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The mechanical properties of the high-temperature and high-pressure reservoirs in the southern margin of Junggar Basin have not
been clearly understood, which correspondingly results in uncertainties when predicting the breakdown pressure. To address this
issue, firstly, rock mechanical experiments under high temperature, high confining pressure, and high pore pressure were carried
out. Secondly, empirical formulas related to the transformation of dynamic and static mechanical parameters in the regional strata
were proposed. Finally, the existing prediction model for the formation breakdown pressure was improved by taking the wellbore
seepage and thermal stress into consideration. Results show that under the reservoir condition of high temperature and high
pressure, the rock sample tends to form closed shear cracks. High temperature causes thermal damages and the reduction of
the compressive strength and elastic modulus, while the combined effects of high confining pressure and pore pressure
enhance the compressive strength and plasticity of the rock sample simultaneously. Based on the correlation analysis, it is
found that the static elastic modulus is linearly related to the dynamic value, while static Poisson’s ratio is a quadratic function
of the dynamic value. These fitting functions can be used to obtain the profiles of static elastic modulus and Poisson’s ratio
based on their dynamic values from the logging interpretation. Besides, the improved prediction model for the rock breakdown
pressure can yield more accurate results indicated by the error less than 2%. Therefore, the proposed breakdown pressure
prediction model in this study can provide theoretical guidance in the selection of fracturing truck groups and the design of
the pumping schedule for high-temperature and high-pressure reservoirs.

1. Introduction

Breakthroughs have been made for oil and gas exploration of
tight sandstones in Sikeshu sag in the southern margin of
Junggar Basin [1–3], revealing that multiple sets of high-
quality sandstone reservoirs exist in the lower assemblage of
the southern margin [4–7]. The average reservoir depth is
approximately 5800-6000m, and the pressure coefficient is
1.6-2.3 [8]. Thus, it is a typical high-temperature and high-
pressure ultradeep reservoir [1, 8]. Based on the current theo-
retical understanding, under the complex conditions of high
temperature, high pore pressure, and high tectonic stress in
the deep reservoir, rock mechanical properties are different

from those of shallow formations to some extent [9, 10]. For
instance, the rock deformation and failure modes may transit
from elasticity and brittleness in shallow reservoirs to elasto-
plasticity and ductility in deep reservoirs [9]. Under this cir-
cumference, the rock mechanical properties of shallow
formations obtained under conventional test conditions (i.e.,
high temperature and high pressure are not taken into
account) are unable to represent the real in situ geomechanical
properties in the deep reservoirs. From the perspective of
petroleum engineering, the rock mechanical properties are
associated with the successful implementations of drilling,
completion, production, and workover operations [11]. Using
inaccurate rock mechanical properties to design the drilling

Hindawi
Geofluids
Volume 2021, Article ID 1116136, 14 pages
https://doi.org/10.1155/2021/1116136

https://orcid.org/0000-0002-8265-7131
https://orcid.org/0000-0001-8624-7335
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/1116136


scheme may have a negative effect on the wellbore stability,
probably leading to the borehole collapse during drilling
[11]. Also, the predictions of breakdown pressure and fracture
propagation geometry involved in designing the hydraulically
fracturing scheme heavily depend on the accurate measure-
ment of mechanical properties of target layers [12]. To effec-
tively explore and develop oil and gas resources in Sikeshu
sag, it is necessary to have a comprehensive knowledge of in
situ geomechanical properties of the ultradeep reservoirs with
high temperature, high pore pressure, and high tectonic stress.

So far, a large number of studies have been carried out
on the rock mechanical properties of the deep rock mass
[13–21]. Zhang et al. [13] tested the variation of rock
mechanical properties from the room temperature to high
temperature (600-800°C) for various rocks and found that
the elastic modulus generally decreases with the increase of
temperature, but the effect of temperature on the compres-
sive strength is complex. Some experts believe that this com-
plex effect is attributed to the deformation of rock mineral
particles under the high temperature [14] and the heteroge-
neity of mesoscale damages [15]. Tian et al. [16] and Wan
et al. [17] found that the temperature affects the rock
mechanical properties in a piecewise manner, and there is
a temperature threshold, above which the elastic modulus
and compressive strength reduce significantly. Deng et al.
[18] and Kumari et al. [19] investigated the effects of confin-
ing pressures on the mechanical properties of sandstone and
granite under high temperature, respectively, and found that
the rock strength typically increases with the increase of con-
fining pressure, while the brittleness gradually decreases, and
the sample failure mode transforms from the tensile failure
of vertical joints and fissures under the low confining pres-
sure to the shear failure of multiple shear bands under the
high confining pressure (90-120MPa). Zhou et al. [20]
tested the mechanical properties of sandstones by consider-
ing the coupling behaviour among the temperature, confin-
ing pressure, and pore pressure and found that under the
constant confining pressure, the rock strength and elastic
modulus decrease with the increase of pore pressure. Pan
et al. [21] further pointed out that as the pore pressure in
carbonate rock increases, the cohesion increases and the
internal friction angle decreases. According to previous stud-
ies mentioned above, the rock mechanical properties of deep
reservoirs are comprehensively influenced by the coupling
among the temperature, tectonic stress, and pore pressure.
To reflect the in situ geomechanical properties of deep for-
mations, none of those three factors can be neglected while
conducting rock mechanical tests.

In situ rock mechanical properties can be used to evalu-
ate the breakdown pressure of reservoirs, which is a key
parameter for in situ stress assessment and hydraulic frac-
turing design. For exploratory vertical wells in targeted
blocks of the southern margin, the hydraulic fracturing tech-
nique is usually utilized for the formation testing and the
breakdown pressure should be assessed in advance for the
selection of fracturing truck groups and the design of the
pumping schedule. For the open-hole completion, the stress
distribution at the wellbore is generally regarded as a result
of the superposition of the wellbore internal pressure, in situ

stress, and additional stress induced by the fracturing fluid
filtration [22]. The rock will be fractured as the stress distri-
bution meets a certain failure criterion. For formations at
shallower depths, the linear failure criterion based on the
Mohr-Coulomb model is mostly used [23], but this model
is too simplified to accurately predict the breakdown pres-
sure in the deep and complex environments [24]. Hubbert-
Willis (H-W) formula [25] and Haimson-Fairhurst (H-F)
formula [26] are prediction models based on the tensile fail-
ure criterion, which can estimate the upper and lower limits
of the formation breakdown pressure, respectively. Different
from the H-W model, the H-F model considers the poroe-
lastic effect by assuming that the rock is permeable and fluid
flows through the rock mass once injected into the wellbore
[24]. On these foundations, Eaton [27], Stephen [28],
Anderson et al. [29], and Huang [30] successively put for-
ward calculation methods of the breakdown pressure, which
are suitable for the field application. Ito and Hayashi [31]
assumed that the fracture is initiated inside the rock instead
of on the borehole wall and further proposed the point stress
failure criterion based on the fracture characteristic length
and gave a reasonable explanation to the influences of the
borehole size and pressurization rate on the breakdown
pressure. Due to the difference in stress distribution around
the wellbore between the perforated completion and open-
hole completion, breakdown pressure prediction models
for the perforation completion were proposed, in which
the perforation is taken as a cylinder orthogonal to the well-
bore [22]. Considering the influences of the induced stress
and natural fractures, Guo et al. [32] proposed a model for
predicting the stress distribution on the surface of perfora-
tion channels in a horizontal well. Based on the fracture
mechanics theory, Fan et al. [33] deduced the stress intensity
factor at the perforation tip and accurately predicted the
breakdown pressure and fracture initiation angle. Afterward,
more sophisticated combined stress and energy criteria were
proposed [34, 35]. Although some fracture mechanics-based
models and combined models can give accurate predicted
values, the mathematical expressions in the models are com-
plex and numerical simulations are usually required for
solutions, which is not adaptive to the field application.

This study focuses on the rock mechanical properties
and breakdown pressure prediction of ultradeep reservoirs
in the southern margin, Junggar Basin. Currently, in situ
geomechanical properties of the targeted ultradeep reser-
voirs are usually dynamically examined through the logging
interpretation, and there is lack of adequate and reliable lab-
oratory static data of rock samples under high pressure and
high temperature. Even though some pilot tests [36, 37] have
been carried out to understand the rock mechanical charac-
teristics under high temperature and high pressure, a holistic
knowledge of the in situ geomechanical properties are still
needed. Besides, most of the previous studies [13–19] took
the concept of “effective stress” to set the experimental con-
fining pressure during conducting compression tests, with-
out the consideration of pore pressures. Some studies [20,
21] that accounted for the pore pressure adopted a limited
range of 0-30MPa, which cannot represent the actual pore
pressure (e.g., over 60MPa) in ultradeep reservoirs.
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Consequently, to understand the in situ geomechanical char-
acteristics of ultradeep formations, rock mechanical tests
should be performed under a similar temperature-pressure
condition to that of the reservoir, with the consideration of
the coupling effects of high temperature, high confining
pressure, and high pore pressure. As for the breakdown
pressure prediction, the conventional models (e.g., H-W
and H-F models) suitable for the field application did not
incorporate the component of the thermal stress. The ther-
mal stress is taken as the additional stress caused by the tem-
perature change at the wellbore wall during injecting the
fracturing fluid. A large temperature gradient may be caused
at the wellbore wall due to the high temperature (e.g., over
150°C) in ultradeep reservoirs, which may induce a compa-
rable additional stress that cannot be ignored. Therefore,
considering the effect of thermal stress, an improved predic-
tion model is proposed in this study to reduce the deviation
of the predicted value from the measured value obtain from
the real-time pressure curve.

The Jurassic formations in Sikeshu sag of Junggar Basin,
including Badaowan, Sangonghe, Xishanyao, Toutunhe, and
Qigu formations, have great potential to explore and
develop. Among them, thick Toutunhe formation shows
promising hydrocarbon accumulation potential and is a
key candidate for the following exploration [1]. Taking the
Toutunhe formation as the research object, this paper
intends to perform a series of triaxial compression tests to
evaluate the in situ rock mechanical properties by consider-
ing the coupling effects of the high temperature and high
pressures (i.e., including the high confining pressure and
high pore pressure) of ultradeep reservors. Afterward, an
existing breakdown pressure prediction model was
improved to give more accurate predictions for the break-
down pressure of ultradeep reservoirs on the basis of the
acquired in situ geomechanical parameters. This paper is
aimed at laying a theoretical foundation for the selection of
“sweet spots for fracturing” and the optimization of the
pumping schedule.

2. Materials and Methods

2.1. Geological Overview. Four sets of source rocks (i.e.,
Permian, Jurassic, Cretaceous, and Paleogene rock systems)
are developed in the piedmont thrust belt in the southern
margin of Junggar Basin, which has rich oil and gas
resources. Vertically, three sets of mudstone and gypsum
mudstone caprocks (i.e., Neogene taxihe formation, Paleo-
gene Anjihaihe formation, and Cretaceous Tugulu group)
are developed, which can be divided into upper, middle,
and lower reservoir-cap assemblages [1]. The Toutunhe
formation of lower assemblage in the Sikeshu sag includes
the thick taupe glutenite formation, which contains the
interbedding of medium-coarse grained sandstone and
medium-fine grained sandstone, mixed with a small amount
of argillaceous medium-fine grained sandstone and sandy
mudstone [38]. The reservoir depth is nearly 6200m, the
average porosity is 15.4%, the permeability is 0.3-33.9mD,
the formation pressure coefficient is 1.6-2.3, and the forma-
tion temperature is about 150°C. Thus, it is a high-

temperature and high-pressure ultradeep reservoir with
moderate porosity and permeability. Thin slice analysis
shows that the sandstone of the Toutunhe formation belongs
to the lithic sandstone or feldspathic lithic sandstone, and
the mineral clastic mainly includes quartz and feldspar, with
the contents of 29.33%-37% and 16.5%-27%, respectively.
The rock debris is mainly composed of sedimentary rocks
and magmatic rocks, accounting for 17%-78%. The content
of the matrix is low, the cement is mainly calcite, and the
cementation type is mostly porous cementation. In addition,
the in situ stress test results show that the vertical stress of
the Toutunhe formation sandstone reservoir is 174.0-
184.1MPa, the maximum horizontal principal stress is
154.5-175.8MPa, and the minimum horizontal principal
stress is 149.4-155.6MPa.

2.2. Rock Mechanical Test under High Temperature and High
Pressure. The samples are collected from the Toutunhe for-
mation in the Sikeshu sag, including the argillaceous silt-
stone, medium-fine grained sandstone, and glutenite. Both
Brazilian splitting and triaxial compression tests under high
temperature and high pressure were conducted to evaluate
the mechanical properties of reservoir rocks. According to
the International Society of Rock Mechanics (ISRM) stan-
dards [39], samples for Brazilian splitting tests are cylinders
with a diameter of 25mm and length of 13mm, and samples
for triaxial compression tests are cylinders with a diameter of
25mm and length of 50mm. The nonparallelism of the cyl-
inder end face shall not exceed 0.05mm, and the end face
also shall be perpendicular to the axis, with a maximum
deviation less than 0.25°.

GCTS RTR-2000 triaxial rock mechanics test system was
used, as shown in Figure 1. The experimental procedure for
the Brazilian splitting tests can be referred to the ISRM stan-
dards [39], and the procedure for the triaxial compression
test is described specifically as follows. At first, simulta-
neously increase the confining pressure (horizontal stress)
and axial stress (vertical stress) such that the rock sample
is under hydrostatic pressure. At this time, the horizontal
stress is equal to axial stress. Then, the pore pressure is
increased while the confining pressure and axial stress are
maintained constant by the servomechanism. At the time
when the pore pressure reaches the target value, the effective
confining pressure is the same as the effective vertical stress.
Afterward, the axial stress is increased to commence the
triaxial test. During the axial compression, the confining
pressure and pore pressure are kept constant by the servo-
mechanism, meaning that effective confining pressure does
not change and the effective axial stress increases with the
increase of the axial stress. During the test, a curve of the
deviatoric stress versus the axial strain or radial strain is
recorded simultaneously. According to the working condi-
tions of the apparatus, the experimental temperature was
set to 150°C, the confining pressure was set to 110MPa,
and the pore pressure was set to 80MPa. In this way, both
the effective confining pressure and effective vertical stress
are 30MPa before the triaxial compression test starts. Based
on the procedure described above, the deep formation con-
dition can be realized in the laboratory. Two samples were
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tested in each experimental group to reduce the contingency
of the results. The test scheme is shown in Table 1.

2.3. Corrected Breakdown Pressure Prediction Model. In this
paper, considering a two-dimensional case in which a bore-
hole is drilled at the center of an infinite plane formation, a
corrected prediction model for the formation breakdown
pressure was proposed based on Huang’s model [30]. The
breakdown pressure model proposed by Huang improved
Eaton’s formula [27], as presented in

pf = pp +
2v
1 − v

− a + 3b
� �

σv − αpp
� �

+ σt , ð1Þ

where pf is the formation breakdown pressure, MPa; pp is
the initial pore pressure, MPa; v is rock Poisson’s ratio; a is
the tectonic stress coefficient corresponding to the maxi-

mum horizontal principal stress σH; b is the tectonic stress
coefficient corresponding to the minimum horizontal princi-
pal stress σh; α is the Biot elastic coefficient; σv is the forma-
tion vertical stress, MPa; and σt is the rock tensile strength,
MPa. The above model can be decomposed into two stress
terms separately caused by the in situ stress and wellbore
internal pressure, which can be described as follows:

σ
1ð Þ
θθ = 2v

1 − v
− a + 3b

� �
σv − αpp

� �
+ 2pp, ð2Þ

σ
2ð Þ
θθ = −pi, ð3Þ

where σð1Þθθ is the stress term caused by the in-situ stress,

MPa; σð2Þθθ is the stress term caused by the wellbore internal
pressure, MPa; and pi is the fluid pressure in the wellbore,

Loading frame

Controller group

Sample

Data acquisition
equipment 

Figure 1: Schematic of GCTS RTR-2000 triaxial rock mechanics test system.

Table 1: Test scheme and results of high-temperature and high-pressure rock mechanical properties of rock samples from Toutunhe
formation in the Sikeshu sag.

No. Lithology
Confining
pressure pc
(MPa)

Temperature
T (°C)

Pore
pressure pp
(MPa)

Tensile strength σt
(MPa)

Elastic
modulus E
(GPa)

Poisson’s
ratio v

Compressive
strength σc
(MPa)

1#

Argillaceous
siltstone

110 150 80

6.86, 8.79 9.58, 6.81
4.33, 6.46 6.10, 8.41

21.91, 19.11 0.402, 0.388 369.0, 290.3

2# 90 150 60 21.31, 19.44 0.387, 0.398 359.6, 274.4

3# 60 150 30 18.64, 20.12 0.377, 0.396 258.2, 206.0

4# 30 150 0 18.97, 16.11 0.394, 0.380 205.0, 177.2

5# 110 25 80 28.64, 27.92 0.191, 0.213 415.7, 379.1

6# 30 25 0 32.93, 34.91 0.221, 0.221 258.2, 285.8

7#

Medium-fine
grained
sandstone

110 150 80

5.27, 8.47 6.46, 5.43

26.83, 24.69 0.273, 0.265 359.0, 331.2

8# 90 150 60 28.33, 21.31 0.268, 0.260 290.2, 302.4

9# 60 150 30 25.64, 22.27 0.261, 0.245 260.3, 256.9

10# 30 150 0 24.55, 19.57 0.248, 0.237 222.2, 208.3

11# 110 25 80 13.29, 15.26 0.226, 0.194 258.7, 256.9

12# 30 25 0 26.26, 30.13 0.242, 0.261 289.2, 287.7

13#

Glutenite

110 150 80 35.23, 35.09 0.232, 0.220 403.4, 431.8

14# 90 150 60

3.70, 6.92 7.82, 5.60

38.68, 30.43 0.238, 0.217 377.6, 341.7

15# 60 150 30 34.06, 36.41 0.231, 0.206 346.2, 290.8

16# 30 150 0 34.71, 33.62 0.217, 0.194 239.6, 269.0

17# 110 25 80 35.56, 16.91 0.259, 0.184 436.0, 253.2

18# 30 25 0 38.60, 40.43 0.338, 0.191 256.8, 260.0
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MPa. Equation (1) ignores the influence of the fluid infiltra-
tion into the rock stratum. Thus, two additional stresses,
which are caused by the seepage effect of fracturing fluid at
the wellbore wall and the temperature variation around the
borehole, are not considered. However, the influences of
the above two additional stresses cannot be ignored in the
high-temperature and high-pressure ultradeep reservoir.
Based on the theoretical analysis by Haimson and Fairhurs
[26], the circumferential additional stress caused by the
seepage effect of fracturing fluid is expressed by

σ
3ð Þ
θθ = −

α 1 − 2vð Þ
1 − v

1
r2

ðr
rw

pn rð Þrdr − pn rð Þ
" #

, ð4Þ

where σð3Þθθ is the circumferential additional stress caused by
the seepage effect of fracturing fluid, MPa; r is the distance
from the center of the wellbore, m; rw is the wellbore radius,
m; and pnðrÞ is the formation net pressure at radius r
, pnðrÞ = pðrÞ − pp, MPa. Assuming that the formation net
pressure at the wellbore wall is pnðrwÞ = pw − pp, the circum-

ferential additional stress caused by the seepage effect of
fracturing fluid at the wellbore can be presented as follows:

σ
3ð Þ
θθ = α 1 − 2vð Þ

1 − v
pw − pp

� �
: ð5Þ

Li et al. [40] adopted Equation (6) to represent the influ-
ence of the temperature variation at the wellbore wall on
breakdown pressure. This paper stipulates that the compres-
sive stress is positive and the tensile stress is negative.

σ
4ð Þ
θθ = −

Eαm
3 1 − υð Þ T0 − Twð Þ, ð6Þ

where σð4Þθθ is the additional stress caused by the temperature
variation at the wellbore wall, Pa; E is the rock elastic mod-
ulus, MPa; αm is the rock thermal expansion coefficient, °C-1;
Tw is the fracturing fluid temperature, °C; and Tw is the ini-
tial formation temperature, °C. By summing up Equations
(2), (3), (5), and (6) and adopting the maximum tensile
stress criterion, we can obtain a corrected formation break-
down pressure prediction model, as shown in Equation (7)

where the elastic modulus E and Poisson’s ratio v in Equa-
tion (7) are replaced by the empirical formula for the trans-
formation between the dynamic and static mechanical
parameters; then, the formation breakdown pressure can
be predicted according to the logging and geological data.

3. Results and Discussions

3.1. Rock Mechanical Properties under High Temperature
and High Pressure

3.1.1. Measured Values of Rock Mechanical Parameters. The
results in Table 1 show that the average tensile strength of
argillaceous siltstone, medium-fine grained sandstone, and
glutenite are 7:17 ± 1:58MPa, 6:41 ± 1:28MPa, and 6:01 ±
1:55MPa, respectively. In general, the tensile strength of
argillaceous siltstone is larger than that of medium-fine
grained sandstone and glutenite. In the deep formation con-
dition, i.e., the confining pressure pc is 110MPa, tempera-
ture T is 150°C, and pore pressure pp is 80MPa; the
average elastic modulus, Poisson’s ratio, and compressive
strength of argillaceous siltstone are 20.51GPa, 0.395, and
329.7MPa, respectively; the average elastic modulus, Pois-
son’s ratio, and compressive strength of medium-fine
grained sandstone are 25.76GPa, 0.269, and 345.1MPa,
respectively; and the average elastic modulus, Poisson’s ratio,
and compressive strength of glutenite are 35.16GPa, 0.226,
and 417.6MPa, respectively. The aforementioned results

reveal that the mechanical properties of various lithologic
strata are significantly different under high temperature
and high pressure. Specifically, the elastic modulus and com-
pressive strength of argillaceous siltstone are the lowest,
followed by the medium-fine grained sandstone and glute-
nite. However, Poisson’s ratio of argillaceous siltstone is
the highest, while glutenite has the lowest one, with that of
medium-fine sandstone falling in between.

3.1.2. Rock Deformation Characteristics and Failure Modes.
By comparing the whole stress-strain curves (see Figure 2)
and failure modes (see Figure 3) of samples of different
lithologies under varying temperatures and pressures, it
was found that under the conventional condition (i.e., pc is
30MPa, T is 25°C, and pp is 0MPa), the deviatoric stress
of argillaceous siltstone and medium-fine sandstone
dropped by 57.4% and 81.1%, respectively, after passing
the peak, and the macroscopic shear fractures can be seen
on the sample surface, indicating shearing brittle failures.
However, the deviatoric stress of glutenite gradually
decreased after passing the peak, and closed tensile cracks
can be seen on the local surface of the sample, presenting
low brittleness.

Keeping the effective confining pressure (30MPa) con-
stant and only introducing the high pressure (i.e., pc is
110MPa, T is 25°C, and pp is 80MPa), the peak stress and
peak strain of the stress-strain curve and the compressive

pf =
2υ/ 1 − υð Þð Þ − a + 3bð Þ σv − αpp

� �
+ 2 − α 1 − 2υð Þ/ 1 − υð Þð Þpp − EαmΔTð ÞEαmΔT/ 3 1 − υð Þð Þ3 1 − υð Þð Þ + σt

1 − α 1 − 2υð Þ1 − 2υ/ 1 − υð Þ1 − υð Þ , ð7Þ
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strength for argillaceous siltstone and glutenite significantly
increased compared with the conventional test condition.
For example, the proportion of the plastic strain (εp/εt) for
argillaceous siltstone and glutenite increased from 6.5% to
17.1% and from 15.0% to 24.5%, respectively. As a result,
the plastic deformation was enhanced, and closed shear
cracks could be observed on the sample surface. The propor-
tion of the plastic strain for medium-fine grained sandstone
accounted for 59.4%, and the curve after the peak tends to be
flat, indicating the occurrence of the plastic creep; and there
is no obvious crack on the sample surface. The above phe-
nomena show that under the conditions of high confining
pressure and pore pressure, the plastic deformation of rock
samples tends to be enhanced, and an oblique shearing plane
usually occurred for the primary failure.

Keeping the effective confining pressure (30MPa) con-
stant and only introducing the high temperature (i.e., pc is
30MPa, T is 150°C, and pp is 0MPa), the elastic modulus
and compressive strength of argillaceous siltstone,
medium-fine grained sandstone, and glutenite tended to
decrease (see Table 1) compared with the conventional test
condition. Specifically, the elastic modulus of argillaceous
siltstone decreased from 33.92GPa to 17.54GPa, with that
of medium-fine grained sandstone decreasing from
28.20GPa to 22.06GPa and that of glutenite decreasing from
39.52GPa to 34.17GPa. Additionally, the average compres-
sive strength of argillaceous siltstone decreased from
272.0MPa to 191.1MPa, with that of medium-fine grained
sandstone decreasing from 288.5MPa to 215.3MPa and that
of glutenite slightly decreasing from 258.4MPa to
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Figure 2: Whole stress-strain curves of samples with different lithologies under high temperature and high pressure. (a) Argillaceous
siltstone. (b) Medium-fine grained sandstone. (c) Glutenite.
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254.3MPa. Different from the results under the high pres-
sure, the plastic deformation of medium-fine grained sand-
stone and glutenite was not enhanced, and the proportion
of the plastic strain of argillaceous siltstone just increased
slightly by 4.86%. Besides, there were multiple stress drops
after passing the peak stress in the whole stress-strain curve
of argillaceous siltstone, as shown in Figure 2(c), indicating
that multiple failures may occur in the sample. Conse-
quently, multiple intersecting or parallel closed shearing
cracks were formed on the sample surface. As for medium-
fine grained sandstone, the deviatoric stress dropped signif-
icantly by 75.1% after passing the peak, with an oblique
shearing plane formed on the sample surface, indicating a
brittle failure.

Under the high temperature, the rock sample tended to
be softened, which was reflected by a gradual strength weak-
ening, and meanwhile, was accompanied by multiple fail-
ures. This is because mineral grains can expand due to the
increase of temperature and there exist differences in the
value of the thermal expansion coefficient among various
minerals, which may cause the difference in the magnitude
of the thermal strain among these minerals and further
induce the generation of shearing micro-cracks [15, 16].
Hence, the macroscopic strength of the rock sample can be
weakened. Moreover, local microcracks were gradually con-
nected to form multiple macroscopic shearing bands during
loading the sample [19], which were reflected by multiple
stress drops in the whole stress-strain curve. For glutenite
under the high temperature, the deviatoric stress gradually
decreased after passing the peak, without macrocracks on

the sample surface, and in the meantime, with a slight
decrease of the compressive strength. This is because glute-
nite contains gravels with high strengths, and the tempera-
ture of 150°C has not reached the thermal damage
threshold of the gravel. Although the matrix of glutenite
was fractured by local microcracks produced under the high
temperature, the gravel still possessed the bearing capacity.
Additionally, there was probably slippage between the gravel
and matrix during load the glutenite sample, causing meso-
scale damages along the gravel interface.

It is necessary to point out that the rock mechanical
properties of deep reservoirs are determined by the coupling
among the temperature, in situ stress, and pore pressure.
According to the experimental results, when the effective
confining pressure is constant, increasing the confining pres-
sure or pore pressure tends to enhance the compressive
strength and plastic deformation of rock samples, while the
high temperature tends to soften the rock, causing the elastic
modulus and compressive strength of rock samples to
decrease. However, the comprehensive effect of the confin-
ing pressure, pore pressure, and temperature on rock
mechanical properties is complicated. For argillaceous silt-
stone, the elastic modulus of the rock sample under high
temperature and high pressure is lower than that under the
conventional condition, while Poisson’s ratio and compres-
sive strength are larger than those under the conventional
condition. For medium-fine grained sandstone, the com-
pressive strength under high temperature and high pressure
is larger than that under the conventional condition, but the
elastic modulus and Poisson’s ratio are similar to those
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shear cracks
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Closed 
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(a) Failure modes of argillaceous siltstone samples (experimental conditions from left to right are as follows: pc = 110MPa, T = 150°C, pp = 80MPa; pc = 30
MPa, T = 150°C, pp = 0MPa; pc = 110MPa, T = 25°C, pp = 80MPa; and pc = 30MPa, T = 25°C, pp = 0MPa)

Closed 
shear crack

Closed 
shear crack

Shear 
fracture

No macro-crack

(b) Failure modes of medium-fine grained sandstone samples (experimental conditions from left to right are as follows: pc = 110MPa, T = 150°C, pp = 80MPa;

pc = 30MPa, T = 150°C, pp = 0MPa; pc = 110MPa, T = 25°C, pp = 80MPa; and pc = 30MPa, T = 25°C, pp = 0MPa)
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(c) Failure modes of glutenite samples (experimental conditions from left to right are as follows: pc = 110MPa, T = 150°C, pp = 80MPa; pc = 30MPa, T = 150
°C, pp = 0MPa; pc = 110MPa, T = 25°C, pp = 80MPa; and pc = 30MPa, T = 25°C, pp = 0MPa)

Figure 3: Illustrations of failure modes of samples with different lithologies under high temperature and high pressure.

7Geofluids



0 20 40 60 80 100 120 140 160 180

Confining pressure/MPa

8
10
12
14
16
18
20
22
24
26
28

El
as

tic
 m

od
ul

us
/G

Pa

0 20 40 60 80 100 120 140 160 180

Confining pressure/MPa

0.30

0.35

Po
iss

on
’s 

ra
tio

0.40

0.45

0.50

Eup = 0.03723𝜎+17.88, R2 = 0.998

𝜈up = 0.0001𝜎+0.3907, R2 = 0.9254

Eave = 0.03757𝜎+16.73, R2 = 0.7675

𝜈ave = 0.0001𝜎+0.3825, R2 = 0.8752
Elow = 0.03786𝜎+15.58, R2 = 0.9196 vlow = 0.0001𝜎+0.3739, R2 = 0.6695

Test value
Average value
Fitting line of upper bond

Fitting line of lower bond
Fitting line of average bond

(a) Argillaceous siltstone ((A) elastic modulus and (B) Poisson’s ratio)

0 20 40 60 80 100 120 140 160 180

Confining pressure/MPa

12
14
16
18
20
22
24
26
28
30
32

El
as

tic
 m

od
ul

us
/G

Pa

0 20 40 60 80 100 120 140 160 180

Confining pressure/MPa

0.15

0.20

Po
iss

on
’s 

ra
tio

0.25

0.30

0.35
Eup = 0.03612𝜎+23.63, R2 = 0.7145

𝜈up = 0.0003𝜎+0.2403, R2 = 0.9634

Eave = 0.0417𝜎+20.87, R2 = 0.9814 𝜈ave = 0.00033𝜎+0.23332, R2 = 0.9965

Elow = 0.0522𝜎+18.1, R2 = 0.7378 𝜈low = 0.0003𝜎+0.2251, R2 = 0.9823

Test value
Average value
Fitting line of upper bond

Fitting line of lower bond
Fitting line of average bond

(b) Medium-fine grained sandstone ((A) elastic modulus and (B) Poisson’s ratio)

0 20 40 60 80 100 120 140 160 180

Confining pressure/MPa

22
24
26
28
30
32
34
36
38
40
42

El
as

tic
 m

od
ul

us
/G

Pa

0 20 40 60 80 100 120 140 160 180

Confining pressure/MPa

0.10

0.15

Po
iss

on
’s 

ra
tio

0.20

0.25

0.30
Eup = 0.0163𝜎+35.18, R2 = 0.31

𝜈up = 0.0002𝜎+0.2146, R2 = 0.6545

Eave = 0.0123𝜎+33.8, R2 = 0.5794 𝜈ave = 0.00026𝜎+0.2006, R2 = 0.8672

Elow = 0.0338𝜎+33.67, R2 = 0.3522
𝜈low = 0.000334𝜎+0.185, R2 = 0.9791

Test value
Average value
Fitting line of upper bond

Fitting line of lower bond
Fitting line of average bond

(c) Glutenite ((A) elastic modulus and (B) Poisson’s ratio)

Figure 4: Extrapolation of mechanical parameters of samples with different lithologies (the red area is the corresponding confining pressure
range of the reservoir).
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under the conventional condition. As for glutenite, the vari-
ation trend of the compressive strength under high temper-
ature and high pressure is similar to that of argillaceous
siltstone and medium-fine grained sandstone. Compared
with glutenite sample under the conventional condition,
however, the elastic modulus and Poisson’s ratio under high
temperature and high pressure are smaller. Apart from the
lithology possibly causing the difference in mechanical prop-
erties, some studies point out that rock mechanical proper-
ties may vary in a piecewise manner under high
temperature and high pressure due to a potential threshold
temperature, which complicates the variation law of
mechanical parameters [13, 17]. The experimental results
also show that from the conventional test condition (i.e.,
low confining pressure and room temperature) to the condi-
tion of the high temperature, high confining pressure, and
high pore pressure, the rock failure mode tends to transit
from forming shearing macro-cracks to forming shearing
closed damaged cracks, and meanwhile, transit from the
shearing brittle failure to the mesoscale structural damage
accompanied by the enhanced plastic deformation.

3.1.3. Empirical Formula for Transformation of Dynamic and
Static Mechanical Parameters. Due to the limitation of the
apparatus performance, the real in situ stress condition can-
not be achieved in laboratory rock mechanical tests. Because
the pressure coefficient of the Toutunhe formation ranges
from 1.6 to 2.3, the corresponding formation pressure is
about 100-140MPa. Please note that the in situ stress is
approximately 130-170MPa, then, the corresponding effec-
tive confining pressure is about 30MPa, which is the same
as that adopted in the rock mechanical test. Thus, the rock
mechanical parameters under 130-170MPa confining pres-
sure (i.e., the in situ stress condition) can be obtained by

extrapolating the test results in laboratories (i.e., the results
of Nos. 1~ 4#, 7~ 10#, and 13~16#). The extrapolation
results are shown in Figure 4.

It can be seen from Figure 4 that both the elastic modu-
lus and Poisson’s ratio increased approximately linearly with
the increase of the confining pressure. The fitting results
show that the lower bound of the elastic modulus of glute-
nite decreased as the confining pressure increased. This
trend was caused by the abnormally low measured value
under 90MPa confining pressure. In addition, the matching
degree of the linear extrapolation correlation for the elastic
modulus and Poisson’s ratio of glutenite is lower than that
of argillaceous siltstone and medium-fine grained sandstone.
In the future, this linear extrapolation correlation needs to
be further verified for glutenite. Figure 4 shows that under
the reservoir condition (i.e., 130-170MPa confining pres-
sure), the elastic modulus of argillaceous siltstone is 20.50-
24.21GPa and Poisson’s ratio is 0.387-0.404; for medium-
fine grained sandstone, the elastic modulus is 24.89-
29.77GPa and Poisson’s ratio is 0.273-0.279; as for glutenite,
the elastic modulus is 33.06-37.96GPa and Poisson’s ratio is
0.228-0.249. To facilitate the field application, empirical for-
mulas for the transformation between dynamic mechanical
parameters obtained from the logging interpretation of sam-
pling wells and static mechanical parameters obtained from
laboratory tests were established, as indicated in Figure 5. It
was known from Figure 5 that the average dynamic elastic
modulus of argillaceous siltstone is 41.78GPa and average
dynamic Poisson’s ratio is 0.280; the average dynamic elastic
modulus of medium-fine grained sandstone is 44.59GPa
and average dynamic Poisson’s ratio is 0.274; and the aver-
age dynamic elastic modulus of glutenite is 51.09GPa and
average dynamic Poisson’s ratio is 0.262. Comparing the
dynamic mechanical parameters with the corresponding
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Figure 5: Dynamic and static mechanical parameter transformation. (a) Transformation for the elastic modulus. (b) Transformation for
Poisson’s ratio.
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static mechanical parameters for samples with various lithol-
ogies, it is found that there is a good linear correlation
between the dynamic and static elastic modulus (as shown
in Equation (8)), while the correlation between the dynamic
and static Poisson’s ratio can be characterized by a quadratic
function (as shown in Equation (9)). These two equations
can be given as follows:

Es = 1:3373Ed − 32:62, ð8Þ

vs = 384:7v2 − 200v + 26:22, ð9Þ
where Es is the static elastic modulus, GPa; Ed is the dynamic
elastic modulus, GPa; vs is the static Poisson’s ratio; and vd is
the dynamic Poisson’s ratio.

3.2. Breakdown Pressure Prediction

3.2.1. Parametric Sensitivity Analysis. In this section, the sen-
sitivity analysis on the rock breakdown pressure was carried
out based on Equation (7). Four factors, i.e., the formation
rock elastic modulus, Poisson’s ratio, pore pressure, and for-
mation temperature, were analyzed. The simulation param-
eters are shown in Table 2, and the simulation results of
the sensitivity analysis are shown in Figure 6.

As can be seen from Figure 6(a), when the elastic
modulus increases from 18GPa to 40GPa, the breakdown
pressure decreases by about 27.2%, which is due to the addi-
tional stress caused by the wellbore temperature variation.
When the temperature difference is kept constant, the larger
the elastic modulus is, the higher the additional tensile stress
is, and the lower the breakdown pressure is. Li et al. [40]
believe that this additional stress term is sensitive to the
lithology and found that the influence of the temperature
variation on the breakdown pressure of hard brittle shale
and limestone formations with a high elastic modulus and
low Poisson’s ratio was far greater than that of loose sand-
stone and soft mudstone with a low elastic modulus and
high Poisson’s ratio. According to the experimental results
in this paper, the predicted average elastic moduli of
argillaceous siltstone, medium-fine grained sandstone, and
glutenite under the confining pressure of 160MPa are
22.74MPa, 27.54MPa, and 35.78MPa, respectively, and
the corresponding breakdown pressures are 169.3MPa,
158.8MPa, and 140.7MPa, respectively. The wellbore tem-
perature variation has the greatest impact on the breakdown
pressure of glutenite. Therefore, for the deep formation
under the high confining pressure, the low elastic modulus

and the high confining pressure amplify the influence of
the additional stress term caused by the wellbore tempera-
ture variation, which cannot be ignored in the breakdown
pressure prediction.

Figure 6(b) reveals that the breakdown pressure is posi-
tively correlated with Poisson’s ratio. When Poisson’s ratio
increases from 0.18 to 0.40, the breakdown pressure
increases by about 54.7%. Based on the results shown in
Figure 4, when the temperature and effective confining pres-
sure are kept constant, Poisson’s ratio increases as the con-
fining pressure increases. In this paper, Poisson’s ratios of
argillaceous siltstone, medium-fine grained sandstone, and
glutenite under the confining pressure of 160MPa are esti-
mated to be 0.399, 0.286, and 0.242, respectively. The corre-
sponding breakdown pressures are 214.0MPa, 169.9MPa,
and 154.8MPa, respectively. The larger Poisson’s ratio is,
the stronger the rock deformation is, which means that εp/
εt increases. Under the reservoir condition adopted in this
paper (i.e., pc is 110MPa, T is 150°C, and pp is 80MPa), εp
/εt of argillaceous siltstone, medium-fine grained sandstone,
and glutenite are 28.2%, 25.6%, and 24.5%, respectively,
which will be higher under the real reservoir condition, sug-
gesting that the plastic deformation is stronger. Guo et al.
[41], considering the elastoplastic characteristics of rocks,
studied the hydraulic fracturing in a vertical well with the
open-hole completion and found that the breakdown pres-
sure of the plastic formation is higher than that of the elastic
brittle formation, which is consistent with the variation
trend shown in Figure 6(b). To summarize, the higher the
Poisson’s ratio is, the stronger the plastic deformation is,
and the higher the breakdown pressure is.

It can be revealed from Figure 6(c) that the rock break-
down pressure increases with the pore pressure when keep-
ing the other parameters constant. For example, when the
pore pressure increases from 100MPa to 150MPa, the
breakdown pressure increases by 46.6%. The contributions
of the pore pressure include the wellbore internal pressure
and additional stress caused by the seepage at the wellbore
wall. At the same depth, the larger the pore pressure is, the
higher the bottom-hole pressure is, leading to the increase
of the formation net pressure (pn) at the borehole wall. Thus,
the net stress caused by the wellbore internal pressure and
the additional stress caused by the seepage at the borehole
wall will increase, and the formation breakdown pressure
will correspondingly increase. On the other hand, when the
confining pressure keeps constant, the increase of the pore
pressure may lead to the decrease of the effective confining

Table 2: Basic parameters of the sensitivity analysis for the corrected breakdown pressure prediction model.

Parameters Values Parameters Values

Elastic modulus E (GPa) 18-40 Fracturing fluid temperature Tw (°C) 25

Poisson’s ratio v 0.18-0.40 Initial formation temperature T0 (
°C) 100-200

Vertical stress σv (MPa) 160 Rock thermal expansion coefficient αm (1/°C) 0.00004

Pore pressure pp (MPa) 100-150 Tectonic stress coefficient a 0.6

Biot elastic coefficient 0.8 Tectonic stress coefficient b 0.11

Tensile strength σt (MPa) 7
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pressure. Pan et al. [21] pointed out that when the effective
confining pressure decreases, the elastic modulus of rocks
tends to decrease, thus weakening the effect of the thermal
stress caused by the wellbore temperature variation.
Figure 6(d) further reflects the influence of the formation
temperature variation on the rock breakdown pressure.
When the other parameters kept constant, the breakdown
pressure decreases with the increase of formation tempera-
ture. The injection of the fracturing fluid under the high
temperature leads to a large temperature difference inside
the rock, enhancing the thermal stress. At the same time,
the thermal expansion coefficients of various minerals are
different, which results in differences in the thermal strain
among different minerals. In addition, the local thermal
cracking could further reduce the formation breakdown
pressure. It should be noted that the influence of the temper-
ature variation on rock mechanical parameters is not consid-
ered in Figure 6(d). The effect of the temperature on rock
mechanical properties is complex. Zhang et al. [42] pointed
out that with the increase of temperature, the Poisson’s ratio

of rocks tends to decrease first and then increase, while the
elastic modulus tends to increase first and then decrease.
The changes of elastic modulus and Poisson’s ratio affect
the formation breakdown pressure in turn. Therefore, while
considering the effect of the thermal stress, it is also neces-
sary to comprehensively consider the influence of the tem-
perature variation on the elastic modulus and Poisson’s
ratio of rocks around the wellbore.

3.2.2. Field Application. In this section, the corrected model
was verified against an actual case. Well Xihu 1 is an explo-
ration vertical well in the Xihu anticline of the Sikeshu sag,
piedmont thrust belt in the southern margin of Junggar
Basin. The mechanical test has been carried out for Jurassic
Qigu formation, and the breakdown pressure monitored in
the treatment is about 144MPa. The well depth at the target
layer is 6139.0-6160.0m, the temperature of the target layer
is 140°C, and the formation pressure is 116-120MPa. Based
on the logging interpretation of stimulation stage, the aver-
age dynamic elastic modulus is about 49.46GPa, average
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Figure 6: Parametric sensitivity analysis of the formation breakdown pressure. (a) Effect of elastic modulus. (b) Effect of Poisson’s ratio. (c)
Effect of pore pressure. (d) Effect of formation temperature.
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dynamic Poisson’s ratio is 0.27, the minimum horizontal
principal stress is 123-140MPa, and the average tensile
strength is 10.13MPa. The tectonic stress coefficients corre-
sponding to the maximum and minimum horizontal princi-
pal stresses are 0.6 and 0.11, respectively. Other necessary
parameters are consistent with those in Table 2. We adopt
the proposed empirical formulas for the transformation
between the dynamic and static mechanical parameters
and the corrected breakdown pressure model to predict the
breakdown pressure in the target formation. Meanwhile,
the predicted value was comprehensively compared with
those by other models such as the H-W model [25], H-F
model [26], Eaton model [27], and Huang’s model [30].
The prediction results are shown in Figure 7.

It can be seen from Figure 7 that the predicted values of
the formation breakdown pressure given by the H-W model
and H-F model are 113MPa and 115.3MPa, respectively,
which are nearly 30MPa lower than the measured value,
with an error of about 20.8%. The predicted value of the
Huang’s model is 160.1MPa, which is about 16MPa higher
than the measured value, with an error of 11.1%. The pre-
dicted value from the Eaton model is 134.8MPa, about
10MPa lower than the measured value, and the prediction
error is about 6.4%. By contrast, the predicted value from
the corrected model is 146.1MPa, which is only 2.1MPa
higher than the measured value, with an error of 1.46%. It
shows that considering the seepage effect at the wellbore wall
and the thermal stress will improve the prediction accuracy.
The empirical formula for the transformation between
dynamic and static mechanical parameters and the corrected
breakdown pressure model proposed in this paper have
demonstrated promising applicability.

4. Conclusions

Aiming at the ultradeep reservoir in Sikeshu sag on the
southern margin of Junggar Basin, the evaluation of rock
mechanical properties was performed under a similar
temperature-pressure condition to that of the ultradeep res-
ervoir, with the consideration of the coupling effects of high
temperature, high confining pressure, and high pore pres-

sure. Besides, an improved prediction model for the forma-
tion breakdown pressure was proposed by taking the
wellbore seepage and thermal stress into consideration.
The primary findings can be summarized as follows:

(a) While keeping the effective confining pressure con-
stant, under high confining pressure and high pore
pressure, the rock compressive strength tends to be
enhanced. Meanwhile, the peak strain and propor-
tion of plastic strain are both increased, with the
plasticity also enhanced. However, high temperature
is inclined to softening the rock, resulting in meso-
scale thermal damages and the reduction of the com-
pressive strength and elastic modulus. Besides, the
rock failure mode tends to transit from forming
shearing macroscopic fractures under the conven-
tional mechanical condition to forming a single or
multiple closed shearing cracks under high tempera-
ture and high pressure

(b) Keeping the effective confining pressure constant,
the static elastic modulus and Poisson’s ratio of the
deep strata are approximately linearly correlated to
the confining pressure. There is also a linear correla-
tion between the static and dynamic elastic modulus,
while there is a quadratic correlation between the
static and dynamic Poisson’s ratio. These fitting
functions can be used to obtain the profiles of static
elastic modulus and Poisson’s ratio based on their
dynamic values from the logging interpretation

(c) The thermal stress caused by the temperature varia-
tion at the wellbore wall has a great effect on the
reduction of the breakdown pressure in the hard
brittle deep high-temperature formation with a high
elastic modulus and low Poisson’s ratio. Considering
the influences of the seepage at the wellbore wall and
the thermal stress, the corrected breakdown pressure
prediction model can give more accurate prediction
results than some other classical models. The pro-
posed model in this study can provide theoretical
guidance in the selection of fracturing truck groups
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and the design of the pumping schedule for high-
temperature and high-pressure reservoirs
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