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Waterflood-induced fractures can enhance the production of deep tight oil
reservoirs. However, if waterflood-induced fractures propagate fast, they
connect injection wells to production wells earlier, inhibiting the production
of tight oil reservoirs. In the present research, the fast propagation mechanism of
waterflood-induced fractures was mainly investigated. The changes in sandstone
mechanical properties by water were investigated by laboratory experiments, and
the relationship of the geomechanical damage of sandstones with water
saturation was quantified. Flow-geomechanics-coupled numerical simulations
were performed to analyze the impacts of water flooding on stress distribution in
a deeply deposited tight oil reservoir. Based on the fracturemechanics theory, the
propagation length of the waterflood-induced fracture was calculated and the
characteristics of waterflood-induced fracture propagation were analyzed.
Experimental results revealed that water changed the mineral composition
and microscopic structure of sandstones. This phenomenon decreased the
Young’s modulus and tensile strength of sandstones and increased the
Poisson’s ratio. The changing magnitude of these properties increased with
the rise of water saturation, and the maximum changing magnitude reached
70%. The water saturation distribution became heterogeneous after
waterflooding, causing a heterogeneous distribution of mechanical properties.
The stress around the fracture tip and the fracture propagation length were
significantly affected by these property changes. After the geomechanical
damage, the fracture propagation pressure decreased by about 20%.
Moreover, the initial fracture length enhanced the propagation length of the
waterflood-induced fracture. These results suggest that the propagation of
waterflood-induced fractures becomes more significant during waterflooding;
thus, the injection pressure should be reduced to avoid fast fracture propagation.
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1 Introduction

Tight oil reservoirs are important unconventional reservoirs (Jia
et al., 2008; Tong et al., 2014; Zou et al., 2015; Wang et al., 2017b;
Chai et al., 2022a; Chai et al., 2022b). Owing to the low primary
recovery rate of tight oil (5%–10%), advanced oil recovery methods
are usually implemented to improve its recovery rate (Wang, 2007;
Wang et al., 2017a; Tian et al., 2019; 2020; Zhang et al., 2020). Water
injection has been proved efficient in tight oil reservoirs because it
can supplement the formation energy and overcome the threshold
pressure gradient (Fan et al., 2015).

It is reported that waterflooding can induce fractures in reservoirs
(Hagoort et al., 1981; Suarez-Rivera et al., 2002; Baker et al., 2016). These
waterflood-induced fractures (WIFs) propagate toward production wells
duringwaterflooding, and this process is beneficial for tight oil reservoirs.
However, WIFs can expand to production wells, causing sudden water
influx and a decrease in recovery efficiency (Wang et al., 2018).
Therefore, WIF propagation plays an important role during
waterflooding in tight oil reservoirs. Tight oil reservoirs have low
permeability; thus, the efficiency of waterflooding is low. The
generation of WIFs can increase the flow capacity of injected water,
and it is beneficial for tight oil reservoirs. In addition, the generation of
WIFs is difficult to be avoided. In tight oil reservoirs, most wells undergo
a hydraulic fracture process. Owing to their low production rate,
production wells often turn into injection wells, and hydraulic
fractures occur around these injection wells. During waterflooding,
the pressure inside hydraulic fractures increases and exceeds the
minimum principal stress of reservoirs after water injection, resulting
in the generation of WIFs (Suri and Sharma, 2009; Baker et al., 2016).
Waterflooding also generates temperature-induced stress, which makes
the generation of WIFs easier (Suri and Sharma, 2009, 2010). The
temperature of injected water is generally lower than that of tight oil
reservoirs; thus, thermal stress is generated in reservoirs. This thermal
stress decreases the in-situ stress, and the low temperature also reduces
the fracture propagation energy; hence, WIFs can easily propagate when
the injected water temperature is low. Natural fractures also affect WIF
propagation.WIFs propagate along natural fractures when the difference
between two horizontal stresses is low; otherwise, WIFs propagate along
the direction of the maximum horizontal stress. Moreover, the
heterogeneous distribution of Young’s modulus can also affect WIF
propagation (Li et al., 2012). In this case, the stress distribution becomes
complicated and affects WIF propagation (Li et al., 2012). The common
criteria to predict fracture propagation are the tensile properties of
reservoirs. If the tensile stress around a fracture tip is higher than the
tensile strength, the fracture propagates. The other criteria to predict
fracture propagation are the Mohr-Columb criterion, the Griffith
criterion, and the stress intensity factor.

It is reported that water-rock interactions can greatly change rock
properties (Young’s modulus and uniaxial compressive strength (UCS)).
Water invasion can decrease Young’s modulus by ~20%, decrease USC
by ~40%, and increase the Poisson’s ratio by ~60% (Valès et al., 2004;
Yuan et al., 2014; Meng et al., 2015; Wen et al., 2015). These changes in
rock mechanical properties can be attributed to the reduction in fracture
energy, the decrease in suction pressure, the swelling of materials (Wang
et al., 2015), and the generation of microcracks upon wetting (Shi et al.,
2012; Ling et al., 2016). It is shown that high content of montmorillonite
and carbonate minerals contribute to the formation of dissolution pores
and the loosening and detachment of mineral particles during hydration.

The arrangement, bonding status, and development ofmicrocracks of the
original mineral particles in the sample have a significant impact on the
formation of dissolution pores and the detachment of mineral particles
after hydration (Sui et al., 2018). During long-term waterflooding, the
distribution of water saturation in reservoirs becomes heterogeneous. In
this case, water-rock interactions in different locations of a reservoir are
different; thus, the heterogeneity of rock properties increases, affecting the
stress distribution and fracture propagation in the reservoir.

However, in previous studies, the effects of water-rock interactions
on in-situ stress and WIF propagation are not clarified. At present, the
impact of water flooding on the mechanical properties and crack
propagation of tight sandstone, as well as the underlying
mechanisms, are unknown. Hence, in the present research, the effects
of water-rock interactions on WIF were investigated. Experiments were
conducted to investigate the impacts of water-rock interactions on the
mechanical properties of rocks. Moreover, the damage magnitudes of
Young’smodulus, Poisson’s ratio, and tensile strengthwere calculated. In
addition, the stress change behavior in a tight oil reservoir during
waterflooding was investigated by flow-geomechanics-coupled
numerical simulations. Based on the theory of fracture mechanics,
the stress intensity factor at the fracture tip was calculated to evaluate
the propagation length of WIF. Finally, sensitivity studies were
conducted to discuss the impacts of different factors on WIF.

2 Methodology

2.1 Sample preparation

To investigate the effects of hydration on the mechanical
properties of tight sandstones, specimens were divided into three
groups: 1) dry sample, 2) fully water-saturated, and 3) incomplete
water-saturated. The tight sandstone samples used in this paper are
all subsurface rocks, which were taken from tight sandstone gas
reservoirs. These tight sandstone samples have an average porosity
of 12% and an average permeability of 4.8mD. The mineral
composition is introduced in the following sections of this paper.
These tight sandstone samples do not contain oil.

The preparation steps of specimens at saturation states are
presented below.

I. Fully water-saturated samples:

The dry specimens were weighed and soaked in a potassium
sulfate solution until they became completely saturated (Figure 1A).
The dried specimens were weighed and saturated in a drying
vessel (Figure 1B).

To calculate the water saturation of the specimens, the water
content of the specimens was divided by the water content of the
fully saturated specimens. Noted that drilled cores or rock blocks
were used in the specimens, and artificial fractures were not allowed
during the preparation process.

2.2 Experimental methods

The mechanical properties of rock are controlled by the mineral
composition and microstructure of rock. The changes in rock
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FIGURE 1
(A) Fully water-saturated samples; (B) Partially water-saturated samples.

TABLE 1 Triaxial compression test results.

Specimen
number

Water
saturation (%)

Confining
pressure (MPa)

Young’s
modulus (GPa)

Static Poisson’s
ratio

Triaxial compression
strength (MPa)

S-1 0.00 20.00 14.06 0.10 112.03

S-2 0.00 30.00 17.74 0.12 152.13

S-3 0.00 40.00 25.94 0.11 262.19

S-4 63.00 20.00 13.80 0.10 110.97

S-5 84.00 30.00 16.09 0.12 138.94

S-6 68.00 40.00 22.56 0.14 250.04

S-7 100.00 20.00 12.62 0.39 86.04

S-8 100.00 30.00 15.02 0.13 127.50

S-9 100.00 40.00 18.22 0.15 201.41

S-10 0.00 0.00 26.44 0.08 101.92

S-11 84.00 0.00 11.46 0.15 49.42

S-12 100.00 0.00 6.53 0.13 27.97

TABLE 2 Tensile test results of rocks.

Specimen
number

Length
(mm)

Diameter
(mm)

Mass
(g)

Mass of
water (g)

Water
saturation (%)

The peak
load (KN)

Tensile
strength (MPa)

T-1 11.48 24.55 12.58 0.00 0.00 2.86 5.96

T-2 11.44 24.73 13.70 0.00 0.00 2.61 5.44

T-3 11.81 24.58 13.04 0.23 84 2.22 4.57

T-4 11.63 24.62 13.08 0.29 84 1.86 3.83

T-5 10.78 24.57 12.08 0.32 100 1.48 3.08

T-6 12.31 24.63 13.63 0.33 100 2.03 4.18

Frontiers in Energy Research frontiersin.org03

Ding et al. 10.3389/fenrg.2024.1365649

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1365649


mechanical properties are due to the changes in rock microstructure
and mineral composition caused by hydration. In order to
investigate the mechanism of the influence of hydration on rock
mechanical properties, the microstructure and mineral composition
of rocks under different saturation states were tested and analyzed.
The samples with different saturation states were analyzed by triaxial
compression tests, tensile strength tests, field-emission scanning
electron microscopy (FESEM), and X-ray diffraction
(XRD) analysis.

Triaxial compression tests were performed on an MTS-816 true
triaxial compression test system. The sample diameter and height
were 24.7 mm and 51.02 mm, respectively. The diameter error did
not exceed 0.3 mm, and the maximum parallelism at both ends of
each sample did not exceed 0.05 mm. Experimental specifications
complied with the laboratory test standards recommended by the
International Society for Rock Mechanics (ISRM). The mechanical
parameters of rocks, such as compressive strength, Young’s
modulus, Poisson’s ratio, were experimentally determined.

TABLE 3 Damage variables for the Young’s modulus of cores with different saturation degrees.

Specimen
number

Water
saturation (%)

Confining
pressure (MPa)

Triaxial
compressive
strength (MPa)

Young’s
modulus
(GPa)

Poisson’s
ratio

Damage variable
of Young’s
modulus

S-1 0.00 20.00 112.03 14.06 0.10 -

S-2 0.00 30.00 152.13 17.74 0.12 -

S-3 0.00 40.00 262.19 25.94 0.11 -

S-4 63.00 20.00 110.97 13.8 0.10 0.02

S-5 84.00 30.00 138.94 16.09 0.12 0.09

S-6 68.00 40.00 250.04 22.56 0.14 0.13

S-7 100.00 20.00 86.04 12.62 0.39 0.10

S-8 100.00 30.00 127.50 15.02 0.13 -

S-9 100.00 40.00 201.41 18.22 0.15 0.30

S-10 0.00 0.00 101.92 26.44 0.08 -

S-11 84.00 0.00 49.42 11.46 0.15 0.57

S-12 100.00 0.00 27.97 6.53 0.28 0.75

TABLE 4 Damage variables for the tensile strength of cores with different saturation degrees.

Specimen number Water saturation (%) Tensile strength (MPa) Damage variable of tensile strength

T-1 0.00 5.96 -

T-2 84.00 4.57 0.233

T-3 100.00 4.18 0.299

T-4 0.00 5.44 -

T-5 84.00 3.83 0.296

T-6 100.00 3.08 0.434

TABLE 5 Damage variables for the cohesion of cores with different saturation degrees.

Specimen number Water saturation (%) Cohesion (MPa) Damage variable of cohesion

A-1 0.00 19.60 -

68.00 12.20 0.378

100.00 10.70 0.454

A-2 0.00 11.40 -

75.00 4.80 0.579

100.00 3.00 0.737
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The Brazilian disk method recommended by the International
Committee for Rock Mechanics Experiments was adopted to
measure the tensile strength of rocks. It must be noted that

Brazilian disc test is an indirect measure of tensile strength of a
rock. The sample diameter and thickness were 24.6 mm and
11.6 mm, respectively. Tensile stress was calculated by Eq. (1).

FIGURE 2
(A) Damage coefficient of Young’s modulus (black line represents the fitting equation, short blue lines represent the top and bottom limits of
experimental data, blue points represent average values); (B) Damage coefficient of UCS (black line represents the fitting equation, short blue lines
represent the top and bottom limits of experimental data, blue points represent average values). (C) Damage coefficient of tensile strength (black line
represents the fitting equation, short blue lines represent the top and bottom limits of experimental data, blue points represent average values).

FIGURE 3
Microstructural changes in sample X-2 before (left) and after (right) water saturation (red circles highlight changes).
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σt � 2P
πDt

(1)

where P means the peak load during Brazilian disc test, MPa; Dt
represents the diameter of the rock sample, mm.

2.3 Analysis of experimental results

2.3.1 Effects of saturation on the mechanical
properties of rocks

According to the method suggested by the ISRM, the Young’s
modulus, Poisson’s ratio, and triaxial compression strength of the

specimens were calculated based on their experimental stress-strain
curves. The triaxial compression test results of different specimens
are presented in Table 1.

With the increase of water saturation, the Young’s modulus
decreases from average 20 GPa to 12.8 GPa by 35.9%. As show in
Table 1, the greater the confining pressure, the smaller the reduction.
When the confining pressure is 0 MPa and 40MPa, the reduction is
68.1% and 20.8%, respectively.

The tensile strengths of the samples were calculated by Eq. (1),
and the corresponding results are presented in Table 2.

It is evident that water saturation had an important effect on the
tensile strength of rocks. With the increase of water saturation, the
tensile strength of rocks decreased by 36.3% (from an average of
5.8 MPa–3.6 MPa).

2.3.2 Damage variable of tight sandstones
Zhu and Wei (2011) proposed a damage variable for rocks to

describe the damage of sandstones. Owing to the damage of sandstones,
the change in the Young’smodulus of rocks was calculated by Eq. 2. The
damage variableɷwas calculated according to themechanical variation
of core parameters under different saturation degrees.

S � S0 1 − ω( ) (2)
ω � 1 − S

S0
(3a)

Where, S is the investigated mechanical parameter (Young’s
modulus, tensile strength, cohesion), S0 is the initial mechanical
parameter, and ɷ is the damage variable.

According to statistical calculations, the damage variables of
different samples are listed in Tables 3–5.

To analyze the relationships between the damage variables of
rock mechanical parameters and water saturation, the results shown
in Tables 3–5 were fitted, and the corresponding fitting results are
displayed in Figure 2.

The fitting results obtained from Figure 3 can be expressed as

DE � 0.003 · Sw (3b)

FIGURE 4
Schematic diagram of stress distribution on the fracture wall.

TABLE 6 Numerical simulation parameters.

Parameter Value Unit

Matrix porosity (φm) 0.10 -

Matrix permeability (km) 0.10 mD

Horizontal well fracture half-length (Lf) 140.00 m

Viscosity of water phase (μw) 1.00 mPa·s

Viscosity of oil phase (μo) 5.00 mPa·s

Water density (ρw) 1.00 g/cm3

Oil density (ρo) 0.85 g/cm3

Injection pressure (Pf) 15.50 MPa

Initial reservoir pressure (Poi) 10.00 MPa

Initial oil saturation (Soi) 0.80 1

Young’s modulus E) 14.00 GPa

Poisson’s ratio ]) 0.30 -

Damage variable 0.60 -

Maximum horizontal principal stress 45.00 MPa

Minimum horizontal principal stress 20.00 MPa

Frontiers in Energy Research frontiersin.org06

Ding et al. 10.3389/fenrg.2024.1365649

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1365649


E � E0 1 − 0.003 · Sw( ) (4)
The fitting results obtained from Figure 5 can be expressed as

Dc � 0.003 · Sw (5)
Sc � Sc0 1 − 0.003 · Sw( ) (6)

The fitting results obtained from Figure 6 can be expressed as

Dt � 0.003 · Sw (7)
St � St0 1 − 0.003 · Sw( ) (8)

whereE is Young’smodulus (GPa), Sc is the compressive strength (MPa),
St is the tensile strength (MPa), Sw is the water saturation degree,
subscript 0 represents the parameter of dry rocks, DE is the damage
coefficient of Young’s modulus, Dc is the damage coefficient of
compressive strength, andDt is the damage coefficient of tensile strength.

2.3.3 Microstructure and composition of tight
sandstones

The effects of water saturation on the macroscopic mechanical
properties of tight sandstones are demonstrated in Sections 2.3.1 and

2.3.2. The changes in macroscopic mechanical properties resulted
from the micro-structure changes in tight sandstones. In this
section, microstructure changes induced by water saturation
are depicted.

Figure 3 displays the SEM images of different samples and
compares the microstructural changes in tight sandstones before
and after water saturation. Some mineral particles in rocks fell off
and migrated to rock surfaces. Clay particles expanded to induce
microscopic cracks. These microscopic mechanisms changed the
mechanical properties of saturated sandstone rocks.

3 Analysis method of the WIF
propagation length in the tight
oil reservoir

3.1 Analysis steps

TheWIF propagation length was analyzed by the stress intensity
factor around the fracture tip. To calculate the WIF propagation
length, the stress around the fracture during water flooding should

FIGURE 5
Model geometry and initial boundary conditions. (A) For fluid flow. (B) For rock deformation.
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be known. This kind of stress could be calculated by flow-
geomechanics-coupled simulations. The analysis steps of WIF
propagation are depicted below.

(1) According to flow-geomechanics-coupled numerical
simulation results, the in-situ stress on the reservoir after
water injection was calculated.

(2) According to the fracture mechanics theory and numerical
simulation results, the stress intensity factor at the crack tip
was calculated.

(3) The difference between the stress intensity factor at the
fracture tip and the fracture toughness was determined to
calculate the WIF propagation length.

3.2 Flow-geomechanics-coupled numerical
simulations

To analyze the stress during water flooding, a flow-
geomechanics-coupled numerical simulation model was
used (Wang and Peng, 2014; Lei et al., 2020). This model
included two governing equations: i) flow equation of two-
phase fluids through porous media and ii) rock
deformation equation.

FIGURE 6
(A) Initial water saturation distribution. (B) Water saturation distribution after 240 days of water injection. (C) Young’s modulus distribution after
240 days of water injection.

FIGURE 7
Distribution curve of σy along the fracture direction.
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3.2.1 Governing equation of fluid flow
The main focus of this analysis was the calculation of the

fracture strength factor at the fracture tip and the fracture
propagation length. Therefore, the whole reservoir was
assumed to be a single porous medium; thus, only matrix and
hydraulic fractures existed in the reservoir (natural fracture was
excluded). One hydraulic fracture is connected to the injection
well, and the other fracture is connected to the production well.
The continuity equations for water and oil in the reservoir are
expressed by Eqs. (9) and (10), respectively, and the models for
saturation, relative permeability, and capillary pressure are
presented by Eqs. (11)–(15), respectively.

Continuity equation of the water phase:

∂ ϕmSwm( )
∂t

− ∇ · kmkrwm
μw

∇Pwm( ) � qw (9)

Continuity equation of the oil phase:

∂ ϕmSom( )
∂t

− ∇ · kmkrom
μo

∇Pom( ) � qo (10)

Saturation equation:

Swm + Som � 1 (11)
Relative permeability model:

kro � S*o( ) 2+λ
λ (12)

TABLE 7 Stress distribution parameters for the fracture surface under different damage variables.

Damage variable 0 0.3 0.4 0.5 0.6 0.7 0.8 1

σ1 (MPa) 18.82 19.11 18.94 19.06 18.88 18.86 18.72 18.84

H1m) 110.59 110.59 110.59 110.59 110.59 110.59 110.59 110.59

B1 67.09 70.58 70.40 72.24 87.14 82.1 84.54 95.11

a1 −0.4365 −0.46 −0.47 −0.48 −0.62 −0.57 −0.59 −0.70

H2m) 140.00 140.00 140.00 140.00 140.00 140.00 140.00 140.00

B2 −181.85 −205.73 −196.16 −212.8 −216.3 −218.56 −233.15 −252.34

a2 1.31 1.43 1.39 1.48 1.498 1.50 1.59 1.696

TABLE 8 Calculation results for different damage variables.

Damage variable 0 0.3 0.4 0.5 0.6 0.7 0.8 1

KIA −3.19 −4.28 −0.71 −0.51 25.87 19.16 24.32 40.68

H(m) 159.49 160.93 162.48 165.38

ΔH(m) 19.49 20.93 22.48 25.38

Extension percentage 14.00 15.00 16.00 18.00

(H is the calculated crack half-length when KIA = KIC).

FIGURE 8
Variation of KIA at the fracture tip under different
damage variables.

FIGURE 9
Percentages of crack propagation under different
damage variables.
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krw � 1 − S*o( )2 1 − S*o( ) 2+λ
λ[ ] (13)

S*o �
So − Sor

1 − Sor − Swr
� Pe

Pc
( )λ

(14)

Capillary pressure equation:

Pc � Pom − Pwm (15)
where Pom is the pressure of the oil phase, Pwm is the pressure of the
water phase, Som is the saturation of the oil phase, Swm is the saturation
of the water phase, Sor is the residual saturation of the oil phase, Swr is
the residual saturation of the water phase, km is the permeability of the
matrix, μw is the viscosity of the water phase, μo is the viscosity of the
oil phase, φm is the porosity of the matrix, qo is the source and sink of
the oil phase, qw is the source and sink of the oil phase, λ could be
obtained by fitting the experimental relative permeability values of oil
and water, S* o is the normalized saturation, and Pe is the entry
pressure (Liu et al., 2011; Wang and Peng, 2014).

3.2.2 Governing equation of deformation
As the tight reservoir was saturated with oil and water, the pore

pressure depended on the pressure and saturation of water and oil.
Based on poroelasticity and the analogy between thermal contraction

and adsorption-induced strains (Zhang et al., 2008; Peng et al., 2014a,b),
the motion equation of the tight reservoir could be expressed as

Gui,kk + G

1 − 2]
uk,ki − α Swpw + Sop0( ), i + fi � 0 (16)

where G = E/2/(1 + ]) is the shear modulus (GPa), E is Young’s
modulus (GPa), ] is Poisson’s ratio,K is the bulkmodulus (GPa), εad is
the stress after water absorption water, f is the volume force, u is the
displacement, p is the pore pressure (MPa), α is Biot’s coefficient, Sw is
the saturation of water, and So is the saturation of oil (Qu et al., 2019).

3.2.3 Damage variable of rocks
The impacts of geomechanical damage on stress were analyzed

to track the changes in mechanical parameters (Young’s modulus,
Poisson’s ratio, tensile strength, cohesion) after water saturation,
and the corresponding model is expressed by Eq. (2).

3.3 Calculation of the stress intensity
factor (KIA)

The propagation process of WIF was mainly affected by the
reservoir stress and the fluid pressure in the fracture. The in-situ
stress on the fracture was symmetrically distributed along the water

FIGURE 10
(A) Stress intensity factor at the crack tip (KIA) under different injection pressures. (B) Fracture half-lengths under different injection pressures.

FIGURE 11
Variation of KIA at the fracture tip under different water injection
fracture lengths.

FIGURE 12
Fracture propagation lengths for the damage variable of 0.6.
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injection well (Figure 4). It was assumed that the fracture lengths
before and after WIF propagation were 2H2 and 2H, respectively.
The half-length of fracture propagation was h = H − H2.

According to the fracture mechanics theory, the stress intensity
factor acting on the fracture wall at the crack tip could be
expressed as

KIA � 1���
πH

√ ∫H

−H
p x( )

������
H + x

H − x

√
dx (17)

where H is the half-length of the fracture m), p(x) is the net pressure
in the fracture (MPa), and KIA is the stress intensity factor at the
crack tip (MPa•m0.5) (Qiangbo, 2017).

Owing to the stress concentration phenomenon at the fracture
tip, stress distributions on the fracture wall and at the fracture tip
could be simplified as

σc2 � B2 + a2x,H2 < x≤H
σb2 � B1 + a1x,H1 <x≤H2

σa � σ1,−H1 < x≤H1

σb1 � B1 − a1x,−H2 < x≤ −H1

σc1 � B2 − a2x,−H≤x≤ −H2

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩ (18)

The initial WIF length was 2H2. To calculate the stress intensity
factor at the fracture tip, the uniform fluid pressure in the fracture
(Pf) and the effects of the ground stresses σa, σb1, and σb2 were
considered. Therefore, the pressure acting on the fracture wall could
be expressed as

p x( ) �
pf − σb2, H1 < x≤H2

pf − σa,−H1 < x≤H1

pf − σb1,−H2 ≤ x≤ −H1

⎧⎪⎨⎪⎩ (19)

Now, substituting Eq. (19) into Eq. (17),

KIA � 1���
πH

√ ⎛⎝∫H1

−H1

pf − σ1( ) ������
H + x

H − x

√
dx

+∫−H1

−H2
pf − B1 + a1x( ) ������

H + x

H − x

√
dx

+∫H2

H1
pf − B1 − a1x( ) �����

H + x

H − x

√
dx)

(20)

Further, the integration of the above equation leads to

KIA � 2 Pf − σa( )Asin H1

H2
( )H/ ����

πH2

√

+2 Pf − B1( )H2 Asin
H2

H2
− A sin

H1

H2
( )/ ���

πH
√

−2a1H2

��������
H2

2 −H1
2

√( )/ ����
πH2

√

(21)

3.4 Calculation of the WIF
propagation length

If theKIA value obtained from Eq. (21) is higher than the fracture
toughness (KIC), WIF propagation will occur. It was assumed that
the new WIF length was H. To calculate the pressure acting on the
fracture wall (Eq. (22)), the impacts of σa, σb1, σb2, σc1, σc2 on WIF
and the fluid pressure in the fracture (Pf) were considered.

p x( ) �

pf − σc2, H2 < x≤H
pf − σb2, H1 < x≤H2

pf − σa,−H1 < x≤H1

pf − σb1,−H2 ≤ x≤ −H1

pf − σc1,−H≤x≤ −H2

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩ (22)

Now, substituting Eq. (22) into Eq. (17),

KIA � 1���
πH

√ ∫−H2

−H
(pf − B2 + a2x( ) ������

H + x

H − x

√
dx

+∫−H1

−H2
pf − B1 + a1x( ) ������

H + x

H − x

√
dx + ∫H1

−H1
pf − σ1( ) ������

H + x

H − x

√
dx

+∫H2

H1
pf − B1 − a1x( ) �����

H + x

H − x

√
dx + ∫H

H2
pf − B2 − a2x( ) �����

H + x

H − x

√
dx)
(23)

The integration of the above equation leads to Eq. (24). It is
noticeable that whenH increases, KIA decreases continuously. When
KIA decreases to KIC, the propagation of WIF stops. Therefore, when
KIA is equal to KIC in Eq. (24), the updated WIF length H)
is obtained.

KIA � 2 Pf − B2( )H Asin1 − A sin
H2

H
( )/ ���

πH
√

− 2a2H
��������
H2 −H2

2
√( )/ ���

πH
√

+ 2 Pf − σ1( )Asin H1

H
( )H/ ���

πH
√

+ 2 Pf − B1( )H Asin
H2

H
− A sin

H1

H
( )/ ���

πH
√

− 2a1H
��������
H2 −H1

2
√ − ��������

H2 −H2
2

√( )/ ���
πH

√

(24)

4 Mechanism of WIF propagation in the
tight reservoir

4.1 Influence of rock mechanical damage
variables on WIF propagation

Numerical simulations were conducted to calculate the KIA at
the fracture tip during water flooding. To simplify the calculation, a
two-dimensional geometric model of 350 m × 200 m size was
developed to represent the reservoir. A total of 4,800 grids with a
size of 3.5 m × 2.08 m was divided into 100 grids horizontally and
48 grids vertically. The basic parameters of the model are presented
in Table 6. The ranges of the parameters were consistent with
experimental results. Some parameters were not tested and
obtained from previous reports. The model was composed of two
wells: one is the injection well located at the left end of the model and
the other one is the production well located at the right end of the
model (Figure 5A). Both wells were connected to one hydraulic
fracture located in the middle of the model. At time t = 0, the
pressure at each point in the reservoir was 10 MPa and the initial oil
saturation was 0.8. The left and right sides of the model represent
constant pressure boundaries. The injection pressure on the
injection well was 15.1 MPa, and the production pressure on the
production well was 6.5 MPa. No flow boundaries were applied on
the upper and lower sides of the model. Referring to the horizontal
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principal level of tight sandstone reservoir, the minimum and
maximum horizontal principal stresses for rock deformation were
20 MPa and 45 MPa, respectively. Roller support boundary
conditions were applied to the left and bottom of the
model (Figure 5B).

It is noticeable from Figure 6B that during waterflooding, the
water saturation of the reservoir changed sharply, especially around
the hydraulic fracture at the left side of the reservoir. The maximum
water saturation reached 0.9, and the maximum change was 0.7. The
difference in water saturation between areas around the hydraulic
fracture and other areas in the reservoir was extremely large. After
240 days of water injection, the water saturation around the
hydraulic fracture at the left side of the reservoir was 0.7–0.9,
whereas the water saturation in other areas was around 0.2.
Therefore, a heterogeneous distribution of water saturation
occurred in the reservoir. According to experimental results, the
mechanical properties of rocks changed with the increase of water
saturation. Figure 6C reveals that the Young’s modulus of the
reservoir changed significantly after 240 days of water injection.
The Young’s modulus around the hydraulic fracture decreased from
14 GPa to 7 GPa; therefore, a heterogeneous distribution of Young’s
modulus also occurred.

The heterogeneous distribution of Young’s modulus played an
important role in stress variation. Figure 7 displays the stress
evolution in the y-direction (vertical to the hydraulic fracture)
around the hydraulic fracture. In most areas around the fracture
(less than 130 m in Figure 7, length of WIF = 140 m), stress values
were almost equal to the minimum horizontal stress of 20 MPa.
Owing to WIF, stress concentration occurred at the fracture tip
(near 140 m in Figure 7) and turned into tensile stress in some areas.
After 150 m, the stress started to increase. After 240 days of water
injection, stress values in the areas less than 130 m or greater than
170 m changed slightly; however, stress values in the areas between
130 m and 150 m changed sharply. In most areas around the fracture
tip, the stress became tensile (minus stress value in Figure 7), causing
WIF propagation.

According to Eq. (22), stress distributions on the fracture surface
and in front of the fracture tip at 0 days and 240 days of water
injection were calculated.

The σy distribution at 0 days is of water injection could be
expressed as

σc2 � − − 181.85 + 1.3111x, 140<x≤H
σb2 � 67.09 + −0.4365( )x, 110< x≤ 140
σa � 18.82,−110<x≤ 110
σb1 � 67.09 − −0.4365( )x,−140<x≤ − 110
σc1 � −181.85 − 1.3111x,−H≤x≤ − 140

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩ (25)

The σy distribution after 240 days of water injection could be
described as

σc2 � −216.248 + 1.4976x, 140< x≤H
σb2 � 87.14 + −0.6166( )x, 110< x≤ 140
σa � 18.87,−110<x≤ 110
σb1 � 87.14 − −0.6166( )x,−140<x≤ − 110
σc1 � −216.248 − 1.4976x,−H≤ x≤ − 140

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩ (26)

Now, substituting Eqs. (25) and (26) into Eq. (21), it could be
inferred that the KIA values at the fracture tip after 0 days and
240 days of water injection were −3.18693.1869 MPa m0.5 and

25.86919 MPa m0.5, respectively. According to the experiment, the
KIC of the sandstone sample was 0.4249 MPa m0.5; therefore, WIF
could not propagate at 0 days of water injection. Now, substituting
Eq. (26) into Eq. 24 and assuming KIA = KIC, the fracture length H
was calculated as 159.49 m. The initial fracture half-length was
140 m; hence, the half-length of WIF propagation was 19.49 m.

The mechanical parameters of rocks, such as Young’s modulus
and Poisson’s ratio, varied with water saturation. Therefore, eight
groups of damage variables were set to illustrate the effects of
damage variables on WIF propagation. Parameters relating to
stress distributions on the fracture surface and at the fracture
front under different damage variables are presented in Tables 7,
8, and the corresponding results are displayed in Figure 8 and 9.
When the injection pressure and the fracture length were constant,
KIA increased quadratically with the damage variable. When the
damage variable of Young’s modulus was less than 0.5, KIA was less
than KIC; thus, WIF could not propagate. When the damage variable
was greater than 0.5, the WIF propagation length increased
exponentially with the damage variable. Therefore, the damage
variable reduced the difficulty of fracture propagation and
increased the WIF propagation length, implying that in the later
stage of waterflooding, the damage variable increased, WIF easily
propagated, and the WIF propagation length was larger than that in
the early stage of waterflooding, leading to the formation of a sudden
water influx.

4.2 Influences of injection pressure on WIF
propagation

Generally, fracture propagation is controlled by the injection
pressure. To investigate the influences of injection pressure on
fracture propagation, water injection pressures were set to
14 MPa, 15 MPa, 15.5 MPa, 16 MPa, 17 MPa, and 19 MPa.

The variations of KIA at the fracture tip and the half propagation
length of WIF are displayed in Figure 10, respectively. All these
results were obtained from the same damage variable. A linear
relationship was detected between KIA and the injection pressure.
Moreover, the half propagation length of WIF also varied linearly
with the injection pressure. When the damage variable of Young’s
modulus was close to 1 and the injection pressure was 14 MPa, WIF
propagated. When the damage variable was taken into account, the
critical pressure for WIF propagation was reduced. However, in
practical applications, the injection pressure is set as a constant
value; thus, sudden WIF propagation and sudden water
influx occur.

4.3 Effects of fracture length on WIF
propagation

Generally, the injection pressure is set close to the minimum
horizontal stress. Therefore, in this analysis, the water injection
pressure (Pf) was set as 19 MPa. The initial WIF lengths for different
cases were 30 m, 60 m, 90 m, 120 m, and 140 m. The KIA values and
half propagation lengths of WIF for different cases were calculated.
The damage variable was set as 0.6.
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Figure 11 and 12 indicate that the KIA and propagation length of
WIF increased exponentially with the initial WIF length, implying
that WIF could propagate when the initial WIF length was long
enough. According to the fitting function in Figure 12, when the
initial WIF length was greater than 114 m, the power index was
larger than 1; thus, the propagation length of WIF was almost 40 m,
indicating thatWIF propagation became significant in the later stage
of waterflooding. To avoid sudden water influx, the injection
pressure should be reduced in the later stage of waterflooding.

5 Conclusion

The impacts of water saturation on sandstone properties, such as
Young’s modulus and Poisson’s ratio, were investigated by
laboratory experiments. Flow-geomechanics-coupled numerical
simulations were performed to analyze the impacts of water
flooding on stress distribution in a tight oil reservoir. Based on
the fracture mechanics theory, the propagation length of the
waterflood-induced fracture was calculated and the characteristics
of waterflood-induced fracture propagation were analyzed. The
main observations of this experiment are depicted below.

(1) The interaction between water and sandstones significantly
affected the mechanical properties of sandstones. With the
increase of water saturation, the Young’s modulus, tensile
strength, and cohesion of sandstones decreased; however, the
Poisson’s ratio increased. The alternation magnitude of
Young’s modulus was the highest and reached 70%. These
changes in mechanical properties resulted from the
alternation of the microscopic structure of rocks.
Therefore, the geomechanical damage of sandstones
depended on their mechanical characteristics.

(2) The heterogeneity of mechanical properties was enhanced by
waterflooding. After waterflooding, water saturation around the
fracture increased sharply; however, water saturation in other areas
increased slightly; thus, the water saturation distribution became
more heterogeneous. The alternation magnitudes of mechanical
properties (mechanical damage) depended on water saturation.
Therefore, after waterflooding, the distributions of mechanical
properties also became heterogeneous.

(3) The geomechanical damage induced by water enhanced the
propagation of the waterflood-induced fracture. Numerical
simulations revealed that when the geomechanical damage
occurred, the stress around the fracture tip decreased greatly;
thus, the stress intensity factor also increased, making fracture
propagation easier. The critical damage factor that could
significantly decrease the fracture propagation pressure was
0.5. The propagation length increased as the damage factor or
the initial WIF length increased; hence, WIF propagation
became more significant in the late stage of waterflooding. In

this stage, the initial WIF length was large and the water
saturation-induced geomechanical damage of rocks was high.
Therefore, the injection pressure should be kept low during
waterflooding to avoid fast fracture propagation.
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