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Abstract: For the long-term conductivity degradation of acid-etched symmetry fractures in ultra-
deep carbonate reservoirs,a fracture permeability evolution model incorporating creep and stress
sensitivity effects was established.Building upon this,a numerical simulation model for ultra-deep
carbonate reservoirs was developed to quantitatively analyze the impacts of creep,stress
sensitivity,and production strategies on well productivity.The research revealed that the creep and
stress sensitivity characteristics of acid-etched fracture had a significant impact on the well
productivity for ultra-deep carbonate oil reservoir.The larger the creep coefficient and stress
sensitivity coefficient,the lower the oil well productivity;the larger the initial reservoir pressure and
drawdown pressure,the higher the daily production and cumulative production of the oil well,but
the cumulative production growth rate decreased;the cumulative production in the early stage of
the release pressure production was significantly higher than that of the pressure controlled
production,but with the increase of the pressure controlled time,the cumulative production
reversed.When the pressure controlled for three years,the cumulative production increased by 5952
m?3(38.8%);as the creep coefficient increased,the cumulative production increased by greater than
the pressure released production.It shows that the larger the creep coefficient,the better the effect of
controlling pressure production.The research results can provide theoretical basis and technical
support for the efficient development of ultra-deep carbonate reservoirs.

Keywords: ultra-deep carbonate reservoir ; crack creep ; crack stress sensitivity ; pressure control ;
production capacity prediction

1. Introduction

As global oil and gas exploration and development advance towards deep strata,the
development of ultra-deep carbonate reservoirs is increasingly being paid attention to.Ultra-deep
carbonate reservoirs have the characteristics of high temperature high pressure and complex rock
mechanical properties [1,2],and the development faces many challenges,among which the creep and
stress sensitivity problems are particularly prominent.During the production process of ultra-deep
carbonate oil wells,carbonate rocks exhibit significant time-dependent deformation characteristics
under high temperature and high pressure environments,and artificial fractures will creep,resulting
in the fractures gradually closing(Figure 1).After carbonate rock acid etching,the mechanical
properties of rock will change significantly.Under the action of high closure pressure,the creep rate
of acid etching fractures is significantly increased,and the fractures are more likely to undergo
closure,resulting in a decrease in the conductivity or even loss[3,4]. At the same time,pressure changes
in the production process will cause stress sensitivity effects[5-7] further aggravate the fracture
closure and the decrease in permeability.These factors lead to a rapid decrease in carbonate oil well
production and a decrease in final recovery(EUR).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. A physical model of oil well with symmetry fracture in the ultra-deep carbonate reservoir.

In recent years, scholars have conducted extensive research on the creep and stress sensitivity of
oil and gas reservoirs. An et al. [8] proposed an improved stress-dependent permeability model that
considers the effect of time-dependent compaction behavior on permeability measurements by
incorporating the stress creep mechanism. Qi et al. [3] carried out a triaxial creep experiment on acid-
etched limestone and found that the creep of acid-etched limestone cracks exhibits hysteresis
elasticity. Zhou et al. [9] found that when the Young’s modulus of carbonate reservoirs in the Middle
East is less than 20 GPa, the fracture conductivity is very sensitive to closure stress. Li et al. [10] also
studied the relationship between elastic modulus and permeability stress sensitivity. Zhou et al. [11]
conducted a stress sensitivity analysis of the long-term flow diversion capacity of acid etching
fractures. Teng et al. [12,13] proposed a new fracture permeability model to account for the influences
of proppant-pack permeability, proppant-pack porosity, and fracture width on fracture permeability.
Pang et al. [14] developed correlations of effective porosity and permeability by considering the
combined effects of gas adsorption and stress for shale. Ankit Mirani et al. [15] developed a model
that mimics the effect of depletion-induced in-situ stress variations on short-term and long-term
productivity by taking into account several phenomena, such as stress-dependent matrix and natural-
fracture permeability, as well as reduction in hydraulic-fracture conductivity caused by proppant
crushing, deformation, embedment, and fracture-face creep. Zhang et al. [16] developed a transient
source-function-based embedded discrete fracture model for CBM that mimics the effect of matrix
deformation with creep and deformation caused by adsorption-induced expansion. Zhou et al.
[17,18] developed a permeability evolution model considering the effects of matrix-fracture
interaction and creep deformation on the permeability evolution of deep coal. Cui et al. [19] employed
a combination of water seepage experiment data from clayey-silt cores and numerical simulation
methods to study the development of hydrate reservoirs through depressurization-induced vertical
wells. The simulation results show that creep effects reduce the effective reservoir porosity and
permeability. Chen [20] revealed the temporal behavior and permeability variation law under the
stress-seepage coupling of complex fractured limestone. Du et al. [21] proposed a characterization
method for fracture dynamic closure considering the influence of stress state in three-dimensional
space based on an embedded discrete fracture model and found that dynamic fracture closure leads
to partial production loss. Tang et al. [22] conducted an experimental study of creep characteristics
in layered water-bearing shale. Feng et al. [23] established the relationship between stress-strain and
fracture aperture of rock based on experimental results and mathematical derivation. Zhao [24]
developed a model for simulating the long-term conductivity of fractures to study the influence of
creep on fracture width. Liu [25] constructed a model and carried out laboratory tests to study the
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permeability evolution law of intact sandstone, single-fracture sandstone, and multi-fracture
sandstone. Rang [26] established typical numerical models for single-well and multi-well production
scenarios, analyzed the development characteristics considering fracture deformation, and formed a
set of numerical simulation methods for shale oil reservoir production dynamics.

However, the permeability evolution mechanism of ultra-deep carbonate reservoirs has mainly
been studied experimentally, and the impact on the well productivity of ultra-deep carbonate rock
oil reservoirs under the synergistic effect of creep and stress sensitivity has rarely been studied. At
the same time, the study of the permeability evolution mechanism has the following limitations:
traditional permeability models often consider elastic deformation but ignore the time-dependent
creep closure process; stress sensitivity coefficients mostly use static experimental values, which do
not reflect the effective stress changes during dynamic production. Traditional ultra-deep carbonate
oil well production simulation methods often ignore the combined effect of these factors, resulting in
inaccurate predictions of ultra-deep carbonate oil well production. Therefore, it is of great theoretical
and practical significance to conduct numerical simulation research on ultra-deep carbonate oil wells
that consider creep and stress sensitivity.

Based on a physical model of an oil well with symmetric fractures in an ultra-deep carbonate
reservoir (Figure 1), this paper establishes a numerical model of a permeability-stress coupled ultra-
deep carbonate reservoir, quantifies the influence of the coupling effect between creep and stress
sensitivity on the productivity of ultra-deep carbonate oil wells, and provides theoretical guidance
for optimizing development plans.

2. The Model of Matrix-Fracture Coupling Seepage

2.1. Basic Assumptions

1.  The ultra-deep carbonate reservoir is an isothermal seepage system,and the temperature
remains constant during the oil well production process;

2. The seepage of the reservoir is a single-phase micro-compressible fluid,and the seepage in the
reservoir follows Darcy’s law;

3. The reservoir is a cracked carbonate rock,and the creep and stress sensitivity of the matrix and
natural fractures are not considered;
Both the matrix and the fracture are continuous medium and are isotropic;

Two-dimensional seepage model,no gravity influence is considered.
2.2. Mathematical Model

2.2.1. Acid-Etched Fracture Conductivity Model

In the production process of ultra-deep carbonate reservoir oil wells, acid-etched fractures are
affected by the increasing effective closure stress. Acid-etched fracture width and permeability
decrease due to the increasing effective closure stress and creep effect. The attenuation of acid-etched
fracture conductivity (Fcp) under stress sensitivity considerations in ultra-deep carbonate reservoirs
can be expressed as:

Fop = KiWi exp(—deaeﬁ ) (1)

where Kiiis the initial acid-etched fracture permeability in millidarcies (mD); W is the initial acid-
etched fracture width in meters (m); dt is the acid-etched fracture stress sensitivity coefficient (MPa™);
and Aceit is the change in effective stress (MPa). During production, the following relationship is
between the change in effective stress and the change in pore pressure:
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By substituting Eqs (2) into (1), we obtain:
Feps = KiWhi exp(—yf Ap)
where ytis the acid-etched fracture pressure sensitivity coefficient, defined as:
dia(1-2v)
v f (1 _ V)
where «a is the effective stress coefficient (dimensionless);vis the Poisson ratio (dimensionless), and

Ap is the pore pressure variation (MPa).
Because fracture permeability considering stress sensitivity can be expressed as

Ky
ka

In order to reduce uncertain parameters, the permeability characterization form under

:e}’f(P*Pi)

consideration of the creep effect is further simplified by referring to the stress sensitivity permeability

model as:
Ky [P-P
_=exp{yf(p—pi)+/1c_[ Ldt
Ko o U
where Acis the experimental regression coefficient for the creep effect(dimensionless).
t
Where 7 ( P—P ) is the stress sensitivity influence term; /’tcj%dt is the creep influence
0
term.

The creep influence coefficient and stress sensitivity coefficient are not constants, but functions
of the rate of effective confining pressure change —that is, the faster the pressure drop rate, the greater
the values of both parameters.

2.2.2. Matrix Seepage Equation

Dual Porosity Dual Permeability (DPDK) was used to describe flow in the matrix and in natural
fractures, respectively. The matrix system seepage equation can be expressed as:

¢mctm%zv'(k;mvpmJ_akzm(pm - pf)

where ¢m is the matrix porosity; cm is the total matrix compression coefficient (MPa™); km is the matrix
permeability (mD); pm is the matrix pressure (MPa); « is the shape factor; and pr is the fracture
pressure (MPa).

2.2.3. Natural Fracture Seepage Equation
op; K k
b Ca =V —Vp, _a_m(pm_pf)_qFRC
ot y7 y7
where grre is the mass flow rate from natural fracture to acid fracture per unit volume (kg/s).

2.2.4. Acid-Etched Fractures Seepage Equation

Considering the acid-etched fracture as a finite flow vertical fracture,and its internal flow
equation can be expressed as:
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0 Kene O 0
&(Wf %%J"‘%Rc ~ Qe = a(wf P: Cy pFRC)

where wris the acid fracture width (m), kerc is the acid-etched fracture permeability (mD), and qwell
is the mass flow rate into the wellbore from the acid-etched fracture (kg/s).

2.3. Model Solution

Assuming that the outer boundary of the model is closed and the flow pressure or constant
production is determined by the inner boundary, the above mathematical models of the matrix,
natural fractures, and acid-etched fractures are spatially and temporally discretized, converting the
partial differential equations into algebraic equations. Given the attribute parameters, the pressure
distribution of reservoirs at different moments is obtained through coupled iterative solutions. The
fracture permeability is updated according to the pressure distribution, and the well production is
calculated at each time step until the set time is reached, thereby obtaining the oil well production
curve of the ultra-deep carbonate oil reservoir.

3. Sensitivity Analysis of Influence factors

Production prediction and sensitivity analysis are carried out based on the reservoir and fracture
parameters of an ultra-deep carbonate oil well in the Tarim Basin. The basic parameters are shown in
Table 1.

Table 1. Reservoir and fracturing parameters of a ultra-deep carbonate reservoir well.

Parameter Value Unit Parameter Value  Unit
Initial pressure 90 MPa Qil saturation 60 %
Reservoir temperature 200 °C Well radius 0.1 m
Matrix porosity 2.1 % QOil viscosity 10 mPa-s
Natural fracture porosity 1.2 % Fracture length 80 m
Matrix permeability 0.5 mD Fracture height 30 m
Natural fracture permeability 10 mD  Initial fracture conductivity 2 D-cm

As can be seen from Figure 2, stress sensitivity and creep have significant impacts on daily and
cumulative production. Ignoring stress sensitivity and creep overestimates productivity, with the
initial daily production being 4.9% higher and cumulative production being 32.6% higher.
Considering only stress sensitivity, the initial daily production is 2.4% higher and cumulative
production is 18.8% higher; considering only creep, the initial daily production is 2.7% higher and
cumulative production is 4.4% higher.
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- Accounting for stress sensitivity and creep(daily oil production)
— Neglecting stress sensitivity and creep(daily oil production)
— Accounting for stress sensitivity only(daily oil production)
— Accounting for creep only(daily oil production)
Accounting for stress sensitivity and creep(cumulative oil production)
—— Neglecting stres sensitivity and creep(cumulative oil production)
- Accounting for stress sensitivity only(cumulative oil production)
— Accounting for creep only(cumulative oil production)
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Figure 2. Effect of stress sensitivity and creep on the daily production and cumulative production of ultra-deep
carbonate oil wells.

3.1. Effect of Stress Sensitivity on Well Productivity

Figure 3 shows the impact of the stress sensitivity coefficient on production. It can be seen from
the figure that after considering the influence of stress sensitivity, daily production gradually
increases and then decreases rapidly in the early stage. With the increase of the stress sensitivity
coefficient, the initial increase in daily production is smaller and lasts shorter, and cumulative
production also decreases accordingly. When the stress sensitivity coefficient increases from 0.02
MPa to 0.04 MPa™!, cumulative production decreases by 10.2%; when it increases from 0.04 MPa!
to 0.06 MPa!, cumulative production decreases by 12.7%; and when it increases from 0.06 MPa™! to
0.08 MPa!, cumulative production decreases by 13.5%. As the stress sensitivity coefficient increases,
cumulative production decreases gradually. When the stress sensitivity coefficient increases from
0.02 MPa to 0.08 MPa™!, cumulative production results in a total loss of 5080 m?. Increasing the stress
sensitivity coefficient indicates that permeability is more sensitive to stress changes. During oil well
production, as the bottom pressure drops, effective stress increases and permeability decreases,
resulting in a decrease in oil well production and EUR. Especially in cases of high stress sensitivity
coefficients, oil well production may decrease significantly in a short period of time, or even enter the
low-yield stage prematurely.
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— Stress sensitivity coefficient=0.02MPa”-1(daily oil production)
= Stress sensitivity coefficient=0.04MPa”-1(daily oil production)
— Stress sensitivity coefficient=0.06 MPa”-1(daily oil production)
— Stress sensitivity coefficient=0.08MPa”-1(daily oil production)
Stress sensitivity coefficient=0.02MPa”-1(cumulative oil production)
— Stress sensitivity coefficient=0.04MPa”-1(cumulative oil production)
— Stress sensitivity coefficient=0.06 MPa”-1(cumulative oil production)
= Stress sensitivity coefficient=0.08MPa”-1(cumulative oil production)
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Figure 3. Effect of stress sensitivity coefficient on the daily production and cumulative production of ultra-deep
carbonate oil wells.

3.2. Effect of Creep on Well Productivity

Figure 4 shows the impact of creep coefficient on well production. As can be seen from the figure,
the impact of fracture creep on initial production is relatively small. As the creep coefficient increases,
the long-term effects of creep begin to manifest, and cumulative production decreases accordingly.
When the creep coefficient increases from 0.1 to 0.2, cumulative production decreases by 5.8%; when
it increases from 0.2 to 0.3, cumulative production decreases by 6.3%; and when it increases from 0.3
to 0.4, cumulative production decreases by 7.1%. As the creep coefficient increases, cumulative
production gradually decreases. When the creep coefficient increases from 0.1 to 0.4, cumulative
production results in a total loss of 3020 m?.
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—— Creep coefficient=0.1(daily oil production)

—— Creep coefficient=0.2(daily oil production)

—— Creep coefficient=0.3(daily oil production)

—— Creep coefficient=0.4(daily oil production)

- Creep coefficient=0.1(cumulative oil production)
Creep coefficient=0.2(cumulative oil production)

— Creep coefficient=0.3(cumulative oil production)

— Creep coefficient=0.4(cumulative oil production)
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Figure 4. Effect of creep coefficient on the daily production and cumulative production of ultra-deep carbonate
oil wells.

3.3. Effect of Other Factors on Well Productivity

3.3.1. Effect of Initial Pressure

As can be seen from Figure 5, as the initial reservoir pressure increases, the previous daily
production increases less and has a shorter duration. When the initial reservoir pressure increases
from 90 MPa to 100 MPa, cumulative production increases by 7.9%; when it increases from 100 MPa
to 110 MPa, cumulative production increases by 6.6%; and when it increases from 110 MPa to 120
MPa, cumulative production increases by 5.6%, indicating that the increase diminishes gradually.
Different initial effective stress levels can also affect creep’s impact on productivity. In reservoirs with
higher initial effective stress, the same pressure drop causes greater effective stress changes, leading
to a greater reduction in permeability, which has a more significant impact on oil well productivity.


https://doi.org/10.20944/preprints202504.0966.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 April 2025 d0i:10.20944/preprints202504.0966.v1

9 of 13

Initial pressure=90MPa(daily oil production)

Initial pressure=100MPa(daily oil production)
Initial pressure=110MPa(daily oil production)
Initial pressure=120MPa(daily oil production)
Initial pressure=90MPa(cumulative oil production)
Initial pressure=100MPa(cumulative oil production)
- |nitial pressure=110MPa(cumulative oil production)
- |nitial pressure=120MPa(cumulative oil production)
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Figure 5. Effect of initial pressure on the daily production and cumulative production of ultra-deep carbonate
oil wells.

3.3.2. Effect of Drawdown Pressure

As can be seen from Figure 6, with the increase in drawdown pressure, the increase in daily
production in the early stage becomes larger, but the duration is shorter. When the drawdown
pressure increases from 30 MPa to 60 MPa, the cumulative production growth rate decreases by
13.4%. Drawdown pressure is a key control parameter for oil well production. Larger drawdown
pressure enhances stress sensitivity and creep, resulting in a reduction in permeability and oil well
production.
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= Drawdown pressure=30MPa(daily oil production)
— Drawdown pressure=40MPa(daily oil production)
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= Drawdown pressure=60MPa(daily oil production)
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Figure 6. Effect of drawdown pressure on the daily production and cumulative production of ultra-deep
carbonate oil wells.

3.3.3. Effect of Production System

As can be seen from Figure 7, in the early production stage, the cumulative gas production for
the three creep coefficients is higher than that under controlled pressure production. However, as
production progresses, a production reversal occurs. The creep coefficients are 0.1, 0.2, and 0.3.
Compared to the release pressure model, the increase in cumulative production for the pressure-
controlled model is 3.1%, 11.2%, and 23.1%, respectively. This indicates that the larger the creep
coefficient, the more pronounced the effect of pressure-controlled production. In other words, the
higher the creep coefficient, the more beneficial it is to employ pressure-controlled production.
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Figure 7. Effect of creep coefficient on the daily production and cumulative production of ultra-deep carbonate

oil wells for aggressive and management.

3.3.4. Effect of Management Time

As shown in Figure 8, the cumulative production in the early stage of pressure release
production is significantly higher than that in pressure controlled production. However, as the
pressure controlled time increases, production reversal occurs. The one-year pressure control period
shows the largest production increase at 25.1%. The two-year pressure control period has a
significantly lower cumulative production increase rate compared to the one-year period, with a
growth of 8.4%. The three-year pressure control period shows a smaller increase in cumulative
production compared to the two-year period, with a growth of 2.3%. It can be seen that production
increases by more than one year of pressure control are very small. As the pressure control time
increases, the early-stage daily production becomes smaller, but the late-stage cumulative production
gradually increases. When the pressure control duration reaches three years, cumulative production
increases by 5952 m? (38.8%), indicating that pressure controlled production can significantly enhance
the productivity of ultra-deep carbonate oil wells.

25000

— gqggresive

= management 1 year

20000 -

= management 2 year

= management 3 year
15000 A

10000

Cumulative oil production(m3)

5000

1000 1500 2000 2500
Production time(day)

0 500

Figure 8. Effect of management time on the daily production and cumulative production of ultra-deep carbonate
oil wells.

4. Conclusion

This study successfully constructed a numerical model of the ultra-deep carbonate oil well that
considers creep and stress sensitivity. This model can more accurately describe the coupling
mechanism between rock mechanical characteristics and seepage characteristics during oil well
production. When traditional models ignore the coupling effect between the two, the oil well
productivity will be overestimated.

1. The creep and stress sensitivity characteristics of rocks have a significant impact on the
production capacity of ultra-deep carbonate oil wells. The greater the creep coefficient and
stress-sensitive coefficient, the lower the oil well productivity. The greater the initial reservoir
pressure and drawdown pressure, the higher the daily production and cumulative production

of the oil wells. However, at the same time, the greater initial reservoir pressure and
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drawdown pressure will enhance stress sensitivity and creep, resulting in a decrease in
permeability, thereby reducing the cumulative production growth.

2. The cumulative production in the early stage of pressure release production is significantly
higher than that in pressure controlled production. However, as the pressure control time
increases, production reversal occurs. When the pressure control duration reaches three years,
the cumulative production increases by 5952 m? (38.8%). As the creep coefficient increases, the
increase in cumulative production for pressure-controlled production compared to pressure-
release production becomes more significant. This indicates that the larger the creep
coefficient, the better the effect of pressure control production. In other words, the larger the
creep coefficient, the more beneficial pressure control production becomes.

3. During the development of ultra-deep carbonate oil reservoirs, the effects of creep and stress
sensitivity should be fully considered. The production system should be optimized, and the
production pressure should be reasonably controlled to enhance the EUR of ultra-deep

carbonate oil wells and improve the overall development efficiency of the reservoir.
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