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Mudstone rich in clay minerals exhibits an obvious water-induced weakening effect, and the mechanical properties of mudstone
are significantly affected by the groundwater. To investigate the effect of water on mechanical characteristics of mudstone at
microscale, a series of uniaxial compression and nanoindentation tests were conducted on mudstone specimens at different
moisture contents. Microscale measurements are upscaled to estimate the corresponding magnitudes at the macroscale using
the Mori-Tanaka method. The results showed that the indentation modulus varied significantly, from as low as 0.2 GPa to a
quite high value of 125GPa, indicating a strongly heterogeneous distribution of mudstone. The water illustrated a significant
effect on the microscale mechanical properties of water-sensitivity minerals like clay minerals. The water-sensitivity minerals
occupied the highest proportion of the mudstone and were believed to play an important role in the mechanical properties of
mudstone. For water-bearing specimens, the comparison with elastic modulus data obtained from common method indicated
similar values as those predicted by homogenization method. The results of this study indicated that nanoindentation
technique is a feasible experimental technique to assess the macroscale mechanical properties of rock materials.

1. Introduction

In China, about 60% of identified coal reserves are located at
depth of more than 800m and about 53% at depth below
1000m [1–3]. The deep roadways are often excavated in sed-
imentary rocks near the coal seams [4, 5], such as mudstone.
For decades, most research has been focused on the mechan-
ical properties of coal measures rocks, including strength,
deformation, and failure characteristics [6–10]. Due to the
heterogeneity of coal measures rocks, it is thus vital to
understand the mechanical characteristics at microscale
[11, 12].

Nowadays, nanoindentation is used to investigate the
microscale mechanical properties of rocks. Nanoindentation
is based on elastic contact theory allowing obtaining the
mechanical parameters at microscale, such as indentation
modulus and hardness. Oliver and Pharr [13] established
an improved method to determine the modulus and hard-
ness from nanoindentation load-depth curves, which has

been widely used in rock-like materials [14, 15]. Afterward,
many researchers studied the microscale mechanical proper-
ties (e.g., deformation, modulus, and hardness) of coal
[16–19], shale [20], and cement-based materials [21–24].
Furthermore, Scanning Electron Microscopy (SEM) and
Atomic Force Microscope (AFM) were also used to investi-
gate nanoscale detection of the pore distribution and
mechanical properties of rock [25, 26]. With large numbers
of indents that carried out on the specimen surface, the
mechanical properties of material can be obtained exclu-
sively. However, previous studies have mainly focused on
the field of oil and gas exploitation (such as shale and coal)
or construction materials. By contrast, the microscale
mechanical properties of coal measures mudstone are still
not fully understood [19].

Furthermore, the mechanical properties of coal measures
mudstone do not only depend on mineral components but
are significantly affected by the external environment, espe-
cially the groundwater [27–30]. Mudstone rich in clay
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Figure 1: Typical load-depth curve obtained from nanoindentation.
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Figure 2: Sampling location map in Anhui, eastern China.

Figure 3: SEM photomicrographs of mudstone.
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minerals exhibits an obvious water-induced weakening effect
[31], and the increase in moisture content usually reduces
the strength of rock [32]. However, due to the water sensitiv-
ity of argillite, it is generally a delicate task to investigate the
mechanical properties in high moisture content mudstone
by the specimens with standard size by bulk measurements
(e.g., acoustic emission, uniaxial compression, triaxial com-
pression, and direct shear test) in some engineering fields.
Thus, nanoindentation is a feasible experimental technique
allowing for assessment of the mechanical properties of rock
materials.

To the best of our knowledge, studies related to the effect
of water on the microscale mechanical properties of coal
measures mudstone are still lacking. Hence, nanoindenta-
tion was adopted to investigate the microscale mechanical
properties of mudstone in this work. The effects of water
on micro mechanical properties were analyzed, and the
results were discussed.

2. Theory and Background

The principle of nanoindentation consisted of making con-
tact between an indenter tip and the material surface. The
changes in the applied load and penetration depth were
measured simultaneously [33–35]. A typical indentation
load-depth curve is shown in Figure 1. It consisted of three
stages: loading, holding, and unloading. During the loading
stage, the load increased as a function of the penetration
depth, regarded as elastic-plastic loading. In the unloading
stage, only elastic deformation was recovered and used to
calculate the microscale mechanical properties of the speci-
men [36]. In Figure 1, Pmax is the peak indentation load,
hmax refers to the indentation depth at peak load, and hf is
the final depth of the contact impression after unloading.

From the load-depth curve, the initial unloading stiffness
(S) can be expressed by Equation (1) [13].

S = dP
dh

= 2ffiffiffi
π

p 1
Er

� �−1 ffiffiffiffiffi
Ac

p
, ð1Þ

where P is indentation load, h denotes the indentation
depth, Ac is contact area of indenter at peak load, and Er
refers to the reduced modulus that can be determined by
Equation (2).

1
Er

= 1‐ν2
E

+ 1‐νi2
Ei

, ð2Þ

where E and v are Young’s modulus and Poisson’s ratio of

specimen, respectively. Ei and vi are Young’s modulus and
Poisson’s ratio of indenter, respectively. A common Berko-
vich indenter was used in the present study, with Young’s
modulus Ei = 1140GPa and Poisson’s ratio vi = 0:07.

Based on the principles of elastic contact theory, the
modulus and hardness (H) of mudstone specimen can be
calculated according to Equations (3) and (4).

E = 1‐ν2
� � 1

Er
‐ 1‐νi

2

Ei

� �‐1
, ð3Þ

H = Pmax
Ac

: ð4Þ

3. Experimental Material and Methods

3.1. Specimen Preparation. The mudstone was collected from
the floor strata of a coal seam in Kouzidong coal mine
located at Anhui in eastern China. Figure 2 shows the loca-
tion where the mudstone was found. Figure 3 illustrates the
SEM photomicrographs of the tested mudstone specimens.
Loosed thin sheets were observed in the microstructure of
the mudstone. According to the XRD results, the main min-
eral components of the mudstone were made of kaolinite
(~52.2%), illite (~12.3%), chlorite (~28.1%), and quartz
(~7.4%).

For uniaxial compression testing, the mudstone was cut
into a series of cylindrical specimens with 50mm in diame-
ter and 100mm in height. All specimens were fabricated
from a large block of mudstone. The ends of the finished
specimens were adjusted with a surface grinder to ensure
nonparallelism and nonperpendicularity both less than
0.02mm. The prepared specimens were tested by ultrasonic
velocity measurements to select homogeneous specimens. In
this study, specimens with three different moisture contents
were prepared and the experimental scheme is summarized
in Table 1. Three tests were repeated for each condition to
minimize the dispersion of test results caused by the hetero-
geneity of the specimen.

After uniaxial compression tests, broken pieces were col-
lected from the fractured specimens to prepare the speci-
mens for nanoindentation, as shown in Table 1. For
nanoindentation, it was based on the assumption of a per-
fectly smooth material surface since the smoothness was
very important in obtaining reliable nanoindentation data
[37, 38]. Before nanoindentation, the specimens were care-
fully ground and polished to achieve a smooth surface. The
specimens were then cast in epoxy resin to create total stabil-
ity for grinding and polishing during surface preparation.
After solidification for 24 h, the specimens were ground
using a grinder-polisher machine. An initial grinding and
polishing of specimens were then conducted on silicon car-
bide papers with reduced gradation 52μm, 35μm, 22μm,
and 15μm to expose the surface of each specimen. Prepara-
tion of specimens was completed after the final stage of
grinding and polishing by diamond suspension with
decreased size of 9μm, 6μm, 3μm, 1μm, and 0.05μm on
a polishing cloth. To avoid further change in the moisture
content of mudstone, methanol-based liquids were used as

Table 1: Experimental scheme.

Uniaxial compressive
test

Nanoindentation
Moisture content

(%)

M-1 NM-1 ~0.0
M-2 NM-2 ~2.4
M-3 NM-3 ~6.4
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lubricants in the polishing process. The well-prepared spec-
imens with smooth and flat surfaces used for nanoindenta-
tion are shown in Figure 4.

3.2. Nanoindentation. After polishing the specimens, a Hysi-
tron T1 Premier (Figure 5) was used to investigate the
microscale mechanical characteristics of all three mudstone
specimens. A representative area of 100 μm× 100 μm was
selected for nanoindentation, as shown in Figure 6. A matrix
of 100 indents was made on the surface, whereas the indent
spacing was kept to 10μm in the vertical and lateral direc-
tions (Figure 6). In this study, a load control mode was
adopted, and tests were programmed in such a way that
the indenter came in contact with the specimen surface.
Afterward, the load was increased at a constant rate of
200μN/s until reaching a maximum load value of 1000μN.
For the tested point, the maximum load of 1.0mN here
was determined so to respect on-average the scale separabil-
ity condition and the 1/10 rule of thumb [39]. Next, the load
was held at its maximum value for 2 s at the same loading
rate before unloading to minimize the short-term creep
and size effect [40, 41]. The movement protocol from one
indent to the next was set as a constant direction mode.
The unloading data were used to determine the indentation
modulus and hardness values based on well-established
equations.

3.3. Statistical Analysis. The experimental data obtained by
nanoindentation were used to estimate the elastic properties
of different phases of mudstone specimens. Using a statisti-
cal Gaussian fitting method [14, 15, 42, 43], the microscale

(a) (b)

(c)

Figure 4: Well-prepared specimens: (a) NM-1, (b) NM-2, and (c) NM-3.

Figure 5: Hysitron T1 Premier.
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mechanical properties of different phases were analyzed sta-
tistically. The best model based on multimodal normal dis-
tribution curves (Gaussian distribution) was used to fit the
experimental results following Equation (5).

f x, μ, σð Þ = 1
σ

ffiffiffiffiffiffi
2π

p exp −
x − μð Þ2
2σ2

" #
: ð5Þ

The mean value μ and standard deviation σ of distribu-
tion can be extracted from each model fitting. When the
number and distribution type of phases comprising a com-
posite are known, the volume fraction for different phases
can be estimated by the area under the normal distribution
curve [15, 44].

4. Results and Discussion

4.1. Mechanical Behavior of Mudstone at Macroscale. The
uniaxial compression tests were performed on mudstone
specimens with different moisture contents, and typical
stress-strain curves of the three specimens are shown in
Figure 7. All three types of mudstone specimens exhibited
similar mechanical behaviors. The values of uniaxial com-
pressive strength and Young’s modulus of different speci-
mens are summarized in Table 2. Compared to specimen
M-1, the average uniaxial compression strength of speci-
mens M-2 and M-3 decreased by 35.2% and 46.4%, and
Young’s modulus declined by approximately 29.5% and
32.8%, respectively. Due to the water-weakening effect, the
macroscale mechanical properties significantly decreased.

4.2. Nanoindentation Load-Depth Curves. To investigate the
mechanical properties of mudstone at microscale, Figure 8
shows the typical load-depth curves of indented points in
the tested areas of all three mudstone specimens. As shown
in Figure 8, each loading and unloading cycle illustrated a
deformation behavior of mudstone around the indented
point.

The visual inspection of the load-depth curves revealed
large differences in final depth values at the end of loading.
Such different characteristic shapes represented the mechan-

ical responses of various types of minerals induced by the
heterogeneousity of mudstone. At the same maximum load
(1000μN), the final depths of left-most curves were much
lower than in other curves, indicating strong resistance to
external stress due to the existence of hard mineral grains
in mudstone. The right-most curves with the largest final
depth and clear creeping branch represented typical
responses on the weakest mineral grains. When the maxi-
mum load was maintained for 2 s, the creep deformation of
mudstone at the right-most curves was much larger than
in left-most curves. Furthermore, the final depth of most
curves observed from the mudstone specimens increased as
a function of moisture content (Figure 8).

4.3. Mechanical Mapping of Indentation Modulus and
Hardness. The indentation modulus and hardness of differ-
ent tested points were calculated from the obtained load-
depth curves using the Oliver-Pharr method. Figures 9–11
show the distribution of the indentation modulus and hard-
ness in tested regions of three mudstone specimens. The
color difference in the tested regions indicated a relatively
complex and highly heterogeneous composition of mud-
stone. The blue area showing the lower modulus (hardness)
represented the weak zones in mudstone, whereas the red
area with a significantly higher modulus (hardness) dis-
played the rigid part. The other areas with the modulus
(hardness) between the weak zones (shown in blue) and
rigid part (shown in red) were exhibited in green or yellow.
The elastic modulus of tested points in mudstone varied sig-
nificantly, indicating a strongly heterogeneous distribution.
This was caused by different mineral components in the
rocks.

The general comparison of the mechanical properties
maps (indentation modulus and hardness) showed consider-
able variations in different mudstone specimens. For speci-
men NM-1, the red area with higher indentation modulus
accounted for a large proportion (Figure 9(a)) but decreased
in specimens NM-2 (Figure 10(a)) and NM-3 (Figure 11(a)).
Furthermore, the red area with highest modulus (100-
120GPa) still existed after water adsorption (Figure 11(a)).

Additionally, the tested points with higher indentation
moduli corresponded to the elevated hardness values
(Figures 9–11). The distribution map of indentation modu-
lus and hardness looked similar in appearance. The correla-
tion between indentation modulus and hardness of the three
mudstone specimens is shown in Figure 12. The correlation
between indentation modulus and hardness varied linearly
with a positive slope.

4.4. Microcharacterization of Multiphase Structure in
Mudstone. In multiphase (multimineral) materials like mud-
stone, nanoindentation could provide approximate informa-
tion related to the microscale of each phase, as well as the
role in the effective properties of multiphase systems [16].
Here, the contact surface area was around a few square
microns, and different phases can be identified at a much
finer scale. To distinguish different phases, Figure 13 shows
a histogram of indentation moduli of different tested points
in the three mudstone specimens. The distribution of

Table 2: Mechanical properties of mudstone.

Rock types
Uniaxial compressive

strength (MPa)
Young’s modulus (GPa)

Experimental Average Experimental Average

M-1

34.8 34.7 5.7 6.1

34.8 5.6

34.6 6.9

M-2

21.8 22.5 3.8 4.3

24.1 4.9

21.7 4.2

M-3

18.4 18.6 5.5 4.1

17.8 3.6

19.6 3.2
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Figure 8: Continued.

7Geofluids



indentation modulus was in a wide range from 0.2GPa to
125GPa. More than one peak can be observed in the inden-
tation modulus histogram, indicating relatively heteroge-
neous characteristics. For each specimen, the indentation
modulus concentrated on 0-60GPa occupied the highest
proportion.

For specimen NM-2 (Figure 13(b)), the frequency
increased firstly with the increase in modulus from 0GPa,
until it reached a peak value between 3GPa and 9GPa.
Afterward, the frequency decreased from 9 to 24GPa. Note
that the frequency between 0 and 24GPa accounted for the
largest proportion of 75.0%. As the modulus increased from

24GPa to 63GPa, the frequency exhibited an initial increase
followed by a decrease. The modulus in the range of 24-
63GPa accounted for 16.0%. After a large discontinuity
(63-84GPa), the frequency of modulus at 84-115GPa
reached 9.0%.

After drying, the frequency distribution of indentation
modulus of NM-1 (Figure 13(a)) was different from that of
NM-2 and looked more uniform. The frequency of modulus
at 5-45GPa, 45-80GPa, and 80-130GPa was 62.0%, 25.0%,
and 13.0%, respectively. For specimen NM-3
(Figure 13(c)), the frequency distribution of modulus was
similar to that of specimen NM-2.
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Figure 9: Distribution of (a) indentation modulus and (b) hardness in the tested region of specimen NM-1.
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Figure 8: Typical load-depth curves of mudstone specimens obtained from nanoindentation: (a) NM-1, (b) NM-2, and (c) NM-3.
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4.5. Effect of Water on Microscale Mechanical Properties of
Phases. In terms of microscale characterization, mudstone
is a material composed of different phases. To further inves-
tigate the effects of moisture contents on the mechanical
properties of mudstone specimens at microscale, Gaussian
fitting was used to analyze the statistical results of mechani-
cal properties. Figure 14 shows the experimental data and
fractions of each Gaussian probability density of indentation
modulus of all three mudstone specimens. In each figure,
three model normal distribution curves were used to pro-
duce the best fit of the experimental data. Table 3 summa-
rizes the modulus values extracted from the model fits of
individual phases in different mudstone specimens. The vol-

ume fractions of different phases were also included in
Table 3.

For clay minerals (kaolinite, etc.), Zhang et al. [45]
reported that the modulus was less than 5.0GPa in clays-
tone, while Liu et al. [36] reported it was 22.3GPa. Our
results showed that indentation moduli of clay minerals
(including kaolinite and illite) were in a range from 4.2 to
17.7GPa. This difference in indentation moduli of clay min-
erals obtained from different studies may be caused by vari-
able moisture contents in the specimens, and an explanation
of this variation in indentation modulus values of clay min-
erals was the water-weakening effect or swelling effect, as
previously reported [28, 46, 47].
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Figure 11: Distribution of (a) indentation modulus and (b) hardness in the tested region of specimen NM-3.
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From Table 3, it was apparent that the variation in
indentation modulus looked relatively different for the dry
specimen (NM-1) and water-bearing specimens (NM-2
and NM-3). For the same mineral composition (e.g., clay
minerals), the indentation modulus in NM-1 was larger than
that in specimens NM-2 and NM-3. The swelling effect
reduced the indentation modulus of kaolinite in specimen
NM-2 to 4.67GPa, while 17.68GPa was recorded for speci-
men NM-1. With the increase in moisture content, the mod-
ulus of kaolinite decreased to 4.22GPa (NM-3). Compared
to the dry specimen (NM-1), the indentation moduli of
kaolinite in specimens NM-2 and NM-3 decreased by
approximately 73.6% and 76.1%, respectively. Also, the
indentation moduli of chlorite diminished by approxi-
mately 39.8% and 52.1%, respectively. The difference in
moisture content of all three mudstones led to variable
mechanical properties of clay minerals (kaolinite, illite,
and chlorite) at microscale.

The volume fractions of different phases were also ana-
lyzed. As shown in Table 3, the volumes of water-
sensibility minerals of specimen NM-1 were estimated to
58.3% (kaolinite, etc.) and 27.2% (chlorite), respectively. By
comparison, values of 80.7% (kaolinite, etc.) and 13.2%
(chlorite) were obtained for specimen NM-2 and 77.7%
and 18.0% for specimen NM-3, respectively.

For hard minerals (quartz), the indentation modulus of
quartz ranged from 87 to 105GPa. Zhu et al. [15] reported
that the modulus of quartz in quartzite was 104:2 ± 5:9
GPa. Thus, the values for quartz determined in this study
were reasonable. Compared to dry specimen NM-1, the sta-
tistical results of indentation modulus of quartz in speci-
mens NM-2 and NM-3 increased by 11.0% and 18.6%,
respectively.

Note that the indentation modulus may not represent
the exact values for the pure phase due to unavoidable phase
interactions. For example, the reported modulus of a spe-
cially prepared pure phase of quartz by nanoindentation
was 117:26 ± 2:7GPa [48]. This value was higher than those
obtained in the present study or other reported ones [15, 36,
45]. Clearly, the complete separation of the mechanical per-
formances of different individual phases was not possible
from the measurement response. Though the characteriza-
tion results were based on mechanically distinct phases
instead of pure chemically distinct phases, they looked very
well related.

4.6. Mechanical Properties at Macro- and Microscale. The
average moduli obtained from uniaxial compression and
nanoindentation tests were compared in Figure 15. The
average moduli at macro- and microscale varied signifi-
cantly, and the values obtained from nanoindentation
looked much larger than those from macroscopic experi-
ments. Compared to nanoindentation, the average modulus
obtained from uniaxial compression tests decreased by
approximately 80.0%.

The diversity in microscale mechanical properties of dif-
ferent phases rendered the average nanoindentation modu-
lus unsuitable for characterizing the mechanical properties
of specimens at macroscale. Therefore, the Mori-Tanaka
method was used to link the nanoindentation data and mac-
roscopic mechanical properties [49]. Based on homogeniza-
tion scheme and nanoindentation data, Zhang et al. [45] and
Liu et al. [36] determined the elastic properties of claystone
and shale, respectively. The comparison with modulus data
obtained from common method indicated similar values as
those predicted by homogenization method.
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In this study, linkages of the nanoindentation data and
macroscopic mechanical properties were evaluated by
homogenization scheme. Table 4 shows the input parame-
ters of different phases of three specimens, as well as the
homogenized elastic modulus (Ehom) values obtained by
Mori-Tanaka method. The macroscopic experimental

results (Emacro) and average indentation modulus (Emicro)
were also included in Table 4. The Poisson’s ratios associated
with the clay minerals and quartz were obtained from liter-
ature [36, 45].

As shown in Table 4, the errors between the results
obtained from the uniaxial compression test and

Table 3: Statistical results of indentation modulus for three mudstone specimens.

Rock types
Kaolinite, etc. Chlorite Quartz

Modulus (GPa) V (%) Modulus (GPa) V (%) Modulus (GPa) V (%)

NM-1 17.68 58.3 54.08 27.2 87.96 14.5

NM-2 4.67 80.7 32.56 13.2 97.62 6.1

NM-3 4.22 77.7 25.90 18.0 104.30 4.3
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Figure 15: Comparison of average modulus of all specimens obtained from uniaxial compression and nanoindentation tests.

Table 4: Test results of homogenization and macroscopic experiments.

Rock types
Phases

Emacro (GPa) Emicro (GPa) Ehom (GPa) Error (%)
Name E (GPa) v V (%)

NM-1

Kaolinite, etc. 17.68 0.30 58.3 6.1 42.2 28.7 370.5

Chlorite 54.08 0.25 27.2

Quartz 87.96 0.20 14.5

NM-2

Kaolinite, etc. 4.67 0.30 80.7 4.3 22.0 6.4 48.8

Chlorite 32.56 0.25 13.2

Quartz 97.62 0.20 6.1

NM-3

Kaolinite, etc. 4.22 0.30 77.7 4.1 19.4 5.9 43.9

Chlorite 25.90 0.25 18.0

Quartz 104.30 0.20 4.3

Note: Error% = ðEhom − EmacroÞ/Emacro.
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homogenization method were estimated to about 45.0% for
water-bearing specimens (NM-2 and NM-3). The evaluating
results seemed reasonable, while for dry specimen of NM-1,
the error was 370.5%. It seemed that the homogenization
scheme cannot upscale the microscale mechanical properties
of different phases to obtain data of the whole specimen at
macroscale in dry specimen. After drying, the mechanical
properties of water-sensitivity minerals increased signifi-
cantly (Figure 13(a)), and the input parameters (Table 4)
of different phases for dry specimens may not represent
the actual value.

5. Conclusions

In this study, the effects of moisture contents on the macro-
and microscale mechanical properties of mudstone were
analyzed and the results were discussed. The following con-
clusions can be drawn:

(1) The load-depth curves, curve-based indentation
modulus, and hardness were all obtained. The inden-
tation modulus varied significantly from a low value
of 0.2GPa to a high value of 125GPa, demonstrating
a strongly heterogeneous distribution of different
minerals in mudstone

(2) The moisture content showed a significant effect on
the microscale mechanical properties of water-
sensitivity minerals. The water-sensitivity minerals
occupying the highest proportion of mudstone
played a decisive role in the mechanical properties
of mudstone

(3) The average moduli at macro- and microscale varied
significantly, and the average elastic modulus values
obtained from nanoindentation were much larger
than those acquired by macroscopic experiments.
The Mori-Tanaka method was used to link the nano-
indentation data and macroscopic mechanical prop-
erties. The results of this study indicated that
nanoindentation technique is a feasible experimental
technique to assess the macroscale mechanical prop-
erties of rock materials
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