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,e in situ stress has an important influence on fracture propagation and fault stability in deep formation. However, the de-
velopment of oil and gas resources can only be determined according to the existing state of in situ stress in most cases. It is passive
acceptance of existing in situ stress. Unfortunately, in some cases, the in situ stress conditions are not conducive to resource
development. If the in situ stress can be interfered in some ways, the stress can be adjusted to a more favorable state. In order to
explore the method of artificial interference, this paper established the calculation method of the in situ stress around the cracks
based on fracture mechanics at first and obtained the redistribution law of the in situ stress. Based on the obtained redistribution
law, attempts were made to interfere with the surrounding in situ stress by water injection in the preexisting crack. On this basis,
the artificial stress intervention was applied. ,e results show that artificial interference of stress can effectively be achieved by
water injection in the fracture. And changing the fluid pressure in the crack is the most effective way. By stress artificial in-
tervention, critical pressure for water channelling in fractured reservoirs, directional propagation of cracks in hydraulic fracturing,
and stress adjustment on the structural plane were applied. ,is study provides guidance for artificial stress intervention in the
exploitation of the underground resource.

1. Introduction

In the development of oil and gas resources, fluid injection is
often applied to enhance recovery efficiency. ,e in situ
stress will change with the pressure in the formation caused
by the fluid injection. Stress change on subsurface tectonics,
such as natural fractures, hydraulic fractures, and faults, has
effects on the exploitation of subsurface fluid resources and
the stability of subsurface tectonics. First, the in situ stress
can change the propagation direction of fractures in hy-
draulic fracturing. Hydraulic fracture propagation is gen-
erally parallel to the direction of maximum principal stress
[1]. ,erefore, the direction of in situ stress is one of the
main factors controlling the fracture propagation. In
refracturing, existing fractures lead to changes in the stress
field, and new fractures will deviate from the original old
fractures and expand in the unfractured area [2, 3]. For

natural fractures, its opening is controlled by the in situ
stress field. And the opening of natural fractures parallel to
the direction of the maximum principal stress will be given
priority. In fractured reservoirs, the opening of fractures
along the well line leads to premature water breakthrough
between wells (also called water channelling). As a result, the
oil in the formation cannot be fully displaced [4]. Fur-
thermore, changes in the stress field will also lead to the
activities of other underground tectonics, such as the ini-
tiation and slippage of faults. Changes in the stress field
caused by fluid injection will affect the stability of the faults
[5–9].,erefore, the in situ stress field is of great significance
to the development of underground fluid resources and the
stability of underground tectonics.

In situ stress plays a guiding role in the plans of resource
exploitation. However, exploitation can only be determined
according to the existing state of in situ stress in most cases.
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It is passive acceptance of existing in situ stress. Un-
fortunately, in some cases, the in situ stress conditions are
not conducive to resource exploitation. If the in situ stress
can be interfered artificially in some ways, the stress can be
adjusted to a more favorable state. ,is has a very apparent
meaning to the project.

Previous studies have shown that the stress field can be
changed by fluid injection into the formation. Field data
show that the formation stress changes during the devel-
opment process. In shallow low-permeability soft rock, such
as Unocal’s Van field and Lost Hill field, both the new
fracture and the original fracture have a certain angle de-
flection during refracturing. In deep shale or hard rock, such
as Barnett shale and Mounds test points, fractures in a new
angle were generated in each refracture [10, 11]. Also,
production-induced stress reorientation has beenmonitored
using seismic methods [12] and reorientation of hydraulic
fractures as a result of stress redistribution has already been
confirmed by surface tilt meter measurements in Barnett
Shale [3, 13, 14] and Daqing oilfield [15]. During the de-
velopment of Daqing oilfield, the increase of fluid pressure in
the main fracture causes the decrease of the principal stress
difference. ,is results in fracture propagation in the di-
rection of nonmaximum principal stress, leading to pre-
mature water breakthrough between wells [4]. Numerical
calculations and experiments on hydraulic fracturing and
reorientation also show that existing fractures have a great
impact on the surrounding formation stress field [16, 17].
Roussel and Sharma [18] found that under the influence of
preexisting fractures, the angle of new fractures deviates
from the original fractures. Roche et al. [19] believed that the
change of fluid pressure in an existing fracture would cause
the natural cracks around it to crack. Gao et al. [20] indicated
that the stress field and pore pressure around the fracture are
affected by the injection-production relationship around the
fracture.

,ose above studies give us an inspiration that existing
cracks can affect and change the surrounding in situ stress
field. And existing technology can control the length and
pressure of the preexisting cracks. Moreover, temporary
plug technology can be used to prevent and control the
propagation of old cracks [1]. Based on this idea, if the
evolution law of in situ stress under fluid action can clearly
be defined, then artificial interference of in situ stress can be
carried out through this law.

Researchers have carried out a series of work on the
calculation of induced stress around cracks. Lopez Man-
ŕıquez [21] calculated the stress field around the fracture
during multistage fracturing by using COMSOL software
and analyzed the stress evolution law near the fracture zone
during multistage fracturing. Li et al. [2] calculated the stress
variation around a single crack by the finite element method.
Combining with damage mechanics, the crack propagation
behavior under the influence of cracks is analyzed. Zhang
and Chen [1] based on I and II mixed-type cracks in fracture
mechanics, the distribution of the stress field around cracks
is given. Based on this, the evolution law of stress around
fracture with oil and gas development is analyzed. Xu et al.
[22], based on displacement discontinuity theory, analyzed

the interfracture interference in multistage fracturing of
horizontal wells. ,e results show that the induced stress of
hydraulic crack can reduce the difference in horizontal
principal stress. Generally speaking, there will be stress
inversion region and equal stress point after in situ stress
redistribution around the fracture [23].

According to these literatures, it is clear that water in-
jection within the fracture will lead to the change of the stress
field around the fracture. It declares that water injection in
the fracture is an available method for artificial interference
of surrounding stress. ,ese studies only mention stress
evolution but do not systematically analyze the law of stress
evolution. And the method of artificial interference of
surrounding stress by the fluid is seldom discussed.
,erefore, this paper systematically analyzed the law of stress
evolution after water injection in a preexisting crack. Based
on this, the method of artificial interference of in situ stress
was established. Firstly, based on fracture mechanics, the
calculation method of in situ stress distribution around a
single fracture after water injection was given, and then the
calculation method of the in situ stress deflection angle was
established based on stress circle theory. ,en, the influence
of fracture length, net pressure, and initial stress contrast on
in situ stress redistribution was discussed. Finally, based on
the stress redistribution, the application of artificial in-
terference on the fractured reservoir, hydraulic fracturing,
and stability of fault by water injection in a preexisting crack
was introduced.

Our main contribution is as follows. ,is paper sys-
tematically analyzed the law of stress evolution after water
injection in a preexisting crack and explained that the ar-
tificial interference of stress can be applied by water injection
in preexist cracks. ,is theory is based on the research about
redistribution of stress around a preexisting crack induced
by water injection. We applied stress redistribution to ar-
tificial stress interference.

,e rest of the paper proceeds as follows. In Section 2,
the calculation method of in situ stress distribution induced
by water injection around crack is established based on
fracture mechanics. And the model description is also in-
troduced at Section 3. ,en, the stress change at one point
around crack and redistribution of stress is introduced in
Section 4. Furthermore, the analysis of the parameters of the
reorientation zone in Section 5.1 and the evolution of stress
deflection in Section 5.2 are discussed. Finally, based on the
stress redistribution law in Sections 4 and 5, the application
of artificial interference on the fractured reservoir, hydraulic
fracturing, and stability of fault by water injection in a
preexisting crack is introduced in Section 6. Conclusion is
derived in Section 7.

2. Methods and Model

2.1. Stress Field Distribution around a Single Crack.
Assuming that the pressure within the crack is consistent,
the problem of water injection in a single crack can be
reduced to a type I crack problem with crack pressure. ,e
essence of the problem is to investigate a Griffith crack with a
length of 2a in an infinite elastic plate. According to Li et al.
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[24], the induced stress of one point (point m in Figure 1)
caused by the pressure in the crack is
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where σx0 and σy0 are the stress components of induced
stress in the x and y directions caused by the pressure in the
crack. And τxy0 is the shear stress caused by the pressure in
the fracture. p is the net pressure in the crack. r is the
distance from point m to the center of the fracture, and r1
and r2 are the distance from point m to both ends of the
fracture. θ is the angle between the line connecting the point
m and the center point of the crack and the crack. θ1 and θ2
are the angles between the line connecting the point m and
the two ends of the crack and the crack. a is the half length of
the crack.,e specificmeaning of the parameters is shown in
Figure 1.

,e induced stresses σx0, σy0, and τxy0 can be obtained
from the simultaneous equations (1)–(3). According to the
principle of stress superposition, the total stress state around
the crack can be obtained:
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where σx1 and σy1 are the stress components of initial stress
in the x and y directions. τxy1 is the initial shear stress. And
σx and σy are the stress components of total stress in the x
and y directions. τxy1 is the total shear stress.

,e principal stress and angle can be calculated by
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where σ1 is the maximum principal stress. σ2 is the mini-
mum principal stress. α is the deflection angle of principal
stress compared with initial stress.

Since the range of function arctan is (−π/2, π/2), the
interval of principal stress angle α is (−45°, 45°). ,is means
that the angle of one of the two principal stresses is at (−45°,
45°). But, it is impossible to say which stress has an angle of
(−45°, 45°). ,erefore, the principal stress angle obtained by

formula (6) is the smaller angle of the maximum or mini-
mum principal stress, and the formula cannot calculate the
deflection angle of the maximum principal stress. ,erefore,
we will discuss how to calculate the deflection angle of the
maximum principal stress in the next section.

2.2. Deflection Angle of Maximum Principal Stress. For the
plane stress state, the trajectory of stress σ, τ in the rect-
angular coordinate system is a circle with center coordinate
((σx + σy)/2, 0) and radius

����������������
((σx − σy)/2)2 + τ2xy


. ,is circle

is called as stress circle, and the points on the stress circle
correspond to the oblique section of the element one by one.
As shown in Figure 2, the center angle of the arc between A1
and B1 at any two points on the stress circle is 2α. ,e in-
tersection angle of the normal lines of sections A and B is α.
So, the former is twice the latter. And the direction between
the two points is the same as that between the normal lines of
corresponding sections. FromFigure 2(c), once the stress state
after redistribution is known, the direction of the maximum
principal stress after redistribution can be determined by the
deflection angle of σx and the maximum principal stress.
Because the stress in the formation is compressive stress, the
maximum principal stress is the smallest in the stress circle,
expressed in σ2. Assuming that the initial maximum principal
stress is parallel to the x-axis, according to the stress state after
stress redistribution (Figure 3), the angle between the max-
imum principal stress and the x-axis, i.e., the deflection angle
of the maximum principal stress, can be obtained. According
to the assumption that the initial maximum principal stress is
σx, the deflection of principal stress α can be expressed as the
angle between initial and present maximum principal stress.
And stress circles with different stress states are plotted in
Figure 3. And the double of deflection angle is expressed as 2α.
,e deflection angle of in situ stress can be obtained by using
formula (7). It can be seen from (7) that the deflection angle of
in situ stress is related to the difference in principal stress and
shear stress. ,e initial shear stress of in situ stress in the
model is 0, and the induced stress caused by water injection in
the fracture is independent of the initial stress state.,erefore,
the stress deflection in the formation is only related to the
geometry of the fracture, the pressure, and stress contrast in
the fracture but not to the initial principal stress value itself:

m (x, y)

r1
rr2

θ1θθ2

a
Crack

x

y

Figure 1: Relative position of point m and the crack.
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3. Model Description

,e basic model of single crack water injection can be
simplified to the model of type I fracture with crack pressure.
,e model is shown in Figure 4. In infinitely large uniform
formation, the maximum principal stress direction of initial
in situ stress is the x direction. ,ere is a crack parallel to the
direction of maximum principal stress in the formation. ,e
length of the crack is 2a, and the net pressure in the fracture
is p. ,is paper mainly focuses on the influence of water
injection on the in situ stress field around the fracture, so the
propagation of the fracture under fluid pressure will be
neglected. ,e calculation parameters are shown in Table 1.
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Figure 2: Stress circle and stress deflection.
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Figure 3: Deflection angle with different stress states. (a) σx < σy, τx,y > 0. (b) σx > σy, τx,y < 0. (c) σx < σy, τx,y < 0. (d) σx > σy, τx,y > 0.
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Based on the parameters in Table 1, the stress redistribution
around the fracture can be calculated under the action of
fluid in the fracture.

,e assumptions in the calculation process of the model
are as follows:

(1) ,e preexisting crack does not propagate
(2) ,e formation is homogeneous and isotropic
(3) ,e crack is parallel to the direction of maximum

principal stress

4. Results

4.1. Stress Change at One Point in the Near-Fracture Zone.
To investigate the change of stress, the change of one point in
the near-fracture zone is the basic problem and should be
studied first. Taking the center point of the fracture as the
coordinate origin (0, 0), the parameters in Table 1 are se-
lected to study the effect of water injection on the in situ
stress field around the fracture. Taking point A (1, 10) and
point B (10, 10) as the research objects, as shown in Figure 5,
the change of the in situ stress field is analyzed. ,e results
are shown in Figure 5. Where deg is the stress deflection
angle, s1 is the maximum principal stress with a red line, and
s2 is the minimum principal stress with a blue line. ,e
initial stress circle is shown in the box at the bottom of
Figure 5. ,e stress direction and magnitude at point A (1,
10) and point B (10, 10) after water injection were plotted. It
can be seen that the direction and magnitude of in situ stress
at the two points after water injection have changed

compared with the initial state. Firstly, the principal stress
direction at two points had changed. ,e deflection angle of
principal stress is 81° at point A and 27.1° at point B. Besides,
the magnitude of the principal stress at the two points has
also changed. At point A, the principal stress values increase
and the difference decreases. At point B, the maximum
principal stress increases while the minimum principal stress
decreases, and the difference between them enlarges. In
conclusion, the direction and magnitude of the principal
stress around the fracture will change after water injection.
,e deflection of in situ stress direction may affect the di-
rection of hydraulic fracture propagation and natural
fracture opening. ,erefore, the redistribution law of stress
deflection will be discussed in the next section.

4.2. Stress Deflection in the Near-Fracture Zone. ,e results
show that the stress field around the fracture is deflected by
water injection. ,en, what is the distribution law of stress
deflection angle around the crack? In order to answer this
question, the stress deflection within a range of 30m∗ 30m
around the crack was calculated. ,e in situ stress deflection
around a single crack after water injection is shown in
Figure 6. ,e black line in the figure is the crack. ,e di-
rection of the maximum principal stress is indicated by the
direction of the short sticks. In order to clearly distinguish
the distribution area of the deflection angle, three colors, red,
green, and blue, were adopted to represent different de-
flection angles. ,e red sticks are greater than 75°. ,e green
sticks represent the deflection angle between 15° and 75°.,e
blue sticks represent the deflection angle less than 15°. Since
the initial maximum principal stress direction is assumed to
be horizontal, the deflection angle of the sticks represents the
deflection angle of the in situ stress. It can be seen from the
graph that the in situ stress deflection mainly occurs on both
sides of the preexisting fracture. And the induced stress of

σx1 σx1

σy1

σy1

Crack

x

y

a

Figure 4: Numerical model of the type I fracture model with pore
pressure.

Table 1: ,e parameter table.

Parameters Values
Half-length of crack, a 10m
Fracture net pressure, p 16MPa
Initial maximum principal stress, σx 20MPa
Initial minimum principal stress, σy 14MPa

deg = 81°
s1 = 24.37MPa
s3 = 18.92MPa

deg = 27.1°
s1 = 24.14MPa
s3 = 12.4MPa

deg = 0°
s1 = 20MPa 
s3 = 14MPa

Initial in situ stress

A(x = 1, y = 10)
B(x = 10, y = 10)

Maximum principal stresss1

Minimum principal stress
s3

Crack

Stress state for Point B

Stress state for Point A

Figure 5: In situ stress after injection at point A (x� 1, y� 10) and
point B (x� 10, y� 10).
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the fracture in the far field is too small to interfere with the
original stress field. ,erefore, the stress deflection in the far
field can be neglected.

In order to study the distribution of in situ stress de-
flection angles in different regions, the regions are divided
according to different angles as shown in Figure 7(a).
According to the graph, the maximum deflection angle
(80∼90) is within a narrow range on both sides of the
fracture center point. In this region, the direction of in situ
stress is nearly 90 degrees, which means that the direction of
minimum principal stress andmaximum principal stress has
changed.,erefore, it is called as reorientation zone or stress
reversal region. Siebrits et al. [3] introduced the concept of a
stress reversal region and discussed its reason. If the induced
stress changes are large enough to overcome the effect of the
initial horizontal deviatoric stress, then the direction of the
minimum horizontal stress becomes the maximum. Under
these conditions, a refracture will propagate at 90 degrees to
the initial fracture azimuth, until it reaches the limit of the
elliptical stress reversal region. ,e boundary of this region
along the proposed refracture propagation direction is de-
fined by isotropic points, points with equal horizontal stress.
,e deflection angle decreases gradually from the maximum
value in the reorientation zone to outside.

In order to study the distribution of stress deflection
angles in the vertical and parallel directions of cracks, two
straight lines with the vertical direction A-B of cracks and
parallel direction C-D of cracks in Figure 7(a) are selected,
respectively. ,e stress deflection angle along the vertical
direction A-B of the crack center is shown in Figure 7(c). It
can be seen from the graph that within the range of 20m on
both sides of the fracture, the stress redirection is close to 90
degrees; that is, the in situ stress reorientation occurs. After
more than 20m, the deflection angle dropped sharply. ,e
results are consistent with the researches of Manchanda and

Sharma [25]. ,erefore, the method adopted in this paper is
appropriate. ,e stress deflection angle along the horizontal
direction C-D of the crack is shown in Figure 7(d). It is
known that the stress deflection angle at 0m is 90 degrees
and then gradually decreases to both sides, and the stress
deflection angle is zero at 15m. In conclusion, under the
condition of Table 1, the range of in situ stress deflection
around single fracture by water injection is the half-length of
the fracture in the direction of parallel fracture and 2 times as
long as the vertical direction of the fracture.

4.3. Stress Reorientation Region. During hydraulic fractur-
ing, reorientation can create new cracks perpendicular to
existing cracks during secondary fracturing. Under what
conditions will the in situ stress be redirected? Equation (7)
can calculate the maximum principal stress deflection angle
after redistribution. For σx< σy, α is [−45°, 45°], and the
deflection angle is far below 90°, so the reorientation does
not occur. For σx> σy, τxy> 0, α approaches 90° when τxy
takes a value of 0. For σx> σy, τxy< 0, α approaches −90°
when τxy takes a value of 0. In both cases, the maximum
principal stress is turned to 90° and the in situ stress is
redirected. So the condition for reorientation is

σx > σy,

τxy⟶ 0.
(8)

Since the formation is under compression during the
hydraulic fracturing, the stress is negative, so |σx|< |σy|. ,is
means that if the y direction compressive stress at a point
exceeds the x direction compressive stress under the com-
pression of the pressure in the crack and the shear stress at that
point is very small, then the in situ stress reorientation will
occur at that point. ,e stress condition around the fracture is
shown in Figure 7(b).,e green area is where the compressive
stress in y direction exceeds the compressive stress in the x
direction, but the shear stress in this area is large, so the
condition of in situ stress inversion is not satisfied. ,e red
region is the in situ stress reorientation region, which satisfies
equation (8). It can be seen that the area of in situ stress
inversion is mainly in the vertical range of both sides of the
fracture center.,is is consistent with the result of Figure 7(a).

5. Parameter Analysis

5.1. Parameter Analysis of Reorientation Region. ,e re-
orientation of stress affects the direction of fracture prop-
agation and initiation angle. Water injection in the crack can
cause stress reorientation around the fracture. In order to
study the distribution law of stress reorientation, the vertical
distance from the furthest end of the reorientation zone to
the crack in the reorientation region is the maximum stress
reorientation radius, which is represented by Dr. ,e model
established in this paper mainly considers three factors:
fracture length, pressure in fracture, and initial stress dif-
ference. So in this section, we study the influence of the half-
length of crack a, the net pressure in the crack p, and the
initial stress difference σx− σy on the reorientation range of
stress. When an independent variable is selected, the
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Figure 6: In situ stress deflection after water injection.
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variation range of the selected variable is shown in Table 2.
,e value of other variables except for the independent
variable still refers to Table 1.

5.1.1. Influence of Crack Length. In order to determine the
influence of fracture length on stress reversal, 8 different
half-lengths, such as 2/4/6/8/10/12/14/16m, were selected to
calculate the Dr. ,e calculation results are shown in
Figure 8(a). As can be seen from the figure, Dr has a positive
linear correlation with crack half-length a. With the increase
of crack length, the distance Dr of stress reversal increases
accordingly, whose relation satisfies Dr � k∗ a. ,e fitting
degree of the obtained data is 0.9978, and the fitting effect is
well. ,e relationship between Dr and a obtained is
Dr � 1.8529a. Under the parameters of this scheme, the
vertical rangeDr of the stress reversal is 1.85 times that of the
crack half distance. ,e coefficient k is affected by the
original stress difference and net pressure. Once determining
the relationship betweenDr and fracture length, the length of
the preexisting fracture can be determined according to the
needs of secondary fracturing.

5.1.2. Influence of Net Pressure in Crack. In order to de-
termine the influence of net pressure on in-seam stress
redirection, the net pressure values in 3, 6, 9, 12, 15, 18, and
21MPa were selected. ,e initial stress difference is 6MPa,
the initial minimum principal stress is 14MPa, and the
initial maximum principal stress is 20MPa. If the net

pressure is greater than 0, the fracture may expand. But
plugging can stop the crack from spreading. ,erefore, this
paper assumes that the crack already exists and does not
expand. ,e results obtained based on this hypothesis are
shown in Figure 8(b). As can be seen from the figure, when
the net pressure in the fracture is less than the initial stress
difference, Dr � 0, that is, when the net pressure p in the
fracture is less than the initial stress difference, the formation
stress fails to reverse. ,is is because the sum of the net
pressure and the minimum principal stress is less than the
maximum principal stress. At this time, the condition of in
situ stress redirection of (8) is not satisfied, so Dr � 0. When
the fluid pressure in the fracture p is greater than 6MPa, the
formation will experience stress reorientation. DistanceDr is
positively correlated with p. With the increase of the net
pressure, the reverse distance Dr increases. And there is no
obvious fluctuation at the minimum principal stress of
14MPa and the maximum principal stress of 20MPa.
,erefore, the values of the minimum and maximum prin-
cipal stresses have little influence on Dr without considering
crack propagation. But the difference of stress determines the
minimum net pressure of the formation stress reversal. In
conclusion, when the net pressure is less than the stress
difference value, the formation does not have the in situ stress
reversal. When the net pressure is greater than the stress
difference, the redirection radius Dr is positively correlated
with the net pressure p. ,e results of in situ stress re-
orientation (net pressure at 9MPa–21MPa) were fitted, and
the fitting equation was Dr � 14.533 ln(p)− 21.83; the results
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were consistent with the logarithmic function.R2 � 0.999.,is
indicates that the fitting effect is good and the reliability is
high.

5.1.3. Influence of Initial Stress Difference. It can be seen
from the above analysis that the relationship between the net
pressure and the stress difference determines whether the
formation has reorientation or not. ,e value of the initial
principal stress itself has no effect on the redirection.
,erefore, the principal stress difference is selected as the
independent variable affecting the stress reorientation. In
this paper, different values of the minimum principal stress
were selected to change the stress difference, and the range of
stress difference was selected as 3–10MPa to analyze its
influence on the redirection distance. ,e calculation results
are shown in Figure 8(c). As can be seen from the figure, Dr
is negatively correlated with the stress difference. ,is

indicates that when the initial stress difference is large, the
stress reversal requires a larger net pressure. When the stress
difference is small, the induced stress is more likely to reverse
the original stress and satisfy the stress reorientation con-
dition. ,e logarithmic function relation is obtained by
fitting. ,e logarithmic function relation is Dr �−15.08 ln
(σx− σy) + 45.667. R2 � 0.983 indicates the high reliability of
the fitting effect. ,erefore, the initial stress field condition
has an important influence on stress reorientation.

5.1.4. Relationship between Stress Reorientation Distance Dr
and Parameters. ,rough the above analysis, it can be
obtained that Dr satisfies the linear relation with the half-
length of crack, and the logarithmic relation with the stress
difference and the net pressure. It is believed that the relation
between Dr and each parameter satisfies equation (9). ,ere
are five coefficients to be solved.,e above three schemes are

Table 2: Parameter analysis of the calculation parameters of each scheme.

Independent variable Parameters Values
Length of crack Half-length a (m) 2, 4, 6, 8, 10, 12, 14, 16
Pressure in crack Net pressure p (MPa) 3, 6, 9, 12, 15, 18, 21
Initial stress difference Initial minimum principal stress σy (MPa) 10, 11, 12, 13, 14, 15, 16, 17
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summarized and fitted to obtain the coefficients of the
following equation:

Dr � A × a ×(B × lnp + C) × D × ln σx − σy  + E .

(9)

,e fitting of equation (9) is nonlinear fitting. ,e least
squares method is one of the effective methods for nonlinear
fitting. ,e basic principle is to find the coefficients so that


n
i�1[Dr(ai, pi, σxi − σyi)−Dri] takes the minimum value.

Matlab can achieve this function. ,e values of each pa-
rameter are obtained by calculation. ,e results were
A� 1.4098, B� 0.9052, C�−1.3618, D�−0.9316, and
E� 2.6162. ,e fitting results were compared with the nu-
merical calculation values, as shown in Figure 8(d). ,e
fitting results were consistent with the numerical calculation.

5.2. Parameter Analysis of Stress Deflection Angle. In the last
part, the variation of stress reorientation region is studied. In
addition to the stress reorientation, the deflection of the
stress direction is also of great significance to the geostress
reconstruction. And the deflection of the stress direction
involves a wider area. In order to study the distribution law
of the stress deflection direction around fracture after water
injection, points 1–4 in Figure 9 were selected as research
points to analyze the change of stress deflection angle under
different factors. Since the changes in the stress reverse
region were studied in the previous section, point 0 in
Figure 9 will not be discussed in this section. ,e distance
between each point and the X-axis is Dv, and the transverse
distance between each point is a/4.

5.2.1. Influence of Distance on Crack Center. Firstly, the
change of the stress deflection with the distance from the
crack is analyzed. ,e results of the changes in points 1–4
with Dv are shown in Figure 10(a). As can be seen from the
figure, as the Dv increases, the deflection angle first rises
rapidly and then gradually decreases. When the distance is
far enough (>30m), the stress deflection angle tends to zero.
,is shows that the stress deflectionmainly occurs within 1.5
times the crack length. From the deflection angle of each
point, when Dv< 20m, point 1 is the largest and point 4 is
the smallest. ,is shows that in the range of one time of the
crack, under the same Dv condition, the farther away from
the vertical line of the crack, the smaller the angle turn. In
order to verify the correctness of the conclusion, with a
distance from the y-axis distance as an independent variable,
select y� 5, 10, 15, 20, 25, and 30 and analyze the change of
the deflection angle with a change of x.,e result is shown in
Figure 10(b). As can be seen from the figure, when y< 15m,
the angle of deflection decreases as x increases. At y� 20m,
when x is small, the angle will rise with x. But the overall
trend is still getting smaller as x increases. And the smaller
the y, the faster the rate of reduction. When y is greater than
20m, the change in deflection angle with x is negligible.
When the surrounding stress is artificially disturbed by the
crack, the interference target point often has a certain dis-
tance from the crack. ,e range in which stress interference

can be performed is related to the length of the crack. It is
recommended that the area of the stress interference zone is
within a rectangular area with one crack length on each side
of the crack. ,e range of this area is shown in Figure 11.

5.2.2. Influence of Net Pressure on Crack. Net pressure is the
main method for artificial interference of stress. Although
the geometrical characteristics of the crack can affect the
stress, it is the most effective way to adjust the formation
stress change by pressure when the crack has been formed.
,e effect of net pressure on the deflection angle of the
different points is shown in Figure 10(c). As can be seen
from the figure, as the pressure increases, the deflection
angle of the stress increases. ,is means that increasing the
pressure in the crack can increase the deflection angle at a
point. For points at a different location, when the net
pressure is low (5–8MPa), the deflection angle of point 1 is
the smallest, and the deflection angle of 4 points is the
largest. At this condition, the pressure is small, the range of
disturbance stress is small, the degree of influence is low, and
an effective stress transformation zone cannot be formed,
but this case has significance for small angle deflection of
stress. When the net pressure increases (>8MPa), the range
of interference stress increases, and the degree of influence is
high. At this condition, the deflection angle at point 1 is the
largest, and the deflection angle at point 4 is the smallest.
,is applies to high angle stress deflection.

5.2.3. Influence of Initial Stress Difference. In addition to
crack geometry and internal pressure, stress differences are
also an important factor. ,e stress difference characterizes
the initial state of the stress. Although for a formation, the
initial stress state is generally deterministic. However, the
stress transformation is based on the change of the original
stress state. So the influence of the initial stress cannot be
ignored.,e result of the deflection angle as a function of the
initial stress difference is shown in Figure 10(d). As can be
seen from the figure, as the stress difference is smaller, the
deflection angle is larger. ,is shows that under the con-
dition of low-stress difference, the stress is more likely to be
deflected at a large angle, and the stress is more easily
modified. On the contrary, under high-stress difference
conditions, stress transformation is more difficult.

x

y

a

Dv
Crack

a/4

0 1 2 3 4

Figure 9: Schematic diagram of research points location.
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6. Application

6.1. Critical Pressure for Water Channelling in Fractured
Reservoirs. Water channelling is a key problem in fractured
reservoirs. After the main crack between the injection well
and the production well is opened, a fluid dominant channel
is formed between the two wells. ,is can lead to premature
water breakthrough in production wells. Reservoirs in well
formations cannot be effectively developed. ,e relationship
is shown in Figure 12. Closed natural fractures in different
directions develop in the formation of fractured reservoirs. It
is generally considered that the crack parallel to the direction
of the maximum principal stress is preferentially opened.
Cracks developed in different directions between well 1 and
well 2. ,e fluid flows toward the well 2 under the dis-
placement of the injection pressure of the well 1. In general,
the crack between well 1 and well 2 is not connected.
However, when the reorientation area caused by well 1
covers well 2, the maximum principal stress is parallel to the
line of well 1 and well 2 within the reorientation range.
Under this condition, the natural crack parallel to the
maximum principal stress opens. ,is results in the pene-
tration of natural cracks between well 1 and well 2. After the
crack penetrates, the dominant channel is formed, which

causes the water injected by the well 1 to flow directly along
the open crack to the well 2, and an effective stress difference
cannot be formed to displace the reservoir. ,erefore, in
order to reduce the influence of water channelling between
wells, it is necessary to ensure that the reorientation area
does not cover well 2. ,at is, the reorientation radius Dr is
smaller than the well spacing Dw. In summary, the control
conditions avoiding water channelling is

Dr <Dw. (10)

From Section 5.1, Dr is affected by fracture geometry and
stress and pressure difference in the crack. However, in
general, cracks already exist and the cost of stress difference
adjustment is high. ,erefore, adjusting the injection
pressure of well 1 is the most effective method. ,rough the
previous analysis, the relationship between Dr and p in the
case of fixed initial stress difference and crack length can be
calculated. Bringing the fitted (9) into (10) can calculate the
maximum injection pressure to avoid water channelling.

6.2. Directional Propagation of Cracks in Hydraulic
Fracturing. When the crack encounters the interface of
different lithological formations, it will be hindered and the
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crack height is contained. For hydraulic fracturing in shale, it
is desirable that the cracks were restricted within the pay
zone. For the sand-shale interbedded reservoir, it is desirable
that the fracture can penetrate the layer and connect mul-
tiple formations to enhance oil recovery.,e approach angle
of the hydraulic crack and the interface is an important
factor affecting whether the hydraulic fracture can penetrate.
If the direction of the maximum principal stress can be
changed by the artificial interference of the stress field, the
expansion direction of the cracks can be controlled. Con-
trolling the crack propagation direction can adjust the in-
tersection angle of the hydraulic fracture and the interface.
Similarly, the internal pressure in the crack is the easiest to
adjust. ,e model is shown in Figure 13. Assuming that a
new hydraulic fracture is generated near the preexisting
crack, the initial direction of the crack can be controlled by
perforation and then the extended path of the crack can be
predicted according to the required angle. Select the point on
the desired crack path, and adjust the direction of the
principal stress on the crack path by artificial stress in-
terference to guide the expansion of the crack. In Figure 13,

it is assumed that the angle between the crack and the x-axis
is α. Select the point of the desired crack path and gradually
adjust the pressure in a crack during the crack propagation.
,e overall program development process is shown in
Figure 14. ,e process is as follows:

(1) Plan the target path of crack propagation and de-
termine the target point.

(2) Determine the stress state required at this point.
(3) Determine whether the stress state at this point

satisfies the requirements, and if so, proceed to the
next point. If not, adjust the pressure.

(4) Adjust the pressure in the interference crack and
calculate the stress state of the target point. Determine
if the stress meets the requirements. If not, continue to
adjust until it is satisfied.

(5) After the point meets the conditions, the pressure
plan for the next point is developed.

Taking 10°, 30°, and 60° as examples, the schemes under
different angle requirements are formulated. ,e result is
shown in Figure 15. First, the curve of the deflection angle of
the principal stress at different target points as a function of
pressure is drawn. ,e net pressure in the seam is then
reversed by the desired principal stress angle. ,is gives the
required net pressure at different points. It is worth noting
that the target point on the crack path should be determined
first. In the actual project, the microseismic method can be
used to help determine whether the crack deflects the
original path and adjust the crack propagation path in time.
From the results of Figure 15(d), it is understood that the
pressure inside the crack should be gradually lowered at 10°.
At 30°, the pressure inside the crack is first reduced, but in
the end, it is necessary to increase the pressure inside the
crack. At 60°, it is necessary to continuously increase the
pressure inside the crack. Also, at 10° and 30°, the pressure
inside the crack does not change much, but at 60°, the
pressure inside the crack increases a lot. In summary, in the
directional expansion of cracks, the pressure in the joint is
not monotonously raised or lowered but should be rationally
planned according to the stress state. And the adjustment
range of the required pressure in the low angle deflection is
not large. When the angle requires a large deflection, the
required change in the pressure within the crack is large.
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Figure 11: Schematic diagram of the scope of the stress modifiable
zone.
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6.3. Artificial Interference of Stress on the Structural Plane.
It is mentioned in Section 5.2 that the interlayer interface
limits the extension of the crack. ,e stress characteristic on
the crack surface is another major factor in whether the
crack can pass through. In addition, there are faults in the
formation, and the stress state on the fault plane determines
the activation and slippage of the fault. ,erefore, by arti-
ficially interfering with the stress state on a certain surface,
the hydraulic fracturing crack propagation control and the
fault induced disaster prevention can be realized.

,ere is a point C in the stress modifiable area of the
crack. ,ere is a weak structural plane at this point with an
angle of β with respect to the x-axis. ,e relationship is
shown in Figure 16.,e normal stress and shear stress on the
surface are calculated as a function of the pressure inside the
crack. Figure 17 calculates the stress state at the interface at
different angles of β. Figure 17(a) shows the curve of normal
stress with net pressure, and Figure 17(b) shows the curve of
shear stress with net pressure. As can be seen from
Figure 17(a), the normal stress at the interface increases as
the net pressure increases. Also, when the β angle is low, the
slope of the curve is small. At low angles, the slope of the
curve is large. ,is shows that when the angle between the
interface and the existing crack is large, that is, perpendicular
to the existing crack, increasing the pressure inside the joint
has less influence on the normal stress on the interface.
Conversely, when the angle is small, that is, the interface is
parallel to the existing crack, increasing the pressure in the
joint can effectively increase the normal stress on the crack
surface. Figure 17(b) shows the change of shear stress at the
interface with the change of net pressure. Except for 0°, 15°,
and 90°, the shear stress decreases first and then increases
with the increase of net pressure. ,is means that increasing
the pressure of existing cracks does not necessarily have to
cause an increase in shear stress at the surrounding interface.
Conversely, a proper increase in net pressure may also re-
duce shear stress at the interface. ,erefore, in actual en-
gineering, the stability of the fault can be improved by
regulating the net pressure in the crack around the fault.

7. Conclusion

(1) Based on the fracture mechanics theory, the law of
redistribution of in situ stress caused by water in-
jection in cracks is analyzed. ,e results show that
water injection in the crack will cause stress changes
in near-fracture zone. ,e variation of the in situ
stress is manifested by the direction deflection and
difference change of the stress. According to the
deflection angle of the stress direction, the area
around the crack can be divided into stress re-
orientation zone, general deflection zone, and
nondeflection zone.

(2) ,e spatial characteristics of stress reorientation and
stress deflection are discussed. Stress condition for
stress reorientation is given. ,e results show that
increasing the crack length and the net pressure
within the crack expands the range of the stress
reorientation zone. Besides, the range of the

reorientation zone in formations with low-stress
difference is greater. Similarly, increasing the crack
length and the net pressure will increase the angle of
stress deflection at one point in the near-fracture
zone. ,e angle of stress deflection is greater at low-
stress differences.

(3) ,e region that can be affected by water injection is
defined as the stress modifiable zone. ,e range of
the stress modifiable zone is defined according to the
distribution of the stress deflection. Its range is a
rectangular range extending from the crack to the
sides of each of the crack lengths.

(4) Based on the law of stress redistribution, it can be
obtained that the water injection in the crack can
artificially interfere with the stress field in the near-
fracture zone. Changing the pressure inside the crack
is the simplest and most effective way. Based on this
conclusion, its application in fractured reservoirs,
hydraulic fracturing, and fault stability evaluation is
described. Based on the method, the critical pressure
of the water channelling in the fractured reservoir
can be determined. And the pressure adjustment
scheme of the directional fracture in the hydraulic
fracturing is established. Besides, the stress state on
the structural plane is analyzed, and the method of
improving fault stability is proposed.
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Supplementary Materials

,e key problem of this paper is how to change the geostress
field purposefully.,e existing literatures indicate that water
injection in fracture can change the surrounding stress. ,e
essence of this problem is the variation of stress field near-
fracture zone after water injection. ,e distribution of stress
field around the crack can be obtained by fracture mechanics
theory. Based on the theory of fracture mechanics, the stress
variation at a point around the crack is analyzed first to
clarify the variation form of in situ stress. ,e results show
that stress variation mainly includes direction deflection and
stress magnitude variation. ,is paper focuses on the
problem of directional deflection for a comprehensive
analysis. Based on the analysis of stress deflection, it is
applied to the determination of critical pressure of water
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channelling in fractured reservoirs and directional fractur-
ing in hydraulic fracturing. At the end of this paper, the
application of stress magnitude variation is also discussed
briefly. (Supplementary Materials)
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