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The risk of gas disaster in the low-gas tunnel is easy to be ignored. By tracking and analyzing the gas monitoring data of the low-gas
tunnel, it is found that the cyclic abnormal gas emission occurred many times during the construction period, leading to local gas
accumulation, which greatly increases the risk of gas explosion accidents. To scientifically predict the abnormal gas emission in low-
gas tunnels, the idea of K-line diagram-based prediction of abnormal gas emission in low-gas tunnels is put forward, and in
combination with the field monitoring data of low-gas tunnel (Huangguashan Tunnel), the prediction results with different
prediction indexes of K-line diagram are compared and analyzed. The results show that the K-line diagram can reflect the
changing trend of gas concentration in real time accurately and show the change law of gas concentration during different
construction processes; the moving average (MA) of the K-line diagram can accurately reflect the time of abnormal gas
emission, the moving average convergence divergence (MACD) index can reflect the upward or downward power and trend of
gas, and the Bollinger Band (BOLL) index can reflect the fluctuation range of gas concentration. The research results can

provide a reference for the prediction and prevention of abnormal gas emission in low-gas tunnels.

1. Introduction

Gas is one of the important disaster factors of gas tunnels.
The gas emission quantity and gas content of exposed coal
seam in low-gas tunnels are low, which leads to the risk of
gas disaster easily underestimated during the construction
period. In case of abnormal gas emission during low-gas tun-
nel construction, local gas overrun and accumulation will
easily occur, which will greatly increase the risk of gas explo-
sions and other disasters, and seriously threaten the safety of
tunnel construction [1-3]. There are frequent reports of gas
accidents in low-gas tunnels. On February 24, 2015, gas
explosions occurred in No.l low-gas tunnel in Luodai
Ancient Town, Chengdu, China, due to abnormal gas emis-
sion, resulting in 2 deaths and 22 injuries [4]. Scientific pre-

diction of abnormal gas emission in low-gas tunnels can
provide important early-warning information for gas disaster
prevention and control and then help to take targeted mea-
sures to intervene and reduce the probability of gas explosion
and other disaster accidents. However, the changes in the
occurrence characteristics, gas content, gas pressure, geolog-
ical structure, and other factors of the tunnel-exposed coal
seam have a complex nonlinear effect on gas emission, which
brings great difficulties to the prediction of abnormal gas
emission [5-8]. In the 1980s, Russian scholars proposed for
the first time that gas emission should be predicted during
coal mining; Greedya [9], a British scholar, initiated the Airey
method to predict the gas emission in coal mines based on
time and mining technology; Dong [10] proposed gas emis-
sion time series method and used it as the regression function
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to establish the Gaussian process regression model, the pre-
diction results of which are accurate and reliable; Liang
et al. [11] proposed that, under the condition of considering
gas emission source and fluid-solid coupling process, it
would be more accurate to predict coal mine gas emission
by establishing a dynamic gas prediction model; Booth
et al. [12] believe that the limitations of existing gas emission
prediction can be solved by the prediction results obtained
from improved spatial data sets and the technology including
basic physics and energy-related principles. The above
research methods are often used to predict the gas emission
in coal mines, but there are little research on abnormal gas
emission in gas tunnels.

The change in tunnel gas concentration is characterized
by fluctuation variability, continuity, and real time [13].
The K-line diagram based on time series can not only weaken
the influence of objective factors such as geological condi-
tions and external disturbances but also scientifically and rea-
sonably analyze the gas monitoring information and identify
the hidden gas disaster characteristics. More and more
researchers have recognized the advantages of the K-line dia-
gram in massive data processing, derivation of related
indexes, clear and intuitive trend laws, etc. The introduction
of the K-line diagram analysis method into tunnel gas data
analysis allows us to analyze and study the changing trend
of gas concentration from different angles, which is helpful
to the study of gas emission law. Therefore, this paper puts
forward the idea of the K-line diagram-based prediction of
abnormal gas emission in low-gas tunnels and forecasts and
analyzes the gas emission in low-gas tunnels, to reduce the
possibility of gas disasters.

2. Introduction and Characteristic Analysis of
K-Line Diagram

2.1. Introduction of K-Line Diagram. K-line diagram, also
known as the candlestick chart, can be traced back to the
era of the Tokugawa Shogunate in the 18th century in Japan
[14, 15]. It is three dimensional and intuitive with a unique
method covering comprehensive records and containing
large information content, which is widely used in stock,
futures, foreign exchange, options, and other securities mar-
kets. Like the stock market, the change of tunnel gas concen-
tration is also affected by many factors under the internal and
external complex environments. Therefore, it is a promising
means to introduce the K-line diagram method into the cause
diagnosis and early-warning analysis of tunnel gas anomaly
and to make use of its advantages in processing and analyzing
data. By analyzing the theoretical basis of K-line and the
meaning of K-line shapes for tunnel gas monitoring and
extending them to the characterization method of gas anom-
aly patterns [16], it can provide a new research idea for the
field of gas data monitoring and early warning.

The traditional K-line diagram usually revolves around
four data of the K-line—the opening, the highest, the lowest,
and the cut-off prices—thus reflecting the trend and price of
stocks. When it is applied to gas early warning, a single K-line
diagram can reflect the changing trend of gas emission con-
centration in a unit time. When combined with other techni-
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cal indexes, it can also predict the change direction and trend
of gas emission intensity in the future. The K-line diagram
has different unit times, such as minute K-line, hour K-line,
and day K-line. In this paper, the initial gas concentration
O, the highest concentration H, the lowest concentration L,
and the cut-off concentration C are taken as the four data
of the K-line diagram. In the traditional K-line diagram, the
red line represents the upward trend of gas concentration
in one cycle, and the green line represents the downward
trend of gas concentration in one cycle. The specific parame-
ters are shown in Figure 1.

The K-line diagram contains four elements: color, entity
size, shadow length, and unit time. Therefore, when it is
applied to the time series of tunnel gas concentration, the
trend of gas concentration contained in it can be found out;
thus, the time point at which the abnormal gas concentration
occurs can be captured more accurately. The main function
of the K-line diagram is to make a reasonable judgment
according to its K-line shape. The process of understanding
the K-line diagram is mainly to observe the red line, green
line, entity size, and shadow length, taking the red line as
an example, as shown in Table 1.

2.2. Common Characteristics of K-Line Diagram and Gas
Concentration Change Curve. The change of tunnel gas con-
centration shares the following common characteristics with
the stock market, so the use of the K-line diagram to describe
gas concentration change has a theoretical basis.

(1) Fluctuation variability

The essence of K-line is to reflect the fluctuation of com-
modity value caused by the natural law of market supply and
demand and manmade speculation, while the assessment of
gas disaster risk is mainly to record and analyze the gas con-
centration and to properly display the geological conditions
and artificial disturbance in the tunnel site area through the
change of gas concentration, so the change of gas concentra-
tion state also has two influencing factors: objective natural-
ity and external factors.

(2) Continuity

Both the market price changes recorded by K-line and the
monitoring results by existing gas concentration monitoring
equipment are continuous records. Through the existing
instruments and equipment, long-time, continuous and
uninterrupted data collection can be achieved to provide nec-
essary conditions for judging the change of gas
concentration.

(3) Real time

Real-time acquisition of stock market data enables inves-
tors to obtain market dynamic changes more quickly. Simi-
larly, the real-time change of gas concentration is very
important for assessing the current gas disaster risk and
adjusting the construction ventilation scheme. With the
development of science and technology, the indicators for
assessing the risk of gas disasters have developed from



Geofluids 3

Highest

/ concentration \

Upper

¢ shadow —

Cut-off line
concentration

PR
-

Initial
-
concentration

Entity —_—

N
Initial

. - _
concentration Cut offA
concentration

Lower
shadow >

line

\ Lowest /

concentration

FIGURE 1: Sketch diagram of K-line.

TaBLE 1: Graphics of the K-line diagram and their meanings.
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subjective judgment and manual acquisition to objective
quantitative evaluation of equipment detected physiological
indexes, and from the index parameter acquisition in a cer-

tain period to current real-time recording of continuous
parameters, which also provides conditions for complete
and instant monitoring of gas concentration changes.



3. K-Line Diagram of Low-Gas Tunnel
Abnormal Gas Emission

3.1. Overview of Huangguashan Tunnel. Huangguashan Tun-
nel is located in Yongchuan District, Chongqing, which is
constructed by the drilling-and-blasting method. It is an
extralong tunnel, with a total length of 3268 m. The coal mea-
sure stratum that the tunnel passes through is the 5th mem-
ber of Xujiahe Formation, which only contains coal locally,
and belongs to the extremely thin coal seam. The thickness
of the coal seam is unstable, and even pinch out occurs. It
is a typical low-gas tunnel. The construction can be divided
into the construction processes of drilling and blasting,
mucking, frame erecting, and shotcreting. Through long-
term tracking of the gas concentration change data of
Huangguashan Tunnel, it was found that there was gas con-
tinuously emitting into the tunnel in each construction pro-
cess during the construction. The difference was that the
gas concentration emitting into the tunnel is different in dif-
ferent processes. Through the study of the relationship
between gas concentration and construction processes, the
gas concentration emitting into the tunnel during each con-
struction process can be distinguished. The changes in gas
concentration based on the data of gas concentration at the
tunnel face in one construction cycle are shown in Table 2
and Figure 2.

From the comparative analysis of Figures 2 and 3, it can
be seen that (1) there is an abnormal point of gas concentra-
tion higher than the highest point of the box diagram, which
indicates that the gas concentration fluctuates greatly and
there is abnormal gas emission, and (2) the gas concentration
during the construction period is generally maintained
between 0.00% and 0.1%, but during the blasting operation,
the gas concentration will increase to 5%. So, it can be seen
that the blasting operation is the main cause of abnormal
gas emission in tunnels.

3.2. K-Line Diagram of Gas Concentration. The tunnel gas
monitoring system will record the change of gas concentra-
tion in real time. If the selection period is too small, the data
will be disordered and not intuitive; if the selection period is
too large, it cannot timely describe the abnormal gas emis-
sion. After a large number of experiments, the period of
10 min is most appropriate. So, in this paper, taking 10 min
as a cycle, a K-line of gas concentration in one construction
cycle is drawn by using Origin and Excel software jointly
and improved, as shown in Figure 4. The traditional K-line
diagram has only two colors to express the change in stock
price. When it is applied to the change of tunnel gas concen-
tration, it can only express the increase or decrease of gas
concentration in different cycles, but it is not accurate
enough. For this purpose, this paper innovatively introduces
a three-color K-line diagram. The yellow line is the new red
line, representing an increase in gas concentration; the green
line represents the decrease of gas concentration; when the
gas concentration is greater than 0.5%, the K-line diagram
of the gas concentration becomes eye-catching red to remind
the construction personnel of the gas overrun. At the same
time, when the gas concentration of the adjacent K-line dia-
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gram changes greatly, the K-line diagram is transformed into
the corresponding gradient color. The improved three-color
K-line diagram has the following advantages over the tradi-
tional K-line diagram:

(1) The color-gradient line represents abnormal gas
emission and is named as “sharply-increasing line.”
The moment of abnormal gas emission can be accu-
rately determined by the position of “sharply-
increasing line”

(2) The gas concentration at 0.5% is set as a warning line.
When the gas concentration is greater than 0.5%,
both the “yellow line” and “green line” turn red,
which can express the situation of gas concentration
overrun more intuitively

In Figure 4, except for the small fluctuation of gas con-
centration in the blasting stage, the gas concentration in
other stages is consistent with the actual situation in the pre-
vious section, indicating that it is feasible to express the
change of gas concentration with the K-line diagram.

To express the change of gas concentration more accu-
rately, the concept of “K-line coordinates” is introduced,
and the position matching issue between K-lines is solved
by defining the coordinates of K-lines in the sequence. The
order of K-lines in the K-line sequence is called the K-line
abscissa, the increasing degree of the gas cut-oft concentra-
tion in each cycle relative to that in the previous cycle is called
the K-line ordinate, with the ordinate of the first K-line in the
K-line sequence set to 1, as shown in Figure 5. By analyzing
the increasing degree, the moment that the abnormal gas
concentration occurs can be obtained intuitively and clearly,
which is consistent with the actual situation.

4. Application of K-Line Diagram Basic
Indexes in Prediction of Low-Gas Tunnel Gas
Emission Law

It is too one sided to judge the gas emission trend by using the
K-line diagram only. The K-line combinatory analysis of gas
emission trends by MA, MACD, and BOLL indexes is more
reasonable.

4.1. Moving Average (MA). Using MA to calculate the arith-
metic moving average of the monitored gas concentration
value in a cycle and draw it into a line can directly reflect
the trend of gas emission. The calculation formula of MA is
as follows:

X i+ Xy +. o + Xy

MA(X,N) = N ,

(1)

where MA is the moving average,X; is the end value in
the unit time, and N is the calculation cycle.

There is no fixed rule for the choice of long-cycle and
short-cycle MAs. The intersection of the long-cycle average
and short-cycle average represents the development trend
of gas concentration. The short-term average can closely fol-
low the development trend of gas concentration and can
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TaBLE 2: Gas concentration in different construction processes at the tunnel face.

Construction process Time (h) Gas concentration (%) Construction process Time (h) Gas concentration (%)
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- , 1 0.02 _ 9 0.05
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6 0.02 14 0.01
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0.5
’ the long-term trend. Set the black line and red line in
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= this breakthrough point is called “golden cross.” When the
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S upward trend in the short term. When the short-term aver-
S o1 . age falls below the long-term average, the breakthrough point
is called “death crossing,” and the gas concentration shows a
g downward trend in the short term. The MA shows strong
001 regularity during the normal gas fluctuation stage, and MA
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F1GURE 2: Box plot of gas concentration in different construction
processes.
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F1Gure 3: Gas concentration over time series.

better represent the gas change in the short term; while the
long-term average is less affected by short-term gas concen-
tration fluctuation, which is more stable and can well reflect

starts to rise in the blasting stage, then reaches the peak value,
and then falls back immediately after the end, which is in line
with the actual situation.

There is a lag phenomenon in the MA signal, but the
trend can often last for a while. Therefore, when MA
sends a signal that the gas emission increases or decreases,
although the current gas emission may still be in a stable
trend, it still indicates that the next gas emission may
change significantly. Therefore, timely gas prevention mea-
sures can be taken according to the signal at this time.
Moving average is used in the calculation of the next
two types of indexes.

4.2. Moving Average Convergence Divergence (MACD) Index.
Moving average convergence divergence index is referred to
as the MACD index for short, which is aimed at revealing
the changes in the intensity, direction, momentum, and
duration of the gas trend, and has a certain guiding role in
preventing gas concentration overrun. MACD index is a col-
lection of three-time series calculated from historical data,
which are MACD series itself, “average” series, and “diver-
gence” series. MACD series is the DIF of the fast MA
(EMA1) and slow MA (EMA2) and the difference (DIF)
between EMA1 and EMA2. The average series is composed
of N-cycle moving average convergence divergence (DEA)
of DIF. Divergence is the difference between the MACD
series and the “average” series, which is usually displayed as
a bar graph, and its length is twice that of DIF-DEA. There-
fore, the MACD index includes two lines and one stick; the
fast line is DIF, and the slow line is DEA, as shown in
Figure 7.
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The calculation formula is as follows:

EMA,(12) = xEMA, ,, (2)

where EMA (12) is today’s fast-moving MA, C(T) is today’s
gas cut-off concentration, and EMA_, is yesterday’s fast-
moving MA.

EMA(26) =

xEMA, ,, (3)

xC(T) +
26+1 26+1

where EMA;(12) is today’s slow-moving MA, C(T) is
today’s gas cut-off concentration, and EMA_, is yesterday’s

slow-moving MA.

DIF = EMA(12) - EMA(26),

(4)

2 8
DEA(MACD) = = x DIF; + - x DEA.,

where DEA_, is yesterday’s DEA.

In Figure 7, the blue bar graph represents twice DIF-
DEA, the black line is slow line DEA, and the red line is fast
line DIF. When applying the MACD index, it is mainly to
analyze the relationship between DIF and 0 axis, DIF and
DEA, and the sticks and 0 axis. When the bar graph is above
the 0 axis, it means that the gas concentration is rising, and
the higher the bar graph, the greater the upward amplitude
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and the stronger the upward power. If the bar graph is below
the 0 axis, it means that the gas concentration is in a down-
ward trend. This index can intuitively indicate the degree of
gas concentration increase in the blasting stage and the
degree of gas concentration decrease when the blasting stage
ends and enters the supporting stage, and the corresponding
sticks have increased or decreased, thus quantifying the mag-
nitude of the change. When the black line (slow line DEA)
crosses the red line (fast line DIF) upwards, a “golden cross”
appears. At this time, the bar graph is above the 0 line and its

height represents the increased amplitude. When the gray
line crosses the red line downward, a “death crossing”
appears. At this time, the bar graph is below the 0 line and
the height of the bar graph represents the decline amplitude.
Compared with the “golden cross” of MA, the golden cross
signal of the MA index indicates that the short-term gas con-
centration exceeds the long-term gas concentration, which is
a signal that the whole gas concentration is about to increase.
The “golden cross” signal of the MACD index indicates that
the decreased speed of the gas concentration is slowing down,



or the increased speed is accelerated, which also proves that
the gas concentration will increase in the future. If the golden
cross signals of the two indexes appear at the same time, or
almost at the same time, they play a role of mutual verifica-
tion. It shows that the gas concentration not only shows an
increasing trend but also will increase faster and faster in
the future. When such signals appear, it can be determined
that the gas concentration will increase in a period in the
future, so we should pay close attention to its increased
amplitude and changing trend.

According to these characteristics of MACD, it can be
determined that in tunnel gas monitoring, when DIF crosses
DEA and breaks through DEA from bottom to top in MACD
index, it indicates that the monitoring value will rise; when
DIF breaks through from bottom to top, it means that the
monitoring value will rise; if DIF line continues to rise, it
means that the monitoring value will be in danger of exceed-
ing the limit in a period in the future, and corresponding pre-
ventive measures should be taken at this time. MACD index
can also express the convergence and divergence of the expo-
nential moving average (EMA), which uses the speed differ-
ence between short cycle and long cycle to express the
comparison trend between the gas concentration compared
to the current cycle and the average value of the last cycle.
When the gas concentration is in a state of fluctuation, the
difference between the short cycle and the long cycle will be
small. If the MACD value continues to increase at this time,
the divergence will continue to expand.

4.3. Bollinger Band (BOLL) Index. The technical index of
BOLL in the K-line diagram can be automatically adjusted
with the change of gas concentration, and it is more flexible
and intuitive than other methods. Bollinger Band is a techni-
cal index designed according to the standard deviation prin-
ciple in statistics. The index consists of three track lines. In
the field of gas early warning, the upper and lower lines in
this index can be regarded as the pressure line and support
line of the gas index, respectively. Between the two lines,
there is an average line of a gas index. Generally, the gas index
will wander within the band-shaped interval composed of the
upper and lower tracks, which can be called the reasonable
range of gas concentration, and the position of the track
can be automatically adjusted with the change of numerical
value. When the band narrows, the gas index may fluctuate
violently, as shown in Figure 8. BOLL index includes three
curves, namely, the upper track, the middle track, and the
lower track, where the middle trajectory is the moving aver-
age, denoted as u,,.
The calculation method of the upper track is

Bn=u,+axo,. (5)

The calculation method of the lower track is
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where « is a multiple of standard deviation, which is generally
2 by default.

The moving range of the channel formed by the upper,
middle, and lower tracks in the BOLL index is uncertain,
and the upper and lower limits of the channel change with
the fluctuation of gas concentration. Under normal cir-
cumstances, the gas concentration K-line should always
run on the channel. If the gas concentration exceeds the
channel range, it means that the gas concentration in the
working face is in an overrun state, and the construction
should be stopped immediately. In the BOLL index, the
upper and lower tracks of the channel indicate the highest
and lowest positions of gas concentration in a certain
period. Generally speaking, when the gas concentration
runs above the middle track of BOLL, it indicates that
the gas concentration is in a strong upward trend; when
the gas concentration runs below the middle track of
BOLL, it indicates that the gas concentration is in a strong
downward trend. Under normal conditions, the gas index
usually runs within a band a certain width, and its charac-
teristic is that the index value does not appear to suddenly
increase or decrease, in a relatively balanced state. When
the gas index crosses the upper limit pressure line, it is
an upward signal; when the index crosses the lower limit
support line, it is a downward signal; when the index
crosses the middle boundary line from bottom to top, it
means that it may rise continuously for some time; when
the gas concentration crosses the middle boundary line
from top to bottom, it means that it may decline continu-
ously for a while.

BOLL has three functions in gas early warning: (1) BOLL
can indicate the allowable maximum and minimum values of
gas index, (2) BOLL can show the trend of gas concentration,
and (3) Bollinger Bands are usually used as an auxiliary index
to judge the trend, that is, to evaluate the strength of the gas
index trend by the position of the gas index in the Bollinger
Bands.

4.4. Technical Indexes of K-Line Diagram and Verification.
To avoid contingency, the original abnormal fluctuation
data of gas concentration is increased from 100 groups
to 200 groups for trend analysis and prediction. The time
series diagram is shown in Figure 9, and the K-line and
technical indexes of gas concentration are shown in
Figure 10.

From the comparative analysis of Figures 9 and 10, it
can be seen that the overall trend of the K-line diagram
is the same as that of the time series diagram, and the
abnormal emission of gas concentration can be accurately
expressed in combination with the increasing degree. As
for the moving average, according to Figure 10, when
the overall gas concentration reaches the peak, the corre-
sponding short-term moving average is higher than the
long-term moving average, so the gas concentration shows
an upward trend in this period. After reaching the peak,
the long line and short line immediately fell back, and
the falling speed of the short-line was faster than that of
the long-line, which proved that the gas concentration
shows a downward trend.
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For the MACD index, when the gas concentration rises to
the peak, the corresponding bar graph is above the 0 axis and
reaches the highest value. When the gas concentration falls
back, the bar graph is below the 0 axis and changes from high
to low, which proves that the gas concentration drops. This
shows that the corresponding sticks have changed obviously,
thus quantifying the amplitude of variation. As shown in
Figure 10, DIF crosses DEA and breaks through DEA from
bottom to top in the MACD index, which indicates that the
monitoring value is rising, and DIF is gradually increasing
and continuously rising upwards, indicating that the gas
monitoring value is in danger of exceeding the limit at this
time. At this time, the moving average and MACD index
has a “golden cross,” so it can be determined that the gas con-

centration is in a strong upward stage at this time, which is
consistent with the actual gas trend.

For the BOLL index, when an abnormal gas concentra-
tion emission occurring, the difference between the middle
track and the upper track is small, and when the middle track
breaks through the upper track, it means gas concentration
overrun in the working face, so the construction should be
stopped immediately.

Based on the above, using the increasing degree, the
MA, MACD, and BOLL indexes of gas, the changing trend
of gas concentration can be displayed intuitively, and the
gas emission state, gas concentration change trend, and
whether the gas concentration fluctuates abnormally can

be judged according to various technical diagrams and
lines.

5. Conclusions

(1) The amplitude and fluctuation of gas emission con-
centration in the tunnel construction operation cycle
can be described by the K-line diagram. The
improved K-line diagram is easy to read, practical,
and effective, and the actual change of gas concentra-
tion can be observed more comprehensively and
thoroughly. A series of other indexes are derived
based on this diagram to describe the law of gas emis-
sion, which can better predict the trend of abnormal
gas emission in low-gas tunnels

(2) MA index is used to reflect the long-term change
trend or cycle of gas emission concentration; the
MACD index is used to reflect the intensity, direc-
tion, energy, and trend cycle of gas emission concen-
tration change; BOLL is used to reflect the possible
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FIGURE 10: K-line and technical indexes of gas concentration.

upper and lower limits of gas emission. The abnor-
mal gas emission law judged in combination with
the K-line diagram and its indexes is consistent with
the actual situation

(3) The K-line diagram and its indexes can not only be
used to describe the change law of gas concentration
in low-gas tunnels but also provide ideas for describ-
ing the change of gas concentration in high-gas tun-
nels and mines
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