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Abstract: Rock mechanical properties play an important role in the exploration and development
of shale oil reservoirs. To study the rock mechanical properties continuously distributed along the
longitudinal direction of the formation, physical and mechanical property data of shales from the
Permian Lucaogou Formation of the Junggar Basin were gathered through experimental tests. The
regression analysis method was applied to obtain relationships between physical properties and rock
mechanical properties. Based on this, new empirical relationships between rock mechanical properties
were established. The results show that the uniaxial compressive strength (LICS) ranged from 48.40 to
147.86 MPa, the Young’s modulus (Es) was between 3.02 and 20.63 GPa, the Poisson’s ratio (vs) ranged
from 0.13 to 0.36, the cohesive force (C) ranged from 14.65 to 34.60 MPa, and the internal friction angle
(¢) was between 27.61 and 46.94°. The rock mechanical properties were more sensitive to the P-wave
interval transit time (At.) and bulk density (DEN). Among them, the UCS was more sensitive to Atc,
while the C, Es, and vs were more sensitive to At./DEN. For UCS and Es, an exponential function
correlation is more reliable than linear expression and power function, whereas for C and vs, power
function and linear expression were adopted for higher accuracy, respectively. Compared with the
empirical equations presented in the literature, the empirical equations established in the paper are
more accurate and reliable, making them applicable to the Permian Lucaogou Formation shale oil
reservoirs in the Jimusar Sag of the Junggar Basin.

Keywords: Jimusar Sag; Lucaogou Formation; shale oil reservoir; mechanical properties; P-wave
interval transit time; density

1. Introduction

With the increasing need for energy and the decrease in conventional oil and gas
resources, the exploration and development of unconventional oil and gas reservoirs,
especially shale oil reservoirs, has received extensive attention. According to the assessment
report conducted by the EIA, the technically recoverable reserves of shale oil reservoirs
are estimated to be approximately 32.2 x 10° bbl in China, indicating that there is great
potential for the value development of shale oil resources in China [1,2]. In recent years,
China’s Qaidam, Ordos, Bohai Bay, and Junggar Basins made certain breakthroughs in
the exploration of shale oil reservoirs, uncovering shale oil resources with development
potential [3]. However, these shale oil resources are still in the early stages of exploration
and development. As one of the most important petroliferous basins in Northwest China,
the Junggar Basin includes abundant conventional and unconventional oil and natural
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gas resources. The Permian Lucaogou Formation is the most important source rock in the
Jimusar Sag, Junggar Basin, which is the primary exploration target for shale oil [4,5]. Many
studies have been carried out on the Permian Lucaogou Formation shale oil reservoirs,
producing meaningful results about its geological and geochemical characteristics [5-8].
These results suggest that shale oil reservoirs from the Lucaogou Formation in the Jimusar
Sag have lower permeability characteristics, indicating that the shale oil reservoir from the
Lucaogou Formation needs to adopt hydraulic fracturing technology to achieve reservoir
stimulation. Rock mechanical properties play very important roles in the fracturing design.
Furthermore, rock mechanical properties are of great interest relating to wellbore stability
issues and the optimization of drilling operations [9,10]. Therefore, the evaluation of rock
mechanical properties is of great importance for the exploitation and development of oil
and gas reservoirs. However, studies on the mechanical properties of the shale oil reservoirs
in the Permian Lucaogou Formation of the Junggar Basin are still limited.

There has been abundant research on the rock mechanical properties of different
formations [11-14]. These studies showed that laboratory tests are an important means
to obtain the rock mechanical properties, including the deviatoric stress vs. axial strain
curve, elastic modulus, Poisson’s ratio, rock strength parameters, etc. However, there are
few research results on the mechanical properties of the Permian Lucaogou Formation
shale oil reservoirs in the Jimsar sag, Junggar Basin. Based on mechanical experiments,
the data points of strength parameters and elasticity parameters can be obtained, which
have the characteristics of dispersion and only cover a small section of the formation.
For the heterogeneous reservoirs, however, data points obtained from the experiments
are scattered and cannot represent the rock mechanical properties of the entire reservoir
interval. The shale oil reservoirs from the Permian Lucaogou Formation in the Jimusar
Sag of the Junggar Basin are of a heterogeneous type [15]. Thus, it is difficult to obtain
the mechanical property profile of the rocks continuous along the entire reservoir interval.
Logging is an effective means to obtain information on the rock mechanical properties
in continuous formations [16-18]. However, logging data cannot directly provide the
rock mechanical properties of rocks. In order to solve the problem, there are numerous
correlations between strength or static elastic parameters and physical parameters (such as
wave velocity, density, and porosity, etc.) that have been proposed in the literature [19-23].
The studies indicated that the empirical expressions in the literature have certain application
limitations, and different empirical expressions have different application ranges; that is,
there is a set of suitable empirical relations for predicting the rock mechanical properties
in a specific formation or a specific rock type, so that there are limitations in the direct
application of the empirical relations in a certain region to other regions. That may be
because many of the same factors including pore size, degree of cementation, mineralogy,
shape and spatial arrangement of grains, etc., influence rock mechanical and physical
properties [24]. Therefore, local empirical relationships between rock mechanical properties
and physical parameters in a specific formation need to be developed. This is the reason
why numerous empirical equations were proposed by previous workers. In general, the
correlation between rock mechanical and physical properties of a specific formation is based
on laboratory tests. In addition, there are no reports of empirical equations for predicting
the rock mechanical properties of shale oil reservoirs from the Permian Lucaogou Formation
in the Jimusar Sag of the Junggar Basin.

The main objective of this paper was to investigate the rock mechanical properties,
including strength and static elasticity parameters. The regression analysis method was
applied to obtain the relationships between physical and rock mechanical properties. On
this basis, new empirical relationships between rock mechanical properties were developed,
which can be used to directly obtain a continuous profile of these properties of the shale oil
reservoirs from well logging data.
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2. Samples and Methods

The Jimusar Sag can be found in the east of the Junggar Basin in northwest China [4]
(Figure 1a,b). The stratigraphic formations from top to bottom of the study area at the
Junggar Basin include the Cretaceous, Jurassic, Triassic, and Permian (Jingzigou Formation,
Lucaogou Formation, Wutonggou Formation) Strata [25] (Figure 2). There were over
40 wells in the study area with the purpose of investigating the Lucaogou Formation in the
Jimusar Sag, and oil and gas were found from some wells [26] (Figure 1c).
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Figure 1. (a) Geographical Location of the Junggar Basin, China. (b) Geographical Location of the
Jimsar Sag in the Junggar Basin. (c) The distribution position of some drilled wells in the Jimsar Sag
(modified after Qiu et al. (2016) [4]).
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Figure 2. The stratigraphic columns of the study area at the Junggar Basin.

In the study, the experimental rock samples were mainly obtained from the core
samples of two wells in the Jumusar sag of the Junggar Basin, which can be used for
physical and rock mechanical tests. The original workflow of the research in the paper
is shown in Figure 3. The sample no., well name, depth, lithology, and test types are
shown in Table 1. In Table 1, 28 core samples were selected for uniaxial compression
and triaxial compression tests. Table 1 indicates that the lithology of the core samples at
different depths is different, indicating that the lithology of the core samples is relatively
complex, including micritic dolomite, detrital feldspar sandstone, argillaceous siltstone,
sandy micritic dolomite, siltstone, dolomite, siltstone, dolomitic mudstone, dolomitic
siltstone, etc. This is consistent with previous research results [4]. The collected rock
samples were prepared into cylindrical plug samples with a diameter of 25 mm. The two
end faces of the plug samples were ground smooth to achieve a flatness of £0.05 mm [27].
Before testing, the plug samples were dried at 105 °C for 24 h to remove any moisture.
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Figure 3. The original workflow of the research in the paper.
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Table 1. Sample location for the Permian Lucaogou Formation.

Depth . Confining Pressure
Sample No. Well Name m Lithology MPa
1 3290.3 micritic dolomite 0
2 3290.5 micritic dolomite 43
3 3296.1 detrital feldspar sandstone 0
4 3296.3 detrital feldspar sandstone 43
5 3301.4 argillaceous siltstone 0
6 3301.6 argillaceous siltstone 47
7 3306.2 sandy micritic dolomite 0
8 3306.6 sandy micritic dolomite 48
9 3308.8 argillaceous siltstone 0
10 116 3309.1 argillaceous siltstone 47
11 3309.9 argillaceous dolomite 0
12 3310.2 argillaceous dolomite 47
13 3313.1 siltstone 0
14 3313.3 siltstone 47
15 3317.1 dolomite 0
16 3317.4 dolomite 46
17 3452.2 siltstone 0
18 3452.5 siltstone 49
19 3477.8 dolomitic siltstone 0
20 3478.1 dolomitic siltstone 52
21 3462.9 dolomitic mudstone 0
22 3463.2 dolomitic mudstone 50
23 3464.6 dolomitic mudstone 0
24 J22 3464.9 dolomitic mudstone 50
25 3469.7 dolomitic siltstone 0
26 3469.9 dolomitic siltstone 51
27 3471.8 dolomitic mudstone 0
28 3472.1 dolomitic mudstone 51

Note: In the triaxial compression tests, the confining pressure is approximately equal to the overlying rock
pressure minus the pore pressure.

According to the relevant requirements of the Chinese Standard GB/T 50266-2013 [27],
the mass, average diameter, and length of the sample were measured, and the volume of
the sample was calculated. On this basis, the bulk density of the samples can be obtained
by dividing the measured mass by the volume.

According to the Chinese Standard GB/T 50266-2013 [27], the P-wave velocity of rock
sample can be gained using the ultrasonic pulse transmission method and the frequency
value in this study was 50 kHz. The principle diagram of the ultrasonic pulse test is shown
in Figure S1 (within the Supplementary Data). The P-wave velocity of rock sample can be

calculated as follows:
Vo =71 —Lt
P _PlO (1)
Atp = Vp

where L is the length of rock sample, m; tp is arrival time of the first wave of the P-wave, s;
tpo is system delay time, s; V, is the P-wave velocity, m/s; and Aty is the P-wave interval
transit time, s/m.

According to the Chinese Standard GB/T 50266-2013 [27], the uniaxial compressive
strength (UCS), Young’s modulus (Es), Poisson’s ratio (vs), cohesive strength (C), internal
friction angle (¢), and tensile strength (o) of rock samples can be acquired from the me-
chanical experiments. During the experiments, the RTR-1000 testing system was adopted,
which is shown in Figure S2 (within the Supplementary Data). Based on the experimen-
tal results, the stress—strain curve of rock sample can be drawn, which can be seen in
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Figure S3 (within the Supplementary Data). On this basis, the UCS, E;, and vg can be
calculated as follows [9]:

UCS=P/A 2)
Es = Ao/ Ae 3)
vs = |er/€a] 4)

where P is the load corresponding to the rock sample fracture, kN; A is the bottom area of
the cylindrical rock sample, m?. The calculation diagram of the Es and vs can be seen in
Figure 54 (within the Supplementary Data). During the elastic stage of the stress—strain
curve, Ao is the axial stress, MPa; A¢ is the axial strain, %; ¢; is the radial strain, %; and ¢, is
the axial strain, %.

In addition, the damage envelope can also be obtained through the relationship
between the confining pressure and the peak strength. The slope k and intercept b were
obtained using the linear regression method. Therefore, the ¢ and C can be calculated from
the slope k and intercept b as follows [28]:

¢ = arcsin 1 (5)
_ 1-sin(g)
C=b 2cos(¢) (©)

For each sample, both DEN, V}; and UCS, C, ¢, Es, and vs were obtained from labora-
tory tests. The relationships between physical parameters and rock mechanical properties
should be discussed. The regression analyses (linear and non-linear) were applied to
obtain the fit formula. Based on this, the empirical relationships for evaluating the rock
mechanical properties of the shale oil reservoirs were established. In order to evaluate
the prediction effect, statistical analysis was essential. The goodness of the fit for each
empirical correlation was evaluated using the coefficient of determination (R?). The R? can
be calculated as follows:

1

=1 12
x (yi — 1)

R*=1- " @)
;(}/i—?)z

where y; and 7j; are the measured and estimated value of y for the ith data point, respectively,
¥ is the average value of the measured value, and 7 is the number of data points.

Furthermore, the root mean square error (RMSE) and average absolute relative de-
viation (AARD) are also applied to estimate the goodness of the fit for each empirical
correlation. The AARD and RMSE were calculated as follows:

RMSE = /Y (yi — 9.)*/n ®)

AARD = M % 100 )

In addition, a number of empirical equations were introduced to evaluate the rock
mechanical properties. Some empirical equations suggested in the literature between
physical parameters and rock mechanical properties for different rock types are seen in
Table 2. From Table 2, the empirical equations in the different literature for estimating the
rock mechanical properties are different.
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Table 2. Empirical relationships between UCS, ¢, Es, vs, and Vp.

Equation No. Lithology Equation R?? Reference
(10) Shale ucs = 0.77v3* 0.99 [29]
(11) Sandstone UCS =0.035V, — 31.5 - [30]
(12) Limestone and dolomite UCS = 10(244+109.14/A8) /145 - [31]
(13) Different rocks UCS = 2.304V34 0.94 [32]
(14) Different rocks UCS = 8.107°V3 — 0.024Vp + 31.92 0.89 [24]
(15) Shale Es = 0.076V32 0.99 [29]
(16) Shale E; =5V, —10.26 0.87 [33]
(17) Shale Es = 0.2966¢0-0984V> 0.91 [16]
(18) Sandstone Es = 4.9718Vp — 7151 0.97 [34]
(19) Shale vg = 0.7621¢~03%3Vp 0.87 [16]
(20) Different rocks 0s =8x 1077 x V3 —2x107° x Vp +0.222 0.85 [17]
(21) Shale ¢ =sin"1((Vp—1)/(Vp+1)) - [35]
(22) Shale @ = 17.134¢0239Vr 0.92 [16]

Note: 2, the data are obtained from the literature.

3. Results and Discussion
3.1. Density and P-Wave Interval Transit Time

The bulk density of the rock samples is listed in Figure 4, where it can be noted
that the bulk density of the samples ranged from 2.17 to 2.50 g-cm~3 with an average of
2.35 g-cm 3. Additionally, there was a certain range of variation in the bulk density of
different samples, and the change was less than 0.36 g-cm 3. The difference in bulk density
may be caused by the difference in the mineral composition, mineral content, and porosity
of samples from the Permian Lucaogou Formation in the Junggar Basin. The P-wave
interval transit time of the rock samples is shown in Figure 5 and was between 60.96 and
94.22 us/ft for the samples, with a mean value of 74.84 pus/ft. There is a certain range
of variation in the P-wave interval transit times of different samples, and the change is
less than 33.62 ps/ft. The difference in the P-wave interval transit time may be due to the
difference in the pore structure of samples from the Lucaogou Formation of Permian in the
Junggar Basin. The correlation between the density and the P-wave interval transit time is
depicted in Figure S5 (within the Supplementary Data). The P-wave interval transit time
decreases with increasing density, with a correlation coefficient of 0.5895. The results of the
study are in consistent with the conclusions of previous research [16].
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Figure 4. The bulk density of the samples.
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Figure 5. The P-wave interval transit time of the samples.

3.2. Rock Mechanical Properties

Based on the uniaxial/triaxial compression tests, the UCS, C, ¢, Es, and vs can be
determined, as shown in Figure 6. We can observe that the UCS of the samples was between
48.40 and 147.86 MPa, with an average of 98.48 MPa (Figure 6a); the Es of the samples
ranged from 3.02 to 20.63 GPa with a mean value of 11.64 GPa (Figure 6b); the v of the
samples ranged from 0.13 to 0.36 with a mean value of 0.22 (Figure 6c); the C of the samples
was between 14.65 and 34.60 MPa, with a mean value of 23.97 MPa (Figure 6d); and the ¢ of
the samples was between 27.61 and 46.94°, with an average of 34.89 ° (Figure 6e). According
to previous works [17-24,29-35], our results fall within acceptable ranges. Additionally,
there is a wide range of variation in the strength parameters and static elastic parameters of
different samples, indicating that the rock samples from the Permian Lucaogou Formation
in the Junggar Basin have strong heterogeneity.

3.3. Empirical Correlations for the Rock Mechanical Properties

The bulk density and P-wave velocity are parameters that can be obtained from
geophysical well logging. In previous studies [17-24,29-35], there was evidence of strong
relationships between both parameters and rock mechanical properties. Referring to
previous research ideas, the relationships between single parameters (V, or DEN) or a
combination of parameters considering the two parameters of V}, and DEN and rock
mechanical properties were investigated. Then, the appropriate relationship can be selected
based on the relative error. Finally, local empirical equations for evaluating the rock
mechanical properties of the Permian Lucaogou Formation shale oil reservoirs in the
Junggar Basin can be established, resulting in better prediction accuracy.

3.3.1. Strength Parameters

The correlation between the uniaxial compressive strength and the P-wave inter-
val transit time is shown in Figure 7. From Figure 7, the UCS of rocks decreased with
an increasing P-wave interval transit time. The finding was consistent with previous
studies [17-24,29-35], suggesting that the UCS of rocks increased as the P-wave velocity
increased (the wave velocity and wave interval transit time are reciprocal). From Table 2,
empirical equations for estimating the UCS of rocks include linear, exponential, and power
forms. Therefore, linear, logarithmic, exponential, and power curves were used to fit
experimental data points, and then equations with the highest correlation coefficient (R?)
were obtained. As shown in Figure 7, the curve based on the exponential function had the
best fit, with an R? of 0.9028. The equation of the curve is:

UCS = 925.2¢0031xAte R2 — 0.9029 (23)
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Figure 6. The rock mechanical properties of the samples ((a) uniaxial compressive strength;
(b) Young’s modulus; (c) Poisson’s ratio; (d) cohesive strength; (e) internal friction angle).

The correlation between the cohesive strength and the P-wave interval transit time
is shown in Figure S6 (within the Supplementary Data). From Figure S6 (within the
Supplementary Data), the C of the rocks is negatively correlated with the P-wave interval
transit time. The fitting effect between the C and the P-wave interval transit time was
not good. Therefore, a combination of parameters considering the two parameters of
the P-wave interval transit time and density were adopted to develop the equation for
estimating the C of the rocks. The relationship between C and At./DEN is described in
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Figure 8, indicating that the curve based on the power function had the best fit, with an
R? of 0.8898. The empirical equation for estimating the C of the rocks is as follows:

C =2976.9 x (Ate/DEN) "% R? = 0.8898 (24)
200
UCS = 9252 —0.031XAtc

100 r R*=0.9029
_ ©
é 120 @
% 80 -
O
-]

40

0 L ! L I
S0 60 90 100

A?R}lsift) 80

Figure 7. Relationship between UCS and At..
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10 | C=2976.9X(/Atc/DEN)—L402
R2=0.8898
0 ! | 1 1
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At /DEN((ps: cmd)/(ft-g))
Figure 8. Relationship between C and At./DEN.

The correlation between the internal friction angle and the P-wave interval transit
time is shown in Figure S7 (within the Supplementary Data), where the ¢ of the rocks
was negatively correlated with the P-wave interval transit time, consistent with previous
studies [16], indicating that the ¢ of rocks increased with the increasing P-wave velocity.
The ¢ can also be estimated from the P-wave interval transit time or a combination of
parameters considering the two parameters of the P-wave interval transit time and density.
Simultaneously, the Mohr—Coulomb criterion indicates that there is a correlation among
uniaxial compressive strength, cohesion, and the angle of internal friction [36]. Two of
the three parameters have been established and the third parameter can be obtained via
calculation. In other words, if the UCS and C are known, the ¢ can be calculated form the

equation, as follows:
ucs T 180
Q= (2arctan(2C> — 2) X (n) (25)

3.3.2. Static Elasticity Parameters

The correlation between the static Young’s modulus and the P-wave interval transit
time is shown in Figure S8 (within the Supplementary Data), where the Es of the rocks
was negatively correlated with the P-wave interval transit time, consistent with previous
studies [19,20,29,33,34], suggesting that the E; of the rocks increased with the increasing
P-wave velocity. The combination of parameters considering the P-wave interval transit
time and density was adopted to develop the equation for estimating the E; of the rocks
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because of the higher R2. The relationship between Es and At./DEN is described in Figure 9.
Here, it can be seen that the curve based on the exponential function had the best fit, with
an R? of 0.9137. The empirical equation for estimating the Es of the rocks is as follows:

Es = 195.12¢ 0-091x(Ate/DEN) R2 — (99137 (26)
0.5
v, =0.011X (Ate/DEN) — 0.1281
0.4 - R*=0.8782
03
- 0.2 6 O
©
0.1
0.0 1 1 | |
0 10 20 30 40 50

At/DEN((s-enr)/(ft-g))
Figure 9. Relationship between Es and At./DEN.

The correlation between the static Poisson’s ratio and the P-wave interval transit time
is shown in Figure S9. From Figure S9, the v of the rocks was positively correlated with the
P-wave interval transit time, which is consistent with previous studies [16,17], indicating
that the vg of the rocks increased with increasing P-wave velocity. The combination of
parameters considering the P-wave interval transit time and density was adopted to develop
the equation for estimating the vs of rocks because of the higher R?. The relationship
between vs and At./DEN is described in Figure 10, where we can observe that the curve
based on the linear function had the best-fitting effect, with an R? of 0.8782. The empirical
equation for estimating the v of rocks is as follows:

vs = 0.011 x (At./DEN) —0.1281 R? = 0.8782 (27)
25
20
_ 15 o
£
© 10 - o
&
5 HE, = 195.12e —0.091X (AwDEN)
R =0.9137
0 | | | |
0 50

10 20 30 40
At/DEN((us-cm3)/(ft-g))

Figure 10. Relationship between vs and At./DEN.

3.3.3. Statistical Analysis

The accuracy of the predicted rock mechanical properties for shale oil reservoirs based on
the empirical equations was evaluated via statistical analysis. The values of the predicted rock
mechanical properties (based on equations in Table 2 and Equations (23)—(27)) were compared
with the corresponding measured values, and the corresponding error comparative analysis
was carried out. The root mean square error (RMSE) and average absolute relative deviation
(AARD/ %) are shown in Table 3. Compared with the empirical equations suggested in
previous works (Table 2), the empirical equations established in this study show the lowest
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RMSE and AARD, indicating that the equations worked well for predicting rock mechanical
properties for shale oil reservoirs with a comparatively small deviation.

Table 3. The RMSE and AARD of the equations in Table 2, estimating the rock mechanical parameters.

Parameter Empirical Equation RMSE AARD/%
Equation (10) 49.36 MPa 48.60
Equation (11) 19.77 MPa 22.28
Ucs Equation (12) 38.10 MPa 38.63
Equation (13) 26.76 MPa 24.16
Equation (14) 27.82 MPa 25.47
Equation (23) (in this study) 9.72 MPa 7.48
Equation (15) 4.59 GPa 31.04
Equation (16) 3.19 GPa 29.00
Es Equation (17) 6.75 GPa 47.71
Equation (18) 3.92 GPa 48.20
Equation (26) (in this study) 1.54 GPa 12.41
Equation (19) 0.06 19.22
Vs Equation (20) 0.10 44.38
Equation (27) (in this study) 0.02 8.58
C Equation (24) (in this study) 1.90 MPa 5.52
Equation (21) 4.22° 11.41
% Equation (22) 11.58° 32.88
Equation (25) (in this study) 3.14° 6.36

Furthermore, the histograms of the differences between the predicted rock mechani-
cal properties and the corresponding measured values are presented in Figure 11. From
Figure 11a, the equation in this study (Equation (23)) predicted the UCS very well, fit-
ting 85.71% of the given data within +15 MPa, whereas Equations (11), (13) and (14)
only fitted 42.86%, 28.57%, and 21.43% of the given data within +15 MPa, respectively.
Figure 11a also shows that Equation (11) tended to greatly overestimate the UCS of the
samples, whereas Equations (10) and (12)—(14) tended to underestimate the UCS of the
samples, especially Equations (10) and (12). From Figure 11b, we can observe that the de-
veloped equation in this study (Equation (26)) predicted the Eg very well, fitting 92.86% of
the given data within +3 GPa. In previous works, however, Equations (15)—(18) fit 42.86%,
64.29%, 28.57%, and 50% of the given data, respectively, within £3 GPa. Figure 11b also
shows that Equations (15) and (17) tended to considerably underestimate the Es of the
samples. Figure 11c indicates that the developed equation in this study (Equation (27))
calculated the vs, fitting 78.6% of the given data within £0.03. In previous works, however,
Equations (19) and (20) fit 42.86% and 14.26% of the given data, respectively, within
£0.03. Figure 1lc also represents that Equation (19) appeared to greatly underestimate
the vs of the samples, whereas Equation (20) seemed to overestimate the v of the samples.
Figure 1lc indicates that the developed equation in this study (Equation (27))
calculated the vs, fitting 78.6% of the given data within £0.03. In previous works, how-
ever, Equations (19) and (20) fit 42.86% and 14.26% of the given data, respectively, within
=+0.03. Figure 11c also represents that Equation (19) tended to greatly underestimate the v of
the samples, whereas Equation (20) seemed to overestimate the v5 of the samples. Figure 11d
depicts that the developed equation in this study (Equation (24)) determined the ¢, fitting
78.6% of the given data within +3°. In previous works, however, Equations (21) and (22) fit
42.86% and 7.14% of the given data, respectively, within £3°. Figure 11d also displays that
Equations (21) and (22) appeared to overestimate the ¢ of samples, especially Equation (22).
Based on the comparison results, the prediction performances of the newly developed
equations are significantly higher than those of the equations suggested in previous works
(Table 2), indicating that a set of empirical equations was unable to cover a wide range of
geographical areas. This result is consistent with previous research conclusions [16]. This
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may be attributed to the sample lithology and heterogeneities. In other words, the existing
empirical equations for specific blocks or formation are not universal or applicable to other
blocks. When using these empirical equations, the applicability of existing empirical equa-
tions should be checked first or the empirical relationships for a specific block established, to
ensure that the results obtained can be used reasonably and reliably. Hence, local empirical
correlations between rock mechanical and physical properties need to be determined, in
order to provide correct information for future exploration in the same or close-by areas.
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Figure 11. Histograms representing the frequency differences in the predicted (p) and measured (1)
values of rock mechanical properties based on the empirical equations shown in Table 2, and the
developed empirical correlations (Equations (23)-(26)) ((a) uniaxial compressive strength; (b) Young’s
modulus; (c) Poisson’s ratio; (d) internal friction angle).

On the basis of the above research, the new empirical equations (Equations (23)—(27)) can
be used to calculate the rock mechanical properties for the Permian Lucaogou Formation
shale oil reservoirs, which can be compared to the experimental data. The values measured
vs. predicted for the rock mechanical properties are presented in Figure 12. The solid
line in Figure 12 is a 1:1 slope line, and a point located on the 1:1 slope line suggests an
extremely good correlation. It can be noted from Figure 12 that the values of predicted rock
mechanical properties based on the new equations are consistent with the corresponding
measured values and the coefficients of determination for new equations are more than
0.80. Furthermore, the plots of the relative error for the calculation results of new equations
are described in Figure 13. From Figure 13, it can be seen that the average relative errors
are 7.48%, 12.40%, 8.57%, 5.52%, and 4.42%, respectively. In conclusion, the equations can
provide satisfactory representations of rock mechanical properties for shale oil reservoirs,
which can avoid other time-consuming test procedures.
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Figure 13. The plots of the relative error for the calculation results of new equations ((a) Equation
(23); (b) Equation (26); (c) Equation (27); (d) Equation (24); (e) Equation (25)).

3.4. Applicability of Empirical Relations to Predict the Rock Mechanical Properties

Based on the empirical relationship (Equations (23)—(27)) and well logging data, the
continuous profile of rock mechanical properties can be obtained.

3.4.1. Calibration of the Well Logging Values with the Laboratory-Measured P-Wave
Interval Transit Time and Density

Bulk density and P-wave velocity are parameters that can be obtained from the density
and sonic logs, respectively. These parameters are conventional well logging data and
usually used to gain formation information. A wellbore environment such as formation
temperature, pore pressure, drilling fluid, etc., can have a considerable impact on the
readings of well logging, resulting in the differences in the P-wave interval transit time and
density values between well logging and laboratory-measured data [37]. Therefore, before
using the P-wave interval transit time and density logging data combined with empirical
equations to evaluate the rock mechanical properties, it is necessary to calibrate the P-wave
interval transit time and density values obtained via well logging with respect to the
laboratory-measured values. Using the linear fitting regression of laboratory-measured
and logging values, the fitting model was established, shown in Figure 14. Thus, based
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on the model, the P-wave interval transit time and density values from well logging were
calibrated. The formulas are as follows:

Ate = 1.0478 x AC —2.8636 R? = 0.7252 (28)

DENy, = 1.2778 x DEN; — 0.8067 R? = 0.9008 (29)

where At is the laboratory-measured P-wave interval transit time, us/ft; AC is the P-wave
interval transit time from sonic logging, us/ft; DEN,, is the laboratory-measured density;
and DEN); is the density from density logging.
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Figure 14. Relationships between the well log P-wave interval transit time (a), density (b), and
lab-measured P-wave interval transit time (a) and density (b).

As shown in Figure 15, the calibrated P-wave interval transit time and density are in line
with the laboratory-measured P-wave interval transit time and density, except for a small
amount of experimental data points, and the AARD values are 3.34% and 1.06%, respectively.
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Figure 15. Well log vs. lab-measured P-wave interval transit time (a) and density (b).
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3.4.2. Evaluation of the Rock Mechanical Properties

According to the established empirical relationship and the calibrated P-wave interval
transit time and density curve, the mechanical parameter profile of the rock along the
longitudinal distribution of the formation was obtained. At the same time, in order to
evaluate the consistency between the laboratory-measured and calculated rock mechanical
parameters, the laboratory-measured rock mechanical parameter points were placed on
the graph. Figure 16 shows an example of the prediction profile of the rock mechanical
parameters for shale oil reservoirs from the Permian Lucaogou Formation in the Junggar Basin
(a, uniaxial compressive strength; b, Young’s modulus; ¢, Poisson’s ratio; d, cohesive strength;
e, internal friction angle). From Figure 16, it can be seen that the calculated rock mechanical
property log curves had a good correlation with the laboratory-measured values.
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Figure 16. Predicted rock mechanical properties using Equations (23)-(27) based on the well logging
data ((a) uniaxial compressive strength; (b) Young’s modulus; (c) Poisson’s ratio; (d) cohesive strength;

(e) internal friction angle).
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Therefore, it was concluded that there is a real correlation between physical (such as
DEN and V) and rock mechanical properties (such as UCS, C, ¢, Es and vs), supporting
the engineering use of correlations, such as optimized drilling operations, wellbore stability
analysis, wellbore trajectory optimization, hydraulic fracturing design, etc.

4. Conclusions

In this study, the rock physical and mechanical properties of the Permian Lucaogou
Formation, along with their relationships, were investigated. On this basis, newly empirical
relationships of the rock mechanical properties were developed. The following conclusions
were made:

(1) The mechanical properties of the Lucaogou Formation were determined to have a
uniaxial compressive strength ranging from 48.40 to 147.86 MPa, Young’s modulus
ranging from 3.02 to 20.63 GPa, Poisson’s ratio ranging from 0.13 to 0.36, cohesive
force ranging from 14.65 to 34.60 MPa, and internal friction angle ranging from 27.61
to 46.94°.

(2) The UCS is more sensitive to the P-wave interval transit time, whereas the cohesion,
Young’s modulus, and Poisson’s ratio are more sensitive to At./DEN. For the UCS and
static Young’s modulus, an exponential function correlation was more reliable than a
linear expression and power function, whereas the cohesion and static Poisson’s ratio
adopted the power function and linear expression for higher accuracy, respectively.

(8) The newly empirical correlations for predicting rock mechanical properties were estab-
lished, and the statistical analysis results provided corresponding evidence, indicating
that the newly proposed equations were applicable to the Lucaogou Formation. Thus,
the mechanical characteristic profile of the Lucaogou Formation was obtained via
sonic and density logs.
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www.mdpi.com/article/10.3390/app132312851/s1, Figure S1. Schematic diagram of ultrasonic pulse
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1000 rock triaxial testing system (revised from Ma et al., 2016). Figure S3. Deviatoric stress vs. strain
curves under triaxial compression test(confining pressure of 52MPa) (Ea represents the axial strain,
Er represents the radial strain). Figure S4. The calculation of the Young’s modulus (a) and Poisson’s
ratio (b) based on the elastic deformation stage of the stress—strain curve. Figure S5. Relationship
between DEN and Atc. Figure S6. Relationship between C and Atc. Figure S7. Relationship between
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