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Abstract:

This work aimed at studying the roles of moisture and cyclic loading in microstructures
and their effects on mechanical properties for typical Chinese bituminous coals. Different
relative moisture contents (100%, 75%, 50%, 25%, and 0%) for Shenmu coal (SM),
Hongshaquan coal (HSQ), and Wucaiwan coal (WCW) were chosen to study the effects of
moisture. The raw SM was then further selected to investigate the effects of cyclic loading.
Images of coals surfaces and mechanical properties during simulated crushing process were
recorded and combined to be analyzed. The results showed that the moisture possessed
significant effects on coal mechanical properties, which strongly depended on their porosities.
As for low porosity coal (SM), the adsorption of moisture can soften and lubricate the
microstructures, weakening mechanical properties. While the drying process would destroy the
microstructures and decease mechanical properties for high porosity coals (HSQ and WCW).
Under the cyclic loading process, the cumulative effects of strain showed a step-up state and
the first cyclic loading can typically cause biggest change of microstructures and produce the
largest strain under different stress levels. Finally, a normalized quantitative relationship (o, =
—0.67D?% + 1.62D, + 0.07) between the relative fractal dimension and relative stress was built.
Keywords: bituminous coal; moisture; cyclic loading; crushing; microstructures; mechanical

properties.

1. Introduction
Coal, a key fuel, will still occupy 20% energy consumption in the world, and even over

50% in many developing countries such as China, India, South Africa, and so on as estimated
2
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by 2040 [1-3]. As it is widely known that the utilization of coal cannot be separable from the
crushing process, by which higher coal conversion efficiency and lower pollutant emissions
can be achieved [4]. But, the coal crushing process would consume huge quantities of energy,
even about 1% of the electricity produced by coal-fired power plant [5]. Besides, coal crushing
process is also an extremely complex process [6, 7]. Deeply studying the properties and
mechanisms of coal crushing process is key for saving energy and efficient coal utilization.

The essence of coal crushing process is the deformation of physical structure [8, 9] and the
crushing process is closely related to the mechanical properties of raw coal [8, 10]. Besides, it
has been directly shown by the previous researches that the mechanical properties of coal were
not only affected by the external environment such as moisture [11-12] and heating [13], but
also by the internal factors such as composition [2, 14, 15] and pore structure [16, 17]. These
factors either cause the change of microstructures or thus affect the mechanical properties of
coal. However, the effects of some typical external factors on internal microstructures have not
been fully studied yet, while the relationship between the coal microstructures and mechanical
properties has not been quantitatively understood, which can assist to further reveal the coal
breaking process, properties, and mechanisms.

The moisture, an existing component in coal and air, can be adsorbed on the coal pores
surface by connecting with the oxygen-containing functional groups or hydrogen bonds [18].
Besides, the precipitation of moisture in coal can cause the collapse of large and medium pores,
thereby shrinking its volume. The raw pore structure could change because the gel structure in
coal collapses when the moisture escapes during drying process [19]. It means that the moisture

content in raw coal is not only related with microstructure characteristics, but also its absorption
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or desorption during coal transmission and storage before crushing can significantly affect the
microstructures. Incorporating with the previous studies: Zhang et al. found that the indentation
modulus of coal decreased after water absorption, and they attributed it to change of
microstructure led by water adsorption [11]. Besides, Xin et al. discovered that drying coal
easily leaded to changes of pore structure [12]. Thus, it can be reasonably speculated that the
moisture in raw coal can also affect the microstructures and then cause changes of its
mechanical and crushing properties [20]. Therefore, it is of great significance to deeply study
the influence of moisture on coal mechanical properties during crushing process.

In addition, industrial coal crushing process is not an instantaneous process and the coal
is actually broken by the cyclic action of external force. Under cyclic loading process, the
breaking of coal is accompanied by energy dissipation, which increases steadily with the load
level rising [21]. Meanwhile, as the cyclic loading times increases, the destruction of the coal
microstructures becomes more severe, and the channel is formed between the pores [22, 23].
So it is of great significance to study the cumulative crushing effect of coal under cyclic loading
based on evolution characteristics of microstructures. Besides, from the experiments about the
effects of cyclic loading on rocks, the failure mode of the rocks under cyclic loading is very
different from the failure mode under static loading. More local cracks are observed under
cyclic loading process [24], and cyclic loading can cause rock cracks at lower loads [25]. Based
on the micro-crack density, it is found that the damage of coal microstructures continues to
increase with progress of the cycle, which results in some changes in the spatially related length
[26]. In addition, in the cyclic loading experiment of artificial jointed rock, it is found that with

increase of the maximum stress, the damage after circulation becomes greater and develops
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faster [27]. Obviously, the loading method and stress also have a significant effect on the rock
crushing characteristics [24, 27]. Besides, as for coal, it can be speculated that the cyclic
loading can also have significant but different effects on the mechanical properties as static
loading. Further exploring the microstructures and mechanical properties of coal under cyclic
loading is key to understand cumulative crushing effects.

In this work, three typical Chinese bituminous coals were chosen, the effects of moisture
content and cyclic loading during coals crushing process were investigated. The images of
coals surfaces and mechanical properties were recorded with a high-speed camera and a
microcomputer-controlled electronic universal testing machine respectively. The roles of
moisture content and cyclic loading in microstructures and their effects on mechanical
properties were revealed. The evolution process of coal microstructures was quantified with
the fractal dimension, and a universal relationship between microstructures and mechanical

properties was finally established.

2. Experimental and methods
2.1 Experimental materials and process

Three bituminous Chinese coals (SM, HSQ, and WCW) were from Shenmu coal mine in
Shaanxi province, Hongshaguan coal mine and Wucaiwan coal mine in Xinjiang province
respectively. Proximate and ultimate analysis of the three raw coals are shown in our previous
work [13]. Before experiments, the raw coals were uniformly cut and polished to small cube
lumps (1.0 cm x 1.0 cm x 1.0 cm). Firstly, the lump coals were fully immersed in deionized

water for 12 hours to achieve water-saturated, and then the water-saturated samples were placed
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in an oven at 120 °C for drying until their weights no longer decreased. In this condition, the
moisture can be evaporated, and it can guarantee that its chemical structures were not destroyed
[28]. Because these three coals possessed different initial moisture contents and distinct
abilities to adsorb moisture, leading to the phenomenon that their moisture contents are varied
at water-saturated situation. In order to compare them more accurately, the relative moisture

content (RMC, %) during coal drying process was defined according to Eq. (1).

RMC = FAI\{IO:O x 100% (1)
Where Mo (g) meant the mass of the saturated sample, M. (g) was the mass of dried samples,
and M (g) represented the mass of these samples at any time during drying process.

The change of relative moisture content in three coals with drying time was recorded and
shown in Fig. S1. Different relative moisture contents (100%, 75%, 50%, 25%, and 0%) were
selected and their corresponding drying times are shown in Table 1. Fig. 1 shows the diagram
of experimental devices, and all the uniaxial load experiments were done on the
microcomputer-controlled electronic universal testing machine. During the experiment, the
lump coal was placed on the universal base, and then it was loaded by uniaxial load at a speed
of 5 mm/min. At the same time, the microstructures on coal surface were recorded on-line with
a high-speed camera at a frequency of 50 frames/second. Subsequently, SM (the raw coal) was
further selected to conduct the cyclic loading experiments, because the compressive strength
of SM was much larger than HSQ and WCW, suggesting SM needed more times to achieve
crush, indicating that SM can be more appropriate to study the effects of cyclic loading. In

order to improve the accuracy of the results, the average compressive strength for 100% stress

level was measured based on five samples by uniaxial load mechanical experiments, and the
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results are shown in Fig. S2, from which the average compressive strength was calculated to
be 16.71 MPa for 100% stress level. The other stress levels (60%, 70%, 80%, and 90%) were
calculated based on 100% stress level, and they were 10.03 MPa, 11.70 MPa, 13.37 MPa, and
15.04 MPa respectively. The loading forces in constant stress and variable stress cyclic loading

experiments were calculated by multiplying the cross-sectional area.

2.2 Analysis methods

In order to reflect the mechanical properties of coals uniformly, the force and displacement
were recorded, and the stress (o, MPa) and strain (&) during uniaxial load experiments were

calculated according to the following equations:

o= E (2)
So

€= A—L (3)
Ly

where F (N) was the force during uniaxial load, So (m?) meant the cross-sectional area, AL (mm)
was the deformation during experiment, and Lo (mm) represented the original height.

From the images of coal surface during uniaxial load experiments, it can be observed that
the cracks develop and lump coal breaks irregularly, which are typical fractal characteristics
[29]. In order to eliminate the differences between initial structures of coals, the relative stress
(or, MPa) and relative fractal dimension (Dr) were defined to characterize the mechanical

properties and microstructures based on our previous work [13]:

o

o, =

(4)

Umax
D—-D,:
D, = . Tmn (5)

Dmax - Dmin

Where omax (MPa) was the maximum stress value in the experiment,  (MPa) meant the
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stress value at any time, Dmax and Dmin Were the maximum and minimum fractal dimensions,
and D was the fractal dimension.

In order to better describe the cumulative process of coal crushing during cyclic loading,
the strain variable was selected to quantitate the degree of crushing damage. The new strain in
n-th cycle was assumed as €n, and in fact, the strain after n-th cycle in the stress-strain curve

was the cumulative strain of n times as en in EQ. (6).

ey = Z(&n) (6)

3. Results and discussion
3.1 Typical coal crushing process under the uniaxial load experiment

Taking raw SM for example, a typical stress-strain curve and corresponding images of the
coal surface during uniaxial load experiment are shown in Fig. 2. Four stages that are
compaction stage (stage A), elastic deformation stage (stage B), plasticity deformation stage
(stage C), and fracture residual stage (stage D) are clearly observed respectively. From the
images, it can be seen that the lump coal gradually deforms under uniaxial compression load,
and new crack occurs and extends until it is broken. In stage A, the stress increases slowly, and
no obvious cracks on coal surface are observed, indicating the microstructure is intact in this
stage. In stage B, the stress increases continuously and the stress-strain curve is approximately
a straight line, where the slope of the stress-strain curve is elastic modulus. In this stage, few
cracks can be observed on the coal surface as the stress does not pass breaking limit and the
structure remains unbroken. In stage C, the stress reaches and passes through the highest point

(compressive strength), and obvious cracks appear on the coal surface, suggesting the lump
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coal microstructures suffer severe damages. Besides, the extension of the cracks leads to a
rapidly drop of supporting capacity. In stage D, the stress drops sharply, new cracks continue
to appear on the coal surface, and then gradually fill wholly. At this time, the lump coal is

completely broken, and its initial appearance is lost.

3.2 Effects of moisture on the microstructures and mechanical properties
3.2.1 Effects of moisture on the microstructures

The relative fractal dimensions at different moisture contents during drying process of
three coals are drawn in Fig. 3. As seen clearly, with the decrease of relative moisture content,
the relative fractal dimension of SM does not take on an evident tendency, while the relative
fractal dimensions of HSQ and WCW gradually increase. It indicates that drying process cannot
significantly damage the microstructures of SM, but the cracks on HSQ and WCW surfaces
gradually develop. This is because that the moisture desorption process can significantly affect
the microstructures of HSQ and WCW, which improves the internal pore diameter during
drying process, resulting in the production of internal force and cracks on coal surface [30].
Besides, it can be seen that the relative fractal dimensions of HSQ and WCW change rapidly
when the relative moisture content decreases from 75% to 25%, revealing that the
microstructures are severely damaged at this stage. The relative moisture content between 75%

and 25% is a key range that should be paid attention to during the coal crushing process.

3.2.2 Effects of moisture on mechanical properties

Fig. 4 shows the relationship between compressive strength and elastic modulus for coals
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with different relative moisture contents. It can be seen that there is a strong positive linear
relationship between the compressive strength and elastic modulus for these three coals with
different relative moisture contents, whose fitted equation is as Eq. (7) and the R? can be as
high as 0.94. Thus, this equation is suitable for these three coals with various relative moisture
contents. With assists of this equation, the compressive strength can be predicted by elastic
modulus that can be calculated in the initial stage B (in Fig. 2). It means the compressive
strength can be predicted on the premise of keeping the lump coal unbroken, which provides a
new way for efficient and quick measurement of the compressive strength of coal with different

relative moisture contents.
Y = 42.69X + 71.18 (7)

The compressive strengths and elastic modules of coals at different relative moisture
contents are shown in Fig. 5, from which it can be seen that the change trends of the
compressive strength and elastic modulus for the same coals are similar with the change of
relative moisture content. The change trend is also consistent with the linear relationship
between compressive strength and elastic modulus.

However, the values of compressive strengths and elastic modulus of different coals are
various, and the tendencies of them with relative moisture content decreasing take on two types:
(1) The compressive strength and elastic modulus of HSQ and WCW decreases as the relative
moisture content decreases, and they are lowered to a minimum value when the relative
moisture content is about 25%, and then increase slightly; (2) The compressive strength and
elastic modulus of SM show an inverse change tendency with HSQ and WCW, they gradually

increase with relative moisture content decreasing. This is because that moisture in the coals
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mainly possesses two effects on mechanical properties, which are strongly related with the coal
porosity [30-33]: (1) High coal porosity can assist in adsorbing more moistures. Moisture
desorption would cause obvious internal pore diameter improvement, thus resulting in internal
force and cracks on the coal structures. In this situation, lower moisture content can lead to the
phenomenon that coal is easier to be broken; (2) Low coal porosity can assist in adsorbing less
moistures. Moisture adsorption would mainly play roles in softening and lubricating coal. In
this situation, higher moisture content can lead to the phenomenon that coal is easier to be
broken. Our previous study has shown that the porosities of HSQ, WCW and SM are 22.8%,
29.7%, and 10.8% respectively [13]. As a result of the rich porosity, the mass ratios of moisture
for HSQ and WCW at saturated state are 33.05% and 38.54% respectively. While the mass
ratio of moisture for SM is only 7.10% at saturated state. The evaporation of moisture could
cause obvious damages on the microstructures during the drying process for HSQ and WCW,
which is also consistent with the results of Fig. 3. As for SM, the drying process possesses little
damage effects on the microstructures, thus the softening and lubricating effects are key to
weak mechanical properties when the relative moisture content is high. Therefore, when the
relative moisture content of SM is 100%, the lump coal is most easily broken. And as the
relative moisture content reduces, both the softening effect and lubricating effect from moisture
on the internal bedding of the coal decrease, resulting in a rise of the compressive strength and
elastic modulus of the lump coal. While when the relative moisture contents of HSQ and WCW
are higher, the lump coals are almost more difficult to be broken. In summary, as for coals with
different porosities, the moisture of coals possesses distinct effects on their mechanical

properties, which should be valued during the coal crushing process.
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3.3 Effects of cyclic loading on microstructures and mechanical properties
3.3.1 Effects of cyclic loading on microstructures

As for SM (the raw coal), the changes of relative fractal dimension with cyclic loading
times increasing under constant and variable stresses cyclic loading are exhibited in Fig. 6. As
a whole, under the initial cycles, the surface does not change, but the internal structures are
damaged gradually, which causes the further change of the surface microstructures under the
next action. As the number of cycles reaches a certain amount, the internal structures changes
accumulated to a critical point, and the microstructures evolve rapidly. However, the detailed
break processes and characteristics under constant and variable stresses are different.

Taking 70% stress level for example (Fig. 6 (a)), it can be found that the change of the
relative fractal dimension can be divided into four stages during the constant cyclic loading
process. Firstly, the relative fractal dimension remains basically unchanged in the first four
cyclic loads, following which the relative fractal dimension increases significantly under the
5th load. Then the relative fractal dimension at 6-8th cyclic loads does not change significantly.
The relative fractal dimensions both increase significantly after 9th and 10th loads, and the coal
structures are destroyed. It indicates that the microstructures become more complicated as
damage degree deepens. During this process, new cracks continuously generate and gradually
penetrate, and they change greatly in the later stage of cyclic loading. After the last cyclic load,
the work effects by external force change from quantitative to qualitative. The coal structures
are destroyed, and the lump coal is thus broken.

During the variable stress cyclic loading experiments, the relative fractal dimension also

12
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changes with the increase of cyclic times (Fig. 6 (b)), revealing that the coal microstructures
change obviously with the increase of cyclic times. At 60% and 70% stress levels, when the
cyclic times increases, the relative fractal dimension only changes slightly, indicating that the
load mainly produces elastic deformation at this process, and the microstructures have not been
destroyed. When the stress level increases to 80%, the relative fractal dimension increases
significantly from 0.05 to 0.71, suggesting that 80% stress level can produce obvious effects
on the increase of its fractal dimension [34]. At this stage, the lump coal has obvious plastic
deformation, and the changes of coal microstructures are significantly obvious. Then the

microstructures continue to change under 90% stress load until the lump coal is finally broken.

3.3.2 Effects of cyclic loading on mechanical properties

In order to explore the corresponding changes in mechanical characteristics of lump coals
during cyclic loading process, taking 70% stress level for example, the stress-strain curve is
shown in Fig. S3. It can be clearly seen that during the constant stress cyclic loading, a stress-
strain hysteresis curve generates in each cycle. Besides, with increase of cycles, new strains
gradually generate, and the stress-strain hysteresis curve gradually shifts to the right. After the
last cyclic load, the lump coal is broken. The cumulative work has reached the energy required
for coal break, indicating that the coal crushing process is gradually cumulative. Besides, the
strain accumulation and cyclic load times under constant stress of SM at 70% stress level are
shown in Fig. S4. It shows that during the cyclic loading process, the cumulative amount of
strain gradually increases as the number of cycles continuously increases, which indicates that

the effect of loading on coal gradually deepens. When the lump coal is broken, the strain
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accumulation reaches the maximum value. Meanwhile, the changes of microstructures for SM
are obvious after the 5th, 9th, and 10th cycles, it is consistent with the results in Fig. 6 (a) that
the strain accumulation of SM also increases more significantly after 5th, 9th, and 10th cycles,
which also proves that greater increase in strain would lead to more obvious changes of the
microstructures in the coal surface.

In the process of variable stresses cyclic loading (from 60% stress level to 100% stress
level) for the raw SM coal, the strain accumulation can quantitatively describe the crushing
degree, and the results are shown in Fig. 7. During the cyclic loading of the same stress levels,
the strain accumulation increases slowly with the increase of cycle times. However, when the
cyclic load stress level increases, the strain accumulation would increase significantly. The
cumulative effect of strain shows a step-up state, which indicates that the increased force
process possesses a significant effect on the coal destruction.

Fig. 8 shows the average proportion of strain generated by 25 cycles of SM1-SM4. It can
be seen that first cyclic load can produce the largest strain proportion (72.05%). In addition,
the load of first cyclic time after increase of stress level is also significantly greater than those
of 2-5 cyclic times. Except for the first load of each stress level (1st, 6th, 11th, 16th, and 21th
times), the remaining 20 loads account for a small proportion of the strain with an average
proportion of 0.36%. These results directly show that the effect of cyclic loading under constant
force on coal is far less than the effect of gradual increased force, suggesting that the coal

crushing process with a gradual increased stress level is preferred.

3.4 Relationship between microstructures and mechanical properties
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Previous researches have shown that mechanical properties are strongly related with the
microstructures of coals during crushing process [35, 36]. However, no universal relationship
has been built yet. Thus, in order to build the universal relationship between coal
microstructures and mechanical properties during coal crushing process, the experimental data
of the relative fractal dimensions and relative stresses are fitted in Fig. 9, and quantitative

relationship can be expressed as Eq. (8), for which the R? can be as high as 0.85.
o, = —0.67D? + 1.62D,. + 0.07 (8)

As a whole, it can be obviously seen that as the relative fractal dimension increases, the
relative stress shows an upward trend, and the trend is universally applicable for the three coals
with various relative moisture contents. So the mechanical properties can be acquired by the
relative fractal dimensions of coal surface images, and the relative error is expected to be very
small. Besides, in the variable stresses cyclic loading experiments of SM, the relative fractal
dimension with the change of relative stress can also fit to the relationship interestingly.
Furthermore, the quantitative relationship excludes the effect of these three Chinese bituminous
coals under different moisture contents and cyclic loading through two dimensionless
parameters of relative fractal dimension and relative stress, and only focuses on the relationship
between the microstructures and mechanical properties during coal crushing process. It reveals
that the association between microstructures and mechanical properties, indicating that
mechanical properties of coal could be predicted by its surface images, which is extremely

important and significant to guide coal grinding crushing.

4. Conclusions
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Taking typical Chinese bituminous coals as research objectives, the roles of moisture and
cyclic loading in microstructures and their effects on mechanical properties were detailedly
investigated, and main conclusions can be drawn as follows:

(1) The effects of moisture on the mechanical properties for the coals strongly depended on
porosity. For low porosity coal (SM), moisture mainly softened and lubricated, thus
reducing the compressive strength and elastic modulus. For high porosity coal (HSQ and
WCW), moisture desorption process would create some cracks and fractures, thus reducing
compressive strength and elastic modulus.

(2) Under the cyclic loading process, the cumulative effect of strain showed a step-up state
under different stress levels. The first load in the cyclic loading produced the largest strain,
and caused the most obvious damage on coal structures.

(3) The mechanical properties of raw coals were strongly related with their microstructures.
There was a normalized quantitative relationship between the relative stress and relative
fractal dimension during coal crushing, which can be expressed aso, = —0.67D2 +

1.62D, + 0.07.
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456  Tables

457  Table 1 Drying time of relative moisture content for the three coals (min)

RMC 100% 75% 50% 25% 0%
SM 0 34 80 150 300
HSQ 0 17 52 110 300
WCW 0 13 43 95 300
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Abstract:

This work aimed at studying the roles of moisture and cyclic loading in microstructures
and their effects on mechanical properties for typical Chinese bituminous coals. Different
relative moisture contents (100%, 75%, 50%, 25%, and 0%) for Shenmu coal (SM),
Hongshaquan coal (HSQ), and Wucaiwan coal (WCW) were chosen to study the effects of
moisture. The raw SM was then further selected to investigate the effects of cyclic loading.
Images of coals surfaces and mechanical properties during simulated crushing process were
recorded and combined to be analyzed. The results showed that the moisture possessed
significant effects on coal mechanical properties, which strongly depended on their porosities.
As for low porosity coal (SM), the adsorption of moisture can soften and lubricate the
microstructures, weakening mechanical properties. While the drying process would destroy the
microstructures and decease mechanical properties for high porosity coals (HSQ and WCW).
Under the cyclic loading process, the cumulative effects of strain showed a step-up state and
the first cyclic loading can typically cause biggest change of microstructures and produce the
largest strain under different stress levels. Finally, a normalized quantitative relationship (o, =
—0.67D? + 1.62D, + 0.07) between the relative fractal dimension and relative stress was built.
Keywords: bituminous coal; moisture; cyclic loading; crushing; microstructures; mechanical

properties.

1. Introduction
Coal, a key fuel, will still occupy 20% energy consumption in the world, and even over

50% in many developing countries such as China, India, South Africa, and so on as estimated
2
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by 2040 [1-3]. As it is widely known that the utilization of coal cannot be separable from the
crushing process, by which higher coal conversion efficiency and lower pollutant emissions
can be achieved [4]. But, the coal crushing process would consume huge quantities of energy,
even about 1% of the electricity produced by coal-fired power plant [5]. Besides, coal crushing
process is also an extremely complex process [6, 7]. Deeply studying the properties and
mechanisms of coal crushing process is key for saving energy and efficient coal utilization.

The essence of coal crushing process is the deformation of physical structure [8, 9] and the
crushing process is closely related to the mechanical properties of raw coal [8, 10]. Besides, it
has been directly shown by the previous researches that the mechanical properties of coal were
not only affected by the external environment such as moisture [11-12] and heating [13], but
also by the internal factors such as composition [2, 14, 15] and pore structure [16, 17]. These
factors either cause the change of microstructures or thus affect the mechanical properties of
coal. However, the effects of some typical external factors on internal microstructures have not
been fully studied yet, while the relationship between the coal microstructures and mechanical
properties has not been quantitatively understood, which can assist to further reveal the coal
breaking process, properties, and mechanisms.

The moisture, an existing component in coal and air, can be adsorbed on the coal pores
surface by connecting with the oxygen-containing functional groups or hydrogen bonds [18].
Besides, the precipitation of moisture in coal can cause the collapse of large and medium pores,
thereby shrinking its volume. The raw pore structure could change because the gel structure in
coal collapses when the moisture escapes during drying process [19]. It means that the moisture

content in raw coal is not only related with microstructure characteristics, but also its absorption
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or desorption during coal transmission and storage before crushing can significantly affect the
microstructures. Incorporating with the previous studies: Zhang et al. found that the indentation
modulus of coal decreased after water absorption, and they attributed it to change of
microstructure led by water adsorption [11]. Besides, Xin et al. discovered that drying coal
easily leaded to changes of pore structure [12]. Thus, it can be reasonably speculated that the
moisture in raw coal can also affect the microstructures and then cause changes of its
mechanical and crushing properties [20]. Therefore, it is of great significance to deeply study
the influence of moisture on coal mechanical properties during crushing process.

In addition, industrial coal crushing process is not an instantaneous process and the coal
is actually broken by the cyclic action of external force. Under cyclic loading process, the
breaking of coal is accompanied by energy dissipation, which increases steadily with the load
level rising [21]. Meanwhile, as the cyclic loading times increases, the destruction of the coal
microstructures becomes more severe, and the channel is formed between the pores [22, 23].
So it is of great significance to study the cumulative crushing effect of coal under cyclic loading
based on evolution characteristics of microstructures. Besides, from the experiments about the
effects of cyclic loading on rocks, the failure mode of the rocks under cyclic loading is very
different from the failure mode under static loading. More local cracks are observed under
cyclic loading process [24], and cyclic loading can cause rock cracks at lower loads [25]. Based
on the micro-crack density, it is found that the damage of coal microstructures continues to
increase with progress of the cycle, which results in some changes in the spatially related length
[26]. In addition, in the cyclic loading experiment of artificial jointed rock, it is found that with

increase of the maximum stress, the damage after circulation becomes greater and develops
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faster [27]. Obviously, the loading method and stress also have a significant effect on the rock
crushing characteristics [24, 27]. Besides, as for coal, it can be speculated that the cyclic
loading can also have significant but different effects on the mechanical properties as static
loading. Further exploring the microstructures and mechanical properties of coal under cyclic
loading is key to understand cumulative crushing effects.

In this work, three typical Chinese bituminous coals were chosen, the effects of moisture
content and cyclic loading during coals crushing process were investigated. The images of
coals surfaces and mechanical properties were recorded with a high-speed camera and a
microcomputer-controlled electronic universal testing machine respectively. The roles of
moisture content and cyclic loading in microstructures and their effects on mechanical
properties were revealed. The evolution process of coal microstructures was quantified with
the fractal dimension, and a universal relationship between microstructures and mechanical

properties was finally established.

2. Experimental and methods
2.1 Experimental materials and process

Three bituminous Chinese coals (SM, HSQ, and WCW) were from Shenmu coal mine in
Shaanxi province, Hongshaguan coal mine and Wucaiwan coal mine in Xinjiang province
respectively. Proximate and ultimate analysis of the three raw coals are shown in our previous
work [13]. Before experiments, the raw coals were uniformly cut and polished to small cube
lumps (1.0 cm x 1.0 cm x 1.0 cm). Firstly, the lump coals were fully immersed in deionized

water for 12 hours to achieve water-saturated, and then the water-saturated samples were placed
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in an oven at 120 °C for drying until their weights no longer decreased. In this condition, the
moisture can be evaporated, and it can guarantee that its chemical structures were not destroyed
[28]. Because these three coals possessed different initial moisture contents and distinct
abilities to adsorb moisture, leading to the phenomenon that their moisture contents are varied
at water-saturated situation. In order to compare them more accurately, the relative moisture

content (RMC, %) during coal drying process was defined according to Eq. (1).

RMC = FA;;; X 100% (1)
Where Mo (g) meant the mass of the saturated sample, M- (g) was the mass of dried samples,
and M (g) represented the mass of these samples at any time during drying process.

The change of relative moisture content in three coals with drying time was recorded and
shown in Fig. S1. Different relative moisture contents (100%, 75%, 50%, 25%, and 0%) were
selected and their corresponding drying times are shown in Table 1. Fig. 1 shows the diagram
of experimental devices, and all the uniaxial load experiments were done on the
microcomputer-controlled electronic universal testing machine. During the experiment, the
lump coal was placed on the universal base, and then it was loaded by uniaxial load at a speed
of 5 mm/min. At the same time, the microstructures on coal surface were recorded on-line with
a high-speed camera at a frequency of 50 frames/second. Subsequently, SM (the raw coal) was
further selected to conduct the cyclic loading experiments, because the compressive strength
of SM was much larger than HSQ and WCW, suggesting SM needed more times to achieve
crush, indicating that SM can be more appropriate to study the effects of cyclic loading. In

order to improve the accuracy of the results, the average compressive strength for 100% stress

level was measured based on five samples by uniaxial load mechanical experiments, and the
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results are shown in Fig. S2, from which the average compressive strength was calculated to
be 16.71 MPa for 100% stress level. The other stress levels (60%, 70%, 80%, and 90%) were
calculated based on 100% stress level, and they were 10.03 MPa, 11.70 MPa, 13.37 MPa, and
15.04 MPa respectively. The loading forces in constant stress and variable stress cyclic loading

experiments were calculated by multiplying the cross-sectional area.

2.2 Analysis methods

In order to reflect the mechanical properties of coals uniformly, the force and displacement
were recorded, and the stress (o, MPa) and strain (g) during uniaxial load experiments were

calculated according to the following equations:

o= E (2)
So

€= A—L (3)
Ly

where F (N) was the force during uniaxial load, So (m?) meant the cross-sectional area, AL (mm)
was the deformation during experiment, and Lo (mm) represented the original height.

From the images of coal surface during uniaxial load experiments, it can be observed that
the cracks develop and lump coal breaks irregularly, which are typical fractal characteristics
[29]. In order to eliminate the differences between initial structures of coals, the relative stress
(or, MPa) and relative fractal dimension (D;) were defined to characterize the mechanical

properties and microstructures based on our previous work [13]:

o

o, =

(4)

Umax
D—-D,:
D, = . Tmn (5)

Dmax - Dmin

Where omax (MPa) was the maximum stress value in the experiment,  (MPa) meant the
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stress value at any time, Dmax and Dmin Were the maximum and minimum fractal dimensions,
and D was the fractal dimension.

In order to better describe the cumulative process of coal crushing during cyclic loading,
the strain variable was selected to quantitate the degree of crushing damage. The new strain in
n-th cycle was assumed as &n, and in fact, the strain after n-th cycle in the stress-strain curve

was the cumulative strain of n times as en in Eq. (6).

ey = Z(&n) (6)

3. Results and discussion
3.1 Typical coal crushing process under the uniaxial load experiment

Taking raw SM for example, a typical stress-strain curve and corresponding images of the
coal surface during uniaxial load experiment are shown in Fig. 2. Four stages that are
compaction stage (stage A), elastic deformation stage (stage B), plasticity deformation stage
(stage C), and fracture residual stage (stage D) are clearly observed respectively. From the
images, it can be seen that the lump coal gradually deforms under uniaxial compression load,
and new crack occurs and extends until it is broken. In stage A, the stress increases slowly, and
no obvious cracks on coal surface are observed, indicating the microstructure is intact in this
stage. In stage B, the stress increases continuously and the stress-strain curve is approximately
a straight line, where the slope of the stress-strain curve is elastic modulus. In this stage, few
cracks can be observed on the coal surface as the stress does not pass breaking limit and the
structure remains unbroken. In stage C, the stress reaches and passes through the highest point

(compressive strength), and obvious cracks appear on the coal surface, suggesting the lump
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coal microstructures suffer severe damages. Besides, the extension of the cracks leads to a
rapidly drop of supporting capacity. In stage D, the stress drops sharply, new cracks continue
to appear on the coal surface, and then gradually fill wholly. At this time, the lump coal is

completely broken, and its initial appearance is lost.

3.2 Effects of moisture on the microstructures and mechanical properties
3.2.1 Effects of moisture on the microstructures

The relative fractal dimensions at different moisture contents during drying process of
three coals are drawn in Fig. 3. As seen clearly, with the decrease of relative moisture content,
the relative fractal dimension of SM does not take on an evident tendency, while the relative
fractal dimensions of HSQ and WCW gradually increase. It indicates that drying process cannot
significantly damage the microstructures of SM, but the cracks on HSQ and WCW surfaces
gradually develop. This is because that the moisture desorption process can significantly affect
the microstructures of HSQ and WCW, which improves the internal pore diameter during
drying process, resulting in the production of internal force and cracks on coal surface [30].
Besides, it can be seen that the relative fractal dimensions of HSQ and WCW change rapidly
when the relative moisture content decreases from 75% to 25%, revealing that the
microstructures are severely damaged at this stage. The relative moisture content between 75%

and 25% is a key range that should be paid attention to during the coal crushing process.

3.2.2 Effects of moisture on mechanical properties

Fig. 4 shows the relationship between compressive strength and elastic modulus for coals
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with different relative moisture contents. It can be seen that there is a strong positive linear
relationship between the compressive strength and elastic modulus for these three coals with
different relative moisture contents, whose fitted equation is as Eq. (7) and the R? can be as
high as 0.94. Thus, this equation is suitable for these three coals with various relative moisture
contents. With assists of this equation, the compressive strength can be predicted by elastic
modulus that can be calculated in the initial stage B (in Fig. 2). It means the compressive
strength can be predicted on the premise of keeping the lump coal unbroken, which provides a
new way for efficient and quick measurement of the compressive strength of coal with different

relative moisture contents.
Y = 42.69X + 71.18 (7)

The compressive strengths and elastic modules of coals at different relative moisture
contents are shown in Fig. 5, from which it can be seen that the change trends of the
compressive strength and elastic modulus for the same coals are similar with the change of
relative moisture content. The change trend is also consistent with the linear relationship
between compressive strength and elastic modulus.

However, the values of compressive strengths and elastic modulus of different coals are
various, and the tendencies of them with relative moisture content decreasing take on two types:
(1) The compressive strength and elastic modulus of HSQ and WCW decreases as the relative
moisture content decreases, and they are lowered to a minimum value when the relative
moisture content is about 25%, and then increase slightly; (2) The compressive strength and
elastic modulus of SM show an inverse change tendency with HSQ and WCW, they gradually

increase with relative moisture content decreasing. This is because that moisture in the coals

10



213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

mainly possesses two effects on mechanical properties, which are strongly related with the coal
porosity [30-33]: (1) High coal porosity can assist in adsorbing more moistures. Moisture
desorption would cause obvious internal pore diameter improvement, thus resulting in internal
force and cracks on the coal structures. In this situation, lower moisture content can lead to the
phenomenon that coal is easier to be broken; (2) Low coal porosity can assist in adsorbing less
moistures. Moisture adsorption would mainly play roles in softening and lubricating coal. In
this situation, higher moisture content can lead to the phenomenon that coal is easier to be
broken. Our previous study has shown that the porosities of HSQ, WCW and SM are 22.8%,
29.7%, and 10.8% respectively [13]. As a result of the rich porosity, the mass ratios of moisture
for HSQ and WCW at saturated state are 33.05% and 38.54% respectively. While the mass
ratio of moisture for SM is only 7.10% at saturated state. The evaporation of moisture could
cause obvious damages on the microstructures during the drying process for HSQ and WCW,
which is also consistent with the results of Fig. 3. As for SM, the drying process possesses little
damage effects on the microstructures, thus the softening and lubricating effects are key to
weak mechanical properties when the relative moisture content is high. Therefore, when the
relative moisture content of SM is 100%, the lump coal is most easily broken. And as the
relative moisture content reduces, both the softening effect and lubricating effect from moisture
on the internal bedding of the coal decrease, resulting in a rise of the compressive strength and
elastic modulus of the lump coal. While when the relative moisture contents of HSQ and WCW
are higher, the lump coals are almost more difficult to be broken. In summary, as for coals with
different porosities, the moisture of coals possesses distinct effects on their mechanical

properties, which should be valued during the coal crushing process.
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3.3 Effects of cyclic loading on microstructures and mechanical properties
3.3.1 Effects of cyclic loading on microstructures

As for SM (the raw coal), the changes of relative fractal dimension with cyclic loading
times increasing under constant and variable stresses cyclic loading are exhibited in Fig. 6. As
a whole, under the initial cycles, the surface does not change, but the internal structures are
damaged gradually, which causes the further change of the surface microstructures under the
next action. As the number of cycles reaches a certain amount, the internal structures changes
accumulated to a critical point, and the microstructures evolve rapidly. However, the detailed
break processes and characteristics under constant and variable stresses are different.

Taking 70% stress level for example (Fig. 6 (a)), it can be found that the change of the
relative fractal dimension can be divided into four stages during the constant cyclic loading
process. Firstly, the relative fractal dimension remains basically unchanged in the first four
cyclic loads, following which the relative fractal dimension increases significantly under the
5th load. Then the relative fractal dimension at 6-8th cyclic loads does not change significantly.
The relative fractal dimensions both increase significantly after 9th and 10th loads, and the coal
structures are destroyed. It indicates that the microstructures become more complicated as
damage degree deepens. During this process, new cracks continuously generate and gradually
penetrate, and they change greatly in the later stage of cyclic loading. After the last cyclic load,
the work effects by external force change from quantitative to qualitative. The coal structures
are destroyed, and the lump coal is thus broken.

During the variable stress cyclic loading experiments, the relative fractal dimension also

12
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changes with the increase of cyclic times (Fig. 6 (b)), revealing that the coal microstructures
change obviously with the increase of cyclic times. At 60% and 70% stress levels, when the
cyclic times increases, the relative fractal dimension only changes slightly, indicating that the
load mainly produces elastic deformation at this process, and the microstructures have not been
destroyed. When the stress level increases to 80%, the relative fractal dimension increases
significantly from 0.05 to 0.71, suggesting that 80% stress level can produce obvious effects
on the increase of its fractal dimension [34]. At this stage, the lump coal has obvious plastic
deformation, and the changes of coal microstructures are significantly obvious. Then the

microstructures continue to change under 90% stress load until the lump coal is finally broken.

3.3.2 Effects of cyclic loading on mechanical properties

In order to explore the corresponding changes in mechanical characteristics of lump coals
during cyclic loading process, taking 70% stress level for example, the stress-strain curve is
shown in Fig. S3. It can be clearly seen that during the constant stress cyclic loading, a stress-
strain hysteresis curve generates in each cycle. Besides, with increase of cycles, new strains
gradually generate, and the stress-strain hysteresis curve gradually shifts to the right. After the
last cyclic load, the lump coal is broken. The cumulative work has reached the energy required
for coal break, indicating that the coal crushing process is gradually cumulative. Besides, the
strain accumulation and cyclic load times under constant stress of SM at 70% stress level are
shown in Fig. S4. It shows that during the cyclic loading process, the cumulative amount of
strain gradually increases as the number of cycles continuously increases, which indicates that

the effect of loading on coal gradually deepens. When the lump coal is broken, the strain
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accumulation reaches the maximum value. Meanwhile, the changes of microstructures for SM
are obvious after the 5th, 9th, and 10th cycles, it is consistent with the results in Fig. 6 (a) that
the strain accumulation of SM also increases more significantly after 5th, 9th, and 10th cycles,
which also proves that greater increase in strain would lead to more obvious changes of the
microstructures in the coal surface.

In the process of variable stresses cyclic loading (from 60% stress level to 100% stress
level) for the raw SM coal, the strain accumulation can quantitatively describe the crushing
degree, and the results are shown in Fig. 7. During the cyclic loading of the same stress levels,
the strain accumulation increases slowly with the increase of cycle times. However, when the
cyclic load stress level increases, the strain accumulation would increase significantly. The
cumulative effect of strain shows a step-up state, which indicates that the increased force
process possesses a significant effect on the coal destruction.

Fig. 8 shows the average proportion of strain generated by 25 cycles of SM1-SM4. It can
be seen that first cyclic load can produce the largest strain proportion (72.05%). In addition,
the load of first cyclic time after increase of stress level is also significantly greater than those
of 2-5 cyclic times. Except for the first load of each stress level (1st, 6th, 11th, 16th, and 21th
times), the remaining 20 loads account for a small proportion of the strain with an average
proportion of 0.36%. These results directly show that the effect of cyclic loading under constant
force on coal is far less than the effect of gradual increased force, suggesting that the coal

crushing process with a gradual increased stress level is preferred.

3.4 Relationship between microstructures and mechanical properties
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Previous researches have shown that mechanical properties are strongly related with the
microstructures of coals during crushing process [35, 36]. However, no universal relationship
has been built yet. Thus, in order to build the universal relationship between coal
microstructures and mechanical properties during coal crushing process, the experimental data
of the relative fractal dimensions and relative stresses are fitted in Fig. 9, and quantitative

relationship can be expressed as Eq. (8), for which the R? can be as high as 0.85.
o, = —0.67D? + 1.62D,. + 0.07 (8)

As a whole, it can be obviously seen that as the relative fractal dimension increases, the
relative stress shows an upward trend, and the trend is universally applicable for the three coals
with various relative moisture contents. So the mechanical properties can be acquired by the
relative fractal dimensions of coal surface images, and the relative error is expected to be very
small. Besides, in the variable stresses cyclic loading experiments of SM, the relative fractal
dimension with the change of relative stress can also fit to the relationship interestingly.
Furthermore, the quantitative relationship excludes the effect of these three Chinese bituminous
coals under different moisture contents and cyclic loading through two dimensionless
parameters of relative fractal dimension and relative stress, and only focuses on the relationship
between the microstructures and mechanical properties during coal crushing process. It reveals
that the association between microstructures and mechanical properties, indicating that
mechanical properties of coal could be predicted by its surface images, which is extremely

important and significant to guide coal grinding crushing.

4. Conclusions
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Taking typical Chinese bituminous coals as research objectives, the roles of moisture and
cyclic loading in microstructures and their effects on mechanical properties were detailedly
investigated, and main conclusions can be drawn as follows:

(1) The effects of moisture on the mechanical properties for the coals strongly depended on
porosity. For low porosity coal (SM), moisture mainly softened and lubricated, thus
reducing the compressive strength and elastic modulus. For high porosity coal (HSQ and
WCW), moisture desorption process would create some cracks and fractures, thus reducing
compressive strength and elastic modulus.

(2) Under the cyclic loading process, the cumulative effect of strain showed a step-up state
under different stress levels. The first load in the cyclic loading produced the largest strain,
and caused the most obvious damage on coal structures.

(3) The mechanical properties of raw coals were strongly related with their microstructures.
There was a normalized quantitative relationship between the relative stress and relative
fractal dimension during coal crushing, which can be expressed aso, = —0.67D2 +

1.62D, + 0.07.
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Tables

Table 1 Drying time of relative moisture content for the three coals (min)

RMC 100% 75% 50% 25% 0%
SM 0 34 80 150 300
HSQ 0 17 52 110 300
WCW 0 13 43 95 300
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