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a b s t r a c t

Understanding the evolution of sandstone mechanical behavior under high pressure and high tem
perature (HPHT) is crucial for the efficient  development of ultra-deep tight reservoirs. In this study, 
triaxial compression tests on ultra-deep core samples and true triaxial hydraulic fracturing experiments 
on 200 mm × 200 mm × 200 mm sandstone cubes were conducted under HPHT conditions. The 
brittle–ductile transition behavior and fracture initiation and propagation characteristics of rocks in 
ultra-deep reservoirs were investigated, and four classical break-down models were employed to 
evaluate break-down pressures under different stress state and temperature conditions. The results 
show that, at elevated confining pressures and temperatures, ultra-deep rocks undergo a transition from 
brittle failure dominated by shear cracks to ductile deformation involving numerous microcracks; pre- 
peak plastic strain increases markedly, and a pronounced post-peak stress plateau appears in the 
stress–strain curves, indicating a significant enhancement of overall ductility. Under HPHT conditions, 
breakdown pressure increases and fracture propagation resistance becomes stronger, and hydraulic 
fractures tend to exhibit an intermittent “initiation–arrest–reinitiation” propagation pattern, which is 
unfavorable for the development of a complex fracture network. Comparison of model predictions with 
experimental and field  data further demonstrates that, for reservoirs deeper than 5000 m, thermally 
induced stresses should be incorporated into break-down pressure prediction. Among the four models 
considered, the T-H-W model exhibits superior physical plausibility and predictive reliability for ultra- 
deep tight reservoirs. These findings  provide important experimental and theoretical support for 
optimizing hydraulic fracturing design and enhancing stimulation effectiveness in ultra-deep tight 
formations.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

As global demand for oil and gas continues to grow, deep to 
ultra-deep tight reservoirs have become increasingly important 
targets for exploration and development (Li et al., 2022; Yang and 

Zou, 2022). Lithologies in deep to ultra-deep reservoirs are mainly 
carbonates, shales, and clastic rocks, with the dominant reservoir 
type varying significantly  among different basins and structural 
units (Zhang et al., 2024). Among them, sandstone is one of the 
most representative rock types in deep to ultra-deep tight 
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reservoirs and has attracted extensive attention in both funda
mental research and engineering practice (Qin et al., 2024; Zhang 
et al., 2024). In China, tight reservoirs with burial depths greater 
than 3.5 km are generally classified as deep, whereas those deeper 
than 4.5 km are regarded as ultra-deep (Jia, 2023; Sun et al., 2025; 
Qin et al., 2024). Deep to ultra-deep tight reservoirs are charac
terized by complex geological conditions, with high temperatures 
(typically >100 ◦C) and high pressures (typically >105 MPa), which 
pose major challenges for exploration and production (Lei et al., 
2021; Qin et al., 2024). Large-scale exploration and development 
of deep to ultra-deep reservoirs have already been achieved in the 
Tarim Basin and Sichuan Basin in China, as well as in the Rub’ al 
Khali Basin in the Middle East, accompanied by substantial ad
vances in well logging (Wang et al., 2022; Ma et al., 2024), drilling 
and completion (Guo et al., 2018; Yang et al., 2025), and reservoir 
stimulation technologies (Liu et al., 2023a; Yong et al., 2025). 
However, compared with engineering practice, systematic studies 
on the rock mechanical properties of deep to ultra-deep forma
tions and their evolution remain clearly insufficient,  and have 
become one of the key factors constraining the efficient develop
ment of deep to ultra-deep tight reservoirs.

The rock mechanical behavior of deep to ultra-deep formations 
plays a critical role in geological characterization, drilling safety, 
and hydraulic fracturing performance, among which the 
brittle–ductile transition is a key mechanism controlling rock 
mechanical properties (Davarpanah et al., 2023; Li et al., 2026; Zha 
et al., 2025). Limited by early drilling technology and laboratory 
loading capabilities, many previous studies were conducted on 
outcrops or cores from shallow to medium reservoirs, and the 
effects of confining  pressure and temperature on brittle–ductile 
transition were examined mainly under relatively low confining 
pressures (Chen et al., 2025a; Zhang et al., 2015a). These studies 
showed that, with increasing confining pressure, rock failure mode 
(Segall and Simpson, 1986; Xie et al., 2021), stress–strain response 
(Ai et al., 2016; Meng et al., 2021), and strength characteristics can 
change markedly (Zhang et al., 2015a; Kong et al., 2021). However, 
regarding the influence  of temperature on the brittle–ductile 
transition, most experiments have indicated that temperatures 
above 400 ◦C are required to induce a pronounced effect, which is 
far higher than the reservoir temperatures in currently developed 
intervals (Gabova et al., 2020; Ranjith et al., 2012). Consequently, 
conventional understanding has tended to emphasize the pressure 
sensitivity of brittle–ductile transition mechanisms, while largely 
neglecting temperature effects (Zhang et al., 2016; French et al., 
2022; Meng et al., 2021). In recent years, with improvements in 
ultra-deep coring technology and high pressure and high pressure 
(HPHT) laboratory facilities, it has become feasible to conduct rock 
mechanical tests on deep to ultra-deep cores under conditions 
close to in-situ HTHP environments (Cheng et al., 2023; Zhao et al., 
2025b). Existing studies have shown that, with increasing burial 
depth, the fraction of brittle minerals in the reservoir generally 
increases, and rocks within typical deep burial depths 
(3500–4500 m) still exhibit predominantly brittle behavior (Xie 
et al., 2021). Meanwhile, under high confining pressure, the tem
perature threshold required to induce a brittle–ductile transition 
decreases significantly, and the corresponding pressure- 
temperature window overlaps with the actual geological condi
tions of deep to ultra-deep reservoirs (Jefferd et al., 2021; Liu et al., 
2023a; Roy and Singh, 2023). Nevertheless, systematic rock me
chanical tests on ultra-deep downhole cores under HTHP condi
tions are still very limited.

Creating a complex fracture network with high flow conduc
tivity by hydraulic fracturing is one of the key approaches to effi
ciently developing deep to ultra-deep tight reservoirs (Zhang et al., 
2025b; Lei et al., 2022; Liu et al., 2023b). In recent years, field 

experience has shown that some ultra-deep reservoirs exhibit low 
and rapidly decaying fracture conductivity and limited effectively 
stimulated reservoir volume after fracturing (Zhao et al., 2025a). 
To elucidate the initiation and propagation mechanisms of frac
tures in deep to ultra-deep reservoirs, numerous true triaxial hy
draulic fracturing experiments have been conducted (Barbot and 
Zhang, 2023; Hou et al., 2017b; Zhu et al., 2023). However, most 
of these studies are still restricted to shallow to deep conditions 
(minimum horizontal effective principal stress <30 MPa, temper
ature <100 ◦C) and therefore cannot faithfully reproduce fracture 
evolution under in-situ HTHP conditions in deep to ultra-deep 
reservoirs (Yu et al., 2024). On the other hand, accurately pre
dicting break-down pressure is a prerequisite for safe and efficient 
fracturing operations (Hou et al., 2017a; Zhu et al., 2025). Con
ventional break-down model (H-W model) and poro-elastic break- 
down model (H-F model) are widely used in engineering practice 
owing to their simple forms and convenient parameterization, but 
they usually ignore thermally induced stresses (Haimson and 
Fairhurst, 1969; Sampath et al., 2018; Wu et al., 2020). In ultra- 
deep reservoirs, formation temperature increases significantly 
with burial depth, and the temperature difference between frac
turing fluid and formation rock can induce thermal stresses that 
modify rock mechanical properties and strongly affect fracture 
initiation and propagation, thereby introducing non-negligible 
prediction errors (Li et al., 2021; Zhuang et al., 2022; Kong et al., 
2021). It is therefore necessary to systematically compare break- 
down models that incorporate temperature effects with conven
tional models, in order to clarify their applicability and limitations 
in deep to ultra-deep reservoirs.

In this context, the present study uses ultra-deep downhole 
cores to conduct triaxial compression tests under HPHT condi
tions. By analyzing failure modes, stress–strain responses, and 
energy-based brittleness indices, we comprehensively evaluate 
the main features of the brittle–ductile transition of ultra-deep 
rocks and its sensitivity to pressure and temperature. In addi
tion, true triaxial hydraulic fracturing experiments are designed on 
200 mm × 200 mm × 200 mm sandstone cubes. Injection 
pressure–time curves, three-dimensional fracture geometries 
reconstructed from computed tomography (CT) scans, and break- 
down pressures are jointly used to systematically investigate 
fracture initiation and propagation behavior under HPHT condi
tions. Furthermore, four classical break-down pressure models are 
introduced and their applicability to deep and ultra-deep reservoir 
conditions is comparatively assessed. The overall aim is to eluci
date, in a systematic manner, the evolution of rock mechanical 
properties after the brittle–ductile transition and the mechanisms 
of fracture initiation and propagation in ultra-deep tight reser
voirs, thereby providing experimental and theoretical support for 
optimizing hydraulic fracturing design and enhancing the devel
opment efficiency of ultra-deep reservoirs.

2. Materials and experimental methodology

2.1. Triaxial compression tests

2.1.1. Cylindrical rock samples
The western uplift of the Junggar Basin in China is rich in deep 

and ultra-deep oil and gas resources, among which ultra-deep 
tight reservoirs at depths greater than 5000 m are key targets 
for future large-scale reserve growth. In this study, full-diameter 
downhole cores from a representative well, Well X5, were 
selected as the research object, with the main coring interval 
ranging from 5470.3 to 5478.5 m. To ensure the reliability of the 
experimental results, core samples were preferentially taken 
from adjacent depth intervals and only those with intact 
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structure and suitable geometry for standard specimen prepara
tion were used (Fig. 1(a)). X-ray diffraction analysis indicates that 
the minerals in this interval are mainly plagioclase (17.4%), quartz 
(14.6%), dolomite (43.6%), calcite (1.1%), and clay minerals (9.9%). 
This implies that the total content of brittle minerals is approx
imately 60%, whereas the content of weak minerals (clays) is less 
than 10% (Herrmann et al., 2018). As shown in Fig. 1(b), cylin
drical blanks with a diameter of 25 mm and a length greater than 
50 mm were first  drilled from the full-diameter cores. Subse
quently, following the specimen preparation procedures recom
mended by the International Society for Rock Mechanics (ISRM) 
(Ulusay and Hudson, 2007), the ends of the cylinders were cut 
and finely  ground, and the end non-parallelism and surface 
flatness  were controlled within 0.05 mm and 0.02 mm, respec
tively. In this way, standard cylindrical specimens with a diam
eter of 25 mm and a height of 50 mm were prepared for 
mechanical testing (Fig. 1(c)).

To systematically elucidate the evolution of rock mechanical 
properties under the combined effects of temperature and 
confining  pressure in deep and ultra-deep reservoirs, simulated 
depths of 3500–5000 m are defined in this study as “deep reservoir 
conditions”, whereas simulated depths greater than 5000 m are 
defined as “ultra-deep reservoir conditions”. The formation pres
sure at the coring well is close to hydrostatic, and the regional in- 
situ stress and temperature conditions are characterized by 
maximum and minimum horizontal stress gradients of approxi
mately 0.018–0.022 MPa/m and 0.0198–0.020 MPa/m, respectively, 
and a geothermal gradient of about 24.3 ◦C/km (Meng et al., 2022; 
Sun et al., 2023). Based on these geological constraints, ten triaxial 
compression test conditions were designed to represent different 
burial depths. Furthermore, the experimental design was divided 
into two categories: (1) high pressure and ambient temperature 

(HPAT) conditions and (2) HPHT conditions, in order to further 
investigate the temperature sensitivity of the mechanical behavior 
of ultra-deep core samples under high pressure. The combinations 
of confining pressure, temperature, and corresponding simulated 
burial depth for each condition are summarized in Table 1.

2.1.2. Experimental equipment and testing procedure
All triaxial compression tests were conducted using a GCTS RTR- 

1500 HPHT rock triaxial testing system, which consists of eight 
main functional modules, including servo loading and temperature 
control (Hou et al., 2017a). The RTR-1500 is a closed-loop digital 
servo-controlled system capable of strain-controlled or stress- 
controlled loading, post-failure mechanical behavior tests under 
triaxial conditions, while complying with the relevant rock me
chanics testing standards of the ISRM. The main technical specifica
tions of the system are: frame stiffness of 10000 kN/mm, dynamic 
loading frequency of 0–10 Hz, maximum axial load of 1500 kN (with 
an accuracy of 0.25%), maximum confining  and pore pressure of 
210 MPa, and a maximum operating temperature of 200 ◦C. Axial and 
radial deformations are recorded by linear variable differential 
transformers (LVDTs), with a measurement error less than 0.15% of 
full scale.

Prior to testing, the prepared standard cylindrical specimens 
were dried in an oven at 40 ◦C for 48 h to ensure a near-dry initial 
condition. During the tests, each specimen was wrapped with a 
heat-shrink sleeve to prevent oil infiltration,  placed into the 
pressure vessel, and instrumented with axial and circumferential 
LVDTs. The main testing steps were as follows: (1) Apply a 2 MPa 
axial load to stabilize the specimen, and then increase the 
confining pressure to the target value; (2) Raise the temperature to 
the target value at a heating rate of 2 ◦C/min and hold for 1 h to 
ensure a uniform internal temperature; (3) Load axially at a rate of 

Fig. 1. Ultra-deep rock specimens. (a) Full-diameter downhole cores; (b) Cylindrical blanks; (c) Standard cylindrical specimens.

Table 1 
Experimental conditions for triaxial compression tests.

Experimental conditions Specimen, # Simulated depth, m Confining pressure, MPa Temperature, ◦C

HPAT 1 5000 100 20
2 5500 110 20
3 6000 120 20
4 6500 130 20
5 7000 140 20

HPHT 6 5000 100 120
7 5500 110 130
8 6000 120 140
9 6500 130 150
10 7000 140 160
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0.05 mm/min until specimen failure; (4) Continuously record the 
stress–strain curves throughout the test.

2.2. True triaxial hydraulic fracturing experiments

2.2.1. Cubic rock samples
To compare fracture initiation and propagation behavior under 

deep and ultra-deep reservoir conditions, true triaxial hydraulic 
fracturing experiments were conducted under simulated burial 
depths of 3500 and 5500 m. Due to the limited size of downhole 
cores, sandstone blocks with mechanical properties comparable to 
the ultra-deep core were used instead, with a Young's modulus 
E = 36 GPa, Poisson's ratio ν = 0.2, and tensile strength σt = 5 MPa 
(Fig. 2(c)). The sandstone was machined into cubic specimens with 
dimensions of 200 mm × 200 mm × 200 mm, and a borehole with 
a diameter of 22 mm and a depth of 150 mm was drilled at the 
specimen center. A steel injection tube with an outer diameter of 
16 mm, inner diameter of 6 mm, and length of 100 mm was then 
installed in the borehole. The annulus between the tube and the 
borehole wall was sealed and fixed using high temperature resis
tant epoxy, leaving a 70 mm open-hole section at the borehole end 
to serve as the hydraulic fracturing interval (Fig. 2(a) and (b)). The 
applied principal stresses and temperature conditions for each 
experiment case are summarized in Table 2.

2.2.2. Experimental equipment
The true triaxial hydraulic fracturing experiments were carried 

out using a multi-physics deep resource fracturing system (Chen 
et al., 2025b, 2025c). The system consists of an operation con
sole, a true triaxial experimental apparatus, a servo-controlled 
triaxial loading system, a high-pressure fluid  injection system, 
and flow and pressure monitoring modules (Fig. 3(a)). For cubic 
specimens with a side length of 200 mm, the system can provide a 
maximum confining  stress of 160 MPa, a maximum injection 
pressure of 120 MPa, and a maximum injection rate of 66 mL/min. 
After testing, an industrial CT scanner (Phoenix V|tome|x S240) 
was used to characterize the fracture geometry. The scanner 

provides a spatial resolution as fine as 1 μm, with a maximum pixel 
resolution better than 2 μm (Fig. 3(b)).

2.2.3. Experimental procedure
Under high temperature conditions, the specimens were pre

heated to the target temperature at a rate of 10 ◦C/h and then held 
for 24 h to ensure that thermal equilibrium was reached. Under 
ambient temperature conditions, the specimens were oven-dried 
at 36 ◦C.

During testing, each specimen was placed in the true triaxial 
cell, and the three principal stresses were applied stepwise to their 
target values until a stable equilibrium state was achieved. Sub
sequently, fracturing fluid  injection was initiated. The hydraulic 
fracturing process was considered complete when a sustained 
drop in injection pressure was observed. After fracturing, a core 
with a diameter of 100 mm and a length of 200 mm was drilled 
along the borehole axis from each cubic specimen and prepared 
for subsequent CT scanning (Fig. 3(c)).

3. Results

3.1. Analysis of the mechanical properties of ultra-deep rocks based 
on triaxial compression tests

3.1.1. Failure modes
In this section, the crack types and failure modes of the speci

mens after triaxial compression under different confining  pres
sures and temperatures are compared to characterize the failure 
behavior of rocks under ultra-deep reservoir conditions.

As shown in Fig. 4(a), under HPAT conditions, the failure mode 
progressively evolves from brittle failure to ductile deformation 
with increasing confining  pressure. At low confining  pressure 
(100 MPa), the specimen develops combined tensile–shear cracks 
accompanied by local spalling of rock fragments, indicative of 
pronounced brittle instability. When the confining  pressure in
creases to 100–130 MPa, the cracks transition to predominantly 
shear cracks, and a macro-shear failure plane forms inside the 

Fig. 2. True triaxial fracturing experiment specimens. (a) Cubic sandstone specimen; (b) Sealed steel pipe; (c) Comparison of triaxial compression results.

Table 2 
Experimental conditions for hydraulic fracturing experiments.

Experimental conditions Specimen, # Simulated depth, m Fluid type μ, mPa⋅s Q0, mL/min T, ◦C σv, MPa σh, MPa σH, MPa

Deep reservoir condition 1 3500 Slickwater 2.5 10 36 50 35 41
2 3500 Slickwater 2.5 10 90 50 35 41

Ultra-deep reservoir condition 3 5500 Slickwater 2.5 10 36 75 53 62
4 5500 Slickwater 2.5 10 130 75 53 62

Note: Q0 represents flow rate, T represents temperature, σv represents vertical effective stress, σh represents minimum horizontal effective principal stress, and σH represents 
maximum horizontal effective principal stress.
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specimen. Macroscopically, the rock fails along a preferentially 
oriented shear plane in a brittle characteristic. When the confining 
pressure is further increased to 140 MPa, multiple shear cracks are 
observed on the specimen surface but do not coalesce into a 
continuous failure plane, while pronounced bulging deformation 
develops in the central region. This indicates that the formation of 
a macro-shear failure plane is inhibited, microcrack propagation 
becomes more stable, and the overall failure mode shifts toward 
ductile deformation.

As shown in Fig. 4(b), under HPHT conditions, the combined 
increase in confining  pressure and temperature promotes the 
evolution of the failure mode from brittle failure toward ductile 
deformation. At low confining  pressure and temperature 
(100 MPa–120 ◦C), the specimen is dominated by shear cracks with 
a distinct macro-shear plane, and the failure mode is similar to 
that observed under HPAT conditions at 100–130 MPa, still 
reflecting  a strongly brittle response. As confining  pressure and 
temperature increase (i.e., 110 MPa–130 ◦C and 120 MPa–140 ◦C), 

Fig. 3. Ture triaxial fracturing experimental equipment. (a) Multi-physics deep resource fracturing system; (b) Industrial CT scanner; (c) Schematic diagram of core sampling from 
cubic specimen.

Fig. 4. Failure modes of ultra-deep rocks under different conditions. (a) HPAT conditions; (b) HPHT conditions.
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the cracks evolve into shear-dominated cracks or conjugate shear 
cracks, and macro-shear failure planes are still present, indicating 
that the rock remains in a brittle failure mode. When the confining 
pressure and temperature are further increased to 130 MPa–150 ◦C 
and 140 MPa–160 ◦C, a large number of fine microcracks develop 
on the specimen surface, pronounced bulging deformation occurs 
in the central region, and the overall failure mode becomes more 
consistent with a distributed cataclastic flow  (Wu et al., 2000; 
Zhang et al., 2023). This demonstrates that, under the combined 
effect of high confining  pressure and high temperature, the 
dominant failure mechanism gradually transitions from brittle 
failure to ductile deformation.

3.1.2. Deformation behaviors
In this section, the stress–strain responses and mechanical 

parameters of the specimens under different confining pressures 
and temperatures are compared to elucidate the deformation 
characteristics of rocks under ultra-deep reservoir conditions 
(Fig. 5).

As shown in Fig. 5(a), under HPAT conditions, the stress–strain 
behavior gradually evolves from typical brittle to ductile with 
increasing confining  pressure. At relatively low confining  pres
sures (100–130 MPa), the stress–strain curves have similar shapes: 
the pre-peak stage is essentially linear, whereas the post-peak 
stage exhibits a sharp stress drop, indicative of typical brittle 
failure. When the confining pressure is increased to 140 MPa, the 
stress–strain curve shows a clear brittle–ductile transition: the 
stress first increases linearly in the pre-peak stage, then the rate of 
stress increase decreases as it approaches the peak stress, and in 
the post-peak stage a short stress plateau appears before the curve 
occurs the strain softening.

As summarized in Table 3, changes in confining pressure sub
stantially modify the mechanical properties of the ultra-deep rock. 
As the confining  pressure increases from 100 to 140 MPa, the 

lateral confinement is progressively enhanced and the peak stress, 
peak strain, and Young's modulus all increase. Specifically, the 
peak stress, peak strain, and Young's modulus increase by 137%, 
41.8%, and 43.3%, respectively, demonstrating strong pressure 
sensitivity. It is noteworthy that when the confining pressure rises 
from 100 to 110 MPa, the crack types change from combined 
tensile–shear cracks to predominantly single shear cracks, 
accompanied by a marked increase in both peak stress and peak 
strain. This indicates that the transition in crack type is accom
panied by marked changes in both load bearing capacity and 
deformability.

As shown in Fig. 5(b), under HPHT conditions, the combined 
increase in confining  pressure and temperature promotes the 
evolution of mechanical behavior from brittle to ductile. At rela
tively low confining pressures and temperatures (100 MPa–120 ◦C 
and 110 MPa–130 ◦C), the stress–strain curves are still dominated by 
brittle characteristics: the pre-peak response is nearly linear and 
the post-peak stage exhibits distinct strain softening. When the 
confining pressure and temperature are raised to 120 MPa–140 ◦C, 
an obvious stress plateau develops in the post-peak stage, reflecting 
a brittle–ductile transitional behavior. With a further increase in 
confining  pressure and temperature to 130 MPa–150 ◦C and 
140 MPa–160 ◦C, ductile features become more pronounced: the 
amount of plastic strain in the pre-peak stage increases signifi
cantly, and after the peak stress, the curves quickly enter a long 
stress plateau, during which the overall stress level tends to 
stabilize.

Table 4 shows that confining pressure and temperature jointly 
exert a strong control on the mechanical properties of ultra-deep 
rocks. As the loading condition increases from 100 MPa–120 ◦C 
to 120 MPa–140 ◦C, the peak stress and Young's modulus increase 
by 45% and 30%, respectively. When the condition is further 
increased to 140 MPa–160 ◦C, the peak stress and Young's modulus 
decrease by 17% and 21%, respectively, relative to those at 

Fig. 5. Stress–strain curves of ultra-deep rocks under different conditions. (a) HPAT conditions; (b) HPHT conditions.

Table 3 
Experimental results of triaxial compression tests under HPAT conditions.

Specimen, # Simulated depth, m Peak stress, MPa Peak strain, % Young's modulus, GPa Poisson's ratio

1 5000 153.87 0.55 32.8 0.26
2 5500 251.17 0.63 44.5 0.14
3 6000 269.44 0.68 44.5 0.19
4 6500 346.26 0.69 54.6 0.21
5 7000 364.65 0.78 47.0 0.21
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120 MPa–140 ◦C, whereas the peak strain increases by 35%. In 
conjunction with Fig. 4, this suggests that the reductions in peak 
stress and Young's modulus are mainly associated with a shift in 
failure mode from localized brittle shear failure to distributed 
cataclastic flow, during which microcracks become more abundant 
and fracture toughness is reduced. Similar trends were reported by 
Jefferd et al. (2021) for sandstone in triaxial compression tests 
under HPHT conditions, and were likewise attributed to the 
nucleation and stable growth of numerous microcracks leading to 
macroscopic strength degradation.

A comparison between HPAT and HPHT conditions shows that 
at relatively low confining  pressures (100–120 MPa), the peak 
stress, peak strain, and Young's modulus are all higher at elevated 
temperature than at ambient temperature. For example, at a 
confining  pressure of 100 MPa, the peak stress, peak strain, and 
Young's modulus under high-temperature conditions are 55%, 42%, 
and 16% higher, respectively, than those under ambient tempera
ture conditions. This behavior can be explained by the fact that, in 
a high confining  pressure environment, elevated temperature 
promotes thermal expansion of mineral grains and closure of pre- 
existing microcracks, thereby strengthening grain contacts and 
enhancing the load bearing capacity. In contrast, at higher 
confining  pressures (130–140 MPa), the peak stress and Young's 
modulus become lower at high temperature than at ambient 
temperature, while the peak strain increases significantly. At 
140 MPa, the peak stress and Young's modulus under high tem
perature conditions are 22% and 17% lower, respectively, than 
those under ambient temperature conditions, whereas the peak 
strain is 33% higher. This indicates that elevated temperature 
strongly promotes the brittle–ductile transition of ultra-deep rocks 
and markedly enhances their ductile deformation capacity. Over
all, these results demonstrate that the brittle–ductile transition of 
rocks under ultra-deep conditions is temperature sensitive, and 
that the associated changes in failure mode, stress-strain response, 

and mechanical properties arise from the competition among 
multiple mechanisms (Ranjith et al., 2012; Kong et al., 2021).

3.1.3. Brittle–ductile characteristics
In this section, the brittleness of the specimens under different 

confining pressures and temperatures is quantitatively evaluated, 
in order to clarify the brittle–ductile characteristic of rocks under 
ultra-deep reservoir conditions. During loading and failure, the 
rock continuously accumulates, dissipates, and transforms energy, 
and these processes can be effectively reflected by the 
stress–strain curves. Fig. 6 illustrates the key parameters on the 
stress–strain curve used to calculate the brittleness indices (Xie 
et al., 2021). Point A represents the stress level at which the 
intrinsic microcracks within the rock are fully closed, determined 
following the method proposed by Wen et al. (2023). Point B de
notes the peak stress and point C corresponds to the stress level 
immediately before entering the residual stress stage. H and M 
represent the hardening modulus and the unloading modulus, 
respectively.

An energy-based brittleness index is adopted in this study to 
quantitatively characterize the brittle–ductile characteristic of the 
rocks (Eq. (1)), explicitly accounting for both the pre-peak and 
post-peak stages. The pre-peak brittleness index (Bpre) is defined 
as the ratio of the dissipated energy to the accumulated elastic 
energy before peak stress, whereas the post-peak brittleness index 
(Bpost) is defined as the ratio of the fracture energy to the released 
elastic energy after peak stress (Tarasov and Potvin, 2013; Zhu 
et al., 2025). On this basis, a composite brittleness index (Bk) is 
constructed by combining Bpre and Bpost with equal weights 
(α = β = 0.5), to describe the overall brittle–ductile characteristics 
of the rock (Zhao et al., 2025b). When Bk < 1, the global response is 
dominated by brittle characteristic, whereas Bk > 1 indicates 
progressively more ductile characteristic. It should be emphasized 
that larger values of Bpre, Bpost, and Bk correspond to more pro
nounced ductile characteristics (Tarasov and Potvin, 2013; Xie 
et al., 2021). 

Bk =αBpre + βBpost =α
E − H

H
+ β

M − E
M

= α
(

ΔσL

ΔεL
−

σp − σci
εp − εci

)/(
σp − σci
εp − εci

)

+β
(

σr − σp

εr − εp
−

ΔσL

ΔεL

)/(
σr − σp

εr − εp

)

(1) 

where ΔσL is the stress difference between two points on the linear 
portion of the stress–strain curve, MPa; ΔεL is the corresponding 
axial strain difference, %; σp is the peak stress, MPa; σci is crack 
initiation stress, MPa; σr is the residual stress, MPa; εci the crack 
initiation strain, %.

The Bpre, Bpost, and Bk obtained under different conditions are 
presented in Fig. 7. As shown in Fig. 7, under HPAT conditions, the 
overall ductility first decreases and then increases with increasing 
confining  pressure. When the confining  pressure increases from 
100 to 120 MPa, Bk decreases from 1.43 to 1.24, decreasing by 
13.3%, indicating that, within this relatively low confining pressure Fig. 6. Typical stress–strain curve of rock in triaxial compression test.

Table 4 
Experimental results of triaxial compression tests under HPHT conditions.

Specimen, # Simulated depth, m Peak stress, MPa Peak strain, % Young's modulus, GPa Poisson's ratio

6 5000 237.91 0.78 38.0 0.18
7 5500 286.21 0.76 41.9 0.17
8 6000 344.95 0.77 49.5 0.18
9 6500 224.18 0.86 39.0 0.22
10 7000 284.84 1.04 39.0 0.18
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range, the strengthening of lateral confinement  makes the rock 
behave more brittle. When the confining  pressure is further 
increased from 120 to 140 MPa, Bk increases from 1.24 to 1.59, 
increasing by 28.2%. This suggesting that, at higher confining 
pressures, further pore compaction and the more stable growth of 
numerous microcracks during triaxial compression lead to a 

gradual enhancement of rock ductility. It is noteworthy that as the 
confining  pressure increases from 100 to 140 MPa, Bpre changes 
only slightly, from 0.19 to 0.15. This small variation implies that, 
under HPAT conditions, the confining pressure dependence of the 
overall ductility is mainly governed by the post-peak stage, and 
that the enhancement of post-peak ductility plays a dominant role 
in increasing the overall ductile characteristic.

Under HPHT conditions, the rock ductility increases markedly 
with increasing confining  pressure and temperature. When 
experimental conditions increase from 100 MPa–120 ◦C to 
140 MPa–160 ◦C, Bk rises from 1.41 to 4.24, corresponding to an 
increase of 200.7%. This clearly demonstrates that the combined 
effect of high confining  pressure and high temperature strongly 
promotes the transition from brittle to ductile characteristic. Un
like the HPAT condition, although Bpre exhibits only minor changes 
between 100 MPa–120 ◦C and 120 MPa–140 ◦C, it sharply increases 
from 0.13 to 0.95 (an increase of 630.8%) when the conditions are 
further elevated to 140 MPa–160 ◦C. In this condition, the pro
portion of dissipated energy before peak stress increases sub
stantially, indicating that pre-peak plastic deformation and energy 
dissipation are significantly enhanced and that pre-peak ductile 
deformation becomes an important contributor to the overall 
ductile characteristic.

A comparison between HPAT and HPHT conditions shows that, 
at relatively low confining  pressures (100–110 MPa), the three 
indices Bpre, Bpost, and Bk are similar for the two temperature 
conditions, implying that within this stress range the high tem
perature environment corresponding to the simulated depth has 
only a limited influence  on the brittle–ductile characteristics. 
However, as the confining  pressure is further increased to 
120–140 MPa, both Bpre and Bpost under high temperature condi
tions become significantly larger than those under ambient tem
perature conditions, and the overall ductility is markedly 
enhanced. For example, at 140 MPa, Bk increases from 1.59 (under 
HPAT) to 4.24 (under HPHT), increasing by 166.7%. Together with 
Figs. 4 and 5, this indicates that the temperature sensitivity of 
the brittle–ductile transition behavior of ultra-deep rocks is weak 
at relatively low confining pressures, whereas when the confining 
pressure approaches the critical range for the brittle–ductile 
transition, temperature effects are greatly amplified  and can 
significantly accelerate the evolution from brittle to ductile char
acteristic (details see Section. 4.1).

3.2. Analysis of fracture initiation and propagation characteristics 
based on true triaxial hydraulic fracturing experiments

3.2.1. Injection pressure response
In this section, true triaxial hydraulic fracturing experiments 

were conducted on sandstone cubic specimens under different 
stress state and temperature conditions. The injection 
pressure–time curves were recorded in real time to elucidate the 
evolution of injection pressure associated with fracture initiation 
and propagation during continuous fluid injection (Fig. 8), where 
Pb denotes the break-down pressure, Pp denotes the propagation 
pressure.

Fig. 8(a) and (b) show the injection pressure-time curves under 
deep reservoir conditions (simulated depth of 3500 m), which can 
be divided into four stages corresponding to different behaviors of 
the hydraulic fracturing process. Taking the ambient temperature 
condition as an example, in Stage I the injected fluid mainly fills 
the pipeline and open-hole section of the borehole, and the 
pressure variation is limited. In Stage II, fluid continuously accu
mulates around the borehole and enhances stress concentration in 
the near-wellbore region, leading to an approximately linear in
crease in injection pressure. When the circumferential stress at the 

Fig. 7. Brittleness indies of ultra-deep rocks under different conditions. (a) Bpre; (b) 
Bpost; (c) Bk.
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borehole wall increases to the tensile strength of the rock, Stage III 
begins: fracture initiation occurs and the injection pressure rea
ches its peak. The rapid formation of the fracture creates a new 
flow  pathway, causing a sharp pressure drop. In Stage IV, the 
fracture continues to propagate along the maximum horizontal 
principal stress direction. Further growth must overcome both the 
minimum horizontal principal stress and the rock tensile strength, 
and the injection pressure gradually approaches a quasi-steady 
level. It is noteworthy that under high temperature conditions 
(90 ◦C), the injection pressure–time curve in Stage III exhibits a 
pronounced double-peak feature, indicating that the propagating 
fracture temporarily arrests and is subsequently reactivated. The 
second pressure peak is almost equal to the stable propagation 
pressure, which mainly results from a mismatch between the fluid 
injection rate and the fracture propagation rate.

Fig. 8(c) and (d) present the injection pressure-time curves 
under ultra-deep reservoir conditions (simulated depth of 
5500 m). Similar to the deep reservoir condition, the curves can 
still be divided into four stages, but their evolution is more com
plex, and the response characteristics and physical implications in 
some stages differ. Under ambient temperature condition, the in
jection pressure in Stage II initially increases approximately line
arly, but the pressurization rate decreases as breakdown is 
approached. Compared with the deep reservoir condition, in 
Stages III and IV the pressure drops sharply after reaching the 
breakdown pressure, and the post-peak pressure exhibits stronger 
oscillations, implying that the fracture experiences greater resis
tance during propagation. Under high temperature condition 
(130 ◦C), Stage II can be further divided into an initial nonlinear 
loading phase followed by a linear loading phase, with a noticeably 

higher pressurization rate in the linear phase. This behavior is 
mainly attributed to enhanced rock ductility and intensified local 
deformation around the borehole, which result in a more pro
longed pore compaction process during the early pressurization 
stage (Cheng et al., 2023). It is also noteworthy that in Stages III and 
IV the pressure–time curve displays three distinct pressure peaks. 
The second peak is close to the breakdown pressure and signifi
cantly higher than the stable propagation pressure, indicating that 
the fracture may undergo multiple episodes of arrest and reac
tivation during propagation, requiring repeated rebuilding of in
jection pressure to sustain successive fracture propagation. 
Therefore, in ultra-deep reservoir environments, continuous and 
stable fracture propagation becomes more difficult to achieve, and 
the hydraulic fracturing process is characterized by stronger 
intermittency and complexity.

3.2.2. Fracture morphology interpreted from CT scanning
In this section, CT scanning is used to characterize in detail the 

fracture morphology generated inside the sandstone cubes after 
true triaxial hydraulic fracturing under different stress state and 
temperature conditions. First, the CT images are pre-processed 
based on grayscale information, and the fracture network is 
reconstructed in three dimensions following the method proposed 
by He et al. (2021). Then, the fractal dimension is introduced to 
quantitatively describe the geometric complexity of the hydraulic 
fractures under different conditions. A larger fractal dimension 
indicates a more complex fracture geometry.

Fig. 9(a) and (b) show the fracture morphology under deep 
reservoir conditions (simulated burial depth of 3500 m). At 
ambient temperature, the fracture surface is highly continuous 

Fig. 8. The injection pressure–time curves under different conditions. (a) Deep reservoir condition at ambient temperature; (b) Deep reservoir condition at high temperature; (c) 
Ultra-deep reservoir condition at ambient temperature; (d) Ultra-deep reservoir condition at high temperature.
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and nearly propagates to the specimen boundaries, forming a 
symmetric bi-wing fracture geometry. At elevated temperature 
(90 ◦C), the fracture still propagates along the maximum hori
zontal principal stress direction, but the propagation distance is 
shorter and local regions exhibit a jagged configuration.  The 
similar fractal dimensions at the two temperatures indicate that, 
under deep reservoir conditions, temperature has a limited influ
ence on fracture complexity, although the spatial extent of the 
fracture is slightly larger at ambient temperature.

Fig. 9(c) and (d) show the fracture morphology under ultra- 
deep reservoir conditions (simulated burial depth of 5500 m). At 
ambient temperature, the fracture overall still maintains a bi-wing 
geometry. However, compared with the deep reservoir condition, 
the fractal dimension decreases from 2.10 to 2.03, suggesting that 
the higher stress level and larger horizontal stress difference 
constrain fracture propagation and reduce the geometric 
complexity of hydraulic fractures. At elevated temperature 
(130 ◦C), the enhanced rock ductility further restricts fracture 
propagation, and the fractures are mainly confined to the vicinity 
of the injection region. Nevertheless, compared with the deep 
reservoir condition at high temperature, the fractal dimension 
increases from 2.08 to 2.14, increasing by 2.9%. This indicates that 
under higher stress state and temperature, large-scale macro- 
fractures are suppressed, and fractures may undergo multiple 
cycles of initiation, arrest, and reactivation during propagation, 
leading to a more complex hydraulic fracture network.

3.2.3. Breakdown pressure
In this section, four classical break-down models are employed 

to analyze and compare the break-down pressures obtained from 
the true triaxial hydraulic fracturing experiments, with the aim of 
assessing their applicability under deep and ultra-deep reservoir 

conditions. All four models are based on a tensile strength crite
rion, under which fracture initiation is assumed to occur when the 
circumferential effective stress at the wellbore reaches the tensile 
strength of the rock. The circumferential effective stress at the 
borehole wall is expressed as the superposition of four stress 
components: the in-situ horizontal principal stresses, the wellbore 
internal pressure due to fluid injection, the stress field induced by 
fluid leak-off into the formation, and the thermal stress induced by 
the temperature variation at the wellbore (Fig. 10). These models 
are compact in form, have clear physical meaning for each 
parameter, and are convenient for field application. Furthermore, 
they also form the basis for many subsequent model extensions. 
Therefore, a systematic comparison of those four models are car
ried out in this study to clarify the sensitivity of break-down 
pressure to stress state and temperature in ultra-deep reservoirs 
and to provide guidance for further model refinement.

Hubbert and Willis (1957) proposed the conventional break- 
down model (H-W model) under the assumptions of a linear- 
elastic, intact and impermeable formation, with fracture initia
tion occurring at a point on the wellbore wall. Because the model 
neglects fluid leak-off and the additional stress field generated by 
pore pressure distribution in the surrounding rock, it tends to 
overestimate breakdown pressure (Sampath et al., 2018). By 
superimposing the thermal stress field  derived by Deng et al. 
(2009) based on generalized Hooke's law and thermoelastic the
ory, onto the H-W model, a temperature-dependent conventional 
break-down model (the T-H-W model) can be obtained (Li et al., 
2005; Stephens and Voight, 1982). The derivation of the thermal 
stress field is based on the following main assumptions: (1) axial 
heat conduction in the fluid  is negligible compared with axial 
convection; (2) the thermal properties of the fluid (heat capacity, 
density, thermal conductivity, etc.) are weakly dependent on 

Fig. 9. The fracture morphology and fractal dimensions under different conditions. (a) Deep reservoir condition at ambient temperature; (b) Deep reservoir condition at high 
temperature; (c) Ultra-deep reservoir condition at ambient temperature; (d) Ultra-deep reservoir condition at high temperature.
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temperature; and (3) the borehole is a smooth cylinder and the 
surrounding rock is an isotropic, linear-elastic medium that ex
changes heat with the fluid only by conduction, with the borehole 
wall temperature held constant (Deng et al., 2009; Ju et al., 2025). 
A key limitation is that the resulting tangential thermal stress at 
the borehole wall is time-invariant, and the contribution of ther
mal stresses in regions away from the borehole wall is not 
considered. The corresponding expressions of the H-W and T-H-W 
models can be written as: 
⎧
⎪⎨

⎪⎩

pb = 3σh − σH − p0 + σt (H-W model)

pb = 3σh − σH − p0 + σt −
Eαm

3(1 − ν)
(T0 − Tw) (T-H-W model)

(2) 

where p0 is the formation pore pressure, MPa; αm is the rock 
thermal expansion coefficient,  ◦C− 1; T0 is the initial formation 
temperature, ◦C; Tw is the temperature of fracturing fluid, ◦C.

Haimson and Fairhurst (1969) incorporated poro-elasticity into 
the elastic solution and proposed a poro-elastic break-down 
model (H-F model) for permeable formations. The main assump
tions of this model are: (1) the rock is permeable; (2) the borehole 
cross-section is smooth and circular; (3) the formation has uni
form permeability; and (4) the flow  is axisymmetric and obeys 
Darcy's law (Wu et al., 2020). By explicitly considering the addi
tional effective stress induced by fluid leak-off into the formation, 
the H-F model can better capture the influence of pore pressure 
distribution on break-down pressure. However, fracture initiation 
is still assumed to occur at the wellbore wall, and the spatial dis
tribution of pore pressure in the rock mass around the wellbore is 
not fully described. Meanwhile, the model neglects the non- 
uniform pressure field  in the near-wellbore region, which can 
lead to underestimation of break-down pressure under certain 
conditions. Superimposing the thermal stress field  onto the H-F 
model yields a temperature-dependent poro-elastic break-down 
model (T-H-F model). 

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

pb = pw =
3σh − σH + σt

2 − α
1 − 2υ
1 − υ

+ p0 (H-F model)

pb = pw =
3σh − σH + σt

2 − α
1 − 2υ
1 − υ

+ p0 −
Eαm

3(1 − ν)
(T0 − Tw)

(T-H-F model)

(3) 

where α is Biot's coefficient.
In this study, the mechanical parameters used in the four 

models are constrained by laboratory tests and existing data from 
the same block. Specifically, E, v, and σt are taken from the me
chanical tests on the sandstone specimens. The value of α is ob
tained from poro-elastic tests on sandstone cores with similar 
lithology in the same block (Kong et al., 2021). The T0 and stress 
state are taken from geological data near the coring well. Previous 
studies have shown that, for sandstone, the αm in the range 
100–300 ◦C is typically on the order of 1 × 10− 5–3 × 10− 5 ◦C− 1 

(Gong et al., 2025). In this work, a representative value of 
2 × 10− 5 ◦C− 1 is used in the baseline calculations, and its influence 
is further examined in the parametric sensitivity analysis.

Since the parameter sensitivity of the H-W and H-F models has 
already been systematically investigated in previous studies, the 
present work focuses on the sensitivity of the T-H-W and T-H-F 
models to key thermo-mechanical parameters, namely E, the αm, 
and the T0 (Table 5) (Sampath et al., 2018; Wu et al., 2020). The 
corresponding numerical results are shown in Fig. 11.

Overall, compared with the H-W and H-F models, both T-H-W 
and T-H-F yield systematically lower break-down pressures, indi
cating that the additional thermal stress induced by wellbore 
cooling significantly reduces the circumferential effective stress at 
the wellbore wall and thus lowers the fracture initiation threshold. 
For fixed T0 and αm, the predicted break-down pressures of both 
temperature-dependent models decrease monotonically as E in
creases from 35 to 55 GPa, with reductions of 21% and 34.4% for the 

Fig. 10. Schematic diagram of the superposition of independent stress fields during hydraulic fracturing (Haimson and Fairhurst, 1969; Zhu et al., 2015; Wu et al., 2020).
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T-H-W and T-H-F models, respectively. This suggests that, in stiffer 
rocks, the same temperature contrast generates larger thermal 
stresses, making fracture initiation easier. For fixed T0 and E, 
increasing αm from 1 × 10− 5 to 3 × 10− 5 ◦C− 1 similarly leads to a 
monotonic reduction in the break-down pressure predicted by 
both models, with reductions of 31% and 46.4% for the T-H-W and 
T-H-F models, respectively. This reflects  the promoting effect of 
thermally induced microcracking arising from thermal expansion 
mismatch among different mineral compositions. Previous work 
has shown that, within 100–300 ◦C, the αm of sandstone increases 
only slowly and approximately linearly from about 1.4 × 10− 5 to 
2.6 × 10− 5 ◦C− 1. Therefore, using a representative, nearly constant 
value of αm for ultra-deep reservoir temperatures is reasonable for 
engineering prediction. For fixed αm and E, increasing T0 from 120 
to 160 ◦C also causes the break-down pressure predicted by both 
models to decrease monotonically, which implies that higher 
formation temperatures amplify the temperature difference and 
thus impose stronger thermal shocks and thermal damage on the 
surrounding rock. This thermal effect becomes increasingly 
important at higher in-situ temperatures.

Fig. 12 compares the break-down pressures obtained from 
the true triaxial hydraulic fracturing experiments with the 
predictions of the four models. Under ambient temperature 
conditions, the T-H-W and T-H-F models degenerate to the H-W 
and H-F models, respectively, and their predictions coincide. 
Under deep reservoir conditions, the measured break-down 
pressures at the two temperatures are almost identical, indi
cating that break-down pressure is weakly sensitive to tem
perature at the simulated burial depth. Under ultra-deep 
reservoir conditions, however, the break-down pressure in
creases from 68.27 to 75.01 MPa when the temperature is raised 
from ambient to high temperature (130 ◦C), corresponding to an 
increase of 9.9%, which indicates that the break-down pressure 
becomes considerably more temperature-sensitive at the 
simulated burial depths.

To further evaluate the performance of each model under HPHT 
conditions, Table 6 summarizes the true triaxial hydraulic frac
turing experiment results and field  fracturing break-down pres
sures. Based on the stress state and temperature conditions used in 
the laboratory tests, the additional cases are roughly classified into 
deep and ultra-deep reservoir conditions, and the relative de
viations between model predictions and measured break-down 
pressures are listed in Tables 7 and 8.

As shown in Table 7, under deep reservoir conditions, the H-F 
model yields the smallest prediction errors, generally within 18%, 
whereas the deviations of the H-W and T-H-F models are relatively 
larger. This indicates that, at lower stress state and temperature, 
the stress induced by fluid leak-off into the formation dominates 
the fracture initiation process, while the thermal stress induced by 
the limited temperature difference remains small. Compared with 
the T-H-W model, the H-F model reproduces the measured break- 
down pressures more closely under deep reservoir conditions, 
suggesting that H-F has better applicability and predictive reli
ability in this condition.

As shown in Table 8, under ultra-deep reservoir conditions, 
both the H-F and T-H-W models achieve prediction errors within 
18%. Notably, the predictive performance of the H-W model 

improves under ultra-deep reservoir conditions: its maximum 
error decreases from 96.8% (deep reservoir) to 47.4% (ultra-deep 
reservoir), implying that, as confining  stress increases, pore 
compaction reduces the impact of leak-off on the fracture initia
tion process. In contrast, the contribution of thermally induced 
stress becomes increasingly important at higher temperatures. 
Compared with deep reservoir conditions, the maximum error of 
the T-H-W model decreases from 26.3% to 17.3% in the ultra-deep 
reservoir condition, further highlighting the crucial role of thermal 
stress in ultra-deep reservoirs. Therefore, under ultra-deep reser
voir conditions, the T-H-W model exhibits superior physical con
sistency and prediction reliability, and is more suitable for 
engineering applications.

4. Discussion

4.1. Mechanical property evolution of ultra-deep rocks

In ultra-deep reservoirs, the mechanical properties of rocks 
under HPHT have a direct impact on hydraulic fracturing perfor
mance and hydrocarbon recovery. In this study, triaxial compres
sion tests on ultra-deep core samples were conducted under 
various confining  pressures and temperatures. The evolution of 
the brittle–ductile transition under ultra-deep reservoir conditions 
was systematically investigated in terms of failure, deformation 
and brittle–ductile characteristics.

Under HPAT conditions, within the confining pressure range of 
100–130 MPa (simulated depths of 5000–6500 m), the 
brittle–ductile transition of the ultra-deep rock shows only weak 
sensitivity to confining pressure. When the confining pressure is 
increased to 140 MPa, typical brittle–ductile transition features 
emerge: (1) the failure mode evolves from predominantly brittle 
failure with macro-shear failure plane to bulging deformation with 
multiple shear cracks; (2) a pronounced post-peak stress plateau 
appears in the stress–strain curve; and (3) the post-peak brittle
ness index increases, indicating enhanced ductile behaviour in the 
post-peak stage. By contrast, the pre-peak brittleness index re
mains nearly unchanged compared with that at lower confining 
pressures, suggesting that the pre-peak response is still dominated 
by brittle regime.

Under HPHT conditions, the rock exhibits overall strongly 
brittle characteristic within 100 MPa–120 ◦C to 110 MPa–130 ◦C 
(simulated depths of 5000–5500 m). At the same confining pres
sure, the stress–strain responses and brittleness indices at high 
temperature are similar to those at ambient temperature, sug
gesting that the influence  of temperature on the brittle–ductile 
transition is limited in this stress range. However, when both 
confining  pressure and temperature are further increased to 
120 MPa–140 ◦C and 140 MPa–160 ◦C (simulated depths of 
6000–7000 m), ductile features become much more pronounced. 
Taking the 130 MPa–150 ◦C condition as an example, compared 
with ambient temperature, the failure mode changes from brittle 
failure with a single shear crack to bulging deformation accom
panied by a dense network of microcracks; the stress–strain curve 
exhibits more evident pre-peak plastic deformation, and the post- 
peak stress plateau becomes longer with a more stable stress level. 
In this case, the pre-peak brittleness index increases from 0.11 to 

Table 5 
Basic parameters of the sensitivity analysis for the T-H-W model and T-H-F model.

Parameters Values Parameters Values Parameters Values

E, GPa 35, 40, 45, 50, 55 σt, MPa 5 αm, × 10− 5 ◦C− 1 1, 1.5, 2, 2.5, 3
v 0.2 σh, MPa 53 T0, ◦C 120, 130, 140, 150, 160
α 0.8 σH, MPa 62 Tw, ◦C 36
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1.45, increasing by approximately 13 times, and the post-peak 
brittleness index increases from 2.99 to 4.68, increasing by 57%. 
These changes demonstrate that, at higher confining pressures, the 
brittle–ductile transition of ultra-deep rocks becomes highly sen
sitive to the combined effects of confining  pressure and 
temperature.

Previous studies on sandstone were mostly carried out at 
relatively low confining pressures and generally suggested that a 
relatively high temperature (typically >400 ◦C) is required to 
trigger a brittle–ductile transition (Ranjith et al., 2012). Under a 
typical geothermal gradient of 30 ◦C/km, this implies that reser
voir depths greater than 10 km are needed before temperature 
effects become significant, so traditional understanding has placed 
more emphasis on the sensitivity of sandstone to confining pres
sure (Zhang et al., 2024). Recent work, however, has shown that 
once the confining  pressure approaches the brittle–ductile tran
sition regime, the temperature sensitivity of sandstone increases 
markedly (Jefferd et al., 2021; Liu et al., 2023a; Roy and Singh, 
2023). The present results provide a possible explanation for this 
behavior: under high confining  pressure, enhanced lateral 
confinement  suppresses macroscopic unstable fracture propaga
tion. As temperature rises further, the fracture toughness de
creases, the number of microcracks increases and their 
propagation becomes more stable, and the failure mode evolves 
from localized brittle shear cracking to distributed ductile defor
mation dominated by dislocation processes and grain-scale cata
clastic flow, ultimately leading to a transition in the overall 
mechanical response.

It is worth noting that triaxial experiments on shale cores by 
Zhao et al. (2025b) also indicate that a brittle–ductile transition 
can occur under both 70 MPa–160 ◦C and 110 MPa–25 ◦C. In those 
tests, the failure mode changed from brittle failure along a single 
macro-shear crack to ductile failure, cataclastic flow  failure 
accompanied by the generation of numerous microcracks, and a 
pronounced post-peak stress plateau was observed. These features 
are consistent with the ductile behavior identified  in this study 
under ultra-deep reservoir conditions. Under a typical stress 
gradient of 0.023 MPa/m, confining  pressures of 120–140 MPa 
correspond to reservoir depths of approximately 5000–6000 m, 
which fall exactly within the depth interval of greatest interest for 
ultra-deep hydrocarbon development. Therefore, the 
brittle–ductile transition and associated temperature sensitivity 
observed here are likely to have a certain degree of generality.

In summary, for different types of ultra-deep reservoirs, it is 
beneficial  to accurately identify the critical stress state for the 
brittle–ductile transition and to conduct systematic HPHT me
chanical tests within this critical stress range. Such experiments 
are essential for revealing the temperature sensitivity of the 
brittle–ductile transition in rocks of different lithologies under 
critical stress conditions. This, in turn, helps to avoid over
estimating rock fracturability in specific  reservoir intervals and 
provides key mechanical parameters for optimizing hydraulic 
fracturing designs in ultra-deep reservoirs.

4.2. Fracture initiation and propagation mechanisms under ultra- 
deep reservoir conditions

In ultra-deep reservoirs, the combined influence  of rock me
chanical properties and in-situ environmental conditions sub
stantially modifies  fracture initiation and propagation 
mechanisms, making hydraulic fracturing optimization more 
challenging. In this study, true triaxial hydraulic fracturing ex
periments were conducted on sandstone cubes under different 
stress state and temperature conditions. The evolution of fracture 
behavior under deep–ultra-deep reservoir conditions was sys
tematically investigated from three perspectives: injection pres
sure response, fracture characteristics, and breakdown pressure.

Under deep reservoir conditions, the break-down pressures and 
fractal dimensions of the fractures at ambient temperature (36 ◦C) 
and elevated temperature (90 ◦C) are nearly identical, indicating that, 

Fig. 11. Parametric sensitivity analysis of breakdown pressure. (a) Effect of Young's 
modulus; (b) Effect of thermal expansion coefficient; (c) Effect of initial formation 
temperature.
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at relatively low stress state and temperature, both break-down 
pressure and fracture complexity are only weakly sensitive to tem
perature. However, the fracture geometries and injection pressure 
histories differ between the two temperature conditions. Compared 
with the ambient condition, the high temperature experiment ex
hibits shorter fracture propagation distances after initiation and 
more jagged undulations along the fracture surfaces. In addition, the 
injection pressure during the propagation stage shows a distinct 
double-peak feature, implying that the fractures undergo episodic 
arrest and subsequent reactivation at elevated temperature.

Under ultra-deep reservoir conditions, both the break-down 
pressure and the fractal dimension increase in the high temper
ature experiment compared with the ambient temperature 
experiment. This suggests that, at higher stress levels, the 

influence  of temperature on break-down pressure and fracture 
complexity becomes more pronounced, i.e., the temperature 
sensitivity is enhanced. Moreover, the differences in injection 
pressure-time curves between ambient and high temperature 
conditions are more evident: at high temperature, the injection 
stage exhibits an initial nonlinear pressurization phase, followed 
by multiple pressure peaks during fracture propagation, some of 
which approach the breakdown pressure. We infer that, under 
HPHT conditions, the enhanced ductility of the rock increases 
resistance to fracture propagation, so that repeated rebuilding of 
injection pressure is required to sustain successive episodes of 
fracture initiation and propagation. This interpretation is 
consistent with the ductility enhancement observed in the 
triaxial compression tests.

Fig. 12. Comparison of measured results and predicted break-down pressures under high temperature condition. (a) Deep reservoir conditions; (b) Ultra-deep reservoir con-
ditions. (Blue: ambient temperature experiments; Red: reservoir temperature experiments; Orange: model predictions).

Table 6 
Summary table of key parameters and break-down pressure for laboratory and field fracturing tests.

Specimen, # Pb, MPa σh, MPa σH, MPa T, ◦C E, GPa v σt, MPa Source

5 40.6 35 35 130 45 0.31 9.9 Ju et al. (2025)
6 44.2 35 35 90 45 0.31 9.9 Ju et al. (2025)
7 60.3 37 47 90 13.24 0.31 5.34 Kong et al. (2023)
8 44 41.8 57 90 42.3 0.25 5 Zhang and Wang (2015)
9 78 60 70 90 47.2 0.25 5 Yan et al. (2024)
10 80 57 79 80 35 0.25 5 Cui et al. (2022)
11 93.5 84 126 150 35 0.25 5 Cai et al. (2020)

Table 7 
Deviation between test results and predictions of different models under deep reservoir condition.

Specimen, # Deviation from H-W model, % Deviation from T-H-W model, % Deviation from H-F model, % Deviation from T-H-F model, %

2 41.8 8.5 1.3 − 32.0
5 96.8 26.2 − 3.9 − 74.5
6 80.8 15.9 17.8 − 14
7 15.0 − 26.3 5.7 − 35.6
8 66.8 13.7 11.3 − 41.8

Note: The deviation is calculated as (predicted value from different models− experimental value)/experimental value.

Table 8 
Deviation between test results and predictions of different models under ultra-deep reservoir condition.

Specimen, # Deviation from H-W model, % Deviation from T-H-W model, % Deviation from H-F model, % Deviation from T-H-F model, %

4 36.0 − 1.6 − 2.9 − 40.5
9 47.4 0.5 12.5 − 34.4
10 21.3 − 17.3 − 5 − 43.6
11 40.1 − 4.5 − 11.5 − 56.0

Note: The deviation is calculated as (predicted value from different models− experimental value)/experimental value.
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Field operations exhibit similar injection pressure response 
characteristics. As shown in Fig. 13, the pumping pressure curves 
of the deep DX184 well and the ultra-deep X5 well differ mark
edly: compared with the deep reservoir fracturing, hydraulic 
fracturing in the ultra-deep reservoir is characterized by a 
continuously increasing injection pressure, fracture propagation 
pressures that are close to the breakdown pressure, and pro
nounced multi-peak oscillations, all indicating stronger resistance 
to fracture propagation. Therefore, combining the mechanical 
evolution revealed by triaxial core tests with field-scale injection 
pressure responses is helpful for identifying the controlling 
mechanisms of fracture initiation and propagation in ultra-deep 
reservoirs and for providing theoretical guidance for optimizing 
fracturing design and operating parameters.

4.3. Applicability of break-down models and study limitations

In ultra-deep reservoir development, accurate prediction of 
break-down pressure is critical for hydraulic fracturing design and 
operational safety. In this study, four break-down models are 
employed to interpret and compare the breakdown pressures 
obtained from true triaxial hydraulic fracturing experiments under 
HPHT conditions and from field  fracturing operations. The 
parameter sensitivity analysis and prediction result comparison 
show that, at relatively low stress state and temperature, the stress 
perturbation induced by fluid  leak-off into the formation plays a 
dominant role in determining break-down pressure. Under such 
conditions, the H-F model provides predictions that are closest to 
the measured values. As stress level and temperature increase, 
thermally induced stresses associated with fluid–rock temperature 
difference become progressively more important, while pore 
compaction in the rock matrix also intensifies. In this regime, the 
contribution of thermal stress to breakdown pressure becomes 
significant, and the T-H-W model yields more physically consistent 
and accurate predictions. It should be noted that all four models 
assume that fracture initiation is localized at a point on the 
borehole wall, and they neglect the time-dependent evolution of 
the temperature field as well as the long-term evolution of rock 
mechanical properties under HPHT conditions. Therefore, further 
refinement  of break-down pressure models for ultra-deep envi
ronments could incorporate transient thermal fields  and time- 
dependent mechanical property evolution on the basis of the 
existing theoretical framework.

From the sensitivity analysis, E, αm and T0 all have a pronounced 
influence  on thermally induced stresses and hence on predicted 

break-down pressure. To assess the applicability of the adopted 
models to different ultra-deep reservoir types, we compare 
representative parameter ranges for typical shale, carbonate and 
hot dry rock reservoirs (Chen et al., 2025d; He et al., 2023; Wu 
et al., 2023). The typical E of shale, dolomite and granite cores 
are about 25–40 GPa, 17–67 GPa and 20–40 GPa, respectively (Tan 
et al., 2023; Wu et al., 2025; Zhao et al., 2025b). These Young's 
modulus ranges overlap and are of the same order of magnitude in 
this study. In the temperature range of 70–300 ◦C, the αm of shale, 
dolomite and granite are approximately 1 × 10− 5–4 × 10− 5 ◦C− 1, 
2.5 × 10− 6–1.5 × 10− 5 ◦C− 1 and 1 × 10− 5 ◦C− 1, respectively (Gong 
et al., 2025; Wang et al., 2019; Zhu et al., 2021). Shale therefore 
have αm comparable to those of the sandstone tested in this study, 
whereas dolomite and granite exhibits significantly  lower αm. 
Regarding reservoir temperature, ultra-deep shale and carbonate 
reservoirs generally exhibit geothermal gradients of ~30 ◦C/km, 
while HDR reservoirs often have much higher gradients, 
commonly reaching 60 ◦C/km or more (Li et al., 2024; Zhang et al., 
2024; Xiong et al., 2025). Taken together, the similarity in 
parameter magnitudes and sensitivities suggests that the break- 
down pressure models used here have good potential for exten
sion to ultra-deep shale and carbonate reservoirs. However, their 
applicability to HDR reservoirs with substantially higher 
geothermal gradients and markedly lower αm should be evaluated 
more cautiously in conjunction with field applications.

It should also be emphasized that, due to the extremely limited 
and valuable nature of ultra-deep cores, only one specimen was 
tested for each loading condition in this work. To maximize the 
representativeness and comparability of the results, core samples 
were taken from closely spaced depth intervals, and only struc
turally intact standard specimens without obvious defects were 
used for testing. According to previous studies, this sampling and 
testing strategy yields results that are sufficiently  robust to the 
reliability of the present interpretations of brittle–ductile transi
tion behavior in ultra-deep cores and the associated mechanistic 
insights (Hou et al., 2017a; Liu et al., 2020). Nevertheless, we fully 
recognize the limitation imposed by the restricted number of 
specimens. In future work, it will be necessary to obtain more 
cores from deep and ultra-deep intervals and to conduct additional 
triaxial compression and hydraulic fracturing tests over a broader 
HPHT range, with particular emphasis on the brittle–ductile 
transition window. Such data will help to further refine the evo
lution laws of rock mechanical properties in ultra-deep reservoirs 
and provide a more systematic and comprehensive experimental 
basis for the optimization and calibration of break-down models.

Fig. 13. Pump pressure curve obtained from field fracturing. (a) Deep reservoir fracturing curve in the DX184 well (Zhang and Wang, 2015); (b) Ultra-deep reservoir fracturing 
curve in the X5 well.
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5. Conclusion

In this study, triaxial compression tests on ultra-deep core 
samples and true triaxial hydraulic fracturing experiments on 
sandstone cubes were conducted under high pressure and high 
temperature conditions. The main conclusions are presented as 
follows.

(1) Under the condition of elevated confining  pressures and 
temperatures, the failure mode evolves from brittle failure 
with shear cracks to ductile deformation involving 
numerous distributed microcracks. There is a marked 
enhancement of both pre-peak and post-peak ductility, 
which leads to significant changes in Young's modulus, peak 
strain, and peak strength.

(2) Break-down pressure increases and fracture propagation 
resistance strengthens with higher stress levels and tem
peratures. Hydraulic fractures tend to exhibit an intermit
tent “initiation–arrest–reinitiation” propagation mode, 
which is difficult to form an effective fracture network.

(3) Four break-down models were employed to systematically 
compare break-down pressures under different stress states 
and temperature conditions. For ultra-deep reservoirs at 
depths greater than 5000 m, thermally induced stresses 
arising from temperature differences should be incorpo
rated into break-down models, and the T-H-W model out
performs the H-W and H-F models in terms of both 
predictive accuracy and physical plausibility.
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