
Experimental study of coal fracture dynamics under the influence
of cyclic freezing–thawing using shear elastic waves

Petr V. Nikolenko1 • Svetlana A. Epshtein1 • Vladimir L. Shkuratnik1 •

Polina S. Anufrenkova1

Received: 20 April 2020 / Revised: 23 June 2020 / Accepted: 10 July 2020 / Published online: 10 August 2020

� The Author(s) 2020

Abstract Cyclic freezing–thawing can lead to fracture development in coal, affecting its mechanical and consumer

properties. To study crack formations in coal, an ultrasonic sounding method using shear polarized waves was proposed.

Samples of three coal types (anthracite, lignite and hard coal) were tested. The research results show that, in contrast to the

shear wave velocity, the shear wave amplitude is extremely sensitive to the formation of new cracks at the early stages of

cyclic freezing–thawing. Tests also show an inverse correlation between coal compressive strength and its tendency to

form cracks under temperature impacts; shear wave attenuation increases more sharply in high-rank coals after the first

freezing cycle. Spectral analysis of the received signals also confirmed significant crack formation in anthracite after the

first freeze–thaw cycle. The initial anisotropy was determined, and its decrease with an increase in the number of freeze–

thaw cycles was shown. The data obtained forms an experimental basis for the development of new approaches to preserve

coal consumer properties during storage and transportation under severe natural and climatic conditions.
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1 Introduction

A significant number of coal deposits are located in the

northern regions of Russian Federation (Pechora, Taimyr,

Zyriansky coal basins) and far away from the major con-

sumers. Coal, while being transported through various

climatic zones and stored under various conditions, is often

exposed to cyclically changing thermal impacts in positive

and negative temperature ranges. Such impacts lead to

changes in the mechanical and consumer properties of coal.

Since the middle of the last century, the scientific

community has gained extensive experience in ascertaining

the impact of temperature on the mechanical properties of

rocks. Winkler (1968) found that phase transitions in pore

moisture lead to increased pressure that can exceed the

value of the rock mass pressure. Numerous studies (Finnie

et al. 1979; Nicholson and Nicholson 2000; Lin et al. 2018)

have shown that rocks of various genotypes exposed to

negative temperatures lose their strength significantly,

leading to their complete destruction. The generalization of

experimental studies (Aoki et al. 1990; Dwivedi et al.

2000; Cai et al. 2014) indicates that the decrease in

mechanical strength due to freezing is affected by the water

content, the freezing rate and the duration of the freezing

process, as well as the petrographic composition of the

rocks.

In light of the aforementioned background, we consider

the effect of cyclic freezing–thawing (F–T) operations on

the properties of coals of various origins separately.

Qualitatively, the disintegration mechanisms of coal and

other rock types are very similar. However, the developed

pore space, the crack systems of various orientations and

the overall low initial strength make coal extremely sen-

sitive to temperature changes. Therefore, in Cai et al.

(2015, 2016) and Qin et al. (2017a, b), the effect of cyclic
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F–T with liquid nitrogen on the mechanical properties of

coal was investigated. In these works, it was noted that an

increase in the number of F–T cycles led to a nonlinear

decrease in coal strength. In addition to strength, cyclic

thermal shocks also affect other important characteristics

of coal, such as methane permeability (Yu et al. 2012; Liu

et al. 2015; Sun et al. 2018; Zhai et al. 2017), calorific

value (Epshtein et al. 2019a, b) and propensity for spon-

taneous combustion (Deng et al. 2015). These results

highlight the importance of studying the dynamics of coal

disturbance under the influence of cyclically varying

temperatures.

Traditional microscopy methods only allow for the

evaluation of structural changes on sample surfaces (Ep-

shtein et al. 2019a, b; Zhang et al. 2019). The same limi-

tation applies to the study of coal mechanical properties by

Nano indentation methods (Kossovich et al. 2016, 2018).

The study of crack formation in the entire volume of a

sample is possible using passive and active acoustic mea-

surements in the ultrasonic frequency range.

Passive measurements involve the analysis of acoustic

emissions in samples under the influence of mechanical or

thermal test impacts. The most common method involves

the cyclic F–T of coal samples and their subsequent uni-

axial loading up to failure together with the registration of

acoustic emission parameters (Qin et al. 2016, 2018). Other

physical effects are sometimes used instead of uniaxial

loading, such as rapid heating of a sample with simulta-

neous acoustic emission registration (Novikov et al. 2018).

Such an approach makes it possible to estimate the crack

development degree in a coal sample after thermal expo-

sure. However, rapid heating leads to a change in the initial

structure of the geo-material. The described method (being

essentially destructive) does not allow multiple acoustic

emission measurements to be performed on the same

sample.

Active ultrasonic measurements avoid this problem.

They suggest an analysis of changes in the kinematic

informative parameters of ultrasonic signals in the coal

samples subjected to cryothermal impacts. The most fre-

quently used ultrasonic informative parameter is the

propagation velocity of longitudinal waves (Vp). For

example, Qin et al. (2017a, b) showed that Vp decreases

exponentially with increasing freezing time and the

increasing number of F–T cycles of coal samples. Vp also

depends on the moisture content. In this particular case, it

should be noted that coal samples were exposed to extreme

thermal shocks using liquid nitrogen. Therefore, crack

formation is expected to be very intensive. In general, Vp is

not overly sensitive to the formation of small cracks. A

decrease in Vp occurs due to waves passing through the

crack filler material, the speed of which is generally much

lower. With small crack openings, the total path of the

wave in the crack filler material will be insignificant when

comparing with the general sounding base.

Unlike velocity, the amplitude of the longitudinal wave

(Ap) can be more sensitive to the presence of cracks with

small openings. The decrease in Ap is caused by the partial

reflection of the wave at the ‘‘rock—filler material’’

boundary. In this case, the energy loss is affected not by the

size of the crack opening but by the ratio of acoustic

impedances at this boundary. Thus, during the F–T cycle of

coal, the Ap parameter is sensitive not to the dynamics of

crack openings but rather to the formation of new bound-

aries (cracks). Shkuratnik et al. (2016) showed that under

the same conditions, Ap is much more sensitive to the

formation of new cracks than Vp during the mechanical

loading of coal samples. However, Ap is rarely used due to

the difficulty of providing constant contact conditions at

the ‘‘transducer-sample’’ boundary. Moreover, because

they are not polarized, shear waves do not provide infor-

mation on sample anisotropy.

More advanced sounding techniques involve the use of

shear waves. These waves are known for high sensitivity to

the presence of cracks. Shear waves depend on the shear

modulus of elasticity G and density q, both of which

change significantly at crack boundaries. Shear waves are

most commonly used to study rock masses on a large scale

(Cha et al. 2009). Long wave propagation times make it

relatively easy to separate longitudinal and shear waves

during seismic exploration. Laboratory studies using high-

frequency (hundreds of kHz) shear waves are technically

more sophisticated due to the emission and reception

complexities of such waves. The separation of recorded P

and S waves is also not an easy task. However, the use of

shear waves can provide additional information on the

formation of small-opening cracks in coal samples. The

aim of this study is to use nontraditional highly sensitive

ultrasonic sounding techniques to assess damage develop-

ment in different coal types under low-magnitude cyclic

thermal impacts. Using the velocities (Vs) and amplitudes

(As) of shear waves (as well as their spectra) will provide

information on crack formation in the typical temperature

range conditions existing during coal mining and storage.

This information can be used to predict mined coal

degradation and develop recommendations for preserving

the consumer properties of coal during its storage and

transportation under severe natural and climatic conditions.

2 Materials and methods

2.1 Laboratory setup

The equipment used for studying the effect of cyclic

cryothermal impacts on the acoustic characteristics of coal
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consists of a laboratory bench for ultrasonic testing

(Fig. 1a, b) and a KTHV-150 multifunctional climatic

chamber (Fig. 1c).

The laboratory setup consists of shear acoustic wave

transducers (Gorbatsevich 1987) mounted on a frame so

that the polarization planes of the emitted and received

S-waves coincide. The transducers allow emitting purely

transverse, linear-polarized shear waves into a sample. It

becomes possible via P-wave to S-wave conversion at the

boundary of two acoustically different media located inside

the transducer housing. This boundary is angled in such a

way that the rays of transmitted P-waves are beyond the

critical angle so that only shear-waves propagate into the

sample. Thus the transducers allow to maintain As/Ap ratio

greater than 3 in all received signals. The separation of the

first arrivals of the longitudinal and transverse waves was

performed according to the threshold principle. The

transducers are broadband with a center frequency of

600 kHz. A sample orientation device is also provided on

the frame, allowing the sample 360� rotation around the

vertical axis with a step of 1�. A signal from the pulse

generator in the form of a meander with amplitude of up to

300 V is sent to the emitting transducer. The receiving

transducer is connected to the input of an E20-10 analog-

to-digital converter with a sampling frequency of 5 MHz,

which is connected to a personal computer. The recording

length of the signal is 1024 samples (205 ms). The deter-

mination of Vs and As is performed in automated mode as a

result of averaging the results of 50 consecutive

measurements.

Special attention is paid to the mechanism of the shear

wave energy transition at the ‘‘emitting transducer–coal’’

and ‘‘coal–receiving transducer’’ boundaries. Traditional

ultrasonic P-wave measurements involve the use of water

or various mineral lubricants as a coupling medium. Such

media is not suitable for S-wave transmission due to its low

shear elasticity in the ultrasonic frequency range. The

original technique (Gorbatsevich 2003) assumed the use of

highly viscous solutions of noncrystallized sugar. This

medium made it possible to successfully measure Vs and As

Fig. 1 Laboratory equipment: a, b ultrasonic testing setup; c KTHV-150 climatic chamber
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in rock samples. However, trial tests showed that the use of

such a lubricant led to its penetration into pores and cracks

on the coal surface, significantly affecting its acoustic

characteristics. In addition, because this lubricant has a

different coefficient of thermal expansion, it destroys the

surface layer of the sample after freezing and thawing.

Studies of the acoustic properties of coal under cyclic F–T

conditions have shown that it is fundamentally important to

completely abandon the use of liquid binders. This ensures

a proper acoustic contact between the sample and the

transducers. In this study, fine-grit abrasive paper glued to

the acoustic transducer protectors was used to ensure

acoustic contact. This technique led to a slight decrease in

sensitivity, but it allowed us to maintain the constancy of

the measurement conditions, regardless of the F–T cycle

number (Shkuratnik et al. 2020). Additionally, to achieve

repeatability of the acoustic contact during tests, the

clamping force of the transducers was controlled using a

digital torque control unit.

2.2 Sample preparation

The research involved three groups of coal samples taken

from the Donetsk basin (anthracite, group A), Borodinsky

(lignite, group L) and Apsatsky (hard coal, group H)

deposits located in the Russian Federation. The sample

parameters and group averaged coal characteristics are

given in Table 1.

Coal samples were taken from coal seams outside the

oxidation zone. Immediately after extraction from the

reservoir, the samples were placed in a sealed container to

prevent oxidation processes. Before testing, the samples

were left for 1 day at room temperature to remove external

moisture (conditioning).

Sample preparation consisted of dry grinding of the two

opposing parallel surfaces, ensuring that the face area

exceeded the footprint of the acoustic transducer. The

height of all samples was 20 mm. Side faces were left ‘‘as

is’’. Thus, the sample preparation procedure was much less

time-consuming than the preparation of standard cylindri-

cal samples for mechanical strength tests.

2.3 Experimental procedure

A mark was applied to the surface of the prepared samples,

indicating the initial position during ultrasonic sounding

(h = 0�). Before the cyclic thermal loading began, the

values of Vs and As were experimentally determined for all

samples with a step of 30�. Thus, an array of data on the

primary state of coal was formed (0 cycle). The measure-

ment results were presented in the form of polar diagrams

of the informative parameter values at different angles.

Then, the samples were placed in the KTHV-150 climatic

chamber, where they were cyclically frozen–thawed at a

temperature range from - 40 to ? 20 �C according to the

program shown in Fig. 2. The humidity level of the

ambient air remained constant at 30%. As noted earlier

Table 1 Coal sample parameters

Group Sample Sample height (mm) Maceral composition (vol%) Proximate analysis (mass%) Uniaxial strength (MPa)

Vt/H Sv I L Wa Ad Vdaf

Anthracite (group A) A1 20.1 85 6 9 0 1.2 4 3.5 22

A2 20.0

A3 20.0

A4 20.0

A5 20.1

Lignite (group L) L1 20.2 93 – 7 0 1.7 7 48 12

L2 20.0

L3 20.1

L4 20.1

L5 20.0

Hard coal (group H) H1 20.0 71 13 16 0 0.6 9 19.8 15.2

H2 20.1

H3 20.1

H4 20.0

H5 20.2

Vt, vitrinite; H, huminide; Sv, semivitrinite; I, inertinite; L, liptinite; Wa, moisture; Ad, ash on dry basis; Vdaf, volatile matter on dry, ash free basis
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(Qin et al. 2017a, b), the degradation of the mechanical

properties of coal appears in a nonlinear fashion. More

significant changes are observed after the first freeze–thaw

cycles. In the present study, ultrasonic tests were taken at

irregular steps to minimize the chances of sample damage.

The total number of cycles was selected as follows. If

significant changes in acoustic parameters were not

observed during several measurements, then the experi-

ment stopped. Therefore, ultrasonic tests were performed

after 1, 3, 6, 10, and 15 cycles. Outside of the climatic

chamber, coal samples were stored in airtight containers,

guaranteeing the constant moisture content (humidity) of

all samples.

3 Results

3.1 The effect of cyclic freezing–thawing

on the amplitudes and velocities of shear waves

Arrays of Vs and As values were obtained for each coal

sample, along with the angle of h and numbers of F–T

cycles. These arrays were represented in the form of polar

diagrams. Figure 3 shows the Vs measurement results for

the coal samples of all three groups.

It can be seen from Fig. 3 that no significant Vs change

is observed after 15 F–T cycles. The Vs change for

anthracite coal lies in the 16% range. For lignite and hard

coal, Vs changes even less (9% and 14%, respectively).

Unlike Vs, substantial changes in As can be observed in all

coal types, as shown in Fig. 4.

From Fig. 4, a sharp change in As value can be seen for

all coal types. This is most clearly visible on the anthracite

sample, where As declines by 79% after 15 F–T cycles (for

the sounding direction h = 60�/240�). For hard coal, the

decline in As lies in the 55% range (for h = 150�/330�). The

smallest changes are observed in lignite samples, where As

declines in the 33% range (h = 0�/180�) after 6 F–T cycles.

All samples of the L group collapsed between the sixth and

tenth cycles; therefore, only the measurement results after

0, 1, 3, and 6 cycles are presented.

A significantly larger change in the value of As com-

pared to Vs was observed in all studied samples of the three

groups. The high sensitivity to new crack formation in a

coal sample determines its further use as the main infor-

mative parameter.

Figure 4 shows that as the number of F–T cycles grows,

the area bounded by the polar diagram drops. Such area can

be calculated as

S ¼
Xn

i¼1

Asi; ð1Þ

where Asi is the shear wave amplitude taken in a given

direction and n is the number of measurements taken

(n = 13 with an angle step of 30�).
The decrease in S value is caused by the influence of

crack formation on the damping parameters of the shear

waves. Thus, S can indirectly indicate the overall number

of cracks in the sample and the change dynamics in the F–T

process. Diagrams of the averaged S values for different

coal types are presented in Fig. 5.

The results of the experiments also show that the initial

anisotropy of acoustic properties is observed in all samples.

This also changes as the number of F–T cycles grows.

Figure 6 shows the change in the anisotropy coefficient Ka,

calculated according to

Ka ¼
Asmax

Asmin

;

where Asmax and Asmin are the maximum and minimum

amplitudes of the shear wave, respectively.

Fig. 2 Cyclic freeze–thaw paths (arrows indicate ultrasonic testing procedure)
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3.2 Spectral analysis

As mentioned earlier, informative parameters such as the

speed and amplitude of longitudinal waves (rarely shear

waves) are most often used when utilizing ultrasonic

methods to assess the damage degree of various materials.

Additional information on the degree and nature of dis-

turbances in the sample, especially on its dynamics, can be

obtained by using the spectral analysis of the received

signals (Shamina and Palenov 2000; Santos et al. 2010).

More often, the values of the spectrum width Df and the

frequency of the spectral maximum fmax are used as

informative parameters. Thus, Remy observed a decrease

in these parameters when approaching the rock sample

collapse stage (Remy et al. 1994).

In the present work, the recorded signals were also

subjected to spectral processing. The signals received along

the direction of the main axis of anisotropy are of the

greatest interest in this case. The spectral analysis consisted

of signal spectrogram formation, where the numbers of F–

T cycles were set along the horizontal axis, the frequencies

of acoustic signals were set along the vertical axis, and

amplitudes were coded by color. Spectrograms are

obtained by sequentially placing the normalized spectra of

signals subjected to fast Fourier transform. Examples of

spectrograms for all three types of studied coals are pre-

sented in Fig. 7.

The relative change in the signal spectrum width is of

particular interest when fractured media are being studied.

This parameter is extremely sensitive to the extent and

opening of cracks. The signal passing through the crack,

which is an acoustically lowpass filter, undergoes signifi-

cant changes. As a rule, such changes consist of the loss of

the high-frequency spectral components and the general

narrowing of the spectrum (Kundu 2019). To estimate the

Fig. 3 Examples of S-wave velocity polar diagrams for anthracite samples (a), lignite samples (b) and hard coal samples (c)
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Fig. 4 Examples of S-wave amplitude polar diagrams for anthracite samples (a), lignite samples (b) and hard coal samples (c)

Fig. 5 Influence of F–T cycles on averaged S parameter for different

coal types (bars indicate standard deviation)
Fig. 6 Change in the averaged Ka with an increase in F–T cycle

number (bars indicate standard deviation)
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relative change in the spectrum width, we use the corre-

lation interval sk calculated according to sk ¼ 1

Bð0Þ

Z1

0

BðsÞds;

Fig. 7 An example of spectrograms obtained along the main axis of anisotropy in a anthracite sample; b lignite sample; c hard coal sample
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where B(0) is the autocorrelation function of the received

signal taken at s = 0 and B(s) is the autocorrelation func-

tion of the received signal.

The sk parameter shows the time interval at which the

signal remains correlated with itself for the noise signal

sk ? 0 and for the deterministic signal sk ? ?. Thus, sk

is inversely proportional to the width of the signal spec-

trum. The sk calculation results for signals obtained in the

direction of the main axis of anisotropy for all three sample

groups are presented in Fig. 8.

4 Discussion

Comparative studies (Pan et al. 2013) have indicated that

anthracite has high strength and uniformity, as well as a

low level of initial disturbance. Mechanical characteristics

Fig. 8 Dependence of sk obtained along the main axis of anisotropy on the number of F–T cycles for a anthracite samples; b lignite samples;

c hard coal samples
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are reduced with the transition to hard coal. Lignite most

often has the lowest strength and a high initial disturbance,

which often results in the impossibility of manufacturing

standard samples for mechanical tests. These results cor-

respond well with the uniaxial strength of the coals used in

the present study. Additionally, a positive correlation

between the S value and the uniaxial compressive strength

of different coal types at the #0 F–T cycle is observed. In

more uniform and stronger coals, shear waves experience

less attenuation due to the low number of initial cracks. As

the number of F–T cycles increases, As values decline in a

nonlinear fashion. From Figs. 4 and 5, it can be seen that

the greatest change in As in anthracite samples occurs after

the first F–T cycle. The difference between S values at zero

and after the first F–T cycle exceeds 100%. Further decline

is much smoother. By cycle #15, the S value is reduced by

an additional 25%. A similar pattern is observed in hard

coal samples. After the first cycle, there is a 32% decrease

in S, and then the S value practically does not change. The

S parameter in lignite does not experience drastic change

but shows a smooth decrease until the samples reach

complete failure.

Ultrasonic wave attenuation in rocks is caused by mul-

tiple factors. On the micro level, scattering processes are

strongly dependent on grain (pore) sizes (Jackson et al.

2002). On a larger scale, wave reflections on crack surfaces

should be taken into account. In this case, the attenuation is

affected by the ratio of the mechanical properties of the

rock and the crack filler material (Mashinskii 2009). The

strongest attenuation is observed on cracks, the dimensions

of which are comparable with the wavelength of the used

ultrasonic pulses. In our study we use broadband trans-

ducers, so wavelength ranges from 1 to 10 mm. The main

difference between the attenuation of longitudinal and

transverse waves lies in the different mechanisms of signal

reflection at the crack boundaries. Longitudinal waves can

pass through cracks filled with liquid or gas, experiencing

only partial reflection. Shear waves (dependent on the shear

modulus of elasticity G) cannot propagate in gas or fluid

and are reflected back at the crack boundary. In our study,

predominantly air-filled crack formation should be expec-

ted (the samples are not water saturated and are not com-

pressed by any external mechanical force). Therefore, a

significant number of newly formed cracks act as shear

wave propagation ‘‘blockers’’ affecting overall As attenu-

ation, especially after the first F–T cycle. The magnitude of

the crack opening is irrelevant in this case.

Studies examining Vp dependence on the number of F–T

cycles have been carried out on various rocks (Yavuz 2011;

Wang et al. 2018). They show an almost linear decline of

Vp as the number of F–T cycles grows. The authors attri-

bute this change in Vp to the gradual development of pore

space. Studies carried out on coal samples subjected to

extreme F–T with liquid nitrogen report a nonlinear

exponential decline in Vp (Qin et al. 2017a, b). Despite the

exponential nature of the Vp change, a significant decrease

in speed is still observed up to 10 F–T cycles. In this case,

differences between liquid N2 freezing and cold air freez-

ing should be taken into account. Liquid nitrogen vaporizes

when applied to the coal sample, increasing in volume up

to 296 times. The high gas pressure acts as an additional

tensile force that helps to spread open the cracks. Cold air

cooling (used in the present study) occurs at a much lower

rate. The main mechanisms of crack formation are

explained by the 9% expansion of water when it turns into

ice (Park et al. 2015). We cannot quantitatively compare

the results of the present work with the results obtained by

Qin et al. due to different types of coals and operating

temperatures. However, qualitatively, even with a weaker

thermal impact, a sharper change in the acoustic charac-

teristics of coal is observed. This can be explained by the

formation of multiple almost-closed cracks after the first F–

T cycle. Such cracks cannot be detected using Vp but lead

to a significant decline in As.

To characterize the propensity of coal fracturing under

the influence of cyclic freezing–thawing, the coefficient of

cryodesintegration kc.d. can be used as

kc:d: ¼
S�

S0
;

where S* is the area of the polar diagram on the cycle after

which the S parameter stops changing and S0 is the area of

the polar diagram at the zero cycle.

The coefficient kc.d. varies in a range from 0 to 1, with 1

indicating an absolute lack of tendency toward cryodesin-

tegration and 0 indicating a strong tendency toward cryo-

desintegration. For the ratio between #3 and #0 cycles kc.d.,

the average values for anthracite, lignite and hard coal are

0.434, 0.684 and 0.674, respectively. This shows that the

densest and strongest coals are the most prone to destruc-

tive cryoimpacts under conditions of constant humidity

levels.

Coal is known for its anisotropic mechanical properties.

This anisotropy is explained by the conditions of coal

formation. Dong (2008) showed that anisotropy can be

related to porosity but is mainly caused by cracks. Natural

anisotropy in the studied coals is clearly manifested in the

zero F–T cycle (Figs. 4, 6). The initial values of averaged

Ka for anthracite, hard coal and lignite are 1.77, 1.62, and

1.64, respectively. The decrease in the Ka coefficient is

manifested approximately equally for all types of studied

coals, reaching minimum values after 3–6 cycles. The

obtained results largely correspond to recent studies in

which coal samples were subjected to changing internal gas

pressure (Wang et al. 2019). In this case, an increase in the

internal gas pressure in coals led to a decrease in the shear
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wave anisotropy. It appears that an increase in internal

pressure (as well as low-magnitude cyclic F–T) leads to the

formation of cracks uniformly and randomly distributed

throughout the sample. This leads to a decrease in the role

of natural anisotropy.

Spectral analysis of ultrasonic signals can provide

additional information about the nature of crack formation.

Thus, Wang et al. attempted to analyze the spectra of the

longitudinal wave that passed through red sandstone sam-

ples subjected to cyclic cryothermal impacts (Wang et al.

2017). It was found that F–T leads to a gradual increase in

the amplitudes of the low-frequency region of the spec-

trum. Simultaneously, a decrease in the amplitudes of the

high-frequency region was discovered. Significant changes

were observed after 10 freeze–thaw cycles. Similar regu-

larities can be seen in the studied coals. The most signifi-

cant change in the spectral composition of the S-waves

appears after the first F–T cycle in the anthracite samples

(Fig. 7a). In this case, the frequency of the spectrum

maximum fmax declines sharply from 600 kHz to 100 kHz.

With further cycles, fmax undergoes minor changes. This

can be explained by the formation of new cracks in the

plane orthogonal to the S-wave polarization. The high

sensitivity of the shear wave to such cracks causes a

sharper decline in fmax compared to longitudinal waves. No

significant change in the spectral composition of S-waves

is observed in more disturbed samples of lignite and hard

coal. Initially, low fmax, which varies from 200 to 300 kHz

for both types of coals, should be noted. S-wave emission

was performed by broadband transducers with a central

frequency of 600 kHz. The ‘‘loss’’ of a significant part of

the signal high frequencies indicates the presence of cracks

in the samples located orthogonally to the anisotropy axis,

as well as a general high level of initial disturbance.

Indirect analysis of the spectrum width based on the sk

estimation confirms the above conclusions. Significant

changes in sk are observed only in the anthracite samples.

The increase in sk corresponds to spectrum narrowing. It

should be noted, however, that a smoother growth of sk

lags behind the sharp fall of fmax.

The averaged results for all tested coal samples can be

found in Table 2.

5 Conclusions

The acoustic properties of coal change under the influence

of cyclic F–T operations. The authors investigated the

patterns of polarized shear wave propagation in coal sam-

ples under cyclic F–T and came to the following

conclusions:

(1) The high sensitivity of the As parameter to the

formation of cracks with a small opening was shown.

The greatest attenuation of shear waves with

increasing F–T cycle number was observed in the

anthracite samples. This was manifested to a lesser

extent for hard coal samples. The smallest increase

in attenuation was observed in lignite. Thus, an

inverse correlation is observed between the initial

strength of coal and its tendency to form cracks

under the influence of low-magnitude freeze–thaw

cycles.

(2) The greatest impact on the damage development in

high-rank coals was established during the first

freeze–thaw cycle.

(3) The initial anisotropy for all studied coal types was

obtained using polarized shear waves. The aniso-

tropy coefficients Ka for anthracite, lignite and hard

coal were 1.77, 1.62 and 1.64, respectively. As the

F–T cycle number grew, the anisotropy coefficients

decreased, reaching a minimum after 3–6 cycles.

(4) Spectral analysis of the recorded signals also con-

firmed intense crack formation in the anthracite

samples after the first freeze–thaw cycle.

The formation of cracks (even with a small opening) in

coal under the influence of cyclic freezing–thawing can

lead to a decrease in its mechanical (decrease in strength)

and consumer (oxidation level increase and calorific value

decrease) properties. The data obtained from these studies

form the basis for the development of new approaches to

Table 2 The averaged results of the coal sample study

Coal type Uniaxial strength

(MPa)

Kc.d. Ka at #0 F–T

cycle

Significant Ka change up to:, F–T

cycle #

Spectrum analysis features

Anthracite (group

A)

22.0 0.434 1.77 3 fmax drops sharply after #1 F–T

cycle

Lignite (group L) 12.0 0.684 1.62 3 fmax changes insignificantly

Hard coal (group

H)

15.2 0.674 1.64 6 fmax changes insignificantly
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preserve coal during its storage and transportation under

severe natural and climatic conditions.
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