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The article presents results of research into changes in deformation properties of rocks,

under influence of temperature, during the process of underground coal gasification. Sam-

ples of carboniferous sedimentary rocks (claystones and sandstones), collected in different

areas ofUpper SilesianCoal Basin (GZW),wereheated at the temperature of between 100 and

1000e1200 �C, and then subjected to uniaxial compression tests to obtain a full stress-strain

curves of the samples and determine values of residual strain and Poisson's ratio. To

compare the obtained values of deformation parameters of rocks, tested in dry-air state and

after heating in a given range of temperature, normalised values of residual strain and

Poisson's ratio were determined. Based on them, coefficient of influence of temperature on

tested deformation parameters was determined. The obtained values of the coefficient can

be applied in mining practice to forecast deformability of gangue during underground coal

gasification, when in the direct surrounding of a georeactor there are claystones or sand-

stones. The obtained results were analysed based on classification of uniaxial compression

strength of GZWgangue,which formed the basis for dividing claystones and sandstones into

very low, low, medium and high uniaxial compression strength rocks. Based on the con-

ducted tests it was concluded that the influence of uniaxial compression strength on the

value of residual strain, unlike the influence of grain size of sandstones, is unambiguous

within the range of changes in the parameter. Among claystones changes in the value of

Poisson's ratio depending on their initial strength were observed. Sandstones of different

grain size either increased or decreased the value of Poisson's ratio in comparison with the

value determined at room temperature in dry-air conditions.

Copyright © 2015 Central Mining Institute in Katowice. Production and hosting by Elsevier

B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Underground gasification is one of the promising methods of

exploiting hard coal deposits especially where using
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traditional mining methods is impossible or uneconomic.

Benefits of implementing the technology seem to be prom-

ising, however, there are still difficult safety issues to solve,

before it can be commonly used. One of the issues is influence

of high temperature of 1000e1200 �C, on the rocks in the
d.
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immediate roof of a coal seam. Due to thermal transformation

of the surrounding rocks and changes in their geomechanical

properties, a mine working may lose its stability. It, in turn,

leads to changes in stress and strain in the rock mass, which

may result in displacing the surface, contaminating under-

ground waters and even threatening the whole process

(Białecka, 2008; Burton, Friedmann, & Upadhye, 2007;

Younger, 2011). As the interest in underground gasification

technology is growing and there have already been attempts

to implement it, as well as other technologies where tem-

perature affects the rock mass, researchers more and more

often analyse changes in geomechanical properties of rocks

caused by high temperature (Chen, Ni, Shao, & Azzam, 2012;

Keshavarz, Pellet, & Loret, 2010; Korzeniowski &

Skrzypkowski, 2012; Luo & Wang, 2011; Małkowski,

Kami�nski, & Skrzypkowski, 2012; Mao, Zhang, Li, & Liu, 2009;

Pini�nska, 2007; Zhang, Mao, Liu, Guo, & Ma, 2013; Zhang,

Mao, & Lu, 2009). Among the tested parameters, literature

often mentions influence of temperature on the value of

uniaxial compression strength, Young's modulus, stress-

strain curve, critical strain and Poisson's ratio. Influence of

temperature on the last of the parameters is not so often

tested due to difficulties in conducting the test to determine

its value and then in interpreting the obtained results.

Nevertheless, due to the geomechanical aspect of the process,

determining changes in deformation parameters (critical

strain and Poisson's ratio) under influence of temperature, is

very important. Research into changes in parameters ob-

tained from the post-critical part of stress-strain curve,

including values of residual strain, is also very important.

There has been no research conducted into the issue so far.

Due to insufficient knowledge of changes in deformation pa-

rameters under influence of high temperature, the article fo-

cuses on changes in the value of residual axial strain and

transverse strain expressed with Poisson's ratio.

Among the tested parameters which determine changes in

deformation properties of rocks under influence of tempera-

ture, the most often referred to ones are changes in the value

of critical strain. The changes are determined with pre-critical

part of stress-strain curve, obtained during uniaxial

compression tests.

Zhang et al. (2013) determined changes in the value of

critical strain for samples of mudstones at the temperature of

up to 800 �C. Based on the obtained results, they observed an

increase in the value of the tested parameter which followed

an increase in the temperature. The biggest changes were

observed for the range of temperature of 100e400 �C. In the

range of temperature, changes were nearly linear, and the

change in the value of critical strain reached 70% in compar-

ison with the initial value, which was determined for samples

in dry-air state. At the temperature of 600 �C there was a

decrease in the value of critical strain, nevertheless, at the

temperature of 800 �C its highest value was recorded. Luo and

Wang (2011) also conducted research into changes in critical

strain formudstone samples. In their research they heated the

samples to 750 �C. Like Zhang et al. (2013), they observed an

increase in the value of critical strain. Up to the temperature

of 400 �C it fluctuated a lot (decrease, increase or no significant

change). Another research conducted by Zhang et al. (2009) on

samples of sandstone, limestone andmarble, heated up to the
temperature of 800 �C, showed differences in behaviour of

changes in the value of deformation following increases in

temperature, depending on the type of rocks. Values of critical

strain for samples of sandstone were higher in comparison

with the ones recorded for limestone and marble. The lowest

valueswere observed for the samples ofmarble. Nevertheless,

in all of the three cases, for the temperature of over 600 �C, an
increase in the tested parameter was observed, while at the

temperature of 800 �C all the types of rocks reached the

maximum value of critical strain. Chen et al. (2012),

researching changes in critical strain for samples of granite,

heated to the temperature of 1000 �C, did not observe any

significant changes in its value up to the temperature of

400 �C. At higher temperatures, the value of deformation

increased steadily, reaching the highest value after heating

the samples at maximum temperature.

The hitherto research into changes in the value of critical

strain under influence of temperature shows that, in general,

there is an increase in the value following an increase in

temperature, although reaching the maximum value, ob-

tained after heating a sample to the highest temperature does

not have to be smooth (Fig. 1). Zhang et al. (2013) attribute the

phenomenon to mineral changes such as dehydration, re-

crystallisation or phase transitions, occurring under influence

of high temperature, which lead to fluctuations in the value of

critical strain. In turn, softening the structure of rocks at the

temperature of over 500e600 �C leads to the rocks becoming

less brittle andmore plastic, which results in an increase in its

deformability (Luo & Wang, 2011; Mao et al., 2009; Ranjith,

Viete, Chen, Samintha, & Perera, 2012).

Research works into changes in the value of transverse

strain, expressed with the value of Poisson's ratio, under in-

fluence of temperature are rare (Brot�ons, Tom�as, Ivorra, &

Alarc�on, 2013; Korzeniowski & Skrzypkowski, 2012; Wu,

Wang, Swift, & Chen, 2013), in comparison with research

into changes in critical strain. Due to insufficient data and

major differences in the obtained results, drawing construc-

tive conclusions, concerning influence of temperature on the

value of Poisson's ratio, poses a significant problem and re-

quires further studies of the issue.
2. Methodology

Samples of sedimentary rocks (rock core, 30 mm in diameter

and 60 mm in high) represented claystones and sandstones of

different grain size. The rocks included main lithologic types

occurring in direct vicinity of coal seams deposited in Upper

Silesian Coal Basin. The samples were collected in mine

workings and bore holes, in all the currently mined coal-

bearing stratigraphic groups of GZW carboniferous. In total,

31 series of rocks: 8 series of claystones, 4 series of coarse-

grained sandstones, 10 series of medium-grained sand-

stones and 9 series of fine-grained sandstones, were collected.

The samples prior to the tests were heated at the temper-

ature between 100 and 1000 �C for 8 h and 1200 �C for 24 h. In

each of the series of rocks, samples were selected for tests in

dry-air state, at room temperature, without prior heating.

Within the series, for each of the temperature ranges (from

room temperature to 1000 �C) up to 6 samples were tested.

http://dx.doi.org/10.1016/j.jsm.2015.11.003
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Fig. 1 e Changes in critical strain for different rocks under influence of temperature (own elaboration based on literature

review).
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Heating at the temperature of up to 1000 �C was conducted

in a resistance furnace, at GIG's Laboratory of Information

Technologies and Modelling. As it was impossible to heat

rocks at the temperature of 1200 �C in a resistance furnace for

24 h, chamber high-temperature furnace Nabertherm HT 16/

16 with controller P310 and a gas supply system, was used. To

obtain similar results of heating rocks, in both furnaces the

heating rate was set at 16 �C/min.

After heating a sample and then cooling it to the room

temperature, strength tests in testing machine MTS-810 NEW

were conducted, following the current research procedures

based on Polish Standards and ISRM guidelines (Ulusey &

Hudson, 2007).

Value of residual axial strain εr, was determined as a quo-

tient of value of absolute strain on the verge of residual

strength sample to sample height before loading (Fig. 2).

Transverse strain, expressed with Poisson's ratio n, was also

determined during a uniaxial compression test. The param-

eter was determined based on measurements of relative

transverse strain of a sample and relative axial strain in the

range of 30e50% of maximum stress.
Table 1 e Assessment of uniaxial compression strength
of gangue in Upper Silesian Coal Basin (Bukowska, 2012).

Sandstones, mudstones, claystones

Uniaxial compression
strength, MPa

Assessment of uniaxial
compression strength

<20.0 Very low
3. Results and discussion

To determine influence of temperature on changes in defor-

mation properties under influence of temperature, prior to
Fig. 2 e Idealised stress-strain curve and geomechanical

parameters (εcr e critical strain; εr e residual strain).
interpreting the obtained results, standardised values of the

tested parameters were determined, related to the values

obtained for samples in dry-air state. Results of laboratory

tests of deformation parameters for selected rocks, which

formed the basis of determining standardised value of resi-

dual strain and Poisson's ratio, were also applied to determine

the value of temperature influence on the deformation pa-

rameters coefficient. Its forecasting values for claystones and

sandstones GZW, were classified based on uniaxial compres-

sion strength obtained for samples in dry-air state (Bukowska,

2012). Thus gangue of very low, low, medium and high

strength was tested (Table 1).

3.1. Coefficient of temperature influence on value of
residual axial strain for claystones

Ranges of residual strain values for very low, low,mediumand

high uniaxial compression strength claystones, determined in

dry-air state at room temperature, are presented in Table 2.
20.0e40.0 Low

40.1e60.0 Medium

>60.0 High

Table 2 e Average values of residual strain for claystones
in dry-air state, room temperature.

Rock Assessment of uniaxial
compression strength

Residual strain (‰)

Claystones High 8.76e12.25

Medium 11.53e7.99

Low 10.46e20.03

Very low 23.11

http://dx.doi.org/10.1016/j.jsm.2015.11.003
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Fig. 3 e Normalised value of residual strain of tested carboniferous claystones of different dry-air strength under influence

of temperature of between 100 and 1200 �C.
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Points showing standardised value of residual strain for

claystones, of different values of dry-air strength, are pre-

sented in Fig. 3. Location of the points in the coordinate sys-

tem of temperature and standardised value of deformation,

shows that in certain ranges of temperature deformation

increased or decreased in comparison with values of residual

axial strain, determined at room temperature.

Figs. 4 and 5 present values of coefficient of temperature

influence on the value of residual strain for high and medium

uniaxial compression strength claystones and low and very

low strength claystones. As observations show, for low and

very low strength claystones, a different tendency in changes

in the value of residual strain is to be expected than for high

and medium strength claystones. It particularly concerns

values of residual strain for samples heated at high temper-

ature of 1000 and 1200 �C, when the values of increase in
Fig. 4 e Forecast influence of temperature on value of

residual strain for high and medium dry-air compression

strength claystones.
residual strain can be very high of between approximately 90

and over 100%.

Examples of stress-strain curves for high and low dry-air

compression strength claystones after treatment of selected

temperatures are shown in Fig. 6aeb.

3.2. Coefficient of temperature influence on value of
residual axial strain for sandstones

Average values of residual strain determined based on the

laboratory tests of carboniferous sandstones at room tem-

perature are presented in Table 3.

Samples of sandstones showed an increase in values of

residual strain when compared with the values determined in

dry-air state for the temperature of approximately 700e800 �C,
above which the value of residual strain decreased, stabilised

or tended to rise up to the temperature of 1200 �C (Fig. 7).
Fig. 5 e Forecast influence of temperature on value of

residual strain for low and very low dry-air compression

strength claystones.

http://dx.doi.org/10.1016/j.jsm.2015.11.003
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Fig. 6 e a) load-deformation characteristics of high dry-air compression strength claystone after treatment selected

temperatures. b) load-deformation characteristics of low dry-air compression strength claystone after treatment selected

temperatures.

Table 3 e Average value of residual strain of sandstones
in dry-air state, room temperature.

Grain size of
sandstone

Assessment of
uniaxial compression

strength

Residual
strain (‰)

Coarse-grained Very low 8.26e13.14

Low and medium 15.86e17.58

Medium-grained Very low and low 8.45e10.11

Medium 9.38e17.36

High 8.18e12.52

Fine-grained Medium 10.64e16.85

High 8.18e12.82

Fig. 7 e Normalised value of residual strain of tested carbonifero

of temperature between 100 and 1200 �C.
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Values of temperature influenceonvalues of residual strain

coefficient for tested sandstoneswere determined for different

grain size classes (Fig. 8a, b, c) and for sandstones of the same

strength class, regardless of the grain size (Fig. 9a, b, c).

Examples of stress-strain curves obtained for different

types of sandstone after treatment selected temperatures are

shown in Fig. 10aef.

Research into changes in values of residual strain under

influence of temperature is a novel issue. No such research

has been conducted so far, thus, it is difficult to discuss the

obtained results and the research itself requires continuation.

3.3. Coefficient of temperature influence on value of
transverse strain for claystones

In rock mechanics transverse strain observed when load is

exerted on rocks is defined with dimensionless Poisson's
us sandstones of different dry-air strength under influence

http://dx.doi.org/10.1016/j.jsm.2015.11.003
http://dx.doi.org/10.1016/j.jsm.2015.11.003


Fig. 8 e a) forecast influence of temperature on value of residual strain for coarse-grained sandstones. b) forecast influence

of temperature on value of residual strain for medium-grained sandstones. c) forecast influence of temperature on value of

residual strain for fine-grained sandstones.
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Fig. 9 e a) forecast influence of temperature on value of residual strain for very low, low and medium dry-air strength

sandstones. b) forecast influence of temperature on value of residual strain for medium dry-air strength sandstones.

c) forecast influence of temperature on value of residual strain for high dry-air strength sandstones.
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Fig. 10 e a) load-deformation characteristics of coarse-grained sandstone with very low dry-air strength after treatment

selected temperatures. b) load-deformation characteristics of coarse-grained sandstone with medium dry-air strength after

treatment selected temperatures. c) load-deformation characteristics of medium-grained sandstone with very low dry-air

strength after treatment selected temperatures. d) load-deformation characteristics of medium-grained sandstone with

medium dry-air strength after treatment selected temperatures. e) load-deformation characteristics of medium-grained

sandstone with high dry-air strength after treatment selected temperatures. f) load-deformation characteristics of fine-

grained sandstone with high dry-air strength after treatment selected temperatures.
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Fig. 11 e Change in value of Poisson's ratio following increase in temperature of heating samples of different dry-air

strength carboniferous claystones after heating to temperature of between 100 and 1000 �C.

Fig. 12 e Forecast temperature influence on value of Poisson's ratio for tested carboniferous claystones.

Table 4 e Average values Poisson's ratio for sandstones
in dry-air state, room temperature.

Grain size of
sandstone

Assessment of
uniaxial compression

strength

Poisson's ratio

Coarse-grained Very low 0.13

Low and medium 0.03e0.12

Medium-grained Very low and low 0.16e0.25

Medium 0.02e0.04

High 0.10

Fine-grained Medium 0.04e0.10

High 0.09e0.24
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ratio, with maximum values of up to 0.50. Given types of

GZW carboniferous rocks, including claystones, differed in

transverse deformation determined at room temperature in

dry-air state, which for the type of rocks was 0.03e0.06.

Fig. 11 presents values of Poisson's ratio for tested claystones

of different uniaxial compression strength, at the tempera-

ture of heating samples of up to 1000 �C. Petrographic

structure of claystones and resulting from it properties e.g.

values of geomechanical parameters, make testing the rocks

very problematic, and testing the discussed parameter
particularly problematic. That is why Poisson's ratio is pre-

sented and discussed for the whole group of claystone

samples.

Based on values of Poisson's ratio, determined as an

average value for a given temperature, forecasting values of

average coefficient of temperature influence on transverse

strain for tested rocks (Fig. 12) were devised. Relatively few

results were obtained in tests of claystones, hence, in the

future the data base shall be expanded. However, bearing in

mind that the average value of coefficient (of 1.50) was

determined based on tests of one type of claystone, the con-

ducted tests suggest it is possible that an increase in tem-

perature of heating claystones decreases value of Poisson's
ratio. For high strength sandy claystones, coefficient of tem-

perature influence on Poisson's ratio throughout the temper-

ature range reached values below the one determined in dry-

air state, at room temperature.
3.4. Coefficient of temperature influence on value of
transverse strain for sandstones

Values of Poisson's ratio determined in dry-air state at room

temperature, which were used in determining standardised

value of Poisson's ratio, are presented in Table 4.

http://dx.doi.org/10.1016/j.jsm.2015.11.003
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Fig. 13 e a) change in value of Poisson's ratio following temperature of heating for coarse-grained carboniferous sandstone

samples of different dry-air uniaxial compression strength. b) change in value of Poisson's ratio following temperature of

heating for medium-grained carboniferous sandstone samples of different dry-air uniaxial compression strength. c) change

in value of Poisson's ratio following temperature of heating for fine-grained carboniferous sandstone samples of different

dry-air uniaxial compression strength.
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Values of Poisson's ratio for sandstone samples heated up

to the temperature of 1000 �C are presented in Fig. 13aec,

separately for sandstones of given grain size classes. Ana-

lysing laboratory data showed an increase in the value of

Poisson's ratio for most of the tested series of rocks following

an increase in temperature of heating the sandstone samples.
For given series of tested sandstones, values of stand-

ardised Poisson's ratio and coefficient of temperature influ-

ence on the value of Poisson's ratio were determined

(Fig. 14aec).

Due to relatively few data and widely scattered test results,

the obtained results are hard to interpret. The tests showed

http://dx.doi.org/10.1016/j.jsm.2015.11.003
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Fig. 14 e a) forecast temperature influence on value of Poisson's ratio for coarse-grained sandstones. b) forecast temperature

influence on value of Poisson's ratio for medium-grained sandstones. c) forecast temperature influence on value of

Poisson's ratio for fine-grained sandstones.
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that grain size of a rock has a bigger influence on changes in the

value of Poisson's ratio than the value of dry-air state uniaxial

compression strength. In most of the tested samples there was

a noticeable increase in the value of transverse strain at high
temperature of heating. Korzeniowski and Skrzypkowski (2012)

obtained similar results during tests conducted on samples of

medium-grained sandstone, where at the temperature of

1100 �C value of transverse strain doubled.

http://dx.doi.org/10.1016/j.jsm.2015.11.003
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4. Conclusions

Research works into temperature influence on changes in

deformation properties of rocks most often concentrate on

determining values of critical strain, obtained from the pre-

critical part of stress-strain curve. Research into changes in

the value of transverse strain, expressed with the value of

Poisson's ratio is rare and its results are difficult to interpret.

Nevertheless, due to the possibility of implementing the UCG

process, research into deformation parameters of rocks after

heating and their post-critical deformability is crucial. Nobody

has conducted such research so far. Our research covered

changes in the value of critical strain and transverse strain of

sedimentary carboniferous rocks after they were heated to

between 100 and 1000e1200 �C. An innovative approach in

analysing the obtained results is based on classification of

GZW gangue uniaxial compression strength (Bukowska, 2012),

which formed the basis of dividing claystones and sandstones

into very low, low, medium and high uniaxial compression

strength rocks.

Conclusions of the tests conducted for claystones and

carboniferous sandstones, which were heated up to the tem-

perature of 1200 �C, and then compressed in a testing ma-

chine, to obtain the values of deformation parameters, are as

follows:

� For high and medium strength dry-air state claystones, an

increase in residual strain can be expected starting from

the lowest temperature of heating the samples up to the

value of critical temperature, above which there may be a

decrease in its value; reaching the value below the initial

one is not possible before reaching the temperature of

1000e1200 �C. Low strength claystones at low temperature

of heating decrease residual strain, and at higher temper-

ature the value of initial strain is exceeded and it increases

up to the temperature of 1000e1200 �C.
� For high compression strength sandstones an increase in

the value of residual strain can be expected throughout

the range of temperature of heating, and for medium

and low compression strength sandstones no sooner

than after reaching a certain critical temperature

(200e400 �C).
� Based on conducted tests and analyses, it was concluded

that the influence of uniaxial compression strength on the

value of residual strain, unlike influence of grain size of

sandstones, is unambiguous in range of changes this

parameter e an increase or a decrease in the value in

comparison with results obtained during tests at room

temperature.

� An increase in residual strain, following an increase in the

temperature of heating samples of claystones and sand-

stones, results from, among other factors, a decrease in

elasticity of the rocks within the range of temperature

during the tests.

� Dry-air state low and medium compression strength clay-

stones, up to the value of threshold temperature, showed

an increase in Poisson's ratio above the initial value, and

above the temperature there was a decrease below the

initial value, unlike high strength claystones, which
throughout the range of temperature reached values of the

parameter lower than the initial.

� Value of Poisson's ratio for sandstones of different grain

size either increased or decreased, in comparison with the

value determined in dry-air conditions.

� Due to a small number of measurements, values of trans-

verse strain, the obtained results are not credible and

require further research works.

Acknowledgements

The article was prepared based on research conducted within

the Research Project No. 10050512-350 titled “The impact of

high temperatures on changing the physical and mechanical

properties of gangue in the underground coal gasification

process” funded by the Ministry of Science and Higher Edu-

cation (Poland).
r e f e r e n c e s

Białecka, B. (2008). Podziemne zgazowanie węgla e Podstawy procesu
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G�orniczy, 68, 44e53.

Luo, J., & Wang, L. (2011). High-temperature mechanical
properties of mudstone in the process of underground coal
gasification. Rock Mechanics and Rock Engineering, 44, 749e754.

Mao, X., Zhang, L., Li, T., & Liu, H. (2009). Properties of failure
mode and thermal damage for limestone at high temperature.
Mining Science and Technology (China), 19, 290e294.

Małkowski, P., Kami�nski, P., & Skrzypkowski, K. (2012). Impact of
heating carboniferous rocks on their mechanical parameters.
AGH Journal of Mining and Geoengineering, 36(1), 231e242.

Pini�nska, J. (2007). Wpływ podwy _zszonej temperatury na
wła�sciwo�sci mechaniczne skał [The effect of an increased

http://refhub.elsevier.com/S2300-3960(15)30102-6/sref1
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref1
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref1
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref1
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref1
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref1
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref1
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref1
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref2
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref2
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref2
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref2
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref2
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref2
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref2
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref2
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref3
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref3
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref3
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref3
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref3
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref3
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref3
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref3
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref3
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref3
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref3
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref3
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref4
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref4
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref4
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref5
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref5
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref5
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref5
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref5
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref5
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref6
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref6
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref6
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref6
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref6
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref7
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref8
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref8
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref8
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref8
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref9
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref9
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref9
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref9
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref10
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref10
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref10
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref10
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref10
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref11
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref11
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref11
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref11
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref11
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref11
http://dx.doi.org/10.1016/j.jsm.2015.11.003
http://dx.doi.org/10.1016/j.jsm.2015.11.003


j o u r n a l o f s u s t a i n a b l e m i n i n g 1 4 ( 2 0 1 5 ) 1 4 4e1 5 6156
temperature on the mechanical properties of rocks]. Prace
Naukowe Instytutu Geotechniki i Hydrotechniki Politechniki
Wrocławskiej, 76, 527e534.

Ranjith, P. G., Viete, D. R., Chen, B. J., Samintha, M., & Perera, A.
(2012). Transformation plasticity and the effect of temperature
on the mechanical behaviour of Hawkesbury sandstone at
atmospheric pressure. Engineering Geology, 151, 120e127.

Ulusey, R., & Hudson, J. A. (Eds.). (2007). The complete ISRM
suggested methods for rock characterization, testing and monitoring:
1974e2006. Ankara: Commission on Testing Methods ISRM.

Wu, G., Wang, Y., Swift, G., & Chen, J. (2013). Laboratory
investigation of the effects of temperature on the mechanical
properties of sandstone. Geotechnical and Geological Engineering,
31(2), 809e816.

Younger, P. L. (2011). Hydrogeological and geomechanical aspects
of underground coal gasification and its direct coupling to
carbon capture and storage. Mine Water and the Environment,
30(2), 127e140.

Zhang, L., Mao, X., Liu, R., Guo, X., & Ma, D. (2013). The
mechanical properties of mudstone at high temperature: an
experimental study. Rock Mechanics and Rock Engineering, 47,
1479e1484.

Zhang, L., Mao, X., & Lu, A. (2009). Experimental study on the
mechanical properties of rock at high temperature. Science in
China Series E: Technological Sciences, 52(3), 641e646.

http://refhub.elsevier.com/S2300-3960(15)30102-6/sref11
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref11
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref11
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref11
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref12
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref12
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref12
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref12
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref12
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref13
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref13
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref13
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref13
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref14
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref14
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref14
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref14
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref14
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref15
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref15
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref15
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref15
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref15
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref16
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref16
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref16
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref16
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref16
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref17
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref17
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref17
http://refhub.elsevier.com/S2300-3960(15)30102-6/sref17
http://dx.doi.org/10.1016/j.jsm.2015.11.003
http://dx.doi.org/10.1016/j.jsm.2015.11.003

	Deformation properties of sedimentary rocks in the process of underground coal gasification
	1. Introduction
	2. Methodology
	3. Results and discussion
	3.1. Coefficient of temperature influence on value of residual axial strain for claystones
	3.2. Coefficient of temperature influence on value of residual axial strain for sandstones
	3.3. Coefficient of temperature influence on value of transverse strain for claystones
	3.4. Coefficient of temperature influence on value of transverse strain for sandstones

	4. Conclusions
	Acknowledgements
	References


