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Abstract: This paper studies the micro-heterogeneity and mechanical
properties of Lianggaoshan Formation shale in eastern Sichuan, China, so
as to explore its influencing factors. The morphology, mechanical param-
eters, and fractal dimension of different mineral regions were
quantitatively analyzed by atomic force microscopy, optical microscopy,
and energy dispersive X-ray spectroscopy. The results show that the sur-
face roughness and root mean square roughness of pyrite, quartz, and clay
increase in turn. The surface roughness values are 30.33 nm, 37.15 nm,
and 48.15 nm, respectively. The square roughness values are 34.56 nm,
41.38 nm, and 54.88 nm, respectively. The elastic modulus range of pyrite,
quartz, and clay decreased from 40.85 GPa to 3.59 GPa, while the range
of deformation, cohesion, and dissipation energy increased gradually. The
fractal dimension value gradually increased from 2.133 to 2.273, indicat-
ing that the mineral composition significantly affected the fractal
characteristics. A strong correlation of R? greater than 0.9 was found be-
tween fractal dimension and mechanical parameters, with fractal
dimension negatively correlated with Young’s modulus and positively cor-
related with adhesive force, dissipated energy, and deformation. It provides
data and theoretical support for geotechnical engineering and shale oil ex-
ploration and development technology.
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1. Introduction

provides a new perspective for in-depth analysis of the
complexity of rock microstructures and their influence

Rocks are typical heterogeneous materials that
usually contain multiphase minerals and a large num-
ber of microscopic pore structures, exhibiting
multiscale characteristics. The mechanical properties
of different minerals vary significantly, and the micro-
scopic mechanical properties of each component
directly control the macroscopic mechanical behavior
of the rock (Zhu and Shao, 2017; Sevostianov and Ver-
nik, 2021; Gao and Meguid, 2022). Macroscopic rock
mechanics tests indicate that the macroscopic mechan-
ical parameters of rocks exhibit considerable
dispersion, which may be closely related to the micro-
scopic mineral heterogeneity at different scales.
Fractal theory, as a powerful tool for describing com-
plex geometric shapes and self-similar structures,
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on mechanical properties. To some extent, the fractal
characteristics of rock microstructures, such as the dis-
tribution of mineral particles and the morphology of
pores, may determine the dispersion and heterogeneity
of their mechanical properties. Therefore, analyzing
the microscopic mechanical properties of rocks is of
great significance for a deeper understanding of their
microscopic mechanical behavior, and the introduc-
tion of fractal theory will help to more
comprehensively reveal the essence of this micro-
scopic mechanical behavior.

Currently, research on the mechanical properties
and failure mechanisms of rocks is typically conducted
through field coring, followed by uniaxial or triaxial
loading tests in the laboratory (Shuai et al., 2024; Liu
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and Wen, 2023; Lin et al., 2023; Jing et al., 2023).
However, the traditional uniaxial or triaxial tests re-
quire a high sample size and integrity, and the
existence of weak bedding planes or natural cracks
makes it difficult to guarantee the quality of coring.
The non-reproducibility of destructive tests further ag-
gravates the data discreteness. (Zhou et al., 2025; Yang
et al., 2024). There are two key limitations in current
research. First, it is difficult to directly correlate mac-
roscopic mechanical tests with microscopic
heterogeneity. Secondly, the existing microscopic
characterization techniques, such as SEM, are mostly
focused on morphology observation, and lack quanti-
tative in-situ measurement of mechanical parameters.

Atomic force microscopy (AFM) has been widely
used in the study of porous media due to its high-reso-
lution morphological characterization and quantitative
mechanical analysis capabilities. (Li, 2025; Saeedi,
2024; Yu, 2024; Choi et al., 2024; Campbell et al.,
2025; Lietal., 2024; Nishizawa et al., 2024). Currently,
this method has been used to study the nanoscale me-
chanical properties of porous media and has been
applied in fields such as civil engineering and petro-
leum (Xie and Li, 2024; Zhang et al., 2020; Wang and
Liu, 2017; Zhang et al., 2022; Lu et al., 2022; Li et al.,
2020). Xie and Li (2024) conducted research and anal-
ysis on the microstructure and mechanical properties
of coal samples using AFM. Zhang et al. (2020) tested
the surface morphology and mechanical behavior of
asphalt with different aging times using the PeakForce
Tapping technique under the QNM (PF-QNM) mode,
obtaining two-dimensional and three-dimensional
morphological maps and mechanical behavior param-
eters of asphalt samples. Wang and Liu (2017)
investigated the effects of long-term aging on SBS
modified asphalt and base asphalt using AFM. Zhang
et al. (2022) studied the relationship between the
chemical composition and mechanical properties of
asphalt binders using AFM. Lu et al. (2022) researched
pore structure, mechanical properties, and wettability
(both macroscopic and microscopic contact angles)
using nanoscale droplet vapor condensation measure-
ments and AFM. Li et al. (2020) conducted nanoscale
detection studies on pore distribution and mechanical
properties of coal using SEM and AFM. Although the
Peak Force Tapping mode of atomic force microscopy
has been widely applied to characterize the nanoscale
mechanical properties of porous media in other fields,
there are few applications in the characterization of the
nanoscale mechanical properties of shale.

Most of the existing studies regard shale as a ho-
mogeneous body, ignoring the nano-micromechanical
differences of different mineral components (such as
clay, quartz, and pyrite). The application of AFM peak
force tapping mode (PeakForce Tapping) in the shale
field has not been systematized, especially the lack of
collaborative analysis with fractal theory. In view of
this, the author combined AFM PeakForce Tapping,
EDS, and an optical microscope to realize the simulta-
neous analysis of shale mineral composition
identification, morphology characterization, and me-
chanical parameter measurement. The quantitative
relationship between microstructure inhomogeneity

and mechanical properties was established by calculat-
ing the fractal dimension of different mineral regions.
The nano-scale viscoelastic response of clay minerals
in shale is focused on filling the gap in the existing
AFM technology in the mechanical characterization of
layered silicate minerals.

2. Determination principle of nano-micro scale
mechanical properties

2.1 Testing instruments and working principles

Atomic Force Microscopy (AFM) is a type of
scanning force microscopy characterized by the detec-
tion of interactions between a probe and a sample. In
this study, a Bruker Dimension Icon AFM equipped
with a Nanoscope V controller and Nanoscope soft-
ware was used. Its basic working principle involves an
elastic cantilever beam, one end of which is fixed
while the other end has a tiny tip. As the tip scans the
sample, the interaction forces (attractive or repulsive)
between the tip and the sample, which are related to
their distance, cause the cantilever beam to deform.
Simultaneously, a laser beam emitted from a laser
source strikes the back of the cantilever beam, which
reflects the laser beam onto a photodetector. The signal
is input into a control box, where it is processed by
software and hardware, allowing for the acquisition of
information about the sample’s surface morphology or
other surface properties. AFM not only reflects the me-
chanical properties of the measurement system but
also provides real-time imaging due to its unique spa-
tial resolution, thus offering more information. There
are several basic imaging modes in AFM: tapping
mode, contact mode, non-contact mode, torsional res-
onance mode, and Peak Force Tapping mode (PF-
QNM).

In this experiment, the Peak Force Tapping mode
of AFM was employed, which allows for the acquisi-
tion of quantitative nanoscale mechanical properties of
the sample while obtaining its morphology, presenting
the measurement results in real-time images (Garcia,
2020; Collinson et al., 2021; Farokh and Passian, 2023;
Lou et al., 2023; Penedo et al., 2021; Wei et al., 2024;
Tang, 2020).

As shown in Fig. 1(a), the interaction process be-
tween the probe and the sample during a Peak Force
Tapping cycle is illustrated. The process from A to B
to C represents the probe approaching the sample,
while C to D to E depicts the probe interacting with
the sample and then leaving the sample surface. The
segments A to B to C to D to E in Fig. 1(a) correspond
to the approach and retraction curves in Fig. 1(b). At
position A, when the probe is far from the sample, an
attractive force develops as the distance decreases,
reaching position B. The probe continues to approach
the sample, and at position C, the sample undergoes a
certain amount of deformation, while the applied
stress gradually increases until it reaches the set peak
force. Once the peak stress is reached, the peak stress
decreases, and the probe begins to leave the sample.
When leaving the sample surface, adhesion occurs due
to the attractive forces between the probe atoms and
the sample, which occurs at position D. After the ad-
hesion process ends, the probe returns to its initial
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Fig. 1. Test equipment and principle.

position at E. By calibrating the settings of the scanner,
the AFM system can convert the force-time curve (Fig.
1(b)) into a force-distance curve (Fig. 1(c)).

The resulting force-distance curve includes the
approach force-distance curve and the retraction force-
distance curve. A detailed analysis of the force-dis-
tance curve allows for the determination of properties
such as the Young’s modulus, adhesive force, defor-
mation amount, and dissipated energy of the sample

(Fig. 1(c)).
2.2 Testing mechanical parameters

(1) Roughness

Calculating the three-dimensional roughness of
the sample can evaluate the surface morphological
characteristics of the material. Two important parame-
ters are selected for analyzing and processing the
experimental results: the surface arithmetic mean
roughness (R,) and the surface root mean square
roughness (R,). Here, R, represents the average dis-
tance between the baseline and the surface, while R,
indicates the variance of the surface morphology (Wu
et al., 2020; Beretta et al., 2020; Khanna et al., 2021).
The formulas (1), (2), and (3) can be obtained as fol-
lows:

1 x wN .
R, = WZ?]:1 j:1 |Z(l,]) = Zmy | (1)
1 PR
Fo= [ D) = 7? @
1 « wN .
Zm = s 2ia 2,22 ) (3)

In the formulas: N,and N, represent the number of
scan points along the x-axis and y-axis, respectively;
z(i, j) is the height at the (7, j) measurement point; and
Zm 1s the average height of all measurement points.

(2) Young’s Modulus

During the testing process, a Poisson’s ratio of 0.3
is set (Li et al., 2025; Oliver et al., 1992; Oliver et al.,
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2004), allowing for the analysis of the DMT modulus
value of the sample. The calculation formulas are
given in equations (4) and (5):
F = Faan =  EVRA? ()
In the equations: F'represents the force exerted by
the probe on the sample; F,q is the adhesion force gen-
erated at the moment the probe moves away from the
sample; R is the radius at the tip of the probe; d is the
deformation of the sample; E is the DMT modulus of
the sample.
11— | 1V
Chl AR 2
In the equations, v, and vy, represent the Poisson’s
ratios of the standard sample and the probe, respec-
tively; Eyp is the elastic modulus of the probe, which is
generally considered to be very large, and when in-
cluded in the denominator, it is regarded as negligible
in the polynomial equation; Eis the actual modulus of
the sample.
(3) Adhesion Force
When the probe is about to leave the surface of the
sample, an adhesion force is generated. The method
for calculating the adhesion force based on the DMT
model chosen in this study is shown in equation (6):
F, = 2nRw (6)
In this equation, F, represents the adhesion force;
R is the contact radius; o is the work of adhesion.
(4) Fractal Dimension
Fractal Dimension (D) is a mathematical tool used
to quantify the complexity and irregularity of an object.
In AFM image analysis, fractal dimension can be used
to describe the roughness, complexity, and self-simi-
larity of a sample’s surface.
The methods for calculating the fractal dimension
D of an image mainly include the box-counting
method, methods based on fractional Brownian ran-
dom field models, and the box dimension method.
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These methods differ in precision and complexity. The
box dimension method is more accessible for pro-
grammatic design and calculation, thus receiving
widespread attention from both theorists and practi-
tioners (Teng et al., 2025; Liu et al., 2025). The box
dimension method involves placing the fractal object
on a uniformly divided grid and calculating the mini-
mum number of boxes needed to completely cover the
pore defects. Subsequently, by refining the grid, the to-
tal number of boxes required at different box scales
can be obtained. A log-log plot of the box edge length
(h) versus the total number of boxes (V) is created, and
the fractal dimension D is defined as the negative slope
of the curve, as shown in formulas (7) and (8):

D = —lim &Y — |y 28¥ 7)
h—-0 logr  h—0logh
r=1/h (8)

3. Determination experiments for
nanoscale mechanical properties of shale

3.1 Sample preparation

The samples in this study were selected from the
field outcrops of the Lianggaoshan Formation shale in
eastern Sichuan, with an average organic carbon con-
tent (TOC) of about 1.03%. According to the X-ray
diffraction experiment (XRD), it is shown that the
quartz brittle minerals are more abundant in the shale
samples, as shown in Fig. 2(a). Since Atomic Force
Microscopy (AFM) measures at the nanometer scale,
the testing surface must be extremely smooth. There-
fore, a stepped polishing method was used to prepare

the samples. An ultrasonic cleaning device was em-
ployed to remove dust and impurities from the sample
surface to ensure the accuracy of subsequent experi-
ments.

High-precision cutting tools were used to cut the
shale samples into small pieces with a thickness of 1-
3 millimeters, ensuring a flat cutting surface. The sam-
ples were polished stepwise with sandpaper of varying
fineness and polishing solution to achieve a smooth
and uniform surface, ensuring measurement accuracy
during AFM testing. The polished samples are shown
in Fig. 2(b). This study prepared two shale samples,
labeled YY-1 and YY-2, to investigate the differences
between the samples in the AFM experiments.

3.2 Selection of experimental areas

Shale is rich in various mineral components. To
accurately assess the mechanical properties of differ-
ent mineral regions within the shale, it is necessary to
determine the mineral composition around the scan-
ning points before conducting AFM tests. Selected
through an optical microscope based on characteristics
such as mineral color, luster, and crystal form, the re-
gions are subsequently analyzed using an X-ray
energy dispersive spectroscopy (EDS) system. Ulti-
mately, shale areas rich in pyrite, quartz, and clay
matrix are chosen for AFM scanning, as shown in Fig.
3, thereby supporting the study of the mechanical
properties of different minerals in shale.
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Fig. 2. (a) X-ray diffraction ( XRD ) and (b) Sample preparation.
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Fig. 3. Selection of Shale Experimental Areas.
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3.3 Experimental parameter settings

To accurately determine the elastic properties of
materials using AFM, a suitable probe is required. In
this study, the RTESPA-525 probe model is selected,
as its tip provides sufficient hardness to avoid signifi-
cant deformation of the probe itself. This probe is
suitable for measuring materials with an elastic modu-
lus range of 0 GPa to 100 GPa, made of single-crystal
silicon, with an elastic constant of 200 N-m™', a reso-
nance frequency of 525 Hz, a tip height ranging from
10 to 15 um, and a tip radius from 8 to 12 nm. Before
each test, a relative calibration method is necessary to
calibrate the sensitivity of the AFM photodetector and
the probe parameters (tip radius and cantilever spring
constant).

First, the cantilever deflection sensitivity needs to
be calibrated by obtaining a standard force-displace-
ment curve on a clean glass slide and then calculating
the slope of this curve. Next, the cantilever spring con-
stant is calibrated using the thermal noise method to
obtain the corrected cantilever spring constant. Finally,
the probe diameter is calibrated by conducting tests on
materials with known elastic moduli. By adjusting the
probe diameter, the measured reduced elastic modulus
is made approximately equal to the material’s elastic
modulus, determining the equivalent diameter of the
probe.

During the testing process, the scan range is set to
30 um x 30 pm, with an image resolution of 256 pixels
x 256 pixels, a scan frequency of 1.98 Hz, a peak force
of 300 nN, an amplitude of 40 nm, and a peak force
frequency of 2000 Hz. Data and spectra are processed
using the open-source software Gwyddion 2.53 and
NanoScope Analysis 3.00. The measured morphologi-
cal data undergo planar processing to showcase the
three-dimensional details of the morphology. The me-
chanical parameters and spectra are presented as raw
measured values without any special processing.

4. Experimental results analysis

4.1 Nanoscale morphology of shale

From the realistic 3D morphological features of
the samples observed using AFM (Fig. 4 and 5), it can
be seen that at the nanoscale, the six tested surfaces are
not absolutely smooth but exhibit clear peaks and val-
leys. The R, for the pyrite region of YY-1 is 37.05 nm,
and the R, is 39.67 nm, while for the pyrite region of
YY-2, R, is 30.33 nm and Ry is 34.56 nm. For the
quartz region of YY-1, R, is 38.95 nm and R, is 45.14
nm, while for the quartz region of YY-2, R, is 37.15
nm and R, is 41.38 nm. In the clay matrix region, YY-
1 has R, of 48.75 nm and R, of 55.96 nm, while YY-2
has R, 0f 48.19 nm and R, of 54.88 nm. Comparing the
R, and R, values of different regions of shale in YY-1
and Y'Y-2, it is found that the roughness of the surface
of the clay matrix, quartz, and pyrite regions decreases
in turn.

Through a two-dimensional profile analysis of the
diagonal lines at the test positions, it can be seen that
the surface of the tested samples fluctuates, indicating
that the shale surface is filled with nanoscale pores of
different shapes and sizes. This result aligns with cur-
rent research findings, which state that shale is a
porous medium rich in nanoscale pores, and distinct
differences exist across various shale surfaces. The
roughness of the rock samples is also related to the de-
gree of polishing; better polishing results in less
adhering dirt, and consequently, a smaller extent of
surface fluctuation.

4.2 Nanoscale mechanical parameters of shale

(1) Young’s Modulus and Deformation Amount

It was found that the elastic modulus cloud map
and the strain cloud map exhibit good consistency (Fig.
6 and 7), indicating that the surface morphological
characteristics have a certain impact on the elastic
modulus of the samples.

A comparison of the elastic modulus and defor-
mation in different mineral regions of the shale
revealed that for YY-1, the average elastic modulus for
pyrite, quartz, and the clay matrix in the test area is
40.85 GPa, 29.17 GPa, and 3.009 GPa, respectively.
The average deformation values for pyrite, quartz, and
the clay matrix in YY-1 are 3.43 nm, 4.14 nm, and 5.79
nm, respectively. For YY-2, the average elastic modu-
lus for pyrite, quartz, and the clay matrix in the test
area are 50.03 GPa, 38.39 GPa, and 3.59 GPa, respec-
tively, while the average deformation values for these
regions are 3.03 nm, 3.98 nm, and 5.64 nm, respec-
tively.

The comparison shows that pyrite and quartz have
larger elastic moduli, while the clay matrix has a
smaller elastic modulus. The deformation of pyrite and
quartz is relatively small, while the deformation in the
clay matrix is larger. Based on this, we compare the
deformation and Young’s modulus of the experimental
results and find that the mechanical properties of shale
have a strong correlation with material properties. At
the same time, the atomic force microscope can record
the force-distance line and Young’s modulus at the
same time, and realize the real-time correlation of mi-
cromechanics, so as to provide reliability support for
the multi-directional application of test data.

Analysis of the results indicates that there are sig-
nificant differences in the mechanical properties and
deformation amounts of different mineral regions in
the shale, but these differences have certain correla-
tions: greater deformation in mineral-rich areas tends
to correlate with a smaller elastic modulus. Literature
(Wang, 2021; Volkov, 2020; De Souza et al., 2021;
Yang et al., 2024) indicates that the elastic modulus
values obtained from AFM experiments are higher
than those from traditional macromechanical testing.
This discrepancy can be attributed to two main factors.

Sustain. Earth Resour. Commun. 2025, 1(1): 4-17
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First, the presence of microcracks in the samples af-
fects traditional macro test results, whereas AFM
works on a micro-nano scale, where the influence of
microcracks can be ignored. Second, the samples ex-
hibit viscoelasticity, and the adhesion force between
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Fig. 5. Nanoscale Morphological Characteristics of Shale Sample YY-2.

(2) Adhesion Force

Analysis reveals significant differences in the ad-
hesion forces of different mineral regions in the shale,
as shown in Fig. 8 and 9. For YY-1, the average adhe-
sion forces in the test regions for pyrite, quartz, and the
clay matrix are 136.369 nN, 167.802 nN, and 232.081
nN, respectively. For YY-2, the average adhesion
forces in the test regions for pyrite, quartz, and the clay

matrix are 119.153 nN, 145.6 nN, and 202.5 nN, re-
spectively.

The test results indicate that while shale exhibits
homogeneity at the matrix scale, significant heteroge-
neity remains at the nanoscale, possibly due to
differing response mechanisms to the sedimentary en-
vironment during the formation of the shale.
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(3) Dissipated Energy

Dissipated energy refers to the energy consumed
by the shale during loading and unloading processes.
This parameter reflects the development of internal
micro-defects and the strength of the shale, which is
closely related to its damage and fracture characteris-
tics (Tang, 2020). There are also significant
differences in dissipated energy among different shale
samples (as shown in Fig. 10 and 11). For YY-1, the
average dissipated energy in the test regions for pyrite,
quartz, and the clay matrix is 51.25 KeV, 90.06 KeV,
and 132.35 KeV, respectively. For YY-2, the average
dissipated energy in the test regions for pyrite, quartz,

Dissipation 6.0 um

(a)pyrite

500.8 keV

-208.7 keV

Dissipation

(b)quartz

and the clay matrix is 45.48 KeV, 78.06 KeV, and
100.35 KeV, respectively.

The dissipated energy is primarily caused by plas-
tic deformation of the samples and is related to
adhesion force and maximum deformation. Thus, the
greater the adhesion force and deformation, the larger
the dissipated energy. As stated earlier, the average ad-
hesion force and deformation of the different minerals
in the test region for YY-1 are higher than those for
YY-2. Therefore, the dissipated energy for different
minerals in YY-1 is also higher than that for YY-2, fur-
ther confirming the accuracy and reliability of the
experiment.

500.8 keV 500.8 keV
-208.7 keV -208.7 keV

Dissipation 6.0um

(c)Clay matrix

6.0 um

Fig. 10. Dissipated Energy of Shale Sample YY-1.
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(b)quartz

500.8 keV 500.8 keV

-208.7 keV -208.7 keV
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Toum
(c)Clay matrix

Dissipation

Fig. 11. Dissipated Energy of Shale Sample YY-2.

4.3 Fractal dimension of shale

The fractal dimensions of different mineral re-
gions in various shales were calculated using the box-
counting method (Table 1 and Fig. 12). The fitting co-
efficients of the fractal dimensions (R?) are all greater
than 0.9, indicating that the shales of the Lianggaoshan
Formation in the eastern Sichuan region conform to
fractal laws and exhibit self-similarity. Among them,
the fractal dimension D of YY-1 shale ranges from
2.161 to 2.273, with an average of 2.216, while the
fractal dimension D of YY-2 shale ranges from 2.133
to 2.254, with an average of 2.187. The fractal dimen-
sion D of the pyrite region in the test area ranges from

2.133 to 2.161, with an average of 2.147. The fractal
dimension D of the quartz region in the test area ranges
from 2.174 to 2.213, with an average of 2.194, and the
fractal dimension D of the clay matrix region in the
test area ranges from 2.254 to 2.273, with an average
of 2.264. Comparatively, the fractal dimension D of
Y'Y-1 shale is greater than that of YY-2 shale. The frac-
tal dimensions D in shale rich in different mineral
regions are not the same; the fractal dimension D is
greatest in shale rich in clay minerals and smallest in
shale rich in pyrite, indicating that mineral composi-
tion affects the fractal dimension D.
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Table 1. Shale fractal dimension results.
Sample Mineral Area Fitting Value (R?) Fractal Dimension Mean Value
Pyrite 0.999 2.161
YY-1 Quartz 0.999 2213 2216
Clay matrix 0.997 2.273
Pyrite 0.999 2.133
YY-1 Quartz 0.998 2.174 2.187
Clay matrix 0.998 2.254

5. Discussion

Through X-ray diffraction (XRD) analysis of dif-
ferent samples (as shown in Table 2), it was found that
the proportions of quartz, feldspar, carbonate, other,

and clay minerals in YY-1 shale were 30.1%, 4.4%,
0%, 5.4% and 60.1%, respectively. The proportions of
quartz, feldspar, carbonate, other, and clay minerals in
Y'Y-2 shale were 40.9%, 7.1%, 0%, 0.6% and 51.4%,
respectively.

Table 2. Different shale mineral composition

Sample Quartz (%) Feldspar (%) Carbonate (%) Other (%) Clay Mineral (%)
YY-1 30.1 4.4 0 5.4 60.1
YY-2 40.9 7.1 0 0.6 514

5.1 The relationship between roughness, adhesion
force, and Young’s modulus

By analyzing the fitting relationship between
shale roughness parameters (R, and R,) and Young’s
modulus (Fig. 13), it can be observed that R, and R,
exhibit a negative correlation with Young’s modulus,
with fitting coefficients R? of 0.978 and 0.987, respec-
tively. This significant linear relationship indicates
that Young’s modulus decreases as R, and R, increase.
From a microscopic perspective, changes in roughness
imply alterations in the nanoscale morphology and
pore structure of the shale’s surface. When subjected
to external forces, these pores and defects become
stress concentration points, making the shale more

susceptible to deformation and failure, thereby reduc-
ing the overall stiffness of the shale, which means that
Young’s modulus decreases. Zhang et al. (2022) found
through atomic force microscopy studies on slate that
nanoscale surface morphology affects the mechanical
properties of slate; changes in roughness measured by
atomic force microscopy can lead to variations in
Young’s modulus.

By analyzing the fitting relationship between the
adhesion force of shale samples and roughness param-
eters (R, and R,) (Fig. 13), it is evident that R, and R,
exhibit a positive correlation with adhesion force, with
fitting coefficients R? of 0.995 and 0.967, respectively.
This significant linear relationship indicates that adhe-
sion force decreases as R, and R, increase. Generally,
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increased roughness of the shale enhances the actual
contact area between the shale and other substances.
According to contact mechanics theory, the increase in
contact area provides more points of interaction be-
tween the two, resulting in a tendency for adhesion
force to increase. On a microscopic level, the uneven-
ness of a rough surface allows for more thorough
contact between the shale and other materials, thereby
strengthening the adhesion effect between them (Bai,

Adhesion Force
\ YY-1

Young's Modulus
YY-2

212 08

250 - r |

202.5

200 - 167,802
145.6

136.369

150 1190153

100
50.03 g

40 85 38 30

3359 3009

0 1 1 1 1 1 1
30.33 37.05 37.15 38.95 48.19 48.75
Ra (nm)
(a)

2022). Changes in roughness also affect the distribu-
tion of surface energy on the shale. Rough surfaces,
with more microscopic structures such as pores, pro-
trusions, and depressions, lead to a more complex
distribution of surface energy. A higher surface energy
promotes stronger adsorption of the shale onto other
materials, thereby increasing adhesion force (Kang,
2024).

Adhesion Force
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Fig. 13. Fitting Relationship of Roughness with Adhesion Force and Young’s Modulus.

5.2 The relationship between fractal dimension,
adhesion force, and Young’s modulus

The traditional roughness parameters only quan-
tify the arithmetic mean of surface undulation, while
the fractal dimension (D) describes the geometric
complexity and multi-scale self-similarity of surface
texture, which is more directly related to the micro-
structure and macroscopic properties. The fractal
dimension, as a parameter that effectively character-
izes the roughness and complexity of shale surfaces,
has a crucial impact on adhesion force and Young’s
modulus (Liu et al. 2025). A detailed analysis of the
fitting relationship between fractal dimension D and
adhesion force and Young’s modulus (Fig. 14) reveals
a significant positive correlation between fractal di-
mension D and adhesion force, with a fitting
coefficient R? of 0.977. This strongly indicates a close
and stable linear relationship, meaning that as the frac-
tal dimension increases, the adhesion force also
increases OKang et al., 2024). However, comparisons
with previous studies show that a higher fractal dimen-
sion D is associated with increased surface roughness,
which reduces the actual effective contact area and

could theoretically lead to a decrease in adhesion force.

Yet, the results of this study contradict this; the dis-
crepancy may arise from differences in testing
methods and the complexity of microstructures,
among other factors.

On the other hand, the fractal dimension D shows
a negative correlation with Young’s modulus, with a
fitting coefficient R? of 0.966, indicating a significant
linear relationship. This means that as the fractal di-
mension increases, Young’s modulus decreases.
Shales with a higher fractal dimension typically have
a more complex microstructure that includes more mi-
cro-cracks, pores, and irregular crystal structures.

These microstructural characteristics can lead to une-
ven stress distribution within the shale. When
subjected to external forces, stress may not be uni-
formly transmitted but is more likely to concentrate in
defects such as micro-cracks and pores, making the
shale more susceptible to deformation, ultimately re-
flected as a reduction in Young’s modulus.

The strong linear correlation between fractal di-
mension (D) and elastic modulus (E) (R? = 0.966 )
indicates that there is a robust statistical correlation be-
tween them, but this does not mean that there is a one-
way causal relationship. On the contrary, this correla-
tion is likely to be due to the combined effect of sample
microstructure heterogeneity on the two. The fractal
dimension can quantify the irregularity and complex-
ity of the pore/particle structure inside the sample
(Zhang et al., 2020 ). The higher the fractal dimension,
the more tortuous the pore network and the more une-
ven the particle accumulation. In the process of
mechanical loading, this kind of structure can effec-
tively alleviate the stress concentration due to the
uniform distribution of contact points between parti-
cles, thus improving the elastic modulus and strength.

5.3 The relationship between fractal dimension,
deformation amount, and dissipated energy

During the stress process, the deformation behav-
ior of shale and the energy dissipation mechanism are
closely linked to its microstructure, with fractal di-
mension being a key parameter to accurately describe
this microstructural complexity. Analyzing the fitting
relationship between fractal dimension D and dissi-
pated energy and deformation amount (Fig. 15) shows
that as the fractal dimension D increases from 2.133 to
2.273, the dissipated energy significantly increases
from 45.48 KeV to 132.35 KeV, and the deformation
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amount also increases from 3.03 nm to 5.79 nm. This

0.919 for dissipated energy and R? of 0.954 for defor-

clearly indicates a significant positive correlation be- mation amount, both showing strong linear
tween fractal dimension D, dissipated energy, and relationships.
deformation amount, with fitting coefficients R? of
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Fig. 14. Fitting Relationship of Fractal Dimension D with Adhesion Force and Young’s Modulus.
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Fig. 15. Fitting Relationship of Fractal Dimension D with Deformation Amount and Dissipated Energy.

Further investigation into the underlying reasons
reveals that a higher fractal dimension indicates
greater surface roughness and increased complexity
and irregularity of the microstructure. When shale is
subjected to external forces, this complex microstruc-
ture causes the stress transfer paths within the material
to become highly convoluted and intricate, resulting in
very uneven stress distribution. This uneven distribu-
tion is more likely to trigger localized stress
concentrations, leading to deformation in those areas
first, which in turn induces deformation in the sur-
rounding areas, ultimately resulting in a larger overall
deformation of the shale. Additionally, during the de-

cracks, slip between grains, and dislocation movement,
consume energy. Furthermore, the complex micro-
structure may also facilitate the transfer and
transformation of energy across different scales, such
as from macro elastic deformation energy to micro
thermal energy and acoustic energy. These factors col-
lectively contribute to significant energy dissipation in
the shale (Wang et al., 2023; Zhuo, 2024).

6. Conclusions

The research on the microscopic mineral mechan-
ical properties of shale in this paper is of great
significance for the description of reservoir character-

formation process, the complexity of the i d the studv of . hanical
microstructure increases the pathways for energy dis- 1sties - an ¢ study Ol macroscopic mechanica
sipation. For instance, changes within the properties. The mineral composition and surface mor-

microstructure, such as the propagation of micro-

phology of shale directly affect its macroscopic
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mechanical properties, and explain the heterogeneity
of shale macroscopic mechanics. Based on the study
of microscopic mechanical parameters, it can provide
parameters for reservoir anisotropy modeling. The
main conclusions are as follows :

(1) Using the AFM Peak Force Tapping mode, the
R, values of the pyrite-rich regions in the shale range
from 30.33 to 37.05 nm, while the R, values range
from 34.56 to 39.67 nm. In the quartz-rich regions, the
R, values range from 37.15 to 38.95 nm, and the R,
values range from 41.38 to 45.14 nm. For the clay ma-
trix-rich regions, the R, values range from 48.15 to
48.75 nm, and the R, values range from 54.88 to 55.96
nm. Comparisons indicate that R, and R, are in the or-
der of pyrite < quartz < clay matrix.

(2) The elastic modulus obtained from the AFM
experiments for the pyrite, quartz, and clay matrix-rich
regions of the shale are found to be between 40.85 to
50.03 GPa, 29.17 to 38.39 GPa, and 3.009 to 3.59 GPa,
respectively. The deformation amounts for these re-
gions are between 3.03 to 3.43 nm for pyrite, 3.98 to
4.14 nm for quartz, and 5.64 to 5.79 nm for the clay
matrix. It is observed that the elastic modulus follows
the order: pyrite > quartz > clay matrix, while the de-
formation amount follows the order: pyrite < quartz <
clay matrix, indicating that a higher elastic modulus
corresponds to a smaller deformation amount. The ad-
hesion forces in the pyrite, quartz, and clay matrix-rich
regions are between 119.153 to 136.369 nN, 145.6 to
167.802 nN, and 202.5 to 232.081 nN, respectively.
The dissipated energies for these regions are from
4548 to 51.25 KeV, from 78.06 to 90.06 KeV, and
from 100.35 to 132.35 KeV, respectively. The adhe-
sion forces exhibit the order: pyrite < quartz < clay
matrix, and the dissipated energies follow the same or-
der: pyrite < quartz < clay matrix. Overall, it is found
that as the deformation amount increases, both the dis-
sipated energy and adhesion force increase.

(3) The calculated fractal dimension results indi-
cate that the fractal dimension D of YY-1 shale is
greater than that of YY-2 shale. The fractal dimension
D for the pyrite-rich regions ranges from 2.133 to
2.161, for the quartz-rich regions from 2.174 to 2.213,
and for the clay matrix-rich regions from 2.254 to
2.273. It is observed that the fractal dimension D fol-
lows the order: pyrite < quartz < clay matrix,
indicating that mineral composition affects the fractal
dimension D. Furthermore, there is a significant corre-
lation between the fractal dimension and the nanoscale
parameters of shale. Specifically, fractal dimension D
shows a negative correlation with Young’s modulus,
while it shows significant positive correlations with
adhesion force, dissipated energy, and deformation
amount, with fitting coefficients (R?) exceeding 0.9,
demonstrating significant relationships. This indicates
that the fractal dimension can serve as an important
parameter for evaluating the micro-mechanical and
morphological characteristics of shale, which holds
great significance for future exploratory development
in the study area.
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