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ABSTRACT

Integrated fracturing-flooding is a key technology to solve the problem of “difficult injection and
difficult extraction” in tight oil and gas reservoirs. Focusing on three key physical processes in the
fracturing-flooding development of tight reservoirs: fracture propagation during water injection,
imbibition displacement during well soaking, and oil recovery during production, taking into account
the impacts of osmotic pressure and flooding agents, and integrating continuous damage theory, a
mathematical model for fracturing flooding coupling hydro-mechanical-damage (H-M-D) in tight res-
ervoirs was established. Furthermore, numerical simulations of the integrated “fracturing-soaking-
production” process were conducted to clarify the impacts of geological parameters and fracturing-
flooding engineering parameters on the development effects. The study shows that when matrix
permeability is low, the formation's water absorption capacity is weak, and the rock damage degree is
high, resulting in the formation of “long and narrow” fracture networks. As matrix permeability in-
creases, the rock damage degree decreases, leading to the formation of “short and wide” fracture net-
works. The density of natural fractures affects the direction and distance of hydraulic fracture
propagation. As the injection volume increases, the length of the fracture network increases, and the
overall water absorption capacity of the fracture network improves, making it easier for the fractures to
extend in the direction of stress dominance. During the soaking process, formation pressure diffuses,
and under the influence of imbibition, the oil phase gradually migrates toward the fractures. Based on
the research findings, an integrated “fracturing-soaking-production” stimulation engineering parameter
optimization technique was developed, and an optimization chart for stimulation engineering param-
eters was established. Taking the fracturing-flooding case of the tight reservoirs in eastern China as an
example, the optimized injection volume within a single layer for fracturing flooding ranges from
3 x 10* m? to 3.5 x 10* m?, with injection rates ranging from 1000 m?/d to 1200 m?/d and a soaking
duration of 20-30 days, and the development effects of the reservoirs with fracturing flooding are much
better than that without fracturing flooding.
© 2026 Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In response to the challenges of “injection difficulties and low
recovery” in low-permeability reservoirs, oilfields proposed the
integrated “fracturing-soaking-production” fracturing-flooding
technology in recent years (Guo et al., 2022; Cui et al., 2023a,
2023Db; Cai et al., 2023). This technology involves injecting water
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replenishing reservoir energy. Subsequently, through well soaking
imbibition, oil and water displace each other, enhancing oil re-
covery efficiency. Finally, combining chemical flooding, oil
washing efficiency can be further enhanced. In recent years, the
fracturing-flooding process has rapidly developed and been
applied in low-permeability blocks in Daqing Oilfield, Changqing
Oilfield, Jilin Qilfield, Tuha OQilfield, Huabei Oilfield, and Shengli
Qilfield, achieving certain preliminary results, including a signifi-
cant increase in water injection capacity and a noticeable
improvement in productivity. However, a series of field issues have
also emerged during the implementation of fracturing flooding in
oilfields (Yang et al., 2023), such as the significant response di-
rection on oil wells, rapid water cut increase, and quick production
decline. The root cause of these issues is that the fracturing-
flooding technology for low-permeability reservoirs is still in its
initial stages of implementation. There is insufficient theoretical
support, unclear mechanisms, and poorly understood influencing
factors. Most engineering parameters are drawn from field expe-
riences of conventional water injection and hydraulic fracturing,
and the fracturing-flooding parameters are largely optimized and
adjusted during implementation. Therefore, it is urgently neces-
sary to conduct integrated fracturing-flooding theoretical research
to identify the key controlling factors and to provide theoretical
support for efficient on-site implementation.

One of the main mechanisms of fracturing flooding is to inject
water at a near-fracture pressure, first proposed by Collins (2007).
This method involves controlling the injection rate and pressure to
inject fluid into the formation, generating microfractures near the
wellbore, thereby improving the water absorption capacity of
reservoirs (Ma et al., 2023). After the 21st century, many scholars
began to study the hydraulic fracture propagation mechanisms by
investigating the fracture tip failure mechanisms during water
injection (Azeemuddin et al.,, 2002; Hustedt and Snippe, 2010;
Wang et al., 2015; Zhou, 2017). Wang et al. (2019) analyzed wa-
ter injection development in low-permeability reservoirs in
Changgqing Oilfield and found that even under conditions below
fracture pressure, water injection could activate natural fractures,
forming water injection fractures. These fractures can improve the
injection capacity of low-permeability reservoirs but may also
increase the risk of water coning in oil wells. The theorical imbi-
bition model has evolved from analytical models to numerical
models (Zhmud et al., 2000; Li and Horne, 2001; Amico and
Lekakou, 2004; Ahrenholz et al., 2008; Li and Zhao, 2012; Hu
et al., 2015; Wang et al.,, 2015), particularly with substantial
theoretical research and field practice on water huff and puff in
low-permeability reservoirs in recent years (Gao et al., 2018; Shen
et al,, 2018; Li et al., 2022; Shi et al., 2022; Xu et al., 2023). How-
ever, current imbibition models mainly focus on the reverse
imbibition process of single-well water huff and puff. For the oil-
water imbibition model under fracturing-flooding conditions
with large-scale long-term well soaking, the effects of osmotic
pressure caused by the difference in salinity between the injected
water and formation water must be considered. Currently, there is
a lack of theoretical research on this aspect, both domestically and
internationally, which hampers the effective theoretical guidance
for optimizing fracturing-flooding water injection parameters (Liu
et al,, 2024a; Zhu et al., 2024; Liu et al., 2024b; Lu et al., 2025; Yin
et al,, 2025).

Based on nonlinear flow, Biot's linear elasticity, and continuous
damage theories, a fracturing-flooding mathematical model
coupling hydro-mechanical-damage (H-M-D) for tight reservoirs
was established in this study, integrated “fracturing-soaking-pro-
duction” fracturing-flooding numerical simulation was performed,
and the impact of different geological and engineering parameters
on the fracturing-flooding effects were analyzed. Finally, the
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engineering parameters for fracturing flooding were optimized,
and recommendations for field application were proposed.

2. Integrated “fracturing-soaking-production” fracturing-
flooding mathematical model

The following assumptions are made for the rock and fluid
during the water injection, soaking, and production processes: (1)
Rock deformation follows Biot's linear elastic strain laws, and in-
ertial forces are ignored. (2) The reservoir pores are saturated with
oil and water phases, considered as 2D planar two-phase flow. (3)
Salt solutes and oil displacement agents are only dissolved in the
water phase, and instantaneous equilibrium is established between
phases. (4) Reservoir fluids are incompressible Newtonian fluids,
and the effect of gravity on fluid flow is ignored. (5) The effect of
temperature on rock and fluid properties is ignored, and no physical
or chemical reactions occur between the rock and fluid.

2.1. Hydraulic fracture propagation model

During the fracturing-flooding process, rock deformation in-
cludes both skeleton deformation (bulk deformation) and grain
structure deformation (structural deformation). The momentum
balance equation for rock deformation is as follows:

Vo(u,p) +ppf =0 (1)
where ¢ is the total stress of rock deformation, Pa; u is the
displacement of rock deformation, m; p is the pressure on the rock,
Pa; py, is the rock density, kg-m~3; fis the bulk force per unit vol-
ume of rock, m-s 2.

Based on Biot's linear elastic stress theory (Cha et al., 2022), the
constitutive relationship between fluid and matrix is established
as follows:

6=0 —apPm (2)
where ¢ is the effective stress of the rock, Pa; pp, is the pore fluid
pressure in the rock, Pa; « is Biot coefficient, ranging from O to 1.

According to the effective stress and the stress-strain elastic
relationship, the relationship between effective stress and rock
displacement is obtained:

6 =MV -u)+ 2Ge(u) (3)
where ¢ is rock strain, dimensionless; 4 is Lamé’s first coefficient in
continuum mechanics theory; G is Lamé’s second coefficient in
continuum mechanics theory.

The continuous damage model is used as the rock fracture
initiation criterion, modeling a large number of localized micro-
fractures caused by damage, while effectively predicting and
adjusting fracture propagation direction in real-time based on the
fracture index (Roth et al., 2015). By introducing the damage factor
d, which represents the rock damage degree, the actual stress and
effective stress of the formation are expressed as:

’ [}
=2

T—d (4)

where d is damage value of the rock element, dimensionless.

Based on the continuous damage model, the damage evolution
function can be derived (Gunn, 1998):

d=1- \/%Oexp( — Re(e — ro))

(5)
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where 1 is ratio of tensile strength to elastic modulus, dimen-
sionless; € is average strain value of the rock, dimensionless.

Rt is the function related to the Young's modulus and tensile
strength, which reflects the brittle characteristics of materials
under tensile stress. Its expression is:

_ 2Eftlrve

=_—etre (6)
2EGF *ftzlrve

f

where E is the Young's modulus, MPa; f; is the tensile strength,
MPa; Ie is the representative volume element characteristic
length, dimensionless; Gg is the fracture energy, MPa.

In this model, the initiation and propagation of hydraulic
fractures are controlled by a continuous damage model. When the
stress state of the rock unit satisfies the damage evolution equa-
tion (Eq. (5)), damage begins to accumulate, marking the initiation
of fractures. The propagation path of fractures is determined by the
spatial distribution of the damage factor d. Therefore, the fracture
network is a connected region composed of units where d is 1.
Rock damage affects reservoir parameters such as porosity,
permeability, and Young's modulus, expressed as:

#5=(1- ¢°)d% +¢°

3
K9 10 (i) 7)
EQ = E°(1 — d)?

where ¢° is the initial porosity, dimensionless; 4)3 is the damaged
porosity, dimensionless; k° is the initial matrix permeability, mD;
kg is the damaged matrix permeability, mD; E° is the initial
Young's modulus, MPa; Eg is the damaged Young's modulus, MPa.

2.2. Mathematical model for soaking imbibition

During the fracturing-flooding process, a large volume of injection
water (either fresh water or river water) is introduced, with salinity
generally ranging from 500 to 1000 mg/L. In contrast, the salinity of
formation water can reach up to 1 x 10°> mg/L, creating a significant
salinity difference between the injected water and the formation
water. Additionally, under the semi-permeable membrane effect of
clay pores, osmotic pressure becomes a non-negligible factor in the
underground fluid flow. This pressure is primarily determined by
factors such as the chemical potential resulting from the salinity
difference and the efficiency of the clay semi-permeable membrane
(Mody and Hale, 1993). The expression for this is as follows:
D= snEnRT(Cr - cf) (8)
where p, is the osmotic pressure in clay pores, MPa; &, is the
number of ions of salt solutes in the reservoir solution; R is the gas
constant, 0.08206 (L-kPa)/(mol-K); T is the reservoir temperature,
K; C; is the molar concentration of salt solutes in formation water,
mol/L; Cris the molar concentration of salt solutes in injected fluid,
mol/L.

Based on the theory of the double electric layer and com-
bined with the Fritz's model (Fritz, 1986), the semi-permeable
membrane efficiency E; of clay minerals is characterized by
parameters such as the solute concentration on both sides of
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the membrane, ion exchange capacity, clay mineral density, and
porosity. The core samples of the target block were analyzed by
X-ray diffraction, and the types and relative contents of its main
clay minerals were determined. On this basis, the weighted
average method was used to calculate the comprehensive
membrane efficiency of mixed clay minerals.

_ (Rea—w + 1)G3/GCs
{Rca-w(Ca/Cc) + 1 + Ra-mw([Rca-m(CGa/Cc) + 1]} b

E.=1

(9)

where Rg,.w is the ratio of friction coefficients between anions,
cations in the solution and water; Rca-m is the ratio of friction co-
efficients between anions, cations in the solution and clay mineral
membranes; R,.mw is the ratio of friction coefficients between
anions in the solution and clay mineral membranes, water; C, is
the molar concentration of anions in the solution, mol/L; C. is the
molar concentration of cations in the solution, mol/L; Cs is the
average molar concentration of salt solutes on both sides of the
clay mineral, mol/L; ¢ is the porosity of clay minerals, %.

In formations containing multiple salt solutes, the complex
multi-ion mixed solution is converted into an equivalent NaCl
solution (Kurtoglu, 2013). The conversion formula is as follows:

n
Ce=>_ 4G
i=1

where C; is the total molar concentration of all ions in formation
water, mol/L; G is the total molar concentration of the i-th ion in
formation water, mol/L; n is the total number of ion types in for-
mation water; i is the i-th ion species; J; is the conversion coeffi-
cient of the i-th ion in formation water.

This study selected 15 representative standard core columns
from the research blocks, first saturated with formation water, and
then injected simulated water with different ion compositions but
known total mineralization. By measuring the potential difference
between the two ends of the core during the seepage process and
comparing it with the potential difference generated when
injecting an equivalent NaCl solution, the electrochemical princi-
ples of Hittorf and Nernst Einstein were used for back calculation.
Finally, the ion conversion coefficients 4, applicable to the hydro-
chemical characteristics of the formation in this study block were
obtained through weighted averaging, and the experimental
standard deviation was controlled within +5%.

During the imbibition process, capillary forces and osmotic
pressure serve as the primary driving forces. Surfactant (oil
displacement agent) plays a key role in the process of pressure
flooding in tight reservoirs, including reducing oil-water interfa-
cial tension, changing rock wettability, and further affecting
capillary force. In addition, under the condition of a mineralization
difference of 50000 mg/L, the osmotic pressure can reach 1-5 MPa.
Therefore, the imbibition forces equation for low-permeability
reservoirs can be expressed as:

(10)

20p COS 0 (11)

Ap=Pc+Pr= T enE,tRT(Cr - Cf)
where Ap is the imbibition driving force, MPa; p. is the capillary
pressure, MPa; oy, is the oil-water interfacial tension, MPa; ¢ is the
rock wettability angle, °; r is the matrix pore radius, m.

The volume of imbibition between the matrix and fractures can
be further derived as:
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Agr 1

4

H

V;=ApL; = (w

r

+ enE,cRT(Cr - q)) VE (12)

where V; is the imbibition volume, m?; L; is the imbibition depth,
m; A is the effective imbibition area, m?; ¢ is the matrix porosity,
%; u is the fluid viscosity, mPa-s.

2.3. Mathematical model for oil and water flow

During fracturing-flooding process, oil displacement agents are
co-injected with water, affecting fluid viscosity, interfacial tension,
relative permeability, and rock wettability, thereby further
improving oil displacement efficiency. Based on material balance,
considering convection and diffusion, the mass conservation
equation for each component is established:

GG +div(Fia D7) = (13)

where C; is the total concentration of component i in the pore
volume; div is divergence, a quantity used to characterize the

divergence degree of vector field in space; ?1 is the convective

volume of component i, m?; Fl is the diffusion volume of
component i, m>; Q; is the volume of component i flowing in or out
per unit pore volume, m>.

The convection equation is expressed as:

— "p —
Fi=> VG (14)
j=1

where ny, is the total number of phases in reservoir fluids, set to 2
(oil and water phases), dimensionless; V; is the flow velocity of
fluid phase j, m/s; Cjj is the volume fraction of component i in fluid
phase j, dimensionless.

Based on the nonlinear flow model, ignoring gravity, the
nonlinear flow coefficient is obtained through displacement ex-
periments, and the low-velocity nonlinear flow motion equation is
derived as follows:

—

v KK

]

1_ m

grad (pj) +m

grad (pj) (15)

where K is the absolute permeability of the reservoir, mD; K;; is the
relative permeability of fluid phase j, dimensionless; ; is the vis-
cosity of fluid phase j, mPa-s; grad (p;) is the pressure gradient of
fluid phase j, Pa/m; m is the low-velocity nonlinear flow coeffi-
cient, dimensionless.

The diffusion equation is expressed as:

N np ne .
Di =>_¢5 ( > _Djj-grad (Cu) )
= =1

(16)

where S; is the saturation of fluid phase j in the reservoir, dimen-
sionless; n. is the total number of components in fluid phase j,
dimensionless; Df(j is the diffusion coefficient between component
i and component k in fluid phase j, dimensionless.

The reservoir uses Dirichlet boundary conditions, with constant
liquid injection and constant pressure production in the wellbore,
and a fully closed unsteady no-flow outer boundary.
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3. Solution and verification of the fracturing-flooding model
3.1. Solution of the mathematical fracturing-flooding model

In accordance with the practical engineering scenario of water
injection during fracturing flooding, the injected water flows
through the reservoir, causing changes in the rock stress field.
These changes in the stress field induce rock damage, thereby, a
coupled hydro-mechanical-damage (H-M-D) model can be estab-
lished, as shown in Fig. 1. The model can be solved as follows: First,
discretize the flow equation using the finite volume method (FVM)
(Liu et al., 2025). Based on this, project and calculate the rock
stress-strain field using the virtual element method (VEM). Finally,
solve the flow-solid coupling problem using automatic differen-
tiation (AD) to obtain the rock stress-strain parameters of the
reservoir. Through the continuous damage model (CDM), the
damage factor of each element can be calculated, and then the
damage degree of each element can be determined. On this basis,
the reservoir's rock mechanical parameters (effective stress,
Young's modulus) and petrophysical parameters (porosity,
permeability) can be corrected, which further influence the res-
ervoir's flow field and stress-strain field.

3.2. Validation of two-phase flow model

This section omits the matrix-fracture imbibition model, the
dynamic fracture propagation model, and the low-velocity
nonlinear flow model in the current model. Using the Eclipse
reservoir simulation software, a five-spot injection-production
well pattern for oil-water two-phase flow is established to validate
the two-phase oil-water flow model under waterflooding condi-
tions presented in this paper. The Eclipse model adopts the same
reservoir basic physical parameters (Table 1), relative permeability
curve, and initial fluid saturation as this model.

As shown in Fig. 2, the Eclipse model treats the reservoir as an
incompressible rigid body. During the early stage of water injec-
tion, the injection pressure rapidly rises to its maximum value.
Later, as the pressure propagates and diffuses around the wellbore,
the bottomhole pressure gradually decreases. The model in this

Volumetric deformation

v

Pore water pressure

Damage

Fig. 1. Reservoir hydraulic-mechanical-damage diagram (H-M-D).
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Table 1
Basic parameter settings of the reservoir.
Reservoir parameter Value Reservoir parameter Value Reservoir parameter Value Reservoir parameter Value
Depth, m 3000 Crude oil compressibility, MPa~' 6 x 10~% Direction of maximum NE30° Production well 25
horizontal principal pressure, MPa
stress, °
Reservoir pressure, MPa 35 Water compressibility, MPa~" 4 x 10~ Horizontal principal 5 Production pressure 10
stress difference, MPa difference, MPa
Matrix permeability, mD 5 Rock compressibility, MPa~! 1 x 10~ Initial formation water 35000 Initial oil—-water 2
salinity, mg/L interfacial tension, mN/
m
Matrix porosity, % 15 Initial oil saturation, % 60 Natural fracture length, 75 Oil well spacing, m 400
m
Natural fracture permeability, mD 10000 Bound water saturation, % 30 Natural fracture 0.01 Injection-production 283
density, fractures/m well spacing, m
Natural fracture porosity, % 60 Residual oil saturation, % 30 Natural fracture NE30° Fracturing—flooding 1000
orientation, ° injection rate, m*/d
Crude oil viscosity, mPa-s 10 Young's modulus, MPa 3 x 10  Reservoir dimension,m 808 x 808 x 40 Fracturing-flooding 20000
injection volume, m?
Water viscosity, mPa-s 1 Poisson's Ratio 0.3 Reservoir grid blocks 101 x 101 x 1 Fracturing-flooding 20
soaking duration, d
Crude oil density, kg/m 980 Matrix rock Biot coefficient 0.3 Injection water salinity, 1000 Conventional water 20
mg/L injection rate, m3/d
Water phase density, kg/m 1000 Natural fracture Biot coefficient 0.9 Injection surfactant 0.2 Initial rock wettability 85
concentration, % angle, ©
60 15
A Bottom hole pressure: Eclipse A Daily oil production: Eclipse
Bottom hole pressure: Model ——— Daily oil production: Model
52 4 12 4 ® Daily liquid production: Eclipse

36

oL

Bottom hole pressure, MPa
£
/ »
>
e

28 A

20 T T T
0 100 200 300 400

Production duration, d

Fig. 2. Comparison of bottomhole pressure in injection wells.

paper considers the compressibility of the rock. During the early
stage of water injection, as the bottomhole pressure increases, the
rock deforms, the pore volume increases, and the rate of pressure
rise in the reservoir slows down. This results in the bottomhole
pressure at the injection well first rising to its maximum value,
then gradually decreasing as the injection rate becomes lower
than the pressure diffusion rate. When compared with field water
injection data, it is shown that the model in this paper more
accurately reflects the actual pressure changes in the formation
during water injection.

For production wells, as shown in Fig. 3, after one year of pro-
duction, the daily liquid production of a single well decreases from
12 m3/d in the early stage to 6.1 m>/d, and the daily oil production
decreases from 6 m>/d to 3.1 m?/d. The error between the two
models is less than 3%, confirming the accuracy of the basic flow
model presented in this paper.

3.3. Validation of fracture propagation model

Based on microseismic fracture detection, it is shown that
fracturing flooding often forms “long and narrow fractures”, with
the fracture length much greater than the fracture height.
Simplifying the dynamic fracture propagation model for fracturing

4931

——— Daily liquid production: Model

Daily production, m®/d

0 T T T

0 100 200 300 400

Production duration, d

Fig. 3. Comparison of daily production for single wells.

flooding into a fracture propagation model for conventional hy-
draulic fracturing, the fracture propagation model for fracturing
flooding can be then compared and validated with the classical
PKN fracture propagation model.

As shown in Fig. 4, under the condition of water injection at
1000 m?3/d, after 1 h of fracturing flooding, the fracture length
reaches approximately 42 m, with a fracture width of approxi-
mately 2.6 mm. The error with the PKN model is only 1.5%, indi-
cating a high degree of agreement and validating the accuracy of
the dynamic fracture propagation model presented in this paper.

4. Analysis of factors affecting fracturing-flooding effects
4.1. Basic fracturing-flooding parameter settings

As shown in Table 1, the simulated reservoir has a depth of
3000 m, an initial pressure of 35 MPa, and consists of oil-water
two-phase fluid with a certain degree of natural fractures devel-
oped. The fracture orientation is consistent with the maximum
horizontal principal stress, at an NE30° direction. The dimension of
the simulated reservoir is 808 m x 808 m x 40 m, as shown in
Fig. 5. To ensure the accuracy of numerical results and balance
computational efficiency, this study conducted a grid sensitivity
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A Fracture width: Model

r 06
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10 20 30 40 50

60

Injection duration for fracturing-flooding, min

Fig. 4. Comparison of fracture propagation models.

analysis. Taking into account both computational accuracy and
efficiency, the optimal grid division of 101 x 101 is reasonable and
reliable. Taking the XX block as an example, for the fracturing-
flooding water injection wells, the injection volume per cycle is
set to 20,000 m>, with an injection rate of 1000 m>/d. The water
injection is accompanied by the injection of a surfactant with an
initial concentration of 0.2%. After the fracturing flooding ends, the
soaking duration for the injection well (W1) is 30 days. Once the
soaking period ends, the injection well transitions to conventional
water injection with an injection rate of 20 m?/d, and the oil well is
produced at a constant pressure (set pressure to 25 MPa), with a
production pressure differential of 10 MPa.

4.2. Analysis of the impacts of geological parameters

Field practice shows that natural fractures are an important
factor affecting the waterflood front during fracturing flooding.
Therefore, the geological parameters analyzed in this study
include matrix permeability (0.1, 1.0, 5.0, 10 mD) and natural
fracture density (0.5, 0.75, 1, 2 fractures/100 m).

4.2.1. Matrix permeability

As shown in Fig. 6, when the permeability is 0.1 mD, the for-
mation filtration rate is low, the net pressure in the fractures is
high, and the rock damage degree is high, resulting in “long and
narrow” fracture zones (320 m long and 15 m wide). As matrix

w1 (e)

808 m

®

Water injection well

&

Production well

Hydraulic fracture

Reservoir boundary
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permeability increases (10 mD), the matrix filtration rate in-
creases, making it easier to connect with natural fractures. As a
result, the net pressure in the fracture network decreases, the rock
damage degree decreases, and fracturing-flooding fractures are
more influenced by natural fractures, forming “short and wide”
fracture zones (216 m long, 41 m wide).

As shown in Table 2, when the matrix permeability is 0.1 mD,
the matrix flow rate slows down, and the propagation velocity of
the fluid pressure between matrix pores slows down too, resulting
in a high-pressure zone near the injection well after fracturing-
flooding water injection. During soaking period, the pressure
diffusion rate is low, making it difficult for formation fluid pressure
to diffuse. After 30 days of soaking, a distinct high-pressure zone
persists in the formation, and pressure equilibrium is challenging
to achieve. Even after three years of production, the formation
pressure remains unbalanced. As matrix permeability increases,
the flow rate within the matrix accelerates. Simultaneously, during
water injection, hydraulic fractures connect with nearby natural
fractures, enhancing the propagation velocity of fluid pressure
within matrix pores. As a result, the high-pressure zone near the
wellbore shrinks after fracturing flooding, and the formation fluid
pressure diffuses more rapidly during the soaking period, gradu-
ally balancing the formation pressure. After soaking, the high-
pressure zone significantly decreases, and the formation pres-
sure drops at a faster rate during production.

4.2.2. Natural fracture density

As shown in Fig. 7, when the natural fracture density is low, it is
more difficult for injected water to penetrate natural fractures.
Therefore, the hydraulic fractures mainly extend in the direction of
the maximum horizontal principal stress, with higher propagation
pressure, resulting in longer hydraulic fractures and greater frac-
ture damage. When the density of natural fractures increases from
0.5 to 2.0 fractures/100 m, the average deflection angle of the main
branches of hydraulic fractures relative to the direction of the
maximum horizontal principal stress (NE30°) increases from
about 5° to about 15°. As the fracture density increases, the
fracturing-flooding hydraulic fractures are more influenced by
natural fractures, deviating and turning, forming shorter fracture
networks with less damage.

As shown in Fig. 8, when the natural fracture density is 0.5
fractures/100 m, due to the underdeveloped fracture system in the
reservoir, the fluid flow rate within the matrix and from the matrix
to the fractures is slow, and the propagation velocity of the fluid

(b)
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Fig. 5. Schematic diagram of the simulated injection-production well pattern. (a) Injection-production well group. (b) Natural fracture morphology.
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Permeability of 1.0 mD | [

Permeability of 10 mD

Fig. 6. Rock damage zones formed by fracturing-flooding under different matrix permeability conditions, the color represents the degree of damage to the rock unit, with red
indicating high damage and blue indicating low damage. (a) Permeability of 0.1 mD. (b) Permeability of 0.5 mD. (c) Permeability of 1.0 mD. (d) Permeability of 10 mD.

Table 2

Numerical simulation of formation pressure distribution under different matrix permeability conditions, the colors represent formation pressure, with red indicating high

pressure and blue indicating low pressure.

Matrix permeability 0.1 mD

Formation pressure after water injection (20000 m?)

Formation pressure after soaking (20 d)

Formation pressure after production (3 years)

Color bar

=4

pressure between pores is slow. After fracturing flooding, a high-
pressure zone forms near the injection well. As the formation
rock fractures, the bottom hole pressure gradually decreases from
an initial 85 MPa to 75 MPa. During soaking period, the pressure
diffusion velocity is relatively low, and the fluid pressure within
the formation diffuses to some extent. After 30 days of soaking, the
formation pressure near the injection well decreases from 75 MPa
to 45 MPa, a drop of 30 MPa, but the formation pressure has not yet
fully balanced. During three years of production, the formation
pressure near the injection well gradually diffuses toward the
production wells, and the overall formation pressure gradually
decreases. As the natural fracture density increases, the flow dis-
tance from the matrix to the fractures becomes shorter, and the
flow velocity increases. During water injection, hydraulic fractures
easily connect with nearby natural fractures, increasing the
propagation rate of the fluid pressure between matrix pores. After
three years of production, the formation pressure in the reservoir
with a low natural fracture density is about 29.5 MPa, and about

Natural fractures of 0.75
fractures/100 m

Natural fractures of 0.5
fractures/100 m

27.3 MPa in the reservoir with a high natural fracture density (1.0,
2.0 fractures/100 m), a decrease of 2.2 MPa.

4.3. Analysis of the impacts of engineering parameters

The impacts of engineering parameters on formation pressure,
fracture propagation, water saturation, and later production dur-
ing fracturing flooding is analyzed, and the engineering parame-
ters includes fracturing-flooding water injection volumes of 5000,
10000, 20000, and 30000 m?, water injection rates of 250, 500,
1000, and 1500 m>/d, as well as soaking durations of 10, 20, 30, and
40 d.

4.3.1. Fracturing-flooding water injection volume

As shown in Figs. 9 and 10, when the water injection volume is
5000 m?, during the early stages of injection, the formation frac-
ture degree is low, and the formation pressure is high. The
resulting fractures induced by water injection are short, with a

Natural fractures of 2.0
fractures/100 m

Natural fractures of 1.0 m
fractures/100 m

Fig. 7. Rock damage zones formed by fracturing-flooding water injection under different natural fracture densities, the color represents the degree of damage to the rock unit,
with red indicating high damage and blue indicating low damage. (a) Natural fractures of 0.5 fractures/100 m. (b) Natural fractures of 0.75 fractures/100 m. (c) Natural fractures of

1.0 fractures/100 m. (d) Natural fractures of 2.0 fractures/100 m.
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Fig. 8. Pressure changes during fracturing flooding under different natural fracture
densities.
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Fig. 9. The rock damage degree under different injection volumes of fracturing
flooding.

length of approximately 85 m; however, the fracture damage is
significant, with an average damage degree of 0.975. As the in-
jection volume increases, the number of damaged cells rises,
fracture length increases, and the overall water absorption ca-
pacity of the fracture network improves. Under the same injection
volumes, formation pressure decreases. Therefore, in the later
stages of fracturing flooding, newly formed hydraulic fractures
(damaged cells) exhibit a lower damage level, with the average
damage degree decreasing to 0.891. When the fracturing-flooding
water injection volume within a single layer reaches 30000 m?, the
number of damaged cells increases to 80, with the length of
fractures induced by water injection reaching 450 m. At this point,
asymmetric fracture propagation occurs in the direction of the
formation's principal stress. Influenced by natural fractures and

m Injection volume of 10000 m?®

m Injection volume of 5000 m?®
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Fig. 11. Cumulative oil production of a single well under different injection volumes
of fracturing-flooding.

formation stress heterogeneity, the hydraulic fractures are more
likely to extend in the direction of stress dominance and may
channel to the production wells, which is unfavorable for later
conventional water injection and production.

As shown in Fig. 11, when the fracturing-flooding injection
volume is 5000 m3, the cumulative production of a single well is
1800 t. As the fracturing-flooding water injection volume in-
creases, the formation energy in the early stages is more sufficient,
resulting in a higher production rate after fracturing flooding and a
greater cumulative production of a single well over three years.
When the fracturing-flooding injection volume increases to
20000 m?, the cumulative production of a single well increases to
about 2400 t. Under these formation conditions, when the injec-
tion volume exceeds 20000 m?>, there is little increase in the
production of the well group.

4.3.2. Fracturing-flooding injection rate

As shown in Figs. 12 and 13, when the injection rate is 250 m>/d,
the net pressure within the fractures is low, and the resulting
hydraulic fractures have a low damage degree. The injection rate is
small, comparable to the filtration rate of the formation fractures,
and after fracturing flooding, the hydraulic fracture length is about
90 m. As the injection rate increases, the injection rate far exceeds
the filtration rate of formation fractures, the number of damaged
cells increases, the fracture length increases, and the formation net
pressure increases, causing higher damage degree of the hydraulic
fractures (damaged cells). When the injection rate increases to
450 m3/d, the number of damaged cells increases to 104, and the
hydraulic fracture length reaches a peak of 514 m. As the injection
rate further increases, the net pressure within the fractures con-
tinues to increase, and the damage degree of the fracture cells

Injection volume of 20000 m? m Injection volume of 30000 m?®

Fig. 10. Hydraulic fracture morphology formed under different injection volumes of fracturing flooding. (a) Injection volume of 5000 m?>. (b) Injection volume of 10000 m>. (c)

Injection volume of 20000 m?>. (d) Injection volume of 30000 m°.
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Fig. 12. The rock damage degree under different injection rates of fracturing-flooding.

continues to increase. On one hand, as the net pressure within the
fractures increases, the filtration rate within the fractures also
increases. On the other hand, under the same injection volume, a
higher injection rate results in a shorter injection duration and a
shorter period of continuous damage to the formation. These two
factors result in shorter hydraulic fracture lengths after fracturing
flooding. Therefore, during fracturing-flooding water injection,
considering the impact of formation net pressure and fracture
filtration, it is necessary to control the fracturing-flooding injec-
tion rate to regulate the development of the fracture network,
providing more suitable flow channels for later conventional water
injection and production.

As shown in Fig. 14, the fracturing-flooding injection rate has a
significant impact on cumulative production of a single well over
three years. When the injection rate is 250 m>/d, the cumulative
production of a single well is about 1940 t. When the injection rate
increases to 500 m?®/d, influenced by the hydraulic fractures, the
cumulative production of Well W2 reaches 3200 t, while the cu-
mulative production of other wells remains relatively low, with
significant differences between wells. This disparity often leads to
water channeling in the later stages of waterflooding or during the
second-round fracturing-flooding process. Under the same
fracturing-flooding injection volume, as the injection rate further
increases, the hydraulic fracture length decreases, and the pro-
duction wells are more evenly affected, consequently, the pro-
ductivity of the wells improves to some extent.

4.3.3. Fracturing-flooding soaking duration

As shown in Fig. 15, the soaking duration has a significant
impact on the formation pressure of the fracturing-flooding well
group. As the soaking duration increases, the injected water near
the injection well flows outward, and the pressure diffuses. After
fracturing-flooding water injection of 20000 m?, the formation

Injection rate of 250 m*¥d m

Injection rate of 500 m®%d
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Fig. 14. 3-year cumulative oil production of a single well under different injection
rates for fracturing flooding.

pressure near the injection well increases to 64.2 MPa. After 10
days of soaking, the formation pressure decreases to 48.0 MPa,
after 20 days to 44.8 MPa, and after 30 days to 43.5 MPa, gradually
stabilizing. The stability of formation pressure is important for
later balanced displacement and stable production. After 40 days
of soaking, the formation pressure decreases to 42.8 MPa.

As shown in Fig. 16, when the soaking duration is 10 days, the
cumulative production of a single well over three years is about
1920 t. When the soaking duration increases to 20 days, influenced
by the formation pressure and oil saturation near the production
wells, the cumulative production of a single well over three years
increases to 2250 t. When the soaking duration increases to 30
days, the cumulative production of a single well over three years
increases to 2430 t, and the cumulative production of the well
group increases by 720 t. As the soaking duration further increases,
the increase in cumulative oil production of the well group
decreases.

5. Field application of fracturing flooding

Taking the fracturing flooding of tight oil reservoirs as an
example, three fracturing-flooding well groups, G1, G2, and G3,
were implemented. The fracturing-flooding parameters are shown
in Table 3. For the G1 well group, the average single-stage injection
volume ranges from 0.6 x 10% to 1.2 x 10* m?, with an injection
rate of 760 to 960 m>/d and a soaking duration of approximately 70
days, characterized by the operational feature of “small injection
volume and long soaking duration”. The G3 well group, in contrast,
has an average single-stage injection volume of 3.7 x 10% to
4.2 x 10* m?, with an injection rate of around 970 m?/d and a
soaking duration of 3 to 5 days, characterized by “large injection
volume and short soaking duration”. The fracturing-flooding

Injection rate of 1000 m?%d m

Injection rate of 1500 m3/d

Fig. 13. Fracture morphology formed under different injection rates of fracturing-flooding. (a) Injection rate of 250 m>/d. (b) Injection rate of 500 m>/d. (c) Injection rate of

1000 m?/d. (d) Injection rate of 1500 m>/d.
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Fig. 15. Rock damage zones formed by fracturing-flooding water injection under different natural fracture densities. (a) Soaking for 0 days. (b) Soaking for 10 days. (c) Soaking for

20 days. (d) Soaking for 30 days. (e) Soaking for 40 days.
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Fig. 16. Cumulative oil production of a single well over 3 years under different
fracturing-flooding soaking durations.

parameters for the G2 well group are roughly consistent with the
values recommended by numerical simulation.

As shown in Fig. 17, by comparing and analyzing the numerical
simulation results and historical production data of G2 well group,
the daily oil production of the well group was 27.2 t/d at the initial
stage, and the cumulative production was 696.3 t in a month,
which was 2.2% higher than the numerical simulation results,
further verifying the reliability of the research model.

The initial production results (1 month) of the well groups after
fracturing flooding are shown in Table 4. Among them, the G2 well
group shows the best production performance, while the G1 well
group shows the characteristics of “low oil pressure, low liquid
production, low oil production, and moderate water cut” after
fracturing flooding. The main reason for this is that the G1 block
has a small fracturing-flooding injection volume, resulting in

Table 3
Comparison of fracturing-flooding parameters for different well groups.

50 1000

Daily oil production (Model)
@ Daily oil production (History)
Cumulative production (History) I 800
A Cumulative production (Model)

40

30 1 I 600

20 4900000000

Daily oil production, t
Cumulative production, t

I 200

0 5 10 15 20 25 30
Production time, d

Fig. 17. Comparison between model and historical production data.

insufficient energy replenishment and low liquid and oil produc-
tion in later stages. Compared to the G2 well group, the G3 well
group shows the characteristics of “moderate oil pressure, high
liquid production, low oil production, and high water cut” after
fracturing flooding. The reasons for this can be attributed to two
factors: (1) Compared to the G2 block, the G3 block receives a
larger fracturing-flooding injection volume, exceeding the forma-
tion's maximum water absorption capacity, resulting in water
channeling in some production wells and sustained high water cut
after well opening; (2) The soaking duration after fracturing
flooding in the G3 block is too short, leading to insufficient diffu-
sion of the injected water and weak oil-water imbibition. After
reopening, the liquid production and the water cut from produc-
tion wells is high, affecting the fracturing-flooding development
effects. Based on the numerical simulation results, after 3 years of
production, the oil production of G2 well group is 680-850 t higher
than that of G1 and G3 well groups, and the economic benefits are

Well group Well number Injection volume, m? Injection rate, m3/d Soaking duration, d
G1 X1 12500 963.4 10
X2 6100 763.1 70
X3 7150 824.1 75
G2 X4 31812 1076.5 15
X5 14136 648.8 15
G3 X6 36850 983.9 3
X7 39850 973.0 5
X8 41550 966.6 5
Numerical simulation recommended value 30000-35000 1000-1200 20-30
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Comparison of initial production performance after fracturing flooding in different well groups.

Well group Average oil pressure, MPa Average daily liquid production, t Average daily oil production, t Water cut, %
G1 0.5 13.0 5.5 35.6
G2 11.1 16.8 11.6 241
G3 11.6 31.5 4.4 64.0

much higher than the increase of G2 well group costs, including
the additional costs of injection water, oil displacement agent and
operation costs.

The optimization chart of fracturing-flooding engineering pa-
rameters obtained in this study is based on specific geological and
engineering assumptions. When applied on site, it is necessary to
comprehensively consider the specific geological uncertainty,
construction constraints, and economic costs of the target block,
and use real-time monitoring data for dynamic adjustment and
adaptive management in order to achieve the best development
effect.

6. Conclusions

(1) Considering the effects of capillary pressure and osmotic
pressure, based on nonlinear flow theory and continuous
damage theory, a coupled hydro-mechanical-damage (H-M-
D) mathematical model for fracturing flooding in tight res-
ervoirs was established. Numerical simulations of the inte-
grated “fracturing-soaking-production” process were
conducted to clarify the factors influencing-fracturing
flooding effects.

(2) When matrix permeability is low, the formation's water
absorption capacity is weak, and the rock damage degree is
high, forming “long and narrow” fracture networks. As
matrix permeability increases, the rock damage degree de-
creases, forming “short and wide” fracture networks. When
natural fracture density is low, it is more difficult for injec-
ted water to penetrate natural fractures, resulting in longer
hydraulic fracture networks and greater fracture damage
during the fracturing-flooding process. As natural fracture
density increases, the hydraulic fracture networks are more
influenced by natural fractures, deviating and turning,
forming shorter fracture networks.

(3) As the injected water volume increases, the length of the
fracture network also increases, enhancing the overall
water absorption capacity of the fracture network, and the
hydraulic fractures are more likely to propagate in the
direction of stress dominance. As the injection rate in-
creases, the net pressure within the fractures rises, lead-
ing to greater fracture damage. As the soaking duration
increases, the formation pressure equilibrates and dif-
fuses, and under the influence of capillary and imbibition,
the oil saturation near the fractures significantly increases
after soaking.

(4) Anintegrated “fracturing-soaking-production” optimization
technique for fracturing-flooding engineering parameters
was formed, and an optimization chart for fracturing-
flooding engineering parameters was established. The
fracturing-flooding injection volume within a single layer
was optimized to be 3.0 x 10% to 3.5 x 10%* m3, the
fracturing-flooding injection rate was optimized to be 1,000
to 1,200 m>/d, and the optimal soaking duration was opti-
mized to be 20 to 30 days. These engineering parameters
achieved better fracturing-flooding development results
compared to adjacent blocks.
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