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a b s t r a c t

The successful development of shale oil and gas reservoirs is the biggest technological revolution in the
oil and gas industry. Its key technologies are horizontal well drilling and fracturing, which are based on
understanding the mechanical properties of reservoir rocks. Therefore, it is critical to obtain the reservoir
mechanical parameters quickly, efficiently, and inexpensively. In this study, shale samples were collected
from three basins in Southwest China, and the elastic modulus of shale in the indentation depth range of
0e5000 nm was obtained by nanoindentation experiments. Experimental results showed that different
indentation depths had different physical characteristics. The shallower depths had the mechanical
properties of single minerals, while the deeper depths had the mechanical properties of a multi-mineral
composite. The difference between the two represented the cementation strength between the mineral
particles. The error between the calculation results of the existing equivalent medium theoretical model
and experimental data reached 324%. In this study, a weak cementation model was adopted, and three
parameters obtained by nanoindentation experiments were considered: the soft component volume
content, intergranular cementation strength, and mineral particle size. This solved the problem of
assuming rather than calculating the values of some parameters in the existing model and realized the
prediction of the macroscopic mechanical parameters of shale. The calculation error was reduced to less
than 20%, and the test method and calculation model can be popularized and applied in engineering.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

At present, the recoverable volume of conventional oil and gas
resources in the world is decreasing, while the demand for oil and
gas resources is increasing. Unconventional natural gas accounts for
an increasing proportion of the energy supply, and shale gas oc-
cupies an important position in the unconventional natural gas
resources (Curtis, 2002; Jenkins and Boyer, 2008; Jiang et al., 2007).
The development of shale gas in China has achieved great success,
and the marine shale of the Longmaxi Formation has huge devel-
opment potential in particular (Ma et al., 2021a). The key tech-
nologies for the successful development of shale oil and gas are
horizontal wells and hydraulic fracturing. During development, it is
y Elsevier B.V. on behalf of KeAi Co
necessary to accurately obtain the mechanical parameters (Fisher
et al., 2004; King, 2010; Martineau, 2007; Matthews et al., 2007;
Olson, 2008; Warpinski et al., 2009). The rock elastic modulus is
critical, especially in the compressibility evaluation of shale reser-
voirs (Britt and Schoeffler, 2009; Cipolla et al., 2008; Goktan and
Gunes, 2005; Guo et al., 2015; Nejad et al., 2013; Rybacki et al.,
2016). However, it is very time-consuming and labor-intensive to
carry out rock uniaxial compression experiments on shale cores to
determine the mechanical parameters, which increases construc-
tion costs and time (Grieser and Bray, 2007; Mullen et al., 2007;
Rickman et al., 2008; Ye et al., 2020). The nanoindentation test
method has been widely used in the development of shale oil and
gas, which has promoted the progress of the unconventional oil and
gas industry. Through a nanoindentation test, rock mechanical
parameters such as the elastic modulus, hardness, and fracture
toughness of shale reservoirs can be obtained and the creep
behavior of shale can also be analyzed (Deirieh et al., 2012; Faghihi
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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and Voyiadjis, 2012; Kabir et al., 2017; Kumar, 2012; Mighani et al.,
2019; Shukla et al., 2013; Zargari et al., 2011).

In recent years, the nanoindentation test method has been
adopted by many scholars to evaluate the mechanical properties of
shale reservoirs (Bobko and Ulm, 2008; Kenechukwu et al., 2010;
Ortega et al., 2007, 2009; Shukla et al., 2013; Ulm and Abousleiman,
2006; Ulm et al., 2007). The nanoindentation test method emerged
in 1992 and is used to determine the mechanical characteristics of
various materials, such as alloys, coatings, rocks, and concrete
(Balko et al., 2017; Bei et al., 2005; Do et al., 2014b; Landman et al.,
1990; Li et al., 2003; Ma et al., 2021b; Minor et al., 2006; Oliver and
Pharr, 1992; P�atru et al., 2015; Sato et al., 2020; Shukla et al., 2015;
Sun et al., 2020; Zhu et al., 2007). The application of the nano-
indentation test method to shale has great advantages, as it can
provide both elastic modulus and hardness data from a single test.
In addition, the nanoindentation test method can be applied to
samples of various sizes and shapes. For example, cuttings (about
1e5 mm) in the drilling process can be tested after being fixed with
epoxy resin. In routine rock mechanics experiments, the sample
size is a cylinder with a diameter of 1e2 inches and a height of
twice the diameter (Carre~no et al., 2018; Liu et al., 2016; Liu, 2015;
Veytskin et al., 2017; Xiang et al., 2017; Yang et al., 2016, 2017). This
feature greatly expands the number of test samples and reduces the
time and cost of drilling cores (Yoon et al., 2019).

Scholars have carried out a large number of experimental
studies of the mechanical properties of shale in different areas (e.g.,
Woodford, Barnett, Haynesville, Eagle Ford, and Lower Saxony Ba-
sin in North America) (Li et al., 2019; Liu et al., 2023; Luo et al.,
2020; Yoon et al., 2019) and in different formations (e.g., the
southern marine Longmaxi Formation, Zhangjiakou Xiamaling
Formation, Bohai Basin, and Shahejie Formation in China) (Fan
et al., 2019; Liu et al., 2020; Sheng et al., 2022; Wang et al.,
2022a, 2022b; Zhao et al., 2020). These studies found that the
elastic modulus and hardness of shale decreased with the increases
in the clay content, organic matter content, and porosity (Khatibi
et al., 2018; Kumar et al., 2012a, 2012b, 2015; Shukla et al., 2013;
Zargari et al., 2011). Clay, organic matter, and pores contribute to a
lower strength (or lack of strength) in shale, and thus, the increase
in these content leads to a decrease in the rock strength (Kohli and
Zoback, 2013; Sone and Zoback, 2013a, 2013b; Tembe et al., 2010;
Wang et al., 2019). This finding is consistent with the research
conclusions in various rock physics.

With the development of the nanoindentation test method, a
test method called the continuous stiffness method has become
highly regarded because it can analyze the elastic modulus at
different indentation depths (Kenechukwu et al., 2010; Liu et al.,
2016; Luo et al., 2021; Sheng et al., 2022; Wu et al., 2020; Xiang
et al., 2017). As the indentation (intrusion) depth increases, this
method can reflect the small-scale information of single minerals in
shale and can also reflect the large-scale information at greater
depths (Luo et al., 2021; Sheng et al., 2022). Therefore, nano-
indentation is often used to study multiscale mechanical problems.
It is expected that in the future, nanoindentation testing will be
used to predict the macroscopic mechanical parameters of reser-
voirs in oil and gas production to improve the work efficiency (Fan
et al., 2019). Our goal is to analyze the mechanical information of a
single mineral in the rock when the indentation depth is small, to
analyze the macroscopic mechanical behavior of multiple minerals
when the indentation depth is large, and to build a model based on
these two scales (Auvray et al., 2017; Li and Sakhaee-Pour, 2016;
Luo et al., 2021; Veytskin et al., 2017; Zhang et al., 2017).

To predict the macroscopic mechanical parameters of shale,
scholars have established a large number of models to solve this
problem, such as the Voigt model, Reuss model, Hill model,
HashineShtrikman, and other average models. These types of
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models use the volume ratio of components and the mechanical
properties of each component as input parameters to predict the
mechanical parameters of the rock as a whole (Herrmann et al.,
2018; Hu et al., 2013; Liu and Fu, 2020; Nezhad et al., 2016;
Nhabanga et al., 2021; Qian et al., 2020; Sone and Zoback, 2013a,
2013b). The prediction result is a range, often given in the form of
upper and lower limits, and the accuracy needs to be improved.
Another class of methods considers stress and strain interactions
between components to predict macroscopic mechanical behavior,
such as Eshelby's equivalent inclusion theory (Eshelby, 1957), the
self-consistent method (Zimmerman, 1984), the MorieTanaka
method (Gommers et al., 1998), the generalized self-consistent
method, and the differential method. Compared with the former
class of methods, it has certain value in engineering applications
(Giraud et al., 2007; Li et al., 2022; Mavko et al., 2009; Vasin et al.,
2013; Wang et al., 2021; Yin et al., 2020; Zhao et al., 2019). Another
method is widely used in the prediction of elastic modulus and
hardness of shale, that is, the packing density method, but the
predicted value of this kind of calculation is generally higher than
that of experimental test (Abedi et al., 2016). In addition, the
calculation parameters in this type of methods are very compli-
cated, and a large number of parameters cannot be obtained
through actual tests. In the prediction of shale macroscopic me-
chanical parameters, these methods require assuming some
microscopic mechanical parameters before calculation, making
their application in engineering extremely difficult.

Therefore, in this study, a new method was constructed based
on the nanoindentation test data to solve the problem of predicting
the macroscopic mechanical parameters of shale. First, through the
continuous stiffness method in the nanoindentation test, the me-
chanical parameters of shale at different indentation depths were
tested. Then, the mechanical parameters of a single mineral and the
mineral average in shale were analyzed and obtained. Based on
these parameters, the cementation strength between the minerals
in shale was calculated. Finally, these parameters were substituted
into the model to verify the fit between the predictions and
experimental data.

2. Materials and methods

2.1. Sample information

The samples collected in this study came from three basins in
China: Fuling Longmaxi and Qianjiang Longmaxi from the Sichuan
Basin, Songyuna Nenjang from the Songliao Basin, and the Yan'an
Yanchang from the Ordos Basin (Gao and Hu, 2018). The shale of the
Upper Ordovician Wufeng Formation and Lower Triassic Longmaxi
Formation in the Sichuan Basin is the main production layer of
shale gas in China. The Longmaxi Formation shale collected in this
study (Fuling Longmaxi, Qianjiang Longmaxi) came from the Fuling
and Qianjiang areas of Chongqing (Tang et al., 2019; Wang et al.,
2017; Ma and Xie, 2018; Zhao et al., 2018). The development of
shale oil in the Upper Cretaceous Nenjiang Formation in the Son-
gliao Basin is still in its preliminary stage, but it has great devel-
opment potential. In this experiment, one shale sample (Songyuan
Nenjiang) was collected from the Nenjiang Formation in the Son-
gyuan area of Jilin Province. The shale of the Upper Triassic Yan-
chang Formation in the Ordos Basin is themain production layer for
continental shale oil development in China. In this study, samples
(Yan'an Yanchang) were collected from the 7th Member of the
Yanchang Formation in Yan'an, Shaanxi Province (Gao and Hu,
2018; Xiong et al., 2016).

The mineral composition of shale was determined by X-ray
diffraction (XRD), and themineral identification accuracy of the test
was one decimal place. The test of the total organic carbon (TOC)
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content was completed using a Leco CS230 carbon/sulfur analyzer,
and its test accuracy was 0.5% (Zhao et al., 2018). Since both clay
and organic carbon are soft components in shale, they have a great
influence on micromechanical properties. Therefore, by substitut-
ing the TOC content into the mineral composition percentage ob-
tained by the XRD analysis, we obtained the composition results
shown in Table 1. It can be observed that the total clay and organic
matter content of the collected shale ranged from 19.7% to 58.1%.
The other main components were quartz, feldspar, calcite, dolo-
mite, and pyrite, which are relatively hard minerals. Fig. 1 shows
scanning electron microscopy (SEM) images of shale samples, and
the equipment used was a desktop electron microscope TM3030
from Hitachi, Japan. From the microscopic images, the grain size of
the minerals, such as quartz, feldspar, and calcite contained in the
shale, was determined to be approximately 2e31 mm.
2.2. Laboratory equipment

The equipment used in the indentation test experiment was a
Keysight Technologies G200 nanoindenter (as shown in Fig. 2(a)).
Fig. 2(b) shows the rigidity of the instrument frame was �
5� 106 N/m. The load test rangewas 0e500mN, and the resolution
was 50 nN. The vertical displacement rangewas 0e500 mm, and the
resolution was 0.01 nm. The indenter used was a Berkovich dia-
mond indenter, whose top radius of curvature could reach 20 nm. A
smaller radius of curvature corresponds to a sharper indenter,
which will obtain more reliable mechanical parameters at shal-
lower indentation depths. The conventional static nanoindentation
test method can obtain parameters such as the material load,
indentation depth, time, hardness, elastic modulus, and fracture
toughness. In addition, continuous stiffness measurement (CSM)
can be performed to expand the method of dynamic indentation on
the basis of conventional static indentation. During the test, the
hardness, elastic modulus, loading, contact stiffness, and contact
area curves could be displayed in real time along with the inden-
tation depth. The frequency of the dynamic press-in simple har-
monic force of the device was 1e300 Hz, and the amplitude was
from 0.1 mN to 4.5 mN. This method of continuous mechanical
parameter testing can obtain mechanical parameters at different
depths in one test, without considering the scale effect caused by
the differences in mineral particles at the test site. Using these
parameters to analyze the mechanical parameters of shale at
different scales is an effective research method for describing the
cross scale mechanical properties of rocks.
Table 1
Mineral composition and porosity data of shale samples.

Sample No. Formation Mineral composition, %

Quartz Feldspar Calcite Dolomite

F1 Fuling Longmaxi 50.8 7.6 3.6 11.7
F2 51.0 6.5 5.4 9.9
F3 53.9 4.2 3.2 8.4
F4 47.9 6.2 2.9 8.3
F5 36.6 10.7 9.1 6.0
F6 36.7 7.7 7.5 5.1
Q1 Qianjiang Longmaxi 41.4 4.6 25.2 7.3
Q2 47.1 6.7 6.3 7.8
Q3 37.4 5.1 9.5 5.3
J1 Songyuan Nenjiang 17.3 13.0 6.0 4.0
J2 18.0 12.1 5.7 3.6
J3 20.5 12.7 6.7 6.1
J4 18.6 12.3 4.5 5.9
Y1 Yan'an Yanchang 43.9 5.2 4.2 0
Y2 27.5 8.1 0.6 7.5
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2.3. Experimental procedure

The nanoindentation experiment in this study included four
steps: sample preparation, nanoindentation testing, observation of
indentation features, and data analysis. These are described below.

Step 1. Since the shale samples were easily broken in the cutting
process, they needed to be fixed. First, the sample was cut into a
disc shape with a thickness of 20 mm and a diameter of 20 mm.
Then, the sample was placed in a circular mold, which was filled
with epoxy. After the epoxy hardened, the sample could be fixed
andwrapped. Again, the shale encased in epoxy was revealed by
sanding. Finally, 3000-grit sandpaper was used to polish the
surface of the sample to make it smooth and clean, and then it
was polished with flannelette. The polished sample was put into
a drying oven at 100 �C for 24 h, and the sample preparationwas
completed. The completed sample is shown in Fig. 3.
Step 2. The surface approach velocity used in the nano-
indentation test was 30 nm/s, and the maximum strain rate
target was 0.05. The CSM frequency target was 45 Hz, and the
harmonic displacement target was 2 nm. The indentation depth
limit was 5000 nm, and the loading limit was 800 mN. Each test
included three parts: loading, holding, and unloading, and the
holding timewas 5 s. The indentation test is shown in Fig. 4. The
indentation test interval was 0.8 mm, which was a 5 � 5 dot
matrix, and each sample had a total of 25 tests. From the
morphology of the indentation surface shown in Fig. 4(c), it can
be observed that the deformation of the indentation surface is
isolated from each other, and each indentation test will not
affect each other. A spacing of 0.8 mm between the indentations
is appropriate. During the experiment, the indentation depth,
load, elastic modulus, and hardness data were recorded. Ac-
cording to the indentation after the nanoindentation test in
Fig. 4, it can be seen that there is no connection between the
bulge and deformation at the edge of the indentation. Based on
this image, we can confirm that there is no impact between
indentations. In addition, according to the "one-tenth rule"
criterion of nanoindentation, it is generally believed that the
influence of the indentation is ten times the cross section of the
indentation. As shown in Fig. 1, the radius of indentation is
0.03 mm, which is 0.3 mmwhen multiplied by 10 times, which
is much smaller than the indentation distance of 0.8 mm in the
experiment, indicating that this experimental design is reliable.
Step 3. The residual indentation after the test was observedwith
a Japanese Hitachi desktop TM3030 electron microscope, and
TOC content, % Clay þ TOC content, % Porosity, %

Pyrite Clay

5.1 18.3 2.9 21.3 6.18
3.8 17.6 5.9 23.5 5.04
5.7 20.7 4.0 24.7 4.09
5.1 24.4 5.3 29.6 3.62
5.9 30.5 1.2 31.7 5.92
7.8 32.3 2.9 35.3 6.09
1.9 18.4 1.3 19.6 4.19
3.1 27.6 1.4 29.0 7.25
0 34.3 8.3 42.6 3.86

16.5 41.4 1.8 43.2 5.08
2.5 57.3 0.8 58.1 4.37
2.7 50.0 1.3 51.3 4.83
0.9 56.6 1.2 57.8 5.10
4.9 39.2 2.8 42.0 4.59
4.9 47.6 3.8 51.4 6.64



Fig. 1. SEM images and mineral particle size analysis of experimental samples.
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the corresponding relationship between the mechanical pa-
rameters and the indentation was obtained by analyzing the
continuous stiffness test method.
Step 4. The different indentation depths during nanoindentation
were analyzed to determine the mechanical properties at
different scales in the rock.
2126
3. Results and analysis

3.1. Indentation deptheload curve

Fig. 5 shows the indentation deptheload curves obtained by the
continuous stiffness method. It can be observed that the



Fig. 2. Schematic diagram of experimental equipment and loading.

Fig. 3. Photos of the experimental sample production process and sample photos.
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indentation deptheload curves of different shale samples were
different, reflecting the differences in their mechanical properties.
When the indentation depth was large and the load was small, it
indicated that the shale had a low strength. In contrast, a smaller
indentation depth and a larger load indicated that the shale had a
higher strength. During the experiment, the indentation depth was
designed to be 5000 nm, and the load limit value was 800 mN.
However, not all sample indentation tests met this condition in the
experiment, which was related to the mechanical properties of the
sample. As shown in Fig. 6, the indentation depth and load curves of
the different group samples. From Table 1, it can be seen that the
clay and organic matter contents of F1, F5, J1, and J4 were 21.3%,
31.7%, 43.2%, and 52.2%, respectively. With the increase in the clay
and organic matter content, under the same indentation depth, the
load became smaller. As the content of clay and organic matter
decreased, the indentation depth became smaller under the same
load conditions.

According to the loading and unloading curve diagram of
indentation test shown in Fig. 2, multiple cyclic loads are used in
the loading process to obtain loading and unloading curves of
different pressing depths (shown in the circular dotted line in
Fig. 2). These curves can be calculated to obtain the slope of the
unloading part as shown in Fig. 2, which is the contact stiffness S.
According to the OliverePharr method, two mechanical properties
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of the impingement modulus Et at the indentation position of the
measured material can be calculated from the curve shown in Fig. 5
by applying the mechanical model:

Et ¼
ffiffiffiffi
p

p
S

2b
ffiffiffiffiffi
Ac

p (1)

where F is the maximum load value on each cyclic loading and
unloading cycle curve; Ac is the contact area between the indenter
and the sample, Ac can be estimated by the following equation:

Ac ¼ 24:56hmax
2; S is the contact stiffness, S ¼ dP

dh

���
hmax

; b is the

coefficient of head correction (b ¼ 1.034); hmax is the vertical dis-
tance from the tip of the indenter to the contact point between the
indenter and the sample.

The elastic modulus E can be calculated by the following
relationship:

1
E
¼1� mt

2

Et
þ 1� mi

2

Ei
(2)

where mt is the Poisson's ratio of the test material 0.25; Et is the
elastic modulus of the indenter, Et ¼ 1141 GPa; mi is the Poisson's
ratio of the head 0.07.

Fig. 7 shows the elastic modulus calculated according to the
curve in Fig. 5. Each curve represents the mechanical parameters
obtained from the dynamic indentation test based on the contin-
uous stiffness method as the indenter pressed into the sample.
These results represent the local mechanical properties of the
surface at different indentation depths and different indentation
areas. Fig. 8 shows the indentation deptheload curves and elastic
modulus curves corresponding to four indentation tests of sample
F2. It can be observed that as the indentation depth increased, the
four curves tended to a certain fixed value after reaching the
indentation depth of 3000 nm, and they were relatively close. In
Fig. 8, the blue and red elastic modulus results showed that they
rapidly increased to the peak values as the indentation depth
increased, then they decreased, and finally, they tended to a fixed
value. However, there was a difference between the two peaks,
which was related to the mineral composition at the indentation
position. The green curve shows that the elastic modulus increased
rapidly with indentation depth and then tended to a stable value. In
the purple curve, the elastic modulus increased slowly to a fixed



Fig. 4. Surface morphology after indentation testing. (a) SEM images after experiment; (b) Three-dimensional surface morphology of the indentation; (c) Two-dimensional surface
morphology of the indentation; (d) Morphology data corresponding to the AB and CD lines in Fig. 4(c).
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value as the indentation depth increased. In particular, the red
curve showed a pop-in phenomenon at the indentation depth of
2407.48 nm. Based on previous research, the pop-in phenomenon
was related to the fracturing of surface minerals (Luo et al., 2021;
Sheng et al., 2022).
3.2. Nanoindentation morphology and mineral distribution
characteristics

The test scheme used in the experiment was a 5 � 5 dot matrix,
and the overall shape of the indentation of each sample is shown in
Fig. 9. In order to correspond to the indentation data and the
indentation point, a mark was made near the first indentation
point. Representative indentation data was selected for each group
of samples, and the corresponding relationship between the elastic
modulus of each mineral, and then the indentation process was
analyzed, as shown in Fig. 11.

Based on the SEM and energy-dispersive X-ray spectroscopy
(EDS) images (Fig. 10), the mineral composition at the indentation
point was determined. The components of samples F1-10 and Q1-
09 were organic matter in the initial press-in area, and their cor-
responding elastic moduli were 10.25 and 14.43 GPa, respectively.
F4-06 and Q2-12 were calcite, and their corresponding elastic
moduli were 69.73 and 78.09 GPa, respectively. The corresponding
minerals of F5-08 and F5-18 were quartz when they were initially
indented, and their elastic moduli were 90.51 and 81.97 GPa,
respectively. The corresponding minerals of Q1-01 and Q3-11 were
2128
feldspar at the initial indentation, and their elastic moduli were
51.24 and 41.99 GPa, respectively. Y1-03 and Y1-12 were clays, and
their corresponding elastic moduli were 19.60 and 18.87 GPa,
respectively. The corresponding minerals of F2-13 and F6-06 were
pyrite during the initial indentation, and the elastic moduli were
172.75 and 194.87 GPa, respectively. The data from this analysis
shown in Figs. 7 and 8 reflect the results at different depths. The
mechanical parameters were those of the single-phase minerals at
the initial indentation, and they were the overall mechanical pa-
rameters of the multiple minerals after the indentation depth was
greater than 3000 nm.

As shown in Fig. 11, the area inside the dotted white circle was
higher than the surrounding area. Due to the uneven surface, the
indenter deflected after being pressed into the surface, resulting in
high data values, which were excluded. As a result of the uneven
surface, the experiment yielded abnormal data resulting in some
data that were not valid.
4. Analysis and statistics of mechanical parameters of micron
indentation

4.1. Analysis of rock mechanics behavior in indentation test

Through this experiment, the elastic modulus of shale at
different indentation depths was obtained, as shown in Fig. 7. It can
be seen from the above analysis that the elastic modulus was
constantly changing with the indentation depth. In the shallower



Fig. 5. Indentation depth vs. load curves of each group of samples.
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depth range (such as depths less than 500 nm), the elastic modulus
was more discrete due to the influence of individual minerals at the
indentation point. In a larger depth range (such as depths greater
than 3000 nm), the indenter covered multiple mineral particles,
and the elastic modulus was the homogenized value of multiple
minerals. This homogenized value can be called a macroscopic
mechanical parameter. Based on the analysis of Figs. 8 and 10, it can
2129
be seen that as the indentation depth increased, the sample surface
composition transitioned from a single mineral to multiple min-
erals, and the elastic modulus either changed from large to small or
from small to large and finally converged to a certain constant
value. These phenomena indicated that the numerical values at
shallower indentation depths were related to a single mineral,
while at larger depths, they were related to multiple minerals and



Fig. 6. Indentation depth vs. load curves of samples F1, F5, J1, and J4.
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their interactions. Based on these analyses, the peaks within the
depth range of 0e500 nm in the data shown in Fig. 7 corresponded
to the microscopic mechanical parameters of the single minerals,
and the peaks within the depth of 3000e4000 nm corresponded to
the macroscopic mechanical parameters under the action of mul-
tiple minerals. The statistical results are shown in Fig. 12.

In order to intuitively explain the process in the press-in pro-
cess, a schematic diagram is shown in Fig. 13. The components in
shale were divided into two categories: hard components and soft
components. The hard components consisted of quartz, feldspar,
calcite, dolomite, and pyrite. When the indentation depth was
relatively shallow, the indenter squeezed the hard minerals, and
the minerals themselves deformed. The elastic modulus corre-
sponded to the single-phase stage of the red curve shown in the
right figure in Fig.13, representing themechanical characteristics of
the mineral itself. When the indentation depth was further
increased, the elastic modulus gradually decreased after the tran-
sition stage and finally tended to a constant value. This transitional
stage represented the transition of themechanical parameters from
a single phase to multiple phases. Based on the testing principle of
coating materials, we believe that the difference at this stage re-
flected the deformation difference between the hard components
and the surrounding soft components, and thus, it could reflect the
cementation strength (Do et al., 2014a; P�atru et al., 2015; Luo et al.,
2021).

We define the difference between the single phase and multiple
phases as DE, and we also performed the statistical analysis, as
shown in Fig. 14. The particle size data in this figure is obtained
according to the SEM image test shown in Fig. 1. Fig. 13 also shows
the mechanical behavior of the soft components with the inden-
tation depth. The soft components included clay, organic matter,
and pores, and these were weaker components. When the inden-
tation depth was relatively shallow, the indenter squeezed the soft
components, causing them to deform. This corresponded to the
single-phase stage of the blue dotted line on the right of Fig. 13,
which represented the mechanical characteristics of the mineral
itself. When the indentation depth was further increased, the
elastic modulus gradually increased to a certain constant value, in
contrast to the aforementioned hard components. However, due to
the excessive deformation of the soft components, as the inden-
tation depth increased, this stage represented the characteristics of
continuous hardening of the soft components and could not reflect
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the mechanical characteristics of the cementation.

4.2. Analysis of main controlling factors of macroscopic elastic
modulus

Based on the results above, we sought to establish the relation-
ship between the single phase and multiple phases in order to
predict the macroscopic mechanical parameters of shale through
nano-indentation test data in future engineering projects. Based on
the existing equivalentmedium theory, the components in rocks are
usually analyzed with the volume contents of hard components or
soft components as variables. In order to convert the data in Table 1
into volume percentages, we needed to know the density of each
component of shale. Based on the mineral densities calculated by
Shukla et al. (2013), the volume percentages of each sample in this
study were calculated. Furthermore, the relationship between the
volume content of the soft components and the elastic modulus of
indentationwas obtained statistically. For comparison, we included
the shale data of four blocks in Woodford, Barnett, Haynesville, and
Eagle Ford (Li et al., 2019; Liu et al., 2023; Luo et al., 2020; Yoon et al.,
2019; Shukla et al., 2013). As shown in Fig. 14, as the content of the
soft components increased, the elastic modulus decreased, and this
variation trend was relatively consistent in the different blocks
(Sone and Zoback, 2013a, 2013b). We can see that the indentation
elastic moduli of shale in the different blocks were quite different
with the same content of soft components.

The content of soft components in shale is the key factor of its
macroscopic mechanical parameters. As shown in Fig. 15, the vol-
ume contents of soft components in the test data of each sample
groupwere fitted with themacroscopic elastic modulus values, and
the correlation coefficient was 0.65. In order to study the influence
of soft components on the elastic modulus, a large number of
studies have used the method of bulk density and obtained good
results (Abousleiman et al., 2010; Ortega et al., 2009; Ulm et al.,
2007). In fact, the bulk density already reflects the volume con-
tent of the soft components in shale. Therefore, we did not consider
it necessary to perform compacted density calculations. In addition,
we also fitted the relationship between the macroscopic elastic
modulus and the volume contents of soft components, the average
value of DE, and mineral particle size, and we found that the cor-
relation coefficient of DE reached 0.91, and the correlation coeffi-
cient of the mineral particle size was 0.62. These fitting results
showed that the volume contents of soft components, the average
value of DE, and the mineral particle size were the key factors
affecting the macroscopic mechanical parameters.

5. Calculation of macroscopic elastic modulus based on
nanoindentation data

5.1. Multiphase composite media model of ideal cementation
surface

Predicting the macroscopic elastic modulus through nano-
indentation is an important issue for engineering, as it means that
the macroscopic mechanical parameters can be predicted using
drilling cuttings. In order to compare the accuracies of thesemodels
for predicting the cross-scale mechanical parameters of shale, the
mechanical parameters were calculated using the Voigt model,
Reuss model, Hill model, and HashineShtrikman model. The
single-phasemechanical parameters used in thesemodels were the
test data from the experiment shown in Fig. 10, and the calculation
results are shown in Fig. 16. It can be clearly seen that some
macroscopic mechanical parameters calculated by the model were
in good agreement with the experimental results. As shown in
Table 2, the calculation error of sample Y1 through the



Fig. 7. Indentation depth vs. modulus curves of each group of samples.
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HashineShtrikman model reached a minimum of 2.36%. However,
there were still some data with large differences from the model
predictions. As shown in Table 2, the error reached 324.96%. Some
experimental data were much smaller than the lower limit of the
model calculation results (such as the Reuss model and
HashineShtrikman-model predictions). Most of the calculation
2131
results had errors of more than 20%, which is an unacceptable
result, and amore optimizedmodel is needed to solve this problem.

To account for the interactions between components, the mean
field method was used. In this analysis, the microscopic field in
each component (phase), and the characteristic values of the stress
and strain of each phase are replaced by corresponding average



Fig. 8. Four indentation test results of sample F2. (a) Indentation depth vs. load curves; (b) Indentation depth vs. modulus curves.
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values. Using the microscale topology, the morphology and distri-
bution of the material microstructures are described by statistical
information about the shape, orientation, and phase distribution of
the inclusions. The relatively mature theories mainly include
Eshelby's equivalent inclusion theory, the self-consistent method,
the MorieTanaka method, the generalized self-consistent method,
and the differential method. A variety of theoretical methods have
been developed based on the study of composite reinforced ma-
terials, and this paper will focus on the application of the
MorieTanaka method.
5.2. Multiphase composite media model considering weak
cementation surfaces

We carefully analyzed the reasons that some of the results
calculated by the above models deviated from the experimental
results. These models are usually used to discuss the influence of
the rock composition and porosity on the macroscopic modulus of
rock. The models assume that the cementation surface between
different components is an ideal interface, and its strength is not
affected by different rocks. However, it can be seen from Fig. 15 that
the mechanical property parameter DE of the cementation surface
is closely related to the macroscopic elastic modulus. At the same
time, the experimental results shown in Fig. 16 were generally
smaller than the prediction results of the above models. These
phenomena indicate that the cementation surface between the
different rock components was not an ideal interface but a weak
surface. When predicting macroscopic mechanical parameters
based on nanoscale mechanical parameters, it is necessary to
consider the role of weak cementation surfaces to improve the
prediction accuracy.

Constraints to this study is aweak cementation surface resulting
in a special form of a multiphase composite medium, which has
important practical significance and wide application value in the
design of composite microstructures. The mechanical properties of
a weak cementation surface are closely related to the cement
composition, compaction, and cementation in the rock formation
process, and there are great differences between different rocks.
The strength of a weak cementation surface is low, and it can easily
undergo large deformation or cracking, which affects the macro-
scopic mechanical behavior of the composite medium. The micro-
scopic morphology of a weak cementation surface is very complex,
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and the thickness is small and difficult to measure accurately. If the
surface were treated as a cementation surface with non-zero
thickness, theoretical calculations and numerical analysis would
be very difficult. Therefore, based on the material mechanics model
of weak cementation surfaces (Benveniste, 1985; Hashin, 1991;
Zhong and Meguid, 1997), the surface was simplified to a zero-
thickness cementation surface, and the deformation of the weak
cementation surface was equivalent to the displacement disconti-
nuity on both sides of the cemented surface. This displacement
discontinuity included shear slip and normal separation of the
cemented surfaces.
5.2.1. Zero-thickness weak cementation surface model
The zero-thickness weak cementation surface model simplifies

the cemented surface between the matrix and inclusions to a zero-
thickness cemented surface. The discontinuity of the displacement
vector on both sides of the cemented surface was a linear function
of the stress vector, and the expression is written as

8>><
>>:

�
sij

�
nj ¼ 0h

mj

i�
dij � ninj

� ¼ askjnjðdik � ninkÞh
mj

i
ninj ¼ bskjnknjni

(3)

where mj and sij are the displacement and stress, respectively; ni is
the unit vector component of the external normal direction of the

cemented surface; the amount of discontinuity
h
mj

i
¼

outside value e inside value; a and b represent the flexibility of
the tangent and normal directions of the cemented surface,
respectively, (a � 0 and b � 0); and dij is the symbol of Kronecker d.

The second formula of Eq. (3) indicates that the displacement
discontinuity in the tangential direction of the cemented surface is
proportional to the shear stress of the cemented surface. The third
formula of Eq. (3) indicates that the displacement discontinuity in
the normal direction is proportional to the normal stress of the
cemented surface, and there is no coupling between the shear
amount and the normal amount. a and b reflect the mechanical
properties of the cemented surface. When a ¼ 0 and b ¼ 0, it is an
ideal cemented surface.Whenas0and b¼0, the cemented surface
only slides in the tangential direction under the action of an external
force, and it does not open in the normal direction.When a/∞ and
b/0, it represents free sliding on the cemented surface. When



Fig. 9. SEM images of each group of samples after indentation testing.
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a/∞ and b/∞, it means that the cemented surface is completely
separated, and there are no forces between the different phases.

5.2.2. Stress and strain of individual component particles
The solution of the single inclusion problem has special signif-

icance for the mesomechanics of composite materials and is the
basis for studying the interactions between inclusions and their
2133
influence on the mechanical properties of composite materials. The
classic single inclusion solution is the Eshelby solution of elliptic
inclusions (Eshelby, 1957). However, because it assumes that the
cementation surface is ideally cemented, it is not suitable for sit-
uations where the cementation surface has displacement discon-
tinuities. In this work, the spherical inclusion model of the linear-
spring-type weak cementation surface was adopted. The hard



Fig. 10. SEM-EDS images and indentation depth vs. elastic modulus curves of different mineral. The data are from one of the 25 tests conducted on each sample, where F1-10 refers
to the curve of the tenth test of sample F1 in Fig. 7.
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component mineral particles in the rock were assumed to be
spherical, and there was a weak interface between the hard com-
ponents and the soft components (matrix). Then, under the action
of a far-field uniform stress, the average stress and average strain
inside the hard component particles are respectively

8<
:

s�r
ij ¼ Lijkls

0
kl

ε
�r
ij ¼ C*�1

ijkl s
�r
kl

(4)

with

Lijkl ¼
L1

3
dijdkl þ

L2

2

�
dikdjl þ dildjk �

2
3
dijdkl

	
(5)

The displacement discontinuity of the corresponding cemented
surface is

½mi� ¼ � l2ð1� 2nmÞ
6mmð1þ nmÞs

0
llxi �A1

s0ij
2mm

xj �
B1
a2

s0kl
2mm

xixkxl (6)

where xi is the coordinate; C*�1
ijkl represents the components of the

elastic tensor of the hard components; mm and nm are the shear
modulus and Poisson's ratio of the soft components, respectively;
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s0kl is the far-field uniform stress; S0kl is the skewed part of s0ij; and a

is the radius of a spherical hard component particle. The parame-
ters in Eqs. (5) and (6) (L1,L2, l1, A1, and B1) are related to the elastic
modulus of the hard components, the elastic modulus of the soft
components, and the flexibility of the cemented surface. See
Appendix A for the solution method.

5.2.3. Multiphase composite media model for rocks with weak
cementation surfaces

For the macroscopic scale of rock multiphase composite media,
the average stress and average strain are

8>><
>>:

sij ¼ fs�r
ij þ ð1� f Þs�m

ij

εij ¼ f ε�r
ij þ ð1� f Þε�m

ij þ 1
2V

ð
s

�½ui�nj þ �
uj
�
ni

�
ds

(7)

where sij and εij are the average stress and average strain of the
hard components, respectively; s�m

ij and ε
�m
ij are the mean stress

and mean strain of the soft components, respectively; ½ui� is the
displacement discontinuity between both sides of the weak
cementation surface; V is the total volume of the rock; and f is the
volume content of the hard components. These sum to 100% with
the volume content of the soft components, as shown in Fig. 15. The



Fig. 11. Abnormal indentation point image and indentation depth vs. elastic modulus curves caused by insufficient surface flatness of the sample.

Fig. 12. Statistical results of elastic modulus data for single mineral and multiphase
mineral complexes calculated at different depths of indentation.
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area integration domain S includes all weak cementation surfaces
in the rock. The effective modulus of elasticity of the composite
medium was obtained by the following formula:

sij ¼Cijklεkl (8)

When the far-field provides a uniform stress s0ij, then sij ¼ s0ij.

Set srij ¼ Rijkls
0
ij and ½ui� ¼ fikls

0
kl. From Eqs. (7) and (8), we can

obtain

Dijkl ¼Dm
ijkl � f



Hijkl �hijkl

�
(9)

8>>>><
>>>>:

Hijkl ¼


Dm
ijpq � Dr

ijpq

�
Rpqkl

hijkl ¼
1
2Vr

ð
Vr



fikl;j þ fjkl;i

�
dV

(10)
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where Rpqkl is the component of the stress concentration factor

tensor at the edges of the hard components; Dr
ijkl, D

m
ijkl, and Dijkl are

the components of the flexibility tensor of the hard components,
soft components, and multiphase composite medium, respectively,
which satisfy CijpqDpqkl ¼ Iijkl. By solving for Rpqkl and fikl, the
effective elastic modulus of the weak cementation rock can be
calculated using Eq. (9).



Fig. 13. Schematic diagram of forces at different pressing positions.

Fig. 14. Correlation analysis between volume content and macroscopic elastic modulus
of shale soft components (Shukla et al., 2013).
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The MorieTanaka method is a relatively concise theoretical
method with a clear physical meaning. In this paper, the weak
Fig. 15. Correlation analysis of volume content of shale soft component
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cemented surface is included as an improvement, which is a
possible method to predict the mechanical parameters of rock
multiphase composite media. When a hard component is intro-
duced into the multiphase composite medium, the far-field stress
and far-field strain of the hard component are the average stress
and average strain of the soft components, respectively, i.e., s0kl ¼
s�m
kl . Then, according to Eq. (4), the average stress of the hard

components is

s�r
ij ¼Lijkls

�m
kl (11)

The stress concentration factor tensor of the hard components is

Rijkl ¼Lijklr
�1
mnkl (12)

with

rijkl ¼ð1� f ÞIijkl þ fLijkl (13)

The displacement discontinuity between both sides of the
interface is

½mi� ¼fikls
0
kl (14)

with
s, DE, and mineral particle size with macroscopic elastic modulus.



Fig. 16. Error analysis of prediction results and experimental test data of different
models.
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Therefore, the bulk modulus of the weak cemented multiphase
composite medium can be obtained from Eq. (9), as follows:

K
Km ¼ 1� f þ fL1

1� f � f l2 þ fL1
Km

Kr

(16)

Furthermore, through the conversion formula between the
moduli E ¼ 3Kð1 � 2nÞ, the elastic modulus of the multiphase
composite medium of weak cemented rock was obtained. The
calculation formulas for parameters L1 and L2 are as follows:

8>>><
>>>:

L1 ¼ 1� 2ð1� 2nÞ
3ð1� nÞ ðl1 � l2Þ

L2 ¼ 1� 7� 5n
15ð1� nÞ

��
P1 þ

2
5
Q1 þ

3
5
N1 � A1 �

2
5
B1

	
 (17)
Table 2
Standard error analysis table.

Sample No. Standard error, %

Voigt Reuss Hill Hashine

F1 23.73 7.90 7.91 7.90
F2 21.67 25.70 2.02 25.70
F3 35.31 16.54 9.39 16.54
F4 70.32 2.79 33.77 2.79
F5 21.25 5.98 7.63 5.98
F6 7.07 25.57 9.25 25.57
Q1 44.15 13.36 28.75 13.36
Q2 75.27 44.43 59.85 44.43
Q3 33.99 24.70 4.65 24.70
J1 62.23 7.91 35.07 7.91
J2 82.98 42.18 62.58 42.18
J3 106.78 58.23 82.51 58.23
J4 324.96 242.94 283.95 242.94
Y1 14.98 26.20 5.61 26.20
Y2 56.25 12.21 34.23 12.21
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5.3. Prediction results using weak cementation model

In the multiphase composite medium model of weak cemented
rock, some key parameters needed to be obtained before the
calculation of the macroscopic mechanical parameters. As shown in
Eq. (16), it was necessary to know the volume content of the hard
components in the rock f, which were obtained from the data
shown in Table 1. It should be noted that when performing this
calculation, the volume content needed to be converted into a value
between 0 and 1 to make it dimensionless. The mechanical pa-
rameters (Kr and Km) of the hard and soft components in Eq. (16)
were obtained from the test results shown in Fig. 10 and the
modulus conversion formula. The parameters L1 and l2 needed to
be calculated by the formula shown in Appendix A. The formula
includes two-variable linear and six-variable linear equations, and
the solution is shown in Eqs. (A1)e(A4).

In particular, it should be noted that the weak interface of the
rock was mainly reflected in the parameters a0 and b0, and the
formulas are as follows:

8>><
>>:

a0 ¼ amm
a

b0 ¼ bmm
a

(18)

where a0 and b0 are respectively the shear flexibility coefficient and
the normal flexibility coefficient of the cemented surface between
the hard and soft components; and mm was calculated by the
modulus conversion formula mm ¼ Em

2þ2nm
.

Microscopically, the shear flexibility and normal flexibility of the
cemented surface was considered to be consistent, and thus, a ¼ b.
As mentioned in Section 4 above, the modulus of the cementation
surface was DE and its reciprocal was the flexibility. Then, a and b

were set to 1
DE. The particle size a of the hard components was

obtained from Fig. 1. By substituting the data of each sample group
in the nanoindentation experiment, the shear flexibility coefficient
of each group was obtained. In the formula, experimental values of
Er and Em were used, and the average value of the single-mineral
elastic moduli of quartz, feldspar, calcite, and dolomite was set as
Er. Also, the single-component elastic modulus average was set as
Em for clay and organic matter. Since the elastic modulus of pyrite
was too high and its content was small, it was not included in the
average value of the elastic modulus of the hard components. The
pores did not have an elastic modulus and were not included in the
Shtrikman� HashineShtrikmanþ Improved MorieTanaka

11.93 5.43
10.12 6.59
22.70 0.76
53.69 1.48
8.74 0.24
5.32 10.57

33.92 9.27
57.75 14.88
21.05 6.01
38.98 9.04
65.73 8.57
86.92 7.78

287.13 1.41
2.36 17.90

37.68 11.72



Fig. 17. Improved MorieTanaka model and fitting analysis of experimental test data.
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soft component elastic modulus calculation. nr and nm had the
values of 0.25 and 0.3, respectively.

Based on Eq. (14) in the previous text and the formulas shown in
Appendix A, the volume content of the components in shale, the
single-phase mechanical parameters, the cementation strength,
and the mineral particle size, the shale macroscopic elastic
modulus was calculated. As shown in Fig. 15, the prediction results
were in good agreement with the experimental data. The error
results in Table 2 also show that the error was between 0.24% and
17.90%. While the errors of most calculation results are improved,
the errors of F6, Q2, Y1, and Y2 data are larger. We carefully analyze
the data and find that the calculated elastic modulus using the
prediction model described in this paper is greater than the
measured value. The reason is that the test results of cementation
strength in this paper are high, and we estimate that the number of
test indentations is too small. In the future, the accuracy of the
calculation method in this paper can be improved by increasing the
sample size. Compared with the prediction errors of 2.36%e
324.96% for the model without considering the weak cementation
surface, the accuracy was improved. The experimental data were
fitted with the proposed model, as shown in Fig. 17, and the fitting
degree reached 0.92. The physical meaning of the weak cementa-
tion surface model is clear, the parameters are easy to obtain, and
the prediction accuracy is high. Thus, it can be popularized and
applied in engineering.
6. Conclusions

In this paper, the elastic modulus of shale in the indentation
depth range of 0e5000 nmwas obtained through nanoindentation
experiments on 15 groups of shale samples, and a prediction model
for the macroscopic mechanical parameters was constructed. The
following conclusions were obtained.

(1) Different depths have different physical properties. Shal-
lower depths have the mechanical properties of a single
mineral, while deeper depths have the mechanical proper-
ties of a multi-mineral composite. The difference of elastic
modulus between single and multi-mineral hard compo-
nents can be used to characterize the cementation strength
between mineral particles.
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(2) The main controlling factors of the shale macroscopic elastic
modulus are the mineral components of shale (such as the
volume contents of the soft components, e.g., clay, organic
matter, and pores), the cementation strength between par-
ticles, and the mineral particle size.

(3) Compared with the calculation data of the existing rock
mechanics parameter model, it is found that the error is as
high as 324.96%. The calculated result is larger than the
experimental value, so the problem of weak cementation
between mineral particles should be considered.

(4) Based on the existing weak cementation model, the three
parameters of soft component volume content, interparticle
cementation strength, and mineral particle size tested by
nanoindentation experiment are substituted to achieve the
high-precision prediction of shale macroscopic mechanical
parameters, and the error is reduced to less than 17.90%. The
test method and calculation model can be widely used in
engineering.
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Appendix A

To obtain the parameters required in the model proposed in this
paper, the model of weakly cemented surfaces in the mechanics of
materials was used. The formula includes two-dimensional linear
and six-dimensional linear equations, shown as follows:

8>>>>>>>>>><
>>>>>>>>>>:

g11l1 þ g12l2 ¼ 1
g21l1 þ g22l2 ¼ 1
h11P1 þ h12Q1 þ h13M1 þ h15A1 þ h16B1 ¼ 1
h22Q1 þ h23M1 þ h24N1 þ h26B1 ¼ 0
h32Q1 þ h33M1 þ h34N1 þ h36B1 ¼ 0
h42Q1 þ h43M1 þ h44N1 þ h46B1 ¼ 0
h51P1 þ h52Q1 þ h53M1 þ h54N1 þ h55A1 þ h56B1 ¼ 1
h61P1 þ h62Q1 þ h63M1 þ h64N1 þ h65A1 þ h66B1 ¼ 1

(A1)
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