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Published online: 09 January 2018 . Recognition of coal and gangue (roof rock) is a key technology to realize fully mechanized top coal

. caving automated mining. This paper proposes to detect the instantaneous refuse content of drawn coal

and gangue mixture during top coal caving by using natural gamma-ray technology. The generating
environment of coal and rock seams, the distribution characteristics of natural gamma ray from coal and
roof-rock and the principle of coal-gangue recognition using natural gamma-ray method were analyzed.
The natural gamma ray radiation characteristics of coal and roof-rock seams from seven different typical
coal mine areas who has thick coal seams in China have been researched, and a connection between
radiation intensity and refuse content was set up. The experiments on the mixed condition of roof-rock
drawn from caving opening in the caving process of fully-mechanized top coal caving working face
was taken and the radiative signals was real-time detected by using the self-developed coal-gangue
recognition experimental system. The experiments results demonstrate the feasibility of using natural
gamma-ray technology to perform real-time detection of refuse content of drawn coal and gangue
mixture and the availability of self-developed coal-gangue recognition detector.

In China, coal is the main energy source, accounting for about 70% of primary energy production and consump-
tion'?. Since top coal caving mining method has the advantage of high-production, high-efficiency, low develop-
ment ratio, and low-coast, it has developed rapidly in the past two decades and become the most extensively used
mining method in China®~’. However, the recovery ratio and quality of top coal are optical because that the top
coal caving process is completely dependent on the experience of caving workers to discriminate coal or gangue’s
whereabouts and operating hydraulic support to complete control, inevitably, “over” and “less” situation was
caused. Consequently, the coal-gangue recognition, i. e, detect the instantaneous refuse content of drawn coal and
gangue mixture during top coal caving process, should be researched to realize the automated top coal caving who
is the key to automated fully mechanized top coal caving mining of thick and extra-thick coal seams®"*.

The methods used for coal-gangue recognition such as tail beam vibration detection,y-ray detection, radar
detection, cutting force response, infrared detection, and image detection have been investigated by research-
ers in recent years'®. In detail, the marginal spectrum and frequency spectrum of the acoustic signals collected
in fully-mechanized caving face were analyzed to identify the coal-rock interface'; the time-domain statistical
feature parameters method was used to analyze the vibration signal caused by coal, gangue and roof rock caving
and impacting the hydraulic support tail beam and the rear scraper conveyor to solve the coal and rock character
recognition method in the top coal caving process'®; the MATLAB software was used to analyze the coal rock
image signals for image processing technology of coal and rock characters identification'’; the coal gangue acous-
tic signals were analyzed based on sparse representation'®; and the tail beam vibration signals, investigated by an
increasing number of researchers in recent years and used in many practical applications, were measured by using
acceleration sensors to identify the rock-coal interface®*1%20,

These methods above have acquired some valuable achievements and have been applied in several fields.
However, such techniques present with disadvantages. Artificial ~ rays are harmful to human beings.
Meanwhile, radar detection faces the problem of considerable contradiction between measuring range and
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Figure 1. Radiation characteristics of coal and roof rock in different coal mines.

precision. Meanwhile, cutting force response method is unsuitable for the top coal caving mining environment,
whereas infrared detection method is insufficiently mature. In addition, the recognition accuracy rate of the
above-mentioned methods is highly sensitive to the coal mine environment'*.

In this study, we apply natural gamma-ray method to realize the automatic recognition of coal and gangue.
Using this method means to determine the intensity of v-ray from the natural radioactive matters contained
in the material drawn out from the caving opening and then, based on the intensity, determines the material’s
refuse content. In sedimentary strata, radioactive matters naturally exist?'2%. The content of radioactive material
in gangue is much greater than that of coal, and the content of radioactive material in coal is so lower that it can
be ignored?*-%. That means the content of radioactive material in gangue and coal is quite different, so the refuse
content in drawn coal and gangue mixture can be determined by measuring the mixture’s radiation. This provides
a theoretical basis for the automatic top coal caving technology in fully mechanized caving mining. At the same
time, the natural ray method for coal and gangue recognition has fast speed, non-contact measurement, not affect
other equipment and so on.

Results

Radiation characteristics of coal and roof-rock samples. We can know from the analysis that the
content of the radionuclide in the sedimentary rocks is related to the content of clay minerals, the formation time,
the environment of the sedimentary area and so on**-*?, therefore, we carried out analysis on the radiation char-
acteristics of the coal and roof rock in the thick and extra-thick coal seam for the selected typical mining areas
such as Dongsheng, Datong, Yanzhou, Shuozhou and Longkou®-*. And the selected Coal Mine are Suancigou
(SCG), Tongxin (TX), Xinzhouyao (XZY), Pingshuo NO.2 (PS.2), Xinglongzhuang (XLZ), Nantun (NT) and
Beizao (BZ).

The radiation characteristics of the coal and gangue samples of the investigated mines were measured and
recorded in Fig. 1. In the measuring process, the shielding effect of coal samples of SCG, TX and XLZ on environ-
ment background radiation is greater than their own contribution, so the radiation value is set to be 0.

As can be seen from Fig. 1, the radiation intensities of all coal samples are generally small, even less than their
own shielding ability, so it is considered that the radiation content of coal is 0 in the research process of this paper.
The roof rock radiation intensity is much bigger than that of coal samples, but the difference is great between
different gangues, the average radiation intensity is 8.08 cps/(Kg.s). The gangue radiation intensity in BZ Coal
Mine (belongs to the offshore-type of the Tertiary period and has short diagenetic time) is the largest, reaching
to 17.67 cps/(Kg.s), the roof belongs to the shale with strong adsorption capacity, therefore, it has large content of
radioactive material. The minimum gangue radiation intensity of PS.2 Coal Mine is 3.31 cps/(Kg.s). For the rock
with different lithology in the same period, the radiation intensity is directly related to grain size. The smaller the
particle size, the greater the radiation intensity.

The sample radiation intensities from the same layer of sedimentary rock of the same coal field have little dif-
ference. In Fig. 1, the rock sample from XLZ and NT Coal Mine of Yanzhou coal field are siltstone, their radiation
value difference is very small, which is only 0.15 cps/(Kg.s). The radiation intensities of different types of rock
strata in the same coal field have large difference. The radiation intensity difference value of the fine sandstone
and sandy shale form TX Coal Mine and XZY Coal Mine of Datong Coal field reached 2.48 cps/(Kg.s). This has
provided basis for the radiation intensity calibration of automatic recognition technology in fully mechanized
caving mining.

Experimental result analysis. Background radiation calibration of experimental environment. In order
to eliminate the influence of experimental environment on the measurement and get the real radiation value of
coal and gangue, the background radiation of the experimental environment is tested, the Fig. 2 is the measured
data distribution curve.

Measurement of radiation quantity of crushed gangue. In order to measure the radiation intensity of gangue and
its relationship with mass, gangue of different mass were placed under the probe, and its radiation quantity was
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Figure 2. CPS curves of environment background radiation.
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Figure 3. Relationship between mass of gangue sample and average CPS value.
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Figure 4. The measured radiation intensity of gangue.

measured. Probe sampling period was 1000 ms, the measurement time of each sample was 90s. Each gangue cps
value was the mean value of 90 measurement data in measuring time. Figure 3 is the relationship between mass
of gangue samples and average CPS value.

As shown in Fig. 3, the gangue radiation values were determined. When the gangue content is 18.4 Kg, the
radiation quantity has reached 13% of the environment background radiation, indicating that the detector has
high resolution ratio for gangue. The increase of CPS value is basically linear with the increase of rock samples
quantity. When the gangue mass reaches a certain value, the increase of radiation CPS value is not obvious, i.e.,
itis close to the radiation saturation thickness. When the measured value is approximately equal to the threshold
value of radio activity recognition, the emergence of gangue can be obviously judged from the figure. Therefore
the measured gangue content in the coal and gangue mixture at the coal caving opening by natural ray technique
is credible.

Result of top coal caving simulation test. Figure 4 is the variation curve of coal and gangue radiation intensity
detected by the detector in the caving process of coal and rock simulated by the coal-gangue recognition test
platform.

It can be seen from the Fig. 4 that after opening the coal caving opening (start of coal only period), the radi-
ation intensity is rising rapidly after a period of stable status, indicating that the crushed coal which stream out
when the coal caving opening just opened almost has no radioactivity. When the discharges of coal caving open-
ing gradually change from the coal only to coal and gangue mixture and finally to gangue only, the radiation
intensity detected by the detector is increased with the increase of the gangue content, this process lasts for 4.4s.
The radiation intensities remain stable until the rock is not enough, then the radiation intensity decreases with the
gradual reduction of the roof rock in the funnel, and the detected radiation curve steadily fell to the background
value.
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Discussion

Coal-gangue recognition is a bottleneck technology to realize the automation of fully mechanized top coal cav-
ing. At present, a large number of scholars have studied it in different ways, but the real-time performance and
the veracity of recognition are still to be further ascension. It is found that coal and gangue are generally radio-
active, the detector for natural radiation was developed, and through laboratory tests, the radiation intensity of
coal and gangue is very different. The radionuclide content is similar for the same kind of rocks; radionuclide
content has great difference between different kinds of rocks; in the coal bearing series, the radioactive intensity
decreases with the increasing of the particle size and decreases with the increase of the diagenetic time. And, most
importantly, the natural radiation value of coal sample is almost zero, which can be ignored in the measurement
process; the quantity of gangue radiation increases linearly with the mass; when the gangue content reaches a
certain value, the radiation quantity has no obvious increase. The increase of gangue quantity after reaching the
saturation of radiation has no contribution for the radiation detection by the probe. The radiation value can be
accurately measured and judged in a short period of time before the gangue content reaches saturation, which
makes it possible to determine and identify the gangue content in coal and gangue mixture. Therefore, radiation
characteristics difference of natural gamma-ray from coal and gangue was used to realize recognizing the gangue
from the drawn mixture of coal and gangue.

Through theoretical analysis we can know: The radiation intensity of coal and gangue mixture discharged
from the coal caving opening has a one-to-one corresponding relationship with the mixed degree of gangue,
which means that the interfusion situation of gangue can be obtained through monitoring the change of radiation
intensity at the coal caving opening.

At the same time, the coal-gangue recognition test platform was developed to simulating the process of top
coal caving and detecting the radiation signal from the coal and gangue drawn out of the top coal caving opening.
The experiment result shows that: using natural ray technique to identify coal and gangue in the top coal caving
process can achieve the goal of accuracy and real-time response as well as the correct guidance of coal caving
window operation, providing a reliable basis for recognition of the automated top coal caving technology.

The results of top coal caving simulation test verify the reliability of coal and gangue recognition by means of
natural ray technology, this technology can accurately detect the changes of gangue content in coal and gangue
stream of the coal caving opening and have real-time response, making guidance for top coal caving operation.

Experiments in this paper is just simulating a single structure coal seam of fully mechanized top coal caving
mining process for testing the recognition of coal and gangue, the effect from the parting in complex structure
thick coal seam, the floor rock and the gangue from gob was not took into account. At the same time, the rea-
sonable position for detector, the temperature and humidity of the caving space and the matching between the
recognition index and support controlling still needed to be further researched and practiced.

Methods

Formation and distribution of radionuclides in coal and rock strata. Coal bearing series (coal
measures for short) is a series of sedimentary rock or strata containing coal or coal seam. All kinds of rocks con-
tain a certain amount of radionuclides in nature, so does the coal bearing series [12].

For the coal mine roof, the different sedimentary rocks have different radiation characteristics. The content of
radionuclides in the roof is mainly related to the grain size of the sediments, the quantity of organic matter, sedi-
mentary environment and conditions, and the deposition time. There are the following general rules!!?:

(1) The same type of rocks has similar content of radionuclide, while radionuclide content has great difference
between different kinds of rocks; (2) In coal bearing series, the radioactive intensity is the lowest in coal, while it
gradually increases in the conglomerate, grit stone, medium sand, fine sandstone, siltstone, silty mudstone, shale
and mudstone,. The smaller the particle size, the greater the mud content and the stronger the radiation; (3) The
radiation of inland-type gangue is less than that of offshore-type gangue. (4) The shorter the coal forming time,
the stronger the roof radiation. The thick coal seams are mostly lignite with a low degree of metamorphism, the
roof formation time is less than bituminous coal and anthracite coal, so the radiation of the roof is relatively large.
Therefore for similar gangues, the radiation intensity increases with the shortening of time. This is advantageous
to the application of the natural ray method to identify coal and gangue. (5) The radiation content is large in the
sedimentary rocks containing diagenetic minerals such as leopoldite. In the determination of the radiation of coal
mine roof, it is need to first determine the composition of its diagenetic mineral, so as to facilitate the recognition
of the source of natural radiation.

Determination of Research coal mines. We can know from the above analysis that the content of the
radionuclide in the sedimentary rocks is related to the content of clay minerals, the formation time, the environ-
ment of the sedimentary area and so on, therefore, we carried out analysis on the radiation characteristics of the
coal and gangue in the thick and extra-thick coal seam for the selected typical mining areas such as Dongsheng,
Datong, Yanzhou, Shuozhou and Longkou. The research details are shown in Fig. 5. And the roof lithologic is
shown in the Table 1.

The principle and technique of automatic recognition of coal and gangue. The coal and gangue
recognition technology by means of natural ray determines the gangue content in coal and gangue mixture stream
based on the natural radiation intensity of gangue. The measured data is not influenced by the coal/gangue size, or
the environment around the coal caving opening, therefore it has certain advantages. Overall, at the coal caving
opening of a top coal caving face, the refuse rate of the drawn-out mixture is zero at first, and then increases grad-
ually and continuously. Therefore, the trend of gangue discharge can be determined based on the instantaneous
radiation intensity of the mixture stream.
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Coal type Durain Semibright Bright Half bright and half dark | Semibright | Durain | Lignite

Rooflithology | Sandy mudstone | Fine sandstone | Sandy shale | Grit stone Siltstone Siltstone | Oil-bearing mudstone

Table 1. Lithologic statistics of roof.
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Figure 7. Coal and gangue mixture calculation model.

Determination of gangue content in coal and gangue mixture. As seen in Fig. 6, the detector’s
probe is placed above the support shield beam. Based on this configuration, the coal and gangue detection calcu-
lation model is established as shown in Fig. 7, where point P marks the detector.

For easiness of discussion, we assume that the coal and gangue mixture is a uniform mixture, and then the
mass attenuation coefficient of the mixture is

1= e+ e = 1+ (4 — e 1)

where i is the mass attenuation coefficient of coal, ¢, is the mass percentage content of coal in the mixture, 1, is
the mass attenuation coefficient of gangue, and c, is the mass percentage content of gangue in the mixture. For
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a specific mining face, i, y1, and the radiation matter concentration q of gangue can be treated as constants.
Assuming that the volume percentage content of coal in the mixture is v,, whereas that of gangue is v,, then

Vot v =1 (2)

te=1 3)

Let the mixture’s total volume and total mass be V and M, respectively, then

V= & + %
h Py (4)
Combining Equations (2~4), we have
C
vg = L
fot (=) 5)

For a infinitely small volume dv in the mixture shown in Fig. 6, its radiation on point P is

i — pgqvgdv

e M.
2 (6)

where dv = r*0sin¢d¢pdfdr. Perform volume integral for the entire radiation body, letting 6 =27, ¢ =, and r is
infinitely great, then

2m T oo 47
J= pgqvgfo d@j(; smqﬁdqﬁf() e Mdr = ngqvg.

Combining Equations (1), (5) and (7), we have

4mqp, Py

= .
{uc + (- ;@)Hpg + (g — pg)cg] (8)

It can be seen from Equation (8) that the detection of radiation intensity of coal and gangue mixture is related
to the density of coal and gangue, mass attenuation coeflicient, content radioactive concentration of gangue.
For the determined geological conditions, the density and mass attenuation coefficient of coal and gangue, and
the radioactive concentration of gangue are determined in Equation (8), therefore the radiation intensity J has a
one-to-one correspondence with refuse content in coal and gangue mixture, it means that we can get the refuse
rate by measuring the radiation intensity of the mixture.

Experimental analysis. In order to measure the coal and gangue radiation characteristics in fully mecha-
nized caving mining, to verify its strong and weak law, to determine threshold and real time response of the detec-
tor and to discuss the feasibility of coal and gangue recognition technology in fully mechanized caving mining by
means of natural ray, we carried out the test experiment in the laboratory.

Experimental scheme. The experimental test method is a combination of static experiment and dynamic
experiment, the coal and gangue materials used for the experiment were selected from a fully mechanized caving
face of a coal mine which belongs to Shanxi Datong Coal Mine Group.

(a) Environment background radiation calibration: first of all, the natural background value of the experi-
mental site was measured, and the background radiation value was obtained by the average value of a large
number of samples.

(b) Crushed coal and gangue radiation test: gangue and coal samples were selected from a fully mechanized
caving face of a coal mine which belongs to Shanxi Datong Coal Mine Group. To break the coal samples
to pieces, and then successively accumulating them in an equal amount and put them under the probe for
radiation measurement. And then do the same procedure for the gangue samples.

(c) Top coal caving simulation test: put 300 mm crushed coal in the funnel, and then tiled 500 mm crushed
gangues, the detector height was reduced to 200 mm from the platform bottom plate, the platform was
lifted to a tilt angle of 35°, then opened the software to detect the background radiation for a certain time,
then opened the coal to let the coal and gangue run out freely, to detect the change of mixed state and the
radiation intensity of coal and gangue in the stream process. When all the released materials were gangue,
the change of gangue stream can be controlled through opening and closing the window, in order to ob-
serve whether the response speed of the instrument can meet the requirements of real-time response.

Top coal caving simulation test. To simulate the top coal caving process by coal and gangue recognition
test rig, and the radiation characteristics of coal and gangue were measured. The experiment system was show in
Figs 8 and 9. 300kg coal was first installed at the bottom of the coal discharging funnel, the funnel was tilted for
30° to let the coal has natural balance. Then the gangue was loaded until the funnel was filled. Put the funnel on
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Figure 8. Layout schematic diagram of the model.

the test bench and fixed it, and adjusted the distance between the probe and the platform to 10 cm. Lift the plat-
form to the place where has 30° angle to the ground. Using the monitoring software to measure the background
for one minute, then opened the funnel damper to cave the coal and monitor the data. When the data rose to the
highest point, the damper was slowly closed and then opened again, to examine the response of the probe to the
gangue in coal stream.

References

1.

2.

3.

Bhattacharya, M., Rafiq, S. & Bhattacharya, S. The role of technology on the dynamics of coal consumption-economic growth: New
evidence from China. Appl. Energy 154, 686-695, https://doi.org/10.1016/j.apenergy.2015.05.063 (2015).

Wang, J. C., Yang, S. L., Li, Y., Wei, L. K. & Liu, H. H. Caving mechanisms of loose top-coal in longwall top-coal caving mining
method. Int. J. Rock Mech. Min. Sci. 71, 160-170, https://doi.org/10.1016/j.ijjrmms.2014.04.024 (2014).

Huang, P, Ju, E, Jessu, K. V., Xiao, M. & Guo, S. Optimization and Practice of Support Working Resistance in Fully-Mechanized Top
Coal Caving in Shallow Thick Seam. Energies 10, 12, https://doi.org/10.3390/en10091406 (2017).

. Xie, G. X, Chang, J. C. & Yang, K. Investigations into stress shell characteristics of surrounding rock in fully mechanized top-coal

caving face. Int. J. Rock Mech. Min. Sci. 46, 172-181, https://doi.org/10.1016/.ijrmms.2008.09.006 (2009).

. Xie, Y. S. & Zhao, Y. S. Numerical simulation of the top coal caving process using the discrete element method. Int. J. Rock Mech. Min.

Sci. 46, 983-991, https://doi.org/10.1016/j.ijrmms.2009.03.005 (2009).

. Xie, H. & Zhou, H. W. Application of fractal theory to top-coal caving. Chaos Solitons Fractals 36, 797-807, https://doi.org/10.1016/j.

chaos.2006.07.024 (2008).

SCIENTIFICREPORTS| (2018) 8:190 | DOI:10.1038/s41598-017-18625-y 7


http://dx.doi.org/10.1016/j.apenergy.2015.05.063
http://dx.doi.org/10.1016/j.ijrmms.2014.04.024
http://dx.doi.org/10.3390/en10091406
http://dx.doi.org/10.1016/j.ijrmms.2008.09.006
http://dx.doi.org/10.1016/j.ijrmms.2009.03.005
http://dx.doi.org/10.1016/j.chaos.2006.07.024
http://dx.doi.org/10.1016/j.chaos.2006.07.024

www.nature.com/scientificreports/

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

. Li, S. C. et al. Model test study on surrounding rock deformation and failure mechanisms of deep roadways with thick top coal.

Tunn. Undergr. Space Technol. 47, 52-63, https://doi.org/10.1016/j.tust.2014.12.013 (2015).

. Song, Q. ], Jiang, H. Y., Zhao, X. G. & Li, D. M. An automatic decision approach to coal-rock recognition in top coal caving based

on MF-Score. Pattern Anal. Appl. 20, 1307-1315, https://doi.org/10.1007/s10044-017-0618-7 (2017).

. Liu, W. In Advances in Science and Engineering, Pts 1 and 2 40-41 Applied Mechanics and Materials (eds Zhilin, Z. & Wang, P.)

995-999 (Trans Tech Publications Ltd, 2011).

Li, L. H., Wang, H. J. & An, L. Research on recognition of coal and gangue based on image processing. World J. Eng. 12, 247-253
(2015).

Shen, L., Lv, W. B.,, Zhou, W., Zhu, J. B. & Qiao, E. L. Recycling coal from coal gangue. Filtr. Sep. 54, 40-41 (2017).

Yang, D. L, Li, ]. P, Dy, C. L., Zheng, K. H. & Liu, S. Y. Particle size distribution of coal and gangue after impact-crush separation. J.
Cent. South Univ. 24, 1252-1262, https://doi.org/10.1007/s11771-017-3529-2 (2017).

Zhang, X. G, Lin, ], Liu, J. X,, Li, E. & Pang, Z. Z. Investigation of Hydraulic-Mechanical Properties of Paste Backfill Containing Coal
Gangue-Fly Ash and Its Application in an Underground Coal Mine. Energies 10, 19, https://doi.org/10.3390/en10091309 (2017).
Zhang, G. X., Wang, Z. C. & Zhao, L. Recognition of rock-coal interface in top coal caving through tail beam vibrations by using
stacked sparse autoencoders. J. Vibroeng. 18, 4261-4275, https://doi.org/10.21595/jve.2016.17386 (2016).

Zhang, Y. L. Acoustic Signals Analysis Based on Empirical Mode Decomposition and Spectrum Analysis Technique. Advances in
Science and Engineering, Pts 1 and 2 40-41, 91-95, https://doi.org/10.4028/www.scientific.net/ AMM.40-41.91 (2011).

Zhuy, S. G, Xue, G. H., Zhao, X. Y,, Liu, E. M. & Wu, M. In Mechatronics Engineering, Computing and Information Technology
556-562 Applied Mechanics and Materials (eds Xu, X. D. et al.) 2862-2865 (Trans Tech Publications Ltd, 2014).

Xue, G. H., Hu, B. H,, Zhao, X. Y, Liu, E. M. & Ding, W. J. In Advances in Mechatronics and Control Engineering Iii Vol. 678 Applied
Mechanics and Materials (ed. Yarlagadda, P.) 193-196 (Trans Tech Publications Ltd, 2014).

He, A. X., Liu, N. & Wei, G. F. Coal-gangue Acoustic Signal Recognition Based on Sparse Representation. Measurement Technology
and Engineering Researches in Industry, Pts 1-3 333-335, 546-549, https://doi.org/10.4028/www.scientific.net/ AMM.333-335.546
(2013).

Zhang, G. X., Wang, Z. C., Zhao, L., Qi, Y. Z. & Wang, J. S. Coal-Rock Recognition in Top Coal Caving Using Bimodal Deep
Learning and Hilbert-Huang Transform. Shock Vib. 13, https://doi.org/10.1155/2017/3809525 (2017).

Song, Q. J., Jiang, H., Song, Q. H., Zhao, X. G. & Wy, X. X. Combination of minimum enclosing balls classifier with SVM in coal-
rock recognition. PLoS One 12, 19, https://doi.org/10.1371/journal.pone.0184834 (2017).

Asfahani, J. & Borsaru, M. Low-activity spectrometric gamma-ray logging technique for delineation of coal/rock interfaces in dry
blast holes. Appl. Radiat. Isot. 65, 748-755, https://doi.org/10.1016/j.apradis0.2007.01.019 (2007).

Bessinger, S. L. & Nelson, M. G. Remnant Roof Coal Thickness Measurement with Passive Gamma-Ray Instruments in Coal-Mines.
IEEE Trans. Ind. Appl. 29, 562-565, https://doi.org/10.1109/28.222427 (1993).

Zhou, B. Z. & O’Brien, G. Improving coal quality estimation through multiple geophysical log analysis. Int. J. Coal Geol. 167,75-92,
https://doi.org/10.1016/j.c0al.2016.09.013 (2016).

Karacan, C. O. Elastic and shear moduli of coal measure rocks derived from basic well logs using fractal statistics and radial basis
functions. Int. J. Rock Mech. Min. Sci. 46, 1281-1295, https://doi.org/10.1016/j.ijrmms.2009.04.002 (2009).

Chrusciel, E., Massalski, T., Palka, K. W, Puchacewicz, J. & Zorski, T. Natural gamma-ray spectral logging - Some applications.
Nukleonika 44, 661-667 (1999).

Wang, Z. C., Fu, Q. & Xie, Z. E. In 3rd International Conference on Mechatronics and Information Technology (ICMIT 05).
W411-W411 (Spie-Int Soc Optical Engineering, 2005).

Dai, S. E. et al. A new type of Nb (Ta)-Zr(Hf)-REE-Ga polymetallic deposit in the late Permian coal-bearing strata, eastern Yunnan,
southwestern China: Possible economic significance and genetic implications. Int. J. Coal Geol. 83, 55-63, https://doi.org/10.1016/j.
c0al.2010.04.002 (2010).

Hendriks, P, Limburg, J. & de Meijer, R. J. Full-spectrum analysis of natural gamma-ray spectra. J. Environ. Radioact. 53, 365-380,
https://doi.org/10.1016/s0265-931x(00)00142-9 (2001).

Svendsen, J. B. & Hartley, N. R. Comparison between outcrop-spectral gamma ray logging and whole rock geochemistry:
Implications for quantitative reservoir characterisation in continental sequences. Mar. Pet. Geol. 18, 657-670, https://doi.
org/10.1016/50264-8172(01)00022-8 (2001).

Yoshida, H. Relation Between U-Series Nuclide Migration and Microstructural Properties of Sedimentary-Rocks. Appl. Geochem.
9, 479-490, https://doi.org/10.1016/0883-2927(94)90011-6 (1994).

Yoshida, H., Yui, M. & Shibutani, T. Flow-Path Structure in Relation to Nuclide Migration in Sedimentary-Rocks - an Approach with
Field Investigations and Experiments for Uranium Migration at Tono Uranium Deposit, Central Japan. J. Nucl. Sci. Technol. 31,
803-812, https://doi.org/10.1080/18811248.1994.9735226 (1994).

Degueldre, C. & Cloet, V. Pore water colloid properties in argillaceous sedimentary rocks. Sci. Total Environ. 569, 423-433, https://
doi.org/10.1016/j.scitotenv.2016.06.073 (2016).

Li, J., Feng, J. & Li, W. Y. Thermochemical Reaction Representation of Shenfu Dongshen Inertinite and Vitrinite. Acta Phys.-Chim.
Sin. 25,1311-1319, https://doi.org/10.3866/pku.whxb20090703 (2009).

Gao, R, Yu, B, Xia, H. C. & Duan, H. E Reduction of Stress Acting on a Thick, Deep Coal Seam by Protective-Seam Mining.
Energies 10, 15, https://doi.org/10.3390/en10081209 (2017).

Liu, G. ], Yang, P. Y, Peng, Z. C. & Chou, C. L. Petrographic and geochernical contrasts and environmentally significant trace
elements in marine-influenced coal seams, Yanzhou mining area, China. J. Asian Earth Sci. 23, 491-506, https://doi.org/10.1016/j.
jseaes.2003.07.003 (2004).

Yan, H. et al. The mechanism of bedding separation in roof strata overlying a roadway within a thick coal seam: A case study from
the Pingshuo Coalfield, China. Eng. Fail. Anal. 62, 75-92, https://doi.org/10.1016/j.engfailanal.2015.12.006 (2016).

Acknowledgements

Financial support for this work, provided by the China Postdoctoral Science Foundation (Grant No.
2016M601914), Natural Science Foundation of China (Grant No. 51704275 and No. 51574220), and Independent
Research Project of State Key Laboratory of Coal Resources and Safe Mining, China University of Mining and
Technology, are gratefully acknowledged.

Author Contributions
Chang-You Liu put forward the research ideas and methods, Ning-Bo Zhang carried out the theoretical analysis
and experiment. All authors wrote and reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

SCIENTIFICREPORTS | (2018) 8:190 | DOI:10.1038/s41598-017-18625-y 8


http://dx.doi.org/10.1016/j.tust.2014.12.013
http://dx.doi.org/10.1007/s10044-017-0618-7
http://dx.doi.org/10.1007/s11771-017-3529-2
http://dx.doi.org/10.3390/en10091309
http://dx.doi.org/10.21595/jve.2016.17386
http://dx.doi.org/10.4028/www.scientific.net/AMM.40-41.91
http://dx.doi.org/10.4028/www.scientific.net/AMM.333-335.546
http://dx.doi.org/10.1155/2017/3809525
http://dx.doi.org/10.1371/journal.pone.0184834
http://dx.doi.org/10.1016/j.apradiso.2007.01.019
http://dx.doi.org/10.1109/28.222427
http://dx.doi.org/10.1016/j.coal.2016.09.013
http://dx.doi.org/10.1016/j.ijrmms.2009.04.002
http://dx.doi.org/10.1016/j.coal.2010.04.002
http://dx.doi.org/10.1016/j.coal.2010.04.002
http://dx.doi.org/10.1016/s0265-931x(00)00142-9
http://dx.doi.org/10.1016/s0264-8172(01)00022-8
http://dx.doi.org/10.1016/s0264-8172(01)00022-8
http://dx.doi.org/10.1016/0883-2927(94)90011-6
http://dx.doi.org/10.1080/18811248.1994.9735226
http://dx.doi.org/10.1016/j.scitotenv.2016.06.073
http://dx.doi.org/10.1016/j.scitotenv.2016.06.073
http://dx.doi.org/10.3866/pku.whxb20090703
http://dx.doi.org/10.3390/en10081209
http://dx.doi.org/10.1016/j.jseaes.2003.07.003
http://dx.doi.org/10.1016/j.jseaes.2003.07.003
http://dx.doi.org/10.1016/j.engfailanal.2015.12.006

www.nature.com/scientificreports/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS| (2018) 8:190 | DOI:10.1038/s41598-017-18625-y 9


http://creativecommons.org/licenses/by/4.0/

	Radiation characteristics of natural gamma-ray from coal and gangue for recognition in top coal caving

	Results

	Radiation characteristics of coal and roof-rock samples. 
	Experimental result analysis. 
	Background radiation calibration of experimental environment. 
	Measurement of radiation quantity of crushed gangue. 
	Result of top coal caving simulation test. 


	Discussion

	Methods

	Formation and distribution of radionuclides in coal and rock strata. 
	Determination of Research coal mines. 
	The principle and technique of automatic recognition of coal and gangue. 
	Determination of gangue content in coal and gangue mixture. 
	Experimental analysis. 
	Experimental scheme. 
	Top coal caving simulation test. 

	Acknowledgements

	Figure 1 Radiation characteristics of coal and roof rock in different coal mines.
	Figure 2 CPS curves of environment background radiation.
	Figure 3 Relationship between mass of gangue sample and average CPS value.
	Figure 4 The measured radiation intensity of gangue.
	Figure 5 The investigated coal mines and their general situation.
	Figure 6 Work mechanism of the detector.
	Figure 7 Coal and gangue mixture calculation model.
	Figure 8 Layout schematic diagram of the model.
	Figure 9 Top coal caving simulation test.
	Table 1 Lithologic statistics of roof.




