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The tight gas reservoir in the fifth member of the Xujiahe formation contains heterogeneous interlayers of sandstone and shale
that are low in both porosity and permeability. Elastic characteristics of sandstone and shale are analyzed in this study based
on petrophysics tests. The tests indicate that sandstone and mudstone samples have different stress-strain relationships. The rock
tends to exhibit elastic-plastic deformation. The compressive strength correlates with confinement pressure and elastic modulus.
The results based on thin-bed log interpretation match dynamic Youngs modulus and Poisson’s ratio predicted by theory. The
compressive strength is calculated from density, elastic impedance, and clay contents. The tensile strength is calibrated using
compressive strength. Shear strength is calculated with an empirical formula. Finally, log interpretation of rock mechanical
properties is performed on the fifth member of the Xujiahe formation. Natural fractures in downhole cores and rock microscopic
failure in the samples in the cross section demonstrate that tensile fractures were primarily observed in sandstone, and shear
fractures can be observed in both mudstone and sandstone. Based on different elasticity and plasticity of different rocks, as well as

the characteristics of natural fractures, a fracture propagation model was built.

1. Introduction

Quantitative characterization of rock mechanical properties
is critical for reservoir exploitation, including the design of
proper drilling, well completion, and production programs [1,
2]. Rock mechanical properties, such as compressive strength,
Young’s modulus, and Poisson’s ratio, play an important role
in wellbore stability, fracture prediction, and other engineer-
ing techniques [3, 4]. Mechanical properties of rocks are
usually measured using static and dynamic methods [1, 5].
Static methods are generally conducted in the lab with
specific test equipment that contains core specimens [6]. The
specimens are continuously compressed until failure occurs.
Stress-strain curves are simultaneously recorded using a com-
puter and mechanical parameters can be obtained from the
curves. Dynamic methods are usually calculations of com-
pressional wave velocities (VP) and shear wave velocities

(VS), which can be obtained from logs or in the lab [2, 7-
9]. Abundant studies regarding the differences between static
and dynamic methods have demonstrated that static methods
are more direct and realistic, while dynamic methods are eas-
ier and more continuous [3, 10, 11]. Therefore, comprehensive
data on rock mechanical properties is needed both from lab
experiments and from well logs. The very first use of empirical
relations based on well logs to acquire rock mechanical
parameters dates back to 1963 [12]. Many people have tried
to modify the empirical relations thereafter for different
geological areas with different depositional settings [13-15].
The geological conditions in the Sichuan Basin are favor-
able for the development of shale gas reservoirs. The Sichuan
Basin has shale gas resources with the best quality and largest
recoverable volume. Chinas first successful shale gas field,
known as Changning-Weiyuan, is located in the Sichuan
Basin [16]. SINOPEC reported that the Fuling shale gas field
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FIGURE 1: Contour map of the research area. The two faults are shown as red lines. The wells are marked by circles. The inset indicates the
research area in the northwest of the Sichuan Basin. Orange arrows represent stress direction interpreted by imaging logging. Blue arrows

represent stress direction interpreted by paleomagnetism.

in the southeast of Sichuan Basin has explored reserves of
3806 x 108 m>. The fifth member of the Xujiahe formation,
a new horizon, is considered as tight sand-shale interbedded
reservoir with high potential production [17]. However,
fundamental investigation is lacking, including data on stress
distribution and fracture propagation. The study of rock
mechanical characteristics is therefore particularly impor-
tant.

In this paper, many empirical relations based on labora-
tory experiments and well logs have been studied for charac-
terization analysis of rock mechanical properties [3, 13, 14].
For the first time, the fifth member of the Xujiahe formation
of the Xinchang gas field in western China has been studied.
This research plays an essential role in the calculation of in
situ stress and the design of drilling and hydraulic fracturing.

2. Geological Conditions of the Research Area

The research area is located in the western Sichuan Basin in
southwestern China. More than 100 wells are producing in
this area. The highest producing well, called X851, can reach
151.7 x 10* m® per day. In addition, the well has shown good

shale gas production. More than six wells (e.g., X32, X26,
XYHF-1, X33, and X503) were drilled for unconventional
gas exploitation in this area. These wells showed good test
production (up to 7.78 m*/day) before hydraulic fracturing
(data from SINOPEC). The test production indicates that
the formation is a very good target for gas production by
hydraulic fracturing. Therefore, we carry out this study to
characterize the rock mechanical properties as a prerequisite
for hydraulic fracturing.

Many scientists have undertaken considerable research
investigating stress tests. There are many ways to obtain stress
data, such as hydraulic fracturing, well logs, and seismic focal
plane mechanisms [18-20]. Barton and Zoback [21] believe
wellbore-imaging logs can efficiently determine the stress
direction. In this study, imaging logs and paleomagnetism
were used to determine the stress direction. The structure is
mainly oriented in the NEE direction, while the current stress
is acting mainly EW. Two faults cross the east of the study area
(Figure 1).

The Xujiahe formation is the main reservoir for the
Upper Triassic gas system, and the fifth member of the
Xujiahe formation is the main source rock, composed of
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FIGURE 2: [llustration of the 5th member of the Xujiahe formation.

black shale, grey mudstone, and sandstone. The measured
depth of the formation is approximately 3000 m, and the
formation is approximately 400 m in thickness. Figure 2
shows that the 5th member of the Xujiahe formation is a tight
sand-shale interbedded reservoir. Unlike common shale gas
reservoirs, the shale is separated by sandstone and the shale
strata are not continuous. Therefore, it is essential to analyze
the differences of mechanical properties of sandstone and
shale. Additionally, different empirical correlations should
be used to predict Young’s modulus, Poisson’s ratio, and
compressive strength. This might improve accuracy and the
log interpretation might be more reliable.

3. Static Rock Mechanical Properties from
Laboratory Experiments

3.1. Equipment and Samples. Laboratory data are a direct and
efficient means of investigating rock mechanical properties
[1, 22]. In order to evaluate rock mechanical properties
comprehensively, many direct experiments have been carried
outin the laboratory. All of the experiments of this study were
carried in the State Key Laboratory of Oil and Gas Reservoir
Geology and Exploration, including tensile strength tests,
uniaxial compression tests, triaxial compression tests, and
shear tests. The main test system is MTS (Mechanics Test Sys-
tem) as shown in Figure 3. This system can simulate under-
ground conditions with an axial pressure of up to 1000 kN,

a confining pressure of up to 140 MPa, and a temperature of
up to 200°C. In addition, samples can be saturated with oil or
water. Stress and displacement signals can be obtained auto-
matically with a Teststar digital controller. Generally, it can
output stress-strain curve, S-wave, and P-wave. With these
data, Young’s modulus, Poisson’s ratio, and the compressive
strength can be easily calculated. The test system requires
samples to be 25 mm in diameter and 50 mm in length. In
this study, experimental core samples (both sandstone and
mudstone) of the fifth member of the Xujiahe formation were
collected from 6 wells at depths ranging from 3,055.53 m to
3,393.3m.

3.2. Deformation Characteristics of Sandstone and Mudstone
under Different Confining Pressures. Deformation character-
istics of rocks are mainly related to the rock type. The char-
acteristics of deformation are quite different under different
confining pressures [23]. Two groups of sandstone and mud-
stone core samples were collected at the same depth of the
same well, that is, from approximately the same subsurface
conditions. The same tests were carried out at a temperature
of 25°C and water saturation. The stress-strain curves of
these two groups are shown in Figure 4. It is notable that
different types of rocks have divergent mechanical properties.
Figure 4 shows the axial strain of sandstone and mudstone
under various axial differential stresses. The compressive
strength of sandstone is higher than that of mudstone under
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FIGURE 3: The Mechanics Test System.
TaBLE 1: Experimental rock mechanical properties (effective confining pressure: 32 MPa, temperature: 25°, saturated with water).
Lithology Value Compressive strength (Mpa) Young’s modulus (Gpa) Poisson’s ratio
Maximum 273.13 58.5 0.487
Sandstone Minimum 111.0 17.7 0.086
Average 191.51 36.36 0.272
Maximum 128.38 34.86 0.438
Mudstone Minimum 73.94 1741 0.238
Average 106.99 23.82 0.329

the same confining pressure. The rock compressive strength
increases with changing confining pressures for sandstone
and mudstone.

Under uniaxial conditions, the rock first shows signs of
compaction followed by transition to elastic deformation. The
main deformation mode is brittle deformation.

Under three-dimensional stress, the rock tends to exhibit
elastic-plastic deformation. The higher the confining pressure
is, the greater the degree of plastic deformation is. The main
failure mode is shear deformation. In addition, sandstones
show strong rigidity, while mudstones show plasticity.

3.3. Elastic Modulus and Compressive Strength of Sandstone
and Mudstone. (1) Fifteen core samples were used to conduct
rock mechanical tests. Firstly, samples were required to
be saturated with water before test. The test temperature
was 25°C. The rock mechanical parameters under three-
dimensional stresses acquired from experiments are listed in
Table 1. Compressive strength conditions in the laboratory are
similar to those of the subsurface (32 MPa, water-saturated).
The experimental results (Table 1) show that compressive
strength and elastic modulus of sandstone are notably higher
than those of the mudstone and that Poisson’s ratio is lower

than that of the mudstone. This indicates that the mudstone
is more plastic, while the sandstone is more rigid. In addition,
Young’s modulus of sandstone under uniaxial pressure ranges
from 11.3 to 40 GPa with an average value of 19.9 GPa. Static
Poisson’s ratio ranges from 0.279 to 0.489 with an average
value of 0.373 GPa. It is very clear that Young’s modulus of
sandstone is significantly higher under uniaxial pressure than
under three-dimensional stress, while static Poisson’s ratio is
higher under uniaxial pressure.

(2) A strong correlation exists between compressive
strength and Young’s modulus, and the correlation differs for
sandstone and mudstone (Figure 5). Accordingly, compres-
sive strength can be calculated from corresponding Young’s
modulus considering lithology composition when there is
a lack of lab measurements. The compressive strength of
sandstone increases rapidly with Young’s modulus, while the
compressive strength of mudstone increases relatively slow.
At the same high elastic modulus, the compressive strength
of sandstone is bigger than that of mudstone. Hence, it is
very possible that shear fractures in the sandstone layer can
penetrate the interface between the sandstone layer and the
mudstone layer. Even interlayer or space network fractures
may be developed.
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FIGURE 4: The stress-strain relation of sandstone and mudstone
under different confining pressures.

4. Determining Rock Mechanical
Properties from Log Interpretation

4.1. Calculation of Transverse Slowness. Figure 6 shows the
characteristic linear relationships between S-wave transverse
slowness and P-wave compressional slowness of sandstone
and mudstone from wells CX565 and Lianl50. Because S-
wave slowness is often absent in conventional logging data,
P-wave slowness can be used to approximate S-wave slowness
when the composition is known.

4.2. Calculation of Dynamic Modulus. Dynamic Young’s
modulus and Poisson’s ratio can be calculated using longi-
tudinal slowness, transverse slowness, and bulk density data.
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FIGURE 5: Relationship between compressive strength and elastic
modulus.

Young’s modulus and Poisson’s ratio are usually obtained
using the following well-known equations:

Young’s modulus:

2 2
(o \ (308 -an »

Es=|-F5 | —5— | x107% ¢))

AN Y

Poisson’s ratio:

2 2
P (%) , 2)

2\ AZ-ar

where At is compression slowness, ps/m; At, is transverse

slowness, ps/m; p, is density, g/cm’; E is Young’s modulus,
MPa; y is Poissonss ratio.

4.3. Conversion from Dynamic Moduli to Static Moduli.
Dynamic moduli derived from well log data are different from
static moduli. Static mechanical parameters are more in line
with the actual engineering needs because they represent the
rock deformation under the high stresses of subsurface condi-
tions. When static mechanical moduli measurements are not
available in the laboratory, it is necessary to convert dynamic
to static parameters. Figure 7 shows the experimental relation
between static and dynamic Poisson’s ratio and the relation
between static and dynamic Young’s modulus of sandstone
and mudstone. Linear conversions are used in this study.

4.4. Calculation of Compressive Strength and Tensile Strength.
(1) Under formation conditions, the compressive strength of
the rock increases with rock density and decreases with rock
porosity (Figure 8).
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(2) Compressive strength and tensile strength are closely
related to such factors as the mineral composition and poros-
ity distribution. The compressive strength can be directly
obtained in the lab or calculated from other data, such as well
logging data. Many possible parameters, including density,
gamma ray, clay content, resistivity, and wave impedance,
have been used in this paper to calculate the compressive
strength. The figures (e.g., Figure 9) demonstrate good
relationships. Hence, the method is reliable.

Static rock mechanical characteristics were derived by
analysis of mechanical parameters of sandstone and mud-
stone rock samples. Dynamic parameters were later obtained

using acoustic logging data, as well as density, gamma ray,
clay index, resistivity, acoustic impedance, and other data.
Finally, a rock mechanical log interpretation model of the
fifth member of Xujiahe formation was built for longitudinal
section distribution.

(3) Figure 9 shows that the compressive strength of
the rock is positively correlated with the P-wave and wave
impedance and negatively correlated with clay content and
mud index. Therefore, the best method to calculate compres-
sive strength is using [(wave impedance)z/mud index]. It is
observed that the linear correlation between triaxial compres-
sive strength of the rock and [(wave impedance)®/mud index]
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FIGURE 8: Relation between compressive strength and density and porosity under saturated formation conditions.

is the strongest: sandstone: y = 1.168x + 22.01.7; R = 0.841;
mudstone: y = 1.212x + 30.90; R = 0.846 (y stands for
compressive strength; x stands for [(wave impedance)®/mud
index]). The tensile deformation mechanism of the rock
is similar to the compressive deformation mechanism. The
experimental data shows a good linear correlation: y =
0.029x + 0.17, R = 0.820 (y stands for tensile strength; x
stands for compressive strength).

4.5. Calculation of Cohesion Force and Internal Friction Angle.
Coates and Denoo [24] and Bruce [25] summarized the
empirical formula of shear strength. In combination with
the characteristics of the Xujiahe formation, the modified
empirical formula of cohesion force and internal friction
angle can be obtained as follows.

Sandstone:

C=19.19-2.1923

1+ 1+0.78V,
x 1013pr<1 Vd)(l —Zvd) ( e sh)’
-7
¢ P (3)
M =0.16-0.197 - C,
0.5
¢ =48.88 - 11.431g[ M+ (M* +1) "]
Mudstone:
C =6.944 — 0.2957
1 1+0.78V.
XIOBP;( +vd>(1—2vd)( sh),
1- Att
p (4)

M =0.16-0.197 - C,

¢ =35.43 - 1446l [ M+ (M7 +1)""],

TaBLE 2: The comparison of experimental and calculated petrophys-
ical parameters.

Petrophysical Lithology Experimental data Calculated data
parameter
Compressive Sandstone 111.0~273.13MPa  150~350 MPa
strength Mudstone 73.94~128.38 MPa  90~200 MPa
Young’s modulus Sandstone 17.70~58.8 GPa 35~60 GPa
Mudstone 17.41~34.86 GPa 25~40 GPa
. ) . Sandstone 0.086~0.487 0.16~0.28
Poissonsratio  ypdstone  0.238~0.438 0.12~0.24
e £ Sandstone 9~19 MPa 10~20 MPa
Cohesive force Mudstone 5~13 MPa 4~12 MPa

where C is cohesion force, MPa; ¢ is internal friction angle,
°; uy is Poisson’s ratio; Vy, is clay content; p, is bulk density,
g/em’; At,, is compressional slowness, ys/m.

5. Log Interpretation Section of Rock
Mechanical Parameters

The log or laboratory measured data directly reflects rock
mechanical properties, but it is not possible for all regions
of all intervals to be measured sequentially due to the high
engineering cost and operation complexity. Therefore, the
establishment of the whole well rock mechanics parameter
logging interpretation section is significant and is worth fur-
ther study. The log interpretation section is established based
on conventional logging data, rock mechanics parameters,
and prediction formula (Figure 10).

From log interpretation, longitudinal distribution of
rock mechanical properties is obtained, which can help
in hydraulic fracturing design and new well drilling. Log-
calculated mechanical rock properties and measured data are
compared in Table 2. The comparison shows that the static
method from lab tests and the dynamical method give similar
results. The logging predictions of compressive strength and
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cohesive force are very close to the respective measured data.
The error of compressive strength and cohesion is limited,
and the log interpretation method is reliable. However,
the calculated Young’s modulus is larger than that of the
measured data. The calculated Poisson’s ratio is lower than the
measured value. Possible causes for these differences can be
improper derived transverse slowness and inaccurate formula
from limited experimental data.

6. Natural Fractures and
Rock Microscopic Failure

6.1. Natural Fractures. Eighty-one natural fractures were
found in downhole cores from six wells (XC28, XC33, XC32,

X503, XYHF-1, and XYHF-2). The width of fractures ranged
from 0 to 0.5 mm. Most natural fractures are tensile fractures
and shear fractures. Ninety percent of natural fractures were
found in sandstone and shale (Figure 11).

6.2. Microscopic Failures. Several types of microscopic fail-
ures were observed in samples of the cross section. The width
of these microscopic failures ranged from 0.01 to 0.05 mm.
There were two main fractures: tensile fractures and shear
fractures. Tensile fractures were mainly found in sandstone;
meanwhile, dissolution usually accompanied tensile fractures
(Figure 12(a)). While shear fractures were mainly found in
mudstone, “X” type fractures could be found in mudstone as
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FIGURE 12: The microscopic failures of the samples in the cross section: (a) tensile fractures in sandstone, (b) shear fractures in mudstone,
(c) tensile fractures in mudstone, and (d) shear fracture and tensile fracture in mudstone.

well (Figure 12(b)). Moreover, there were also some tensile
fractures in the mudstone (Figures 12(c) and 12(d)).

After testing and measuring the statistics of approxi-
mately 8 sample fractures, results indicate that there are
two types of fractures: shear fractures and tensile fractures.
Approximately 74.1% of the fractures in sandstone are tensile
fractures, but only 25.9% of the fractures are shear fractures.
In contrast, 35.1% of fractures in mudstone are shear fractures
and 64.9% of the fractures are tensile fractures (Figure 13).
Natural fractures from core samples are taken into consider-
ation. Natural fracture statistics show the same phenomenon.
Moreover, it is known that sandstones show strong rigidity,
while mudstones show plasticity. Following conclusions can
be drawn:

(1) In the compressive stress zone, tensile fractures are
generated easily in the sandstone.

(2) Mudstone shows strong plasticity. Tensile stress
derived from bending structures can lead to rock
deformation; thus, shear fractures mainly develop in
mudstone.

(3) Most tensile fractures in the mudstone originate in
the sandstone and then break the barrier into the
neighboring mudstone layer.

Finally, with the conclusions above and based on statistics
combined with structure stress, a fracture deformation model
can be developed (Figure 14).

7. Conclusions

Firstly, using the distinct characteristics of sandstone and
mudstone in combination with the conversion formula of
dynamic and static modulus, series of such variables as
compressive strength, tensile strength, and shear strength
were obtained.

Secondly, the logging interpretation section of the fifth
member of the Xujiahe formation in the Xinchang gas
field was established. The comparison of measured data and
log-calculated data indicates that the log interpretation of
rock mechanics in this formation is reliable for compressive
strength, cohesive force, and Poissons ratio.

Finally, natural fractures in downhole cores and rock
microscopic failure in the samples in the cross section show
that tensile fractures were mainly found in sandstone and
shear fractures can be found in both mudstone and sand-
stone. Based on different elasticity and plasticity in different
rocks, as well as the characteristics of natural fractures, the
fracture propagation model was established.
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