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A B S T R A C T   

Swarms of earthquakes during shale gas exploitation in the Changning area of Sichuan Basin indicate that hy-
draulic fracturing induces seismicity both within the target reservoir but also to depths of several kilometers 
below the horizontal well. These remote earthquakes are possibly triggered by total stress perturbations resulting 
from the hydraulic fracturing. We use a dislocation-based analytical model to simulate multistage hydraulic 
fracturing of three horizontal wells at a single well pad to explore the spatiotemporal evolution of total stress 
perturbations. Results show that the number and distribution of fracturing stages affect both the distribution and 
magnitude of stress changes and that the stress change diminishes with distance. The undrained injection- 
induced stress change is below 10-3 MPa at distances ≥1 km for first-stage fracturing but reach 10-1 MPa for 
multistage fracturing of 30 stages in three wells. Undrained stress changes scale linearly with the magnitude of 
fluid leakoff into the formation – halving the effective fracture width halves the induced stress magnitudes and 
with an identical distribution – limiting the potential for fault reactivation. Scaling analysis for pressure diffusion 
distal from the reservoir indicate that the short-term impact is indeed essentially undrained. Estimates for long- 
term depletion identify a similar induced stress signal of opposite sign but with similar Coulomb potential for 
reactivation in the long-term. Such magnitudes of Coulomb stress changes suggest the possibility of fault reac-
tivation on critically-stressed faults at kilometer separation from the injection both in the short-term due to 
stimulation and in the long-term resulting from depletion.   

1. Introduction 

The Sichuan Basin of southwest China is one of the major shale gas 
production areas in China. Development of this resource has drawn 
significant attention in recent years due to the sudden increase in the 
triggering of small to mid-sized earthquakes associated with the shale 
gas exploitation.1–6 Temporary monitoring stations (Fig. S1) deployed in 
the Changning national shale gas demonstration area of the southern 
Sichuan Basin (coordinates: N28◦-28.4◦ and E104.6◦–105◦) recorded 
swarms of ML ≥ 1.0 earthquakes in 2017 (Fig. 1). The number of 
earthquakes shows a unimodal distribution with depth (Fig. 2a) with a 
peak located at ~2.0 km. This peak is within the depth range of the 

lower Silurian Longmaxi formation, the major target shale gas reservoir 
layer in the Sichuan Basin7,8. The maximum earthquake magnitudes are 
ML ~4.5 within 4.0 km and ML ~4.7 within 10.0 km (Fig. 2b). These 
events are temporally correlated with hydraulic fracturing operations 
and suggest the reactivation of pre-existing subsurface faults.9–12 

Significant effort has been devoted towards understanding potential 
mechanisms of seismicity induced during hydraulic fracturing related 
geo-energy recovery, including those for the recovery of shale gas and 
deep geothermal energy and for saltwater disposal.13–16 It is widely 
accepted that the injection of fluids at high-pressure reduces effective 
strength and promotes fault stress drop and reactivation.6,17–21 This 
partly explains how hydraulic fracturing at the depth of the Longmaxi 
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formation induces the largest number of earthquakes (Fig. 2a). How-
ever, deeper clusters remain enigmatic. These earthquakes can only be 
directly triggered by the fluid injection if there are active fluid conduits 
providing rapid connectivity with the reservoir.17,22 To the contrary, 
observations show the Longmaxi formation to be dense with a low 
porosity and extremely low permeability.23,24 Based on these field ob-
servations,1,2,25 we postulate that these unexplained earthquakes, 
several kilometers below the injection formation, are associated with the 
presence of three enabling features. First, the underlying strata below 
the Longmaxi formation are structurally complex and potentially 
tectonically-active with several large-scale thrust faults apparent 
(Fig. 3). Second, the underlying strata, comprising tectosilicate-rich 
sandstone and carbonate-rich dolomite or limestone, make these 
pre-existing faults potentially frictional unstable at in-situ con-
ditions.26–29 And third, and most importantly, the total stress pertur-
bation driven by multistage hydraulic fracturing in the distant Longmaxi 
formation is sufficient to trigger pre-existing faults at the underlying 
strata. It has been demonstrated that stress changes from hydraulic 
fracturing may activate fault reactivation at distances of >1 km.9,30 

Defining the Coulomb failure stress resulting from a prescribed in-
jection perturbation is a common procedure to assess fault reactivation 
potential.31–33 Shear reactivation results when the Coulomb shear 
traction τ acting on the fault plane is larger than its shear strength τs, as, 

τ − τs = τ −
(
μs ⋅ σeff

n +C0
)
≥ 0 (1)  

where C0 is the cohesion (usually equals to zero for mature gouge-filled 
pre-existing faults), μs is the static frictional coefficient of the fault, and 
σn

eff is the effective normal stress acting on the fault plane. To evaluate 
whether a fault is advancing towards of retreating from failure, the 
change in Coulomb failure stress (ΔCFS) as a function of normal and 
shear stress is defined as,34 

ΔCFS=Δτ − μs ⋅ (Δσn − ΔP)=Δτ − μs⋅Δσeff
n (2)  

where Δτ, Δσn, ΔP, and Δσn
eff are the changes in shear stress, normal 

stress, pore pressure and effective normal stress, respectively. A fault 
shows a higher potential for reactivation when ΔCFS is positive, espe-
cially for critically-stressed faults. Earthquakes can be triggered at ΔCFSs 
as low as 0.01 MPa.35–37 Coulomb failure stress changes proximal to 
injection during shale gas hydraulic fracturing in the Sichuan Basin are 
known to be greater than 0.1 MPa2 – enabling ready reactivation. 
However, the characteristics of stress perturbations distant from injec-
tion remain unknown. 

To define the potential for remote reactivation of faults, we define 
the magnitude and sense of distal perturbations on Coulomb stress at 
different reservoir depths that result from multistage hydraulic frac-
turing. We sue these characterizations to define the reactivation po-
tential of pre-existing critically-stressed faults. We follow typical 
hydraulic fracturing injection schedules for field operations in the 
Sichuan Basin to define Coulomb stress changes using dislocation-based 

Fig. 1. Earthquake distribution in the Changning area, Sichuan Basin, southwest China. (a) Distribution of ML ≥ 1.0 earthquakes (blue circles) in 2017 in the 
Changning area (coordinates: E104.2◦–105.2◦, N27.8◦–28.8◦). The yellow triangles denote the three exploration wells (N203, N201 and YS108). The thick black solid 
line is the provincial boundary (Sichuan and Yunnan Province) and the thin black solid lines are county boundaries. CN = Changning county, GX = Gaoxian county, 
XW = Xingwen county, and JL = Junlian county. The relationships of earthquake depth with latitude (north) and longitude (east) are shown in (b) and (c), 
respectively. (d) The location of the Changning block (red triangle) and the Sichuan Basin. The Changning block is located at the southern part of the Sichuan Basin 
(red square). The two yellow circles denote the two large cities of Chengdu and Chongqing in southwest China. The earthquake data were derived from .5 (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

M. An et al.                                                                                                                                                                                                                                      



International Journal of Rock Mechanics and Mining Sciences 141 (2021) 104704

3

methods. These analyses define the spatiotemporal distributions of 
stress changes during a multistage hydraulic fracturing job and define 
the ability of the stress perturbations to reactivate deep critically- 

stressed faults at different depths below the injection point. 

2. Modeling methods 

A plan view of the multi-stage fracturing model is shown in Fig. 4a. 
The model includes a single pad consisting of three parallel horizontal 
wells following the typical well configuration in the Changning area of 
the Sichuan Basin. Each well has 30 fracturing stages in its total hori-
zontal length of 1500 m and each stage has three fracturing clusters. The 
stage spacing is 50 m, the well spacing is 500 m and each hydraulic 
fracture is represented by a symmetric bi-wing fracture of 200 m in 
length and 100 m in height. A total of 1920 m3 fluid (including 1800 m3 

water and 120 m3 sand) is injected for each fracturing stage. Although 
up to three hydraulic fractures can be initiated in each stage, we assume 
a single fracture plane in each fracturing stage by combining all po-
tential fractures into a single equivalent fracture (length of 400 and 
height of 100 m) (Fig. 4b). The well length, spacing, and fluid injection 
volume are selected from the field operation data for the Sichuan Basin. 
Fracture size is estimated from microseismic observations.57,38 Adopting 
a fracture size of 400 m × 100 m and assuming an injected volume of 
1920 m3 yields an upper bound for the average fracture width (w) of 4.8 
cm - this assumes no fluid leak-off and a uniform fracture width. We 
utilize this fracture aperture of 4.8 cm for each stage to investigate the 
upper limit of the distal stress perturbation. The hydraulic fracturing 
was performed at the Longmaxi shale reservoir layer which has the 
burial depth of ~2500 m. The origin of the coordinate system is placed at 
the injection point of the first stage of the central well (well 1) (yellow 
circle in Fig. 4) and the three wells are aligned along the y axis. The 
elastic modulus (E) of the reservoir is taken as 40 GPa and the Poisson’s 
ratio (ν) is 0.2. The dislocation theory used for the stress calculation is 
described in Appendix A and all calculations are performed using the 
MATLAB. 

3. Results 

We calculate the distal total stress changes for different hydraulic 
fracturing geometries and schedules following the method described in 
Appendix A. The results for two specific scenarios are selected – that for 
first-stage fracturing and for multi-stage fracturing - as detailed below. 

3.1. Distribution of stress change due to the first hydraulic fracturing stage 

We first analyze the effect of first-stage fracturing on the stress 
change at different reservoir depths. The contours of stress components 
Sxx, Syy and Szz after the fracturing of the first stage of well 1 at depths of 
z = -1 km and -2 km are shown in Fig. 5. A horizontal area of 4000 m ×
8000 m is chosen to display the results. The magnitude of the stress 
change at z = -1 km is in the range of 10-4-10-3 MPa, higher than that at z 
= -2 km where it is in the range 10-5-10-4 MPa – defining the rate of stress 
drop with distance. 

Positive stress change represents compression with the contours of 
the stress component Sxx (Fig. 5a and d) indicating that a zone of 
compression is formed around the injection point and that it extends 
along the x axis. Four zones of extension are induced at the upper, 
bottom, left and right positions and four complementary zones of 
compression develop at the diagonal positions (Fig. 5a and d). 
Conversely, extensional zones are generated around the origin of the 
coordinate system in terms of stress components Syy and Szz (Fig. 5b, c, 
5e and 5f) as a result of the first fracturing stage. Simultaneously, 
compressive zones are induced at the upper and lower positions of the 
extensional zones in Fig. 5b, c, 5e and 5f. From Fig. 5, the zones of 
induced extension or compression at z = -2 km are much larger than that 
at z = -1 km. This confirms that the stress decays gradually along the z 
axis as a result of the first fracturing stage. 

Variation of the fracturing-induced stresses Sxx, Syy, Szz, Syz, Sxz and 
Sxy along the y axis due to the first fracturing stage of well 1 at z = -1 km 

Fig. 2. Earthquake frequency and magnitude in the Changning area. (a) 
Number of ML ≥ 1.0 events with depth in 2017. Zero depth represents sea level. 
(b) The relationship of earthquake magnitude and depth in 2017. 

Fig. 3. Seismic reflection profile showing the tectonic setting of the Changning 
area in a section through three exploration wells (YS108, N201, and N203) 
(modified from .29 The colored solid lines represent the base of strata 
and formations. 
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and -2 km is shown in Fig. 5. Stresses Sxz and Sxy are only marginally 
affected by the hydraulic fracturing and remain unchanged (Fig. 6). 
Changes in Sxx, Syy, Szz along the y axis are symmetric about the origin 
for both z = -1 km and -2 km, which is in agreement with the contours 
shown in Fig. 5. The stress change of Syz is antisymmetric about the 
origin for both depths. The maximum stress change along the y axis in 
Fig. 6 corresponds to the component Szz. At the center of the first frac-
turing stage (y = 0), the stress Szz has decreased by ~5 × 10-3 MPa at z =
-1 km and ~6 × 10-4 MPa at z = -2 km. Reductions in the stress com-
ponents Syy and Syz are smaller than those in Szz at both depths, while the 
smallest variation is observed for Sxx. Stress Szz along the y axis shows 
the maximum compressive values, with the magnitude reaching ~3 ×
10-3 MPa at z = -1 km and ~4 × 10-4 MPa at z = -2 km, followed by the 
stress components Syz, Szz and Sxx. From Fig. 6, the volume affected by 
the first fracturing stage at the heel of the first well is mainly within the 
range of -3000 m ≤ y ≤ 3000 m. 

3.2. Distribution of stress changes due to multistage fracturing 

“Zipper fracturing” is typically implemented from a single well pad – 
fractures are initiated alternately in adjacent wells, advancing along the 
well like teeth merging as a zipper is closed. For simplicity, we assume 
that all three horizontal wells (Fig. 4) are fractured simultaneously with 
the same schedule, i.e., all fractures in the three horizontal wells are 
added instantaneously. The region of investigation is confined within a 
horizontal area of 2000 m × 4000 m. Contours of stress changes of Sxx, 
Syy and Szz following the fracturing of these 30 stages on each of the 
three wells at depths of z = -1 km and -2 km are shown in Fig. 7. The 
magnitude of the stress change in Fig. 7 varies from the order of 10-2 to 
10-1 MPa at z = -1 km and from the order of 10-3 to 10-2 MPa at z = -2 km. 
These are proportionally much higher than that due to the first frac-
turing stage on well 1 due to the ninety-fold increase in the total volume 
of injection (Fig. 5). 

In contrast to the case for the first fracturing stage, the resulting 
induced stress distribution for multistage fracturing is significantly more 

Fig. 4. (a) Plan view (XY plane) of the model with three horizontal wells and thirty fractures per well. (b) 3D view of the central well (well 1).  

Fig. 5. Contours of induced stresses Sxx, Syy and Szz as a result of the first fracturing stage of well 1 at depths of z = -1 km (top) and -2 km (bottom). The origin, z = 0, 
is set at the elevation of the wells with negative z values corresponding to depth below the horizontal wells (Fig. 4). Distribution of changes in stresses (a) Sxx at z =
-1000 m, (b) Syy at z = -1000 m, (c) Szz at z = -1000 m, (d) Sxx at z = -2000 m, (e) Syy at z = -2000 m, and (f) Szz at z = -2000 m. The black dashed lines indicate the 
locations of three fracturing wells. 
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complex due to the accumulation of stress perturbations from multiple 
sources distributed spatially along the wells. The compressive zones 
(yellow colors) are distributed further away from the wells in terms of 
the stress component Sxx at z = -1 km (Fig. 7a) and an extensional zone 
(dark blue contour) is formed at -500 m ≤ x ≤ 500 m and -1500 m ≤ y ≤
0 m. At z = -2 km (Fig. 7d), a compressive zone is formed directly under 
the wells at 0 m ≤ y ≤ 1500 m, while an extensional zone is located 
below at -2000 m ≤ y ≤ -500 m – this is also apparent above the wells, 
due to symmetry. For the stress change in Syy at z = -1 km (Fig. 7b), 
extensional and compressional zones are observed in the range of 0 m ≤
y ≤ 1500 m and -2000 m ≤ y ≤ -1500 m, respectively. However, at z = -2 
km (Fig. 7e), the extensional zone expands over the range of -500 m ≤ y 
≤ 2000 m and the area of the compressive zone is reduced over the re-
gion of -2000 m ≤ y ≤ -1500 m. In Fig. 7c, two compressional zones are 
identified between 1500 m ≤ y ≤ 2000 m and -1000 m ≤ y ≤ -0 m for the 
stress component Szz at z = -1 km, with an extensional zone between. At 
z = -2 km in Fig. 7f, the range of the extensional zone is near identical to 
that at z = -1 km, but the lower zone of compression expands in the 

range of -2000 m ≤ y ≤ 0 m with the upper compressional zone only 
apparent near y = -2000 m. 

Fig. 8 shows fracturing-induced variations in the components Sxx, 
Syy, Szz, Syz, Sxz and Sxy along the y axis for the multistage fracturing on 
each of the three wells at depths of z = -1 km and -2 km. Similar to the 
results for a single fracturing stage on well 1 (Fig. 6), the stresses Sxy and 
Sxz remain zero. The maximum stress change corresponds to reductions 
in the magnitude of Syy in the range of 500 m ≤ y ≤ 1000 m in Fig. 8, with 
this reduction reaching ~0.25 MPa at z = -1 km and ~0.04 MPa at z =
-2 km. At z = -1 km, the reductions in Syz, Sxx and Szz are less than 0.15 
MPa (Fig. 8a). However, the maximum reduction in Szz is much less than 
that of Syy with the smallest values corresponding to stresses Sxx and Syz 
at z = -2 km (Fig. 8b). The maximum stress increases are observed for 
components Syz and Szz, with ~0.125 MPa at z = -1 km and ~0.025 MPa 
at z = -2 km. The changes in components Sxx, Syy and Szz are symmetric 
about the line y = 725 m and the changes in component of Syz are 
antisymmetric about the same line. 

To investigate the temporal evolution of the stress variations, we 

Fig. 6. Variation of stress components Sxx, Syy, Szz, Syz, Sxz and Sxy along the y axis due to the fracturing of stage 1 on well 1 at depths of (a) z = -1 km and (b) z = -2 
km. Negative z values indicate depth below the horizontal fracturing well. The arrow represents the well span along the y direction. 

Fig. 7. Contours of stress components Sxx, Syy and Szz due to fracturing of 30 stages on each of the three horizontal wells at depths of z = -1 km (top) and z = -2 km 
(bottom). Negative values of z indicate depth below the horizontal fracturing wells. Distribution of changes in stresses (a) Sxx at z = -1000 m, (b) Syy at z = -1000 m, 
(c) Szz at z = -1000 m, (d) Sxx at z = -2000 m, (e) Syy at z = -2000 m, and (f) Szz at z = -2000 m. The black dashed lines indicate the locations of three fracturing wells. 
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compare the changes in Sxx, Syy and Szz along the y axis for the cases of 1, 
10, 20 and 30 fracturing stages on each of the three horizontal wells – all 
three wells are fractures simultaneously and instantaneously. This ap-
proximates the temporal response, with the results presented in Fig. 9. 
Fracturing-induced stress increases with an increase in the number of 
fracturing stages at both depths, except for the changes of Szz at z = -1 
km. This implies that the number of the fracturing stages (or the total 
volume pumped) plays an important role in controlling the distribution 
of the stress perturbation at different reservoir depths. Within the range 
of the well span (0 ≤ y ≤ 1500 m), Sxx shows the largest increase for the 
different number of fracturing stages at both depths, while both Syy and 
Szz exhibit the largest decrease. 

4. Discussion 

4.1. Effect of fracture width 

The above results are presented for the case of the maximum possible 
fracture width (w = 4.8 cm) by assuming zero leakoff. Here we incor-
porate the effect of fluid leak-off and explore the stress changes for the 
different number of fracturing stages placed on three horizontal wells. 
First, a half-maximum fracture width (w = 2.4 cm) is adopted. Fig. 10 
shows the stress variations in terms of components Sxx, Syy, and Szz along 
the y axis for different numbers of fracturing stages on three horizontal 
wells at depths of z = -1 km and -2 km. Compared with the results for the 
maximum fracture width (w = 4.8 cm, Fig. 9), the trends in the distri-
bution of stress for the half-maximum fracture (w = 2.4 cm) due to 
different fracturing stages are identical – but magnitudes are halved – 
consistent with the linearity of governing equations 8–16 (Appendix A) 
where each stress component is proportional to the magnitude of the 

Fig. 8. Variation in stress components Sxx, Syy, Szz, Syz, Sxz and Sxy along the y axis for the case of fracturing of 30 stages on each of three horizontal wells at depths of 
(a) z = -1 km and (b) z = -2 km. Negative values of z indicate depth below the horizontal fracturing wells. The arrow represents the well span along the y direction 
and the solid cyan line denotes y = 725 m. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Variation in stress components Sxx, Syy and Szz along the y axis for different numbers of fracturing stages (1, 10, 20 and 30) introduced simultaneously from 
the three horizontal wells at depths of (a) z = -1 km and (b) z = -2 km. Negative values of z indicate depths below the horizontal fracturing well. Distribution of 
changes in stresses (a) Sxx at z = -1000 m, (b) Syy at z = -1000 m, (c) Szz at z = -1000 m, (d) Sxx at z = -2000 m, (e) Syy at z = -2000 m, and (f) Szz at z = -2000 m. The 
arrow represents the well span along the y direction. 
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Burgers vector b. This assumed reduced width of the fractures approx-
imately represents the impact of fluid leakoff. This also suggests that the 
problem is intrinsically time dependent since leak-off gradually reduces 
fracture volume with time and therefore would also reduce the induced 
stresses. A large variation in fluid leakoff coefficient exists among 
different reservoir rock types. The Longmaxi formation typically consists 
of low permeability shales24 with a low fluid leakoff coefficient. Thus the 
maximum-width fracture calculations therefore define the anticipated 
magnitude of the maximum induced stresses. Note that it is implicitly 
assumed in the above analysis that the fluid leakoff does not induce any 
further stress change in the reservoir, proximal to the fractures. How-
ever, the analysis in Ref. 39 demonstrates that this is not always the case. 
The leaking fluid elevates local pore pressures adjacent to the fractures, 

which in turn induces an additional poroelastic stress. However, this 
stress is smaller than that of an open fracture with the same volume. 

4.2. Effect of depletion 

Production of oil and gas from shale reservoirs also leads to a sig-
nificant decrease in reservoir pore fluid pressure. This can in turn result 
in a perturbation of the surrounding stresses acting within the reser-
voirs.40,41 While the hydraulic fracturing can be considered as a loading 
process with the injected pressurized fluids driving the opening and 
propagation of fractures, reservoir depletion can be characterized as this 
process in reverse – as unloading the reservoir. Here we compare the 
stress perturbations resulting from the depletion with those caused by 

Fig. 10. Variation in stress components Sxx, Syy and Szz along the y axis for different numbers of fracturing stages (1, 10, 20 and 30) introduced simultaneously on the 
three horizontal wells to yield fracture widths of w = 2.4 cm and at depths of z = -1 km and -2 km. Negative values of z indicate the depths below the horizontal 
fracturing well. Distribution of changes in stresses (a) Sxx at z = -1000 m, (b) Syy at z = -1000 m, (c) Szz at z = -1000 m, (d) Sxx at z = -2000 m, (e) Syy at z = -2000 m, 
and (f) Szz at z = -2000 m. The arrow represents the well span along the y direction. 

Fig. 11. Schematic of a prismatic depletion zone within a reservoir. (a) Side view of the xy-plane and (b) top view of the xz-plane. The yellow circles represent the 
origin of the coordinate system. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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hydraulic fracturing. We employ theory of poroelasticity to predict the 
stress change resulting from reservoir depletion42,43 (details in Appendix 
B). It is assumed that the zone of depletion is prismatic with dimensions 
of 2a × 2b × 2c m3. Solution for stresses induced by a depressurized 
prism can be found in Ref. 44 and as used in computing leak-off induced 
stresses by.39 This calculation is also performed using MATLAB. 

We consider an isotropic, porous and elastic reservoir (8000 × 8000 
× 8000 m3) containing three embedded prismatic zones of depletion 
with dimensions of 400 × 1500 × 100 m3 located in the center (Fig. 11). 
The origin of the coordinate system is placed at the heel of the central 
prismatic depletion zone. The dimensions of depletion zones are 
equivalent to the hydraulic fracturing zones (Fig. 4) enveloped by the 
span of the hydraulic fractures. The Biot coefficient is 0.645 and the 
uniform decrease of the pore pressure in the depletion zone is taken as 
15 MPa. The elastic modulus and Poisson’s ratio are taken as 40 GPa and 
0.2, respectively. The changes in stresses Sxx, Syy, Szz, Sxy, Sxz and Syz 
following reservoir depletion at depths of z = -1 km and -2 km are shown 
in Figs. 12 and 13, respectively. Resulting stress perturbations have 
orders of 10-2 MPa at z = -1 km and 10-3 MPa at z = -2 km, similar to 
those after fracturing of the full 30 stages on three horizontal wells 
(Fig. 7). We do not accommodate the finite timescale for reservoir 
depletion, similar to not accommodating it in hydraulic fracturing es-
timates. However, reservoir depletion is intrinsically a long-term process 
and lasts for several years, while the timescale for hydraulic fracturing is 
relatively short and generally lasts only several months.43 Thus, the 
estimates for depletion must be regarded as only and approximate 
representation. 

4.3. Implications for deep fault behavior 

We explore the impact of multistage fracturing on fault reactivation 
both proximal to and remote from the well system. As the magnitude of 
stress changes induced by multistage fracturing are larger than those for 
a first fracturing stage, we analyze the distribution of Coulomb failure 
stress (ΔCFS) only for this multistage case. 

We consider a series of pre-existing faults that strike along the x axis, 
that dip in the y-direction with dip angles of 15◦, 45◦, and 75◦. The static 
coefficient of friction is assumed to be 0.6. The fracturing-induced 

changes in shear stress Δτ and normal stress Δσn can be calculated at 
any point from the change in six stress components Sxx, Syy, Szz, Sxy, Sxz 
and Syz. Figs. 14 and 15 show the distribution of Coulomb failure stress 
(ΔCFS) after the fracturing of 30 stages on three horizontal wells at 
depths of z = -1 km and -2 km, respectively. The studied region is the 
same as for Section 3.2. The maximum Coulomb failure stress (ΔCFS) 
reaches ~0.2 MPa at z = -1 km and ~0.03 MPa at z = -2 km. The 
threshold Coulomb failure stress (ΔCFS) for the triggering earthquakes 
spans the range 0.01–0.05 MPa.46–48 Thus, the Coulomb failure stress 
(ΔCFS) induced by the fracturing of 30 stages on the three wells is suf-
ficient to trigger seismicity at both depths (both within and below the 
reservoir, as observed). And this results from fracturing on only one well 
pad – when in reality multiple pads are near-simultaneously activated. 
The fault dip directions and magnitudes not only affect the distribution 
of the Coulomb failure stress (ΔCFS) but also influence its magnitude. 
For a given dip direction, the maximum Coulomb failure stress (ΔCFS) 
increases with an increase in dip magnitude for both depths. 

Our modelling results have important implications for understanding 
fault stability behavior and induced seismicity in the Changning area. 
Current shale reservoir stimulation in the Changning area is mainly 
within the lower Silurian Longmaxi formation and at depths of 2–3 km. 
From previous studies,29,49 the Longmaxi formation shales are known to 
have a high content of phyllosilicate minerals and TOC (total organic 
carbon), enabling most shale faults to exhibit velocity-strengthening 
behavior and aseismic slip. The largest number of earthquakes in the 
Longmaxi formation (Fig. 2) highlights the importance of fault stress 
drop in triggering the earthquakes. The upper and lower formations of 
the Longmaxi shale, like the lower Silurian Shiniulan and upper 
Cambrian Xixiangchi formations, contain thick sandstone or dolomite. 
Both the tectosilicate-rich sandstone faults or the carbonate-rich dolo-
mite faults are potentially unstable at in-situ conditions. The stress per-
turbations from the hydraulic fracturing in the Longmaxi formation are 
likely to reactivate the adjacent unstable sandstone or dolomite faults 
and trigger seismicity. These indicate that both the injection zone and 
adjacent brittle layers exhibit a high potential for seismicity during 
hydraulic fracturing. 

Fig. 12. Contours of stress changes in components (a) Sxx, (b) Syy, (c) Szz, (d) Sxy, (e) Sxz, and (f) Syz after “ultimate” depletion at a depth of z = -1 km. The dashed 
black triangles represent the depletion zones. Negative values of z indicate depths below the depletion zone. 
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4.4. Effect of pore pressure increase on stress perturbation 

An important question remains as to whether the pore pressure in-
crease due to fracturing fluid diffusion can significantly affect the distal 
stress changes. Pore pressure increase has been shown to play an 
important role in triggering seismicity.15,47 The effects of pore pressure 
increase can be neglected if the timescale for loading is short and ob-
servations are in the near-term. The characteristic time tc of diffu-
sion42,50,51 may be expressed as, 

tc =
L2

c

c
, (3)  

where Lc is the characteristic length of the pre-existing fault, c is the fluid 
diffusivity and can be calculated as, 

c= km

/(
1
M

+
α

K + 4/3G

)

, (4) 

Fig. 13. Contours of stress changes in components (a) Sxx, (b) Syy, (c) Szz, (d) Sxy, (e) Sxz, and (f) Syz after “ultimate” depletion at a depth of z = -2 km. The dashed 
black triangles represent the depletion zones. Negative values of z indicate depths below the depletion zone. 

Fig. 14. Contours of Coulomb failure stress (ΔCFS) caused by the fracturing of 30 stages in all three wells at a depth of z = -1 km. Negative values of z indicate depth 
below the horizontal fracturing well. DA represents the dip angle and DD denotes the dip direction. Distribution of ΔCFS is shown for the following cases: (a) DA =
15◦ and DD in the positive y axis, (b) DA = 45◦ and DD in the positive y axis, (c) DA = 75◦ and DD in the positive y axis, (d) DA = 15◦ and DD in the negative y axis, 
(e) DA = 45◦ and DD in the negative y axis, and (f) DA = 75◦ and DD in the negative y axis. The black dashed lines indicate the locations of fracturing wells. 
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where km is the mobility coefficient, defined as the ratio of rock 
permeability (k) to fluid viscosity (~ 1 cp for slick-water), α denotes the 
Biot coefficient (~0.6), K and G are the drained bulk modulus and shear 
modulus, respectively. In this, M is the Biot modulus and is expressed as, 

M =
Kf

n + (α − n)(1 − α)Kf
/

K
, (5)  

where Kf is the fluid bulk modulus (~2 GPa for pure water at room 
temperature) and n represents the porosity of rock matrix. For the 
Longmaxi shale, the rock matrix exhibits extremely low permeability 
with the range from 10-18 to 10-21 m2 (e.g., Ref. 24. Considering a 
characteristic separation of a pre-existing fault from the injection site to 
be of the order of kms then the characteristic diffusion time (tc) is in the 
range of 1010–1013 s or 105 to 108d. The fracturing time (tf) to complete a 
fracturing pad is assumed to be approximately 1 month (~3 × 106 s) and 
is much lower than the characteristic time (tc) of diffusion. Therefore, 
the effects of diffusing pore pressure on the instantaneous stress changes 
can be neglected due to the low permeability of the rock matrix and the 
large separation between the injection point and the faults (1–2 km) - the 
loading is functionally undrained. However, permeability can be greatly 
increased when pre-existing faults or fractures are encountered. We 
assume that the effects of pore pressure can be neglected at tf/tc < 0.1 
and we can obtain the permeability (k) under the order of 10-15 m2 using 
Eqs. (3)–(5). This indicates that the upper limit of permeability for 
pre-existing faults or fractures is in on the order of 10-15 m2 to ensure 
that the system responds as undrained. 

5. Conclusions 

We define the magnitude and distribution of stress perturbations 
resulting from first-stage and multistage hydraulic fracturing followed 
by long term reservoir depletion. A dislocation-based analytical model is 
utilized to assess the stress perturbations induced by the hydraulic 
fracturing of a single well pad consisting of three horizontal wells. The 
stress perturbations are calculated for different number of hydraulic 
fracturing stages and the implications for fault reactivation potential are 

investigated on the basis of a Coulomb failure criterion. The following 
conclusions are drawn:  

1. The stress perturbations induced by the first stage of hydraulic 
fracturing are relatively small, with magnitudes ≤10-3 MPa. For a full 
completion of thirty fracturing stages on each of three wells on the 
pad, the magnitudes of the stress perturbations reach ~10-2-10-1 

MPa at a distance of 1 km and reduce to 10-3-10-2 MPa at a distance of 
2 km. The fracturing stages are shown to affect both the magnitudes 
and distributions of the stress changes.  

2. The fluid-injection-inflated aperture of the individual hydraulic 
fractures directly influence the stress changes caused by hydraulic 
fracturing. The induced stress scales with total injection volume and 
reduces with effective leak-off. Thus, when fracture aperture reduces 
with time, due to fluid leak-off, this can lower the magnitude of the 
induced distant stress changes.  

3. Both multistage hydraulic fracturing and subsequent reservoir 
pressure drawdown/depletion result in broadly equivalent stress 
perturbations at distances of 1 and 2 km. Considering that the effect 
of depletion is long-term, the impact of short-term multistage hy-
draulic fracturing on stress changes is more profound.  

4. Based on the Coulomb failure criterion, completions involving thirty 
hydraulic fracturing stages on each of three wells within the pad can 
induce significant Coulomb failure stresses (ΔCFS), with a magnitude 
of ~10-1 MPa at a distance of 1 km and ~10-2 MPa at a distance of 2 
km. This manifests that the stress perturbations resulting from 
typical multistage hydraulic fracturing operations are sufficient to 
reactivate pre-existing faults. Our results identify the importance of 
estimating anticipated stress changes in the evaluation of the 
induced seismicity hazard for the Changning national shale gas 
demonstration area of Sichuan Basin and similar sites. 
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Fig. 15. Contours of Coulomb failure stress (ΔCFS) caused by fracturing of 30 stages in all three wells at a depth of z = -2 km. Negative values of z indicate depth 
below the horizontal fracturing well. DA represents the dip angle and DD denotes the dip direction. Distribution of ΔCFS is shown for the following cases: (a) DA =
15◦ and DD in the positive y axis, (b) DA = 45◦ and DD in the positive y axis, (c) DA = 75◦ and DD in the positive y axis, (d) DA = 15◦ and DD in the negative y axis, 
(e) DA = 45◦ and DD in the negative y axis, and (f) DA = 75◦ and DD in the negative y axis. The black dashed lines indicate the locations of fracturing wells. 
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Appendix A. Dislocation Theory for Stress Calculation 

Dislocation is a common concept used in material science.52–54 It refers to a linear crystallographic defect or irregularity in a crystal structure 
containing the abrupt change in the arrangement of atoms. The dislocation also defines a boundary between the slipped and unslipped regions within 
the crystal structure. The major two types of mobile dislocations are the edge (Figure A1a) and screw dislocations. For a regular array of atoms in the 
crystalline materials, the edge dislocation can be regarded as the termination of a plane of atoms in the middle of the crystal structure (Figure A1a). It 
will lead to the distortion of nearby atoms and the terminated plane is called the extra half-plane of atoms, as shown in Figure A1a. The joining bonds 
of atoms will be broken when a sufficiently large force is applied on one side of the crystal structure and finally induces the glide or slippage. In 
contrast to the edge dislocation, the screw dislocation can be formed by cutting a crystal along a plane and slipping one half across the other. The 
crystal structure in the screw dislocation is similar to the corner of stairs and a helical path can be traced around the defect. 

From the stress computation point of view, the open fractures can be represented as the edge dislocations (Figure A1c). Two elements are important 
for an edge dislocation. The first element is the dislocation line that extends along the bottom of the extra half-plane of atoms (Figure A1a). Another is 
the Burgers vector b that describes the direction and magnitude of the distortion of atom plane.55 The Burgers vector is perpendicular to the dislocation 
line in an edge dislocation (Figure A1a) and can be determined by the Burgers circuits.52 The procedures are described as follows. First, we assume that 
the positive direction of dislocation line points out of the plane of figure. Then, a closed and counterclockwise Burgers circuit MNPQ in the reference 
crystal (Figure A1b) was formed according to the right-hand rule. In this rule, the thumb points to the positive direction of dislocation line and the four 
fingers indicate the direction of Burgers circuits. Next, the same circuit MNPQ was plotted on the real crystal with an edge dislocation (Figure A1a). 
The final vector that closes the Burgers circuit is defined as the Burgers vector b. In our model, the length of the Burgers vector represents the fracture 
width.

Fig. A1. (a) An example showing an edge dislocation in a crystal (modified from .52 The red vertical symbol denotes the dislocation line and points into the paper. 
The dashed black rectangle indicates the extra half-plane of atoms. (b) An intact crystal given for the reference. The circles represent the atoms in the crystal. (c) A 
hydraulic fracture can be conceptualized as an edge dislocation and the length of Burgers vector b is the hydraulic fracture width. The arrangements of the hydraulic 
fracture and the coordinate system are based on the model in Fig. 4. 

The method for calculating the stress variations during hydraulic fracturing using the dislocation theory is described as follows. We consider a 
rectangular rock fracture (ABCD) in the 3D Cartesian coordinate system (Figure A2). The coordinates of the four vertices in the fracture are: A (-1, 0, 
-1), B (-1, 0, 1), C (1, 0, 1) and D (1, 0, -1), respectively. Then, the effects of fracture deformation and displacement can be considered the same as the 
influences of displacements of line segments AB, BC, CD and DA on the stress field of any point in space. 
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Fig. A2. A rectangular fracture (ABCD) in a 3D Cartesian coordinate system. The red imprints represent the new coordinate system.  

All calculations were accomplished on the basis of the dislocation line of Z axis. We take the stress calculation in line segment BC as an example. 
First, a new coordinate system was established at the origin of point B (0 0 0) and the new Z′ axis is along the direction of line BC (Figure A2). A 
rotation angle θ can be obtained by taking a line parallel to the original Y axis and through point B as the axis of rotation. Next, we compute the 
rotation matrix R and the relationship of the coordinates in new coordinate system (x’, y’, z’) and the original coordinate system (x, y, z) is expressed 
as, 
⎡

⎣
x′

y′

z′

⎤

⎦=R*

⎡

⎣
x
y
z

⎤

⎦ =

⎡

⎣
R11 R12 R13
R21 R22 R23
R31 R32 R33

⎤

⎦*

⎡

⎣
x
y
z

⎤

⎦ (6)  

R=

⎡

⎢
⎢
⎣

cosθ + u2
x′ (1 − cosθ) ux′ uy′ (1 − cosθ) − uz′ sinθ ux′ uz′ (1 − cosθ) + uy′ sinθ

uy′ ux′ (1 − cosθ) + uz′ sinθ cosθ + u2
y′ (1 − cosθ) uy′ uz′ (1 − cosθ) − ux′ sinθ

uz′ ux′ (1 − cosθ) − uy′ sinθ uy′ uz′ (1 − cosθ) + ux′ sinθ cosθ + u2
z′ (1 − cosθ)

⎤

⎥
⎥
⎦ (7)  

where (ux’, uy’, uz’) is the unit vector along the Z′ axis in the new coordinate system. Then, the stress components (σx’x’, σy’y’, σz’z’, σx’y’, σx’z’, and σy’z’) at 
any point of the new coordinate system can be calculated as,52 

σx′ x′

σ0
= bx′

y′

r(r + λ)

[

1+
x′2
r2 +

x′2
r(r + λ)

]

+ by′
x′

r(r + λ)

[

1 −
x′2
r2 −

x′2
r(r + λ)

]

(8)  

σy′ y′

σ0
= − bx′

y′

r(r + λ)

[

1 −
y′2
r2 −

y′2
r(r + λ)

]

− by′
x′

r(r + λ)

[

1+
y′2
r2 +

y′2
r(r + λ)

]

(9)  

σz′ z′

σ0
= bx′

[
y′ λ
r3 +

2νy′

r(r + λ)

]

+ by′

[

−
x′ λ
r3 −

2νx′

r(r + λ)

]

(10)  

σx′ y′

σ0
= − bx′

x′

r(r + λ)

[

1 −
y′2
r2 −

y′2
r(r + λ)

]

+ by′
y′

r(r + λ)

[

1 −
x′2
r2 −

x′2
r(r + λ)

]

(11)  

σx′ z′

σ0
= − bx′

x′ y′

r3 + by′

(

−
ν
r
+

x′2
r3

)

+ bz′
y′

(1 − ν)
r(r + λ)

(12)  

σy′ z′

σ0
= bx′

(
ν
r
−

y′2
r3

)

+ by′
x′y′

r3 − bz′
x′

(1 − ν)
r(r + λ)

(13)  

where σ0 = E/(8π * (1 – ν2)), λ = l – z’, r2 = (x’)2 + (y’)2 + (l – z’)2, E represents the elastic modulus, ν is the Poisson’s ratio, l is the length of line 
segment BC, and bx’, by’ and bz’ are calculated as, 

bx′ =R11*b1 + R12*b2 + R13*b3 (14)  

by′ =R21*b1 + R22*b2 + R23*b3 (15)  

bz′ =R31*b1 + R32*b2 + R33*b3 (16) 
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where b1, b2, and b3 are the components of the Burgers vector b (b = w * [0 1 0]). Finally, the stress components σij (i = 1, 2, 3, j = 1, 2, 3) at the original 
coordinate system can be obtained by, 

σij =Rmi*Rnj*σmn (17)  

where σmn (m = 1, 2, 3, n = 1, 2, 3) are the stress components in the new coordinate system. The stress components for the line segments AB, CD and DA 
are also computed following the above method. The total stress components due to a single rectangular fracture are obtained by the adding the 
respective stress components for four line segments. Likewise, the total stress from the system of fractures on the pad is evaluated by adding the 
response from each individual rectangular fracture. 

The dislocation approach to compute stress is mathematically equivalent to the commonly used displacement discontinuity method.56 To 
demonstrate this, we consider a simple example of computing normal stress from an infinitesimal rectangular element that is open in the normal 
direction. With reference to Figure A2, let the element be located at the origin, occupy the xz-plane, and have dimensions dx and dz. The mode of 
opening is in the y-direction and is equal to w. According to Ref. 56; the stress field in the xz-plane at y = 0 is given by 

σyy = − σ0
wdxdz

(x2 + z2)
3/2 (18) 

The same expression may be obtained using the dislocation equations outlined above. With reference to Eq. (9), we set y = 0, by = w, and bx = 0. 
Further, to compute contribution of edges AD and BC (noting that they have opposite directions in the dislocation loop), we differentiate Eq. (9) with 
respect to x and z and select the sign based on the counterclockwise loop direction. Finally, to add the contribution of edges AB and CD, we can utilize 
symmetry and add a similar expression in which the x and z coordinates are flipped. The result is, 

σyy = σ0wdxdz
∂
∂x

∂
∂z

(
x

R(R − z)
+

z
R(R − x)

)

, R2 = x2 + z2 (19) 

Noting that ∂R/∂x = x/R and ∂R/∂z = z/R, after some manipulation, the expression for stress is identical to that outlined above from the 
displacement discontinuity approach. Similarly, the mathematical equivalence between the dislocation and the displacement discontinuity ap-
proaches can be demonstrated for all other stress components and components of Burgers vector. We have checked the equivalence between the two 
approaches for all stress components. 

Appendix B. Poroelastic Theory for Stress Calculation 

The stress components σij in the cuboid depletion zone can be quickly estimated by,39 

σij =
αp(1 − 2v)

1 − v

(

δij +
1

4πI,ij
)

(20)  

where α is the Biot coefficient, p represents the change of the pore pressure, δij is the Kronecker delta, ν denotes the Poisson’s ratio, the integral of the 
potential can be expressed as, 

I(x, y, z)=
∫x+a

x− a

∫y+b

y− b

∫z+c

z− c

dx′ dy′dz′

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − x′
)

2
+ (y − y′

)
2
+ (z − z′

)
2

√ . (21) 

Derivatives of the potential (21) that enter Eq. (20) are calculated as, 

I,ij(x, y, z)= Î ,ij(x+ a, y+ b, z+ c) − Î ,ij(x − a, y+ b, z+ c) − Î ,ij(x+ a, y − b, z+ c)+ Î ,ij(x − a, y − b, z+ c) − Î ,ij(x+ a, y+ b, z − c)+ Î ,ij(x − a, y+ b, z − c)

+ Î ,ij(x+ a, y − b, z − c) − Î ,ij(x − a, y − b, z − c), (22)  

where 

Î ,xx = − tan− 1
(

yz
xrd

)

, Î ,yy = − tan− 1
(

xz
yrd

)

, Î ,zz = − tan− 1
(

xy
zrd

)

,

Î ,yz = log(x + rd), Î ,xz = log(y + rd), Î ,xy = log(z + rd),

(23)  

and rd
2 = x2 + y2 + z2. 

Appendix C. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ijrmms.2021.104704. 
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