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Abstract: It is the fact that there are lots of hazard incidents in underground uranium mines
caused by radon but in-suit uranium samples were difficult to collect. Based on closed chamber
method, three similar samples in different sealed ways were made in a laboratory with different
material rations, namely uranium tailings, quartz sand, cement, iron powder and silicon powder
to measure the radon concentrations with and without low-frequency vibrations, which was used
by the experimental device for low-frequency vibration diffusion of radon. The results showed
that the radon exhalation coming from the similar samples was influenced by the low frequency
vibration; the results are presented as two-stage variations compared with the blank group. The radon
exhalation increased with the rising vibration frequency when the frequency was 50 to 70 Hz, but fell
slowly after reaching the peak radon exhalation rate. Analyses of the relations between the rock
damage degree, changes in porosity and the occurrence of an inflection point in the radon exhalation
rate in the samples found that they also increased when the frequency was between 0 to 80 in sample
3. The maximum porosity of the third samples was about 4.8% with a low-frequency vibration 60 Hz,
while the maximum damage degree was about 0.07 at 50 Hz.

Keywords: uranium; similar materials; low-frequency vibration; radon exhalation rate; porosity

1. Introduction

A uranium mine shaft is a special and open workplace that connects with radioactive materials,
however, these tunnels have many characteristics, such as floating uranium mine ash, radon exhalation,
high concentrations of radon and related materials, and low safety conditions for radiation [1].
It is widely accepted that free radon can exhale into the air from the uranium rock surface through
diffusion and seepage [2]. Pores or micro-fissures in rocks are the tunnels through which radon
is transported in the rock, and diffusion and seepage provide the main momentum for radon
transport. The number, volume, and degree of openness and expansion of pores or micro-fissures are
closely related to the geomechanical environment, such as underground water seepage fields, in-situ
stress fields, ultrasonic vibration fields, low-vibration fields, and temperature fields [3-5]. However,
the mechanisms of diffusion and seepage are influenced by internal and external factors, such as
the pore structure, temperature and water content of the soil [6-8]. Therefore, the whole process
of the transportation of radon through the rock and soil and on the surface is in close relation with
the surrounding rock and soil. It has been demonstrated that the degree of damage of the rock and
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the expansion of micro-fissures due to fatigue related to the rock’s kinetic response characteristics,
the frequency of vibrations, and other rock characteristics [9].

It has been found that there is a lot of random initial damage to rocks such as micro-fissures and
joints; rocks near the core can produce new fractures due to crustal movement, and simultaneously
fractures and joints in rocks can expand increasingly, becoming the main fracture of the sample under
a stress wave [10,11]. The disturbance of low-frequency vibrations is an impact factor that leads
to pores and micro-fissures in rocks and soil, also leading indirectly to the exhalation of radon and
related materials from the test blocks of uranium ore. Abnormal exhalation results from the blasting of
uranium mining [12], earthquakes [13], and other geological calamities [14]. The frequency range of
vibrations is shown as inducing factors in Table 1. The major frequencies of the vibrations produced
by chamber blasting are normally 7 to 20 hertz [15]. The range of the excitation frequency is 0 to
27 hertz for earthquakes in uranium mining areas, according to the earthquake kinetics parameters in
the ‘Seismic Ground Motion Parameters Zoning Map of China (GB 18306-2015) [16] and the ‘Safety
Requirements for the Decommissioning of Nuclear Facilities (GB/T19597-2004)" [17]. Above all,
the frequencies used in mining belong to the range of low-frequency vibrations. The relation between
radon concentrations and earthquake stress has been studied to analyze the change of eight non-linear
parameters of earthquakes; this study used a self-learning artificial neural network and had an error
from 0% to 12% [18]. Experimental research has studied the relation between the characteristics
of acoustic emissions in deep ore fractures and radon exhalation [19]. The relation between radon
concentrations and the seismic zone has been analyzed to show the functional migration of radon
concentrations under the impact of earthquakes [20].The law of radon exhalation was studied under
low-frequency vibration in the deep uranium shaft using the measurement device independently to test
the radon concentration and applying the software and detectors to analyze the radon exhalation rate
and damage analysis. This article is an experimental analysis of the abnormal exhalation mechanisms of
radon in similar uranium samples under low frequency vibrations; the scientific evidence is supported
by the experiment of deep uranium mining.

Table 1. The regular frequency of vibrations in uranium mining.

Seismic Wavelet
Mining Medium-Length Shallow Hole Drilling Shovel

Operation Factor ~ Hole Blasting Blasting Wenchuan Darui Kobe Jumbo Car
Quake Wave  Synthetic Wave Seismic

Vibration

10~60 9~48 5~27 4~12 1~25 10~50 50
frequency (Hz)

2. Theory and Materials

2.1. The Radon Exhalation

According to the diffusive migration law of radon, the measured radon concentration of each
sample in the closed chamber method was obtained using a RAD? Electronic Radon Detector, while at
the same time using the Origin9 software to obtain the slopes k; and k; of the fitting calculation. Finally,
the radon exhalation rate by sample was calculated using the following equation:

kl'Ve'] _ kZ'Ve
S, 7 )2 S,

i = )
where J; and |, are the radon exhalation rate of single-sided and double-sided sample (qum_2~s_1);
ki and k; are the radon exhalation slope of fitting curves using the single-sided and double-sided
sample(Bqg'm3:s71); S; and S, are the side areas when the sample is exposed on single-sided and
double-sided (m?); a schematic diagram of samples wrapping modes is shown in Figure 1; Obviously,
S2 =251, V, is the effective volume of the inside of the tank in addition to the sample (m?).
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Figure 1. Fully-exposed (1) single-side exposed (2) double-side exposed (3) similar uranium samples.

According to Equation (1) and the sample’s package processing method, the theoretical expression
of the radon exhalation rate was calculated using the following equation:
Single-sided sample:

Ji =D Cxo = (o \/)\UDCo)tanh(\/%ﬂh) )

d 1 /A
Jo = D5-Cl—o = (o= VAIDCo)tanh(/ T1h) ®)
b = VDR @

where ] is the natural radon exhalation rate (Bq-m~2:s~!), which expresses the radon exhalation rate
by sample when the radon concentration on the outer surface of an infinite thickness and indefinite
extension is 0; it is only related to the characteristics of the material, p is the density of the sample
(kg-m_3); A is the effective decay constant of the radon (2.1 x 10~ 6.s71), CR, is the radium content
(Bq-kg™!), Se is the emanation coefficient, 7 is the porosity of sample, D is the radon diffusion
coefficient of sample (m2-s71), J; and J, can be obtained according to the given conditions based on
Equations (1)-(4).

h _ tan(h/L) 2k 5)

o tanh(1n/L) ke

2.2. The Porosity
The average porosity ¢ of similar uranium samples for the experiment was calculated using the
following expression [21]:

o = % % 100% — (1— %) % 100% ©6)

where ¢ is the total porosity of the experimental similar uranium samples (%), V. is the total porosity
volume of sample (m?), V is the total volume of sample (m?), p, is the dry density of sample (g-cm~3),
p is the particle density of sample (g-cm~3).
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2.3. Similar Samples

According to analysis of the proportion of similar materials by rock in recent years [22-24],
quartz sand, cement, calcium carbonate, gypsum, ultrafine barite powder, water, and admixtures were
used as the raw materials for preparation.

In view of the fact that the main types of uranium deposit in South China belong to granite
type uranium ore rocks, this paper took granite-type similar uranium samples as the simulation
object and the granite protolith as the physical and mechanical property contrast prototype material.
Comprehensive analysis was carried out of the function and role of various raw materials, with the
selected raw materials including: uranium tailings (aggregate) with a particle size of less than 4.75 mm,
quartz sand with a particle size of 0.60 to 4.75 mm, cement (cementing material), micro-silicon powder
and iron powder (admixture), admixture (early strength agent and water reducing agent), water.
Through reviewing the relative literature data, the three matching ratios were finally determined in
Table 2 and the final preparation samples are shown in Figure 2.

Figure 2. Single-side and double-side treatment of the end surface of the sample, 70.7 x 70.7 x 70.7 mm

PVC tube and maintenance of the similar uranium samples.

Table 2. The material ratio of the three kinds of sample.

Test Plan Water Cement Ratio Sand-Binder Ratio  Micro Silicon Powder Iron Powder
Sample 1 0.28 1.00 0.09 0.20
Sample 2 0.28 1.20 0.12 0.25
Sample 3 0.30 1.20 0.06 0.20

In the above three ratios, the water reducing agent was cement = 1:50, and the early strength agent was cement = 1:100.
The micro-silicon powder and iron powder are the percentage of the total mass incorporated during the preparation
process in order to make the sample density close to 1:1 with the prototype material density.

Considering the previous technology, the radon concentration was measured using a RAD-7 radon
detector (which was demarcated by the Radon Laboratory of USC) and the low-frequency vibration was
created using a vibration exciter (Type: JZK-30), piezoelectric transducer (used to monitor the change of
exciting stress), a radon exhalation tank (which consists of a radon collecting space, temperature control
module, and the fixing device of the sample), and desiccant; the experimental device is shown in
Figure 3. The damage degree of the rock was tested and calculated after the test by using a non-metallic
ultrasonic testing device (shown in Figure 4).
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Fixing Device of Sample

\&D? Radon Detector

Figure 4. Non-metallic ultrasonic testing device (ZBL-U520).

2.4. Trial Procedures

The specific measurement procedures for the radon concentrations of the quasi-uranium ore

sample were as follows:

@
@)

®)

4)

Check the tightness of the device and commission the system.

The temperature of the radon-collecting space is heated to 30 °C by starting the module. The space
is purified for 30 min by turning on the purge function of RAD 7. According to the test plan,
the wrapped single-sided exposed or double-sided exposed sample is installed on the fixed
device and put into the radon exhalation tank.

The vibration frequency of the exciter is set according to the plan. Every test group is set for
200 pieces of data, of which each piece of data is obtained after 5 min by starting the RAD 7 to
record. At the end of the experiment, the samples were taken out and the ambient temperature,
humidity and atmospheric pressure were measured in real time, and the corresponding test data
were recorded at the same time.

The change of the exciting force is monitored by using the piezoelectric sensors. First, the test
sample is divided into four detection areas using the fluorescence pen, then the two sensors of the
non-metallic ultrasonic testing device are pressed onto the two sides of the sample respectively
by using a special adhesive, each test time is 30 s, and the data are recorded after the test.
The damage degree of the rock is tested and calculated after the test by using a non-metallic
ultrasonic testing device.
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3. Results

3.1. Similar Samples

According to the above ratio, the raw materials such as aggregate, cementing material, admixture
and water were added into the mixer. This was stirred well and poured into the prepared PVC
mold and placed on the shaking table, eventually, a cubic similar uranium sample with a size of
70.7 x 70.7 x 70.7 mm was obtained. Subsequently, the physical and mechanical properties of
the maintenance-completed similar uranium samples and granite were tested, and the physical,
mechanical and radioactive parameters of the samples were obtained, as shown in Table 3. In addition,
the similarity ratio of the physical and mechanical indexes between prototype and sample is shown
in Table 4.

Table 3. Physical and mechanical properties of samples.

Compressive Tensile Particle Cohesion Internal Dry Radium Percentage

Test Plan S trenp th/MPa Strength Density/ (MPa) Friction Density/  Content  of Uranium
& (MPa) (g-em™3) Angle (°) (grem™3) (Bq-g™") Mass (%)
Sample 1 62.9 3.67 242 16.03 51.36 2.301 1.57 0.0071
Sample 2 71.2 412 2.49 15.91 50.44 2.365 1.72 0.0068
Sample 3 53.4 3.53 2.46 14.55 54.21 2.290 1.78 0.0085
The original
sample of 206.86 13.23 2.62 49.52 48.60 2.415 0.073 0.03
granite

Table 4. Similarity ratio of physical-mechanical indices between prototype and samples.

Test Plan Cy CRre Cpt Cc Co
Sample 1 1.09 493 445 3.30 1.16
Sample 2 1.11 3.17 4.50 3.55 0.94
Sample 3 1.08 4.07 3.93 3.57 0.94

Cp, Cre, Cpt, Cc and Cy are the particle density, compressive strength, tensile strength, cohesive and the ratio of the
angle of internal friction to the specimen prototype.

According to the relevant data in Tables 3 and 4: The ratio of the particle density and internal
friction angle between the granite prototype and three types of similar uranium samples was close to
1:1.The similar ratios of compressive strength, tensile strength and cohesion were about 3.9:1, 4.3:1 and
3.5:1. According to the three test plans, the physical and mechanical parameters of sample 3 were
the closest to those of the granite prototype on the whole. From the point of view of the radioactivity
index, the uranium content in the granite rock was larger than the three kinds of test samples, but the
radium content was the opposite, because at least 95% of the radium in raw ores is retained in tailings,
and the radium content was very small.

3.2. Radon Concentration and Time

According to the above experimental device, method and procedure, through a series of
experiments the change curves of the radon concentration according to the time of collection were
obtained from exposed samples with three proportions of similar uranium samples with different
ratios. As shown in Figures 5 and 6, three types of similar uranium samples produced one piece of
data every 5 min.
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Figure 5. The variation curves of radon concentration and collection time from single-sided similar
uranium samples with different proportions with a blank control group (0 Hz).
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Figure 6. The variation curves of radon concentration and collection time from doubled-sided similar
uranium samples with different proportions with a blank control group (0 Hz).

In Figures 5 and 6, the radon concentrations of the three proportions of single-sided and
double-sided similar uranium samples with different ratios increased with the increase in the radon
collecting time in the case of the blank group. In this paper, the blank control group was set as the
test group without the effect of low frequency disturbance, and the corresponding testing vibration
frequency was 0 Hz. However, the linearly-increasing slope was not the same: The linear increasing
slope of the radon exhalation concentration in sample 3 was the largest, the slope of k3 (single- and
double-sided) was 6.33405 and 7.4783. For sample 1, the slope of k; (single- and double-sided) was
5.0651 and 5.65526. The minimum incremental slope was found in sample 2, where the slope of k,
(single- and double-sided) was 3.03321 and 4.2548. According to the results of the statistical analysis,
the linear correlation of the radon concentration under the single-sided (and double-sided) testing
conditions in sample 1, sample 2 and sample 3 were 0.96043 (0.96243), 0.93493 (0.95616) and 0.96557
(0.95992), respectively, indicating a good correlation between the fitting curves. There is a significant
positive correlation between the radon concentration and the collection time of the radon under the
single-sided and double-sided testing plan. As shown in Figure 7, the curves for the sample 3 radon
concentration for the single-sided and double-sided sample nearly coincided until 600 min, when the
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radon concentration tended to separate gradually. With the increase in time, the trend of radon
concentration on the double-sided sample was higher than on the single-sided sample.
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Figure 7. The variation curves of radon concentration and collection time from single-sided and
doubled-sided similar uranium samples with fixed proportions.

4. Analysis and Discussion

4.1. Radon Exhalation and Frequency

According to Equation (1) to Equation (3), we have calculated the radon exhalation rate of the
samples under different experimental vibration frequencies. Because of the limitation of the method of
electrostatic collection, there was some mathematical error in the measurement data of RAD7 radon
detector. We have fitted the curve of radon exhalation rate of each ratio sample and marked the error
bar, and the fitting degree (R?) of the curve was all above 0.95.

Figures 8 and 9 show the results described in the following. The amount of radon exhalation,
speed of radon exhalation and time of exhalation was the lowest from 0 to 80 Hz disturbance, yet 60 Hz
disturbance had the longest exhalation under the single-sided testing conditions. When the test
frequency reached 70 Hz, the trend of the radon exhalation rate began to change and decreased
slowly with the increase of radon exhalation; however, the amount of radon exhaled increased greatly
compared to the blank control group. The increase in the radon exhalation rate of the similar uranium
sample was limited by the low-frequency disturbance after obtaining a certain frequency due to the
physical characteristics of the rocks and the magnitude of the driving force.

The maximized radon exhalation rate of the test samples with the proportion ratios 1, 2 and 3 under
the single-sided test plan were found in the same test frequency range (60 Hz), from 0.0879 Bq-m 2.5~
to 0.1278 Bq-m~2:s~ 1. The radon exhalation rate of sample 3 at the low frequency vibration was higher
than that of sample 2 and sample 1. The average lifting rate was 26.8%, which is comparable with the
percentage of uranium mass (Sample 3, 0.0085 > Sample 1, 0.0071 > Sample 1, 0.0068) found in the
physical and mechanical tests of the three samples mentioned above. Sample 3 was 87.9% similar to
the blank control group.
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Figure 8. Curves of the radon exhalation rate of three types of similar uranium samples with different
exciting vibration frequencies under the single-sided testing conditions.
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Figure 9. Curves of the radon exhalation rate of three types of similar uranium samples with different
exciting vibration frequencies under the double-sided testing conditions.

By analyzing the curve of sample 1 and sample 2 in the above images, we can see that the fitting
curves of sample 1 (0.07602 Bq:m 2571, 0.04523 Bq-m~2-s~!) and sample 2 (0.07650 Bq-m~2:s~!,
0.04749 Bq-m~2:s~!) converge in the 20 Hz test group under the single-sided and double-sided testing
conditions. The radon exhalation rate of sample 1 was larger than that of sample 2 with the increase in
the vibration frequency. There is an approximate intersection between the radon exhalation rate of
sample 1 (0.0667 Bq:m~2-s~1) and sample 3 (0.0657 Bq-m2-s~1) in the 70 Hz vibration testing group,
as seen in Figure 8, and the fitting predicted curve shows that the radon exhalation rate of both samples
decreased slowly after reaching 80 Hz.

4.2. Damage Degree and Porosity

According to the relevant literature [25-28], the damage degree D of the similar uranium samples
for the experiment was calculated using the following equation:

R N 4 S
D—1EO_1<>—1 K=1-(1-8) @)

where Ej is the elastic modulus of the sample before the application of low-frequency vibrations (MPa),
E is the equivalent elastic modulus of the sample after the application of low-frequency vibrations
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(MPa), vy is the acoustic velocity before the application of low-frequency vibrations (m-s~1), v is the
acoustic velocity after the application of low-frequency vibrations (m-s~1).

Taking sample 3 as an example, Figure 10 shows the relation between the average porosity of
the test sample, the degree of rock damage and the vibration frequency to analyze the mechanism of
the abnormal increase of the radon exhalation of the similar uranium samples under low-frequency
vibrations. The figure is similar to the curve showing the change of frequency and radon exhalation
rate. The porosity increased dramatically with the low-frequency vibrations, and when the frequency
was close to 60 Hz, a porosity of 4.835% was obtained, which was the maximum value. After this,
the porosity decreased slowly. In the figure, the damage degree shows that the general trend is similar
to the curve of the porosity, and when the sample was taken at 50 Hz, the damage degree first reached
the peak value of 0.0665. The degree of the sample decreased slowly, which is accordance with the
figure showing the radon exhalation rate for sample 3.

Figure 11 illustrates the relation between different numbers, frequencies and porosities, yet the
errors of the different porosities were less than 8% under the different numbers and test scenarios.
The change in the porosity of the similar uranium sample was deemed to be due to the change in the
strain volume of the ore skeleton under the low-frequency vibrations. The certain mass sample was
vibrated at the same driving force frequency during the test. It was concluded that the longer vibration
time, the bigger the compressive strain of the ore under the low-frequency vibrations. The smaller the
coefficient of the rock volume, the bigger the porosity of the test blocker.

Figure 12 shows the relation between the radon exhalation rate and comprehensive cumulative
damage to the single-sided and double-sided group for sample 3 (single-sided: R? = 0.93912,
double-sided: R? = 0.97313), which shows a certain linear connection. The damage to the rock
induced by the excitation stress increased in a small range with a small excitation. The micro-fissure
caused the lack of correlation. The radon exhalation rate and cumulative radon damage remained in
the stable range and had obvious correlation due to the vibration loads in the later period.
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4.6 |- /-/l QE
| e =]
e =
3 44t ey The 006 £
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Figure 10. The relation between the cumulative damage degree and porosity with vibration frequency
of Sample 3.
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Figure 12. Relationship curve between radon exhalation rate and comprehensive damage degree

of Sample 3.

In general, we can draw the following conclusions form the images shown in figure 10 to 12:
As a dual porous emanium medium with pores and fractures, the concentration gradient was the most
important motive force for radon migration in uranium ore. In the early stage of medium exposure to
exhalation environment due to mining and other activities, the internal structure of uranium ore was
changed due to low frequency vibration, and the molecular concentration of radon was very different
between the surface of pores and fractures of uranium ore and the exhalation environment. Under the
action of concentration gradient, radon diffused in the pores and exhaled from the surface of the
medium, at the same time, the concentration difference between the pores and environment gradually
reduced, and the radon exhalation rate and migration tended to be flat. Therefore, the influenced of
low-frequency vibration on the law of radon exhalation was mainly achieved by affecting the change
of concentration difference caused by the occurrence of pores and fractures in uranium ore. According
to the experimental analysis, it is found that the effect has the characteristic of aging.
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5. Conclusions

Based on the closed chamber method, the radon concentration of similar uranium samples
was measured under the conditions of single-sided and double-sided exposed uranium using
an independently developed system. The relationship between the curve change of the radon
exhalation rate and the average porosity of the rock mass was analyzed through a damage detection
test of the rock mass and measurement of the average porosity of the sample. The effect of the
low-frequency vibrations on the radon exhalation from similar uranium samples was in a certain
range, but there was a bottleneck period in this range of influence. The fitting predicted curves of
the radon exhalation rate were obtained through three sample tests, and the relationship between the
curve and the damage distribution of the sample was analyzed by taking sample 3 as an example.
The next step is to propose a solution and preventive measures for the low-frequency disturbances
caused by the operation of machinery in uranium mining and rock mining; it will be the focus of future
research work.
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