualisation of the failure sequence within
the rock and the evolution of the fault reactivation throughout
the injection process. As demonstrated in Fig. 8a, during the stress
adjustment phase of the hydraulically disconnected sample group,
AE events initially clustered along the fracture layer before shifting
toward the base of the fluid injection hole. This observation implies
that the base of the injection hole exhibits inherent structural
weakness during sample preparation, an effect that may also occur
in field applications, resulting in AE events at that location.

During the fluid injection stage of the hydraulically discon-
nected sample (Fig. 8b), AE events occur along the fault early in
the injection process. By 13 s after injection starts, AE events are
already observed at the fault, even though fluid has not yet seeped
into it. This observation indicates that the poroelastic stress near
the injection hole activates the fault, demonstrating that the
poroelastic coupling is the dominant mechanism driving fault reac-
tivation during fluid injection.

Fig. 9 presents the spatio-temporal distribution of AE events in
the hydraulically connected samples throughout the experiment.
In the stress adjustment phase (Fig. 9a), AE events are more
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broadly distributed compared to those observed during the fluid
injection phase (Fig. 9b). This difference arises from the elevated
pore fluid pressure at the base of the injection hole, located on
the fault, during fluid injection, leading to a linear pressure reduc-
tion in this region. Consequently, stress rapidly redistributes in this
region, resulting in a concentration of AE events. A clear contrast in
AE event frequency between the hydraulically connected and dis-
connected samples is evident when comparing Figs. 8b and 9b.
The frequency of AE events is markedly lower in the disconnected
samples than in connected ones. By classifying the associated fault
slip behaviour, it becomes apparent that the lateral slip in discon-
nected samples corresponds to aseismic slip [35], while the slip in
connected samples corresponds to seismic slip.

Following the experiment, industrial CT scans were performed
on the disconnected samples after hydraulic fracturing. The scan-
ning parameters were set to a voltage of 440 kV, a current of
1.5 mA, an exposure time of 0.45 s, and a scanning duration of
1 h. This process yielded a three-dimensional reconstruction of
the internal fractures within the samples, with a resolution of
90.2 pm, as illustrated in Fig. 10.

In Fig. 10, the brown areas represent the pore pressure mon-
itoring holes and the damaged regions at the base of these holes
formed during loading. The green regions indicate the damaged
areas at the intersection between the hydraulic fracturing holes
and the pore pressure monitoring holes. The cyan regions denote
the pore pressure monitoring holes. During the experiment,
shear misalignment between the loading fixture and the sample
caused the connection wire of the pore pressure sensor to break,
resulting in the loss of monitoring data. This sensor was
intended to capture the pore pressure evolution following the
fluid injection conduction section, thereby indirectly character-
ising the permeation process and the fracture propagation path.
Due to the absence of data, CT scanning was used subsequently
to complement and verify the observations. Furthermore, this
method effectively validates the accuracy of AE event
localisation.

The blue regions indicate the hydraulic fracturing holes and the
zones where fractures form during the fracturing process. Frac-
tures initially extend from the injection hole towards the fault
plane. This extension is driven by stress concentration at the base
of the injection hole during the stress adjustment phase, which
facilitates the formation of early fractures. During the early fluid
injection stage, fluid travels along these initial fractures, which
stimulates their further development and coalescence into larger
fractures. A similar phenomenon is observed in the hydraulically
connected samples (Fig. 10c): once fractures reach into a critical
extent, they propagate preferentially in the direction of the mini-
mum principal stress, oy, Which is perpendicular to the fault. Ulti-
mately, the fractures reach the fault, establishing a hydraulic
connection between the injection hole and the fault.
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Fig. 6. Experimental procedure and results for the hydraulically disconnected specimen.
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3.3. AE event types and sequences

During the fluid injection period for the hydraulically discon-
nected samples, a total of 13 events were recorded (Fig. 8b). These
included 6 events during the injection disturbance stage, 1 event
during the fracturing stage, 4 events in the first injection stage, 2
events in the second injection stage, and none in the third injection
stage. Fig. 11 presents the short-time Fourier transform, using a
unified channel to capture the waveform, duration, frequency,
and energy distribution of each AE event. According to reference
[23], AE events can be classified into three main categories: seismic
events (SE), long-period events (LP), and tremor-like signals (TLS).

A comparison of AE signals observed in volcanoes [36], reser-
voirs [37], and landslides [38] reveals that the SE-type signals cor-
respond to typical fault slip behaviour. The narrow frequency band
of LP-type signals primarily arises from a decrease in fluid pressure
caused by cavity resonance, which occurs when fractures or voids
are filled with fluid. In contrast, the prolonged duration and dis-
tinctive waveform characteristics of TLS-type signals imply that
the fault is experiencing slow slip.

Fig. 11 illustrates evolution of AE activity during the fluid injec-
tion process. At the onset of injection (139 s), an LP event signal
indicates the initial entry of fluid into the fracture, where pressure
begins to accumulate. Subsequently, as the pressure increases,
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poroelastic stress perturbations induce fault slip and generate SE
events (143 s, 148 s). This slip relieves local pressure, causing a
drop in injection pressure and resulting in a TLS event (150 s). Con-
tinuous injection elevates pore pressure, which promotes fracture
growth and produces additional LP events (253 s). Once a hydraulic
connection is established between the injection hole and the fault,
AE events are dominated by SE signals. Increasing the injection rate
from 10 mL/min to 20 mL/min further enhances fault reactivation,
leading to additional SE events (599 s, 610 s). It is worth noting
that the signal at 599 s exhibits transitional characteristics
between SE and TLS events. We attribute this to the increased
injection rate, which not only induces further hydraulic fracture
propagation but also alters the fault slip state. In this study, the
classification is primarily based on the duration of the dominant
frequency band. For instance, the event at 150 s is classified as a
TLS due to its sustained broadband energy over a long duration.
In contrast, although the 599 s event exhibits a coda, the duration
of its high-energy frequency band is relatively short compared to
typical TLS events, warranting its classification as an SE.

For the hydraulically connected sample, a total of 319 valid AE
events is generated during the fluid injection stage. Here, 10 repre-
sentative AE events from different stages were selected for analysis
(Fig. 12), including the initial injection stage, the stage with signif-
icant pressure fluctuations (562-601 s), and the stage of relatively
stable pressure. Fig. 12 illustrates that the AE events in the
hydraulically connected sample primarily consist of SE events,
with LP events occurring at 265, 266, and 574 s. These AE events
consistently coincide with moments of fluid injection pressure
fluctuations.

Additionally, Figs. 11 and 12 illustrate that fault reactivation
induced by hydraulic fracturing is not a simple process whereby
hydraulic pressure drives the fractures toward and into the fault.
Instead, this process involves a dynamic feedback loop: fluid injec-
tion promotes fracture propagation, fault slip locally relieves pres-
sure, and such pressure redistribution subsequently facilitates
further fracture development. Furthermore, the evolution of AE
event type provides an effective and timely indicator of instability
within the surrounding rock during the injection-induced fault
slip.

3.4. Seismic response to hydraulic fracturing and fault slip
3.4.1. Fundamentals of moment tensor inversion

The moment tensor inversion method calculates the equivalent
stress associated with a seismic source by utilising the internal dis-

placement of the rock mass recorded during rupture, together with
the pulse function (Green’s function) that characterises the med-
ium'’s response [39]. Assuming that the source dimension is signif-
icantly smaller than the observation distance and the dominant
seismic wavelength, the source can be treated as a point source.
The moment tensor M represents the force system acting at the
source. Under the assumption of a synchronous source, the dis-
placement amplitude recorded at monitoring station i can be
expressed as:

u;(x, t) = MyGiji(x, Xo, t) (6)

where G;jx is the Green's function representing the impulse
response of the medium between the source location xo, and the
monitoring point x; and Mj, moment tensor component, with sub-
scripts j and k denoting the position and direction of the applied
forces. The moment tensor M in the Cartesian coordinate system
is defined by Eq. (7).

My My Mis
M= |My My My (7)
M3y Ms; Mss

The moment tensor M can be decomposed into three compo-
nents: the double-couple (DC), the compensated linear vector
dipole (CLVD), and the isotropic part (ISO) through the eigenvalue
decomposition method, as expressed by:

M:M[SO+MCLVD+MDC (8)
where,

. 100 -1 0 0
M'S°:§tr(M) 01 0|, M =[gM, | O -1 0],
0 0 1 0 0 2

-1 00

M = (1-2/¢)Mj, | O 0 0

0 0 1

The sum of the ISO and CLVD components is referred to as the
non-DC component, while CLVD and DC components together con-
stitute the moment tensor part M*. The parameter ¢ represents the
magnitude of CLVD with respect to the DC component and is
defined as:
£— — |min| (9)

;

|max|
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Fig. 11. Time-frequency analysis of AE events during fluid injection into hydraulically disconnected samples.

where M*|nax and M*|min are the maximum and minimum absolute
values of the eigenvalues of M* respectively.

The source mechanism of AE events generated in the experi-
ments with hydraulically connected and disconnected samples

was determined using the aforementioned method. A reliability
test was conducted based on the T-K value error of the moment
tensor [31], where smaller values indicate more reliable inversion
results. The statistical outcomes are presented in Fig. 13, showing
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Fig. 12. Time-frequency analysis of AE events during fluid injection into hydraulically connected samples.

that 76% of the calculated results exhibit test values below 10,
thereby confirming the reliability of the seismic source mechanism
solutions obtained in this experiment.

Hudson [40] performs specific transformations on the three
eigenvalues of the moment tensor, my, my, and ms (m;>my>ms),
to characterise the source type. By considering the sign of the
intermediate eigenvalue m’, in DEV, the tensile component k and
the shear component T can be calculated:

_2m' ,
(|M[lsv[’)l‘59mr3 ) mzlz)mz > 0
kT) =1 (angtar0)m; =0 (10)
( Miso ’zm,z)m/z <0

[Miso|+m7 > m]

where the eigenvalue of DEV is m’, = m-Mso, and DEV satisfies tr
(Mpgy) = m'y + m’y + m’s.

3.4.2. Seismic characteristics of fluid injection-induced fault slip

Fig. 14 presents the T-K distribution of the AE event source
mechanisms for the hydraulically disconnected sample during
the stress adjustment stage and the hydraulic fracturing stage,
alongside selected source mechanism solutions. As indicated in

Fig. 13. Test value statistics for source mechanism solutions.
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Fig. 8b, the failure type near the bottom of the injection hole is
dominated by tensile-shear behaviour, whereas the failure mode
near the fault primarily demonstrates compressive-shear charac-
teristics. Fig. 15 illustrates the T-K distribution of the AE event
source mechanisms for the hydraulically connected sample during
the same stages, along with representative source mechanism
results. The findings reveal a similarity to those observed in the
hydraulically disconnected sample.

Fig. 16 illustrates the proportions of seismic source mechanisms
for the different samples at each stage. Here, DSA denotes the
stress adjustment stage for the disconnected sample, DWI the
water injection stage for the disconnected sample, CSA the stress
adjustment stage for the connected sample, and CWI the fluid
injection stage for the connected sample.

Across all conditions, the dominant failure modes are
compressive-shear and tensile-shear. The tensile-shear failures
primarily stem from stress concentration at the base of the injec-
tion hole, while the compressive-shear failures result from the
combined effects of fault shear stress and normal compressive
stress during slip. In the later phase of fluid injection, for the dis-
connected sample, failures near both the injection hole base and
the fault, compression-shear types for the highest proportion.
Analysis of seismic source types during fluid injection reveals a
decrease in the proportions of compression-shear and tensile-
shear events by 3.9% and 3.8%, respectively. In contrast, shear

International Journal of Mining Science and Technology xxx (xXxx) xXx

and other types (e.g., implosion events) have increased by 3.2%
and 4.5%, respectively. These results suggest that fluid injection
does not change the overall dominance of compression-shear and
tensile-shear failures when the fault is unstable. Nonetheless, the
increase in pore pressure induced by fluid injection heightens the
local heterogeneity in the stress distribution near the injection
hole, leading to additional non-shear seismic events.

3.5. Correlation between fluid injection rate and fault slip

Given that both hydraulically connected and disconnected sam-
ples undergo triaxial deformation during stress loading, the follow-
ing analysis focuses solely on fault slip during the fluid injection
phase to limit strain-related interference. Fig. 17 illustrates linear
fits of fault slip displacement under different fluid injection rates.

As illustrated in Fig. 18, the process of fault activation induced
by fluid injection can be primarily categorized into two distinct
stages:

(1) Slip acceleration stage (Stage A to B): As the injection rate
increases (from point A to point B3), the fluid permeates
the fault zone, increasing the water pressure gradient. This
induces an increase in strain heterogeneity, which, at this
stage, primarily lubricates the fault and leads to a decrease
in the friction coefficient. In the Mohr circle diagram
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Fig. 14. Source mechanisms for AE events at different stages of the hydraulically disconnected sample.
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(Fig. 18c), not only does the effective stress decrease (Circle
A moves to Circle B), but the strength envelope also drops
from the initial state to the unstable state. The synergy of
the reduced effective normal stress and lowered frictional
resistance promotes fault slip, causing the slip rate to
increase continuously.

(2) Slip deceleration stage (Stage B to C): When the injection

rate reaches a certain critical level (point C), the fluid
causes an extremely high-water pressure gradient and sev-
ere strain heterogeneity near the injection hole. As shown
in Fig. 18a, this extreme heterogeneity triggers secondary
fracturing and rock crushing at the fault interface [41],
which subsequently increases the geometric roughness of
the fault, leading to a sharp increase in the friction coeffi-
cient. Therefore, although the effective stress continues to
drop (Circle B moves to Circle C), the failure envelope shifts
drastically upward to the fault rupture state. This
enhanced anti-slip resistance dominates the system,
thereby suppressing fault slip and causing the slip rate to
decline.

Meanwhile, based on the Rate-and-State Friction (RSF) theory
[42], the state of fault slip is primarily governed by the critical fault
stiffness Kepic:
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kcrit = (11)
where o, is the effective normal stress; D. the characteristic fault
slip distance; and (b—a) the fitting coefficient.

According to the Eq. (11), under the connected condition, a high
injection rate leads to a steep surge in fault pore pressure and an
instantaneous, drastic drop in ¢,. This subsequently causes a sud-
den plunge in the critical stiffness k., ultimately triggering the
release of a massive amount of elastic energy and dynamic rupture
at the fault. Macroscopically, this is manifested by the generation
of abundant AE events (Fig. 9b). Conversely, under the discon-
nected condition, the presence of low-permeability surrounding
rock between the injection borehole and the fault causes the pore
pressure at the fault to accumulate slowly, leading to a gradual
decrease in g, This provides the fault with sufficient time for
stress redistribution and self-adjustment, allowing it to release
energy slowly, which is manifested by the occurrence of only a
few AE events (Fig. 8b).
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4. Discussion
4.1. Faulted rock system state model

According to prior research [43], human activities such as
underground mining, excavation, and fluid injection for hydrau-
lic fracturing or pressure relief can alter the magnitude and
direction of stresses within a faulted rock system, thereby
impacting its overall stability. Therefore, accurate assessment
of the stress state of this system requires accounting for changes
in both stress magnitude and direction. It is worth noting that
instability within a faulted rock system is not always derived
from fault reactivation alone [44,45] Following the Mohr-
Coulomb strength criterion, the fault is considered as a pre-
existing weak plane. If the principal stress magnitudes remain
constant but the principal stress directions rotate, failure may
occur along weak planes within the surrounding rock mass.
These weak planes could be the fault itself or other fractures
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with different orientations. Consequently, assuming constant
principal stress magnitudes, the faulted rock system can be cat-
egorised into 6 states (Fig. 19), corresponding to the possible
combinations of principal stress rotations and their influence
on potential failure planes.

(1) Stable state with no damage (Fig. 19a): The applied stress
field is insufficient to cause damage to the fault or any weak
plane in the surrounding rock.

(2) Weak plane failure without fault instability (Fig. 19b):
When the mechanical strength of the weak plane in the
surrounding rock is lower than that of the fault, the weak
surface fails first under the applied stress. Although this
failure redistributes stress around the fault, the redis-
tributed stress remains insufficient to induce fault
instability.

(3) Fault slip without weak-surface failure (Fig. 19c): When the
weak plane in the surrounding rock is stronger than the
fault, the fault becomes unstable first. This instability leads
to stress redistribution, but the redistributed stress does
not reach the strength threshold required to induce failure
of the weak plane.

(4) Fault and weak surface coincide (Fig. 19d): When the fault
coincides with the weak plane in the surrounding rock,
instability of the fault produces shear failure along the weak
plane.

(5) Fault slip followed by weak surface failure (Fig. 19e): When
the weak plane in the surrounding rock is mechanically
stronger than the fault, initial fault instability causes local
stress redistribution. The increased stress near the weak
plane subsequently results in its failure.

‘m

l'm
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(6) Weak-surface failure followed by fault instability (Fig. 19f):
When the weak plane in the surrounding rock is weaker
than the fault, it fails first under the applied stress. The
resulting stress redistribution near the fault then results in
fault instability.

The stability of the faulted rock system is governed by the fault
friction coefficient (u), fault cohesion (cf), the mechanical proper-
ties of the weak plane in the surrounding rock, and the ambient
stress field. A mechanical model of the fault element is shown in
Fig. 20, where the normal stress (¢,,) and shear stress (7) acting
on the fault plane are expressed as follows:

_01+03

01— 03
On 5 +T cos 20 (12)
=& > % sin26 (13)
When the principal stress rotates by an angle 4,
g, =2 ; %, % €0s(20 + 26) (14)
1= 5 % sin(20 + 26) (15)

According to the Mohr-Coulomb criterion, the ultimate shear

strength of the fault can be expressed by:
T=W-0,+Cf (16)

Substituting Eqs. (14) and (15) into Eq. (16) yields the criterion
of fault reactivation and slip under changes in the principal stress
direction:

l'm
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Fig. 19. Conceptual diagram of the fault-surrounding rock system states.
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2(¢; + - 03)
1 — p - cot(0 + 6)]sin(20 + 20)

01 - fault = [ + 03 (]7)

Eq. (17) shows a positive correlation between the critical state
of fault reactivation and the parameters c¢;, i, and ¢3. Assuming a
fault inclination angle 6=30°, ¢,=6 MPa, and 03=10 MPa, the rela-
tionship between fault reactivation and the deflection angle § can
be examined with respect to ;.

The critical stress (01.rock) required for the failure of this weak
surface is determined in accordance with the Mohr strength
criterion:

1+sing
1—sing

1+sing
1-sing

01 -rock = zcr 03 (]8)
where ¢, is the cohesion of the surrounding rock; and ¢ the internal
friction angle of the surrounding rock.

Given that the surrounding rock and the fault exist within the
same system, and assuming c,=6 MPa, the critical stress (71_rock)
for the weak plane failure of the surrounding rock can be deter-
mined under the conditions of ¢=30° and ¢=45°. The dotted line
represents the magnitude of ¢¢_, required for the rock failure
at different internal friction angles (¢). The resulting scenario is
depicted in Fig. 20.

Fig. 20b illustrates a scenario with p=0.6. In the stress environ-
ment represented by the green region, corresponding to Fig. 19a,
the fault is stable. In contrast, the yellow, blue, and red regions cor-
respond to Fig. 19b, ¢, e and f) respectively, representing instability
when the fault acts as a weak plane within the surrounding rock.
Thus, the green area denotes stability, whereas the yellow, blue,
and red areas indicate instability.

Fig. 20a illustrates that as the mechanical strength (internal
friction angle) of the surrounding rock increases, the proportion
of the blue area increases while the yellow area decreases, indicat-
ing an initial increase in the probability of fault instability. Con-
versely, as u rises, the blue area decreases, and the yellow area
increases, suggesting a higher likelihood of the weak plane failing
first. Therefore, adjusting fluid injection parameters during
injection-induced fault slip is crucial, taking into account the
mechanical strength of the fault and the surrounding rock under
specific engineering conditions. In mining applications aimed at
preventing fault-type rock bursts, it is essential to confine the
stress field of the faulted rock system within the red and blue areas
in Fig. 20b to promote fault slip and control energy release. In con-
trast, for geothermal systems, CO, storage, or natural gas extrac-
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tion, optimal stress field control lies within the yellow area in
Fig. 20b.

The conducted experimental tests involved hydraulically dis-
connected samples, as depicted in Fig. 19e, and hydraulically con-
nected samples, as shown in Fig. 19d. Stress inversion was
conducted to analyse the stress field distribution during the exper-
iment, based on the AE events source mechanism at each stage. The
three principal stress parameters considered for each AE event are
the maximum principal stress o, the intermediate principal
stress g;iny, and the minimum principal stress gs;,,. Normalisation
was carried out following the proportional relationship among
these principal stresses [46]:
R=— O1tiny — O2inv (19)

O1tiny — O3inv
where R is the shape ratio among the three principal stresses. A lar-
ger R value indicates that o,;,, approaches o3;,,. When R=1, the
stress field is in an axisymmetric uniaxial compression state. When
R=0, the stress field is in an axisymmetric biaxial compression state.
When R=0.5, the stress field represents a relatively stable state.
For the normal stress ¢, and shear stress 7 on the fault [47]:

on = Toin; = Tiinin; (20)

TN,' = TOi — Ol = Ty — Tigljg Iy = Ti[<nj(51k — nink) (21)

where Jji is the Kronecker delta; Ty the dynamic force along the
fault; n the normal direction of fault, and N the unit vector of shear
stress acting on the fault.

For the calculation in Eq. (21), the Wallace-Bott assumption [48]
was employed. The shear stress direction on the fault is assumed to
align with the fault slip direction s, and tractive forces across differ-
ent sections are considered constant. Upon normalising the shear
stress on the fault, Eq. (21) can be reformulated as:

At=s (22)

where t is the stress tensor satisfying o+0,+03=0, expressed as
t =[t11 T12 T13 T2z T23]"
The coefficient matrix A is a 3x5 matrix:

ni(n3 +2n3) na(—n3 +n3) na(-2n7 —n3)

ny(1-2n2)  ny(1-2n2) — 211203
A= | n3(1-2n%) 2mmns  ny(1-2nd) (23)
m(—n3+n3) my(nf+2n3) ns(—nj-—2n3)
“2mnpn; n3(1-2n3)  np(1-2n3)
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For the focal mechanisms of multiple AE events, a generalised
linear inversion using the L2 norm can be applied to obtain:

t=A"%s (24)

In this work, the stress field inversion grid was divided accord-
ing to the segmented spatio-temporal distribution of AE activity.
Stress inversion was conducted at different stages for the two sam-
ple types used in this experiment. For each stage, 100 inversions
were performed with random errors to assess the uncertainty in
the stress inversion results. Fig. 21 depicts the distribution of prin-
cipal stress directions, with red dots for 1;,,, green dots for a,, and
blue dots for gs3. Fig. 22 illustrates the distribution of principal
stress shape ratio R values at various stages.

During the stress adjustment stage, the principal stress distri-
bution of both disconnected and connected samples is similar.
For the disconnected sample, the azimuth angle of ¢4;,, is 257.8°,
with a plunge angle of 16.3°. In contrast, the azimuth angle of
O3iny 1S 32.6°, with a plunge angle of 67.4°. The optimal fault solu-
tion shows a direction of 146.0° and a plunge of 42.5°, which clo-
sely aligns with the actual fault orientation, yielding R=0.709. For
the connected sample, g1, has an azimuth angle of 257.9°, with
a plunge angle of 21.5°. In contrast, gs;,, has an azimuth angle of
67.7° and a plunge angle of 68.2°. The optimal solution for the frac-
ture plane is 163.0°, with a plunge angle of 44.9°, yielding R=0.611.
This similarity arises because the loading stress ratios are consis-
tent across samples, and the connectivity of the fluid injection hole
has a minor influence on the overall stress direction. Furthermore,
analysis of the stress shape ratio indicates that, during the stress
adjustment stage, the faulted rock system exists in an axisymmet-
ric uniaxial compression state dominated by &1,

During the fluid injection disturbance stage, for the discon-
nected sample, ¢4;,, has an azimuth angle of 210.8° and a plunge
angle of 14.8°, while a3i,, has an azimuth angle of 10.0° and a
plunge angle of 74.2°, yielding R=0.407. For the connected sample,
01inv has an azimuth angle of 138.8° and a plunge angle of 2.4°,
while g3;,, has an azimuth angle of 42.4° and a plunge angle of
69.2°, giving R=0.363. These findings suggest that during the fluid
injection disturbance stage, the faulted rock system is in an
axisymmetric biaxial compression state.

During the axisymmetric biaxial compression state, the signifi-
cant lateral confinement provided by the high o, effectively sup-
presses tensile failure. In contrast, during the axisymmetric
uniaxial compression state, the insufficient constraint from o5,
facilitates the development of tensile fracturing within the rock
mass. Consequently, as the stress state transitions from the stress
adjustment stage to the fluid injection disturbance stage
(Fig. 16), the proportions of compressive-shear and tensile-shear

(a) Disconnected
sample during stress
adjustment stage

(b) Disconnected
sample during fluid
injection stage
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focal mechanisms decrease, whereas the proportion of pure shear
focal mechanisms increases.

By comparing the changes in the stress field across different
samples during the two stages, it becomes evident that the stress
state of the faulted rock system evolves throughout the fluid injec-
tion process. Notably, variations in the azimuth angle of the stress
field primarily govern the direction of fault slip, while changes in
the inclination angle significantly influence the fault stability. For
instance, in the connected specimen, the angle between the maxi-
mum principal stress ¢i;,, and the fault plane during the stress
adjustment phase is significantly smaller than that during the fluid
injection perturbation phase. Meanwhile, as illustrated in Fig. 23,
the local stress shape ratio (R-value), inverted from AE focal mech-
anisms, does not reach stability immediately upon water injection.
Instead, it exhibits intense dynamic fluctuations with increasing
injection time before gradually converging toward a stable range.
This dynamic adjustment process intuitively demonstrates that
fluid-induced fault instability is not solely governed by a simple
reduction in effective normal stress; the dynamic redistribution
and rotation of the local three-dimensional stress field (the shape
of the stress tensor) also plays a crucial driving role. It is worth not-
ing that, due to the inherent limitations of current AE inversion
techniques, this experiment can only invert the relative shape of
the local stress field (R-value) and the directions of the principal
stress axes, but cannot yet provide the absolute dynamic magni-
tudes of each principal stress. This limitation will be addressed in
future research.

4.2. Influence of permeability of the faulted rock system

In practical engineering scenarios, rock with varying permeabil-
ity influences the formation of the fracture network during hydrau-
lic fracturing, thereby influencing the impact of fluid flow on fault
slip. This phenomenon can be categorised into six scenarios and
four types, as illustrated in Fig. 24.

(1) High-permeability rock with an injection well connected to
the fault (Fig. 24a): Fluid injection increases pore pressure
in both the rock and the fault, promoting fault reactivation.
If the fault has high permeability, reactivation is more likely.
Conversely, low-permeability faults resist water penetra-
tion, making reactivation difficult and potentially generating
new fracture surfaces within the rock.

(2) High-permeability rock with an injection well disconnected
from the fault (Fig. 24b and c): Water permeates to the rock
towards the fault, raising pore pressure within the fault and
inducing fault reactivation. The subsequent fault slips
response follows the same process described in Scenario 1.

Olinv

(c) Connected sample
during stress adjustment
stage

(d) Connected sample
during fluid injection
stage

Fig. 21. Distribution of principal stresses for different samples and stages.
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Fig. 23. Dynamic evolution of the R-value during the fluid injection stage in the
connected specimen.

(3) Low-permeability rock with an injection well disconnected
from the fault (Fig. 24d): Increasing pore pressure within
the rock is challenging. Fluid injection primarily raises pore
pressure within the fault, which can lead to fault reactiva-
tion. High-permeability faults are more susceptible to reac-
tivation, whereas low-permeability faults require higher
fluid injection pressures [49].

(4) Low-permeability rock with an injection well disconnected
from the fault (Fig. 24e and f): High-pressure hydraulic frac-
turing is necessary to influence the fault within the rock.
This increases the pore pressure at the fault or generates
poroelastic stress, thereby inducing fault reactivation. A
notable lag exists between hydraulic fracturing and fault
reactivation, but the overall process aligns with Scenario 3.

Fig. 3a illustrates that the yellow sandstone used in this study is
low-permeability, while the absence of fault mud indicates the
presence of a high-permeability fracture. Consequently, the
hydraulically disconnected samples align with the scenario
depicted in Fig. 24e, while the connected samples correspond to
the scenario shown in Fig. 24d. Analysis of Figs. 14b and 15b shows
that fault slip in the disconnected sample is predominantly aseis-
mic slip, whereas seismic slip occurs in the connected sample.

From the perspective of preventing and controlling fault-type
rock bursts in mining areas, a significant number of AE events
occur during fluid injection in the hydraulically connected sample,
thereby releasing energy from the faulted rock system. Regarding

16

the stress field, fluid injection has a more pronounced effect on
the direction of 74;,, in the connected sample than in the discon-
nected sample. Therefore, for low-permeability rock strata, estab-
lishing a connection between the fault with the injection hole is
more effective in preventing uncontrolled failure.

5. Conclusions

This work investigates two working conditions of subsurface
fluid injection: fluid injection holes either connected or discon-
nected from the fault. Experiments were conducted on fault slip
induced by varying fluid injection conditions under true triaxial
stress with varying injection rates. The study explores the mecha-
nisms driving fluid injection-induced fault slip and the associated
seismic response. The main conclusions are as follows:

(1) The fault slip induced by fluid injection occurs in three
stages: fluid injection disturbance, hydraulic fracturing,
and pore pressure increase within the fault. The spatio-
temporal distribution and spectral analysis of AE events dur-
ing the disturbance and fracturing stages indicate that the
mechanical mechanism governing fault slip is predomi-
nantly influenced by poroelastic coupling.

(2) Fluid injection-induced fault slip and fracture development
are interdependent. The development of fractures increases
the pore pressure within the fault, altering the state of fault
slip. Conversely, fault slip alleviates local pressure, which in
turn promotes further fracture development.

(3) Seismic responses of hydraulic fracturing and fault slip
under true triaxial stress conditions exhibit distinct charac-
teristics. Fault slip originates primarily from compressive-
shear sources, whereas hydraulic fracturing is associated
with tensile-shear sources.

(4) The fluid injection rate effectively controls the fault slip
state. In low-permeability surrounding rocks, direct fluid
injection through faults is more effective in regulating fault
slip. In contrast, in high-permeability strata, hydraulic frac-
turing near the fault is more efficient.

(5) A mechanical model of the faulted rock system was estab-
lished based on rock strength and stress field evolution. As
the mechanical strength of the rock increases, the likelihood
of fault instability preceding rock failure also increases. Rea-
sonable control ranges for different working conditions were
also identified.
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