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ABSTRACT

Cyclic hydraulic fracturing (CHF) shows potential in reducing induced seismicity compared to conventional
hydraulic fracturing (HF). However, controlling mechanisms that potentially limit induced seismicity but still
enhance permeability during CHF remain unclear. We develop a novel time- and stress-dependent damage
representative of fatigue crack growth through a coupled hydromechanical model using the block-based discrete
element method (DEM). This new framework addresses the challenges in modeling CHF by simultaneously
considering discrete fracture network, hydromechanical coupling, fatigue and in-situ stresses. Matching pres-
surization cycles-to-failure data in laboratory experiments confirms the contribution of sub-critical crack growth
in the reduced breakdown pressures in CHF. Modeling fluid injections into a fractured reservoir with contrasting
far-field stress ratios of 1.17 and 1.40 shows that CHF mainshocks are smaller than those by conventional HF.
While HF induces seismicity primarily through the creation of new fractures, CHF generates seismicity pre-
dominantly from multiple small shear reactivations — these dissipate energy progressively and thereby reduce
mainshock magnitude. CHF enhances permeability by creating a more connected fracture network than HF. Far-
field stress ratio influences permeability by directing fracture growth orientations, and larger stress ratio leads to
a higher proportion of shear fractures. This study provides new quantitative insights into the mechanisms of CHF
in reducing induced seismicity while increasing effectiveness in elevating permeability.

1. Introduction

linked to fluid injection from a nascent enhanced geothermal system.'*
Breakdown pressure (P},) defines the rupture pressure at the borehole

Hydraulic fracturing (HF), also referred to as hydraulic stimulation
or fracking, has been extensively employed since the 1940s to improve
reservoir permeability for subsurface energy extraction. In recent
years, HF has also emerged as a crucial technique in optimizing the
recovery of deep geothermal energy resources and potentially geological
carbon sequestration.>® This process involves the injection of pressur-
ized fluids into reservoirs, resulting in the development of transmissive
fracture networks that consist of both newly-formed and pre-existing
fractures.® While HF offers significant benefits, it also poses risks, such
as the potential to induce or trigger large events, which may cause
economic damage and elicit public concern.”'! For example, one
geothermal project in Basel, Switzerland, was discontinued due to
earthquakes caused by fluid injection.'? Similarly, the Pohang earth-
quake in South Korea, the most destructive in the region since 1905, was

wall and is influenced by rock properties, field stress, and fluid pressure.
Py, at depth generally increases as in-situ stresses increase. Similarly, the
need to develop or reactivate a penetrative fracture network requires
large fluid injection volumes to reach far from the well. Thus, the goal of
hydraulic stimulation design is to devise an advanced injection scheme
that can control fracture propagation while simultaneously minimizing
undesired seismicity.'* Fatigue hydraulic fracturing, also commonly
referred to as cyclic hydraulic fracturing (CHF) or soft stimulation, is one
such strategy to optimize the development of fracture networks.'> 2
Unlike conventional HF, which uses continuous injection, CHF employs
cycled high- and low-injection pressures.”! Cycled pressures at incipient
fracture tips promote fatigue fracturing,’>*® driving fracture tips at a
peak fluid pressure (Pp) lower than the HF Py, and potentially reducing
seismicity.”»?> Laboratory observations have demonstrated the
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advantages of CHF in reducing Py, by 20 % for Pocheon granites,”” 25 %
for shale?® and 16 % for sandstones.”” Numerical,'® experimental®® and
field'®?° studies have also shown that CHF lowers the magnitude of
individual seismic events compared to HF.

Conversely, the effectiveness of CHF in increasing permeability
compared to conventional HF remains inconclusive. Some studies sug-
gest that CHF enhances permeability due to the formation of extensive
fracture networks.?’-*%3! For instance, Zimmermann et al. reported that
in-situ experiments in the Aspé Hard Rock Laboratory in Sweden
demonstrated a 12.5-fold increase in permeability with CHF compared
to HF.® However, observations by Hofmann et al., indicate from one of
the hydraulic stimulations in Pohang (Korea) that permeability in-
creases achieved through HF are merely comparable to those of CHF.'’
While in-situ stress is known to influence seismicity induced by HF,*? its
impact during CHF remains undefined. Furthermore, the characteristics
of seismicity during CHF, particularly the rate of energy release, remain
ill-constrained. Some studies suggest that CHF involves a combination of
mechanical fatigue and fluid infiltration.®> During CHF stimulations,
injection pressure is periodically lowered to enable stress relaxation,
with a significant portion of the hydraulic energy converted into aseis-
mic rock damage and fracturing.?*

Although numerical simulations offer a viable alternative to field
tests, a comprehensive model that accurately represents the CHF process
is still lacking. Capturing the CHF process requires a comprehensive
approach that considers hydromechanical coupling, fatigue damage
evolution under subcritical stress, fracture propagation, and induced
seismicity.'>***” Various numerical methods have been employed to
simulate hydraulic fracture growth, by using both continuum-based and
discontinuum-based models. Continuum-based models include several
approaches such as, finite element methods (FEM),38 extended finite
element methods (XFEM),”’ discontinuous deformation analysisfm
boundary element methods (BEM),"! phase field methods,** *° peridy-
namics*® and numerical manifold methods.”” However, these models
often struggle to accurately mimic the mechanistic and geometric
complexity of fracture networks.*® They typically assume tensile failure
as the primary mode, whereas experimental observations frequently
record shear-type seismic events, and in some cases, shear failure pre-
dominates.’®***" To address these limitations, discontinuum-based
methods such as the discrete element methods (DEM)'>°' % and the
combined finite-discrete element method (FDEM)>*°° have been uti-
lized. These methods are better suited for modeling complex hydraulic
fracture growth in rock masses with multiple pre-existing fractures,
flaws or joints. For example, Wasantha and Konietzky used block-based
DEM to investigate the reactivation of fractures and their subsequent
effects on reservoir properties during hydraulic stimulation.’® Addi-
tionally, Zangeneh et al. and Zhao et al. considered the effect of natural
fractures and the in-situ stress on hydraulic fracture propagation using
block-based DEM.°”>°8

To date, several attempts have been made to simulate fatigue hy-
draulic fracturing. For instance, Zang et al. employed DEM to model
fatigue hydraulic fracturing under multi-stage fluid injection,'® where
the P, increased progressively at different stages, however, fatigue
damage evolution was not considered. Xi et al. modeled CHF using a
continuum-based fracture model,>® where the CHF is conducted in one
cohesive crack. Additionally, Zhu and Dong simulated CHF via
particle-based DEM by simultaneously considering stress corrosion and
hydromechanical coupling.®®> However, there are limitations for these
models: firstly, when rocks undergo severe damage or significant
changes in pore geometry, particle-based DEM struggles to distinguish
between pores and pore throats.’® Thus, the reactivation of, and fluid
leak-off from, fractures cannot be modeled - thus any fracture reac-
tivation that may induce seismicity cannot be captured. Furthermore,
particle-based DEM typically uses rigid blocks to represent the rock
mass, simplifying local rock stress to a force-displacement relationship
applied only at contact points.°” Unfortunately, this necessary simpli-
fication makes it challenging to account for subcritical stress states in
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particles for mechanical fatigue calculations. These challenges highlight
the need for more advanced modeling techniques that can accurately
capture the complexities of CHF.

We address these limitations by developing a new hydromechanical
damage model using block-based DEM to simulate the key processes that
define CHF. This new model is first calibrated and validated against
laboratory observations before benchmarking a block scale demonstra-
tion specifically contrasting the response between traditional HF and
CHF, where pre-existing discrete fracture networks (DFN) are an implicit
characteristic. We specifically explore the effects of different horizontal-
to-vertical in-situ stress ratios (K-ratios) on fracture network propaga-
tion, induced seismicity, and permeability enhancement for CHF. We
use these observations to define key mechanistic controls that differ-
entiate CHF from HF in mitigating induced seismicity, maintaining
permeability growth and thus optimizing efficiency.

2. Hydromechanical damage model
2.1. Discrete element method

A two dimensional discrete element method (DEM)°' is used to
simulate the response of rock subjected to continuous and cyclic hy-
draulic injections. Voronoi tessellation is utilized to generate a hetero-
geneous distribution of element blocks (Fig. 1a).°>°® The Voronoi
boundaries are generated iteratively, guided by the average edge length
[ of blocks and an iteration parameter n. We set the ratio of [ to the model
length at 2 x 1072 (dimensionless) and n at 200 with consideration of
the competing needs of computing efficiency and model granularity.
Pre-defined faults/fractures (discontinuities) of varying orientation,
persistence, and spacing are distributed on the Voronoi block bound-
aries. Block-block contacts are identified via corner-to-edge or
edge-to-edge interactions. Each single block is further discretized into
triangular (finite) elements, where elastic deformation is linearly elastic.
The Mohr-Coulomb failure criterion is employed at contacts as cohesive
bonds before failure, with fracture growth explicitly followed by the
rupture of such contacts (Fig. 10).°° As a result, rupture occurs under
local stresses that exceed strength (Fig. 1b). Although strengths are
deterministic, the parameters that govern block-deformation and
breakage of contacts are micromechanically-localized and must be
calibrated against macroscale observations.®”

2.2. Coupled hydromechanical simulation

In DEM, hydromechanical coupling is typically achieved by con-
structing pore networks where flow pathways link “pores” at pathway
intersections.' >>%°%%% In our study, the pore (conductive fracture)
network is generated along block contacts (Fig. 1c) with the cubic
law°”:%° adopted to define an effective permeability/transmissivity.
Each contact is composed of several sub-domains separated by length L
to calculate the pressure gradient (i.e., P; and Pj represent the fluid
pressures of domains 1 and 2, respectively). Thus, the pressure gradient
between contacting domains 1 and 2 is expressed as (P; — P2)/L, also
denoted as AP. The average in-plane flow rate q is given by:

62

=—AP 1
T o))

q
where, e is the hydraulic aperture, and y is the dynamic viscosity of the
fluid (1072 Pa - s for water). The solution scheme of the fluid flow
calculation is explicit. After a single fluid timestep At;, the fluid volume

change over a contact is calculated by summing the change in the flow
volume AV¢:

AVe = Atyg @

The volume change results in an increase in fluid pressure AP at the
undeforming contact as:
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Fig. 1. Schematic showing workflow of simulation accounting for CHF. (a) Block-based discrete element method (DEM) approach. Zoomed-in view illustrates a pair
of blocks connected by a cohesive contact. (b) Stress state represented by Mohr circles and failure envelope, where the solid circle indicates the current stress state,
and the dashed circle represents the failure stress defined by the Mohr-Coulomb failure envelope. (¢) Hydromechanical coupling logic for the DEM model. (d) Cyclic
pressure time series for CHF that employs a peak fluid pressure P, lower than breakdown pressure Py, in HF.

AP = Kp(AVc/Ve) (3)
where K; is the fluid bulk modulus, and V¢ is the fluid volume. The fluid
exerts this pressure on the surrounding blocks causing deformations that
alter the stress states of the contacts. This, in turn, modifies the hydraulic
aperture, thereby affecting the flow field (Fig. 1c). When adopting the
cubic law for fluid calculation, we assume that the fluid is incompress-
ible and that fluid storage is small in comparison to transmission rates,
thus resulting in a steady-state flow.”” In addition, the blocks are
assumed impermeable, a reasonable assumption for the rocks and frac-
ture networks we consider.

2.3. Mechanical fatigue

In conventional HF stimulation, a continuous, monotonic injection is
used until the HF breakdown pressure, Py, is reached (Fig. 1d). It should
be noted that the P}, in laboratory scale tests is the fluid pressure that
causes fracture formation. However, P, at underground condition is
controlled by pre-existing faults, far-field stress and rock mass strength.
CHF employs cyclic high- and low-injection pressures. After an extended
CHF treatment, the final fracture occurs at a lower P, compared to
monotonic pressurization for conventional methods. This delayed
initiation of fracture at a lower stress level is as a result of subcritical
crack growth, where crack growth is influenced by both the level and
duration of applied stress. Crack growth velocity, V, can be described
using linear elastic fracture mechanics (LEFM)”"! as:

V= ayen(/se) @
where K; is stress intensity factor for mode I (tensile) loading, Kic is
mode I fracture toughness, and a; and ay are material constants. Ac-
cording to the LEFM model, Potyondy’? proposed a stress corrosion
model to simulate rock fatigue by calculating mesoscale particle bond
degradation in DEM. However, in this model, only the tensile stress is
considered for quantifying stress to strength ratio R (i.e., R = Fr/oy,
where Fry is tensile stress and o, is tensile strength). Other empirical fa-
tigue models by Wang and Cai define stress to strength ratio R as Fc1/Fca

in the compressive regime’® (Fig. 1b). The Mohr circle with radius Fc;
represents the stress state of rock, which is calculated as (o1 + 63)/2, and
Fcs is the radius of Mohr circle at failure state. o3 and ¢; are minimum
and maximum principal stresses, respectively. The analytical expression
of Fcp is given by:

1 .
Feo = ccotq)+§(01 + 03)|sin ¢ 5)

where ¢ and ¢ are cohesion and friction angle of the Mohr-Coulomb
criterion, respectively.

We define the stress-strength ratio R for both tensile and compressive
regimes to calculate fatigue:

F
R= ;T (In tensile regime)
‘ 6)
Fci . )
R = = (In compressive regime)
Feo
The relationship between the lifetime (T;) of rock and stress level R
can be derived from laboratory tests,”>’* considering time- and

stress-dependent loading conditions:

Rt)*=1-mlnTy(t) @
where a and m are material constants determined by fitting the experi-
mental results, and t is duration of loading. In accordance with tests on
granite, parameters a and m are calibrated to be 2 and 0.0124,
respectively.”>”77 The stress-strength ratio R serves as a critical factor
to determine the strength degradation rate.

Evolution of fatigue can be represented by the damage index D:

1-R(1)*
Dit)=1-— t/e m

where D ranges from 1 to 0, representing transit from intact to fully
damaged states, respectively.

In the model implementation, we incorporate equation (8) into the
DEM model at each incremental timestep At as:

®
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1-R(t)*
D(t+ At) = D(t) — At/e m 9

Thus, the cohesion and tensile strength of contacts are reduced
proportionally to the accumulated damage index D for each response,
reflecting the progressive degradation of the material.

2.4. Model calibration

We verify the proposed hydromechanical damage model against
experimental results for Pocheon granite reported by Zhuang et al.?>’”®
Experiments are on cylindrical granite specimens 50 mm x 100 mm (d
x ), with a blind borehole along the center axis. Both HF and CHF ex-
periments are conducted with explicit time integration at a step size of 2
x 1078 5. The average HF Py, is first measured, with water injected into
the borehole at a rate of 100 mm®/s. Then, CHF tests are conducted in
new intact specimens with a maximum injection pressure equaling 70
%-100 % of the average HF Py,. A parametric study is then conducted to
investigate the influence of material constants by varying a and m at
incremental steps of 0.1 and 0.0006, respectively.

We calibrate the DEM model to adjust model parameters until they
align with the mechanical behavior observed in laboratory tests. The
measured elastic modulus and Brazilian (i.e., indirect) tensile and uni-
axial compressive strengths of the Pocheon granite are 58.5 GPa, 8.8
MPa, and 192.1 MPa, respectively’®; and the best-fit homoge-
neous-magnitude DEM parameters (Table 1) yield 58.0 GPa, 8.8 MPa
and 192.0 MPa, respectively. The DEM simulations show similar frac-
ture patterns in failure compared to laboratory tests (Fig. 2). Thus, we
use these calibrated parameters for modeling in this study.

We now simulate HF and CHF on the laboratory scale specimen
(Fig. 3a), where the fluid injection is sustained continuously at a rate of
100 mm?®/s, which adheres to laboratory practices. A complete leak-off/
backflow test is conducted when reaching P, at each injection cycle at
the same rate. The stress level is controlled by changing CHF P, mag-
nitudes, which are set to 95 %, 90 %, 85 % and 80 % of the HF Py,
respectively.

To simulate the CHF response at block scale, we utilize a generic 5 m
x 5 m model containing randomly generated discrete fractures, with
150 randomly generated discrete fractures, featuring uniformly
distributed orientations ranging from —90 ° to 90 ° and lengths uni-
formly distributed between 0 and 1.6 m, forming a flowing network
(DFN) (Fig. 3b and c). The fractures in the DFN serve as planes of
weakness and preferred pathways for fluid transport, playing a critical
role in driving damage and the evolution in permeability. The initial
aperture value of 0.02 mm is assumed for incipient fractures, and a
maximum value of 0.1 mm is assumed for the open fractures. A rela-
tively high injection rate of 10 dm>/s is applied through the central
injection point of the model, and a step size of 2 x 107° s is chosen to
ensure model stability. We examine two stress ratios (K) of 1.17 and
1.40, where the horizontal stress oy is set to 35 MPa, and the vertical
stress oy is set to 30 MPa and 25 MPa, respectively. To qualitatively
analyze the CHF for block scale application, we adopt the calibrated

Table 1
Calibrated parameters used in the numerical modeling.
Parameters representing contacts Value
o¢ Tensile strength (MPa) 8.36
c Cohesive strength (MPa) 89
kr Tangential stiffness (N/m) 1.8 x 10™*
kn Normal stiffness (N/m) 1.8 x 104
@; Friction angle at contact (°) 20
u Fluid dynamic viscosity 1.01 x 1073
B Damping coefficient 0.5

Parameters used in blocks

Block density kg/m® 2609
Bulk modulus (GPa) 61

=S
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parameters of the Pocheon granite reduced by 10 % to represent the
strength reduction due to natural planes of weakness.

In the simulation, contact breakage is characterized by tensile, shear,
and mixed-mode failures. We also investigate the shear reactivation of
existing fractures. To capture the resulting seismicity, particle velocity
in the y-direction (y-velocity) is recorded at a monitoring location 2 m
above the injection point, with absorbing boundaries applied to the
model to dampen reflected waveforms. Particle y-velocity is recorded
continuously for each explicit numerical step, equivalent to a data
acquisition frequency of 500 kHz. To mitigate the influence of the nu-
merical noise and deformation of blocks under changing stress condi-
tions, the continuous recording is filtered with a band-pass filter
spanning the range 50-450 kHz. Then, seismic events and the corre-
sponding waveforms are identified by a y-velocity amplitude threshold
of 0.001 m/s. The spectra of waveforms are computed by Fast Fourier
Transform (FFT), and then normalized to [0, 0.5] Hz according to a
Nyquist frequency of 250 kHz.”® Finally, we analyze the evolution of
failure mechanisms during HF and CHF stimulations by comparing
failure types and the amplitude-frequency spectra.

For the HF injection, the simulation is stopped after breakdown but
before the hydraulic fracture reaches the boundary of the model. For
comparison, the CHF simulations are stopped with the same cumulative
volume of injection to the corresponding HF. The equivalent perme-
ability is measured after the stimulation by applying constant hydraulic
pressure boundaries on adjacent faces of the model.?” After the CHF
injections, pressures are allowed to completely dissipate before perme-
ability is measured across the stimulated zones (Fig. 7 c&d) by applying
a fluid pressure differential of 10 MPa in the two orthogonal directions.
Once a stable flow rate is achieved, permeability is calculated using
Darcy’s law as:

-2

where k is the permeability (m?); Q is the flow volume per second; Lj is
the flow length between the two flow boundaries; 4 = 1072 Pa - s is
liquid dynamic viscosity; AP is the pressure difference across the flow
path; and A is cross sectional area (assuming unit thickness).

3. Results

We complete modeling on laboratory scale samples (3.1 & 3.2) and
extend it to block scale experiments (3.3 & 3.4). The laboratory scale
experiments examine, in detail, the influence of two different stresses
and then match model results with a broad array of experiments. The
block scale simulations explore the impact of stress obliquities of 1.17
and 1.40 on mechanistic and hydraulic response.

3.1. Laboratory scale simulation results

The calibrated laboratory scale model simulation returns a hydraulic
fracturing breakdown pressure (i.e., HF Pp) of 6.93 MPa (Fig. 4a), closely
matching the laboratory test result of 6.90 MPa.?® Before reaching HF
Py, a total fluid volume of 35.34 mm?® is injected. When the contacts on
the borehole wall break, additional fracture volume becomes available
for fluid flow, resulting in a noticeable drop in the fluid pressure
(Fig. 4a). The macroscale fracture and stress distribution observed after
reaching the HF Py, are also depicted in Fig. 4a, revealing the formation
of a primary fracture without complex branching.

3.2. CHF laboratory simulations under different stress levels

We present two simulation results in detail to show the anticipated
evolution of fluid pressure, damage index value and local stress sur-
rounding the borehole (Fig. 4b—c) for laboratory scale samples. During
the CHF test employing P}, at 95 % of HF Py, failure occurs on the fourth
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injection cycle, relative to the third cycle in the laboratory. At a lower
injection pressure at 80 % of HF Py, the number of cycles increases to 30
(Fig. 4c), whereas laboratory result shows 46 cycles.>

Hydromechanical fatigue affects the strength of contacts impacted
by fluid pressures (Fig. 4). For a specific contact (e.g., zoomed-in views
in Fig. 4), the fatigue rate, represented by the slope of the red curves, is
highest at Pp. Under a stress level of 95 % HF Py, the damage index
decreases by 0.0140 with each injection cycle, while under 80 % HF Py,
it decreases by 0.0074 after every injection cycle. The final damage
index values at breakdown are 0.95 and 0.7814 for 95 % and 80 % HF
Py, respectively. Thus, employing a lower stress level increases the
lifetime of the rock and reduces the final damage index at the failure
point, resulting in a lower CHF P, After the CHF Py, a pair of fractures
form and propagate in opposite directions. The injected fluid volumes
when breakdown is reached are 28.88 mm® and 33.96 mm? for 80 % and
95 % HF Py, respectively, reducing the required fluid volume by 18.3 %
and 3.9 % compared to HF, respectively.

In laboratory tests, the number of injection cycles varies widely even
under the same stress level, due to the heterogeneous strength of natural

rock samples.?” This heterogeneity can be reproduced by varying pa-
rameters a and m in Equation (7) as demonstrated in the parametric
study (Fig. 5). Although the laboratory results are scattered, the models
effectively capture the general trend, with a and m being positively and
negatively related to the lifetime of the rock, respectively. This valida-
tion confirms the effectiveness of the newly developed hydromechanical
damage model.

3.3. Low stress ratio block response (35 MPa 6y: 30 MPa ovy)

We first conduct the block scale simulation at a K-ratio of 1.17, with a
horizontal stress of 35 MPa and a vertical stress of 30 MPa. Through
continuous injection, the reservoir reaches its HF P, at 37.2 MPa
(Fig. 6a).

The CHF stimulation is completed under 94 % of HF Py, (35 MPa) and
stopped at the 8th injection cycle. Injection-induced seismic events
primarily occur during the injection phase of each cycle (blue points in
Fig. 6a). A total of 13 seismic events for HF and 104 for CHF (Fig. 6a—c)
are identified from the continuous seismic signals, which may be linked
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HF Py, Blue curve illustrates the variation in fluid pressure at the borehole, and the red curve depicts the contact damage evolution near injection location. Lower
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this figure legend, the reader is referred to the Web version of this article.)

to the failure of intact cohesive contacts or the shear reactivation of
existing fractures. In the HF test, the peak particle velocity in the y-di-
rection (PPV-y) reaches 0.32 m/s, while in CHF tests, it only reaches
0.22 m/s, representing a 31 % reduction (Fig. 6b). The PPV-y and
dominant frequency of seismic waves show variations according to the
injection pressure, in general, the higher the fluid pressure, the higher
the PPV-y, and the mainshock in each injection cycle occurs at each peak
pressure. High PPV-y events are associated with low dominant fre-
quency as illustrated by the spectrum (Fig. 6¢ and d).

Significant new fracturing occurs mainly during CHF1-3 and
CHF7-8, with no new fractures during CHF5-6 (Fig. 6e). The first in-
jection cycle of the CHF (CHF1) shows similar patterns to HF: the first
seismic event appears at a fluid pressure of 16.7 MPa, and all the seismic

events during CHF1 and HF injections are associated with formation of
new fractures. During CHF2-8, most seismic events are shear reac-
tivation events, and there is no noticeable increase in new fractures
before the fluid pressure reaches 33.5 MPa.

We then compare the dominant frequency, wave amplitude, and
corresponding fluid pressure of seismic events (Fig. 6f). Notably, after
the initial injection cycle, injection-induced shear reactivations occur
progressively earlier (i.e., at a lower fluid pressure) than in the previous
cycles (Fig. 6 a&f). The dominant frequency of these shear reactivation
seismic events fluctuates with no obvious trend; however, the main-
shock consistently presents a low dominant frequency. The PPV-y of the
mainshocks show a systematic increase from the first CHF cycle to the
fourth cycle (CHF4) and then decrease until the end of the stimulation.



C. Xia et al.

International Journal of Rock Mechanics and Mining Sciences 195 (2025) 106297

Simulation and laboratory results of CHF
® (a=2.0,m=0.0124) A (a=2.1,m=0.0124)
B (a=2.2,m=0.0124) ® (a=2.3,m=0.0124)
O (a=2.0,m=0.0118) O (a=2.0, m=0.0112)
Laboratory results (Zhuang et al. 2019a)
@107 F Trend line (¢=2.0, m=0,0124)
= —N = 28.82 x 8 (R) _ 30 ®'=0.983)
Y Trend line (a=2.1, m=0.0124)
g —N = 28.58 x e8(1-F""") _ 35 (R'=0.992)
g Trend line (a=2.2, m=0.0124)
2, —N = 33.07 x 2(1-R"") 50 (®'=0.995)
~10'F Trend line (a=2.3, m=0.0124)
—N = 40.37 x e80(1-R*7) _ 75 (R'=0.986)
Trend line (@=2.0, m=0.0118)
N = 18.82 x e30(1-R"") _ 25 (R°=0.995)
Trend line (¢=2.0, m=0.0112)
N =16.34 x e8°0-R") _ 40 (r*=0.998)
IOU 95% prediction bands

Stress level: Pp/P,

L L L L L L
0.800 0.825 0.850 0.875 0.900 0.925

L
0.950

Fig. 5. Number of injection cycles required to reach overall failure during CHF stimulation under varying stress levels. The results include a comparison between
laboratory observed data and numerical simulations using different material constants a and m used in Equation (7).

After the largest mainshock event in CHF4, the number of shear reac-
tivation events in each CHF cycle approximately doubled. The wave
PPV-y of mainshocks in CHF are all smaller than the mainshock in the
HF.

The stress disturbance near the borehole is significantly affected by
the fracture network and fluid pressure. After CHF, multiple high stress
concentration zones can be observed in the vicinity of the borehole,
which are not seen in the HF (Fig. 7a-b). Fractures propagate, in general,
perpendicular to the minimum principal stress, but are highly influenced
by the discrete fracture network (DFN). After CHF stimulation, a more
complex fracture network is formed than for HF, with more pre-existing
fractures connected, and the fractures also develop more extensively in
the vertical direction. Highly stressed zones develop around fracture tips
and in the rock mass bounded by fractures.

The horizontal permeability measured in HF and CHF tests is 1.58 x
1071°m?and 1.14 x 10~° m?, respectively (Fig. 7c and d). Similarly, the
vertical permeability for HF and CHF tests is 2.49 x 107'°m? and 1.65
x 10~° m?, respectively (Fig. 8c—d). CHF stimulation under the current
far-field stress conditions can enhance permeability in horizontal and
vertical directions by factors of 6.21 and 5.63 compared to HF,
respectively.

3.4. High stress ratio response (35 MPa 6y:25 MPa ov)

For comparison, we conduct another block scale modeling under 35
MPa oy and 25 MPa oy, representing an increased stress ratio for a K-
ratio of 1.40. During the HF continuous injection, the HF Py, is 30.8 MPa
(Fig. 8a), lower than previous modeling at 37.2 MPa. The CHF stimu-
lation is performed under 94 % HF P}, (29 MPa) and stopped at the 6th
injection cycle. A total of 8 and 56 seismic events are identified in HF
and CHF (Fig. 8b—c), respectively. Under HF stimulation, the PPV-y of
seismic wave is 0.28 m/s, which is reduced by 25 % to 0.21 m/s in the
CHF test.

The seismic events show similar temporal and waveform patterns to
the previous lower stress ratio case. The dominant frequency and PPV-y
of seismic waves show negative and positive correlations with the fluid
pressure, respectively, and the mainshock of each injection cycle occurs
near the peak fluid pressure (Fig. 8 c&d).

The formation of new fractures primarily occurs during CHF1-4 and
CHF6, with no new fractures observed during CHF5 (Fig. 8e). For both
CHF1 and HF, the first new fracture appears at 16.5 MPa and subsequent
seismic events are accompanied by new fractures. During CHF2-6, new
fractures are generated when fluid pressure is above 27.6 MPa and near
the peak pressure of 29.0 MPa.

The wave PPV-y of mainshocks systematically increases from the
first CHF cycle to the third, then decreases toward the end of stimula-
tion. Notably, all mainshocks in CHF exhibit smaller PPV-y compared to

the mainshock in HF (Fig. 8f). The initial shear reactivation at each in-
jection cycle occurs progressively earlier. After CHF3, some shear
reactivation induced seismic events show relatively high PPV-y values,
and the number of shear activation events is approximately doubled. In
addition, previous CHF modeling with a K-ratio of 1.17 generates 496
fractures, comprising 81 (16.36 %) shear, 76 (15.35 %) tensile, and 338
(68.29 %) mixed-mode fractures. At a K-ratio of 1.40, CHF produces 548
fractures, with 208 (37.96 %) shear, 63 (11.50 %) tensile, and 277
(50.54 %) mixed-mode fractures. Thus, as the K-ratio increases, the
percentage of shear fractures rises by 21.6 %, while tensile and mixed-
mode fractures decrease by 3.85 % and 17.73 %, respectively.

For this high stress ratio case (vertical in-situ stress decreases from
30 MPa to 25 MPa), the HF P}, reduces from 37.2 MPa to 30.8 MPa. Six
CHF injection cycles are needed to reach the same volume of injection as
the HF. HF and CHF induced fractures predominantly develop in the
horizontal direction (Fig. 9), and both show more extensive develop-
ment than in the previous case with a smaller K-ratio. The fractures in
CHF develop into a more complex network than in HF, and highly
stressed areas are observed at the fracture tips and in regions con-
strained by fractures. In addition, due to the extensively developed
fractures in the horizontal direction, the stress concentration influences
the growth of adjacent fractures (Fig. 9b), i.e., a stress shadow effect,
where extensive compaction can reduce the permeability of such
fractures.

Permeability tests reveal that the horizontal permeability for HF and
CHF stimulations is 6.11 x 107! m? and 8.96 x 10~ m?, respectively
(Fig. 9¢). The vertical permeability for HF and CHF tests is 6.01 x 10!
m? and 1.03 x 107° m?, respectively (Fig. 9d). Thus, CHF under this in-
situ stress condition increases horizontal permeability by 13.67 times
and vertical permeability by 16.14 times. Notably, despite the overall
increase in horizontal permeability with CHF, one fracture located in the
stress shadow exhibits a lower flow rate compared to the HF test (Fig. 9
c&d).

An increase in the K-ratio from 1.17 to 1.40 leads to a 2.87-fold rise
in horizontal permeability in HF and a 6.86-fold rise in CHF, while
vertical permeability decreases by 40.43 times in HF and 0.6 times in
CHF. These trends are driven by changes in fracture orientations
(Fig. 10): horizontal fractures increase by 27 (14.7 %) in HF and 68
(27.9 %) in CHF, whereas vertical fractures decrease by 21 (47.3 %) in
HF and 67 (58.77 %) in CHF.

4. Discussion
4.1. Key mechanisms controlling outcomes of CHF

The key role of fatigue damage during CHF as a principal mechanism
controlling seismicity has long remained unclear since it was first
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proposed. However, we successfully demonstrate a key role of hydro-
mechanical fatigue congruent with the CHF laboratory calibration tests.
This is achieved by incorporating the newly developed damage model
with sub-critical crack growth under hydromechanical coupled condi-
tions as a key component. This both verifies our model and suggests a
key mechanistic control in the observed outcomes of CHF.

Early tests by Zang et al. suggested that CHF produces a narrower
zone of tensile and shear fractures.'® They argued that continuous in-
jection prevents the fracture from optimizing its growth path, whereas
CHF allows sufficient time for adaptation, resulting in a narrower
damage zone. In contrast, Zhuang et al. compared creep and cyclic

hydraulic fracturing and proposed that two key fatigue mecha-
nisms—infiltration and subcritical crack growth—contribute to rock
damage.”® Their X-ray computed tomography results indicated that CHF
induces more small fracture branches compared to HF, attributing this to
the longer injection duration, which increases infiltration and alters
fracture initiation and propagation due to structural heterogeneity.
Our findings suggest that CHF does not significantly alter fracture
patterns in laboratory scale intact rock, which is typically assumed to be
impermeable. Fatigue effects are localized near the borehole and do not
cause widespread damage. The number of CHF injection cycles can vary
significantly due to strength heterogeneity of samples, which can be
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simulated by modifying the material constants a and m in Equation (7).
However, at large scales, natural rock masses with pre-existing fractures
enable fluid infiltration, leading to more extensive fatigue effects and a
more complex fracture network.

Early studies on cyclic loading in rock primarily focused on purely
mechanical fatigue behaviors (e.g., Wang & Cai’?). While mechanical
fatigue can be explained by subcritical crack growth theories, such as
linear elastic fracture mechanics (LEFM) or by the decohesion and
loosening of mineral bonds,® hydromechanical fatigue involves addi-
tional complexities. For instance, the stress shadow effect — increased
stress in the region surrounding fractures — may inhibit further fracture
initiation and propagation, resulting in shorter and narrower fractures.
Fractures within the stress shadow experience closure stresses exceeding
the original in-situ stress, requiring higher pressure for propagation.®”

Additionally, cyclic tensile fatigue emerges as the dominant mech-
anism in unconfined CHF tests. However, in confined rock masses at
depth, the mechanism of fatigue failure becomes more complex. This
complexity arises from the shear reactivation of pre-existing fractures
following their initial injection-induced opening within the DFN.

With this new hydromechanical fatigue model, we simulate CHF
both in laboratory and block scale conditions. The simulations of labo-
ratory cases show significant reduction in breakdown pressure, which
coincides with previous experimental investigations on different types of

rocks.?>?” The outcomes of CHF in block scale simulations also show
agreement with Zimmermann in permeability improvement.®

4.2. Induced seismicity during HF and CHF

Seismicity induced by HF and CHF stimulations arises from the shear
reactivation of pre-existing faults or the creation of new fractures.>%°
By analyzing fracture statistics and spectral data, we observe that shear
reactivation events at the peak injection pressure tend to generate
high-amplitude, low-frequency seismic waveforms. For instance, during
CHF4-6 at a K-ratio of 1.17 and CHF5 at a K-ratio of 1.40, no new
fractures are formed, but high-amplitude mainshocks are detected
(Figs. 6 and 8). This supports the interpretations that perceptible seis-
micity primarily results from the shear reactivation of fractures.®*

Seismic events exhibit distinct characteristics under HF and CHF
stimulations. Pure shear reactivation induced seismicity is dominant in
CHF from the second injection cycle onward but is not observed in HF.
The formation of new fractures is typically accompanied by shear
reactivation, except during CHF5-6 (K-ratio = 1.17) and CHF5 (K-ratio
= 1.40), where no new fractures form. This occurs because fluid pref-
erentially infiltrates existing fractures, and the available energy is
insufficient to initiate new fractures. Nevertheless, CHF-induced fatigue
damage progressively weakens the rock, reducing the pressure required
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for subsequent fracture propagation, reducing shear resistance and
promoting earlier shear reactivation with successive injection cycles.
Under CHF, the generation of new fractures and the connection of
pre-existing fractures is a gradual process, with energy dissipated over
time through fatigue damage and shear reactivation. The magnitude of
CHF induced seismicity increases initially, peaks, and then declines over
successive cycles, while the number of shear reactivations approxi-
mately doubles after the largest magnitude event. This indicates that
stress redistribution within the rock mass occurs through frequent shear
reactivations, which release strain energy, at an elevated rate but on
small fractures, without producing large-magnitude events as in HF.
This highlights the potential of CHF to mitigate induced seismic hazards.

10

The influence of the stress ratio (K-ratio) on induced seismicity is
comparable in both CHF and HF. Fractures are more prone to shear
failure under a high K-ratio, which results in a lower overall magnitude
of seismic events compared to a lower K-ratio condition.

4.3. Permeability evolution during CHF

Enhancing permeability is essential for efficient subsurface energy
extraction and for increasing the injectivity and storage capacity of
geological carbon sequestration. Our findings demonstrate that CHF
significantly outperforms HF in generating new fractures and results in
larger number of induced seismic events at smaller magnitudes. Under a
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K-ratio of 1.17, CHF produces 93 % more fractures and 700 % more
microseismic events than HF, while at a K-ratio of 1.40, CHF generates
81 % more fractures and 600 % more microseismic events. This
enhanced fracture network development increases rock mass perme-
ability, supporting observations from laboratory and field studies.?”-3%3!

However, CHF can also reduce permeability in certain cases. For
example, Zang et al. and Niemz et al. reported that incrementally
increasing P, during CHF may produce a more persistent but narrower
fracture network compared to HF, potentially lowering permeability
near the borehole due to fewer open fractures.'>>° Changes in the local
stress field®>®” can further influence fracture behavior, either enhancing
or reducing permeability. In our case study with a K-ratio of 1.17
(Fig. 9), we observe that a fracture within the stress shadow exhibits
restrained growth and lower permeability in CHF compared to HF. The
stress shadow effect from multiple adjacent faults in CHF alters the stress
field around each fracture, potentially reducing rock mass permeability
and influencing the efficiency of CHF treatments.

To optimize CHF design for mitigating induced seismicity and
enhancing permeability, numerical models could be further developed.
Future studies could explore cyclic injection schemes with progressively
increasing flow rates, as suggested by Hofmann et al.'® The 2D simu-
lations simplify fracture planes, which neglects the clogging and dilation
effect for real fracture planes, and it may increase the equivalent
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permeability. For instance, Vogler et al.®® found that cyclic loading can
reduce permeability by one order of magnitude due to wear products
clogging fluid flow paths, which should be considered in future
modeling. For the block-based DEM simulation framework, the aperture
of fractures is dependent on the stiffness of fracture plane, hydrome-
chanical stress state, and pre-defined residual and maximum aperture
values. Although we provide a fair comparison between HF and CHF in
the aspect of permeability improvement, the influence of above-
mentioned factors on permeability variation is not considered in this
study. Additionally, fluid chemical corrosion which weakens rock
strength and induces long-term fatigue,®>°° could be incorporated into
governing equations. Lastly, this study focuses on a homogeneous and
isotropic rock mass and relatively permeable DFNs. Future research
should address the uncertainty in rocks that exhibit strong anisotropy
and lower permeability (i.e., shale) to improve the applicability of the
results.

5. Conclusion

A new time- and stress-dependent hydromechanical damage model is
developed to simulate fatigue damage in CHF. The model successfully
captures the role of fatigue damage in the evolution fracture propaga-
tion, fluid flow and the triggering of induced seismicity. At the labora-
tory scale, fatigue damage is primarily driven by cyclic tensile failure.
However, at the block scale, the fatigue process becomes more complex
due to the shear reactivation of fractures under in-situ stress conditions.
In block scale modeling, the magnitude of mainshocks systematically
increases from the first CHF pressurization cycle to the peak cycle, fol-
lowed by a gradual decrease until the end of the stimulation. In CHF,
shear reactivation serves as the dominant mode of seismic reactivation,
starting from the initial injection-induced opening of the DFN, whereas
in HF, seismicity primarily arises from the formation of new fractures.
With progressive CHF fatigue, shear reactivation occurs earlier and at
lower fluid pressures. This process dissipates energy through multiple
small events and results in a lower mainshock magnitude in CHF
compared to HF. The permeability of the rock mass after CHF is higher
than after HF due to the development of a more extensive and pene-
trative fracture network. A reduction in vertical stress decreases the
number of fractures generated in the vertical direction while increasing
horizontal fractures, leading to corresponding changes in permeability.
Stress shadows caused by intensive compaction near faults can inhibit
the propagation of adjacent fractures and reduce permeability. Addi-
tionally, a higher K-ratio results in a greater proportion of shear frac-
tures and a smaller proportion of tensile fractures. This study elucidates
the mechanisms governing failure evolution and induced seismicity
during CHF, providing valuable insights for field applications aimed at
mitigating injection-induced earthquakes and improving permeability.
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