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Abstract

The ultra-deep carbonate reservoirs of the Fuman Oilfield in the Tarim Basin are character-
ized by intense fracture development. The coupled effects of high in-situ stress and fracture
structures significantly deteriorate the mechanical properties of the rock mass, thereby
constraining wellbore stability evaluation and safe drilling and completion operations.
Existing studies have primarily focused on medium- to low-confining-pressure conditions
and isolated fracture parameters, making it difficult to characterize the mechanical response
of fractured rock masses under the high-stress conditions of ultra-deep reservoirs. To ad-
dress this issue, limestone from the Yingshan Formation of the target reservoir was selected
as the research object, and fractured specimens with varying fracture angles, widths, and
densities were prepared. Uniaxial compression tests and triaxial compression tests under
high confining pressures of 90 MPa and 120 MPa were conducted to systematically reveal
the evolution of rock strength, deformation parameters, shear strength parameters, and
failure modes under the coupled influence of fracture geometric parameters and confining
pressure. On this basis, a confining-pressure–fracture coupled damage prediction model
was established, and wellbore stability around the reservoir was analyzed using Finite
Difference Method. The results indicate that fracture angle causes the peak strength and
Young’s modulus to first decrease and then increase, with an inclination angle near 45◦

representing the most unfavorable fracture orientation. Increases in fracture width and
density lead to continuous degradation of strength and stiffness. Although high confining
pressure can close fractures and enhance load-bearing capacity, it cannot eliminate the
controlling influence of fractures on failure pathways. Sensitivity analysis shows that the
Young’s modulus and Poisson’s ratio are most sensitive to fracture width; cohesion is
mainly governed by fracture width and density; and the internal friction angle is most
sensitive to fracture density. Numerical simulations of wellbore stability further confirm
that medium-inclination, large-aperture, and high-density fractures significantly increase
the risk of wellbore instability. The findings provide experimental and theoretical support
for mechanical-parameter correction, wellbore stability assessment, and construction-risk
control in ultra-deep fractured carbonate reservoirs.
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1. Introduction
As China’s deep-ultra-deep oil and gas exploration and development continue to

advance in depth, the ultra-deep carbonate reservoirs in the Fuman Oilfield of the Tarim
Basin have become an important position for increasing reserves and production [1], as
shown in Figure 1.

Figure 1. Geographical location of the Fuman Oilfield in the Tarim Basin and stratigraphic position
of the Yingshan Formation. (a) Map of China and the location of the Tarim Basin; (b) location of the
Yingshan Formation.

This type of reservoir has a large, buried depth (more than 7000 m), high in-situ
stress level, and local formation confining pressure that can reach more than 90 MPa.
At the same time, it is controlled by tectonic movement, diagenesis, and dissolution
transformation. Natural fractures and fracture-cavity systems are widely developed [2,3].
The existence of fractures changes the internal stress transfer path and local damage
evolution mode of rock mass, which makes the reservoir rock mass show significant
heterogeneity, anisotropy, and strength discreteness. These characteristics directly affect
the evaluation of wellbore stability, reservoir fracturing, injection-production parameter
optimization, and construction risk control. Therefore, clarifying the evolution law of
mechanical parameters and failure mechanism of fractured carbonate rocks under ultra-
deep and high stress conditions is a key basic problem for the safe and efficient development
of deep oil and gas engineering.

Focusing on the mechanical response of fractured rock mass, the existing studies
have systematically revealed the control effect of fracture geometric characteristics on
the strength, deformation, and fracture mode of rock mass from the fracture initiation,
propagation, coalescence, and instability failure process of single fracture or multi-fracture
specimens [4–7]. Further research shows that the fracture angle, opening, density, and
spatial combination will significantly affect the fracture tip stress concentration, fracture
propagation path, energy dissipation process, and post-peak failure mode [8–18]. In addi-
tion to experimental research, numerical methods, such as finite element, discrete element,
finite-discrete element coupling, and particle flow are also widely used to simulate the
progressive failure process of fractured rock mass from local damage to overall instability,
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which provides important support for understanding the meso-fracture mechanism and
macro-strength degradation law of fractured rock mass [19–23]. In general, the existing
research has fully proved that the geometric parameters of fractures are the core factors con-
trolling the degradation of mechanical properties of rock mass. However, most experiments
are still focused on rock-like materials, sandstone, granite and other objects, and are mainly
based on uniaxial or medium-low confining pressure conditions. The understanding of the
influence of fracture parameters under high confining pressure environment in ultra-deep
reservoirs is still insufficient.

With the increasing depth of engineering mining, the study of deep rock mechanics
has gradually shifted from conventional loading conditions to extreme environments such
as in-situ stress, high temperature, high water pressure, and complex stress paths. Related
studies have shown that deep rocks will exhibit compaction, yield, dilatancy, brittle-ductile
transformation, and energy release characteristics different from shallow rocks under high
stress [24–28]. The tests of true triaxial loading, cyclic disturbance, high temperature-stress
coupling, and hydraulic-mechanical coupling further reveal the sensitivity of deep rock
mechanical behavior to confining pressure, ground temperature, pore pressure, and loading
path [29–38]. For ultra-deep carbonate reservoirs, the existing research has carried out
useful explorations from the aspects of exploration and development theory, reservoir
geomechanics, rock physical characteristics, and triaxial compression behavior [39–43], and
formed a relatively rich method system in dynamic mechanics, creep damage, and deep
in-situ environment reconstruction [44–47]. These results show that high in-situ stress will
not only improve the overall bearing capacity of rock mass, but also change the mechanism
of fracture closure, slip, expansion, and penetration. Therefore, the law of fractured rock
mass under shallow or medium-low confining pressure cannot be simply extrapolated to
ultra-deep reservoirs.

The evolution of mechanical parameters is an important bridge between rock failure
mechanism and engineering stability evaluation. A large number of experiments and
numerical analysis have been carried out on the Young’s modulus, Poisson’s ratio, peak
strength, cohesion, internal friction angle, and energy evolution law of rock mass with notch,
joint, hole, or non-flat fracture [48–54]. At the same time, based on the constitutive model
of damage mechanics, elastoplastic theory, and water-rock coupling theory, the progressive
damage, strength degradation, and parameter degradation characteristics of fractured rock
mass during loading are further described [55–57]. However, the existing results pay more
attention to the influence of general fractured rock mass or single fracture parameters on
mechanical properties, and there is a lack of systematic comparison of the differential effects
of fracture angle, width, and density in high confining pressure environment. Especially
for ultra-deep carbonate rocks, which are highly heterogeneous, highly fractured, and
have extremely high engineering stress levels, how the deformation parameters, strength
parameters, and failure modes evolve with the geometric characteristics of fractures still
lacks a direct laboratory test basis.

In summary, the existing research has laid an important foundation for understanding
the fracture mechanism of fractured rock mass and the mechanical behavior of deep rock.
However, for the ultra-deep carbonate reservoir in the Fuman Oilfield of the Tarim Basin,
there are still the following shortcomings. First, the existing fractured rock mass tests
are mostly concentrated in medium and low confining pressure or uniaxial conditions,
which is difficult to reflect the coupling effect of fracture closure, slip, and expansion under
high geo-stress environment above 90 MPa. Secondly, most of the existing studies focus
on the single factor such as fracture dip angle, and lack of understanding of the strength
degradation law under the joint action of fracture width, density, and confining pressure.
Thirdly, there is still a lack of systematic quantitative analysis of engineering reservoir
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conditions for the internal relationship between elastic parameters, strength parameters,
and failure modes of fractured carbonate rocks.

Based on this, this paper takes the carbonate rocks of Yingshan Formation in Fuman
Oilfield of Tarim Basin as the research object, prepares fractured rock mass specimens
with different fracture angles, widths, and densities, and carries out uniaxial and triaxial
compression tests under confining pressures of 0 MPa, 90 MPa, and 120 MPa. The evolution
laws of stress–strain response, elastic parameters, strength parameters, and failure modes
of rock mass under the combined action of fracture geometric parameters and high confin-
ing pressure are systematically analyzed. The research results can provide experimental
basis for rock mechanics parameter evaluation and construction risk control of ultra-deep
carbonate reservoirs.

2. Experimental Preparation and Methods
2.1. Specimen Preparation

The experimental research object of this paper is carbonate rock, which is selected
from Fuman Oilfield in Tarim Basin. It belongs to Yingshan Formation, and the lithology is
mainly thick gray limestone [58]. According to the Standard for Experiment Methods for
Engineering Rock Masses (GB/T 50266-2013 [59]), the rock was processed into a cylinder
specimen of ϕ 25 × h 50 mm. In order to study the influence of fracture conditions on the
mechanical properties of rock, the specimens were cut from the middle, and the fractures
with different angles, widths, and densities were prefabricated on the section. The angles
were 0◦, 30◦, 45◦, 60◦, and 90◦ respectively based on the horizontal direction. The first
group in the width was the blank control group, and the fracture widths were 2 mm, 4 mm,
6 mm, and 8 mm, respectively. The density was measured by the number of strips in the
specimen section, and 2, 4, 6, 8, and 10 strips were set, respectively.

Natural reservoir fractures commonly exhibit surface roughness, nonuniform aperture,
local mineral infilling, and complex contact morphologies, all of which can significantly
influence the frictional resistance, interlocking effect, and shear-slip behavior of fracture
surfaces. Considering that this study focuses on the independent effects of three geometric
parameters—fracture inclination angle, fracture width, and fracture density—simplified
smooth prefabricated fracture surfaces were adopted in the experiments to avoid introduc-
ing substantial randomness from additional factors such as fracture roughness, infilling
materials, and nonuniform aperture. This treatment facilitates the identification, under
controlled conditions, of the influence of different fracture geometric parameters on me-
chanical properties such as peak strength, Young’s modulus, Poisson’s ratio, cohesion, and
internal friction angle.

The effect of fracture prefabrication is shown in Figure 2b, and the prefabricated
specimen is shown in Figure 2c. After fracture preparation, the two cut portions of each
specimen were aligned along the original cutting plane and reassembled to restore the
overall cylindrical geometry. During reassembly, a heat-shrink sleeve was used to constrain
the specimen, ensuring coaxial alignment of the two parts and minimizing the influence
of eccentric loading. No adhesive was used in this study; instead, contact between the
two parts of the specimen was maintained primarily by the external constraint and the
subsequent confining pressure. For specimens subjected to triaxial compression tests, the
outer surface was further wrapped with a heat-shrink sleeve before loading to prevent
silicone oil from entering the internal fractures. All specimens with prefabricated fractures
were placed in a dry environment for two weeks prior to testing to reduce the influence of
differences in internal moisture conditions on the experimental results.
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Figure 2. Carbonate rock specimens and experimental apparatus. (a) Multi-field coupling rock triaxial
test system; (b) schematic diagram or preparation pattern of prefabricated fractures; (c) prefabricated
fractured carbonate rock specimens.

The density of the specimen is between 2.520–2.707 g/cm3, and the average density is
2.610 g/cm3. Before the experiment, the prefabricated specimen was placed in a dry place
for two weeks to eliminate the influence of internal water content.

Because natural carbonate rocks exhibit pronounced heterogeneity, differences may
exist among specimens in mineral composition, grain structure, microfracture development,
pores, and local calcite veins. These natural variations may lead to a certain degree of
discreteness in specimen strength, deformation modulus, and failure mode. To minimize
this influence as much as possible, cores with similar lithology, relatively intact structures,
and fewer visible defects were preferentially selected for specimen preparation in this study.
The mineral composition of the specimens was analyzed by X-ray diffraction (XRD). The
results of mineral composition analysis are shown in Figure 3. It can be seen from Figure 3a
that the mineral composition of the selected specimens mainly includes calcite, dolomite,
quartz, and clay minerals. It can be seen from Figure 3b that the content of calcite is the
highest, the content of dolomite is the second, and the content of quartz and clay minerals
is less. The average contents of calcite, dolomite, quartz, and clay minerals are 82.86%,
8.69%, 5.48%, and 2.97%, respectively.

Figure 3. Mineralogical composition analysis of carbonate rock specimens. (a) XRD patterns of
different specimens, where 1, 2, 3, and 4 represent calcite, dolomite, quartz, and clay minerals,
respectively; (b) mineral contents of different specimens and their average values.
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The above results indicate that the specimens exhibit a certain degree of lithological
consistency; however, data discreteness caused by the inherent heterogeneity of natural
rocks cannot be completely eliminated. Therefore, in interpreting the experimental results,
this study places greater emphasis on the relative variation trends of mechanical parameters
under different fracture inclination angles, widths, and densities, rather than directly
regarding the measured value of a single specimen as a representative parameter of the
natural reservoir rock mass.

2.2. Experiment Scheme

The multi-field coupling rock triaxial test system was used to carry out the experiment
(Figure 2a). The maximum axial pressure of the experiment system is 1500 kN and the
maximum confining pressure is 200 MPa.

In order to explore the mechanical properties of fractured rocks under ultra-deep
in-situ stress environment, rock mechanics experiments under confining pressure of 0 MPa,
90 MPa, and 120 MPa were carried out, respectively. The orthogonal experimental design
is shown in Table 1. Considering the great difficulty of obtaining ultra-deep carbonate rock
cores, as well as the high requirements of high-confining-pressure triaxial compression
tests for specimen integrity, machining accuracy, and testing-system stability, only one
specimen was prepared for each combination of fracture parameters. Therefore, the results
of this study are mainly used for comparative analysis of the variation trends in mechanical
responses under different fracture geometries, rather than being regarded as universally
applicable parameters in a strict statistical sense.

Table 1. Experimental scheme for fractured rock mass.

Confining Pressure
Condition/MPa

Fracture Parameters

Angle/◦ Width/mm Density/Strip

0, 90, 120 0, 30, 45, 60, 90 0, 2, 4, 6, 8 2, 4, 6, 8, 10

The Young’s modulus and Poisson’s ratio of fractured rock mass are calculated accord-
ing to the pre-peak elastic section of stress–strain curve, and the calculation equations are
as follows: Equations (1) and (2).

E =
∆σ

∆ε
(1)

µ = −∆ε3

∆ε1
(2)

In the equation, E is the Young’s modulus; ∆σ is the difference between the end stress
and the initial stress of the elastic section of the stress-strain curve; ∆ε is the difference
between the end-point axial strain and the initial axial strain of the elastic section of the
stress-strain curve; µ is Poisson’s ratio; ε1 is axial strain; ε3 is radial strain; ∆ε1 is the
difference between the end-point axial strain and the initial axial strain of the elastic section
of the stress-strain curve; ∆ε3 is the difference between the end-point radial strain and the
initial radial strain of the elastic section of the stress-strain curve.

According to Equation (3), the sensitivity of mechanical parameters and strength
parameters of fractured rock mass to different fractures is calculated:

SX =

∣∣∣∣ ∆P/P0

∆X/X0

∣∣∣∣ (3)

In the equation, SX is the sensitivity coefficient of fracture parameter X to mechan-
ical parameter P; P0 is the benchmark mechanical parameter; ∆P is the variation of me-
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chanical parameters; X0 is the benchmark fracture parameter; ∆X is the variation of
fracture parameters.

3. Experiment Results and Analysis
3.1. Stress–Strain Response Characteristics of Fractured Rock Mass

Axial cutting and subsequent reassembly may exert a certain influence on the local
contact state of the specimens. To examine the effect of this treatment on the overall load-
bearing capacity of the specimens, comparative tests were conducted on intact specimens
and axially cut-and-reassembled specimens without internal prefabricated fractures, as
shown in Figure 4. The results show that, in the absence of prefabricated fractures, the
stress–strain responses and compressive strengths of the intact specimens and the axially
cut-and-reassembled specimens differ only slightly under uniaxial conditions and confining
pressures of 90 MPa and 120 MPa. This indicates that the axial cutting and reassembly
process itself has a relatively limited effect on the basic compressive mechanical response
of the specimens. Therefore, the subsequent differences in mechanical properties among
the specimens can be primarily attributed to variations in the inclination angle, width, and
density of the prefabricated fractures.

Figure 4. Comparison between intact specimens and axially split specimens.

Figure 5 is the uniaxial compression response of the axially cut specimen under
different prefabricated fracture parameters. Figures 6 and 7 are the triaxial compression
response under the confining pressure of 90 MPa and 120 MPa, respectively.

Figure 5. Stress–strain curves of different fracture parameters under uniaxial compression.
(a) Different fracture angles; (b) different fracture widths; (c) different fracture densities.
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Figure 6. Triaxial compression experiments with different fracture conditions (σ3 = 90 MPa).
(a) Different fracture angles; (b) different fracture widths; (c) different fracture densities.

Figure 7. Triaxial compression experiments with different fracture conditions (σ3 = 120 MPa).
(a) Different fracture angles; (b) different fracture widths; (c) different fracture densities.

It can be seen from Figures 5a–7a that the fracture dip angle has a significant effect
on the bearing capacity of rock specimens. Under both uniaxial and triaxial conditions,
the peak strength decreases first and then rises with the increase in fracture inclination
angle. The bearing capacity of specimens with 0◦ and 90◦ is stronger, and the strength
near 45◦ is the lowest, indicating that the fractures with medium inclination angle are most
prone to shear slip under compression load, which is a sensitive orientation to control the
instability of rock specimens. When the confining pressure increases from 0 MPa to 90 MPa
and 120 MPa, the peak strength and peak strain of the specimens with different dip angles
are significantly improved, indicating that the confining pressure can inhibit the fracture
opening and tip expansion, but it does not change the control effect of the dip angle on the
strength ranking, and the brittle instability characteristics induced by fractures still exist.

As shown in Figures 5b–7b, increasing fracture width leads to a continuous decrease in
the peak strength of the rock specimens, while enhancing pre-peak nonlinear deformation
and compaction characteristics. Under uniaxial conditions, wider fractures are mainly
manifested by a prolonged compaction stage and intensified post-peak softening. Under
high confining pressure, fracture closure is constrained, and the specimens exhibit certain
pre-peak fluctuation strengthening or progressive yielding characteristics; however, the
load-bearing degradation caused by wide fractures does not disappear. This indicates that
fracture width not only reflects the scale of the initial defects but also governs fracture
closure, slip, and the space available for stress release. Confining pressure can only delay
the instability process of specimens with wide fractures, but it is difficult to fully restore
their load-bearing continuity.

It can be seen from Figures 5c–7c that the increase in fracture density generally reduces
the peak strength of rock specimens and enhances the pre-peak nonlinear deformation. The
low-density fracture specimen still retains a relatively complete matrix bearing skeleton,
while the interaction between fractures in the high-density fracture specimen is enhanced,
and it is easier to form a synergistic penetration failure. The increase in confining pressure
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can improve the overall strength of the specimen and delay the fracture propagation.
However, when the number of fractures is large, the fracture network effect gradually
dominates, and the strength weakening is more obvious.

Based on the test results of uniaxial compression, confining pressure 90 MPa and
confining pressure 120 MPa, it can be seen that the fracture geometric parameters and
confining pressure form two competing control mechanisms on the mechanical behavior
of rock specimens: the fracture parameters produce structural weakening effect, and the
confining pressure produces constraint strengthening effect.

The fracture dip angle mainly determines whether the fracture is prone to shear
activation, and the fracture with medium dip angle is the most unfavorable. The fracture
width mainly controls the fracture closure, slip, and deformation release capacity. The
larger the width, the weaker the bearing capacity. The fracture density mainly determines
the degree of synergy between fractures. The higher the density, the easier the overall
damage is formed. In contrast, the increase in confining pressure can significantly improve
the peak strength and peak deformation capacity of the specimen, and delay the fracture
propagation and damage penetration process, but it does not change the overall order of
the influence of different fracture parameters on the strength.

Therefore, the fractured rock mass presents a response characteristic with engineering
significance in the deep high confining pressure environment: the confining pressure can
achieve ‘strength recovery’, but the fracture still retains the ability to control the failure
path, that is, the strength is strengthened and the brittle memory does not disappear. For
the deep fractured rock mass in Fuman Oilfield, the medium dip angle, large width, and
high-density fractures are still the key structural factors to control the wellbore stability and
the risk of surrounding rock instability. Although the high confining pressure improves the
overall bearing capacity of the rock mass, once the fractures are synergistically activated,
sudden failure may still be induced.

3.2. Evolution Law of Mechanical Parameters of Fractured Rock Mass

Based on the stress–strain curves from Figures 5–7, the evolution law of Young’s
modulus and Poisson’s ratio of fractured rock mass is calculated and analyzed. The
Young’s modulus and Poisson’s ratio under each working condition were calculated using
Equations (1) and (2), respectively, as shown in Figures 8 and 9.

Figure 8 shows the evolution law of Young’s modulus of fractured rock mass. The
change in Young’s modulus in the figure can be mainly attributed to the coupling effect of
fracture geometric characteristics and confining pressure. In general, after the confining
pressure increases from 0 MPa to 90 MPa and 120 MPa, the Young’s modulus of each group
of specimens is significantly improved, indicating that the confining pressure can promote
the fracture closure, weaken the deformation flexibility caused by the initial defects and
enhance the deformation resistance of the rock skeleton. However, the increase in modulus
under different fracture parameters is not consistent, indicating that the strengthening
effect of confining pressure is controlled by the fracture structure, and it is not equivalent
to the recovery of all fractured rock mass.

Under the condition of different dip angles (Figure 8a), the Young’s modulus decreases
first and then increases, with the lowest at 45◦ and the highest at 90◦, indicating that the
shear slip is most likely to occur in the middle dip angle fracture. The higher the confining
pressure is, the more obvious the orientation difference is, which reflects the confining
pressure strengthening effect of orientation selectivity. With the increase in fracture width
and density (Figure 8b,c), the Young’s modulus decreases generally, indicating that both
wide fractures and dense fractures will enhance the structural softening, and the increase
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in fracture density will also promote the synergistic deformation between defects, so that
the stiffness recovery caused by confining pressure closed fractures is limited.

Figure 8. Evolution of Young’s modulus with fracture parameters. (a) Different fracture angles;
(b) different fracture widths; (c) different fracture densities.

Figure 9. Evolution of Poisson’s ratio with fracture parameters. (a) Different fracture angles;
(b) different fracture widths; (c) different fracture densities.

The Young’s modulus of rock specimens with fractures is controlled by the competition
mechanism of ‘fracture softening-confining pressure stiffening’. Confining pressure im-
proves the overall stiffness by closing fractures and restraining deformation, while fracture
dip angle, width and density control slip sensitivity, residual flexibility and synergistic
damage degree, respectively. Therefore, although the deep high confining pressure environ-
ment can significantly improve the stiffness of rock mass, it cannot eliminate the structural
deterioration effect caused by medium dip angle, wide fracture and high-density fracture.

Under the premise that the influence of axial splitting on the mechanical properties of
the specimen datum can be ignored, the change of Poisson’s ratio in the diagram mainly
reflects the coupling effect of fracture structure and confining pressure. In general, Poisson’s
ratio decreases with the increase in confining pressure, indicating that confining pressure
can effectively inhibit fracture opening, slip, and lateral expansion while improving strength
and stiffness.

Under different dip angles (Figure 9a), the Poisson’s ratio increases first and then
decreases with the increase in the fracture angle, and the 45◦ specimen is the highest,
indicating that the orientation is most likely to induce shear slip and lateral deformation of
the fracture. After the confining pressure increases, the Poisson’s ratio of each dip angle
specimen decreases as a whole, but the deformation sensitivity of 45◦ remains. As the
fracture width increases (Figure 9b), the Poisson’s ratio generally increases, indicating that
the wide fracture provides more space for closure dislocation and lateral deformation. Al-
though high confining pressure can weaken this effect, it is difficult to completely eliminate
the deformation deterioration caused by wide fractures. The increase in fracture density
also leads to the overall increase in Poisson’s ratio (Figure 9c), and the increase slows down
or fluctuates slightly in the high-density interval, indicating that the fracture gradually
changes from independent deformation to synergistic response under mutual constraints.
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Combined with the results of peak strength and Young’s modulus, it can be seen that
the strength and stiffness of deep fractured rock mass recover with confining pressure,
while the structural deformation sensitivity is still controlled by fractures. Among them,
45◦ fractures, larger width and higher density fractures are still the key unfavorable factors
for lateral deformation and instability risk.

3.3. Strength Characteristics of Fractured Rock Mass

This paper focuses on the strength response of fractured rock mass under deep high
ground stress conditions. The equivalent Mohr–Coulomb envelope in the high confining
pressure range is established by using the failure Mohr circle under the confining pressure of
90 MPa and 120 MPa. It can be seen from Figure 10 that there is a certain deviation between
the uniaxial failure Mohr circle and the high confining pressure envelope, indicating
that the fractured rock mass has different failure control mechanisms under low and
high constraints. Therefore, in this paper, the obtained parameters are not regarded as
the inherent strength parameters in the whole confining pressure range but are used to
evaluate the influence of fracture dip angle on the shear bearing capacity of rock mass under
high confining pressure. The comparison of envelope curves with different dip angles can
further reveal the control effect of fracture conditions on the strength deterioration degree
of high geo-stress rock mass.

Figure 10. Strength envelopes under high in-situ stress conditions for different fracture configurations.
(a) Different fracture angles; (b) different fracture widths; (c) different fracture densities.

Different fracture parameters have obvious influence on the shape of the envelope. The
fracture angle mainly changes the slope of the envelope line, and the equivalent internal
friction angle corresponding to the medium dip angle fracture is lower, indicating that it is
still more prone to shear slip under high confining pressure, which is a sensitive orientation
to control the instability of rock mass. As the fracture width increases, the strength envelope
moves down as a whole, and the equivalent cohesion and internal friction angle decrease,
indicating that the wide fracture weakens the interlocking bearing and friction impedance
after the fracture is closed. The increase in fracture density also leads to the downward
movement and slowing down of the envelope, reflecting the gradual transformation of
fractures from isolated defects to collaborative failure of fracture network.

It can be seen from Figure 11a that with the increase in fracture angle, the internal
friction angle decreases first and then rises, from about 30◦ at 0◦ to the lowest near 60◦,
and recovers at 90◦. Cohesion increased first and then decreased slightly. It is shown that
the fracture dip angle mainly controls the slip sensitivity of the fracture surface under
high confining pressure, and the fracture with medium dip angle weakens the friction
impedance, but the confining pressure closure effect will improve the contact occlusion
and equivalent cohesion contribution of the fracture surface to a certain extent, which
reflects the characteristics of ‘friction weakening-closure compensation’ under the control
of orientation.
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Figure 11. Evolution of cohesion and internal friction angle with fracture parameters. (a) Different
fracture angles; (b) different fracture widths; (c) different fracture densities.

It can be seen from Figure 11b that as the fracture width increases from 0 mm to
8 mm, the internal friction angle and cohesion continue to decrease, indicating that the
fracture width has a synchronous weakening effect on the strength parameters. The wide
fractures are difficult to be completely closed even under high confining pressure, and the
dislocation space and residual flexibility of the structural plane are large, thus reducing the
friction interlocking ability and the overall cementation bearing capacity after closure. It
can be seen from Figure 11c that the increase in fracture density also leads to the decrease
in two types of parameters, in which the cohesion decreases more obviously between
4 and 6 fractures, indicating that after the number of fractures increases, the failure of rock
specimens gradually changes from single fracture control to fracture network cooperative
penetration control, and there is a certain structural deterioration mutation characteristics.

On the whole, the fracture angle mainly affects the friction slip mechanism, the
fracture width controls the recovery degree of bearing continuity, and the fracture density
determines the synergistic weakening level of the fracture group.

The sensitivities of the mechanical and strength parameters to the fracture parameters
were calculated using Equation (3). The sensitivity of Young’s modulus, Poisson’s ratio,
internal friction angle, and cohesion to fracture angle, width, and density is shown in
Table 2.

Table 2. Sensitivity of mechanical parameters to fracture characteristics.

Parameter Confining Pressure
Condition Sα Sd Sρ

Sensitivity
Ranking

Young’s
Modulus

0 MPa 0.236 0.688 0.406 Sd > Sρ > Sα

90 MPa 0.271 0.787 0.426 Sd > Sρ > Sα

120 MPa 0.283 0.661 0.413 Sd > Sρ > Sα

Poisson’s
Ratio

0 MPa 0.356 0.534 0.443 Sd > Sρ > Sα

90 MPa 0.310 0.490 0.349 Sd > Sρ > Sα

120 MPa 0.305 0.492 0.346 Sd > Sρ > Sα

Cohesion Comprehensive
strength envelope 0.105 0.369 0.363 Sd > Sρ > Sα

Friction
Angle

Comprehensive
strength envelope 0.125 0.145 0.173 Sρ > Sd > Sα

Note: Sα is the angle sensitive coefficient; Sd is the sensitivity coefficient to fracture width; Sρ is the sensitivity
coefficient to fracture density.

As shown in Table 2, the Young’s modulus and Poisson’s ratio are most sensitive to
fracture width under uniaxial condition and confining pressures of 90 MPa and 120 MPa,
followed by fracture density, while fracture angle has the weakest effect. Among different
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fracture angles, those in the range of 30◦ to 60◦ exert the most significant influence on the
Young’s modulus and Poisson’s ratio. In contrast, the sensitivity of cohesion to fracture
width and density is relatively close, with values of 0.363 and 0.369, respectively, and
the influence of fracture angle is minor. Fracture density has the greatest impact on the
internal friction angle, followed by fracture width, and fracture angle has the weakest
effect. Fracture angle mainly affects the variation path of strength parameters, while
fracture width and density are the dominant factors controlling the degradation of shear
strength parameters.

3.4. Failure Mode and Damage Characteristics of Fractured Rock Mass

Figure 12 shows the failure modes of specimens with different fracture angles, widths
and densities under uniaxial, 90 MPa and 120 MPa confining pressures. In general, the
failure of fractured carbonate rocks is not simply controlled by confining pressure or
fracture alone, but shows obvious coupling characteristics of ‘confining pressure constraint
strengthening-fracture path guidance control’. Under uniaxial conditions, the specimens
are mainly axial tension splitting, the main fractures are relatively straight, and the failure
path is induced by prefabricated fractures, but the whole is still relatively simple. After
entering the high confining pressure condition, the fracture opening is inhibited, but the
pre-peak energy storage capacity of the specimen is enhanced, the number of secondary
fractures increases during failure, the fracture bifurcation, penetration, and local shear
damage are more obvious, and the failure mode is gradually transformed from single
tension to tension-shear composite failure.

Figure 12. Failure modes of specimens under different fracture parameters and different confining
pressures. (a) Different fracture angles; (b) different fracture widths; (c) different fracture densities.

It can be seen from Figure 12a that the failure paths of 0◦ and 90◦ specimens are
relatively concentrated, which are mainly characterized by splitting along the axial direction
or near the prefabricated fractures. The 30–60◦ oblique fractures are more easily activated
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by shear, and the main fractures extend along the end of the prefabricated fractures and are
accompanied by multi-stage bifurcation, indicating that the medium-angle fractures are
sensitive structures that induce shear slip and local instability under high confining pressure.
With the increase in confining pressure, the guiding and controlling effect of fracture angle
on the failure path is not weakened, but it is more prominent in the development and
fragmentation of shear fractures.

It can be seen from Figure 12b that the increase in width makes the failure of the
specimen change from local splitting to multi-fracture synergistic expansion. The narrow
fracture specimen still retains strong integrity, while the wide fracture is closed under high
confining pressure, but the stress concentration and dislocation space at both ends are still
obvious, resulting in dense development of secondary fractures and expansion of damage
range. It shows that the wide fractures are not completely ‘healed’ under high confining
pressure, but are transformed into weak structural planes that control shear dislocation
and fracture re-expansion. It can be seen from Figure 12c that the increase in the number of
fractures significantly increases the complexity of damage. The low-density specimen is
controlled by a small number of main fractures, while the high-density specimen shows
multi-fracture bifurcation, intersection, and penetration, and the failure is changed from
single-fracture induction to fracture network synergistic control. Especially under the
confining pressure of 120 MPa, the fracture network characteristics are more obvious,
indicating that the high confining pressure improves the bearing capacity, and also makes
the fracture group release stronger damage accumulation effect after the peak. It should be
noted that, in Figure 12c, the specimen tested under a confining pressure of 120 MPa with a
fracture density of 6 contains a vein-like natural heterogeneous structure, which is most
likely a calcite vein or a locally mineral-filled body within the carbonate rock. Such natural
heterogeneities may generate local stiffness contrasts and induce stress concentration,
thereby altering subtle crack deflection, branching, and local coalescence paths. However,
the overall failure mode of this specimen remains dominated by the interaction of multiple
fractures and the coalescence of the fracture network, which is consistent with the general
failure characteristics of high-fracture-density specimens under high confining pressure.
Therefore, this local heterogeneous structure only modifies the local failure morphology and
does not overturn the core conclusion: increasing fracture density intensifies the synergistic
damage evolution of fractures and promotes the formation of connected failure in fractured
carbonate rocks.

In general, high confining pressure can inhibit the early opening of fractures and
improve the strength of specimens, but it cannot eliminate the control effect of fracture
structure on the failure path. The fracture angle determines the direction of shear activation,
the fracture width determines the dislocation ability of weak surface, and the fracture
density determines the degree of damage network. It reveals the mechanical nature of deep
fractured carbonate rocks that ‘strength is strengthened and failure is guided by fractures’
under high ground stress environment.

4. Stability Analysis of Fractured Reservoir
4.1. Construction of Fracture Damage Model

In order to quantitatively characterize the deterioration law of mechanical parameters
of carbonate rocks under the coupling of fracture geometric parameters and confining
pressure, this paper regards fractured carbonate rocks as equivalent damage bodies. The
fracture angle, width and density jointly control the damage degree of rock mass structure,
while the increase in confining pressure will close the fracture and inhibit the fracture
propagation. Therefore, the deterioration of mechanical parameters of fractured rock mass
can be expressed as the result of the joint action of fracture damage effect and confining
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pressure inhibition effect. The purpose of the damage model is to characterize, from
the perspective of an equivalent continuum medium, the combined degradation effects
of fracture inclination angle, fracture width, and fracture density on the macroscopic
mechanical parameters of the rock.

Thus, the confining pressure-fracture coupling damage model is established:

DP =
aPFα + bPFd + cPFρ

1 + kP
σ3
σc0

(4)

In the equation, DP is the damage variable of the mechanical parameter P; Fα, Fd,
and Fρ are the damage factors of fracture angle, width, and density, which are defined as
Fα = sin2 2α, Fd = d/dmax, and Fρ = ρ/ρmax, respectively, where α is the fracture angle, d is
the fracture width and ρ is the fracture density. aP, bP, and cP are the damage weights of
the fracture angle, width, and density to the mechanical parameters, which are obtained
by fitting the experimental data. kP is the confining pressure inhibition coefficient; σ3 is
confining pressure; σc0 is uniaxial compressive strength, which is used for dimensionless
confining pressure.

Then the equivalent Young’s modulus and cohesion of fractured carbonate rocks can
be written as:

P∗ = P0(1 − Dρ) (5)

In the equation, P∗ is the equivalent mechanical parameter after damage; P0 is the
mechanical parameters of the complete specimen.

Poisson’s ratio is corrected by increment:

v∗ = v0(1 + Dv) (6)

In the equation, v∗ is the Poisson’s ratio after considering damage; v0 is the Poisson’s
ratio of the complete specimen.

For different mechanical parameters, the damage variables under different confining
pressures and fracture conditions were determined using Equations (5) and (6). Subse-
quently, in combination with Equation (4), regression fitting was performed using the
least-squares method, with the minimization of the residual sum of squares between the
experimentally derived damage variables and the model-predicted damage variables taken
as the objective function. The parameter values adopted in the damage model are presented
in Table 3. To quantitatively evaluate the fitting accuracy of the model, the coefficient of
determination, root mean square error, and mean absolute error were adopted as evaluation
metrics. The coefficient of determination, root mean square error, and mean absolute error
calculated from Table 3 indicate that the model exhibits relatively low prediction errors
for damage.

Table 3. Damage model parameters.

Parameter aP bP cP kP Goodness of Fit

Young’s
modulus 0.1539 0.5230 0.1543 0.1799
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Table 3. Cont.

Parameter aP bP cP kP Goodness of Fit

Poisson’s
ratio 0.0765 0.5997 0.1511 0.2455

4.2. Damage Model Calculation Verification

The numerical model of triaxial compression is established based on Finite Difference
Method, and the numerical simulation of triaxial compression under confining pressure
of 90 MPa and 120 MPa is carried out, respectively. The numerical model is shown in
Figure 13, and the simulation parameters of the complete specimen are shown in Table 4.

Figure 13. Numerical computational model.

Table 4. Parameters of intact specimens.

Parameter Young’s
Modulus/GPa

Poisson’s
Ratio Cohesion/MPa Friction

Angle/◦

Value 30.13 0.24 63.7 30.3

The comparison of simulation and experimental results is shown in Figures 14 and 15.
On the whole, the simulation curve is in good agreement with the experimental curve
in the pre-peak loading section, peak strength, and axial strain evolution trend, which
can accurately reproduce the elastic deformation, peak load, and post-peak instability
characteristics of fractured rock specimens in the loading process, indicating that the
established numerical model and damage model have good reliability.
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Figure 14. Comparison between simulated and experimental results at 90 MPa. (a) Different with fracture angles (0, 30, 45, 60, 90)
(Unit: ◦); (b) different with fracture widths (0, 2, 4, 6, 8) (Unit: mm); (c) different with fracture densities (2, 4, 6, 8, 10) (Unit: strip).
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Figure 15. Comparison between simulated and experimental results at 120 MPa. (a) Different with fracture angles (0, 30, 45, 60, 90)
(Unit: ◦); (b) different with fracture widths (0, 2, 4, 6, 8) (Unit: mm); (c) different with fracture densities (2, 4, 6, 8, 10) (Unit: strip).
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However, some specimens have certain deviations in the post-peak stage and the radial
strain side, and the experimental curve fluctuates significantly, while the simulation curve
is relatively smooth. This is mainly related to the complex processes of natural carbonate
rock heterogeneity, local fracture at the tip of the fracture, fracture closure and slip, and
sudden penetration. In general, although the numerical model is difficult to completely
reproduce the local random failure in the experiment, it can accurately grasp the main
mechanical laws under the influence of fracture parameters. The comparison confirms
that the damage model is reliable in simulating the strength degradation, deformation
evolution, and instability mechanism of deep fractured rock mass.

After the predicted damage variables were calculated using the damage model, the
predicted values of Young’s modulus and Poisson’s ratio were directly obtained from the
model, whereas the peak strength was determined through triaxial compression numerical
simulations based on the corrected mechanical parameters. The comparison between the
model-predicted values and the experimental values is shown in Figure 16. The results
indicate that the model can effectively capture the variation trends of the mechanical
parameters of specimens under different fracture inclination angles, fracture widths, and
fracture densities. Furthermore, the coefficient of determination, root mean square error,
and mean absolute error show that the relative errors of peak strength, Young’s modulus,
and Poisson’s ratio are generally within an acceptable range, indicating good agreement
between the predicted and measured values, relatively small overall errors, and high
predictive accuracy of the model.

Figure 16. Error analysis between simulation and experimental results. (a) Error analysis of simulated
and experimental peak strengths under different fracture angles; (b) error analysis of simulated and
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experimental peak strengths under different fracture widths; (c) error analysis of simulated and
experimental peak strengths under different fracture densities; (d) error analysis of simulated and
experimental Young’s modulus under different fracture angles; (e) error analysis of simulated and
experimental Young’s modulus under different fracture widths; (f) error analysis of simulated and
experimental Young’s modulus under different fracture densities; (g) error analysis of simulated
and experimental Poisson’s ratio under different fracture angles; (h) error analysis of simulated
and experimental Poisson’s ratio under different fracture widths; (i) error analysis of simulated and
experimental Poisson’s ratio under different fracture densities.

4.3. Simulation Results and Analysis

Based on the damage theory model, the stability analysis model of ultra-deep reservoir
is established. The model is shown in Figure 17. The length and width of the model are
3 m × 3 m, and only one cell is set in the axial direction of the well.

Figure 17. Wellbore stability analysis model.

The magnitude of the principal stress applied by the model is shown in Table 5. Since
the model is a thin layer, it is set as a fixed boundary in the z direction, and the rock mass
parameters used in the simulation are shown in Table 5. After the parameter assignment
and the application of stress, the pre-calculation is carried out to reach the stress balance,
and then the simulated excavation is carried out to remove the borehole part, and the
simulation calculation of the stability of the fractured reservoir is carried out.

Table 5. In-situ stress conditions.

In-Situ Stress Situation Numerical Value/MPa

Maximum Horizontal Principal Stress σH 196.56
Minimum Horizontal Principal Stress σh 134.57

Taking different fracture widths as examples, the stability simulation calculation of
ultra-deep reservoir is carried out, and the simulation results are shown in Figure 18.

The simulation results indicate that damage does not propagate uniformly in the cir-
cumferential direction; rather, it is distinctly governed by the combined effects of horizontal
in-situ stress anisotropy and fracture architecture. Circumferential compressive stress
concentrations are more readily generated near the orientation of the minimum horizontal
principal stress. Consequently, zones of severe damage predominantly extend toward the
left and right sides, which is consistent with the established tendency for wellbore collapse
to develop along the direction of the minimum horizontal principal stress.
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Figure 18. Wellbore stability analysis of reservoirs with different fracture parameters. (a) Fracture
angles of 0◦, 30◦, 45◦, 60◦, and 90◦; (b) fracture widths of 0 mm, 2 mm, 4 mm, 6 mm, and 8 mm;
(c) fracture densities of 2, 4, 6, 8, and 10.

As shown in Figure 18a, at 0◦, the high-damage zones are mainly distributed on the
left and right sides of the wellbore, and the failure pattern is consistent with the lateral
expansion characteristics controlled by the in-situ stress field, with fractures mainly exerting
a local disturbance effect. As the fracture angle increases to 45◦, the high-damage zones
expand significantly. The superposition of wellbore stress concentration and fracture-tip
stress concentration enhances the shear-slip effect of the fractures, causing damage to
propagate rapidly into the surrounding rock. More continuous failure bands are formed
on both sides of the wellbore, indicating that the coupling between fracture inclination
and the in-situ stress direction is most pronounced at this angle. Under this condition,
fractures transform from local defects into structural planes that guide damage propagation.
When the angle increases to 90◦, the damage pattern becomes more symmetrical again, and
the outward propagation range decreases, suggesting that the inducing effect of vertical
fractures on the lateral collapse zone is weakened.

As shown in Figure 18b, fracture width exerts a pronounced amplification effect on
wellbore damage and exhibits a staged evolutionary pattern. At 0 mm, where no fracture
is present, the high-damage zone is mainly distributed around the wellbore wall, while
the surrounding rock remains largely intact, indicating that wellbore failure is primar-
ily governed by stress concentration at the wellbore wall. At 2 mm, the high-damage
zone remains confined to the near-wellbore region, with only a small number of discrete
damage patches appearing. The fracture surfaces still retain a certain degree of closure
and interlocking capacity, and their weakening effect on overall stability is limited. At
4 mm, damage begins to extend toward both sides of the wellbore, while fracture-tip stress
concentration and local shear slip gradually participate in the failure process. The fractures
thereby transform from weak disturbance factors into channels for damage propagation.
At 6 mm, the damage zone expands significantly and forms a distinct banded failure region
in the lateral direction, indicating that, with increasing fracture aperture, the constraining
capacity of the fracture surfaces weakens and damage begins to propagate directionally
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along the minimum horizontal principal stress direction. At 8 mm, high-damage zones
develop continuously around the wellbore and form a large-scale connected failure band,
demonstrating that large-aperture fractures have become the dominant structural planes
controlling wellbore instability.

As shown in Figure 18c, fracture density primarily controls the degree of discreteness
and connectivity of the damage zones. When the fracture density is 2, damage is mainly
concentrated on both sides of the wellbore, with only a few isolated patches appearing in the
surrounding rock. This indicates that, at low fracture density, no pronounced interaction has
yet formed among the fractures, and wellbore failure is still dominated by single-fracture
disturbance and stress concentration at the wellbore wall. When the density increases to 4,
the high-damage zone around the wellbore becomes more pronounced and the number of
peripheral damage spots increases, although the overall distribution remains discrete. At
a density of 6, the damage zone extends further outward, and the stress disturbances at
fracture tips begin to superimpose, indicating that the synergistic influence of the fracture
group is gradually emerging. When the density reaches 8, relatively continuous lateral
failure bands appear on both sides of the wellbore, suggesting that the damage zones
induced by multiple fractures begin to connect and that the failure mode transitions from
single-fracture control to fracture-group control. At a density of 10, the high-damage
zones develop into large, connected regions, peripheral damage patches become more
pronounced, and the overall integrity of the rock mass is significantly weakened.

Overall, Figure 18 demonstrates that the influence of fracture geometric parameters
on wellbore stability exhibits a clear division of roles: medium-inclination fractures are
most likely to induce shear slip and directional propagation, large-aperture fractures
trigger threshold-type amplification of damage, and high-density fractures promote the
evolution of discrete damage into a continuous failure network. Moreover, wellbore
instability is not governed solely by in-situ stress concentration, but rather by the combined
control of in-situ stress and fracture geometry. In-situ stress provides the driving force
for failure, fracture angle determines the damage-release path, fracture width controls
the degree of structural weakening, and fracture density determines whether damage
can coalesce into a connected network. Under the influence of fractures, the evolution of
wellbore damage presents a progressive instability mechanism characterized by “directional
induction-strength amplification-network coalescence.”

4.4. Engineering Implications and Limitations

The experimental and numerical simulation results indicate that medium-inclination
fractures, large-aperture fractures, and high-density fracture configurations are the most
unfavorable to the mechanical stability of ultra-deep carbonate reservoirs. The development
of such fractures reduces the equivalent strength and equivalent stiffness of the rock
mass, causing wellbore failure to evolve gradually from localized and scattered damage to
continuous through-going failure. Therefore, when evaluating wellbore stability in intervals
with intense fracture development, the mechanical parameters of intact rock should not be
used directly. Instead, rock-mass mechanical parameters corrected for fracture inclination
angle, aperture, and density should be introduced for calculating collapse pressure and
determining the safe drilling-fluid density window. The drilling-fluid density can be
calculated using Equation (7):

ρ∗ =
Pc

gH
(7)

where, ρ∗ is the recommended drilling-fluid density; Pc is the collapse stress, for which the
corrected mechanical parameters should be used in fracture-developed intervals rather than
the mechanical parameters of intact specimens; g is the gravitational acceleration; and H is
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the true vertical depth. By using the corrected mechanical parameters in combination with
the actual pore pressure and in-situ stress state, the drilling-fluid density can be optimized.

In addition, for unfavorable conditions such as medium-inclination fractures, large-
width fractures, and high-density fractures, the optimization recommendations for drilling
engineering are presented in Table 6.

Table 6. Drilling engineering optimization schemes under different fracture conditions.

Fracture Condition Instability Mechanism Engineering Optimization Measures

Medium fracture
inclination angle

Shear slip is readily activated, and
fracture-tip propagation

is pronounced.

Optimize the wellbore azimuth and inclination
to prevent dominant fracture sets from entering a

highly shear-activated state; identify fracture
occurrence using image logging; and calculate

collapse pressure using the corrected
strength parameters.

Large-width fractures
Fracture closure is incomplete, local

slip space is large, and damage is
prone to coalescence.

Increase the anti-collapse safety margin; enhance
the plugging and bridging capacity of the

drilling fluid; control fluid loss and pressure
fluctuations; and adopt managed-pressure

drilling when necessary.

High-density fractures
Fracture clusters undergo synergistic
coalescence, leading to an expanded

failure zone around the wellbore.

Shorten the open-hole interval; optimize the
casing setting depth; and reduce swabbing and

surge pressures during tripping operations.

Combined fractures with
medium inclination

angle, large-width, and
high-density

Shear activation, weak-plane slip,
and fracture-network coalescence

act jointly.

Preferentially avoid intensely fractured intervals;
design the drilling-fluid density window using

fracture-corrected mechanical parameters;
strengthen plugging and anti-collapse measures;

and update the geomechanical model in
real time.

It should be noted that this study still has certain limitations. First, the laboratory tests
were conducted on specimens containing prefabricated smooth fractures under controlled
confining-pressure conditions, which differ from the fracture distribution characteristics in
actual formations. Second, the occurrence environment of deep strata is highly complex,
and factors such as high temperature, pore pressure, and water–rock chemical reactions
should also be considered, as these factors may likewise alter fracture closure, shear slip,
and damage accumulation in rocks.

In summary, the conclusions of this study can serve as a mechanical basis for rock-
mass parameter correction and the evaluation of evolutionary trends. For practical field
applications, further calibration and iterative refinement are required by integrating mea-
sured in-situ stress, pore pressure, formation fracture pressure, image logging data, and the
specific geomechanical model of each individual well.

5. Conclusions
This study focuses on the Yingshan Formation carbonate rocks in the Fuman Oilfield

of the Tarim Basin. Through laboratory uniaxial and triaxial compression tests, the effects of
three fracture geometric parameters-fracture angle, width, and density on the stress–strain
response, evolution of mechanical parameters, strength characteristics, and failure modes of
the rock mass were systematically investigated under confining pressures of 0 MPa, 90 MPa,
and 120 MPa. In addition, numerical simulations were conducted to analyze wellbore
stability under different fracture conditions. Based on the experimental results of this study
and the established confining pressure–fracture coupled damage model, practical support
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can be provided for the engineering evaluation of ultra-deep fractured carbonate reservoirs.
The model can correct the mechanical parameters of fractured carbonate rocks according to
fracture inclination angle, fracture width, fracture density, and confining pressure, thereby
supporting wellbore stability analysis, collapse pressure calculation, drilling-fluid density
window design, and the identification of mechanically unfavorable fractured well intervals.
The principal conclusions are as follows:

1. Fracture geometry and confining pressure jointly govern the mechanical properties
of fractured carbonate rocks. Peak strength and Young’s modulus first decrease and
then increase with increasing fracture angle, with the most unfavorable condition
occurring at approximately 45◦. Increasing fracture width and density continuously
weakens peak strength and Young’s modulus while enhancing lateral deformation.
High confining pressure improves the load-bearing capacity and suppresses lateral
deformation, yet it cannot fully eliminate the degradation induced by fractures.

2. The sensitivity of mechanical parameters to fracture geometry varies significantly.
Young’s modulus and Poisson’s ratio are most sensitive to fracture width, followed by
fracture density, while fracture angle exerts the weakest influence. Among different
fracture angles, the range of 30◦ to 60◦ has the most pronounced effect on mechanical
parameters. Cohesion is primarily controlled by fracture width and density, whereas
the internal friction angle is most sensitive to fracture density, indicating that densely
distributed fractures are more likely to induce coordinated slip and shear instability.

3. Fractures and confining pressure jointly determine the failure modes and damage
characteristics of fractured carbonate rocks. Under uniaxial compression, the rock
mass is dominated by tensile splitting failure, whereas under high confining pressure,
the failure mode evolves into a coupled tensile–shear failure. Fracture angle governs
the direction of shear activation, fracture width controls weak-plane closure, slip,
and the capacity for local damage propagation, while fracture density determines the
degree of cooperative coalescence within fracture networks. Overall, the fractured
rock mass exhibits the deep-rock mechanical characteristic that strength is enhanced
by confining pressure, while failure is guided by fractures.

4. An equivalent mechanical-parameter correction method for fractured carbonate rocks
was established based on normalized damage factors for fracture angle, width, and
density, together with a confining-pressure suppression term. The wellbore stability
simulations demonstrate that high in-situ stress controls the orientation of well-
bore failure, fracture parameter governs the scale of damage propagation, and their
coupled effect ultimately determines the wellbore stability of ultra-deep fractured
carbonate reservoirs.

It should be noted that the experimental results and damage model in this study are
based on specimens containing regular, relatively homogeneous, and smooth prefabricated
fractures. The primary objective is to reveal, under controlled conditions, the effects of
fracture inclination angle, width, and density on the mechanical properties of ultra-deep
carbonate rocks, and to identify the basic influence trends of fracture geometric parameters
on rock mechanical degradation and wellbore stability. Compared with natural fractures
in actual reservoirs, further investigation is still required to analyze the shear strength,
closure characteristics, and damage evolution of fractures with different roughness levels
and infilling states under high confining pressure.
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