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The fracture toughness is an essential mechanical parameter to measure the
difficulty of hydraulic fracture expansion. As the reservoir depth increases, the
temperature and stress become higher. In particular, the high-temperature and
high-pressure characteristics of the 10,000-m-deep reservoir are particularly
pronounced. Furthermore, investigating the fracture toughness evolution under
such coupled thermomechanical conditions serves as a critical focus of ultra-
deep reservoir studies, providing essential insights for optimizing hydraulic
fracturing designs. This study investigates the coupled effects of temperature
and confining pressure on the fracture toughness of carbonate rocks through
systematic experimental and theoretical analyses. Utilizing outcrop samples
from theCambrian Sholbrak Formation (analogous to the 10,000-m-deep target
layer of the Ke exploration well), fracture toughness tests were conducted
under thermomechanical coupling conditions (25°C–200°C, 0–200 MPa) via
the double-wing symmetric crack thick-wall cylinder method implemented on
a GCTS high-temperature/high-pressure rock mechanics system. Key findings
reveal a temperature-dependent degradation of fracture toughness (40%
reduction from 25°C to 200°C at zero confining pressure) and a confining
pressure-driven enhancement (76% increase from 0 to 100 MPa at ambient
temperature). A damagemechanics-based constitutivemodel was developed to
quantify these dual effects, demonstrating strong agreement with experimental
data (mean absolute error <5%). This model addresses the critical gap in fracture
toughness characterization under deep reservoir conditions, enabling enhanced
accuracy in hydraulic fracture propagation simulations for ultra-deep carbonate
reservoir stimulation.
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1 Introduction

Fracture toughness, a key parameter measuring a rock’s resistance to crack propagation,
is critically important in hydraulic fracturing operations for hydrocarbon reservoirs
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FIGURE 1
Fracture toughness loading device.

(An et al., 2025; Huang et al., 2025; Tan et al., 2024a; Tan et al.,
2024b; Wang et al., 2024). With the surging global energy demand,
the development of deep to ultra-deep resources (burial depth
>3,500 m) has become a prevalent practice (Fu et al., 2022;
Zhang et al., 2021; Zhang et al., 2021). As a core reservoir stimulation
technology, hydraulic fracturing’s crack propagation efficiency is
directly influenced by the thermomechanical coupling effects on
rock fracture toughness (Dai et al., 2024; Zhang et al., 2024). A
representative example is the Cambrian carbonate reservoirs in the
Tarim Basin, China, characterized by burial depths ranging from
6,000 to 11,000 m, formation temperatures of 170°C–220°C, and in-
situ stresses exceeding 100 MPa (Chen et al., 2025; Xiaotong et al.,
2024; Zeng et al., 2025). Traditional fracture toughness models
developed for shallow formations (burial depth <3,500 m) fail
to accurately predict crack propagation under high-temperature
and high-pressure (HTHP) coupled conditions (Ji et al., 2019;
Pandey and Rasouli, 2021; Peng et al., 2023). Experimental
studies demonstrate that at temperatures above 150°C, mineral
phase transformations and thermally activated microcracking
intensify, leading to nonlinear reductions in fracture toughness
(Al-Shayea et al., 2000; Gao et al., 2023; Longinos et al., 2024).
Under high confining pressures, restricted crack deflection further
complicates fracture paths (Lin et al., 2025; Xu et al., 2015;
Zhou et al., 2024). These coupled thermomechanical interactions
introduce substantial uncertainties in reservoir fracturability
assessments, necessitating a systematic investigation of fracture
toughness evolution under temperature-confining pressure
coupling to advance fracture network control in deep reservoirs
(Cao et al., 2025; Gao et al., 2024; Zhang et al., 2024).

Recent advances in rock fracture mechanics have elucidated
temperature and confining pressure dependencies. Wen et al.
(2024) prepared three - point bending semi - circular disk samples
of Longmaxi Formation shale with different crack inclination
angles, calibrated dimensionless fracture parameters using the
finite element method, and conducted quasi - static loading
experiments to determine the fracture toughness of Longmaxi
shale at different crack angles. Ignacio et al. (2023) used DTS

FIGURE 2
The inner wall has no dimensionless fracture toughness under
compression.

and BTS tests to study the tensile failure mechanisms of granitic
rock samples at different scales, finding that differences may arise
from varying rock properties and testing methods. Zhou et al.
(2022) proposed a phase-transition-informed predictive model for
granite, linking high-temperature toughness reduction to feldspar
melting-induced crack tip blunting. Huang et al. used a 2D particle
discrete element approach, considering factors like the fracture
toughness between rock particles, to realize the propagation of
hydraulic fractures between rock particles (Huang et al., 2019;
Huang et al., 2023). Luo et al. (2022) conducted a sensitivity
analysis of rock mechanical parameters and fracturing parameters
at different scales using a dimensionless analysis method and
found that low-toughness samples can reproduce the initiation and
propagation of field fractures in experiments.Additionally, statistical
damage constitutive models incorporating temperature, confining
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FIGURE 3
The outer wall has no dimensionless fracture toughness under
compression.

FIGURE 4
Geometric dimensions of the test specimen.

TABLE 1 Material properties of carbonate rock samples.

Material property value Material property value

Young’s modulus 79.7 GPa

Poisson’s ratio 0.36

Uniaxial compressive strength 133 MPa

Tensile strength 10.5 MPa

FIGURE 5
Core samples used for the experiments.

pressure, and porosity effects have been developed (Chen et al.,
2021; Lu et al., 2024; Ren et al., 2022; Ye et al., 2022). These
research findings have provided innovative insights into hydraulic
fracturing reservoir stimulation technology, where scholars have
made significant breakthroughs in key areas such as optimization
of perforation initiation mechanisms, three-dimensional fracture
propagation control, and precision height control of fractures, laying
a solid theoretical foundation for the efficient and economical
development of oil and gas resources (Detournay et al., 2022;
Dontsov, 2022; Huang et al., 2020; Huang et al., 2022; Huang et al.,
2023; Huang et al., 2024; Huang et al., 2025). However, existing
studies predominantly focus on isolated thermal or mechanical
fields (Kataoka et al., 2017; Li et al., 2024; Zhang et al., 2024),
leaving the coupled thermomechanical behavior of carbonate
reservoirs—exhibiting pronounced thermal sensitivity—largely
unexplored. The absence of a universally applicable multiphysics-
coupled prediction model remains a critical knowledge gap
(Dai et al., 2021; Huang et al., 2024; Zhang et al., 2024).

To address these limitations, this study conducts simultaneous
temperature-confining pressure fracture toughness experiments
on deep carbonate reservoir rocks. By integrating advanced
experimental protocols with constitutive modeling, we establish a
preliminary predictive framework for fracture toughness evolution
under thermomechanical coupling.The results provide a theoretical
foundation for optimizing fracturing parameters in deep carbonate
reservoirs, bridging the cognitive gap in high-temperature/high-
stress fracture toughness evolution, and enabling precise fracture
network design in ultra-deep wells.

2 Test method and experimental
scheme

2.1 Experimental system and method

The experimental tests were carried out on a high temperature
and high pressure rock mechanics triaxial experimental system
produced by GCTS, which has a maximum confining pressure and
internal hole pressure of 200 MPa and a maximum temperature
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TABLE 2 Results of fracture toughness of rock samples under different temperature and ambient pressure conditions.

Sample
Number

2r
(mm)

2R
(mm)

L
(mm)

H
(mm)

pc (MPa) T (°C) Pimax (MPa) KIC (MPa × m0.5)

1–1 10.08 75.11 3.52 75.10 0 25 24.0 1.26

1–2 10.10 75.09 3.51 75.08 0 50 22.2 1.17

1–3 10.06 75.20 3.49 75.02 0 100 20.4 1.07

1–4 10.07 75.04 3.50 74.98 0 150 16.6 0.88

1–5 10.08 74.99 3.51 75.04 0 200 10.0 0.77

2–1 10.10 75.12 3.48 75.05 20 25 53.1 1.66

2–2 10.08 75.13 3.51 74.98 40 25 82.2 2.06

2–3 10.06 74.18 3.51 75.96 60 25 104.1 2.09

2–4 10.05 75.10 3.48 75.02 80 25 127.2 2.17

3–5 10.07 75.11 3.51 75.11 100 25 149.1 2.20

3–1 10.08 74.19 3.50 75.05 20 40 52.5 1.64

3–2 10.11 75.13 3.49 74.89 40 80 76.2 1.76

3–3 10.12 74.18 3.48 75.02 60 120 94.6 1.60

3–4 10.09 75.11 3.51 75.13 80 160 113.4 1.46

3–5 10.08 75.09 3.49 75.03 100 200 133.2 1.37

FIGURE 6
Load-time curves.

of 200°C. The confining pressure is loaded with hydraulic oil,
and the inner hole pressure is loaded with clear water. The
pressure resolution for both is 0.01 MPa. The temperature is
measured and controlled by loading with two thermocouples,
and the sensor and signal regulation module are included. The
temperature accuracy is 1°C, and the temperature loading rate
is adjustable, ranging from 0.5°C to 1°C per minute. During the
experiment, the sample mounted on the base is lifted into the

pressurized chamber, and the axial stress is applied through the
axial piston, and the confining pressure and the internal hole
pressure are applied respectively through the confining pressure and
the internal hole pressure injection pump, and the temperature is
provided by the high temperature heating belt outside the installed
pressurized chamber. The loading path and rate can be set by
software to test the fracture toughness under temperature-confining
pressure coupling.This experiment adopts themethod of precracked
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FIGURE 7
Photo of sample after rupture.

FIGURE 8
Relation between fracture toughness and temperature without confining pressure.

FIGURE 9
Inner pore pressure-time curve at different temperatures.
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FIGURE 10
Relation between fracture toughness and confining pressure at room temperature.

FIGURE 11
Inner pore pressure-time curve at different confining pressures.

thick-wall cylinder to test fracture toughness, and the reliability
of this method has been verified by Clifton (Clifton et al., 1976)
experiment. The test sample is a prefabricated crack thick-wall
cylinder rock sample. An inner hole with a diameter of 10 mm is
drilled along the middle of the rock sample, and the prefabricated
crack of the inner hole wall is made parallel to the central axis of the
inner hole along the radial direction. The inner diameter is 6 mm,
and the outer diameter of 9 mm hose is the lining tube in the inner
hole, the liquid pressure through the hose to the inner hole wall,
with the sealing plug, and the plug with the seal of the hose, the
periphery of the rock sample and the cover with heat shrink pipe,
for the applied pressure to isolate hydraulic oil (Figure 1).

During the experiment, the rock sample bears the external
surrounding pressure, the inner bore wall bears the compressive
stress, and the surrounding pressure is applied to the set value by
the inner bore hose bushing at a certain speed until the rock sample
reaches the fracture. The fracture toughness size of the sample was
calculated according to the following equation:

KΙC = K
∗j
Ι pimax√

πr
1000
−K∗uΙ po√

πr
1000

(1)

Where K
∗j
I and K

∗u
I represent the independent fracture

toughness of the sample when only to the inner hole pressure and
confining pressure, respectively. Figures 2, 3 show the relationship
curves of K

∗j
I , K

∗u
I with sample size.

Where KIC represents the type I fracture toughness, MPam0.5;
pimax represents the inner hole pressure in case of sample failure,
MPa; p0 represents the confining pressure applied by the sample,
MPa; r represents the inner hole radius of the sample, mm; R
represents the outer circle radius of the sample, mm; L represents
the precast crack length, mm; and W represents R/r.

2.2 Experimental scheme

To investigate the influence of temperature and confining
pressure on rock fracture toughness, 15 core samples were prepared
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TABLE 3 Experimental and calculated fracture toughness at different temperatures and ambient compression conditions.

Sample number T (°C) pc (MPa) Experimental value KIC
(MPa × m0.5)

Calculated value KIC
(MPa × m0.5)

DT DPc D

1–1 25 0 1.26 1.26 0.00 0.00 0.00

1–2 50 0 1.17 1.19 0.06 0.00 0.06

1–3 100 0 1.07 1.04 0.17 0.00 0.17

1–4 150 0 0.88 0.90 0.29 0.00 0.29

1–5 200 0 0.77 0.75 0.40 0.00 0.40

2–1 25 20 1.66 1.74 0.00 −0.38 −0.38

2–2 25 40 2.06 1.97 0.00 −0.56 −0.56

2–3 25 60 2.09 2.09 0.00 −0.66 −0.66

2–4 25 80 2.17 2.17 0.00 −0.73 −0.73

3–5 25 100 2.20 2.23 0.00 −0.77 −0.77

3–1 40 20 1.64 1.68 0.03 −0.38 −0.34

3–2 80 40 1.76 1.72 0.13 −0.56 −0.36

3–3 120 60 1.60 1.63 0.22 −0.66 −0.29

3–4 160 80 1.46 1.50 0.31 −0.73 −0.19

3–5 200 100 1.37 1.33 0.40 −0.77 −0.06

FIGURE 12
The damage coefficient evolves with temperature and
confining pressure.

according to the sample size in Figure 4. Samples were divided
into three groups. The first group did not apply peripheral
pressure, only to investigate the effect of temperature on fracture

toughness, and the temperatures were 25°C, 50°C, 100°C, 150°C,
and 200°C, respectively. The second group of room temperature
conditions applied different ambient pressures, namely, 20 MPa,
40 MPa, 60 MPa, 80 MPa, and 100 MPa, respectively. The third
group simultaneously applied temperature and confining pressure;
temperature and confining pressure (In the following text, the
confining pressure in the tables or figures is denoted by pc) were
(40°C, 20 MPa), (80°C, 40 MPa), (120°C, 60 MPa), (160°C, 80 MPa),
(200°C, 100 MPa). During the experiment, the test sample and
pressure cover were sealed with a pressure-resistant heat shrink
tube and then placed into the high-temperature pressure autoclave.
Then, the test sample was fixed with 1 MPa axial pressure through
the axial piston. The autoclave was filled with hydraulic oil. After
applying the set temperature and surrounding pressure, the inner
hole pressure was applied evenly at 0.05 MPa/s through the hole
pressure supercharger until the rock sample was destroyed.

2.3 Specimen

The samples used in this paper are carbonate rocks, taken
from the outcrop of the Cambrian Shawerbulak Formation in the
TarimBasin, Xinjiang.The carbonate content is 60%–90%, including
46.8%–76.4% calcite and 14.5%–41.77% dolomite.The core is dense
with an average porosity of 1%. The average density is 2.82 g/cm3,
and othermaterial characteristics are listed in Table 1.The shape and
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FIGURE 13
Fracture toughness evolves with temperature and confining pressure.

size of the sample are shown in Figure 4. During the preparation
of the sample, core is first drilled from the rock block and then
cut into a cylinder, the parallelism of the two end faces is no more
than 0.02 mm. The coring bit was used to drill holes along the axial
direction in the center of the cylinder, and the holes ran through the
entire cylinder. The prefabricated cracks were symmetrically cut on
both sides of the holes by using fine diamond wire. The processed
samples were shown in Figure 5.

3 Test results analysis

3.1 Results

According to the above experimental scheme, fracture
toughness tests were carried out on the three groups of samples
under temperature and confining pressure conditions, and the
experimental results were summarized in Table 2. The typical
pressure-time curve is shown in Figure 6. The inner hole pressure is
loaded according to the set loading rate, and it changes as a straight
line with time. After the inner hole pressure reaches the maximum
value, the sample breaks along the prefabricated crack, and the inner
hole pressure pimax is obtained when the sample breaks, and then
the fracture toughness is calculated using formula 1. The fracture
section characteristics of the sample are shown in Figure 7.

3.2 Relation between fracture toughness
and temperature

The confining pressure of the first group of samples was 0, and
the fracture toughness of the samples showed a linear decreasing
trend with the increase of temperature. When the temperature

increased from 25°C to 200°C, the fracture toughness decreased by
40%. According to the experimental results, formula 2 was used to
fit the test results of fracture toughness at different temperatures
without confining pressure, and a better fitting result was obtained.
The relationship between fracture toughness and temperature of the
sample was shown in Figure 8. The loading curve of internal pore
pressure-time at different temperatures is shown in Figure 9. As the
loading rate is the same, the internal pore pressure increases linearly
with time before failure.When the internal pore pressure reaches the
highest point, the sample breaks, the internal pore pressure suddenly
drops, and the highest point of internal pore pressure decreases with
the increase of temperature, which is because micro-cracks occur in
the rock as the temperature increases. It is more likely to fracture
along prefabricated cracks under inner hole pressure.

KIC(T) = a× (T− 25) +KIC0 (2)

Where KIC(T) is fracture toughness of rock sample without
confining pressure; KIC0 is the fracture toughness of rock sample
without confining pressure and at room temperature of 25°C, the
value is 1.26; T is the experimental temperature; a is the fitting
coefficient, which is fitted by the experimental data, and the fitting
value in this experiment is −0.0028.

3.3 Relation between fracture toughness
and confining pressure

The results of samples No. 1–1, 2–1∼2-5 were used to analyze
the influence of confining pressure on fracture toughness at 25°C.
It can be seen from Table 2 that the fracture toughness of the
sample increases with the increase of confining pressure, from
0 MPa to 100 MPa, and the fracture toughness increases by 76%.
The variation of sample fracture toughness with confining pressure
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is shown in Figure 10. The fracture toughness does not increase
linearly with the increase of confining pressure, but increases rapidly
when the confining pressure is lower than 40 MPa, while the fracture
toughness increases slowly when the confining pressure is higher
than 40 MPa. This phenomenon likely occurs because under low
confining pressure (<40 MPa), the gradual closure of pre-existing
microcracks and pores within the rock significantly increases
the material’s compactness, thereby rapidly enhancing fracture
toughness. Under high confining pressure (>40 MPa), as most
microcracks are already closed, the confining pressure primarily
improves toughness by suppressing macroscopic crack propagation
or promoting plastic deformation, causing the strengthening
effect to become more gradual. After analysis, the fitting of the
relationship between fracture toughness and confining pressure
by Equation 3 can obtain better fitting results. The pressure time
loading curve of the inner hole under different confining pressures
is shown in Figure 11. The higher the confining pressure, the higher
the pressure of the inner hole will be when the sample breaks.

KIC(Pc) =
KIC0 + b× Pc
1+ c× Pc

(3)

Where, KIC(Pc) is the fracture toughness of rock sample at
different confining pressures; KIC0 is the fracture toughness of
rock sample without confining pressure and at room temperature
of 25°C, the value is 1.26; Pc is confining pressure; b and c are
fitting coefficients, which are fitted by experimental data. The
values of b and c fitted in this experiment are 0.0762 and 0.0298
respectively.

4 Prediction model of fracture
toughness under the combination of
temperature and confining pressure

It can be seen from the experimental curve that the fracture
toughness of rock samples decreases with the increase of ambient
pressure. Based on the principle of damage mechanics (Hou et al.,
2021; 2022; 2024), the damage factor of fracture toughness with
ambient temperature and ambient pressure is introduced:

DT = 1−
KIC(T)
KIC0
=
−a(T− 25)

KIC0
(4)

Dpc
= 1−

KIC(Pc)
KIC0
= 1−

1+ b
KIC0

Pc
1+ c× Pc

(5)

Under the combination of temperature and surround pressure,
damage D of rock consists of two parts: damage DT caused by
temperature and damageDPc caused by surround pressure.The total
rock damage D caused by the two factors is obtained by the strain
equivalence principle (Yu et al., 2018):

D = DPc +DT −DPcDT (6)

The fracture toughness of rock samples under the action of
temperature and surrounding pressure can be obtained from the
principle of damage mechanics:

KIC(T,Pc) = (1−D)KIC0 (7)

By Equation 4, Equation 5 and Equation 6 into Equation 7,
the prediction model of the fracture toughness evolution

of rock sample with temperature and confining pressure
is obtained:

KIC(T,Pc) = (1+
a(T− 25)
KIC0
)(

1+ b
KIC0

Pc
1+ c× Pc

)KIC0 (8)

According to Equation 8, the experimental temperature and the
fracture toughness are calculated and predicted, and the calculation
results and experimental results are shown in Table 3:

As can be seen from Table 3, When the temperature is higher
than room temperature (25°C), the temperature damage DT is
positive and increases with the increase of temperature, indicating
that the temperature damage of fracture toughness of rock samples
increases and the fracture toughness decreases with the increase of
temperature. When the confining pressure is greater than 0 MPa,
the confining pressure damage DPc is negative, indicating that
the confining pressure makes the microcracks close, the fracture
extension is difficult, and the fracture toughness increases. Damage
value (D) changes with temperature and confining pressure as
shown in Figure 12. The calculated results of the fracture toughness
predictionmodel considering temperature-confining pressure are in
agreement with the experimental results (Figure 13). The proposed
model effectively characterizes the nonlinear evolution of rock
fracture toughness under temperature-confining pressure coupling
conditions. By incorporating the temperature damage DT and
confining pressure damage DPc derived from damage mechanics
theory, the model ensures explicit physical interpretability of its
parameters. It achieves decoupled calculation ofmulti-field coupling
effects through the linear superposition principle, significantly
reducing parameter inversion complexity while maintaining
theoretical rigor. Experimental validation demonstrates exceptional
prediction accuracy within the ranges of 0°C–200°C and 0–200 MPa
confining pressure, providing a reliable theoretical framework for
hydraulic fracturing design in deep carbonate reservoirs.

5 Conclusion

This study systematically investigates the thermo-mechanical
coupling effects on Mode I fracture toughness of carbonate
rocks through double-wing symmetric crack thick-wall cylinder
tests under temperature (25°C–200°C) and confining pressure
(0–200 MPa) conditions. The key contributions and findings are
summarized as follows:

(1) Temperature Dominance: Under zero confining pressure, the
fracture toughness damage value exhibits a positive correlation
with temperature (25°C–200°C), revealing a 40% reduction
in Mode I fracture toughness. This highlights the thermally-
induced microcracking mechanism that dominates fracture
propagation in high-temperature environments.

(2) Confining Pressure Reinforcement: At ambient temperature
(25°C), increasing confining pressure (0–100 MPa) induces
negative damage values, demonstrating a 76% enhancement in
Mode I fracture toughness.This quantifies the pressure-driven
crack closure effect critical for fracture containment in deep
reservoirs.

(3) Predictive Framework: A damage mechanics-based model
integrating temperature-dependent degradation and confining

Frontiers in Earth Science 09 frontiersin.org

https://doi.org/10.3389/feart.2025.1603219
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Cai et al. 10.3389/feart.2025.1603219

pressure enhancement factors is established. Validated against
experimental data (mean absolute error <5%), this model
provides a robust tool for evaluating fracture toughness under
extreme conditions (200°C/200 MPa), directly addressing
the challenges of hydraulic fracturing design in ultra-deep
carbonate reservoirs.
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