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The mechanism and critical conditions of rock failure in underground coal mining processes
have attracted great attention. Based on the origin and properties of radon gas, we propose that
radon release from underground strata to the surface occurs in two stages, i.e., the formation of
free radon and the migration of radon gas. Due to its optimal combination of efficiency and low
background measurements, the a-ray measurement was employed to measure radon gas from
rock fracturing. The uniaxial compression of rock samples and the concentrations of radon
emanating from the loaded samples were experimentally investigated. The results revealed that
radon concentrations are negatively related to uniaxial loads and elastic deformations, provided
compressive failures are not observed. As the loads increase, the stabilization duration and
internal porosity of rock samples get decrease, which result in reduced radon emanation. When
the load gets more than the limit strength of rock samples, the radon concentrations increase
significantly and eventually reach the maximum value, and then slightly decrease and
approximately tend to be stable. Finally, a preliminary correlation between the complete stress-
strain process of uniaxial loaded rock samples and the concentration of radon emanated was
presented, which needs further experimental validations. Even so, we believe that the failure
mechanisms of mining-induced overburdens could be investigated based on radon gas

concentrations.

1. INTRODUCTION

Since its discovery by Dorn in 1900, radon
(**Rn) and its decay products have attracted
increasing attention globally. Generated continuously
from radium (**Ra) within the underground strata as
an intermediate decay product of the uranium (***U)
radio-active series, which is present in terrestrial
materials like rocks, soil, coal beds, and water, radon
is a radioactive inert gas existing in the natural
environment. Radon can be detected at low
concentrations due to its radioactivity, and it
accumulates in micro-cracks and pores due to its inert
nature. Due to its unique physical and chemical
properties, radon gas has been deployed to provide
solutions to various problems. As a result, radon
measurement has been intensively studied and applied
in the following contexts:

1. Pollution controls and healthcare. (a) Prevention
of indoor pollution. Radon is a colorless and
odorless radioactive gas that can cause severe
damage to human body (Lamonaca et al., 2014),
including an increased probability of lung
cancers, when it is present in concentrations
above 200 Bq/m’. (b) Healthcare. The presence of

radon at low concentrations  promotes
sterilization, making it useful in healthcare (Al-
Zoughool and Krewski, 2009).

Geological engineering. (a) Exploration of
underground mineral resources. Radon could
provides a valuable reference for the exploration
of uranium resources. Based on soil radon
measurement, solid state nuclear tracking, and
trace element analysis, Roy et al. (2004) predicted
the distribution of U-bearing breccia mineral
deposit in Kuchanapalle, India. (b) Exploration of
geothermal energy and bedrock underground
water. Jalili-Majareshin et al. (2012) depicted the
distribution of prospective areas of geothermal
energy in Sarein, Iran, based on radon
measurement. (c) Detection of buried structures
such as faults. Walia et al. (2010) reported that N,
is the most probable carrier gas of He, whereas
CO, seems to be a good carrier gas of Rn in the
vicinity of the Hsinhua fault zone. The trace of
Hsinhua fault and neotectonic features can be
identified from the spatial distribution of studied
gases with a clear anomalous trend ENE-SWS.
(d) Prediction of geological disasters such as
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earthquakes and volcanic eruptions. Cigolini et al.
(2007) investigated earthquake-volcano inter-
actions by using a network for radon monitoring
at Stromboli volcano, which suggests a possible
link between magma chamber volume, gaseous
transfer and dynamic response of the volcano to
near field seismic triggering.

3. Improvement in mines for safety. (a) Locating
spontaneous combustion regions. Previous studies
revealed that spontaneous combustion sites could
be located rapidly by monitoring radon
concentrations in the atmosphere (Zhao and Wu,
2003; Xue et al., 2008). (b) Locating hidden
mined-out areas. Gao et al. (2012) used radon
detection to estimate the scope of the goaf area.
Herein, comprehensive geophysical methods
(CGM) were successfully used to estimate the
grouting quality of the goaf area under the surface
railway, including vertical electrical sounding
(VES), electromagnetic wave (EW) and seismic
wave (SW). (c) Coal and gas outburst prediction.
Wysocka (2010) started observations of changes
of radon concentration in gas, sampled from
headings, driven in endangered coal seams. Then,
he reported that there is a degree of correlation
between the temporal and spatial variations of
radon level and the hazard level of an outburst,
and it is possible to develop a “radon outburst’s
indicator” to support other methods of prediction
of very dangerous geodynamic phenomena.

In spite of significant advancements, radon
measurement techniques have not been widely applied
in areas other than pollution controls, healthcare,
geological engineering, and mining safety. Previously,
we proposed a qualitative approach for ground
detection of mining-induced overburden fissures using
radon measurement (Zhang et al., 2011, 2014). Due to
severe problems caused by rock mass failures in the
underground coal mining process, the mechanism and
critical conditions of rock mass failure have attracted
attention from the field of rock mechanics, where
specialists have employed techniques including
microseismics, acoustic emission, electromagnetic
radiation, electrical approaches, and ultrasonic waves
to study the issues (Frid and Vozoff, 2005; Triantis et
al., 2008; Chaki et al., 2008; He et al., 2010; Amitrano
et al., 2010). Although much studies have dealt with
radon emission from rocks under axial loading,
mainly focusing on granite, tuff, lava, marble,
crystalline rock, concrete and so on (Holub and Brady,
1981; King and Luo, 1990; Tuccimei et al., 2010;
Mollo et al., 2011; Nicolas et al., 2014; Koike et al.,
2015), very few literatures have studied the
correlation between radon concentrations and rock
deformations (especially rock samples from the coal-
bearing strata), which is the key for advance
prediction of mining-induced fractures evolution and
overburden failure in mining engineering. This paper
investigates the release process of underground radon
based on the generation and properties of radon; it

also determines the object of radon measurement.
Additionally, uniaxial compression of rock samples
and concentrations of radon emanated in this process
were experimentally investigated, which will provide
a theoretical basis for radon detection of mining-
induced fractures in the overlying strata.

2. THE FORMATION AND PROPERTIES OF
RADON

2.1. FORMATION OF RADON

Radon is a direct decay product of radium. The
three natural isotopes of radon are *'’Rn, *’Rn and
**Rn, with half-lives of 3.96 s, 55.6 s and 3.82 d,
respectively. Due to the extremely low concentration
of "’Rn in the crust and its short half-life (Baixeras et
al., 2001), this isotope is usually undetectable.
Similarly, only a small amount of **’Rn is released
from the crust, and it decays quickly due to its short
half-life. Indeed, the concentration of °Rn in the
crust is only 10 % that of ***Rn, and the overall
quantity of natural ***Rn is significantly larger than
that of natural *’Rn and **’Rn. Additionally, the half-
life of ***Rn is much longer than that of the other two
isotopes. Therefore, the term “radon” refers to **’Rn
in most cases, including this study.

2.2. PROPERTIES OF RADON
2.2.1. PHYSICAL PROPERTIES

Radon is gaseous in its uncombined form, and it
is a natural radioactive, colorless, odorless, and
tasteless inert gas. Under standard pressures, gaseous
radon converts to a liquid at -65 ‘C, which then
converts to a solid at -113 °C. The melting and boiling
points of radon are -71 ‘C and -61.8 "C, respectively.
The density of radon is 9.73 kg/m’, which is 7.5 times
the air density.

In geological environments, radon exhibits
significant capability to migrate into the atmosphere.
Furthermore, radon is highly soluble in water and
organic solvents like toluene, petroleum and ethanol;
its solubility and inertness allow it to migrate with
underground water. The solubility of radon decreases
as the temperature increases (Schubert et al., 2012),
and its dissolution rate declines once its concentration
in the solvent exceeds the saturation point.

2.2.2. CHEMICAL PROPERTIES

Radon is an inert element with an atomic number
of 86. Radon isotope atoms are electrically neutral
with an atomic radius of 1.2x107'° m, and molecules
are monatomic. Its electron distribution is 6s’6p°
(Figure 1), indicating that the outer layer holds eight
electrons. Hence, radon is a typical atmophile element
and exists naturally in gaseous form.

With a decay constant of 2.097x10/s, it takes
30 d for the decay of radium into radon to reach
radioactive equilibrium. The energy and range in the
atmosphere of a particles generated in the decay of
radon are 5.481 MeV and 4.04 cm, respectively.
Although it is an inert gas, radon can be readily
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Fig. 1 Electron distribution of radon nucleus.

absorbed by solid materials such as activated carbon,
rubber, paraffin, SiO,, and Al,O; (Rama and Moore,
1984), of which activated carbon shows the best
adsorption capability.

3. RADON RELEASE FROM UNDERGROUND
STRATA TO THE SURFACE

Radon is generated in environments such as
underground rocks, coal beds, and soils, after which it
migrates up to the surface and escapes to the
atmosphere. This whole process can be called as
radon release. The radon release process can be
divided into two stages: the formation of free-state
radon and the migration of radon gas. In the first
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stage, radium atoms in underground strata decay by
emitting alpha particles, which generate radon atoms.
The nuclear recoil effect and emanation effect lead the
generated radon atoms to diffuse from the rock lattice
to connected micro-cracks and become free-state
radon. In the second stage, free-state radon migrates to
the surface via cracks and pores and escapes to the
atmosphere. Figure 2 shows the radon release process.

3.1. FORMATION OF FREE-STATE RADON

Radon atoms formed in the a-decay of radium
atoms have a recoil kinetic energy of 8.6x10* eV
according to the energy conservation principle,
resulting in a considerable recoil distance from the
parent atom. This is referred to as the nuclear recoil
effect. The composition and density of the decay
medium determine the recoil distance of radon atoms
(Nguyen et al., 2005). For instance, recoil distances of
radon atoms in solid matters and water are 20-70 nm
and 100 nm, respectively. Nevertheless, not all radon
atoms resulting from radium decay migrate. After the
recoil motion, some atoms remain stuck in the original
lattice or enter another lattice. In these cases, radon
atoms are not able to escape as the brown motion does
not generate sufficient kinetic energy, and these atoms
make no contribution to radon emanation. Hence, this
study focuses on free-state radon.

The radon emanation effect can be defined as
escape of a radon atom from a Ra-bearing grain into
pore spaces (Sakoda et al., 2011). The nuclear recoil
effect plays a key role in radon emanation. The ratio
of free-state radon generated by the nuclear recoil
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Fig. 2 Radon release from underground strata to the surface.



412 W. Zhang et al.

® Start point of recoil
o Terminal point of recoil

Fig.3 Sketch of radon emanation effect.

effect to overall radon content in the rock medium can
be defined as the emanation coefficient (Ferry et al.,
2002). The emanation coefficient determines the
quantity of free-state radon in the rock formation. It is
related to the moisture content of the medium and the
fragment particle diameter. Figure 3 shows the
phenomenon of radon emanation effect. Radon in
points (A, B, E and F) is regarded as being emanated,
while points (C, D and G) are not emanation. If radon
cannot diffuse out from the inner pore into outer,
radon in point (F) should not be regarded as being
emanated. Arrows following terminal points of recoil
represent diffusion process, which is not to scale.

3.2. MIGRATION OF FREE-STATE RADON

This section discusses the upward migration of
radon gas from underground strata. Due to its unique
physical and chemical properties, radon gas migration
is related to various factors, and no agreement has
been reached on the mechanism and principles
underlying this process. Various studies have
proposed different mechanisms of radon gas migration
from underground strata to the surface (e.g.,
Wilkening and Watkins, 1976; Fleischer and Mogro-
Campero, 1979; Soonawala and Telford, 1980;
Varhegyi et al., 1992; Folger et al, 1997,
Wattananikorn et al., 1998; Cameron et al., 2002; Le
and Wang, 2006), including diffusion, convection,
pore fluid, advection, and micro-bubbles as carriers,
relay transmission, stress compression, and cluster
theory. Nevertheless, different groups have uniformly
reported that radon gas can migrate to the ground via
micro-cracks and pores in the underground strata.
Furthermore, diffusion and convection effects are two
mechanisms that have been widely accepted to

explain the radon migration process. (a) Diffusion
effect. Proposed in the 1930s, the diffusion
mechanism of radon migration remains a major theory
for this phenomenon (Nazaroff, 1992). Generally, the
diffusion  coefficient describes the migration
capability of radon gas in a certain medium, as
determined by water saturation and fissure ratio. The
diffusion of radon gas can be described by Fick’s First
Law. (b) Convection effect. The convection effect is
the second dominant mechanism commonly accepted
for radon gas migration (Malmgqvist et al., 1989).
Generally, the convection flow rate describes the
migration capability of radon gas in a certain medium,
as determined by medium permeability and pressure
difference. The convection of radon gas can be
described by Darcy’s Law.

4. DETERMINATION OF MEASUREMENT
OBJECTS FOR RADON GAS

In the radioactive decay process of **U series,
*1%Pb and *'*Bi, as the decay products of **’Rn, are the
major irradiators of gamma rays (y-rays), accounting
for 98 % of radiation. Hence, these daughter nuclides
were taken as the measuring objects for y-ray.
Similarly, 2'®Po, a first generation decay product with
a short half-life (3.1 minutes), was taken as the
measuring object for alpha rays (a-rays). To date,
various approaches based on the same principles have
been reported for radon measurement, although
sampling process and measuring sites have varied
(Winkler et al., 2001; Gutierrez, et al., 2004). This
study measured radon based on a-ray measurement, as
the weak penetration capability of a-ray enables low
environmental background measurement, resulting in
high detection sensitivity. Besides this, a detectors
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40 cm

Fig. 4

b)

SRRS: (a) schematic illustration; (b) physical set-up. 1, movable cover; 2, sealing gasket; 3, container

wall; 4, connecting hole; 5, rubber hose; 6, CRD; 7, rivet; 8, container bottom.

exhibit excellent efficiency, thus further improve the
accuracy of a-ray measurement. Based on the above
analysis, the continuous radon detector (CRD) (KJD-
2000R, Xstar Company, China) has been chosen as
the radon measuring instrument. The CRD has greater
sensitivity than is 1.3 cpm/(Bq/m’) with measurement
range 2 to 400,000 Bg/m’. Prior to use of the CRD ex
works, it was calibrated in the standard radon chamber
(SRC) of China’s National Institute of Metrology
(CNIM). The calibration process includes three steps:
(1) A stable radon concentration will be produced in
the SRC; (2) The benchmark instrument (Alpha-
GUARD PQ2000 emanometer, Genitron Company,
Germany) will be wused; (3) A comparative
measurement will be conducted, and the scale factor
of the device will be calibrated. To guarantee the
measurement accuracy of the CRD, it will be sent
periodically to the CNIM for inspection every six
months.

5. UNIAXIAL COMPRESSIVE TESTS OF ROCK

SAMPLES

Radon emanation in rocks under uniaxial
compression was investigated using a self-designed
radon release set-up (SRRS) and an electro-hydraulic
servo-controlled rock mechanics testing system (MTS
Model 815, MTS Company, America) at the State
Key Laboratory of Coal Resources and Safe Mining
(SKLCRSM), Xuzhou, China.

5.1. DESIGN OF SRRS

Figure 4 illustrates the SRRS used in this study,
which consists of a CRD, container, rubber hose, and
sealing gasket.

Characteristics of SRRS are as follows:

1. The container is made of a stainless steel cylinder
with a diameter of 30 cm and a height of 40 cm. It
has a movable cover, rivet-fixed bottom, and

a connecting hole with a diameter of 5 mm at
a point 25 cm from the top of the wall.

2. The CRD is connected to the container by
arubber hose with a diameter of 5 mm. More
specifically, the connecting hole on the container
wall is connected to the CRD’s inlet.

3. In order to improve container sealing and
therefore measurement accuracy, a sealing gasket
is included between the movable cover and the
wall. Meanwhile, the joints between the bottom
and the wall are sealed using glassy cement, and
the connecting hole is covered by butter and
sealed by plastic film.

5.2. SAMPLE MACHINING AND LOADING
EQUIPMENT

Originating from the #6203 coalface of Baoshan
Coal Mine in Shenfu-Dongsheng Coalfield, the rock
samples used were obtained by a combination of
ground drilling and underground sampling. The
samples were 0.3~0.65 mm particles of pelitic
siltstones consisting of feldspar, quartz and Ca/Fe gel.
According to relevant standards (Fairhurst and
Hudson, 1999), samples were cored into cylinders
(#1~#4) with diameters and heights of 50 mm and
100 mm, respectively. Then, the cylinders were
polished so that the difference in parallelism of the
two end surfaces was less than 0.02 mm, the
perpendicularity of the two end surfaces to the sample
axis was less than 3.5”°, and the surface roughness of
the cylinder side-wall was less than 0.3 mm. Finally,
polished samples were dried for 24 hours, and they
were sealed before being used for the uniaxial
compressive tests. The uniaxial compressive tests
were conducted using a rigidity servo testing system
with a maximum axial pressure of 4600 kN and
a loading rate in the rage of 0.1~0.5 kN/s. Loading
and strains were measured using a dynamic strain
meter.
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Fig. 5 Experimental procedures for radon gas emanation measured: (a) before compression; (b) during

compression; (¢) after compression.
2 200

5.3. EXPERIMENTAL PROCEDURES

First, the sealing of the experimental setup was
checked before allowing 1 min pre-functioning of the
radon detector. Samples #1~#4 were placed in the
container, and concentrations of radon gas emanating
at different points before compression, during
compression, and after compression were measured
every 5 min. Figure 5 shows the experimental
procedures.

Sr

3
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Axial deformation/mm
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Radon concentration/Bq
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Loading time/min
5.4.1. RADON CONCENTRATIONS AND AXIAL ‘

DEFORMATIONS VERSUS LOADING TIME al
UNDER DIFFERENT UNIAXIAL LOADS

(SAMPLES #1~#3)

Uniaxial compressive test results show that as
the uniaxial load reached to above 75.2 kN, the
samples (#1~#3) got cracked and eventually failed.
Therefore, the uniaxial loads used in this section study
were 20 kN, 40 kN, and 60 kN. When a constant load
(10 kN) was given to the samples #1~#3 after 5 min,
radon concentration measurement was conducted.
Figure 6 charts the radon concentrations and axial
deformations of sample #1~#3 against loading time )
under different uniaxial loads. Uniaxial deformations O et e
of these samples increased and eventually saturated
before samples failure. This process can be divided b)
into three stages, including transient loading strain,
attenuated strain, and allostasis. Although we no have
microphotographs of rock microstructures, acoustic
emissions or porosity data, based on the variation
features of radon concentrations, an inference can be
made as follows: Initially, uniaxial deformations and
strain rates of the samples were relatively high,
indicating compression of the internal open structures
and micro-cracks. As the loading time increased, the
rate of axial deformations decreased. The results also
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revealed that uniaxial deformations were positively ol ],
related to uniaxial loads, and the loading time for 0 10 20 30 4 50 6 70 8 % 100 10 120
deformations to reach the saturation level and samples Loading time/min

internal porosity decreased as the uniaxial loads e)

increased. Fig. 6 Radon concentrations and axial deformations versus

loading time under different uniaxial loads: (a) 20 kN;
(b) 40 kN; (¢) 60 kN.
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Fig. 7 Concentrations of radon gas emanated under different uniaxial loads.

5.4.2. CONCENTRATIONS OF EMANATED RADON GAS
UNDER DIFFERENT UNIAXIAL LOADS
(SAMPLE #4)

Uniaxial compressive test results show that as
the uniaxial load reached to above 75.6 kN, the
sample #4 got cracked and eventually failed.
Therefore, the uniaxial loads used in this section study
were 10 kN, 20 kN, 30 kN, 40 kN, 50 kN, 60 kN,
70 kN and 80 kN. When a constant load (5 kN) was
given to the sample #4 after 5 min, radon
concentration measurement was conducted. In this
test, every load will be proceeded for 2 hours. When
the sample was uniaxially loaded up to failure, the
radon measurement also would be operated for
6 hours. Figure 7 charts the radon concentrations of
sample #4 under different uniaxial loads. It is well-
known that radioactive materials are composed of
large radioactive atoms, whose radioactive decay has
the features as contingency and randomness.
Therefore, a statistical fluctuation phenomenon of
radioactive decay frequently appears in the process of
actual measurement, which causes a statistical
fluctuation error and becomes the main source of
experimental errors (Winkler et al., 2001). Under
laboratory conditions, environmental factors (which
mainly include temperature, humidity and pressure)
can be easily kept in a constant state. In order to
decrease the degree of influence on the experimental
results from the natural fluctuation errors, the
accumulating average values of measured data (whose
statistical fluctuation errors were within 4%) had been
adopted. Therefore, it is thought that the degree of
statistical fluctuation is small, and the experimental
errors will not significantly affect the subsequent
results analysis. According to Figure 7, we can draw
a conclusion as follows: when the loads within 60
kN, concentrations of radon gas emanated decreased
slowly as the uniaxial loads increased, indicating that
uniaxial compression gradually compacted the
migration channels for radon gas, and the new
exhaling surfaces do not form. A negative correlation
between radon emanation amount and uniaxial loads
is presented. When the load is above 60 kN, the radon

concentrations increased significantly and eventually
reached the maximum value, which indicated that the
new large micro-cracks had further propagated and the
sample had failed finally. Moreover, radon
concentrations slightly decreased and approximately
tended to be stable.

6. DISCUSSION

6.1. THE PRELIMINARY CORRELATION BETWEEN
COMPLETE STRESS-STRAIN CURVES AND
RADON EMANATION

Based on the uniaxial compressive tests results,

we could audaciously draw a theoretical hypothesis as
the following schematic cartoon. Figure 8 shows
a preliminary correlation between complete stress-
strain curves and radon emanation. Five stages maybe
were found. At the first stage (Section O4,
compacting of micro-cracks), the uniaxial strain was
large, and the compressive pressure closed internal
pores, resulting in decreased radon concentrations
(Section O’4’). At the second stage (Section 4B,
elastic deformation), the stress-strain curves were
linear and no cracks were initiated, resulting in
stabilized radon concentrations (Section 4’B’). At the
third stage (Section BC, crack initiation), new internal
cracks were initiated, and large cracks were observed
as the axial stress increased. As a result, the
concentrations of radon increased significantly
(Section B’C’). At the fourth stage (Section CD,
steady crack propagation), propagation and growth of
cracks corresponded with increased axial stress,
resulting in considerable vibrations and increased
internal crack surfaces. As a result, radon
concentrations increased significantly (Section C’D”).
At the fifth stage (Section DE, crack propagation and
sample failure), micro-cracks aggregated as the
loading increased; cracks were observed until sample
failure. At this stage, concentrations of radon
maximized and stabilized (Section D’E’). The above
preliminary correlation is only an inference, which
needs more experimental validations (including coal
and rock samples tests, uniaxial and triaxial
experiments) in further studies.
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6.2. REQUIREMENTS FOR FUTURE RESEARCH

The radon concentration in underground strata is
influenced by a number of factors. These may include
the concentrations of uranium and thorium in the
strata, the radon emanation power of the materials, the
physical properties of the materials (e.g., the diffusion
coefficient, the mineral particle size, the permeability,
and the porosity) and the environmental factors (e.g.,
the moisture content, the surrounding stress,
atmospheric  pressure, Earth tides, and the
temperature) (Sun and Furbish, 1995; Hutter, 1996;
Garver and Baskaran, 2004; Cigolini et al., 2009; Xue
et al., 2010; Perrier and Girault, 2013). However, the
degree of influence of these factors varies with the
different types of rock, coal, soil, and strata. The
experimental results reported in this paper are based
on limited rock samples with a specific condition.
Therefore, more additional studies are necessary such
as the following:

(a) A series of laboratory tests are necessary in order
to investigate the effect of uncertain factors, such
as strata types, moisture content, mineral particle
size, and radon concentration in strata, especially
reduce the degree of influence due to the
environmental factors that can affect the radon
variability. This is the most elementary study for
radon detection technique in mining engineering.

(b) If the experimental conditions are allowable, the
multi-parameter  information  should  be
synthetically considered. In recent years, some
studies have investigated the detection of other
forms of energy (e.g., acoustic emission,
electromagnetic emission and neutron emission)
as a new method for the monitoring of rock
fracturing phenomena. Therefore, we should
consider using the detection of other forms of
energy together with radon measurement for our
research.

CONCLUSIONS

As described in the introduction, we have used
radon measurement to detect the evolution
process of mining-induced fractures in
overburden. Although those studies are based on
specific detection conditions and limited
measured data, the results suggest that the radon
detection of mining-induced fractures from
overlying strata to the surface is feasible. Now,
we need to understand the quantitative correlation
between radon concentrations and rock
deformations for advance prediction of mining-
induced fractures evolution and overburden
failure, which 1is expected to reduce the
development of the mining-induced fractures for
the mitigation of safety issues as well as the
adverse environmental consequences, this is also
the eventually aim of this study.

Radon emanation can be divided into two stages,
i.e., the formation of free-state radon and the
migration of radon gas. Through the nuclear
recoil effect and emanation effect, radon atoms
generated from radium diffuse from rocks to
micro-cracks and become free-state radon. In the
second stage, free-state radon migrates to the
ground via cracks and pores by diffusion and
convection mechanisms, eventually escaping into
the atmosphere.

Before rock samples failure, the elastic
deformations were positively and radon
concentrations were negatively correlated with
the uniaxial loads. Furthermore, the time for
deformations to reach the saturation level and
internal porosity of samples decreased as the
uniaxial loads increased, resulting in decreased
radon emanation. When the load got more than
the limit strength of rock samples, the radon
concentrations  increased  significantly and
eventually reached the maximum value as
samples failure, and finally tended to be stable.
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4. The presented preliminary correlation is only an
inference that needs more experimental
validations in further studies, such as coal and
rock samples tests, uniaxial and triaxial
experiments and multi-parameter information
consideration. Even so, we believe that the failure

mechanisms of mining-induced overburdens
could be investigated based on radon gas
concentrations.
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