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Abstract: Hydraulic fracturing assisted oil displacement (HFAOD) can improve the productivity of
offshore low-permeability reservoirs, but challenges such as rapid productivity decline, difficulty in
controlling fracture height, and unclear influence of geological and operational factors on key
parameters of HFAOD persist. This study establishes a fluid-solid coupling model for HFAOD and
verifies its accuracy with field data. It clarifies laws of HFAOD fracture propagation and fluid
infiltration, conducts sensitivity analyses to identify dominant factors affecting fracture propagation
and fluid infiltration, and achieves quantitative characterization and rapid prediction of fracture half-
length and infiltration radius. The results indicate that the HFAOD fluid undergoes simultaneous
infiltration during fracture propagation. In the initial stage of HFAOD, the fluid primarily contributes
to fracture creation with limited infiltration, while in the middle to late stages, fracture propagation
diminishes and the infiltration radius expands significantly. The dominant controlling factors
affecting HFAOD fracture propagation are reservoir thickness and cumulative injection volume, the
dominant controlling factors affecting HFAOD fluid infiltration are permeability and formation
pressure coefficient before HFAOD, which should be given special attention on site. This study
quantifies the relationships between HFAOD key parameters (fracture half-length and infiltration
radius) and their dominant controlling factors and establishes a mathematical model for rapid
prediction of these parameters. The research results provide a theoretical basis for optimizing
HFAOQOD designs in offshore low permeability reservoirs.

Keywords: Hydraulic fracturing assisted oil displacement; Offshore low permeability; Fracture
propagation; Infiltration radius; Dominant controlling factors; Parameter prediction

1. Introduction

Fracturing oil displacement technology, also known as “Hydraulic fracturing assisted oil
displacement (HFAOD)”, is a construction technique summarized by Oilfields in recent years
through practical experience to efficiently develop low-permeability, tight oil and gas reservoirs. It
primarily addresses challenges such as scattered remaining oil distribution, "water injection failure
and oil production inefficiency", high difficulty in chemical flooding, and formation energy depletion

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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[1]. In 2017, Daqing Lamadian Oilfield [2] conducted China’s first field trial of HFAOD technology,
achieving a daily liquid increase of 98 tons and a daily oil increase of 3.2 tons. Subsequently, HFAOD
technology has been trialed in low-permeability and tight reservoirs such as Daging Changyuan [3],
Shanshan Oilfield [4], Tuha Oilfield [5], Shengli Oilfield [6-9], Yanchang Oilfield [10], and Jiangsu
Oilfield [11], demonstrating more significant oil production effects compared to conventional
fracturing. HFAOD technology utilizes hydraulic fracturing to propel large volumes of chemical
agents deep into the reservoir above and below the fractures, rapidly replenishing formation energy,
mobilizing scattered remaining oil into enriched zones, and achieving efficient oil displacement.
HFAOD technology shifts the focus of conventional hydraulic fracturing from promoting fracture
propagation to delaying fracture extension, thereby inhibiting premature breakthrough of the
chemical agent front caused by rapid fracture growth. This enhances effective swept volume
expansion and reduces chemical agent loss along the flow path through high-pressure injection.
HFAOD operations are primarily categorized into “forward HFAOD" and "reverse HFAOD.”
“Forward HFAOD” involves high-pressure injection of chemical agents from an injection well. After
fracturing the formation, the agents gather scattered remaining oil along the displacement direction,
continue driving it toward the production well. Post-fracturing, the fractures gradually close, and the
injection well resumes conventional water injection. “Reverse HFAOD” involves high-pressure
injection of chemical agents into a production well. After fracturing the formation, the agents gather
scattered remaining oil near the production well under the displacement pressure differential. Post-
fracturing, the fractures gradually close, production resumes following a well-soaking period, and
injection wells return to conventional water injection. Field tests demonstrate that reverse HFAOD
outperforms forward HFAOD [12]. Offshore oilfields face challenges such as poor reservoir
properties, strong heterogeneity, poor connectivity in certain well groups, ineffective water injection,
resulting in low formation energy, rapid production decline. Additionally, the thin vertical reservoir
layers, poor interlayer isolation also make it difficult to control the fracture height [13]. Currently,
pilot trials of HFAOD are being conducted in offshore low permeability oilfields. The project for three
wells in the Weizhou 12-2 Qilfield of the South China Sea has been successfully completed, with post-
operation results showing significant increases in oil production and injection efficiency. This
operation utilized 13,356 m? of fluid and 175 m? of proppant, marking the largest-scale HFAOD
operation implemented by CNOOC to date. Following HFAOD operations, Well B13 achieved a 50%
increase in oil production [13], with current production continuing to rise. However, the quantitative
impact of HFAOD key parameters on operational effectiveness remains unclear.

During HFAOD operations, fracture propagation significantly impacts well productivity, and
the fracture growth patterns in HFAOD differ from those in conventional hydraulic fracturing.
Conventional hydraulic fracturing focuses solely on fracture creation, aiming to minimize fluid
infiltration of the working fluid during fracture propagation to ensure effective action on the fracture
walls. HFAOD requires consideration of both fracture propagation during the fracturing process and
the fluid infiltration volume and infiltration patterns. Therefore, quantitative characterization of
fracture half-length and infiltration radius during HFAQOD is critical for evaluating displacement
effectiveness and optimizing fracturing operations. Zhang et al. [14] conducted HFAOD physical
experiments to investigate factors affecting HFAOD breakdown pressure. Based on CT scanning,
they analyzed fracture distribution characteristics in HFAOD at the micrometer scale, introduced
pore structure parameters, and developed a quantitative characterization method for HFAOD
fractures. Xu et al. [15] established a three-dimensional mathematical model for fluid-solid coupled
fracture propagation under HFAOD conditions, targeting the infiltration process in Class III
reservoirs of Daqing Oilfield. The model incorporates normal seepage stress and coefficient within
fractures, as well as seepage pressure and coefficient in the matrix. Fracture parameters and pressure
distribution were solved using the Picard iteration method. Zha et al. [16] established a constitutive
equation between fluid and matrix based on Biot's linear elastic contact theory, discretized the rock
stress-strain field using the virtual element method, and quantitatively characterized the dynamic
fracture propagation during HFAOD water injection. Additionally, Ma et al. [17] and Shen et al. [18]
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characterized reservoir porosity-permeability changes after HFAOD and conducted optimization
studies on HFAOD injection parameters, using specific blocks in the Bonan Oilfield and a tight
sandstone reservoir as research targets. Their work clarified the impact of injection rate and
cumulative injection volume on HFAOD effectiveness. In addition to HFAOD fracture propagation,
researchers have also investigated factors influencing fracture growth in conventional hydraulic
fracturing. Fan et al. [19] proposed the concept of dynamic fractures for low-permeability reservoirs,
analyzing their evolution process from initiation, propagation, to closure, and developed a
mathematical model to describe dynamic changes in fracture geometry and properties. Guo et al. [20]
established a continuous fracture network model for shale gas reservoir fracturing, incorporating key
factors such as fracture height, fracture asymmetry, and fluid infiltration. They proposed forward
and inverse algorithms for the model and validated through case studies that its accuracy exceeds
90%. Zhao et al. [21] developed a new pseudo-3D (P3D) hydraulic fracture propagation model to
address fracture height growth in thin-layer sandstone. This model couples the wedge-shaped
fracture model, penetrative fracture propagation model, PKN model, and Carter infiltration model.
They further analyzed the influence of factors such as injection ratio, infiltration coefficient, stress
difference between reservoir and adjacent layers, and interlayer fracture toughness on fracture
propagation. Regarding dominant factors controlling fracture propagation, Zhang et al. [22]
investigated the effects of gravel strength, cementation strength, and horizontal stress difference on
fracture extension through discrete element numerical simulation. They further quantitatively
analyzed the impact of these factors on dimensionless fracture length using the random forest
method. He et al. [23] integrated core sample testing, well logging, and fracturing data to analytically
investigate the dominant factors controlling hydraulic fracture propagation in coalbed methane
reservoirs. Regarding fracturing fluid infiltration, Luo et al. [24] summarized the strengths and
weaknesses of existing fluid infiltration models, developed and solved a two-dimensional fracturing
fluid infiltration model incorporating dynamic fracture propagation, and demonstrated that fracture
length variation significantly impacts fluid infiltration. Wang et al. [25] established a spontaneous
fracturing fluid imbibition model driven by capillary forces for shale gas reservoirs and introduced
a dimensionless imbibition rate parameter to analyze key factors influencing fracturing fluid
infiltration. Zhou et al. [26] developed different fluid infiltration behavior models based on HFAOD
fluid viscosity and the reservoir basic physical properties and clarified the impact of fracturing fluid
infiltration on fracture initiation mechanisms.

It is evident that research on fracture propagation and fracturing fluid infiltration in hydraulic
fracturing and HFAOD leans more toward numerical simulations. Compared to laboratory
experimental evaluation, numerical simulations offer easier control over parameters and laws,
thereby facilitating the proposal of the most robust optimized fracturing design plans [27]. In
summary, the influencing factors of fracture propagation in hydraulic fracturing and HFAOD can be
categorized into geological factors and operational factors. While some studies have reported on
factors affecting HFAOD fracture propagation, HFAOD processes differ from conventional
fracturing by requiring consideration of the coupling between fracture extension and HFAOD agent
infiltration. However, existing research remains focused on conventional fracturing, and the
dominant controlling factors of HFAOD agent infiltration have not yet been reported. Additionally,
after clarifying the dominant controlling factors of fracture half-length and HFAOD agent infiltration,
accurately predicting fracture half-length and infiltration radius under multi-factor control is critical
for developing optimized charts of HFAOD fracture half-length and infiltration radius, thereby
providing critical guidance for HFAOD operations.

This study establishes a finite element numerical model based on the rock stress equilibrium
equations, pore fluid flow equations, and fracture initiation criteria during HFAOD processes,
incorporating the coupling effects of fracture propagation and fluid infiltration. Utilizing the finite
element platform, we investigate the impacts of geological and operational factors on HFAOD
fracture extension and agent infiltration. By applying the entropy weight-based grey relational
analysis method, this study identifies the dominant controlling factors of HFAOD parameters
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(fracture half-length and infiltration radius), constructs a quantitative characterization model for
HFAOD parameters, and develops optimized charts for fracture half-length and infiltration radius.
These charts enable the prediction of HFAOD fracture half-length and agent infiltration radius under
the influence of dominant factors, providing a basis for HFAOD effectiveness evaluation and
operational parameter optimization.

2. Theory and Method

2.1. Physical Model and Assumptions

The physical process of HFAOD involves injecting HFAOD agents into the formation at high
pressure and high rate to create fractures. Through the simultaneous fracturing and infiltration
process (“fracture propagation—>HFAOD agent infiltration”), as shown in Figure 1(a), the agents
penetrate deeper and farther into the reservoir, effectively expanding the swept volume. Since
HFAOD agents are surfactants, they reduce oil-water interfacial tension, alter wettability, decrease
residual oil saturation, and enhance oil displacement. Thus, the oil recovery is further enhanced
through both swept volume expansion and oil displacement efficiency enhancement.

——> Fracture extension (1-1) =———> Fracture extension (f) ———> Fracture extension (+1)

@) (b)

Figure 1. Schematic diagram of HFAOD agent injection with simultaneous fracturing and infiltration. (a)

Fracture-flow coupling process; (b) Pre-existing crack.

During HFAOD agent injection, the fluid flows from the wellbore to artificial fractures and then
from the fractures to the matrix. The simultaneous fracturing and infiltration process can be
equivalently characterized as two independent processes—fracture creation and infiltration—using
a pre-existing fracture method, as shown in Figure 1(b). By artificially pre-embedded fractures with
specific geometry and conductivity, HFAOD agents are injected into the reservoir containing
fractures and matrix through production wells to simulate infiltration, during which fractures do not
propagate further. The flow of HFAOD fluid is divided into tangential flow and normal flow:
tangential flow induces pressure buildup at the fracture tip, leading to fracture opening, while
normal flow represents fluid infiltrates from the fractures during HFAOD operations.

Assumptions include:(1) The formation is a homogeneous, isotropic porous medium in a linear
elastic state. (2) Temperature effects on fractures are neglected. (3) The HFAOD fluid is
incompressible, rock pores are fully saturated, and physicochemical interactions between the
HFAOD fluid and surrounding rock are ignored during operations. (4) Fluid inertial effects are
neglected.

2.2. Mathematical Model

During fracture propagation, rock deformation and fluid flow within fractures necessitate
consideration of fluid-solid coupling in HFAOD processes. Prior to fracture initiation, the rock is
influenced by in-situ stresses and pore pressure. When the fluid pressure within the fracture reaches
the rock’s tensile strength, fractures initiate and propagate along the failure direction. Both pre-
initiation and post-failure stages are static processes, while fracture propagation is dynamic. The
mathematical model primarily includes: rock stress equilibrium equations, pore fluid flow equations
and fracture initiation and propagation criteria.
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2.2.1. Rock Stress Equilibrium Equations

Based on the principle of virtual work in statics, the system remains in equilibrium before
fracture propagation, where the total virtual work from constraint forces and fluid pressure equals
zero. The stress equilibrium equation is shown in follows:

jVagTdodV— jV5uTc1de— L Su”ddS =0 1)

Where, 0¢ is the virtual displacement of the rock, m; f is the body force acting on the rock element,
N/m3; 6u is the virtual strain of the rock, m; 4V in the volume element of the rock unit, m3; T is the
surface force acting on the rock contact face, N/m?; dS is the area element of the rock contact face, m2.

2.2.2. Pore Fluid Flow Equations

Within the pore space of a unit reservoir rock, the mass of HFAOD fluid entering the pores
equals the mass exiting during a given time period, as described by the continuity equation below:

1 d 0
VJé‘v py (Jpwnw)dV+IV§v ax(,ownwvw)dV 0 )
Where, vw is the HFAOD fluid flow velocity, m/s; nw is the ratio of HFAOD fluid volume in unit pores
to unit rock volume, dimensionless; | is the change rate of pore volume, dimensionless; pw is the
density of HFAOD fluid, kg/m3; 6v is the virtual velocity of rock motion, m/s.

During fracture propagation, the permeability and pore pressure of the reservoir rock undergo
changes, described by the following equations:

_ ¢0 _gv
¢ 1-¢, )
1 3
K=K, (1 —QJ @)
1_ gv qDO

Where, ¢ is the porosity, dimensionless; ¢o is the initial porosity, dimensionless; & is the volumetric
strain rate of the rock, dimensionless; K is the permeability, um? Ko is the initial permeability, pm2
The HFAQOD fluid is a surfactant-based agent, distinct from conventional fracturing fluids (e.g.,
guar gum), and behaves as a newtonian fluid. The expressions for tangential flow and normal flow
of the HFAOD fluid are as follows:
Tangential flow equation:

3
w

q=7-Vp ©
2u "
Where, g is the volumetric flow rate of HFAOD fluid, m3/s; w is the fracture width, m; u is the viscosity
coefficient of the fluid; pr is the fluid pressure within the fracture, MPa.
The normal flow equation for fluid at the upper and lower surfaces of the fracture element is
derived by introducing volumetric flow rate to model HFAOD fluid infiltration:

{ g, =c¢(p; = p)
gy = ¢, (Pr = Py)
Where, pt, pvis the pore pressures at the upper and lower surfaces of the fracture, MPa; gt, gv is the

(6)

fluid infiltration volumes at the upper and lower surfaces, m%s; ct, c» is the fluid infiltration
coefficients at the upper and lower surfaces.

2.2.3. Fracture Initiation and Propagation Criteria
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Based on the assumptions and practical conditions, since HFAOD fractures primarily initiate via
tensile failure mode, the maximum principal stress criterion is selected as the fracture initiation
criterion for reservoir rock, expressed as follows:

max{<t—’(’]>,%,t—(’)}:1 )

t tt

n s t
Where, % represents the critical tensile stress in the normal direction, corresponding to the tensile
strength of the rock; %, t% denote the critical tensile stresses in the two tangential directions; < >
indicates that stress takes positive value—compressive stresses or compressive deformation in the
element do not induce damage.

When the tensile stress in any direction of the element reaches the tensile strength, fractures form
within the element to create fracture surfaces. In practical fracture initiation processes, based on rock
fracture mechanics, the energy release rate is introduced to address limitations in the maximum stress
criterion for determining rock fracture initiation. This section adopts the BK criterion as a
supplementary method. When the first and second tangential fracture energies of the element are
equal, the basic form of the criterion is expressed as follows:

n
) GS + Gt _ GC ®)
G, +G +G,

Where, Gn. Gs. Gtis the work done by the normal, first tangential, and second tangential stresses on

G +(G -Gy

n

the element displacement, N/mm, Gs==Gy; G, G€. Gi€ is the fracture energy in the normal, first
tangential, and second tangential directions of the element, N/mm; GC€ is the total fracture energy,
N/mm; 7 is the constant characterizing rock properties.

2.3. Grid Generation

The model employs homogeneous grids parallel to the fracture direction in the X-axis and
heterogeneous grids perpendicular to the fracture direction to finely characterize fracture
propagation and infiltration processes. The numerical model dimensions are: X-direction (width): 300
m (minimum horizontal principal stress direction), Y-direction (height): 90 m (vertical principal stress
direction), Z-direction (length): 300 m (maximum horizontal principal stress direction). The
formation is divided into a reservoir layer (28 m) and upper/lower barrier layers (30 m). The injection
point is located at the center of the reservoir. Figure 4 illustrates the numerical simulation grid
discretization process.

15m

7m

fracture area [

injection point

y

L=

Figure 2. Schematic diagram of grid generation in numerical simulation.
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3. Application

3.1. Validation

Offshore oilfields predominantly feature complex fault-block reservoirs with low permeability,
thick oil layers, and insufficient formation energy replenishment. In some blocks, incomplete well
patterns and poor fluid injection efficiency hinder production. Well A, an HFAOD-implemented well
in an isolated fault block, has an effective thickness of 29.7 m, porosity of 17.6%, and permeability of
20.8mD, indicating development potential. However, prolonged depletion-driven production has
reduced its formation pressure coefficient to 0.78, with a recovery factor below 10%. Using Well A as
a validation model, this study analyzes HFAOD fracture propagation and fluid infiltration. Key rock
mechanical and operational parameters for Well A are listed in Table 1.

Table 1. Reservoir rock mechanics and construction parameters.

Parameters Reservoir Interlayer
Young's modulus/(GPa) 26 18
Poisson's ratio 0.24 0.32
Tensile strength/(MPa) 5 6
Fluid infiltration coefficient/(m-s'2) 2.56E-13 2.56E-14
Formation stress/(MPa) 41,50 45,54
HFAOD fluid viscosity/(Pa-s) 0.001
Injection rate/(m?3/s) 0.08

Under the condition of constant injection rate and cumulative injection volume, the fractures
propagation was simulated. By adjusting relevant parameters in Table 1, the variation in wellhead
pressure was obtained and compared with field-measured values (Figure 2). The simulation accuracy
for wellhead pressure reached 86.3%. The simulated fracture half-length for Well A was 199 m, while
the post-fracturing inversion result was 203 m, yielding a simulation accuracy of 92.6%.

S0 O Actual wellhead pressure 730

e Numerical simulation of wellhead pressure
@ Actual injection rate

e Numerical simulation of injection rate

=

=3
I~
9N

w
S

- )

n S

Injection rate/m*min
w
8

S
Wellhead pressure/MPa

—-
=3

Tine/min

Figure 3. Construction dynamic verification of Well A.
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Infiltration
radius/m

(a) (b)

Figure 4. Simulation results of fracture half-length and infiltration radius for Well A. (a) Fracture half — length;

(b) Infiltration radius.

3.2. HFAOD Fracture Propagation and HFAOD Fluid Infiltration Law

The essence of HFAOD lies in achieving the dual objectives of "fracture creation & permeability
enhancement + energy replenishment & oil displacement” through the synergistic interaction of
fracture propagation and HFAOD fluid infiltration. This is accomplished by high-rate and high-
pressure injection of large volumes of low-viscosity HFAOD fluid into deep reservoir zones along
the fracture path. Due to the low viscosity of HFAOD fluid, rapid infiltration occurs, swiftly
replenishing formation energy to mobilize dispersed residual oil and achieve efficient oil
displacement. Fracture propagation initiates as the HFAOD fluid injection pressure surpasses the
formation breakdown pressure, subsequently extending along the maximum principal stress
direction and modifying reservoir porosity-permeability conditions. Simultaneously, the HFAOD
fluid exhibits concurrent infiltration during fracture extension, manifesting a "fracturing-with-
infiltration" dynamic. Figures 5a, b, and c illustrate the dynamic propagation of fractures during
different stages of HFAOD fluid injection. As the HFAOD injection time increases, the fracture
exhibits continuous extension, and the fracture half-length increases accordingly. Figures 5d, e, and
f depict the dynamic expansion of infiltration during HFAOD injection. As the fracture half-length
continuously extends, the infiltration radius progressively increases, demonstrating that fracture
propagation and fluid infiltration occur simultaneously throughout the HFAOD process. HFAOD
fracture propagation is divided into two distinct stages: rapid propagation and discontinuous
propagation. The initial stage of fracturing fluid primarily serves to create fractures, with the fluid
accumulating at the perforation points to rapidly initiate and propagate fractures. At 5000s of
injection time, the fracture half-length reaches 61 m, marking the entry into the mid-stage of
fracturing. During the mid-stage, the fracture half-length extends to 153 m, representing a 150.8%
increase in length. In the later stage, the fracture length reaches 187 m, showing a 22.22% growth.
This indicates that as the fracturing process progresses into the mid-late stages, the fracture
propagation rate gradually decelerates. During this phase, the fracturing fluid primarily undergoes
filtration, while the dynamic fracture half-length advances at a progressively slower speed.
Concurrently, the flow-through area on both sides of the fracture expands, and the pressure at the
fracture tip increases slowly (pressure accumulation), demonstrating energy storage characteristics.
The infiltration of HFAOD fluid also occurs in two distinct stages. In the initial stage, limited
infiltration is observed as the fluid primarily focuses on fracture generation, resulting in an
infiltration radius of 18m. During the mid-stage, the infiltration radius expands to 39m, representing
an increase of 116.2%. In the late stage, the infiltration radius further grows to 102m, with a growth
rate of 162.5%. This demonstrates that during mid-to-late stage, as fracture propagation gradually
slows, infiltration becomes dominant, leading to accelerated growth of the infiltration radius.
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0.00000
I I Infiltration

radius/m

0.17093
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0.16988
0.16979

(f)

Figure 5. Variations of fracture half-length and infiltration radius under different injection times.

4. Results and Discussion

4.1. Sensitivity Analysis

A fluid-solid coupling mathematical model for HFAOD was adopted. Based on the basic
parameters of Well A, 26 schemes were designed as shown in Table 2. Geological factors (reservoir
thickness, permeability, and formation pressure coefficient before HFAOD) and operational factors
(HFAOD fluid injection rate, HFAOD fluid viscosity, and cumulative injection volume) were
considered to analyse their impacts on HFAOD fracture propagation and fluid infiltration. A
sensitivity analysis was conducted.

Table 2. Scheme of sensitivity analysis.

. Sche Paramet Fracture half - Infiltration
Influencing factors .

me  ers length/(m) radius/(m)
1 4 262 102
2 13 215 87
Thickness/(m) 3 28 153 76
4 40 97 63
5 50 75 57
6 10 216 74
Geological 7 20 153 79
factors Permeability/(mD) 8 50 104 93
9 150 83 99
10 400 76 112
11 0.5 153 79
Formation pressure coefficient 12 0.7 188 73
before HFAOD 13 1 244 65
14 1.3 290 52
15 2 77 105
Injection rate/(m?/min) 16 > 153 79
. 17 6 187 65
Construction 18 8 44 47

factors

19 1 153 79
Viscosity/(mPa-s) 20 3 200 76
21 5 225 68
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22 10 286 59
23 4800 125 55
Cumulative injection volume/(m?3) 24 13440 153 79
25 14400 158 82
26 16000 165 85

4.1.1. Geological Factors

(1) Thickness

Considering reservoir thicknesses of 4 m, 13 m, 20 m, 28 m, 40 m, and 50 m, Figure 6 shows the
time-dependent variation of fracture half-length and infiltration radius under different thicknesses.
The greater the reservoir thickness, the shorter the HFAOD fracture half-length. Greater reservoir
thickness imposes more constraints on fracture initiation and propagation. Thicker reservoirs require
overcoming higher rock resistance during the HFAOD process, necessitating greater HFAOD fluid
pressure and more energy to form and extend fractures. Under the conditions of identical injection
rate and cumulative injection volume, increased reservoir thickness reduces fluid intake per unit
thickness, leading to decreased fluid energy density per unit volume. This weakens fracture
propagation capacity and results in shorter fracture half-length. To create long fractures (fracture
half-length > 100 m) under the given model parameters, the reservoir thickness should be less than
40 m. The thinner reservoirs result in larger contact area between HFAOD-formed fractures and the
reservoir. Under the same cumulative injection volume, the dynamic fracture half-length is longer,
the fill degree of HFAOD fluid in the reservoir is higher, and the fracture proportion range of HFAOD
within the reservoir increases. This enhances the flow area, leading to a larger infiltration radius.

300

250 == 13m

== 28m

200 E
== 40m

150 50m

100

Dynamic infiltration radius/m

50

Dynamic fracture half-length/m

0 27000 54000 81000 0 27000 54000 81000

Time/s Time/s

@) (b)

Figure 6. Time-dependent variation of fracture half-length and infiltration radius under different reservoir

thicknesses. (a) Fracture half-length vs. time; (b) Infiltration radius vs. time.

(2) Permeability

Considering reservoir permeabilities of 10mD, 20mD, 50mD, 150mD, and 400mD, Figure 7
shows the time-dependent variation of fracture half-length and infiltration radius under different
permeabilities. Reservoirs with lower permeability exhibit longer HFAOD fracture half-lengths
because fracture propagation requires sufficient net pressure. Insufficient net pressure reduces
fracture propagation capacity, hindering effective accumulation of fracture tip pressure and thereby
limiting fracture length growth. In low-permeability reservoirs, the high fluid flow resistance and
slow HFAOD fluid infiltration rate allow the fracture tip to maintain elevated net pressure, providing
sustained driving force for fracture propagation and greater growth potential for fracture half-length.
According to the material balance theory, fracture propagation requires sufficient HFAOD fluid
volume to maintain fracture internal pressure. The larger the fracture half-length, the more injected
HFAOD fluid is consumed in driving fracture extension rather than HFAOD fluid infiltration,
thereby suppressing the growth of infiltration radius. When the permeability exceeds 100mD,
fracturing fluid tends to experience higher leak-off, making it difficult to create long fractures. As
permeability increases, the flow resistance of the fluid decreases, this leads to a greater volume of


https://doi.org/10.20944/preprints202505.0524.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2025

11 of 19

fracturing fluid infiltrating the formation, resulting in lower utilization efficiency of the fluid for
fracture propagation. Under the same injection volume, the fracture half-length decreases, while the
infiltration radius of the HFAOD fluid increases.

300
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> 400mD

Dynamic infiltration radius/m

Dynamic fracture half-length/m
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0 27000 54000 81000 0 27000 54000 81000
Time/s Time/s

(@) (b)

Figure 7. Time-dependent variation of fracture half-length and infiltration radius under different permeability.

(a) Fracture half-length vs. time; (b) Infiltration radius vs. time.

(3) Formation Pressure Coefficient before HFAOD

Considering the formation pressure coefficient before HFAOD of 0.5, 0.7, 1, and 1.3, Figure 8
shows the fracture half-length and infiltration radius vs. time curves under different formation
pressure coefficient before HFAOD. When the formation pressure coefficient before HFAOD exceeds
1, under identical cumulative injection volume, the effective pressure differential between fluid
pressure within the fracture and formation pressure becomes greater. This provides enhanced
driving force for fracture propagation, resulting in a more pronounced increase in fracture half-length
within a given period. When the formation pressure coefficient before HFAOD is less than 1, after
fracture initiation during the HFAOD process, the energy required for fracture propagation relies
more predominantly on the pressure of injected HFAOD fluid owing to insufficient formation
pressure support. Once the injection pressure becomes insufficient to overcome rock resistance,
fracture propagation becomes restricted, thereby preventing significant growth of the fracture half-
length. Since the pressure of the injected fracturing fluid exceeds the formation pressure at this stage,
the resulting pressure differential provides a driving force for fluid infiltration. A larger pressure
differential accelerates the infiltration rate of the HFAOD fluid, enabling it to infiltrate a broader area
within a shorter time, thereby achieving a larger infiltration radius. As evidenced by Figure 8, higher
formation pressure coefficients before HFAOD facilitate the creation of longer fractures with reduced
HFAOD fluid infiltration. Under the current model parameters, when the formation pressure
coefficient before HFAOD ranges from 0.7 to 1.0, an optimal balance between fracture half-length and
infiltration radius can be achieved.
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Figure 8. Time-dependent variation of fracture half-length and infiltration radius under different formation

pressure coefficient before HFAOD. (a) Fracture half-length vs. time; (b) Infiltration radius vs. time.
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4.1.2. Construction Factors

(1) Injection Rate

Considering injection rates of 2 m3/min, 5 m3/min, 6 m%min, and 8 m3/min, Figure 9 presents the
fracture half-length and infiltration radius vs. time curves under different injection rates. During the
initial stage of HFAOD, the injection rate largely determines the increase rate of pressure. A higher
injection rate results in faster pressure buildup. A larger injection rate means more HFAOD fluid is
injected into the formation per unit time, enabling faster pressure accumulation at the fracture tip.
Based on the principles of elastic mechanics and fracture mechanics, fracture initiation and
propagation require sufficient pressure to overcome the rock's tensile strength. When the injection
rate is elevated, the fracture tip attains the fracture initiation pressure more rapidly, thereby
promoting the growth of fracture half-length. During the later stage of HFAOD, as fractures
propagate and HFAOD fluid continues to be injected, fracture extension reaches an equilibrium state
where the relationship between injection rate and fracture half-length becomes less pronounced
compared to the initial stage. When the injection rate exceeds 5 m3/min, the fracture half-length
exhibits significant growth acceleration. Therefore, achieving long fractures requires maintaining
injection rates above 5 m3min. Under identical cumulative injection volumes, elevated injection rates
increase HFAOD fluid volume delivered per unit time, resulting in sustained pressure escalation
within fractures. This heightened fluid volume promotes rapid fracture extension and fills
pores/fractures in the near-wellbore zone, prompting rapid fracture propagation into distal regions
while reducing HFAOD fluid infiltration. Conversely, lower injection rates prolong injection
duration, allowing extended HFAOD fluid infiltration within the matrix, thereby ultimately
increasing the infiltration radius.
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Figure 9. Time-dependent variation of fracture half-length and infiltration radius under different injection rate.

(a) Fracture half-length vs. time; (b) Infiltration radius vs. time.

(2) Viscosity

Considering HFAOD fluid viscosities of 1 mPa's, 3 mPa's, 5 mPa-s, and 10 mPa-s, Figure 10
illustrates the temporal evolutions of fracture half-length and infiltration radius under varying
HFAOD fluid viscosities. Fracture propagation is primarily driven by the injection fluid pressure and
the fluid's viscous forces. Therefore, under the conditions of stable HFAOD fluid injection pressures,
the use of high-viscosity HFAOD fluids reduces the filtration coefficient due to restricted fluid
mobility, resulting in diminished fluid loss. This significantly elevates net pressure within fractures,
thereby enhancing fracture propagation. Conversely, low-viscosity HFAOD fluids exhibit relatively
uniform pressure distribution, allowing fluid infiltration into the adjacent reservoir matrix.
Consequently, sustained pressure accumulation within fractures becomes challenging, leading to
decelerated fracture extension due to insufficient pressure support. This ultimately restricts fracture
half-length development. Under identical cumulative injection volumes and injection rates, low-
viscosity HFAOD fluids exhibit accelerated infiltration velocities, facilitating rapid distal diffusion
and expansive infiltration zone development. This enhanced penetration capability allows deeper
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fluid invasion into the formation, thereby increasing the infiltration radius. When the permeability is
20mD, selecting a viscosity range of 1-5mPa-s can achieve a larger infiltration radius while
maintaining a significant fracture half-length, thereby realizing the comprehensive optimal HFAOD

effect.
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Figure 10. Time-dependent variation of fracture half-length and infiltration radius under different viscosity. (a)

Fracture half-length vs. time; (b) Infiltration radius vs. time.

(3) Cumulative Injection Volume

Considering cumulative injection volumes of 4800 m?, 13440 m?, 14400 m3, and 16000 m?, Figure
11 displays the temporal evolutions of fracture half-length and infiltration radius under varying
cumulative injection volumes. During HFAOD fluid injection, the continuous increase in cumulative
injection volume during the initial phase elevates internal fracture pressure as more fluid enters the
fracture system. When the net pressure exceeds the rock's tensile strength, the fracture half-length
undergoes sustained propagation with significant growth increments. When the cumulative injection
volume reaches 2000 m?, the fracture half-length growth rate demonstrates marked deceleration. This
phenomenon is attributed to two primary mechanisms: The relatively lower viscosity of HFAOD
fluid compared to conventional fracturing fluids enhances matrix infiltration during injection,
reducing the effective fluid volume available for fracture propagation. Even with ostensibly sufficient
cumulative injection volumes, inadequate energy delivery for fracture extension results in
diminished fracture half-length growth. Beyond critical injection volumes, equilibrium establishes
between fluid injection pressure and formation constraints (including in-situ stress and rock tensile
strength), causing fracture half-length stabilization despite continued volume increases.
Concurrently, the infiltration radius exhibits progressive expansion with cumulative injection
volume. During initial injection stages (low-volume phase), HFAOD fluid predominantly infiltrates
the near-wellbore region, resulting in limited infiltration radii. This occurs as injected fluid
preferentially saturates proximal fractures and pore networks. With sustained injection, pressure
transmission drives distal fluid migration, systematically enlarging the infiltration radius.
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Figure 11. Time-dependent variation of fracture half-length and infiltration radius under different cumulative

injection volume. (a) Fracture half-length vs. time; (b) Infiltration radius vs. time.


https://doi.org/10.20944/preprints202505.0524.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2025 d0i:10.20944/preprints202505.0524.v1

14 of 19

4.2. Dominant Controlling Factors

Based on sensitivity analysis results of HFAOD-induced fracture propagation and infiltration
radius, a grey relational analysis method integrated with entropy weighting was implemented for
dominant factor identification. The methodology's core principles involve: Entropy-weighted
objective quantification: The entropy weight method objectively determines influencing weights of
parameters on fracture half-length and infiltration radius by evaluating data variability magnitude,
effectively circumventing subjective human bias in weight assignment. Grey relational degree
calculation: Grey relational analysis quantifies inter-factor correlation intensities through relational
degree computation. Hierarchical factor ranking: Final influence hierarchy is established by
weighting relational degrees with entropy-derived coefficients, systematically determining the
controlling sequence of geological/engineering parameters on fracture geometry and infiltration
patterns. The entropy-weighted grey relational method achieves comprehensive data information
utilization by integrating the objective weighting advantages of entropy-based quantification with
grey theory's capability to effectively address incomplete and uncertain influencing factor
information. This dual-mechanism approach enables multi-perspective comprehensive evaluation of
controlling factors, thereby accurately identifying dominant parameters through systematic
information synthesis.

Implementation procedure: Step1: Define fracture half-length and infiltration radius as reference
sequences, define reservoir thickness, permeability, formation pressure coefficient before HFAOD,
injection rate, HFAOD fluid viscosity and cumulative injection volume as comparative sequences,
apply extremum normalization for dimensionless processing (Equations 9-10). Step2: Entropy weight
calculation: Compute entropy values and weights for each parameter using entropy weight method
(Equations 11-13). Step3: Grey relational coefficient calculation: Determine grey relational coefficients
between comparative and reference sequences (Equations 14-15). Step4: Calculate the weighted
relational degree between each comparative sequence and the reference sequence by combining the
parameter weights obtained in Step 2 with the relational coefficients from Step 3, as formulated in
Equation (16). Derive the influence weights of comparative sequences on the reference sequence from
their relational degrees, as mathematically defined in Equation (17).

, Xx; — min (xij ) _
X = - el 9)
max (xij ) —min (xij )

o max(xij)—xij '
= max(xij)—min<xij) rel: (10

Where, xijis the original data, representing the j-th indicator of the i-th sample; x'ij is the dimensionless
data; max(xij), min(xi) are the maximum and minimum values of the dataset, respectively, I, Iz are
the sets of benefit-type (larger-the-better) and cost-type (smaller-the-better) indicators, respectively.

X;

T (11)

Where, pij is the proportion of the j-th indicator under the i-th sample, dimensionless; m=26 is the

i

number of samples.
1 m
Ej=——2 pilnp, (12)
i Inm ; i i
Where, Ej is the entropy value for the j-th indicator, dimensionless.
1-E,
;. =

- 2(1-£) "

J=1
Where, wjis the entropy weight of the j-th indicator, dimensionless.
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A, ()= % (1) =% () (14)
Where, Ai(j) is the absolute difference between reference sequence and each comparison sequence;
xo(j) is the j-th value of the reference sequence.; xi(j) is the compare the j-th value of the sequence.
~ A(min)+ pA(max)
S(=——7
A, (j)+ pA(max)

Where, &i(j) is the correlation coefficient, dimensionless ; Ai(j) is the absolute difference,

(15)

dimensionless ; p is the resolution coefficient, dimensionless, p=0.5; A(min), A(max)
representing the maximum and minimum values of the absolute difference respectively.

EDNIAT) (16)
j=1

Where, i is the weighted correlation degree value of the i-th comparison sequence.
T

i - (17)

Where, vi is the influence weight of the i-th comparison sequence.

Vi =

As shown in Table 3, the influencing factors on the HFAOD fracture half-length are ranked as
thickness > injection rate > formation pressure coefficient before HFAOD> HFAQOD fluid viscosity >
permeability > cumulative injection volume; while the influencing factors on the infiltration radius
are ordered as permeability > formation pressure coefficient before HFAOD > injection rate >
cumulative injection volume > HFAOD fluid viscosity > thickness. According to the weight results of
factors, select factors with a weight greater than 0.2 as the main control factors. Therefore, in the
process of HFAOD, attention should be focused on injection rate, thickness, formation pressure
coefficient before HFAOD and permeability.

Table 3. Weight calculation results of main control factors for pressure-driven fracture half-length.

Cumulative L .
L. . Injection Formation . . .
injection = Thickness Permeability Viscosity
Parameters rate pressure
volume (m) . (mD) (mPa-s)
(m3/min) coefficient
(m?)
Weigh of
fracture 0.1329 0.2462 0.2046 0.1621 0.1364 0.1579
half-length
Weigh of
infiltration 0.1199 0.0975 0.1642 0.2038 0.2999 0.1145
radius

4.3. Prediction of Fracture Half-length and Infiltration Radius of HFAOD

Based on the key controlling factors identified in Section 3.2, multivariate linear regression was
employed to quantify the relationships between fracture half-length, infiltration radius, and these
controlling factors. Comprehensive coefficients for fracture half-length and infiltration radius were
defined separately. By integrating the dimensionless numerical values of fracture half-length,
infiltration radius, and their influencing factors (as derived in Section 3.2) with the key controlling
factors, the comprehensive coefficients for fracture half-length and infiltration radius were
established. Linear regression was then performed between these comprehensive coefficients and the
dimensionless fracture half-length/infiltration radius, resulting in predictive charts and a quantitative
mathematical model for fracture half-length and infiltration radius based on the key controlling
factors.
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Specific steps are as follows: Step 1: Define and calculate the comprehensive coefficients for
fracture half-length (Fl1) and infiltration radius (FIz) using the dimensionless data and weightings of
the key controlling factors, as outlined in Equation (18). Step 2: Perform linear regression between
the comprehensive coefficients (FI1, FI2) and the dimensionless fracture half-length/infiltration radius
values, yielding fitted curves (equations) and predictive charts (Figures 12 and 13). Step 3: Establish
quantitative mathematical models for Fli and FI by integrating the weightings of key controlling
factors and dimensionless definitions from Table 3, as shown in Equations (19)-(20). Step 4:
Incorporate Fliand FIz as independent variables into the regression formulas from Figures 12 and 13,
as expressed in Equations (21)-(22). Step 5: Substitute equations (19)-(20) into Equations (21)-(22) to
derive the final quantitative mathematical models for fracture half-length and infiltration radius
based on the key controlling factors, as demonstrated in Equations (23)-(24).

FI = SW, +8,W,

FI, = S0+ S,W,
Where, FIi is the comprehensive coefficient of fracture half-length; FI» is the comprehensive
coefficient of infiltration radius; Si, Sz, Ss, S4 are the dimensionless cumulative injection volume,

(18)

dimensionless thickness, dimensionless formation pressure coefficient before HFAOD,
dimensionless permeability, respectively; Wi, W2, W3, Wi are the weightings of cumulative injection
volume, thickness, formation pressure coefficient before HFAOD and permeability, respectively.
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Figure 12. Composite plot. (a) Fracture half-length optimization chart; (b) Infiltration radius optimization

chart.

Figures 12 present predictive charts for fracture half-length and infiltration radius. The red
scatter points represent baseline data points, the blue dash-dotted line denotes the linear fit of these
baseline data points, the light pink region indicates the 95% prediction band, and the dark pink region
signifies the 95% confidence band. The 95% confidence band is calculated from known fracture half-
length and infiltration radius sample data, providing a reliable range for statistical inference of
fracturing-induced fracture half-length and infiltration radius. The 95% prediction band defines the
interval range that, under the given prediction model, has a 95% probability of encompassing the
true observed values during predictions of fracture half-length and infiltration radius, ensuring
quantifiable accuracy.

FI, 02046 x 2= %m0 2462 H =0.0340 - 0.0054—0.202 (19)
Ay — K-K
FI, =0.2038 x —£=—2— 4 0.2999 x ———8in— = —(0.25¢, +0.0008K +0.322 (20)
apmax - apmin Kmax _Kmin

Where, Q, Qmay, Qmin are the injection rate, maximum injection rate, minimum injection rate,
respectively, m®/min; h, hmax, hmin are the thickness, maximum thickness, minimum thickness,
respectively, m; ap is the formation pressure coefficient before HFAOD; K is the permeability, mD.


https://doi.org/10.20944/preprints202505.0524.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2025 d0i:10.20944/preprints202505.0524.v1

17 of 19
Lohin 001 0132 1)
R Rin 1 66F1,+0233 22)

Rmax Rmin
Where, L, Lmax, Lmin are the fracture half-length, maximum fracture half-length, minimum fracture

half-length, respectively, m; R, Rmax, Rmin are the infiltration radius, maximum infiltration radius,
minimum infiltration radius, respectively, m.

L=2040-3h+124.6 (23)

R=0.1K-30.71e, +94.84 (24)

Equations (23)-(24) enable direct computation of HFAOD fracture half-length and infiltration
radius based on their key controlling factors, achieving rapid prediction of both parameters. This
methodology provides theoretical foundation for optimizing HFAOD operations to maximize
treatment effectiveness.

5. Conclusions

(1) Based on the HFAOD fluid-solid coupling mathematical model established in this paper, the
fracture propagation pattern in offshore low-permeability oilfields was simulated, which shows good
consistency with field data. The simulation accuracy of wellhead pressure for Well A reaches 86.3%,
and the simulation accuracy of fracture half-length achieves 92.6%.

(2) The fractures propagation of HFAOD and the infiltration pattern of HFAOD fluid exhibit
nearly opposite trends. During the early stage of HFAOD, the HFAOD fluid primarily contributes to
fracture creation, with rapid growth in fracture half-length and slower expansion of infiltration
radius. In the mid-to-late stages, due to difficulty in energy accumulation at the fracture tip, the
fracture propagation rate decreases, while the infiltration radius accelerates.

(3) Using the entropy-weighted grey correlation method, the analysis indicates that the
dominant controlling factors affecting HFAOD fracture half-length are reservoir thickness and
injection rate, while the main controlling factors influencing the HFAOD infiltration radius are
reservoir permeability and formation pressure coefficient before HFAOD. Additionally, higher
HFAOD fluid viscosity and larger cumulative injection volume promote the growth of fracture length
but retard the increase of infiltration radius.

(4) Using multivariate linear regression, the relationships between fracture half-
length/infiltration radius and their dominant controlling factors were quantified, enabling rapid
prediction of HFAOD fracture half-length and infiltration radius.
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