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Optimization of refracturing timing
in tight oil reservoirs based on an
oil water two phase flow model

Qingan Zhou?, Rong Dai?*“, Liang Chen3, Chennan Wu* & Shunshe Luo®

Repeated hydraulic fracturing is essential for sustaining production in tight oil reservoirs due to rapid
post-stimulation decline rates, yet optimizing its timing remains challenging. This study develops a
two-phase (oil-water) flow model using finite difference methods to simulate fracture-porous media.
The governing equations are solved with the IMPES approach to predict flow and production. Validated
with Well X data, the model closely matches actual trends (3.1% deviation in reservoir pressure).
Comparing initial and repeated fracturing geometries reveals key production mechanisms: high-
permeability fractures increase from 14 to 21 (33% density rise), boosting oil output but accelerating
pressure depletion and shortening steady flow periods. Early re-fracturing maximizes cumulative
output: simulations show re-stimulation at four years extends production by 18% versus delayed
interventions. Gradual pressure decline requires proactive planning to avoid productivity loss. Field
validation confirms the model’s accuracy, with repeated fracturing boosting oil production by 26%
over five years. Results highlight the need to balance fracture-network expansion with pressure
maintenance. The proposed two-phase flow model offers a transferable methodology for optimizing
re-stimulation schedules based on reservoir dynamics. This work enhances recovery strategies in
heterogeneous tight oil systems by linking fracture evolution and flow behavior.

Keywords Tight oil reservoir, Horizontal, Re-fracturing, Oil-water two-phase flow, Finite difference,
Fracturing timing

Tight oil holds significant potential for exploration and development in the unconventional oil and gas sector.
Prominent oil and gas basins such as Junggar and Ordos in China possess abundant reserves of tight oil and
gas resources' . The “horizontal well + multi-stage hydraulic fracturing” technique has emerged as the primary
method for exploiting these reservoirs, significantly enhancing their production capabilities®~. However, due to
the poor physical properties of tight oil reservoirs, continuous resource extraction leads to a substantial decline
in formation energy, rendering horizontal wells ineffective at establishing an efficient injection and production
network that can replenish this energy. Consequently, there is a gradual decrease in productivity over time.
Additionally, under the closure pressure exerted by the formation, fracturing proppants undergo deformation,
embedding, and crushing processes, leading to a rapid deterioration of fracture conductivity. This results in
a swift decline in oil well productivity. As reservoirs continue to be developed and exploited further, certain
hydraulic fractures within horizontally drilled wells experience reduced conductivity levels, contributing to a
rapid drop in oil production rates during the short stable production period. This significantly hampers the
effective development outcomes of tight oil reservoirs!%-!3. To restore productive capacity to wells experiencing
declining output rates, re-fracturing technology stands out as one of the most promising measures widely
employed for enhancing production efficiency®!%14-16,

With the extensive development of unconventional oil and gas resources, such as tight oil and gas, re-
fracturing technology for horizontal wells has garnered increasing attention!’~'°. Determining the optimal
timing for re-fracturing is a critical aspect of researching horizontal well re-fracturing, as it enables achieving the
most effective hydrocarbon stimulation. While it is generally believed that the best time to re-fracture vertical
wells is when there are significant changes in in-situ stress, leading to improved sweep efficiency and reduced
unswept oil areas, determining the ideal timing for re-fracturing horizontal wells involves numerous factors®*-23.
Typically, optimization of horizontal well re-fracturing timing is conducted through numerical simulation using
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cumulative oil and gas production or net present value (NPV) as objective functions. Lantz et al. discovered
that the optimal timing for re-fracturing shale reservoirs in the Bakken Basin varies depending on both the
initial fracturing completion method and subsequent re-fracturing processes; they found that implementing
re-fracturing 2 to 3.5 years after initial fracturing achieves superior stimulation effects for oil wells?*. Tavassoli
et al. enhanced the computer modeling group (CMG) seepage model and established a numerical model to
predict optimal re-fracturing timing by evaluating daily and cumulative gas production of shale gas wells. Their
results indicate that peak stimulation effects can be achieved when daily gas production drops to 10-15% of
initial production levels®. Cafaro et al. (2016), based on three natural gas price prediction models, utilized net
present value (NPV) as an objective function to optimize both the number and timing of re-fractures in shale
gas horizontal wells corresponding to each price change?®.

Lei et al. presented a comprehensive approach for calculating stress changes and dynamic fracture
propagation, integrating discrete-fracture, geomechanics, and multi-well production simulation models. Their
simulation results provided valuable insights into the propagation of both new and existing fractures during
the re-fracturing process, offering significant potential for improved oil recovery in tight oil reservoirs”’. Kong
et al. reviewed the fundamentals and historical development of re-fracturing technology, discussing criteria for
selecting wells for re-fracturing. They categorized the re-fracturing procedure into four main stages: parameter
model definition, statistical analysis, classification methods, and numerical simulation?®. Luo et al. investigated
re-fracturing simulation of horizontal wells using an integrated process that couples fracturing, production,
and four-dimensional in-situ stress simulation. This approach enhances the understanding of fracture behavior
under complex conditions?. Xiong et al. developed a multi-level evaluation model to quantify the potential
for re-fracturing in each horizontal well. The model considered fourteen factors from geological parameters,
engineering parameters, and production performance parameters, providing a systematic assessment
framework®.

Li has constructed a mathematical model for the fracture propagation of carbon dioxide fracturing based
on the coupled mechanism of seepage-stress-damage, aiming to analyze the influence of different drilling fluid
components and reservoir parameters on the fracture propagation behavior in low-permeability reservoirs®!.
Wang et al. examined the re-fracturing effect in low-permeability reservoirs under a five-spot well pattern,
revealing the mechanisms of vertical-horizontal well combinations. They also analyzed the impact of different
soak times on reservoir production performance characteristics’®. Ren et al. developed a novel integrated
workflow for re-fracturing tailored to complex fracture networks. This workflow incorporated the hydraulic
fracture propagation during initial fracturing and dynamic stress changes during the initial production phase,
enhancing the effectiveness of re-fracturing operations®. Xu et al. systematically evaluated key factors such
as stress difference, displacement, and fracturing fluid viscosity on the fracture temporary plugging diversion
(TPD) law using a true triaxial hydraulic fracturing simulation device and cohesive element model, providing
critical insights into TPD mechanisms®*.

Existing research on the timing decision-making for refracturing in horizontal wells faces the following
technical limitations: Firstly, traditional modeling methods are mostly based on the assumption of single-phase
flow, making it difficult to accurately characterize the nonlinear coupling effect between oil-water two-phase
competitive flow and fracture reconstruction, thus leading to significant prediction errors in stimulation effect.
Secondly, the economic evaluation system dominated by net present value (NPV) does not fully consider the
cumulative effect of reservoir damage during long-term production, resulting in significant deviations between
theoretical optimization schemes and actual field implementation effects.

A two-phase flow model for oil and water in a dual-medium fracture-pore reservoir with artificial fractures is
established, accounting for the distinct characteristics of each medium. The governing equations are discretized
using the finite difference method, and the Implicit Pressure Explicit Saturation (IMPES) approach is employed
to solve the system, enabling predictions of oil and water production. Subsequently, numerical simulations are
conducted to analyze multi-fracture profiles generated by staged fracturing in horizontal wells within tight
reservoirs, considering both primary fracturing and re-fracturing scenarios. The study further explores the
variation patterns of oil production capacity and formation pressure distribution following re-fracturing at
various intervals post-initial fracturing. Calculations are performed to evaluate changes in single-well crude
oil production after re-fracturing at different time intervals, aiding in the identification of optimal re-fracturing
timing for horizontal wells in tight reservoirs and providing a robust theoretical foundation for efficient reservoir
development.

Geological characteristics and mechanical analysis of reservoirs

Physical property

A statistical analysis of the thin section electron microscope data from the study area indicates that the
sedimentary components of the reservoir are notably complex, with fillers predominantly consisting of quartz,
plagioclase, and calcite. The rounding degree of the sedimentary particles is primarily subangular, accompanied
by poor sorting characteristics. Particle support is predominantly grain-supported, with contact patterns mainly
characterized by line-point and point-line interactions. The cementation types are primarily pressure embedding
and porosity-related, with pressure embedding occupying a secondary position.

The results of the porosity and permeability parameter analysis for reservoir rock samples indicate that
the range of reservoir thickness is approximately 37 to 46 m, the average matrix porosity is 9.48%, and the
water saturation is 27.84%. The arithmetic mean permeability is measured at 1.58x 10~> um®. Based on the
characteristics of the capillary pressure curve, it can be inferred that the proportion of matrix pore throats
smaller than 0.1 pm is predominant; conversely, the primary permeable pore throat radius exceeds 1 pm, with
a lower limit set at 0.4 pm. Analyzing both porosity and permeability parameters alongside capillary pressure
testing results reveals that the overall performance of matrix properties within the reservoir is suboptimal,
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exhibiting minimal storage and permeability capacity. Consequently, enhancing reservoir permeability through
hydraulic fracturing becomes essential.

Formation temperature and pressure

The oil reservoir of the study area is classified as a normal pressure and temperature system, with formation
pressure of 49.87 MPa. Based on calculations, the geothermal gradient at the formation depth is 3.0 ‘C/100 m,
while the rock’s compressibility coefficient is measured at 2.9x 104 MPa~1.

Reservoir fluid properties

The average density of crude oil within the reservoir is 0.801 g/cm?, with its viscosity at 120 °C averaging 10.97
mPa s. The compressibility coefficient of crude oil is recorded at 8.3 x 10~* MPa~!, whereas that of formation
water is 4.5x 10™* MPa™!. The volumetric coefficients for both crude oil and formation water are measured at
1.1 and 1.0, respectively.

The mineralization range of the formation water is between 100,326 and 220,347 mg/L, with an average
concentration of 172,658 mg/L. The chloride ion concentration ranges from 54,247 to 164,932 mg/L, while the
sulfate ion concentration varies from 34 to 19,245 mg/L. The pH value spans from 6.0 to 8.6, averaging at 7.5,
which indicates that the formation water exhibits weak alkalinity; it primarily consists of CaCl, and NaHCOs;

types.

Ground stress analysis
Based on the current rock mechanics parameter results, the maximum average horizontal stress is 97 MPa, while
the minimum average stress is 76 MPa. The maximum horizontal stress difference in the surrounding area is
8.08 MPa, with a minimum stress difference of 5.34 MPa and an average stress difference of 8.17 MPa. Given
that the coeflicient of variation for each well layer is below 2.20, this criterion suggests that the reservoir in this
region is conducive to fracture network formation during hydraulic fracturing due to favorable stress conditions.
Through a comprehensive analysis of the lithology, physical properties, temperature, pressure, and fluid
characteristics of the composite reservoir, it is determined that the oil reservoir in the study area predominantly
exhibits low porosity, low permeability, and conditions of constant temperature and pressure. These data
parameters provide the fundamental parameters for subsequent numerical simulations.

Oil-water two-phase flow model in fracture-pore dual media

The mathematical representation of oil-water two-phase flow in fractures is formulated as follows: In the
Navier-Stokes equations, the two-phase flow is characterized by gravitational segregation, thereby eliminating
the need for interfacial tension to define the oil-water interface. This approach parallels the use of grid-based oil
saturation methods for depicting oil-water distribution in traditional reservoir numerical simulations, effectively
reducing both model complexity and computational requirements. Importantly, fractures significantly enhance
fluid mobility within porous media, markedly altering flow patterns compared to homogeneous formations.
By integrating gravitational effects into the Navier-Stokes framework, one can accurately capture how density
differences between oil and water influence their movement through fractured rock. Furthermore, employing
grid-based methods facilitates a more straightforward implementation of numerical algorithms that simulate
fluid dynamics under varying conditions. These grids enable multi-scale calculations and allow researchers to
efficiently analyze complex interactions between fluids and solid matrix materials.

The principles governing seepage in a dual-medium fracture-pore system can be summarized into three
fundamental concepts: mass conservation (including fluid mass conservation in both the bedrock and artificial
fractures, as well as solid mass conservation), Darcy’s law, and the equation of state. When formulating the
equation of state for rock mass, it is treated as a unified entity comprising rock particles and pore fluids, thereby
enabling a holistic study of the rock mass. Conversely, when establishing the equation of state for pore fluids,
reference is made to the seepage mechanics model, assuming that all spaces within the seepage zone are fully
saturated with fluid, without any presence of a rock skeleton.

Model assumptions

The reservoir exhibits a rectangular geometry, and fluid flow within it is characterized by isothermal seepage.
It represents a two-dimensional plane flow, neglecting the influence of gravity. The reservoir contains only two
immiscible phases—oil and water—both of which obey Darcy’s law. Both the rock matrix and the fluids exhibit
compressibility. The analysis accounts for the heterogeneity and anisotropy of the rock formation, as well as
capillary forces between the oil and water phases. Additionally, a fracture fully penetrates the entire thickness
of the reservoir.

Oil-water two-phase flow equation
Reservoir matrix system
Differential equation of oil-water two-phase flow is as follows:
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where, k£ is the Absolute permeability of the formation, mD. k., is the Relative permeability of oil phase,
dimensionless. k., is the Relative permeability of water phase, dimensionless. x , is the Oil phase fluid
viscosity, mPa-s. j ,, is the Water phase fluid viscosity, mPa-s. s, is the Oil phase fluid saturation. s., is the
Water phase fluid saturation. p, is the Oil phase pressure, MPa. p., is the Water phase pressure, MPa. ¢ is the
Formation porosity.
Auxiliary equation:

Pe = Po — Pw (3)
So+ 8w =1 (4)
Initial conditions:
pm(z,y,0) = pi (5)
Sw(@,y,0) = Sw; (6)

The outer boundary of the model is a closed boundary:

) o) o) o) o o
T =0 T /) x=L, y y=0 Yy y:Ly
The inner boundary is a constant bottomhole flow pressure.
Puwj =C (8)

where, p. is the Capillary pressure, MPa. po; is the Original formation pressure, MPa. s.; is the The original
water saturation of the formation, dimensionless. p., ¢ is the Bottom hole flow pressure, MPa. L. is the Transverse
extension length of fracture, m. L is the Longitudinal extension length of fracture, m.

Fracture system

The production of tight reservoirs is primarily reliant on fractures. Within the reservoir, there may exist one or
multiple fracture groups, with most fractures in each group exhibiting a relatively consistent orientation. The
presence of fractures alters the permeability of the rock medium within the reservoir, resulting in two aspects:
heterogeneity and discontinuous spatial distribution of permeability. This heterogeneity can be referred to
as fracture-pore heterogeneity and represents microscopic or local characteristics. It arises from the fact that
fracture permeability is significantly higher than pore permeability in matrix rocks, leading to uneven spatial
distribution of permeability within the reservoir. The strength of this heterogeneity depends on two factors. (A)
The ratio between single fracture permeability (kf) and matrix pore permeability (k,,), denoted as k/ k. (B) The
frequency or average distance between fractures in space, represented by d. A stronger heterogeneity occurs
when k/k  is larger and d is smaller (indicating higher frequency). Conversely, a weaker heterogeneity exists
when k/k, and d fall within certain limits commonly observed during oilfield development.

On 'the contrary, the presence of fractures induces anisotropy in reservoir permeability. Fractures exhibit
high conductivity solely along their parallel direction, while having no impact on flow perpendicular to the
fracture orientation. Consequently, within fractures, the permeability of a given point varies significantly
depending on direction, resulting in anisotropy. Simultaneously, the pore permeability of rock matrix
between two fractures remains unchanged. From a macroscopic perspective, overall reservoir permeability
exhibits directional characteristics. Parallel to the fracture orientation has higher permeability compared to
perpendicular directions - indicating anisotropy. The degree of anisotropy in fractured reservoirs is determined
by the ratio k/k,, (permeability of a single fracture divided by pore permeability) and distance between fractures
d (or spatial frequency). Greater k/km values and smaller d values (higher frequency) result in more pronounced
anisotropy; conversely, weaker anisotropy occurs with lower k/k, ratios or larger d values (lower frequency).
For fluid flow within a fracture system analysis assumes one-dimensional behavior without considering capillary
forces present within fractures. Therefore, the oil-water two-phase flow equation for fractured systems can be
expressed as follows.

i kfmkro 8pfo _ i
8$( o W, 61‘ )_8t(¢p080) (9)
i kfack"r‘w apfw _ i
Initial conditions:
pr(x,0) =pi (1)
Su(2,0) = suw; (12)

The outer boundary of the fracture is a closed boundary:
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The inner boundary is a fixed bottom hole flow pressure:

puwr =C (15)

Discretization and solution of equations

In order to ensure flow continuity, pressure balance, and accurate calculations for both systems, a unified grid
system is employed to divide the matrix and fracture. For computational convenience, the wellbore can be
treated as an extended fracture. Due to the significant difference in scale between the fracture aperture and
grid size, uniform division of matrix and fracture grids is carried out along the direction of the fracture (Fig. 1).
The governing equations for oil phase and water phase seepage are discretized using central difference scheme,
resulting in a five-diagonal matrix equation set. Independent variables p, and s., are selected, while solving
them through implicit pressure explicit saturation (IMPES) method. That is, an implicit iterative approach is
used for pressure calculation while “one step pressure, multiple step saturation” method is adopted for saturation
calculation. Specific solution steps can be found in Appendix A.

The oil flowing into the well through the fracture system is:

kpkro - ws/2[ps(i,5) — puys]
o Bo(In(re/rw) 4 5)

qu(ivj) = (16)

where, k; is the Fracture permeability, mD. wy is the Fracture aperture, m. S is the Formation skin factor,
dimensionless. B, is the Volume coeflicient of crude oil, dimensionless. r. is the Radius of grid conversion, m.
Gof is the Flow rate of crude oil in fracture, m?/s.

Model validation

Physical model of initial fracturing

Taking a horizontal open-hole well in a tight oil reservoir as an example, the comprehensive logging interpretation
results show that three types of reservoirs are identified within a horizontal section length of 600 m. Among
them, the cumulative effective thickness of Type I reservoirs is 175.93 m, with the main lithology being fine
conglomerate, exhibiting significantly superior pore structure parameters (1.47) and quality factors (8.04), and
possessing high porosity and permeability characteristics (& =12.58%, K=20.65 mD). Type II reservoirs have a
thickness of 189.78 m, mainly distributed in the middle and shallow strata, exhibiting typical medium porosity
and medium permeability characteristics (®=11.26%, K=4.76 mD). Type III reservoirs have a development

szl

Matrix Fracture Matrix Fracture

Fig. 1. Reservoir matrix and fracture grid division.
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Type Value | Type Value
Reservoir pressure/MPa | 50.0 | Oil viscosity/mPa-s 50.0
Porosity/% 9.5 | Oil compressibility/MPa™! 8.2x107*
Permeability/mD 2.0 | Initial water saturation/% 28.5
Temperature/ 'C 13.0 | Formation water compression coefficient/MPa~! | 4.5x107*
Oil layer thickness/m 80.0 | Formation water volume coefficient 1.0

Oil volume factor 1.1 | Rock compression coefficient/MPa~! 2.95x 1074
Oil density/kg/m?® 800.0 | Oil water permeability curve See Fig. 4

Table 1. Reservoir parameters of well X.
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Fig. 2. Simulation of initial fracturing fracture initiation and propagation in the horizontal section of well X.

thickness of 234.29 m, mostly distributed in the top and bottom areas in the form of thin interbeds, with
significantly reduced physical property parameters (® <9.64%, K<1.21 mD). Statistical analysis indicates that
the proportion of high-quality reservoirs in this horizontal section reaches 20.8%, with reservoir space types
mainly being intergranular dissolved pore-fracture composite types, demonstrating good potential for oil and
gas development.

Based on the geological characteristics of the well, a fracturing plan divided into 7 sections was designed.
The red straight line indicates the segmentation of the horizontal well, while the blue straight line represents the
horizontal wellbore. The model study area is set to be 600 m x 300 m.

Model parameters and results
The reservoir parameters required for predicting the production of Well X following initial fracturing are
summarized in Table 1. After conducting the fracturing simulation, a total of 14 effective fractures were generated,
as illustrated in Fig. 2. The length, conductivity, and average width of each fracture level were calculated and
recorded in Table 2. By incorporating these well parameters into the oil-water two-phase permeability model, it
becomes feasible to evaluate variations in reservoir permeability post-fracturing (Fig. 3) and the corresponding
changes in crude oil production.

According to the model calculation results, the fitting formulas of relative permeability of water phase and oil
phase are calculated respectively:

krw = 5.18525w> + 2.5556Sw > — 4.1646Sw + 0.8817 (17)
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No. | Half fracture length/m | Initial fracture conductivity/(D cm) | Average fracture aperture/mm
1 39.1 59.2 4.8
2 39.2 58.8 4.6
3 39.2 50.3 3.5
4 39.3 53.7 3.8
5 394 58.1 4.5
6 39.5 53.0 4.1
7 39.3 57.3 4.5
8 39.3 54.6 4.2
9 39.5 53.7 4.1
10 [ 394 56.5 43
11 393 58.5 4.7
12 395 58.6 4.6
13 | 394 57.6 4.5
14 |393 55.7 4.4

Table 2. Parameters of various fractures in the initial fracturing of well X.

0 ‘ I | | |
0.4 045 0.5 0.55 0.6 0.65 0.7 0.75 0.8

Sw (%)

Fig. 3. Oil water permeability curve of well X reservoir.

kro = — 26.667Sw > + 61.1435w 2 — 47.3055w + 12.337 (18)

History matching of oil well production history
The X reservoir has consistently demonstrated production for approximately 2000 days since the initial fracturing
operation. By adjusting parameters such as the oil-water relative permeability relationship, the fitted predicted
oil production curve exhibits consistent variation patterns with the actual production curve. Figure 4 illustrates
the temporal variation in both predicted and actual daily oil production since the initiation of fracturing, while
Fig. 5 presents the corresponding cumulative oil production. Comparative analysis confirms that the trend
depicted by the fitted predicted oil production curve aligns closely with that of the actual production, thereby
validating the reliability of the established two-phase permeability model for oil-water systems.

To validate the accuracy of the established oil-water two-phase flow model, a comparison can be made between
the predicted formation pressure and the actual downhole pressure. The formation pressure distributions of Well
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Fig. 4. Daily oil production variation curve of well X after initial fracturing.
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Fig. 5. Accumulated oil production change curve after the initial fracturing of well X.

X after 1 month and 6 years of production following initial fracturing were calculated, with the corresponding
predicted results presented in Figs. 6 and 7. According to Fig. 6, after 1 month of production, the formation
pressure around the intersection of the wellbore and fracture is approximately 30 MPa. In contrast, one month
after initial fracturing, Well X recorded a bottom hole flowing pressure measurement of 29.1 MPa using a
downbhole pressure gauge (data sourced from Well X’s daily production report), resulting in an error rate of only
3.1% when compared with the model’s predicted results. This indicates that the established oil-water two-phase
flow model demonstrates high levels of accuracy.

Subsequently, as crude oil exploitation continues over time, although minimal changes are observed in
formation pressures surrounding the wellbore area, low-pressure regions gradually expand towards both sides
between fractures along their tip directionality. Eventually, after six years, this expansion forms an elliptical-
shaped low-pressure region parallel to the fracture directionality, as shown in Fig. 7. The magnitude within this
low-pressure region measures approximately 19 MPa.

Optimization of timing for re-fracturing

Physical model and parameters of re-fracturing

Prior to conducting repeated hydraulic fracturing operations in a vertical fracture well, the induced stress
from the initial artificial fracture, combined with the reduction in pore pressure during oil and gas production,
resulted in a decline in reservoir stress. This change altered the stress orientation within the wellbore and its

Scientific Reports |

(2025) 15:22907 | https://doi.org/10.1038/s41598-025-06341-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

60
50
50
40 45
30
40 -
20 . %
8 Hydraulic fracture 1 45 S
10 g.
=) o]
;Ej 0 - 130 g
10 %
- 425 &
20 %
&
30 20
40
10
50
60 5
150 300 450 600 750 900 1050 1200
X (m)

Fig. 6. Distribution of formation pressure at the fracture site after one month of initial fracturing production.
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Fig. 7. Distribution of formation pressure at a hydraulic fracture produced for 6 years after initial fracturing.
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surrounding area. If hydraulic fracturing is conducted again at this stage, it is likely that new fractures will form
perpendicular to the initial fracture. The stress distribution in the near-well region facilitates the formation of
these perpendicular fractures during repeated hydraulic fracturing. However, this effect is limited to a narrow
zone adjacent to the wellbore. As these new fractures propagate, the stress distribution within the reservoir
continuously changes, directly influencing and governing the direction of fracture extension.

When repeated hydraulic fracturing induces new fractures that extend to a certain distance, the stress
direction will revert to its initial state once the redirection caused by induced stress ceases. Consequently, as these
new fractures reach a specific distance (i.e., the isotropic stress point), their extension direction may gradually
realign parallel to the length of the initial fracture with ongoing hydraulic fracturing operations, as illustrated in
Fig. 8. If the stress direction does not undergo further redirection under specific conditions, such as the influence
of adjacent wells, during the process of repeatedly fracturing to extend new fractures, these new fractures will
continue to propagate forward and may result in longer turning fractures. Figure 9 illustrates the geometric
characteristics of new fractures that develop in an oil well following repeated hydraulic fracturing. Assuming
the presence of a vertical fracture well, the initial fracture length produced by the first hydraulic fracturing is
denoted as L.y, with its orientation being perpendicular to the direction of the minimum horizontal principal
stress. The newly formed fractures resulting from repeated hydraulic fracturing are oriented at an angle 90°
relative to the initial fracture length direction. The distance from the wellbore to the isotropic point along the
extension of these new fractures is defined as L7, ;, while their vertical penetration depth within the reservoir
beyond this isotropic point is designated as L.

By incorporating the fault values used in the re-fracturing design and the latest updated boundary conditions
into the seepage model, it is possible to calculate production changes following initial fracturing and subsequent
multiple fracturing operations after a certain period. According to the scheme formulated for multiple fracturing
of Well X, in addition to re-processing the 14 initial fracturing locations in the original seven horizontal intervals,
seven additional locations within these intervals were selected for supplementary perforation and re-fracturing
based on logging interpretation results. The same fracturing parameters as those used in the initial fracturing
were applied.

Simulation of initiation of refracturing fractures

Stress redistribution after refracturing

Following the formation of the initial hydraulic fracture, prolonged production activities in the oil and gas well
lead to a redistribution of local pore pressure within the elliptical region surrounding the wellbore. Consequently,
both the initial hydraulic fracture and variations in pore pressure jointly influence the stress distribution within
the reservoir. Numerical simulation results indicate that the horizontal stress component parallel to the hydraulic
fracture (the maximum horizontal principal stress) exhibits rapid changes, whereas its perpendicular counterpart
(the minimum horizontal stress) varies at a comparatively slower rate; both components are functions of time
and space. Therefore, when the induced stress differential in a repeated fracturing well is sufficient to alter the
initial stress differential within the formation, a reorientation of stresses occurs in both the wellbore and its
surrounding elliptical area: specifically, the original minimum horizontal stress direction may transition into the
current maximum horizontal stress direction, while conversely, the original maximum may become the current
minimum.
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Fig. 8. Schematic diagram of new fracture extension after refracturing of oil well.
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Fig. 9. Simulation of initiation and propagation of repeated fracturing fractures in the horizontal section of
well X.

If stress redirection (the reversal of the maximum and minimum principal stress directions) occurs in the
wellbore and its vicinity during refracturing of a previously fractured well, newly formed fractures may initiate
and propagate perpendicular to the extension direction of the initial fracture until they reach the elliptical
boundary of stress redirection (i.e., the isotropic stress point). Beyond this boundary, the stress field reverts
to its initial state, at which point these new fractures gradually realign parallel to the extension of the initial
fracture. If no further redirection takes place, they will continue propagating along this alignment. However, due
to the presence of existing fractures, newly formed repeat fractures are more likely to propagate along the same
direction. Consequently, the redirection of these repeat fractures is influenced not only by stress redirection but
also closely tied to construction methods; thus, a certain driving force must be applied to facilitate a smoother
transition into a new directional alignment.

In the reservoir of a repeat-fractured well, the primary factors that can induce stress changes are: (a) Stress
variations resulting from the initial hydraulic support fracture. (b) Stress variations due to pore pressure
fluctuations during production in the vertical fracture well.

If the magnitudes of these induced stress changes are known, it becomes possible to calculate the spatial and
temporal distribution of the stress field around the repeat-fractured well, as well as predict the initiation and
propagation directions of new fractures generated by refracturing.

In order to perform the superposition of elastic stress field, the stresses must be unified to the same coordinate
system. For this reason, this study chooses a rectangular coordinate system, so the stress solution obtained
in polar coordinates (x, ¥) needs to be converted to the rectangular coordinate system (r, 0). The conversion
formula is as follows:

0, =2rtoe 4 Tr220c0520 — T g 51020
0y =500 — 21200 00520 + T g 51020 (19)
T oy = T5570 51020 + 7 1o c0520

In the above equation, if the shear stress 7z, = 0, i.e,, no induced shear stress is generated, the o ; and o,
obtained at this time are respectively the maximum and minimum horizontal stress in the reservoir, and their
respective directions are the directions of the maximum and minimum horizontal stress.

Ao gy, Aong, A0 4y are the maximum and minimum horizontal stresses and shear stresses in the
direction of the hydraulic fracture, MPa. Ao mp, A0 hp, A0 zyp are the maximum and minimum stress
directions and shear stress caused by production, MPa. Ao ga, A0 ha, A0 zya are the maximum and
minimum horizontal stresses and shear stresses in the direction of the fracture and production-induced stresses
for adjacent wells, MPa.
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Ao u(z,y,t) = Ao us(z,y,t) + Ao up(z,y,t) + A0 malz,y,t) (20)
Ao p(z,y,t) = Ao np(z,y,t) + Ao np(w,y,t) + A0 halz,y,t) (21)
A0 ay(z,y,t) = Ao gyp(x,y,t) + A0 ayp(z,y,t) + A0 zya(z,y,t) (22)

o g indicates the initial maximum horizontal stress direction (parallel to the initial crack direction, i.e. the
x-axis direction), MPa. ¢ , indicates the initial minimum horizontal stress direction (perpendicular to the
initial fracture direction, i.e. the y-axis direction), MPa. Therefore, the current stress field is:

cg=o0ongo+Aocn (23)
oh=0n+Ach (24)

(1) The stress changes at the wellbore (z = 0,y = 0).

The distribution characteristics of the induced stress field at the wellbore determine the direction of initiation
of new fractures under high pressure.

Ao g(0,0,t) = Ao ur(0,0,t) + Ao gp(0,0,¢) + Ao 5a(0,0,¢) (25)
Ao h(0,0, t) =Ao hf (0,0, t) + Ao ]—LP(O,O7 t) + Ao ha(0,0, t) (26)
A o 1?/(0707 t) =Ao zyf (070’ t) + A o QCyP((LOv t) + A 0 zya (0707 t) (27)

(2) Stress changes along the initial fracture direction (Fracture surface, y=0).

Ao g(z,0,t) = Ao us(z,0,t) + Ao gp(z,0,t) + Ao ga(z,0,t) (28)
Ao p(z,0,t) = Ao np(x,0,t) + Ao np(z,0,t) + Ao pa(z,0,t) (29)
Aazy(x,o,t) = AUny(xaovt) + AO’zyp(iL',O,t) + AO’zya(w,O,t) (30)

(3) Stress changes along the initial vertical fracture direction (x=0).

AUH(OJJJ) = AUHf(O7y7t) +AJHP(07y7t) +A0Ha(07y7t) (31)
AU h(O,y,t) = AU hf(ovyvt) + AUhp(O,y,t) +Aahﬂ(07yvt) (32)
A g 301!(07?/7 t) = A o ny(07y’t) + A o acyp(o,:%t) + Anya(O,y, t) (33)

Based on the calculation model, the stress distribution around the wellbore following repeated hydraulic
fracturing can be determined, and a preliminary prediction of the optimal timing and distance for subsequent
hydraulic fracturing (i.e., the vertical extension distance perpendicular to the initial fracture) can be made.

Mathematical model for initiation and propagation of new fractures
In the repeated fracturing technology, the assumptions based on which the process of fracture initiation and
propagation is simulated are as follows.

(a) The rock of the fracturing target layer is regarded as an ideal linear elastic fracture body.

(b) The fracturing fluid is assumed to be a power-law fluid with slightly compressible properties.
(c) The two wings of the crack are symmetrically distributed around the wellbore as the center.
(d) The fracturing fluid flows in a one-dimensional manner along the length of the fracture.

Given the slightly compressible nature of fracturing fluid, its volume change can be neglected during fracturing
process. Based on the principle of mass conservation, the volume of injected fracturing fluid can be divided into
two parts: one part is used to fill the fractures, while the other part leaks and enters the formation.

At any position x along the length of the fracture, a unit of length A z is taken. Assuming that the volume
flow rate of fracturing fluid at this position is ¢ (z,¢) and the volume filtration rate over the unit length is
A (z,t), according to the principle of volume balance, the flow rate change rate through a certain vertical
section is equal to the sum of the filtration rate of fracturing fluid per unit fracture length and the change rate of
vertical section area due to fracture extension. The specific expression is:

9q(z,t) 0 A(z,t)
_Ziwm t il Sok A 34
oz N @DF 5 59
Using the Carter filtration model, it is obtained that,
2h (x,t) C,
A (z,t) = _2h(z,t)Cy (35)
t—171 (x,t)
Substituting Eq. (35) into Eq. (34) yields:
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0q(z,t) 2h (z,t) Cy 0Al(z,t)
- = +
du t—71 (x,t) ot (36)

h(x,t)

A (z,t) :f ,f(m)w(x,z,t)dx
T2

where, . ¢ (z, t) is the volume flow rate of fracturing fluid at location x within
the fracture at time t, m%/s. A (z,t) is the cross-sectional area of the crack at location x within the crack at time
t, m% h (z,t) is the seam height at position x within the seam at time t, m. ¢ is the time of fracturing operation,
s. w (x, z, t) is the ccrack width at the longitudinal z position on the cross-section at x within the crack at time
t, m. Cy is the comprehensive filtration coefficient of fracturing fluid, m/v/min. 7 (x,t) is the time required
for the fracturing fluid to reach point x at time t, s.

Boundary condition

a (a:,t)|m:Lf =0
a(@. D), =0 7)
1@y, = Q2

Initial condition

{ a (0, t)|t:0 = % (38)

The solution is obtained using the finite difference method. Assuming that the first stage of fracturing fluid
pumping is completed at time ¢, with a fracture length of L at this point. The fracture is divided into N
segments, each with a length of A x, and the differential equation in Eq. (36) is discretized using finite difference
methods. Subsequently, the transformed Eq. (36) is solved simultaneously with Eqs. (37) and (38) to obtain
the values of various parameters within the fracture. Finally, based on the principle of volume balance, further
solutions are obtained for related variables. For the solution process of fracturing fluid in other stages, the
method is consistent with that of the first stage. Ultimately, with the obtained parameters, the fracture length
and width at any position within the fracture can be further calculated.

Simulation results

Simulation of initiation of rep-fracturing fractures

Combined with the fracturing model and stress redistribution analysis, this study quantifies new fracture
characteristics (half-length, conductivity, width) around horizontal wells post-refracturing. Comparing these
parameters with initial fracturing data reveals the enhanced fracture network effectiveness.

Refracturing resulted in the formation of nine new fractures at seven locations following supplementary
perforation, including two extended fractures formed by extending shorter initial fractures. Figure 9 illustrates
the simulation results of the initiation and propagation of these refracturing fractures, where the blue box
represents new fractures. According to the fracture parameters simulated by the fracturing software (Table 3),
the average conductivity of old fractures after refracturing is 68.04 D-cm with an average fracture aperture of
4.78 mm, while that for new fractures is 62.76 D-cm with an average fracture aperture of 4.96 mm and an average
length of approximately 39.8 m. Simulation results demonstrate that newly formed fractures through refracturing
completely transform previously unaffected areas from initial fracturing, achieve balanced transformation in
heterogeneous reservoirs within the horizontal section, and enhance oil well productivity.

Daily oil production forecast

The simulation demonstrates the impact of refracturing on Well X’s oil production changes at 3, 4, 5, 6, and 7
years after the initial fracturing. The calculation time is set to 10 years post-initial fracturing. Figure 10 illustrates
the predicted curve of daily oil production changes following refracturing at different intervals from the initial
fracturing of Well X. The predictions indicate that regardless of when refracturing is implemented, there will be a
rapid increase in daily oil production capacity for the well. The maximum daily oil production after refracturing
can reach up to 45 t/d. However, it subsequently declines rapidly. Generally, oil production stabilizes gradually
within a period ranging from 0.5 to 2 years after implementing refracturing. Furthermore, stable daily oil
production post-refracturing surpasses that without its implementation. Simulation results reveal that earlier
implementation of refracturing leads to an extended stable production period, emphasizing the significance of
maintaining sufficient formation energy for consistent daily oil output levels. As well development progresses,
formation pressure gradually decreases, consequently shortening the duration of stable production during later
stages of refracturing.

Accumulated oil production forecast

The cumulative oil production curve of well X, following the initial fracturing, is illustrated in Fig. 11 for various
time intervals after the implementation of refracturing. It can be observed that the most optimal outcomes in
terms of maximum cumulative oil production are achieved when refracturing is conducted 4 years after the
initial fracturing. Therefore, it is reccommended to implement refracturing at the 4-year mark.
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No. | Half fracture length/m | Initial fracture conductivity/(D-cm) | Average fracture aperture/mm | Notes

1 39.1 52.7 4.9 Initial fracture

2 39.2 51.3 4.3 Expansion of old fracture
3 39.0 48.2 4.0 Expansion of old fracture
4 40.0 54.6 5.2 Refracturing fracture
5 40.0 41.6 3.8 Initial fracture

6 39.2 50.3 35 Initial fracture

7 37.8 43.3 3.6 Refracturing fracture
8 39.3 53.7 3.8 Initial fracture

9 37.5 421 3.7 Refracturing fracture
10 | 394 58.1 4.5 Initial fracture

11 | 39.1 53.1 4.3 Refracturing fracture
12 | 395 53.0 4.1 Initial fracture

13 1393 57.3 4.5 Initial fracture

14 {393 54.6 4.2 Initial fracture

15 | 374 46.5 4.1 Refracturing fracture
16 | 395 53.7 4.1 Initial fracture

17 | 394 56.5 4.3 Initial fracture

18 | 393 58.5 4.7 Refracturing fracture
19 |383 48.1 42 Initial fracture

20 |37.8 47.3 4.1 Refracturing fracture
21 | 393 55.7 44 Initial fracture

Table 3. Parameters of various fractures in the refracturing of well X.
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Fig. 10. Daily oil production variation curve of well X after repeated fracturing at different times.

The cumulative oil production over a ten-year period following the initial fracturing is depicted in Fig. 12. It
is evident that conducting refracturing after the fourth year yields higher cumulative oil production. Based on
predictions derived from the cumulative oil production data, it can be inferred that implementing refracturing
four years after the initial fracturing results in maximum productivity. Conducting refracturing earlier enhances
overall well performance.

Conclusions

(1) A two-phase oil-water seepage model is developed for a dual-medium fracture-pore system, employing a
unified grid to discretize the matrix and fractures. The governing equations are discretized using the finite
difference method, and the oil well production is predicted using the implicit pressure and explicit satu-
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Fig. 12. Accumulated oil production obtained from repeated fracturing at different times after the initial
fracturing of well X.

ration (IMPES) method. Numerical simulations cover the generation of multi-fracture profiles through
primary fracturing of horizontal wells in tight reservoirs, as well as simulating new fractures formed by
re-fracturing based on these profiles. Re-fracturing technology generates an additional seven fractures
beyond those created during primary fracturing, achieving multi-fracture initiation and uniform recon-
struction of heterogeneous reservoirs.

(2) Through fitting the two-phase oil-water seepage model, we obtain an oil well production prediction curve
that closely aligns with actual production data. Simulations and predictions are conducted for the forma-
tion pressure distribution maps of Well X at 1 month and 6 years post-primary fracturing. After 1 month,
the formation pressure at the intersection between the horizontal section and fractured zone is approxi-
mately 30.0 MPa, which decreases to around 19.1 MPa after 6 years. Additionally, measurements from the
downhole pressure gauge indicate that the bottom hole flowing pressure of Well X after 1 month closely
matches our model’s predicted result (30.0 MPa), with an error rate of only 3.1%. This validates the accura-
cy of our two-phase oil-water seepage model in predicting oil production.
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3)

Following the primary fracturing, the daily and cumulative oil production of Well X were simulated for 3,
4,5, 6, and 7 years to assess the impact of re-fracturing. The simulation results reveal that re-fracturing can
significantly enhance daily oil production by up to 60%, with a gradual stabilization observed within 0.5 to
2 years post-re-fracturing. The decline in formation pressure accelerates this stabilization process, indicat-
ing that earlier implementation of re-fracturing leads to an extended stable production period. Calculation
results suggest that the optimal timing for re-fracturing is four years after the initial fracturing.

While the current validation relies solely on Well X data, the oil-water two-phase flow model demonstrates
inherent adaptability across geological settings. To strengthen operational reliability, future work will cal-
ibrate the model against multiple wells in varied reservoir formations. This planned expansion of verifi-
cation scope will transform the methodology from region-specific optimization into a universal toolkit
for tight reservoir re-fracturing design, while maintaining its current effectiveness in guiding parameter
adjustments for heterogeneous reservoirs.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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