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Abstract: Quantitative evaluation of stress sensitivity of ultra-deep carbonate reservoirs has been
one of the challenges in exploration and development, and the problem of permeability loss law in
ultra-deep carbonates under variable stress conditions has not been solved so far and further research
is urgently needed. Through experimental and numerical simulation methods, the stress-sensitive
evaluation equations were established based on matrix-type carbonate and fractured carbonate
reservoirs, the stress-sensitive changes under different Young’s modulus were discussed, and the
degree of permeability loss under different stresses was evaluated. Finally, the dual-media model of
ultra-deep carbonate was established, and the practical application was carried out in the Shunbei
area of the Tarim Basin. Studies have shown that (1) under the same effective stress, the stress
sensitivity of matrix-type and fracture-type carbonate reservoirs is related to the Young’s modulus
of the rock skeleton. In matrix-type carbonate reservoirs, rocks with a larger Young’s modulus
have smaller rigidity and stronger stress sensitivity. In fracture-type carbonate reservoirs, the stress
sensitivity is relatively weak under a smaller Young’s modulus, and relatively strong under a larger
Young’s modulus. (2) Measured under the conditions of 87 MPa of peripheral pressure, 50 MPa of
flow pressure, and 120 ◦C, the effective stress of matrix-type carbonate reservoirs has an exponential
relationship with the permeability of reservoirs. The degree of stress sensitivity for fracture-type
is generally higher than that of matrix-type reservoirs, and the smaller the Young’s modulus, the
larger the difference in stress sensitivity. (3) The stress sensitivity of typical ultra-deep carbonates
in the Shunbei area of the Tarim Basin is higher by establishing a dual-porosity model based on
the initiating pressure gradient, which supports new evidence for the characteristics of ultra-deep
carbonates with high-stress sensitivity. In actual production, the impact of stress sensitivity on the
reservoir volume calculation and efficient development of ultra-deep carbonate reservoirs requires
critical attention.

Keywords: stress-sensitive; ultra-deep carbonate reservoirs; dual-porosity model; Tarim Basin

1. Introduction

Since 2000, China has been exploring ultra-deep (with a depth of burial over 6000 m)
carbonate reservoirs [1]. According to data from the China National Petroleum Corporation
(CNPC), as of the end of 2021 [2], China has identified oil and gas reserves of more than
100 billion barrels in ultra-deep carbonate reservoirs, of which the oil and gas resource-rich
areas are mainly concentrated in the Tarim Basin, Sichuan Basin, and Ordos Basin [3–5].
With the continuous advancement of exploration and extraction technology, the exploration
and development capabilities of ultra-deep carbonate reservoirs have been significantly
improved [6–9]. The vast reserves of oil and gas in ultra-deep carbonate reservoirs can
provide important support for China’s future energy supply.

Ultra-deep carbonate reservoirs are complex storage media for oil and gas, with highly
heterogeneous reservoirs and complex spatial structures [10]. During the extraction process,
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as the remaining reserves continuously decrease, the underground pressures gradually
decrease, causing the deformation of the rock skeleton. The increasing effective stress causes
the reservoir’s internal pore structure to deform, along with the formation of micro-fractures
and changes in the mechanical properties of rocks [11]. The effective stress to which it is
subjected increases, causing the deformation of the internal pore structure of the reservoir,
micro-fractures and other deformations, and ultimately the phenomenon of the loss of
permeability and decline in production capacity, which is also known as the stress sensitivity
of carbonate rock. The stress sensitivity of carbonate reservoirs not only affects the reserve
evaluation in the development of carbonate oil and gas fields, but also has important
implications for the formulation of development technology indicators for carbonate oil
and gas fields First, the stress sensitivity of carbonate reservoirs directly affects the size of
the storage space, which in turn affects the calculation of the true reserve of oil and gas
reservoirs by petroleum engineers during the development process. In addition, with the
deepening of the exploitation degree, the stress sensitivity of the carbonate reservoir will
directly change the pore structure of the reservoir, which will affect the process of oil and gas
seepage and influence the final development effect. Therefore, stress-sensitive parameters
are important parameters that affect the oilfield development process. Therefore, how
to scientifically and accurately evaluate the stress sensitivity of carbonate reservoirs has
become a difficult problem in the research of carbonate reservoirs.

Researchers have conducted extensive research on the stress sensitivity of reservoirs;
Jones [12] conducted stress sensitivity experiments on fractured carbonate reservoirs. By
measuring the permeability of core samples at different confining pressures, Jones [12]
found that there is a linear relationship between rock confining pressure and permeability.
An empirical formula was derived from the experimental data; Pedrosa [13] successfully
solved the flow equations of the system considering stress sensitivity, and Kikani [14] made
further improvements based on Pedrosa’s work. Tong Dengke [15] analytically studied
the effect of stress sensitivity on reservoir permeability in oil reservoir flow problems
and defined the stress parameter alpha. They also analyzed several typical pressure
curve graphs using numerical simulation methods. Li Chuanliang [16] defined the stress
sensitivity index as the percentage loss of reservoir properties when the formation pressure
drops a certain value. They derived the stress sensitivity index from the relationship
between effective stress and the rate of permeability loss.

Numerous scholars have conducted laboratory experiments to study the relationship
between reservoir permeability and effective stress [17–20]. They have investigated the
impact of different reservoir characteristics, such as confining pressure, rock type, and
the degree of fracturing on rock sample permeability. As a result, several theoretical
models have been established, including the binomial model, power function model, and
exponential model. Common theoretical equations for calculating the relationship between
reservoir permeability and effective stress include the following:

K = Kre f ∗ (σre/σre f )
−α (1)

K = Kre f ∗ e−β∗(σre−σre f ) (2)

K = m ∗ σ2
re + g ∗ σre + z (3)

where, σre is the effective stress, in MPa; σref is the reference effective stress, in MPa; K is the
permeability, in mD; Kref is the permeability under the reference effective stress (σref), in
mD; α is the stress sensitivity coefficient of the power law model; β is the stress sensitivity
coefficient of the exponential model; and g and z are fitting coefficients.

Most scholars currently research the stress sensitivity of reservoirs based on conven-
tional sandstone reservoirs or theoretical discussions without specific geological conditions.
However, research on the stress sensitivity of ultra-deep carbonate reservoirs is relatively
less in-depth. Therefore, this study aims to quantitatively study the stress sensitivity of
fracture-porosity reservoirs in ultra-deep carbonate reservoirs. This study will be based
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on numerical simulations and the rock mechanic characteristics of carbonate reservoirs
to calculate the relationship between reservoir permeability and effective stress in the
Shunbei oilfield fault zone of the Tarim Basin. This research will provide crucial guidance
for developing and adjusting oilfield development plans.

2. Stress-Sensitive Modelling of Ultra-Deep Carbonate Reservoirs

Based on the characteristics of carbonate reservoirs and the influence of the mechanical
parameters of rocks (such as Young’s modulus and Poisson’s ratio) under different stresses,
quantitative evaluation formulas for the stress sensitivity of matrix-type and fracture-
type carbonate reservoirs were derived using the classical mechanics solution by Griffith,
Darcy’s law [21,22].

The matrix-type carbonate reservoir is a significant type of rock that contains both
oil and gas resources. To evaluate this reservoir quantitatively, we must consider its
petrophysical properties as well as its mechanical parameters, such as permeability, porosity,
and Young’s modulus. These factors primarily affect the stress sensitivity of the reservoir.
A formula has been developed to reflect the stress sensitivity of the matrix-type carbonate
reservoir, which considers changes in permeability, increases in porosity, and changes in
Young’s modulus under different stresses.

The fractures carbonates reservoir is a complicated structure made up of matrix-type
carbonate reservoirs and a series of fractures. A formula for evaluating stress sensitivity has
been developed, which takes into account the permeability, number, and size of fractures
under different stress conditions. This formula can guide the development and stability of
intensive exploited fracture systems under various stress levels, and effective exploitation
and development can be achieved in carbonate fracture-type reservoirs.

These quantified evaluation formulas provide theoretical support and practical ref-
erences for the evaluation and management of carbonate reservoirs and their oil and gas
resources under different stress conditions.

2.1. Derivation of Equations for Stress Sensitivity Evaluation of Matrix-Type Carbonate Reservoir

The change mechanism of stress sensitivity in matrix-type carbonate reservoirs is
through the changes in the internal pore structure and skeletal structure of the rock. When
the rock is subjected to stress, the internal pore structure of the rock tends to close, resulting
in a reduction in porosity and permeability, which lowers the flow capacity of the reservoir.
Additionally, the skeletal structure of carbonate reservoirs is relatively weak and undergoes
plastic deformation under stress. It can cause a reduction in the volume of the rock and
induce uncontrollable factors such as reservoir fracturing and crack formation [23].

Therefore, a physical experiment using true core samples was carried out to study the
stress sensitivity of the ultra-deep carbonate matrix by the mentioned factors.

Note:
1. The samples were collected from ultra-deep carbonate samples of the Northwest

Bureau of SINOPEC.
2. This study focuses on ultra-deep carbonate reservoirs that are deeply buried and

difficult to obtain core samples from. During the sampling process, the cores were severely
damaged. Therefore, we selected two relatively intact cores as representatives in this study,
and the specific sample parameters can be found in Table 1.

Table 1. Basic parameters of the samples.

Core Number Diameter/mm Permeability/mD Porosity/%

A1 69.246 0.032 0.1306
A2 54.228 0.133 0.1528

This experiment involved two test samples, sequentially numbered A1 and A2. The
experiment was conducted under conditions of a confining pressure of 87 MPa, a temper-
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ature of 120 ◦C, and nitrogen as the fluid medium. By maintaining a constant confining
pressure on the core samples, changes in flow pressure were used to alter the effective
stress experienced by the cores.

Experimental Procedure:
1. Measure the permeability and porosity of the samples before any loss occurs;
2. Place the core samples into the core holder and initialize the core permeability tester;
3. Ensure that the confining pressure remains constant and changes the flow pressure

to 10 MPa, 15 MPa, 20 MPa, 25 MPa, 30 MPa, 35 MPa, 40 MPa, 45 MPa, and 50 MPa. After
each pressure point stabilizes, measure the permeability of the rock sample and calculate
the permeability loss rate;

4. After all pressure-point tests are completed, turn off the equipment;
5. Replace the core and repeat the aforementioned operations (Figure 1).
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Figure 1. Stress sensitivity experimental equipment.

The value of K0 is the original permeability of the formation, and Kh is the perme-
ability measured under different fluid pressures that correspond to different effective
stresses. Based on the data obtained in the high-temperature and high-pressure testing con-
ditions (Tables 2 and 3), the permeability–effective stress relationship curve (Figure 2) and
permeability loss rate (Kh/K0)–effective stress relationship curve (Figure 3) were drawn.

Table 2. Core A1 stress sensitivity experimental data.

Core Number Porosity/% Confining
Pressure/MPa

Flow
Pressure/MPa Permeability/mD Rate of Change in

Permeability/%

A1 0.1306

87 65 0.0541 0.0

87 60 0.0453 16.4

87 50 0.0352 34.9

87 45 0.0318 41.3

87 40 0.0305 43.7

87 35 0.0273 49.5

87 30 0.0255 53.0

87 25 0.0239 55.9

87 20 0.0215 60.3

87 15 0.0213 60.6

87 10 0.0189 65.1

87 5 0.0185 65.8
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Table 3. Core A2 stress sensitivity experimental data.

Core Number Porosity/% Confining
Pressure/MPa

Flow
Pressure/MPa Permeability/mD Rate of Change in

Permeability/%

A2 0.1528

87 65 0.174 0.0

87 60 0.154 11.2

87 50 0.142 18.1

87 45 0.133 23.7

87 40 0.123 29.4

87 35 0.120 30.9

87 30 0.120 31.1

87 25 0.114 34.7

87 20 0.112 35.6

87 15 0.113 35.0

87 10 0.109 37.5

87 5 0.105 39.6
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The results of the stress sensitivity experiment show that the permeability decreases
as the effective stress increases. However, the degree of permeability loss and recovery
characteristics of different rock samples vary greatly with changes in formation pressure.
According to the impact of the stress sensitivity coefficient and permeability loss rate on
the stress sensitivity under experimental conditions, a fitting model is established based
on the experimental data to establish the relationship between the effective stress coeffi-
cient, Young’s modulus of matrix-type carbonate rock, and permeability. The relationship
between these parameters can be described as follows:

K = K0 ∗ e−(αE)σ (4)

where σ is the effective stress of the rock, MPa; K0 is the rock permeability at stress 0, mD;
K is the rock permeability with effective stress σ, mD; and b is the stress sensitivity constant
of the rock, no dimension.

The relationship between permeability and Young’s modulus in terms of the effective
stress coefficient (α) at different levels of permeability can be expressed by the following
equation based on experimental data:

αE = 1.465 − 0.324 ln E (5)

The relationship between rock sample permeability and effective stress is derived
based on experimental data processing:

K = K0 ∗ e−0.009324αE(σ−σ0) (6)

where K is the permeability affected by stress sensitivity, mD; K0 is the original permeability,
mD; σ is the effective stress, MPa; and σ0 is the initial effective stress, MPa.

2.2. Derivation of Stress-Sensitive Formulae for Fractured Carbonates

In the field of geology and rock mechanics, fractures can be classified based on different
modes of crack propagation, known as Mode I, Mode II, and Mode III fractures [24,25].
These modes are associated with different types of stress conditions and deformation
mechanisms, and they can affect the behavior and stability of rocks differently. Here is a
brief explanation of each mode:

Mode I fracture (opening mode): Mode I fractures occur when a crack propagates
perpendicular to the direction of the applied tensile stress. This is commonly referred
to as an opening-mode fracture, where the crack surfaces move away from each other.
Mode I fractures are typically associated with tensile loading and are important in rock
fragmentation and tension-induced failures.

Mode II fracture (sliding mode): Mode II fractures occur when a crack propagates
parallel to the direction of the applied shear stress. This mode is characterized by sliding
along the plane of the crack surfaces. Mode II fractures are associated with shear loading
and can occur in situations where rocks are subjected to lateral or sliding forces.

Mode III fracture (tearing mode): Mode III fractures occur when a crack propagates
perpendicular to the direction of the applied tearing stress. In this mode, the crack surfaces
slide past each other and move parallel to the direction of the applied stress. Mode III
fractures are less common in geological contexts but can be important in certain types of
underground mining or faulting events.

In ultra-deep carbonate reservoirs, fractures play a dominant role in the loss of forma-
tion pressure, exacerbating the stress sensitivity effect of the reservoir [26–30]. Through
numerical simulations comparing the effects of factors, such as the magnitude of Young’s
modulus, Poisson’s ratio, and the fracture dip angle on the permeability loss of ultra-
deep carbonate reservoir-rich formations, the role of fractures in stress sensitivity could
be determined.
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It was found that reservoirs with developed fractures were more stress-sensitive than
those without fractures. Fracture density and dip angle were observed to significantly
impact stress sensitivity. Therefore, it is important to factor in the impacts of fractures
and corresponding stress sensitivity effects during exploration and development of ul-
tradeep carbonate reservoirs, and to take appropriate measures to maximize reservoir
development effectiveness.

Taking into account the abundant development of fractures in carbonate reservoirs,
stress sensitivity can usually be described by introducing a stress sensitivity coefficient
of permeability using Poiseuille and Darcy’s laws as a basis for derivation. Therefore,
based on Young’s modulus and Poisson’s ratio, a three-parameter numerical simulation
model based on Young’s modulus, Poisson’s ratio, and effective stress is typically used to
calculate the relationship between effective stress and permeability. This method enables
a systematic description of stress sensitivity in carbonate reservoirs, and it can provide a
solid foundation for further studies of stress sensitivity and corresponding adjustments to
oil and gas reservoir monitoring, development, and exploration processes.

The general form of Darcy’s law is as follows:

Q = K ∗ A ∗ ∆P
µL

(7)

where Q is the flow rate of fluid per unit time, m3; K represents permeability, mD; A is
the cross-sectional area perpendicular to the flow direction, m2; ∆P is the pressure differ-
ence driving fluid flow, MPa; µ represents fluid viscosity, m2/s; and L is the fluid flow
distance, m.

Poiseuille’s equation is as follows:

Qs =
π

4µ
∗ ∆P

L
∗ a3 ∗ b3

a2 + b2 (8)

where Qs is the total flow rate through the crack, m3; µ is the fluid viscosity, m2/s; a and b
are the dimensions of the short and long axes in the plane of the crack, respectively; and
∆P is the pressure difference in the flow direction.

Young’s modulus based on rocks defines the relationship between stress and strain.
Young’s modulus (also called elastic modulus) refers to the unit strain of a material under a
certain stress, usually represented by the symbol E:

E =
∆P
ε

(9)

ε =
∆L
L0

(10)

where E represents Young’s modulus of the rock, ε represents the linear strain of the rock,
and ∆P represents the effective stress. L represents the change in length of the crack, and
L0 represents the original length of the crack.

The relationship between permeability and effective stress can be expressed as

K = K0 ∗ e−α∗ε (11)

where K is the reservoir’s permeability, mD; K0 is the initial permeability, mD; and α is the
stress sensitivity coefficient.

Substituting (9) and (10) into (11), the permeability and effective stress can be
rewritten as

K = K0 ∗ e−α∗( ∆P
E ) (12)
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3. Influence of Different Young’s Modulus on Stress Sensitivity
3.1. Matrix-Type Carbonate Reservoirs

For matrix-type carbonate reservoirs with a high Young’s modulus, the rock has rela-
tively low rigidity and is more susceptible to both elastic and plastic deformation. When
subjected to increased stress, plastic deformation of the rock matrix may occur, leading to
pore closure and deformation, thereby affecting permeability. Therefore, matrix-type car-
bonate reservoirs with a high Young’s modulus exhibit a higher degree of stress sensitivity.

For matrix-type carbonate reservoirs with a low Young’s modulus, the rock has rel-
atively higher rigidity and is less susceptible to plastic deformation. When subjected to
increased stress, the rock matrix may undergo limited deformation, but that of pore closure
and deformation are relatively small and insignificant, leading to minor changes in perme-
ability. Therefore, intragranular matrix-dominated carbonate reservoirs with a low Young’s
modulus exhibit relatively low stress sensitivity. If the Young’s modulus E of these rocks is
changed to 10~30 GPa, the stress sensitivity curve would exhibit characteristics as shown
in Figure 4.
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In general, the stress sensitivity of matrix-type carbonate reservoirs is relatively low,
when compared to other types of rocks. As the Young’s modulus increases, the rate of
permeability decrease gradually intensifies. The maximum loss of permeability is less
than 4%. Furthermore, the stress sensitivity of intragranular matrix-dominated carbonate
reservoirs uniformly decreases with increasing Young’s modulus. This indicates that the
higher the Young’s modulus of the rock, the greater the rock’s stiffness, and the smaller the
effect of external stress on it. As a consequence, the rock’s stress sensitivity weakens.

3.2. Fractured Carbonate Reservoirs

For fractured carbonate reservoirs, fractures are present within the rock itself, compro-
mising its integrity. When external stress is applied to the rock, the fractures may expand or
close due to variations in stress. The sensitivity of fractured carbonate reservoirs to stress
changes varies according to Young’s modulus of the rock.

Fractured carbonate reservoirs with a low Young’s modulus possess higher elastic
deformation capability, and fractures tend to close relatively easily without significant
deformation. Thus, for fractured carbonate reservoirs under these circumstances, their
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stress sensitivity may be low. However, in fractured carbonate reservoirs with a high
Young’s modulus, the rock stiffness is greater, and external stress changes tend to cause
the widening of the already existing fracture(s). At this point, the stress sensitivity of
fractured carbonate reservoirs may generate high sensitivity, expressing that the rock is
highly sensitive to variations in stress. It should be noted that the stress sensitivity of
fractured carbonate reservoirs is also influenced by other factors, such as the number,
size, and distribution of fractures. In addition, the actual rock properties and technical
conditions can also impact stress sensitivity. If the Young’s modulus E of these rocks is
changed to 10~30 GPa, the stress sensitivity curve would exhibit characteristics as shown
in Figure 5.
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Overall, fractured carbonate reservoirs exhibit significantly higher stress sensitivity
than matrix-type carbonate reservoirs. With increasing Young’s modulus, the rate of
permeability decrease due to external stress varies; its stress sensitivity uniformly decreases.
This demonstrates that the stiffness of the fractured carbonate reservoirs increases vis-a-vis
their Young’s modulus; i.e., with increasing Young’s modulus, the sensitivity to stress
changes reduces. Fractured carbonate reservoirs with a high Young’s modulus can increase
the rock’s stiffness, resulting in decreased permeability decline in response to changes in
external stress.

4. Example Application

We have chosen the ultra-deep carbonate reservoirs of the T74 formation in the Shunbei
area of the Tarim Basin for studying the stress sensitivity of ultra-deep carbonate reser-
voirs. The Tarim Basin is currently situated in the southern part of China’s Xinjiang Uygur
Autonomous Region. This area features broken seam cavernous ultra-deep carbonate
reservoirs spanning from the eastern foothills of the Pamir Plateau in the west to the Rob
Lake depression in the east, and extending from the southern foot of the Tianshan Moun-
tains in the north to the northern foot of the Kunlun Mountains in the south [31–33]. As
China’s largest inland basin, the tectonic region is located between the Tianshan Mountain
range and Kunlun mountain range with abundant Permian slope-deposition-environment
hydrocarbon source rocks in the northern and eastern parts of the basin, where the upper
stratum is home to together complete life-storage-cover geological amounts [34]. Move-
ment by multiple fault planes serves as favorable conditions for oil and gas migration and
accumulation, leading to highly optimal capture conditions. Due to the influence of the
fault zone, and the matrix in the reservoir serving as the primary storage unit, the fractures
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acting as the main fluid flow channel demonstrate strong reservoir heterogeneity and the
fractures heavily impact the stress sensitivity of the reservoir.

Phase 1: Middle Cambrian. This stage was the main period of formation for strike-slip
fault systems within the craton. Due to the collision between the West Kunlun and Tarim
blocks, the study area underwent a regional uplift leading to the formation of several
compressional uplifts and small-scale regional fault systems. Phase 2: Late-middle to early-
late Cambrian. This stage saw the main period of activity for the strike-slip fault system
under strong compression. In the Silurian and Devonian periods, a shallow en echelon-style
strike-slip fault developed due to the deep-seated fault zone. Phase 3: Late Devonian to
Indosinian. During this stage, the study area was mainly affected by the compressive force
of the South Tian Shan Mountains, and the strike-slip fault zone continued to be active.
The deep-seated faults formed in the early stages of this period were also reactivated.
Additionally, small-scale faults developed in the Carboniferous and Permian in the Shunbei
area. Phase 4: Yanshan to Himalayan. This stage was the period of evolution for the
Tarim Basin depression where the study area had undergone fracturing activities due to
tensional stress. In the early stage, NE-trending strike-slip faults were active, while their
activity diminished in the late stage, leading to the final formation of strike-slip faults in
the Shunbei area.

In the early stages, the northeast-trending strike-slip faults were very active. In the
later stages, their activity gradually decreased, eventually leading to the formation of
strike-slip faults and pattern II fractures in the Shunbei area (Table 4).

Table 4. Fracture statistics.

Depth Type of Fracture Fracture Length Fracture Width Number Densities
Corridor Average Corridor Average

7358–7527 Natural fractures 70–1470 365 0.1–20 2.1 70 0.41
7527–7581 Natural fractures 70–300 127 0.03–0.3 0.09 8 0.15
7581–7751 Natural fractures 40–530 221 0.02–2 1.1 48 0.28
7550–8163 induced fractures 180–520 281 0.3–6 1.1 26 0.04

The development of natural fractures in the study area was investigated through
resistivity logging. Resistivity logging is relatively sensitive to fracture identification
and can be affected by factors, such as fracture orientation, extension length, and mud
invasion depth. In lateral logging, because the measuring circuit is in parallel with the
low-resistance fracture, the resistivity is greatly affected in the vertical fracture segment
and can be identified by the lateral logging for vertical fractures. In the induction logging,
the measuring circuit is in parallel with the horizontal fracture, and the resistivity is greatly
affected in the horizontal fracture segment such that it can identify vertical fractures.

According to previous research, when high-angle fractures develop, lateral resistivity
displays a positive anomaly while middle and low-angle fractures display a negative
anomaly or a low-resistivity peak (Figure 6). At present, the overall tectonic stress field
in the southern section of the fault zone is oriented in a northeast–north direction, and
there is an obvious deviation in the local stress field, with the direction of the Earth’s
stress being near east–west and north–northeast (Figure 7). Therefore, in this study, DFN
discrete modeling and dual media numerical simulation were used to simulate the impact
of stress sensitivity in the stratigraphic layer. In the numerical simulation process, the
dual media model divided the matrix and fractures into two systems, and the reservoir
permeation occurred in the fractures. Different formulas for stress sensitivity were assigned
to the matrix and fractures, respectively, to calculate the change in permeability under the
influence of stress sensitivity.
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4.1. Establishment of Dual-Porosity Model

Considering the strong heterogeneity of the reservoir, the fluid flow behavior, and
the current development status, we determine the parameters of the carbonate reservoir
model (Table 5). The size of the established model is 1680 m × 756 m × 900 m with the grid
dimensions of 15 m × 2 m × 10 m.

Table 5. Parameters for the dual-porosity model in the simulator.

Model Attribute Value Model Attribute Value

Matrix model grid NX = 112 NY = 378 NZ = 90 Fracture model grid NX = 112 NY = 378 NZ = 90
Model geometry 160 m * 756 m * 900 m Model grid step size DX = 15 DY = 2 DZ = 10

Mean matrix permeability 37.613 mD Mean fracture permeability 152.818 mD
Mean matrix porosity 18.92% Mean fracture porosity 1.092%

Middle depth of reservoir 6743 m Matrix fracture conductivity Tr = CDARCY ∗ K ∗ V ∗ σ

Reservoir pressure 87.75 MPa Matrix to fracture cross-flow
coefficient σ = 4( 1

lx2 +
1

ly2 +
1

lz2 )

For the equations in Table 5, CDARCY is the Darcy constant; K is the rock permeability;
V is the matrix volume per rock unit; lx is the distance between fractures in the X direction;
ly is the distance between fractures in the Y direction; and lz is the distance between
fractures in the Z direction.
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According to the mechanical parameters of rock samples (Table 6), Young’s modulus
of the matrix rock is 53.41 GPa and Poisson’s ratio is 0.201, and Young’s modulus of the
fracture is 5.041 GPa and Poisson’s ratio of the fracture is 0.33. According to the stress
deformation method of the matrix-fracture dual-media model, the change in core porosity
and permeability loss caused by effective stress is

K = K0 ∗ e−0.125∗( ∆P
5.041 ) (13)

Table 6. Table of rock mechanical parameters.

Parameters Value Parameters Value

Maximum horizontal principal stress 0.024 MPa Young’s modulus of the matrix 53.41 GPa
Minimum horizontal principal stress 0.0181 MPa matrix Poisson’s ratio 0.201

Vertical principal stress 0.025 MPa Uniaxial compressive strength of matrix 96.98 MPa
Formation porosity pressure 0.011 MPa Young’s modulus of the fracture 5.041 GPa

Direction of maximum horizontal principal
stress NE 43.8◦ Fracture Poisson’s ratio 0.33

The Biot coefficient 1 Direction of cracks 44.1◦

When the effective stress ∆P is 0, K = K0, i.e., no stress sensitivity occurs, which is
realistic. For rock samples in the same state, at this time with the increase in effective stress,
the reservoir permeability loss occurs, and the smaller the Young’s modulus, the greater
the difference in stress sensitivity.

Due to the presence of an underlying aquifer, which supplies the energy lost from the
production process, the current model has adopted the use of the initiation of pressure
gradients to limit this energy supply and maintain balance during the production process.
This allows for the better control of fluid movement between adjacent layers through the
creation of a minimum pressure difference between neighboring lower-pressure layers.
By maintaining this pressure gradient within the threshold specified by Table 7, one can
limit any lateral movements between the cells and help calibrate the minimum boundary
pressure for initiating these pressure gradients within the simulated volume. This method
could also be used to study the changes in production indicators as a result of various
pressure gradients initiated between different zones. (The unit measured for the flow
threshold pressure is “bar”).

Table 7. Start-up pressure threshold settings.

From Equil Region (I) To Equil Region (J) Threshold Pressure for Flow from I to J

1 2 170

Initiation of pressure gradient modelling for permeability velocity is as follows:{
V = 0
V = K

µ (
∆P
L − C)

∆P
L < 0

∆P
L ≥ 0

}
(14)

where V represents the seepage velocity, m/s; K represents the permeability of the reser-
voir matrix, mD; µ corresponds to the viscosity of the crude oil, mPa·s; C represents the
designated or proposed initiation of the pressure gradient, MPa/m; and ∆P serves as the
pressure differential between two points of distance L measurements on the grid, MPa.

According to the theory of limiting well spacing, the maximum flowing distance of
the pressure gradient adopted should be greater than the starting pressure gradient, so
the differential pressure ∆P satisfies LC < ∆P. For the study area, when the production
differential pressure reaches 17 MPa, the maximum production range when considering
the start-up pressure gradient is 400 m, which is realistic.
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4.2. Stress Sensitivity Analysis of Ultra-Deep Carbonate Reservoirs

According to the dual-porosity medium model that considers the initiation of pressure
gradient and stress sensitivity, and includes formulas for both matrix and fracture stress
sensitivity, we can see that in ultra-deep reservoirs consisting of fractured pore carbonate
reservoirs, the degree of fracture permeability degradation in response to increased effective
stress is more severe than the degradation seen in the matrix which is stress-sensitive, while
showing a clear attenuation or decay characteristic. This effect is particularly pronounced
near the bottom of the production wells, where the fracture permeability degradation is
significantly greater than that seen in the matrix.

Take the T74 reservoir of the Yijiangfang formation in the research area as an example
to perform statistical analysis on the fracture development, establish a fracture model in
Petrel, and perform numerical simulation of the fracture using Tnavigator software.

Stress-sensitive settings in the simulator are as follows:

SATNUM = 1 (Matrix)

PERMX = ARRPERMX * Eˆ(−0.009324 * (1.465−0.324lnE)∆P)
PERMY = ARRPERMY * Eˆ(−0.009324 * (1.465−0.324lnE)∆P)
PERMZ = ARRPERMZ * Eˆ(−0.009324 * (1.465−0.324lnE)∆P)

SATNUM = 2 (Fractured)
PERMX = ARRPERMX * Eˆ(−0.125 * ∆P/E)
PERMY = ARRPERMY * Eˆ(−0.125 * ∆P/E)
PERMZ = ARRPERMZ * Eˆ(−0.125 * ∆P/E)

During actual development, it was found that the stress sensitivity of the carbonate
reservoir mainly occurs at the bottom of the well. Comparative changes in the initial and
stress-sensitive permeability of matrix-type carbonate reservoirs in the 15th (bottom of the
well) and 34th (The oil–water interface) layers are illustrated in Figures 8 and 9. For the
entire matrix-type carbonate reservoir, a reduction of approximately 1.6% in permeability
occurred at a Young’s modulus of 53.41 GPa. The lower rock stiffness may lead to fractures
and plastic deformation that results in pore closure, and thus reduces the permeability of
the rock (Figure 10).
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Figures 11 and 12 illustrate comparative changes in the initial and stress-sensitive
permeability of fracture-type carbonate reservoirs in the 15th and 34th layers. For the entire
fracture-type carbonate reservoir, the loss rate of permeability was approximately 65% at
a Young’s modulus of 5.041 GPa. A lower Young’s modulus indicates higher elasticity
and a greater tolerance to the corresponding deformation changes, but without significant
fracture deformation (Figure 13). Therefore, in comparing the stress sensitivities between
matrix-type carbonate reservoirs and fracture-type carbonate reservoirs, a higher stress
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sensitivity has been observed for the case of fractured developments in carbonate reservoirs
(Figure 14).
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Figure 13. Permeability change curve of fractured carbonate reservoirs.

Through the analysis of the changing pressure and permeability of the reservoir’s
overall area (Figure 15), it has been found that the influence of stress changes on the overall
performance of the reservoir exhibits apparent spatial distribution characteristics. The stress
sensitivity exhibited particular emphasis in the regions near the bottom of the well, which
may be related to the distribution and connectivity of crack networks. These observations
hold significant value towards optimizing drilling layout and improving the recovery rate.
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5. Discussion

This study combines experiments and numerical simulations to conduct an in-depth
study of the stress sensitivity of ultra-deep carbonate reservoirs. Our results show that
the stress sensitivity of matrix and fractured carbonate reservoirs is closely related to the
Young’s modulus of the rock framework under the same effective stress conditions. This
finding is consistent with the results of Jones, who found a linear relationship between the
Young’s modulus of the rock and stress sensitivity. However, our study further reveals that
under ultra-deep conditions, the stress sensitivity of fractured reservoirs is usually higher
than that of matrix reservoirs, which may be related to the development and direction of
the cracks. However, during our literature review process, we found that Du Shuheng [35]
considered the aspect ratio of the length-to-width of cracks when studying the stress
sensitivity of shale. We did not conduct a thorough investigation into this, and this is an
aspect that we need to improve on.

When discussing our research results, we must consider the limitations of our methods.
Although our experimental design aims to simulate realistic geological conditions, the
selection of samples and experimental conditions may not fully capture the complexity
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of ultra-deep carbonate reservoirs. For example, we did not simulate the influence of
temperature changes on the rock mechanic properties in the experiments, which may play
an important role in actual reservoirs. In addition, our numerical simulation may not fully
consider all factors that affect changes in permeability, such as changes in fluid pressure
and rock heterogeneity.

Compared with traditional methods of evaluating stress sensitivity, such as Pedrosa’s
flow equation solutions and Kikani’s perturbation analysis, our research proposes a more
intuitive and quantitative evaluation method. By establishing a dual-porosity media model,
we can more accurately simulate and predict the changes in the permeability of reservoirs
under different stress conditions. However, during the experimental stage, due to the
limitations of actual core samples, we obtained relatively few cores, which may have
caused accidental results in our experiments. In addition, when dealing with complex
fracture reservoir networks, our models may need further testing and adjustment.

In practical applications, our research has important implications for the development
of ultra-deep carbonate reservoirs. By accurately evaluating stress sensitivity, we may
optimize drilling strategies, reduce permeability loss during production processes, and
thus increase the efficiency of oil and gas field development. Future research can explore
the stress sensitivity under different geological conditions and develop new experimental
and simulation methods to improve the accuracy of evaluation.

Future research should be dedicated to overcoming the limitations of current research
and further validating our results, for example, by improving the representativeness of
the research by increasing the quantity and diversity of the samples. In addition, future
research can explore the effects of temperature, chemical reactions, and changes in fluid
pressure on stress sensitivity. Through these efforts, we can better understand the complex
behavior of ultra-deep carbonate reservoirs, and provide a scientific basis for the effective
development of oil and gas resources.

6. Conclusions

By fully considering the characteristics of carbonate reservoirs and exploring the me-
chanical properties of rocks, such as Young’s modulus and Poisson’s ratio, under different
stress conditions, and through utilizing classic Griffith mechanics solutions, conventional
Darcy’s law, sedimentary structures, and layer sequence stratigraphic features, quantitative
evaluation formulas for the stress sensitivity of matrix and fractured carbonate reservoirs
were derived. These formulas were applied in the Shunbei area of the Tarim Basin and the
following main conclusions were reached:

(1) Under the same effective stress, the stress sensitivity of matrix- and fracture-type
carbonate reservoirs is related to Young’s modulus of the rock framework. In matrix-
type carbonate reservoirs, rocks with a higher Young’s modulus exhibit lower stiffness
and are more susceptible to both elastic and plastic deformation, resulting in a higher
level of stress sensitivity. Matrix-type carbonate reservoirs with a lower Young’s
modulus typically exhibit higher levels of stiffness, and thus may not readily undergo
plastic deformation, resulting in a lower level of stress sensitivity. For the fracture-type
carbonate reservoirs, those with a lower Young’s modulus possess a higher resilience
and capacity for elastic deformation, making them more likely to undergo fracture
closure and less susceptible to significant deformation and stress sensitivity. When
Young’s modulus of fracture-type carbonate reservoirs is higher, the stiffness of the
rock is large, making it easy for external stress changes to bring about the crack
extension, resulting in a higher level of stress sensitivity.

(2) Under a confining pressure of 87 MPa, a flow pressure of 50 MPa, and at 120 ◦C, it
was determined that the effective stress of the matrix-type carbonate reservoir and
the permeability of the reservoir exhibit an exponential relationship, with a stress
sensitivity index σ of 0.009324. Based on rock mechanics parameters, with a matrix
Young’s modulus of 53.41 GPa and a Poisson’s ratio of 0.201, and a fracture Young’s
modulus of 5.041 GPa and a Poisson’s ratio of 0.33, the stress sensitivity of the fracture-
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type carbonate reservoir is generally larger than that of the matrix-type carbonate
reservoir, and the smaller the Young’s modulus, the greater the difference in stress
sensitivity between the two types of rocks.

(3) By establishing a dual-porosity model based on the initiation pressure gradient, stress
sensitivity simulations were conducted for typical ultra-deep carbonate formations in
the Shunbei area of the Tarim Basin. The results indicated that these ultra-deep for-
mations are characterized by high levels of stress sensitivity, providing new evidence
for the high-stress sensitivity characteristics of ultra-deep carbonate reservoirs. The
impact of stress sensitivity on the calculation of reserves and the efficient develop-
ment of ultra-deep carbonate reservoirs must be given considerable attention during
practical mining processes.
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