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Abstract:

Natural fractures affect hydraulic fracture propagation, pressure diffusion, casing integrity
and stimulation efficiency in deep unconventional reservoirs. Conventional Mohr-Coulomb
stability analysis usually assumes a fixed or weakly updated stress field, limiting its
ability to capture evolving geomechanical perturbations during hydraulic fracturing.
This study proposes a dynamic Mohr-Coulomb stability evaluation framework based on
stress superposition induced by hydraulic fractures. Laboratory-constrained mechanical
parameters, three-dimensional geomechanical modeling, induced stress redistribution and
dynamic Mohr circle updating are integrated and tested using continental and marine shale
cases. The results show that hydraulic fracturing increases all three principal stresses, with
the minimum horizontal principal stress showing the strongest response. The effective
stress superposition range is mainly limited to adjacent fracturing stages, indicating a
localized but mechanically significant interaction zone. Static analysis reveals a nonlinear
relationship between critical pore pressure increment and fracture approach angle, defining
a friction-controlled stability window. Dynamic analysis further incorporates variations
in principal stress, pore pressure, maximum horizontal stress orientation and fracture
cohesion. The predicted activation risk zones agree with field observations from treatment
pressure responses and microseismic data. Pumping rate optimization reduces activation
risk by weakening stress and pore pressure perturbations near critically oriented natural
fractures. The proposed framework provides a quantitative basis for diagnosing natural
fracture activation, mitigating casing deformation and optimizing fracturing parameters in
deep fractured shale reservoirs.

1. Introduction

elevate operational cost. During production, these reservoirs
commonly exhibit high initial rates followed by rapid decline

Natural fractures exert a fundamental control on hydraulic
fracturing effectiveness and subsequent production perfor-
mance in shale oil and shale gas reservoirs (Cai et al., 2024).
In the Yingxiongling area of the Qaidam Basin, China, shale
oil reservoirs are characterized by complex structural set-
tings (Liu et al., 2024b). During hydraulic stimulation, pre-
existing discontinuities influence hydraulic-fracture trajecto-
ries, promote fluid leak-off, increase treatment complexity and

(Zhao et al., 2020; Yang et al., 2026). In the Sichuan Basin,
China, deep shale gas reservoirs are intensively fractured. Field
statistics indicate that the casing-deformation rate reaches
approximately 51%, and the estimated ultimate recovery of
wells with casing deformation is only about 70% of that of
mechanically intact wells (Liu et al., 2019; Sun et al., 2024).
Such deformation is primarily attributed to the activation and
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shear slip of natural fractures induced by hydraulic fracturing,
which compromises casing integrity (Liu et al., 2019; Han et
al., 2023; Lei et al.,, 2024a). These field observations show
that a quantitative stability-evaluation method for pre-existing
discontinuities is essential for both stimulation design and
long-term reservoir performance.

The interactions between hydraulic fractures and natural
fractures can be broadly classified into three types: Hydraulic
fractures that penetrate natural fractures, propagate along nat-
ural fractures, or activate natural fractures through hydraulic-
fracture-induced stress perturbations (Hu and Ghassemi, 2021;
Zhang et al., 2026). When hydraulic fractures intersect natural
fractures, their propagation behavior is jointly controlled by
multiple factors, including horizontal stress difference and
stress ratio, fracture approach angle, cementation and fric-
tional properties of natural fractures, pore-fluid pressure within
fractures, injection rate, and fracturing-fluid viscosity (Sun et
al., 2022; Tan et al., 2023). In cases where direct intersection
does not occur, hydraulic fractures may still destabilize nearby
natural fractures by modifying the local stress state through
induced stress fields. Conversely, the activation or failure
of natural fractures can alter hydraulic fracture propagation
patterns (Shi et al., 2024).

During hydraulic fracture propagation, both the magnitude
and orientation of the in-situ horizontal stresses evolve dy-
namically, with variations in the minimum horizontal principal
stress generally exceeding those in the maximum horizontal
principal stress (Ren et al., 2022; Lei et al., 2024b). Such stress
perturbations can induce pore-pressure fluctuations within nat-
ural fractures, potentially triggering slip or opening. In forma-
tions characterized by high stress ratios, even natural fractures
located at relatively large distances from hydraulic fractures
may become unstable (Cao and Sharma, 2022). The stability of
natural fractures under induced stress perturbations is governed
by multiple parameters, including the orientation of the hori-
zontal principal stresses, horizontal stress difference, fracture
approach angle and distance, net fracture pressure, fracture
closure state, and hydraulic fracture length (Dubinya, 2022;
Teixeira Silveira et al., 2022). The spatial extent of the induced
stress field generated by a single hydraulic fracture is further
controlled by fracture height, net pressure, Poisson’s ratio,
and the ratio of maximum to minimum horizontal stresses,
while stress superposition from multiple fractures additionally
depends on fracture spacing and fracture number (Rocha and
Wahrhaftig, 2016; Guan et al., 2019).

Previous studies have improved the understanding of hy-
draulic fracture and natural fracture interaction. However,
many practical analyses still focus on static crossing, opening
or slipping conditions. The spatial range of multi-stage stress
superposition remains insufficiently quantified. In addition,
the coupled evolution of principal stress, pore pressure and
horizontal stress orientation has rarely been converted into
an operational activation-risk map for field-scale fracturing
design. To address these limitations, this study develops a
dynamic Mohr-Coulomb stability evaluation workflow for
natural fractures under hydraulic-fracture-induced stress su-
perposition. The workflow integrates induced-stress superpo-
sition, pore-pressure updating, stress-orientation rotation and
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fracture cohesion into a spatial risk-zone mapping procedure.
Continental shale and marine shale cases are used to examine
the transferability of the method across different tectonic and
sedimentary settings.

The specific contributions of this study are as follows. First,
a quantitative threshold is used to define the effective spatial
range of stress superposition induced by multi-stage hydraulic
fracturing. Second, the Mohr stress circle is dynamically
updated by incorporating changes in principal stress, pore
pressure, maximum horizontal stress orientation and cohesion.
Third, the predicted natural fracture activation-risk zones are
examined using treatment pressure responses and microseis-
mic observations. Through this workflow, hydraulic-fracture-
induced stress and pressure perturbations are translated into
a map-based stability criterion for identifying natural fracture
activation risk and supporting adaptive optimization of frac-
turing parameters.

2. Methodology and geomechanical models

2.1 Natural fracture instability criterion

Hydraulic fracturing creates high-conductivity flow paths
for hydrocarbon production in unconventional reservoirs.
However, shale reservoirs commonly contain natural fractures
that may be reactivated during stimulation. Their activation can
complicate fracture propagation and lead to interwell commu-
nication, poor proppant placement, abnormal pressure decline
and casing deformation. Natural fractures may lose stability
either through direct intersection with hydraulic fractures or
through remote stress and pore-pressure perturbations induced
by hydraulic-fracture growth. This study focuses on the second
mechanism, namely natural fracture activation without direct
hydraulic-fracture intersection.

For the continental and marine shale cases examined in
this study, the in-sifu stress state can be approximated by
a strike-slip faulting regime. In this regime, the maximum
horizontal principal stress is the greatest principal stress, the
vertical stress is the intermediate principal stress, and the
minimum horizontal principal stress is the least principal
stress. The stability of an inclined natural fracture is evaluated
by resolving the far-field stress state onto the fracture plane. In
the horizontal x-y plane, the normal stress ¢ and shear stress
T acting on a plane with an orientation angle 6, measured
counterclockwise from the x axis, can be obtained from
the two-dimensional stress transformation as follows (Xia et
al., 2025):

_ Oy +0y O

o= + ;G}'COSZG—TX},sinZG (D

O — O;
7= Ty sin26 + Ty, cos 20 2)

where ¢ denotes the normal stress, MPa; o, and oy denote the
normal stresses along the x- and y-axes, respectively, MPa; 0
is the angle of inclination, °; 7 is the shear stress, MPa; T,y is
the shear stress on the plane inclined by an angle 6, MPa.

Egs. (1) and (2) can be simplified into the Mohr stress
circle by utilizing trigonometric identities:
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Fig. 1. Instability model of natural fractures based on dynamic Mohr stress circle: (a) Instability model of natural fractures

and (b) dynamic Mohr stress circle.
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The shear instability of natural fractures based on the static
Mohr-Coulomb criterion is expressed as follows (Zhang et
al., 2003; Potluri et al., 2005):

T=C+tan@ (o —p) 4)
where C is the cohesion, MPa; ¢ is the internal friction angle,
°; p is the formation pressure, MPa.

The classical static Mohr-Coulomb criterion assumes an
unchanged stress state. This assumption is inadequate during
hydraulic fracturing. Fracture opening, net pressure, stress
shadowing and interaction among adjacent stages continuously
perturb the local stress field (Warpinski and Branagan, 1989;
Palmer, 1993). These perturbations change both the center
and radius of the Mohr stress circle. In multi-stage fracturing,
induced stresses from different stages may overlap and further
modify the stress state around hydraulic fractures and nearby
natural fractures (Zeng and Guo, 2015).

When hydraulic fractures do not directly intersect natural
fractures, natural fracture activation is mainly controlled by
remote stress and pore-pressure perturbations, as shown in Fig.
1(a). Under hydraulic-fracture-induced stress loading, the three
principal stresses around a natural fracture generally increase.
This shifts the Mohr stress circle to higher normal stress.
Because the increase in minimum horizontal principal stress is
commonly greater than that in maximum horizontal principal
stress, the diameter of the Mohr stress circle decreases. This
stress change may have a stabilizing effect on shear slip.
However, the increase in the three-dimensional stress state can
also raise pore pressure within natural fractures. Higher pore
pressure reduces the effective normal stress on the fracture
plane and shifts the effective Mohr stress circle toward lower
normal stress, as shown in Fig. 1(b). This process may partly
offset the stabilizing effect of increased principal stresses.
In this study, the pore-pressure response is estimated from
the minimum horizontal principal stress, vertical stress and
Poisson’s ratio using Eq. (5) (Hillis, 2001). The calculated

pore-pressure increment may exceed the corresponding in-
crements in the principal stresses. Eq. (5) is used only as
a first-order undrained poroelastic estimate of pore-pressure
response to stress perturbation. It is not a transient pressure-
diffusion solution for high-rate injection. Under high injection
rates, strong permeability heterogeneity or non-equilibrium
pressure diffusion, the actual pore-pressure field may deviate
from this estimate. Therefore, treatment-pressure responses
and microseismic observations are used as field constraints
when interpreting the predicted activation-risk zones.

At this stage, the effective Mohr stress circle is recalculated
using Eq. (6). Stress increments and pore-pressure increments
have opposite effects on the effective stress state. An increase
in principal stress shifts the Mohr stress circle toward higher
normal stress, whereas an increase in pore pressure shifts
the effective Mohr stress circle toward lower normal stress.
Their coupled effects may activate natural fractures that remain
stable under the initial static Mohr-Coulomb criterion. The dy-
namic calculation follows a stage-wise quasi-static procedure
(Zhang and Yin, 2017):

o, — ko,
p =" 5
T—x (5
2
oy + Aoy + o, + Ao,
(c— il h+Pp+APp> +72=
2
5 (6)
oy +Aoy — o, — Aoy, 2
2 +Txy

where P, is the pore pressure inside the fractures, MPa; AP,
is the pore pressure increment, MPa; oy is the maximum
horizontal principal stress, MPa; Aoy is the increment of
maximum horizontal principal stress, MPa; o, is the minimum
horizontal principal stress, MPa; Aoy, is the increment of min-
imum horizontal principal stress, MPa; o, is the overburden
stress, MPa; k is the tectonically unperturbed stress coefficient.

2.2 Three-dimensional geomechanical model

To evaluate the transferability of the proposed stability
workflow, two shale systems were selected: Continental shale
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Fig. 2. Logging curves and numerical models of shale reservoirs: (a) Logging curves of continental shale, (b) logging curves
of marine shale, (c) geomechanical model of continental shale and (d) geomechanical model of marine shale.

from the Yingxiongling area of the Qaidam Basin and marine
shale from the Zigong area of the Sichuan Basin. The com-
parison was designed to test whether the stress perturbation
based stability evaluation remains applicable under differ-
ent depositional, mineralogical and structural conditions. The
Yingxiongling shale was deposited in a lacustrine setting and
was strongly modified by regional compression. It contains
calcite, quartz and clay minerals, with pronounced lamination,
bedding and lithological heterogeneity. These features reflect
the combined effects of high frequency sedimentary cyclicity
and tectonic deformation. In contrast, the Zigong marine shale
is dominated by clay minerals and quartz and exhibits more
uniform laminated structures.

Three-dimensional geomechanical models were con-
structed for both shale systems using the Petrel geomechanical
workflow (Fig. 2). For the Qaidam Basin case, the target
interval is located at a true vertical depth of 3,243-3,298 m.
The average maximum horizontal principal stress is 92.1 MPa,
the average minimum horizontal principal stress is 77.6 MPa,
and the average vertical stress is 84.4 MPa. The horizontal
stress difference is approximately 15 MPa. The elastic mod-
ulus derived from acoustic logs averages 39 GPa (Fig. 2(a)).

For the Sichuan Basin case, the target interval occurs at a
true vertical depth of 4,179-4,184 m. The average maximum
horizontal principal stress, minimum horizontal principal stress
and vertical stress are 109.8, 95.8 and 106.8 MPa, respectively.
The horizontal stress difference is approximately 14 MPa, and
the log derived elastic modulus averages 37 GPa (Fig. 2(b)).
Although the two cases differ in burial depth and stress magni-
tude, their horizontal stress differences and elastic moduli are
comparable. This makes them suitable for evaluating induced
stress effects under different shale settings.

Based on log interpretation, three-dimensional stress mod-
els were built using the Quick Mechanical Earth Model
workflow (Figs.2(c) and 2(d)). Elastic properties were first
obtained from well logs. Static Young’s modulus was then used
to estimate uniaxial compressive strength and tensile strength.
These parameters, together with internal friction angle, were
used to construct the rock strength model. The in-situ stress
field was calculated by integrating rock strength, bulk density,
pore pressure and elastic property models. Natural fracture
networks interpreted from ant tracking seismic discontinuity
attributes were then embedded into the geomechanical models.
The resulting models provide the stress field, rock strength and
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Fig. 3. Results of rock mechanics experiments: (a) Mohr stress circle of continental shale and (b) Mohr stress circle of marine

shale.

fracture geometry required for induced stress simulation and
natural fracture stability evaluation.

For stress superposition and activation-risk mapping, the
Petrel geomechanical models were exported as corner point
grids. The grids were resampled to approximately 10 m x 10
m in the horizontal direction, with 1-2 m vertical layering
in the target interval. Far-field horizontal stress constraints
were applied to the lateral boundaries. The lower boundary
was fixed in the normal direction, and the upper boundary
was loaded by overburden stress derived from density log
integration. Initial pore pressure and the three principal stresses
were obtained from the log constrained mechanical earth
model. For each shale case, the same initial stress field was
used across the comparative simulations to isolate the effect
of stage-by-stage stress superposition.

In the UFM simulations, hydraulic fractures were repre-
sented as vertical and height limited fractures. Local deviation
was allowed under stress shadow interaction. Fracture geom-
etry was controlled by the field stage design, cluster spacing,
pumping rate, fluid intensity and proppant intensity. During
calibration, net pressure was constrained to 6-12 MPa for the
continental shale and 7-14 MPa for the marine shale. Leakoff
was described using a Carter type model, with consistent
leakoff parameters across the comparative cases. A time step of
0.5 min was used. Stress field outputs were exported after each
stage for activation-risk analysis. The stochastic parameters
controlling cluster efficiency, local propagation disturbance
and fracture height variability were kept constant in the
one-stage, two-stage, three-stage and four-stage simulations.
Therefore, the differences among these cases mainly reflect
the number and configuration of adjacent stages.

3. Dynamic responses to
hydraulic-fracture-induced stress fields

3.1 Laboratory rock mechanical properties

The Yingxiongling continental shale is a typical mixed
shale with well-developed lamination and strong lithological
heterogeneity (Liu et al., 2024a, 2024b). In contrast, the
Zigong marine shale has a relatively simple mineral compo-

sition and more continuous bedding structures. Representative
samples from both shale systems were tested to obtain rock
mechanical parameters for constraining the geomechanical
model. Because lamination intensity and lithological hetero-
geneity vary within the Yingxiongling shale, its mechanical
properties show sample-scale variability. To reduce this effect,
triaxial compression tests were conducted on samples from
target intervals with similar burial depth, physical properties
and mechanical characteristics. Two groups of triaxial tests
were performed for each shale type to improve parameter reli-
ability. Based on the measured peak strengths under different
confining pressures, Mohr stress circles and Mohr-Coulomb
failure envelopes were constructed, as shown in Fig. 3.

The measured elastic modulus of both shale types increases
with confining pressure. The Mohr-Coulomb failure envelopes
derived from triaxial compression tests give an average co-
hesion of 20.8 MPa and an internal friction angle of 44.8°
for the Yingxiongling continental shale. The corresponding
values for the Zigong marine shale are 19.3 MPa and 46.7°.
For the natural fracture stability charts, discontinuity-scale
effective friction coefficients of 0.9 and 0.8 were assigned
to the continental and marine shale cases, respectively. These
coefficients are constrained by the laboratory failure envelopes
and published shale fracture-friction ranges. They should not
be interpreted as direct shear measurements on individual
natural fracture surfaces. This distinction is necessary because
the cohesion and frictional resistance of pre-existing disconti-
nuities are generally lower and more uncertain than those of
intact shale matrix.

Although the two shale systems have broadly comparable
strength parameters, their stress-strain responses differ. The
marine shale shows a longer initial fracture-closure stage,
indicating more developed bedding planes and microfractures
that can close and reopen during loading. The continental shale
shows a more compact mechanical response, probably due
to stronger cementation. Its post-elastic stress-strain curves
display marked nonlinearity, suggesting that mixed mineral
composition and laminar fabric promote nonlinear deformation
and limited plastic accommodation. These laboratory con-
strained parameters provide calibrated inputs for induced stress
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Fig. 4. Numerical simulation results of the three-dimensional stress field for hydraulic fracturing in continental shale: (a)
Hydraulic fractures, (b) minimum horizontal principal stress, (c) maximum horizontal principal stress and (d) vertical stress.

simulation and natural fracture stability evaluation.

3.2 Hydraulic fracture-induced stress field
results

Numerical simulations were performed using Petrel and
the Unconventional Fracture Model to evaluate hydraulic
fracture induced stress redistribution in the continental and
marine shale reservoirs. The models were constrained by
laboratory derived rock mechanical parameters and log based
geomechanical properties. A sequential workflow was used.
Hydraulic fracture propagation and induced stress fields were
simulated first, and the updated stress outputs were then used
for dynamic Mohr-Coulomb evaluation of natural fracture
stability. This workflow allows field scale multi-stage analysis
while reducing the influence of stochastic fracture propagation
on the interpretation of induced stress effects.

For the continental shale model, the initial maximum

horizontal stress, minimum horizontal stress and vertical stress
were 94.84 MPa, 72.36 and 80.96 MPa, respectively, with a
pore pressure of 54.71 MPa. The maximum-horizontal-stress
azimuth was 40.47° east of north. The horizontal well had a
lateral length of 1,528 m and was designed with 27 stages and
155 clusters, with a cluster spacing of 7.5 m and an inter-stage
spacing of 15.5 m. Based on field operation data, the pumping
rate, fluid intensity and proppant intensity were 16, 26 and 2.7
m3-m~!, respectively.

The simulated stress fields show that hydraulic-fracture
propagation produces a clear redistribution of the triaxial stress
field (Fig. 4). In the single-stage case, fractures at the two
sides of the stage propagate farther, whereas fractures in
the central region are shorter because of inter-cluster stress
shadowing. The principal stresses decrease near fracture tips
but increase around fracture bodies and along the wellbore
direction. Among the three principal stresses, the minimum
horizontal stress exhibits the largest affected range, indicating
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Fig. 5. Numerical simulation results of the three-dimensional stress field for hydraulic fracturing in marine shale: (a) Hydraulic
fractures, (b) minimum horizontal principal stress, (c) maximum horizontal principal stress and (d) vertical stress.

that it is the most sensitive component to hydraulic-fracture-
induced stress perturbation. In the two-stage case, the fracture
length of Stage 9 decreases on the side adjacent to Stage 8 and
increases on the opposite side, reflecting the combined effects
of stress shadowing and adjacent-stage stress superposition.
The three-stage and four-stage cases show similar stress-
interaction patterns, suggesting that the induced-stress super-
position effect tends to converge as the number of adjacent
stages increases.

The marine shale model has a maximum horizontal princi-
pal stress of 109.5 MPa, a minimum horizontal principal stress
of 94.4 MPa, a vertical stress of 105.6 MPa, a pore pressure
of 87.2 MPa, and an east-west maximum-horizontal-stress
orientation. A single horizontal well model was constructed
based on the field fracturing design, with a horizontal section
length of 1805 m. An extended-stage multi-cluster design was
adopted, comprising 23 stages and 299 clusters, with a cluster
spacing of 5.8 m and a stage spacing of 83.2 m. Using actual

field operation data, a multi-stage diverter fracturing scheme
was simulated, with a pumping rate of 18 m3-min~', a fluid
intensity of 30.6 m*>-m~', and a proppant intensity of 2.7
m>-m~!. For comparison, Stage 9 was selected as the reference
stage (Fig. 6). Because each marine-shale stage contains 13
clusters, inter-cluster stress shadowing is more pronounced.
Consistent with the continental-shale results, all three princi-
pal stresses decrease near fracture tips and increase around
fracture bodies and toward the wellbore, with the minimum
horizontal principal stress showing the largest affected zone.

3.3 Hydraulic fracture propagation results

To evaluate the effect of induced stress superposition on
hydraulic fracture propagation, fracture lengths of different
clusters were compared under different numbers of adjacent
stages in both shale cases. In the continental shale, Cluster
1, which is farthest from Stage 8, has the longest fracture
length, whereas Cluster 6, which is closest to Stage 8, has



220

,.\
&
o}
S

One stage
G —_—
01 % 3 4 5 6
é 800 S Two stages
£ 4 S
& 800 1 2 3 4 5 6
© g Three stages
§ - T
8g0 1 2 3 4 5 6
LL Four stages
LSS e e
O L L L L L L
1 2 3 4 5 6
Fracture cluster
(c)600 One stage
S S SO
= Two stages
= A ey oy e
s) 0 S ! !
Tgn_ 2 4 6 8 10 12
© Three stages
5 e
B2 4 6 8 10 1
N Four stages
o S s R
2 4 6 8 10 12

Fracture cluster

Liu, P, Jia, C. Advances in Geo-Energy Research, 2026, 20(3): 213-226

(b) 78 Minimum horizontal stress
P e
L N B N
s Maximum horizontal stress
T@/ 96 B
I W S R
Overburden stress
85¢
B
80— : : :
1 2 Stages 3 4
(d) 100 Minimum horizontal stress
99+ —_—
= 1 2 3 4
g 114 Maximum horizontal stress
%’ et
5118 5 3 Z
102 Overburden stress
/ \
101 .
1 2 Stages 3 4

Fig. 6. Results of induced stress fields with different numbers of stages: (a) Hydraulic fracture lengths of Stage 9 in continental
shale, (b) three principal stress values at the fracture center of Stage 9 in continental shale, (c) hydraulic fracture lengths of
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the shortest fracture length (Fig. 6(a)). As more adjacent
stages are included, the fracture lengths of Clusters 4 and
5 decrease, indicating stronger stress shadowing and induced
stress superposition. The three principal stresses at the center
of Stage 9 fractures also increase with the number of adjacent
stages (Fig. 6(b)). In the three stage and four stage cases,
both fracture length and principal stress tend to stabilize. This
suggests that the propagation of Stage 9 is mainly controlled
by the nearest three adjacent stages, whereas more distant
stages have a limited additional effect.

In the marine shale, the larger number of clusters per stage
distributes stress interaction among more fractures. As a result,
the influence on Clusters 5 and 6 lasts for a shorter distance or
duration. The fracture length of Cluster 13 in Stage 9 decreases
because of stress interaction from preceding stages. Similar
to the continental shale case, fracture lengths and principal
stresses become nearly stable in the three stage and four stage
simulations (Figs. 6(c) and 6(d)). This result indicates that
the effective range of induced stress superposition is spatially
limited in both shale systems.

For the shale reservoirs examined in this study, the effective
range of hydraulic fracture induced stress superposition was
mainly limited to the nearest three adjacent stages. This range
was defined using a 5% mechanical threshold. An additional
stage was considered significant only when it changed either

the principal stress at the fracture center or the representative
cluster fracture length by more than 5% relative to the pre-
vious stage configuration. Under this criterion, the difference
between the three stage and four stage cases was below 5%
for both fracture length and principal stress. For Stage 9,
the farthest effective contribution was therefore from Stage 6.
This indicates that the local dynamic stress state was mainly
controlled by Stages 6 to 8. The subsequent stability analysis
can therefore focus on the dominant adjacent stage stress
sources rather than the full stimulation history.

A local sensitivity analysis was conducted around the Stage
9 model to test the robustness of this influence range. Stage
spacing, cluster spacing and fracture half length were varied by
+25% relative to the base case. Net pressure was tested within
6 to 14 MPa. Pumping rate ranged from 14 to 20 m®-min~!,
and Young’s modulus ranged from 30 to 45 GPa. Smaller
stage spacing, smaller cluster spacing, longer fracture half
length, higher net pressure and higher pumping rate increased
induced stress perturbation and enlarged the local activation
risk zone. A higher Young’s modulus reduced deformation
compliance and slightly weakened fracture length variation
caused by stress shadowing. Despite these amplitude changes,
the fourth adjacent stage generally produced changes below
the 5% threshold. Therefore, the three stage range should
be interpreted as an operationally effective influence range
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Fig. 7. Induced principal stress distribution and stress increment relationships in Stage 9: (a) Spatial distribution of the maximum
horizontal stress, overburden stress and minimum horizontal stress and (b) linear relationships among principal stress increments.

under the tested geological and engineering conditions, not as
a universal geometric rule. For reservoirs with shorter stage
spacing, longer hydraulic fractures or higher net pressure, the
same threshold criterion should be reapplied.

The induced stress field around Stage 9 was further
analyzed to identify the most sensitive stress component.
Under the influence of Stages 6 to 8, both the maximum
and minimum horizontal principal stresses increased within
the hydraulic fracture region. Low stress zones developed
near fracture tips. The minimum horizontal principal stress
showed the largest increase and the widest affected area. The
vertical stress also increased around the hydraulic fractures
(Fig. 7(a)). After excluding fracture tip low stress zones, the
maximum horizontal stress and vertical stress showed positive
correlations with the minimum horizontal stress. This indicates
a coordinated triaxial stress response controlled by fracture
opening and stress shadowing. The minimum horizontal stress
can therefore be used as a sensitive indicator for identifying
zones where the effective Mohr stress circle is strongly mod-
ified (Fig. 7(b)).

Hydraulic fracture propagation also changed the maximum
horizontal stress orientation. The initial maximum horizon-
tal stress azimuth was 40.47° east of north. After fracture
propagation, the stress orientation decreased in the northern
and southern regions but increased in the eastern and western
regions. This pattern caused an overall northward deflection
of the hydraulic fractures. Although the angular change was
small, it can modify the resolved normal and shear stresses
on natural fracture planes. Stress orientation rotation should
therefore be included in the dynamic stability evaluation of
natural fractures.

In actual field development, wells commonly undergo
multiple fracturing stages with short time intervals between
stages. The finding that induced-stress superposition is mainly
controlled by the nearest three stages has direct computational
and operational significance. It reduces the number of stress
sources that must be considered in real-time stability evalu-
ation, shortens calculation time, and enables rapid updating
of natural-fracture risk zones during field operations. This
result also provides a physical basis for adaptive stage-spacing,
cluster-spacing, and pumping-rate optimization.

4. Discussion based on the dynamic
Mohr-Coulomb criterion

4.1 Stability analysis of natural fractures

In the initial reservoir state, natural fractures are governed
by the combined effects of the maximum horizontal stress,
minimum horizontal stress, vertical stress and pore pressure.
For a vertical natural fracture with an approach angle o
relative to the maximum-horizontal-stress direction, the normal
and shear stresses acting on the fracture plane are given by
(Liu et al., 2019; Han et al., 2023):

_ 0+03— (01 —03)cos2a

2
Ty = (01 0';) sin2o ®)
where S, is the normal stress on the natural fracture plane,
MPa; o7 is the maximum principal stress, MPa; o3 is the
minimum principal stress, MPa; o is the fracture approach
angle, °.
The effective normal stress of the fracture surface is:

Sn )

0, =5,=P p (9)
where o0, is the effective normal stress on the fracture plane,
MPa.

According to Amonton’s friction law, when the friction
coefficient is specified, a natural fracture becomes unstable if
the resolved shear stress exceeds the frictional resistance on
the fracture surface:

Txy > HO, (10)
where U is the friction coefficient.

Under the static Mohr-Coulomb criterion, the total stress
state is assumed to remain unchanged. Pore-pressure increase
therefore directly reduces the effective normal stress and weak-
ens frictional resistance. Substituting Egs. (7)-(10) into the
Coulomb limiting condition, T = 16, + C and assuming zero
cohesion yields the critical pore-pressure increment required
for slip:
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where P, is the critical pore pressure increment, MPa; Py is
the initial pore pressure, MPa.

For the continental shale case, the initial maximum hor-
izontal stress, minimum horizontal stress, vertical stress and
pore pressure are 94.84, 72.36, 80.96 and 54.71 MPa, respec-
tively. The static stability envelope shows that the critical pore
pressure increment first decreases and then increases with frac-
ture approach angle, indicating that slip is favored only within
a limited orientation range. When the friction coefficient is
0.4, fractures with approach angles of 26° to 42° are already
unstable under the initial stress state. The critical friction
coefficient is approximately 0.42. As the friction coefficient
increases to 0.9, the most sensitive approach angle remains
within 24° to 34°. Thus, the static envelope identifies frictional
and orientational conditions favorable for reactivation, but it
cannot account for hydraulic fracture induced stress evolution
(Fig. 8(a)).

During hydraulic fracturing, fracture opening, net pressure,
stress shadowing and interstage interaction modify the Mohr
stress circle. Increased principal stresses shift the circle toward
higher normal stress, while a larger increase in minimum
horizontal stress reduces differential stress and may suppress
shear slip. In contrast, pore pressure increase lowers effective
normal stress and moves the effective Mohr stress circle
toward failure. Sensitivity analysis under representative Yingx-

. sino cos o
P,=03—Py+ (01 —03) | sin _—

X (m)

of the dynamic Mohr circle: (a) Critical pore pressure increment template, (b) fracture approach
stress, (c) effect of cohesion on the Mohr stress circle and (d) natural fracture risk zone.

iongling conditions shows that pore pressure increase and
cohesion reduction directly enhance slip tendency, whereas
stress strengthening, especially the increase in minimum hori-
zontal stress, has a stabilizing effect. Rotation of the maximum
horizontal stress also changes the resolved normal and shear
stresses when the fracture orientation is near the critical
approach angle. Therefore, natural fracture reactivation is con-
trolled by the combined effects of pore pressure weakening,
cohesion loss, stress strengthening and stress orientation rota-
tion. Based on a two dimensional plane stress approximation,
the effect of stress rotation can be included by updating the
effective fracture approach angle, and the critical effective
stress increment is expressed as follows:

1 1 -
o=— tan_l <Gg G3+P0)
2 O] — O3

2u
p2+1

—tan~! n

(12)

where ©, is the critical effective stress increment, MPa.
Natural fracture stability depends on both principal stress
magnitudes and stress orientation. Therefore, the rotation of
the maximum horizontal stress was included in the stability
analysis. As shown in Fig. 8(b), hydraulic fracturing induces
a maximum horizontal stress rotation of about 1° to 2°. This
small rotation can still change the resolved normal and shear
stresses on a natural fracture plane. Depending on fracture
orientation, a 1° rotation can change the critical effective stress
by more than 1 MPa, and a 2° rotation can produce a change
greater than 2 MPa. Thus, stress orientation rotation should
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be considered for fractures close to the static critical approach
angle.

Cohesion was further examined as a sensitivity parameter.
In natural fracture stability analysis, cohesion is commonly
set to zero because pre-existing discontinuities may be weak-
ened by mineral filling, cement degradation or previous shear
displacement. For the Yingxiongling shale, with a friction
coefficient of 0.9 and a horizontal stress difference of 22.48
MPa, the critical cohesion is approximately 4.5 MPa (Fig.
8(c)). This value was not used as the actual cohesion of natural
fractures. It was used only to identify the transition in failure
mode. When cohesion is lower than 4.5 MPa, shear slip is
favored. When cohesion exceeds this threshold, tensile-shear
failure becomes more likely.

Based on this interpretation, zero cohesion was used in the
static stability assessment and dynamic risk-zone calculation to
obtain a conservative estimate of natural fracture reactivation.
With zero cohesion, a friction coefficient of 0.9 and an
approach angle of 30°, the zero critical effective stress contour
was defined as the boundary of the reactivation risk zone.
Natural fractures inside this boundary are predicted to become
unstable under hydraulic fracture induced stress perturbation.
This treatment converts the Mohr-Coulomb criterion from a
point-scale slip condition into a spatial diagnostic map for
field-scale natural fracture stability evaluation (Fig. 8(d)).

4.2 Field-scale hydraulic fracturing of shale: A
case study

This study establishes a field-scale workflow for evaluat-
ing natural fracture stability by coupling hydraulic fracture
induced stress superposition with dynamic Mohr-Coulomb
analysis (Fig. 9). The workflow consists of five steps. First,
laboratory rock mechanical tests provide uniaxial compres-
sive strength, elastic modulus, Poisson’s ratio, cohesion and

internal friction angle. These parameters constrain the geome-
chanical model and the failure criterion. Second, well logs and
geomechanical modeling are used to determine the magnitude
and orientation of in-sifu stresses. Third, hydraulic fracture
simulation is performed to quantify triaxial stress perturbation,
maximum horizontal stress rotation, pore pressure response
and the effective range of induced stress superposition. Fourth,
natural fracture geometry and orientation within the affected
zone are extracted from seismic and subsurface data. Finally,
dynamic Mohr-Coulomb calculation is used to delineate nat-
ural fracture reactivation risk zones.

The workflow provides a map-based stability evaluation
method for field-scale fracturing design. Before stimulation,
it can be used to identify high-risk natural fracture corridors.
During design, it can support stage placement, cluster spacing
optimization and pumping-rate adjustment. During field oper-
ations, treatment pressure and microseismic responses can be
used to check the predicted risk zones. For shale oil reservoirs,
this approach helps identify zones where premature natural
fracture activation may cause fluid loss or poor proppant
placement. For deep shale gas reservoirs, it can support casing-
deformation risk mitigation associated with unstable natural
fractures. Therefore, the workflow links dynamic fracture
stability evaluation with operational optimization of hydraulic
fracturing.

The Yingxiongling continental shale case was used to
validate the workflow shown in Fig. 9. As shown in Fig.
10(a), a natural fracture with an approach angle of about 30°
is located within the predicted reactivation risk zone. The
treatment-pressure curve shows that the operating pressure
reached a turning point at about 77 min during continuous
proppant injection and then began to decline (Fig. 10(b)).
Microseismic monitoring shows relatively stable hydraulic
fracture propagation during the early stage of treatment (Fig.
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10(c)). In the later stage, microseismic events increased
markedly and clustered near Target A. The pressure decline
and microseismic clustering occurred at nearly the same time,
suggesting activation of a natural fracture and the formation
of an additional pressure-dissipation pathway. By integrating
the treatment-pressure response, microseismic distribution and
predicted reactivation risk zone, the natural fracture in Fig.
10(a) is inferred to have become unstable during Stage 9
stimulation.

To reduce the predicted reactivation risk, the pumping rate
was decreased from 16 to 14 m®-min~!, and hydraulic fracture
propagation was re-simulated. The optimized risk zone is
shown in Fig. 10(d). Compared with the original case at 16
m3-min—!, the reduced-rate case shows a smaller reactivation
risk zone. This indicates that lowering the pumping rate can
weaken hydraulic fracture induced stress and pore-pressure
perturbations near critically oriented natural fractures. The
result suggests that the dynamic stability workflow can support
both post-treatment diagnosis and pumping-rate optimization.

The marine shale case provides an additional test of the
dynamic stress based method for identifying natural fracture
reactivation risk zones. At a pumping rate of 18 m3-min~!,
the predicted risk zone shows a relatively large and continuous
distribution in the hydraulically disturbed region (Fig. 11(a)).
This pattern indicates that higher pumping rate enhances in-
duced stress and pore pressure perturbations near the wellbore,
causing more natural fractures to approach the critical slip
condition. After the pumping rate is reduced to 16 m*-min~!,
the predicted risk zone becomes smaller and less continuous
(Fig. 11(b)). This result suggests that rate reduction can lower

the probability of natural fracture reactivation and reduce
the chance of hydraulic fracture communication with pre-
existing discontinuities. Similar responses are observed in the
continental shale case. Therefore, natural fracture reactivation
is controlled not only by shale type, but also by the combined
effects of induced stress perturbation, pore pressure variation,
fracture orientation and frictional strength. For the tested
continental and marine shale cases, the same dynamic stability
workflow can be used to evaluate natural fracture reactivation
risk and guide pumping rate optimization during hydraulic
fracturing. This conclusion should be interpreted within the
geological and engineering conditions examined in this study.

Pumping-rate reduction involves a clear engineering trade-
off. A lower rate can reduce natural fracture reactivation risk
by weakening induced stress and pore-pressure perturbations.
However, it may also limit fracture length, height growth,
fracture-network complexity and near-wellbore transport ca-
pacity. Reduced flow velocity may further weaken proppant
transport and placement, which can decrease fracture con-
ductivity, stimulated reservoir volume and estimated ultimate
recovery. Therefore, rate reduction should not be treated as a
general solution. It should be used as a constrained optimiza-
tion strategy that balances natural fracture risk control with
sufficient fracture geometry and proppant placement.

From a field-engineering perspective, avoiding hydraulic
communication with critically oriented natural fractures may
be more important than maximizing fracture complexity alone.
Once hydraulic fractures connect with such discontinuities,
casing deformation, fracture reactivation, interwell interfer-
ence, pressure channeling and uncontrolled fluid migration
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Fig. 11. Field example of natural-fracture instability risk assessment in marine shale: (a) Original natural-fracture risk zone

and (b) optimized natural-fracture risk zone.

may occur. These responses can threaten well integrity and
field-scale development safety. Therefore, the proposed work-
flow can support both fracturing design and field operation.
During design, it can be used to adjust pumping rate, stage
placement and cluster spacing when high-risk natural fractures
are identified near the wellbore. During operation, treatment-
pressure response, pressure fluctuation and microseismic activ-
ity can be used to update the risk interpretation and adjust the
pumping rate. This allows hydraulic fracture extension to be
controlled while reducing the probability of connection with
high-risk natural fractures.

5. Conclusions

This study evaluated natural fracture stability in continental
and marine shale reservoirs using a dynamic Mohr-Coulomb
framework constrained by laboratory tests, geomechanical
modeling, hydraulic fracture simulation and field monitoring.
The main conclusions are as follows:

1) Hydraulic fracture propagation increases the triaxial
stress around fractures and modifies the maximum hor-
izontal stress orientation. Among the three principal
stresses, the minimum horizontal principal stress shows
the largest response. Using a 5% threshold in fracture
center principal stress or representative cluster length,
the effective range of multi-stage stress superposition is
mainly limited to the nearest three adjacent stages in the
tested shale cases.

2) The static Mohr-Coulomb analysis defines a baseline
stability envelope for natural fractures. The critical pore
pressure increment first decreases and then increases
with fracture approach angle. This indicates that natural
fracture slip is most likely within a finite orientation
window, rather than across all fracture orientations.

3) Dynamic natural fracture stability is controlled by the
coupled effects of principal stress variation, pore pressure
increase, maximum horizontal stress rotation, cohesion
and friction coefficient. Sensitivity analysis shows that

pore pressure increase and cohesion reduction directly
promote slip, whereas the increase in minimum horizon-
tal principal stress tends to suppress slip by reducing
differential stress. Stress orientation rotation becomes
important when the fracture orientation is close to the
critical approach angle.

4) A field scale workflow was established to convert hy-
draulic fracture induced stress and pressure perturba-
tions into natural fracture reactivation risk zones. The
Yingxiongling case shows that the predicted risk zone is
consistent with pressure decline and microseismic event
clustering during stimulation. Pumping rate reduction
can contract the predicted risk zone, but it should be
used as a constrained optimization strategy to balance
natural fracture risk control, fracture geometry, proppant
placement and stimulation effectiveness.
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