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Keywords Abstract
Providing a fresh and cool airflow in underground mines is one of the main concerns
Reliability during mining. Destruction of support systems, the presence of undesirable objects in
the airway and distortion of airflow are the parameters involved that would result in
Coal Mine pressure loss, which would affect the ventilation network. There are a lot of research
works about the ventilation network planning that consider the confidence in the
Ventilation planning but how reliable are these designs? These questions can be answered using the
quantitative reliability evaluation. For the reliability evaluation of mine ventilation
Cut Set network, tunnel resistance and flow rate changes for all branches are considered as the
reliability indices and criteria. This paper describes a stepwise method for evaluation of
Network the underground coal mine network reliability associated with major losses using the cut

set method. The reliability of the entire network is achieved by the reliability of every
single component. The proposed model is implemented by the Takht coal mine. The
Takht mine ventilation network probability of failure is in the range of 19-100% so
reliability is in the range of 0-81% for the entire ventilation network.

1. Introduction

Underground coal mining operations have caused
operation face fatality and financial disasters.
Identifying, evaluating, and managing these
disasters are considered by anyone involved in
mining. The security of health and safety of the
personnel working in underground coal mines has
been studied using some risk management
approaches, which could provide the right balance
between different components such as safety,
costs rock burst damage, coal self-heating, and
roof fall rate in coal mines [1-8]. The stopping of
the ventilation network is one of the numerous
parameters involved that has been managed for
the risk assessment in underground mining.
Despite the importance of the ventilation systems
in the safety of underground coal mines,
insufficient research works have been done
directly on the safety of ventilation network [1, 9-
11].

4| Corresponding author: map60@aut.ac.ir (M. Ataee-pour).

Economic and safety concerns in mines involve
the fact that the ventilation networks should
provide sufficient air in an effective, reliable, and
safe manner to design or evaluate ventilation
networks in order to achieve the devised purposes.
An acceptable definition of reliability, which has
been frequently used, can be defined as the ability
of a system to perform an application allocated to
that system during a pre-determined period or a
cycle. This ability can be stated probabilistically
or deterministically [12-14]. The concept of
probability and assessing adequate performance
are the classical indices and criteria to access the
reliability.

The specific definition of reliability indices and
criteria are required to introduce a network with a
proper performance. In some studies, the stability
of the ventilation system of coal mines has been
obtained as a safety criterion [15] but the
development of mine works has been ignored.
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There is no determined approach to analyze the
efficiency of Mine Ventilation Network (MVN).
It seems that the calculation of network
component reliability and then estimation of
network reliability is the best measure to achieve
this aim. The Bolin's algebra is used to analyze the
reliability of the entire complex coal MVN,
assuming that the reliability of each component is
specified [16]. The Bolin's algebra does not take
into account the true values of the reliability of
each component, and thus the actual association of
the components is ignored. The reliability of each
branch and network should be defined in the first
step.

The relationship between airflow rate and network
resistance can be used for the evaluation of
reliability in coal MVN. For example, collapsing
in a support system or location of objects in
airway reduces the flow rate that the prediction of
the time and place of their occurrence is not
possible. In order to cover this uncertainty, the
simulation process was used in this work. The
probability distribution of the volume flow rate is
used for the reliability evaluation of each branch.
Reliability of the underground coal mines was
measurable using the procedural framework,
which was presented in this work, and was
constructed in a step view format. The component
with a higher risk was detected through using the
repetition of each component in cut sets.

2. Methodology
A reliable ventilation system in underground coal
mines is one of the most vital and costly parts of

the extraction process. A flow-based performance
function is selected for introducing and evaluating
the MVN reliability F(Q). There are several ways
to evaluate the reliability assessment process
according to the definitions and concepts of
reliability. However, most of the structures
contain four key elements of planning, namely
probability, adequate performance, time, and
operating conditions [14]. For this purpose, the
probable factors that change the flow rate are
identified and modeled. The reliability of the
entire network is evaluated through the reliability
of each component of the network.

The reliability management procedure used in this
research work involved a seven-step framework,
constructed in Figure 1. The proposed diagram
contains the following steps : Step 1: Drawing the
MVN graph; Step 2: Developing the weighted
MVN graphs; Step 3: Simulation of the obstacle
in each branch of the MVN graph; Step 4:
Reliability evaluation of each branch of the MVN
graph; Step 5: Drawing a reliability ventilation
network block diagram; Step 6: Selection of the
reliability evaluation method for the whole
network, and Step 7: Reliability assessment of the
whole mine network. Each component of the
framework requires a different type of evaluation
and assessment.

In this section, the proposed model is explained
using a simple example, shown in Figure 2, in
which 4 and B are the entry and output points of
air, respectively.

Step 1. Draw the MVN graph

Step 2. Develop the weighted MVN graphs
a. Show new mine ventilation layout using re-planning
Step 3. Simulate the obstacle in each branch of the ventilation graph
Step 4. Evaluate the reliability of each branch of ventilation
a. Introduce the reliability indices and criteria of MVN
b. Select the reliability evaluation method for each edge
Step 5. Draw a reliability MVN block diagram
Step 6. Select the reliability evaluation method for MVN
Step 7. Evaluate the reliability of MVN

Figure 1. Step view diagram proposed for reliability evaluation of MNV.
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Figure 2. A hypothetical mine ventilation network.

2.1. Step 1. Draw MVN

An MVN is a closed and inter-connected structure
of branches through which airflows consisting of
several mining works are connected at different
points. In fact, an MVN is composed of mine
different airways and their associated information.
A diagrammatical MVN is a simplification of the
actual ventilation circuit. A set of branches and
nodes is called a linear graph.

A graphic model of the network is essential for
the reliability analysis. The following assumptions
are considered in order to obtain the graph design
of the ventilation networks:

e  Extruded, gob or backfilling spaces is not
required to be ventilated so they are removed
from the mining graphic network.

e Roadways or branches are named paths,
which are shown by lines. These lines are
connected together, and their connection points
are called nodes or junctions.

e The connection between two adjacent
nodes is shown on one vertex, representing a
specific mine work such as stope and ventilation
raise.

The graph of a hypothetical MVN (Figure 2) is
shown in Figure 3.

Figure 3. Graph of a hypothetical mine ventilation network.

2.2. Step 2. Develop weighted MVN graphs

An undirected graph consists of a set of vertices
and branches. In a simple graph, the vertices are
shown with V(G)={v,,...,v,} and the branch sets
are shown with E(G)={e,,...,e,}, each branch is
an irregular pair of vertices . If (u & v) € E (G),
then u and v are adjacent, which is shown as u <v
(i.e. u is adjacent to v).

There are two standard approaches to exhibit the
G = (V, E) graph, namely as a set of branches or
as a set of adjacent branches. Both of them can be
used for directive and indirective graphs.
However, the adjacent matrix exhibition may be
preferred when the graph is dense [17].

The weighted MVN graphs consist of branch
resistance and volume flow rate. Part of the
pressure change in the tunnels is due to the
elevation change and part of it is due to the head
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loss associated with frictional effects, given in
terms of the friction factor, f It is not easy to
determine the functional dependency of the
friction factor on the Reynolds number and
relative roughness [18]. The fluid flowing through
a fixed volume such as an MVN branch with one
inlet and one outlet is specified by the volume
flow rate. The volume flow rate (Q) in m’/s is
given by Q = VA, where V is the average velocity
in m/s and 4 is the cross-sectional area in m.

In each network branch, one of the two possible
air directions might be taken into consideration. It
should be noted that the optimal direction of the
branch is not necessarily the same as the air
ventilation direction. Before network analysis,
there is no information available about the real air
direction in most of the branches.
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The weighted MVN graphs are characterized in
terms the resistance due to friction, volume flow
rate, and direction of airflow as the direction of
the MVN branch.

2.3. Step 3. Simulate obstacle of each branch of
ventilation graph

The volume flow rate is affected by the variation
in the MVN resistance according to major losses
and Equation 1 [18].

AP = f(V,D,l, & u,p) €))

where P is the losses, V' is the average velocity, D
is the diameter, / is the airway length, € is the
roughness, u is the viscosity, and p is the density.
It is clear that p is a function of ¥, D, and /. On the
other hand, most MVN systems consist not only
of a straight airway but also additional
components such as valves, bends, and tees,
which enhance the overall head loss of the system.
Such losses are generally called obstacles in the
airflow or local resistance, which might be mobile
in MVN. Therefore, the pressure loss varies
according to the duration and location of the
obstacle in the airflow. The simulation process
has been used in order to cover this uncertainty.

2.4. Step 4. Evaluate reliability of each branch
of ventilation

The reliability of underground MVN can also be
analyzed by the similar methods used to
determine the reliability of other flow networks.
As mentioned earlier, ventilation networks in
underground mines may be affected by items such
as location of objects in airway or destruction of
support systems that would result in a pressure
loss and distortion of airflow. By considering the
necessity of keeping the network performance at
an appropriate level in such conditions, reliability
evaluation under uncertainty is essential. In other
words, MVN may be exposure to failing and
should be redesigned, upgraded, and modified in
such a way as to have a proper or at least
predictable in the event of failure.

2.4.1. Sub-step 1. Introduce reliability indices
and criteria of MVN

The criterion of “adequate performance” is an
engineering and managerial concept. Failure
system may occur in different ways as follows: a
catastrophe or a complete failure to operate or it
may be caused by a violation of a required system
function; for example, the volume flow rate of a
part of MVN may fall below a minimum
requirement, although MVN may still be
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operating. An assessment of an adequate
performance is dependent on the engineering
design and evaluation. Therefore, models of
failure for each component and MVN must be
thoroughly investigated.
The required airflow should provide sufficient air
to all parts of MVN. There are several standards
for measuring and designing air in the mine,
which contemplate an average of 10% tolerance
for the variation of the calculated flow rate [19-
21].
In this work, the minimum tolerance of 5%
airflow rate was considered for a more
conservative reliability evaluation. The generated
airflow should provide enough air for different
items, which based on the importance are as what
follow.

- Coal gas dilution (class A)
The gas that released from coal seams or the
surrounding rocks is called coal gas. Since most
of this gas consists of methane, it is often called
methane. The coal gas is one of the most
dangerous mine gases, and in many cases, it
causes mine explosion and fatalities. The most
important danger of this gas is explosion because
it combines easily and rapidly with oxygen in the
nearby heat and produces carbon dioxide and
water vapor [22, 23].
According to the above-mentioned fatalities, the
required air for ventilation of the coal gas has a
great importance. The required air for dilution of
this gas is Q;. Due to its great importance, only
very low percentage of its amount can be varied,
and if the total airflow that passes through the
branch decreases to a specific value (e.g. 5%), the
considered branch would fail.

- Blasting gas (class B)
The required airflow in order to dilute the gases
from blasting is introduced with Q,. The
allowable range of Q, changes, relative to Qy, is a
greater rang. Thus that range with respect to Q;,
has increased by 5%, and Q, changes till 10% of
the calculated value is permitted.

- Coal powder (class C)
In coal mines, very fine particles of coal are
spread into the mine atmosphere, and if there is a
flame, these powders firstly flame and produce a
very dangerous explosion, which is more
dangerous them coal gas explosion. The resulting
wave is so powerful, and in most cases, this wave
results in the displacement of support system; the
ventilation doors, such equipment, and the whole
mine or a part of it may be ruined. If the coal
powder explosion conditions exist, the explosion
would occur; its explosion is not instantaneous but
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if all conditions exist, it requires several seconds
to get started. This delay time decreases as the
environmental temperature increases so that when
the primary temperature of the flame is 2000 °C,
the explosion would be instantaneous [23, 24].
The required airflow to ventilate coal dust has a
secondary importance; in this classification, it is
in class C. If we suppose the required airflow for
ventilation Qs;, the allowable range for Qs
changes, relative to Q,, is a greater range; for
example, Q; changes to 15% is permitted, while
the allowable range for Q; changes has been
introduced by 5% earlier.

- Breathing (class D)
The required airflow for workers’ breathing is
introduced by Q. The ranges of changes are
extended and their value has been increased by
20%.

- Dust (class E)
The air required to eliminate the dust is
introduced by Qs. Since the value is class E, the
range of its changes is greater than the previous
classes, and is increased by 25%.

- Cooling (class F)

Heat and humidity of mine have a great role in the
workers’ efficiency. Excessive heat can cause
problems such as decreasing productivity and
increasing the accident rate. The temperature of
mine is an important property of a mine, which
has some major sources such as the surrounding
rock strata, equipment, number of miners, lamps,
groundwater  inflows, compress air pipe,
explosion, and oxidation of some components of
the rocks. Likewise, this temperature is a function
of the temperature of surface air. It should be
considered that the mentioned sources have a
local effect, and the mine atmospheric
temperature has slightly affected.

The required airflow to ventilate is defined by Q.
Since this amount of airflow has no great effect
and role and is normally provided by other
sources of airflow, it it is located in class E. The
range and its changes are so extensive, permitted
to 30%. The total classification can be
summarized as shown in Table 1.

Table 1. Total classification and allowable limits [22-24].

Type of flow rate

Classes

A B

C D E F

Q;: Coal gas dilution (class A)
Q;: Blasting gas (class B)
Q;: Coal powder (class C)

Q: Breathing (class D)
Qs: Dust (class E)
Q¢: Cooling (class F)

5%Q;

10%Q;

15%Q;
20%Q4
25%0Qs
30%Qs

2.4.2. Sub-step 2. Select reliability evaluation
method for each branch

Disaster or a complete failure to operate or
contraventions of a required system function were
introduced as the definitions of systems failure.
Violation of a required MVN system output could
be as the conservative reliability. Eq. 2 and

complete failure could be as a high level of
reliability of Eq. 3. In order to use this definition
for ventilation systems, each branch of an MVN
graph was considered as a separate system, and its
reliability was calculated. This system becomes
larger, and the reliability of each branch is
generalized to the entire network.

( QAllowable
max
Allowab!
| | . f(q)dq Qmir?wa € < Qi < Q#ll‘llgwable
Q}“lowable = { QAlowable (2)
| min
k . otherwise
( omde
C P l iti
- f(a)dq Qmin " < Qi < Qiax ™
Qj(,:rrltlcal — { Critical N
| min
k . otherwise

951



Rezaei et al./ Journal of Mining & Environment, Vol. 10, No. 4, 2019

where Qﬁ”owable is the probability of

contraventions of a required system function,

Allowable s the maximum allowed volume flow
rate, QALOWable js the minimum allowed volume
flow rate, Qfmtical is the probability of complete
failure, QSritical js the maximum critical volume
flow rate, and QS7t@ is the minimum critical

volume flow rate.

2.5. Step 5. Draw a reliability MVN block
diagram

It is crucial that the connection between the
system and its graph model be thoroughly
understood before considering the analytical
techniques that can be used to evaluate the
reliability of this MVN. For this purpose, a
reliability network is often referred to as a
reliability block diagram. The block diagram of a
hypothetical MVN is shown in Figure 4.

C

B

D

Figure 4. Block diagram of mine diagonal connection network.

2.6. Step 6. Select reliability evaluation method
for MVN

In this work, the cut set method was employed for
MVN reliability evaluation for two reasons; the
cut set method can be programmed in a
complicated network and directly introduced
paths leading to system failures distinctly. “4 cut
set is a set of system components, which, when
failed, causes the failure of the system” [25]. In
order to use the cut set method, at first, it is
essential to identify the minimal subsets. “A4
minimal cut set is a set of system component,
which, when failed, causes the system but when
any one component of the set has not failed, does

not cause system failure” [14]. Using this
definition, the minimal cut sets of block diagram
of mine diagonal connection network (Figure 4)
are AB, CD, AED, and BEC.

2.7. Step 7. Evaluate reliability of MVN
Combinations of minimal cut-offs of block
diagram of mine diagonal connection network are
used for the reliability evaluation. According to
the definitions of cut sets, the components of the
cut set are connected in parallel, and each cut set
is in series with all the other cut sets, as shown in
Figure 5.

—A— — Bb—
D C

Figure 5. Minimal cut sets of mine diagonal connection network.

If C; represents the cut set i, P(C;) probability of
cut set failure, and Q; probability of failure of
component /; therefore, the unreliability of the

mine diagonal connection network is given by
Equation 4 [13, 14].

For example, P(Cy) is the probability of the sixth
cut set failure, which contains the probability of
failure of component B,C, and E.
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Qs =P(C,UC,UC3UC,)

= P(C;) + P(C;) + P(C3) + P(Cy) —P(C;NC) —P(C;NC3) —P(C;NCy) —P(C,NGCY) 4)
—P(C,NC3)—P(C35nC)+P(CiNC,NC3)+P(CLNC,NCY)
+P(C,NC,NC)+P(C,NC;NC)+P(C,NC3NC) —P(CiNC,NC3NCy)

where: o
P(Cy) = Q,A' Q,B
P(C;) =Q¢ Qp

P(Cs) = Qa' Qp' Qg

P(Cs) = Qg Q¢ Qg ) L

P(C,nG) = P(C1)-P(C2) = Qa" Qp-Qc Qp

P(C;NnC3) =P(Cy).P(G3) = QA QB QD QE

P(CyNCy) = P(C).P(Cy)= QA QB QC QE

P(C; N C3) = P(C2).P(C3)= QA Qc QD Qe

P(C,NCy) = P(C).P(Cy) = QB QC QD QE

P(C3NCy) = P(C3).-P(C4)= Q4 Q5.Qc Qp Qg
P(CiNC,NC)=P(C;NC,NC)=P(C,NC,NC)=P(C;NnC;NC) =P(C,NnC3NC,) =
P(C;NC,NC3NCy) =Qu Qp-Qc Qp Qs

Therefore:

Qs QA QB +QC Qp +QA QD QE + QB QC QE Qa  Q5-Qc' Qp — Q4" Q5.Qp Qr — Q4" Q5. Q¢
Qz — Qa Qc-Qp Qz — Qp Q- Qp Qe +2Q4° Q5.Qc Qp Qg

If it is assumed that the probability of the entire component is equal to Q', then:
0s =207 +2Q" - 5" +2¢°

3. Application of proposed methodology 80 m. The sub-level stopping method was used for
3.1. Case study: Takht coal mine mining. Chain conveyors and rails and wagons
The coal region of eastern Alborz located in the were used for haulage in the stopes and main
north of Iran is a significant deposit of coal. The tunnels, respectively. The wooden and steel sets
area extends from the east of 54°25 18 to 55°26' were employed in the stopes and main tunnels.
41 longitudes and the north of 36°24 22 to 37°8' The coal production of the line is 5,000 tons per
48 latitudes at 900 to 2200 m above the sea level. month, and compressed air hammer is used in
There are several coal seams in this region, few of stopes.

which are currently being extracted by

underground mining such as Tazareh, Razi and 3.2. Mine ventilation network graph

Thakht. In this research work, the Takht coal mine The Takht network plan is shown in Figure 6, and
was selected for the case study. The annual by considering the assumptions mentioned in
production capacity of the Takht mine is 50,000 Section 2-1, the graph design of the Takht MVN
tons. The specifications of different coal seams of is shown in Figure 7.

the Takht mine are shown in Table 2. The Takht mine graph was prepared using the
Four main tunnels coded with numbers, mine plan (Figure 6), and the branches and
respectively, have been constructed in order to vertexes of the Takht MVN graph are shown in
have access to seam 19 of the Takht coal mine. Figure 7 and Table 3, respectively.

The distance between the tunnels is approximately

Table 2. Specifications of Takht coal mine seams [26].
No. of coal seams Coal seam thickness (m) Slope of the coal seams (degree) Reserve (tons)

8 0.52to 1.5 25 to0 30 6
10 0.9t02.38 25to0 30 9
11 0.82to 1.43 17 to 35 10
17 0.79to 1.07 25t0 35 6
19 0.9t02.29 27 to 35 9
20 0.48 t0 0.61 26 to 32 4
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Figure 6. Takht coal mine plan [26].
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Figure 7. Takht MVN graph.

Table 3. Branches and vertexes of Takht MVN graph.

Initial node End node Type of mine work
11 10 Tunnel
2 13 Stope 1
7 17 Stope 4
9 16 Stope 5
10 15 Stope 6
3 12 Stope 2
10 9 Tunnel
9 8 Tunnel
8 7 Tunnel
8 4 Stope 3
7 6 Tunnel
6 5 Ventilation raise
5 4 Tunnel
4 3 Tunnel
3 2 Tunnel
2 1 Tunnel
17 16 Tunnel
16 15 Tunnel
15 14 Tunnel

3.3. Weighted Takht MVN graphs

The weighted Takht mine MVN graph was
developed by the length of airway (m),
cross-section (m”), and perimeter (m). The
Friction factors of different parts of the Takht coal
mine were obtained to calculate the resistance and
volume flow rate according to Eq. 1; the details
are given below.

3.3.1. Resistance assessment of Takht MVN

Resistance is one of the two major non-vector
quantities in the MVN graph, mainly occurring
due to friction, obstacles in the airflow, and local
resistance. The frictional resistance depends on
the geometric properties and type of the support
system used in the mine work. MVN may also be
affected by the parameters such as locating
undesirable objects in the airway or destruction of
the support systems, which would result in a
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change of pressure and distortion of the airflow

that is known as the obstacle resistance.

Changing the direction or dimension of airways

reduces the useful energy of the air. This type of

resistance is known as the local resistance.

The friction resistance of the Takht MVN was

calculated using Eq. 5 [18].
LP

R=«a 5_3

where a is the friction factor, L is the length, P is

the perimeter and, and S is the cross-section of

airways. The o values for different parts of the

mine are given in Table 4.

The length, perimeter, and cross-section of

different excavations of the Takht mine graph are

given in Table 5 as well as their corresponding

friction factor and friction resistance value.

)
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Table 4. Friction factor (o) for different parts of Takht coal mine [26].

Mine work a
Coal adict 0.0019
Ventilation raise  0.003
Stope 0.0045

Table 5. Dimensional characteristics and friction resistance of different excavations of Takht MVN.

Initial Final Length Cross-section Perimeter Friction Friction resistance
node node (m) (m?) (m) factor (Morg)
11 10 83 6.00 9.35 0.0019 6.83
2 13 83 3.82 8.54 0.0045 56.62
7 17 87 3.82 8.54 0.0045 59.35
9 16 87 3.82 8.54 0.0045 59.35
10 15 87 3.82 8.54 0.0045 59.35
3 12 83 3.82 8.54 0.0045 56.62
10 9 28 6.00 9.35 0.0019 2.30
9 8 39 6.00 9.35 0.0019 3.21
8 7 113 6.00 9.35 0.0019 9.29
8 4 130 3.28 8.54 0.0045 62.97
7 6 39 6.00 9.35 0.0019 3.21

6 5 131 2.2 6.00 0.003 221.45
5 4 152 6.00 9.35 0.0019 12.50
4 3 575 6.00 9.35 0.0019 39.07
3 2 40 6.00 9.35 0.0019 3.29
2 1 47 6.00 9.35 0.0019 3.29
17 16 36 6.00 9.35 0.0019 2.96
16 15 24 6.00 9.35 0.0019 1.97
15 14 18 6.00 9.35 0.0019 1.48
3.3.2. Volume flow rate calculation Extending the development airways and

The volume flow rate is another major non-vector
quantity in the MVN graph. It includes the
volume of air injected for reducing the rate of the
blasting gases and coal powder, dilution of
methane and coal gas, and the air sufficient for
breathing and minimum air velocity (Tables 6 and
7).
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advancing the working stopes result in new
conditions, which require new planning to show
the new mine ventilation layout. The new volume
flow rates for development tunnels and working
stopes of the Takht coal mine were calculated
using the Hardy cross-method and the results
obtained were tabulated in Table 8.
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Table 6. Volume flowrate of preparation tunnels of Takht coal mine.

volume flowrate (m’*/min) -
Minimum

Description Excavated Cross  Supported cross- Methane Air for rate Meth Required ai Minimum volume Safety volume J olumte
eseriptio section (m%) section (m%) (m*/min) reduction of d‘f t.a ne f eq;l e th‘alr permissible air flowrate factor flowrate Ow;;a ¢
explosion gases fution or breathing velocity (m*/min) (m*/min) (m’/s)
Tunnel 4 8.20 6.00 0.07 180.56 34.11 36.00 90.00 180.56 1.2 216.67 3.61
(western part)
Tunnel 4 8.20 6.00 0.07 180.56 34.11 36.00 90.00 180.56 1.2 216.67 3.61
(eastern part)
Tunnel 3 8.20 6.00 0.08 180.56 42.49 36.00 90.00 180.56 1.2 216.67 3.61
Tunnel 2 13.00 9.80 0.00 152.13 0.00 48.00 147.00 152.13 1.2 182.56 3.04
Tunnel 1 10.80 8.00 0.00 379.17 0.00 48.00 120.00 379.17 1.2 455 7.58
Table 7. Volume flowrate of stopes Takht coal mine.
Methane volume flowrate (m’/min) Minimum volume volume volume
s No. of Mmeable Methane Uncertzfmty content in Methan‘e Required Minimum volume Coefficient flow Safety flow flow
Description ~ manpower thickness (m’/min) coefficient entrance contentin  Methane air for ermissible flow rate air leakage rate factor rate rate
in stopes (m) coal gas (%) exit (%) dilution breathing Eir velocity (m’/min) 8 (m*/min) (m*/min) (m’/s)
Stope (01) 12.00 1.40 0.35 2.05 0.5 1.00 135.99 72.00 189.0 189.00 1.05 198.5 1.2 238.1 3.97
Stope (02) 12.00 0.80 0.47 1.99 0.5 1.00 282.43 72.00 108.0 282.43 1.05 296.6 1.2 3559 5.93
Stope (03) 12.00 0.50 0.21 2.13 0.5 1.00 85.73 72.00 40.50 85.73 1.05 90.01 1.2 108 1.8
Stope (04) 12.00 1.40 0.57 1.94 0.5 1.00 209.56 72.00 113.4 209.56 1.05 220 1.2 264 4.4
Stope (05) 12.00 1.40 0.30 2.08 0.5 1.00 201.22 72.00 113.4 201.22 1.05 211.3 1.2 253.5 4.23
Stope (06) 12.00 0.80 0.29 2.09 0.5 1.00 185.13 72.00 86.4 185.13 1.05 194.4 1.2 2333 3.89
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Table 8. Volume flowrate for preparation tunnels and working stopes of Takht coal mine.

No. of mine work Initial node

Final node Type of mine work Volume flowrate (m’/s)

1 11 10
2 2 13
3 7 17
4 9 16
5 10 15
6 3 12
7 10 9
8 9 8
9 8 7
10 8 4
11 7 6
12 6 5
13 5 4
14 4 3
15 3 2
16 2 1
17 17 16
18 16 15
19 15 14

Tunnel 15.26
Stope 1 1.42
Stope 4 3.37
Stope 5 3.02
Stope 6 5.24
Stope 2 2.12
Tunnel 12.17
Tunnel 6.83
Tunnel 1.33
Stope 3 0.45
Tunnel 0.47
Ventilation raise 0.47
Tunnel 0.47
Tunnel 7.11
Tunnel 5.04
Tunnel 4.04
Tunnel 3.37
Tunnel 1.64
Tunnel 5.26

3.4. Resistance variation of each branch of
MYVN Takht graph

Uncertainty in resistance variation of the MVN
Takht mine graph was modeled with any 10%
possible resistance variation of each branch. The
possible variation in the resistance of the main
tunnel, namely tunnel 2, which connects 10 to 11,
the node is shown as an example of this modeling
approach in Table 9.

According to Eq. 1, each new resistance changes
the flow rate of the same branch of the MVN

graph, and as a result, the flow rate of all MVN
branches changes. New volume flow rates
corresponding to changes in the resistance of the
branch 1, which connects the node from 10 to 11,
are given in Table 10. For each 380 generated
resistance value, 380 separate volume flow rates
for each branch were calculated using the Hardy
cross-method and stored for use in the MVN
reliability evaluation.

Table 9. Resistance variation of resistance for the main tunnel, tunnel 2.

Variation Ascending variations (Morg) Variation Descending variations (Morg)

0% 6.826
+10% 7.5086
+20% 8.1912
+30% 8.8738
+40% 9.5564
+50% 10.239
+60% 10.9216
+70% 11.6042
+80% 12.2868
+90% 12.9694
+100% 13.652

0% 6.826
-10% 6.1434
-20% 5.4608
-30% 4.7782
-40% 4.0956
-50% 3.413
-60% 2.7304
-70% 2.0478
-80% 1.3652
-90% 0.6826

-100% 0.006826
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Table 10. The corresponding flowrate of all MVN branches according to variation in the resistance for the main tunnel.

Corresponding flowrate of all MVN branches

exg:i;a(:ifon Variation in the resistance for the main tunnel No. 1

-100% -90% -80% -70% -60% -50% -40% -30% -20% -10% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
1 17.72  17.43 17.13 16.85 16.58 16.33 16.09 15.87 15.65 1545 1508 1490 14.73 14.57 14.42 1428 14.14 14.00 13.87 13.75
2 1.70 1.67 1.63 1.60  1.57 1.54 1.51 1.49 1.46 1.44 140 1.38 1.36 1.35 1.33 1.31 1.30  1.28 1.27 1.26
3 3.24 325 327 328 329 331 332 333 335 336 338 339 339 342 343 344 345 346 347 348
4 2.84 28 288 290 292 293 295 297 299 300 304 305 305 308 310 3.11 313 314 315 3.16
5 3.09 3.35  3.61 387 410 432 453 472 490 508 540 554 554 582 594 607 6.18 629 640 6.50
6 2.69 263 256 250 244 239 234 229 224 220 212 2.08 206 2.02 1.99 1.96 1.93 1.90 1.88 1.85
7 12.48 1245 1242 1239 1236 1232 1229 12.26 1223 12.20 12.15 12.12 12.12 12.07 12.04 12.02 11.99 1197 1195 11.92
8 6.96 6.95 6.93 6.92 691 6.89 688 687 685 684 682 6381 6.81 6.78 6.77 676 6.75 6.74 6.73 6.72
9 1.46 1.45 1.43 1.42 1.41 1.39 1.38 1.37 1.35 1.34 1.32 1.31 1.31 1.28 1.27 1.26 1.25 1.24 1.23 1.22
10 0.98 092 08 079 074 068 063 058 054 050 042 038 038 032 029 026 023 0.21 0.18 0.16
11 0.45 044 044 044 044 044 044 044 044 044 044 044 044 043 043 043 043 043 043 043
12 0.45 044 044 044 044 044 044 044 044 044 044 044 044 043 043 043 043 043 043 043
13 0.45 044 044 044 044 044 044 044 044 044 044 044 044 043 043 043 043 043 043 043
14 7.65 7.58 7.51 745 739 734 729 724 719 7.5 7.07 7.04 704 697 694 691 6.88 6.85 6.83 6.80
15 5.32 529 525 522 519 516 514 511 5.09 506 502 500 499 497 495 494 492 491 489 4.88
16 4.22 420 418 416 414 412 410 4.09 407 406 403 402 400 399 398 397 396 395 394 393
17 3.24 325 327 328 329 331 332 333 335 336 338 339 339 342 343 344 345 346 347 348
18 1.98 1.95 1.92 1.89 1.86 1.82 1.79 1.76 1.73 1.70  1.65 1.62 1.62 1.57 1.54  1.52 1.49 1.47 1.45 1.42
19 7.72 7.43  7.13 6.85 658 633 6.09 587 565 545 508 490 490 457 442 428 414 400 387 3.75
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Table 11. Reliability of each Takht MVN branch.

e = Critical - 3 3 3 3 3 2 3 3 g E
Branch Type of mine Mean ’§ % category of catI:gl:)(i'v;?)l;li?low SE ‘§ 3 ég ég §_= § 3 E.E E;‘ § é é é

work %é ﬂol\;vr :i:::m of each branch UQ% g NN %% %% [:°§ [:°‘E ?‘5.‘ %7 %‘ é;“‘
1 Tunnel 1520  0.68 F E 10.64 19.76 0.00 1.00 11.40 19.00 0.00 1.00 0.00 0.00 1.00 1.00
2 Stope (01) 236 0.8 D A 1.89 2.83 021 0.79 224 247 042 058 084 042 0.16 0.58
3 Stope (04) 2.16 1.23 D A 173 259 036 0.64 205 226 047 053 093 0.73 0.07 027
4 Stope (05) 537 1.29 D A 430 645 020 080 510 564 042 0.58 084 040 0.16 0.60
5 Stope (06) 530  0.67 D A 424 635 0.06 094 503 556 035 065 069 0.11 031 0.89
6 Stope (02) 2.75 0.52 D A 220 330 0.14 086 261 288 040 0.60 0.79 029 021 0.71
7 Tunnel 9.71  0.86 E C 728 1213 000 1.00 825 11.16 0.04 096 009 0.00 091 1.00
8 Tunnel 637  0.83 E C 478 796 0.03 097 541 733 0.2 0.88 025 0.05 075 095
9 Tunnel 1201 4.68 E C 9.00 1501 026 0.74 1021 13.81 035 0.65 070 0.52 0.30 0.48
10 Stope (03) 024  0.15 D A 0.19 028 037 0.63 022 025 047 053 094 0.75 0.06 025
11 Tunnel 0.77  0.19 E C 058 097 0.5 085 066 08 027 0.73 054 030 046 0.70
12 Ventilation raise 240  0.94 C B 1.80 3.00 026 0.74 216 264 040 060 080 0.52 020 0.48
13 Tunnel 256 0.90 E C 192 320 024 076 217 294 034 066 0.67 048 033 0.52
14 Tunnel 531 0.78 E C 398  6.63 004 096 451 610 015 085 031 0.09 0.69 091
15 Tunnel 558  0.84 E C 418 697 0.05 095 474 641 0.16 0.84 032 0.10 0.68 0.90
16 Tunnel 819 239 E C 6.14 1024 020 080 696 942 030 0.70 0.61 039 039 0.61
17 Tunnel 942 330 E C 7.07 1178 024 0.76 801 10.84 033 0.67 0.67 047 033 053
18 Tunnel 1.01 1.20 E C 076 127 042 058 086 1.16 045 055 090 0.83 0.10 0.17
19 Tunnel 523 044 E C 392 653 000 100 444 601 004 096 008 0.00 0.92 1.00
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3.5. Reliability evaluation of each Takht MVN
branch

380 separate volume flow rates for each Takht
MVN branch were calculated using the Hardy
cross-method and stored to use in the MVN
reliability evaluation (Step 3: Simulation of
obstacle in each branch of ventilation graph). The
distribution of the volume flow rate of all
branches is normal, which has been confirmed
with at least one of the Chi-squared and the
Kolmogorov-Smirnov (K-S) tests.

After determination of the volume flow rate
distribution of each Takht MVN branch, the next
step for reliability evaluation introduces the
allowable and critical boundaries using the six
classes in Section 2.4.1 and Table 1.

In the Takht mine work, branch No. 2 is a stope
(Table 8). The allowable and the critical boundary
of the flow rate variation are determined by the

; {(\) )A

QgL

categories A and D, coal gas dilution (class A),
and fresh air for breathing of mine worker in face
(class D).

The mean volume flow rate of this stope is p, =
2.36; thus its allowable boundary using flow rate
classification (Table 1) is p, £ 5% u, and the
critical boundary is p, £ 20% p,. Considering the
normal distribution, the probability of occurrence
of flows in the allowed range is represented as the
lower bound of reliability, and the critical range is
represented as the upper bound of reliability

(Figure 8).

3.6. Reliability of Takht MVN block diagram
For this purpose, a reliability network is often
referred to as a reliability block diagram (Figure
9).

Qi !

>

1.89 2.24

236

— >

m?/
(-, ( ! :‘_\]

247 283

Figure 8. Allowable and critical boundaries of branch No. 2.
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Figure 9. Takht MVN block diagram.

3.7. Cut set method

The cut can be coded wusing computer
programming languages for the fast and efficient
evaluation of any general network, and this
method is straightly connected to the mode of
system failure so the cut set method was selected
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for the Takht MVN reliability evaluation. A cut
set is a set of system components, which when
failed, caused failure of the system. The Takht
MVN cut sets are identified according to the
following steps:

i.  Detect all minimal paths
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In Figure 10, 4 is the entry point of the air, and
F, J, M, and N are the outputs. All minimal paths
that connect the air entrance to the output (from 4
to F, J, M, and N) are identified and are shown
below.

APJ, ABQKJ, ABCDRLKJ, ABCDESIHGF,
ABCOHGF, ABCOHN, ABCDESIHN,
ABCOHGM, ABCDESIHGM

ii. Create an occurrence matrix that detects
all components in each path;

The Takht MVN incidence matrix is shown in
Table 12.

iii. If all elements of any column of the
occurrence matrix are non-zero, the component
related to that column establishes a first-order cut;

The first-order cut set of Tatht MVN is 4
(Table 12).

iv. Combine two columns of the occurrence
matrix at a time. If all elements of the combined

columns are non-zero, the components related to
that column establish a second-order cut. Delete
any cut including the first-order cut to give the
second-order minimal cuts.

The second-order minimal cuts of Tatht MVN
are HJ, CJ, BP, and BJ.

v. Repeat step (iv) with three columns at a
time to give the third-order cuts; this time, delete
any cuts including the first- and second-order cut;

The third-order minimal cuts of Tatht MVN
are CKP, COP, DJO, EJO, GJN, HKP, 1JO, and
JOS.

vi. Continue until the maximum-order cut
has been obtained.

The fourth- and fifth-order minimal cuts of
Tatht MVN are GKNP, GIJO, DKOP, EKOP,
HLPQ, DOPQ, DHPQ, KPOS , HPOR, FJMN,
IKOP and ELOPQ, EOPQOR ,GLNPQ, ILOPQ,
IOPQR, LOPQS, OPQRS (Table 11).

Table 12. Takht MVN incidence matrix.

Minimalpath A B C D E F G H 1 J] K L M N O P Q R S
APJ] 1 0 0o 0 00 0001 00O O O0OO0OT1T 0 0O
ABQk} 1 1 0 0 0 O O 0 0 1 1 0 O O O O 1 0 O
ABCDRLK) 1 1 1 1 O O O O O 1 1 1 O O O O O 1 O
ABCDESIHGF 1 1 1 1 1 1 1 1 1 0 O O O O O O O O 1
ABCOHGF 1 1 1 0 0 1 1 1T O O O O O O 1 O O 0 O
ABCOHN 1 1 1 0 0o 0 O 1 0o O O O O 1 1T O O 0 O
ABCDESIHN 1T 1 1 1 1 0 O 1 1 0 O O O 1 O O O O 1
ABCOHGM 1 1 1 0 0 O 1 1 O O O O 1 O 1 0 0 O O
3.8. Reliability of Takht MVN then the whole MVN system fails; consequently,
The minimal cut sets that are identified from the each cut set is in series with all the other cut sets.
Takht MVN (Section 3.6) must be joining for the The reliability diagram of the minimal cut sets of
MVN reliability evaluation. From the definition of Takht MVN using the principle mentioned above
minimal cut sets, if all parts of each cut set fail, is shown in Figure 10, and the components of
then the whole system fails. As a consequence, each minimal cut set are mentioned in Table 13.
the parts of the cut set are in effect joined in The probability of failure of Takht MVN is given
parallel, and the failure probability of the by Equation 6.
component in cut set may be combined using the .
parallel system, and if anyone of the cut sets fails, Qs =P(GUCG UGV ..U () ©)
— B —_ — A —_
B
- A { }—---—n— C D ------ —t P Q
J
E ~ E [

Figure 10. Minimal cut sets of Takht MVN.
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Qs =P(C,UC,UC3UC,U...UC3y)

= P(Cy) + P(C,) + P(C3) + P(Cy) + -+ P(C31) —P(C; N C) —P(C;nC3) —P(CyNnCy) —P(C,NCY)
+P(C,NC;NC)++P(C,NC;NC)—P(C;NC,NC3NC,) — -

where:

P(C) = Q;;' )

P(Cy) = Q]' Qg
P(C3) = Qg Qp
P(Cy) = Q¢ Q]
P(Cs) =Qi{-Qi

P(Ce) = Qc* Qx* Qp
P(C7) = Q¢ Qq' Qp

P(C; N C3) = P(C;).P(C3) = Q Qp-Qp Qp
P(C, NCy) = P(C).P(Cs) = Q" Qp. Qe Q
P(C; N Cs) = P(C,).P(Cs)= Qi' Qp-Qu- Qi
P(C3nCy) = P(C3).P(C4)=Qp" Qp. Q¢ Q
P(C3nCs) = P(C3).P(Cs) = Qp- Qg.Qy Qi
P(C4NCs) = P(C).P(Cs)=Qc Q. Qu- Q

Table 13. Minimal cut sets and the reliability of Takht MVN.

Cut set No. of Cut set No. of
Reliability Unreliability cut set Reliability Unreliability cut set
component component
paths paths
(0.843,0.99) (0.0026,0.157) GKNP Cy7 1 0 A C,
(0.88,0.99) (0.0019,0.12) HLPQ Cis (0.993,1) (0,0.007) BJ C,
(0.8742,0.9828) (0.0172,0.1258) DOPQ Cypo (0.938,1) (0,0.062) BP C;
(0.8742,0.998) (0.002,0.1258) DHPQ Cy (0.98,1) (0,0.02) a Cy
(0.6848,0.9795) (0.0205,0.3152) KPOS Cyu (0.975,1) (0,0.025) HJ Cs
(0.8329,0.997) (0.003,0.1671) HPQR Cy, (0.845,0.995) (0.0045,0.155) CKP Ce
(0.9676,1) (0,0.0324) FJMN Cy (0.855,0.998) (0.002,0.145) copP C,
(0.6089,0.9952) (0.033,0.3911) IKOP Cys (0.947,1) (0,0.0526) DJO Cs
(0.8029,0.9952)  (0.0048,0.1971) ELOPQ Cys (0.96,1) (0,0.0406) EJO C,
(0.7264,0.9018)  (0.0072,0.2736) EOPQR Css (0.98,1) (0,0.0202) GJN Cio
(0.9018,0.9993) (0.00061,0.0982) GLNPQ Cyy (0.8075,0.9918) (0.0082,0.1925) HKP Cn
(0.7554,0.9924) (0.0076,0.2446) ILOPQ Cys (0.96,1) (0,0.0406) JOS Ci,
(0.6605,0.9884)  (0.0116,0.3395) IOPOR Cso (0.9496,1) (0,0.0504) 1Jo Cis
(0.8029,0.9953) (0.0047,0.1971) LOPQS Cyo (0.9856,1) (0,0.0144) GlJQ Ciy
(0.7264,0.9928) (0.0072,0.2736) OPQRS Cyy (0.5914,0.9644) (0.0356,0.4086) DKOP Cis
(0.6848,0.9795)  (0.0205,0.3152) EKOP Cie
The unreliability assessment of the system using .
the cut set method is possible theoretically and an P(COTP(Co)t.. AP(Ct.. +P(Cy) (7)
exactly but as the system grows up, it becomes Z:i=‘ P(C)
very time-consuming. Approximate methods are Thus using the approximate method, the

used in order to solve this problem; this makes the
assessment much faster but it also lowers the
accuracy. The inaccuracy is usually negligible,
and it is in the allowed range of reliability,
especially when the reliability of the system
members has a big quantity.

An approximate estimate of the probability of
failure is the sum up of the minimal cut set
probability of unreliability (Equation 7).
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probability of failure is in the range of 19-100%
so the reliability is in the range of 0-81% for the
whole Takht MVN.

4. Discussion

The flow rate variation of all branches against the
resistance change in component A is introduced
by a limited differential gradient. The percentage
of the flow rate variation than the normal flow
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rate has a limited differential gradient. Changes of
resistance at the main tunnel responsible for the
transportation of the persons and extracted
materials were considered as the inputs of
resistance change in component A. The maximum
amounts of limited differential gradient are related
to the most sensitive branches against the resistant
variation in the main tunnel. Those are an air
outflow tunnel and a ventilation duct (Figure 11).
It seems that the high-sensitivity branches have a
higher risk for failure in the ventilation system so
the sensitivity of each branch can be considered as
a factor in the reliability analysis model.

The results obtained show that the flow rate
variations are linear, except for two branches, and
it is decreased, as expected, with increase in
resistance in 83% of the components. The highest
negative slope was related to component J.
Variation in flow rate for component J against the
resistance change in component A is shown in
Figure 12. According to the mine network (Figure
7), this excavation is a branch connecting node 14
to node 15 and is an exhausting tunnel located at
+ 812 levels. The flow rate of component J was
526 m’/s and was introduced based on the
volume flowrate for preparation tunnels and
working stopes of the Takht coal mine (Table 8).
The main task of component J is exhausting the
polluted air from different parts of the mine. Dust
dilution (class E) and coal powder (class C) are
critical reliability indices and allowable criteria of

flow rate for component J so the lower bound and
upper bound of reliability for component J is 0.92
and 1, respectively (Table 13). The slope of the
changes was sharp but the branch reliable because
natural ventilation contributes to the ventilation
system due to its different elevation levels.

The magnitude of variation interval is introduced
by the variance concept; the greater magnitude of
variance of the flow rate variations is related to
branches D, F, and L (Table 13). According to the
component J, the wide range of variance does not
cause the branch to be unreliable so that the
reliability of the components D, F, and L is 48%,
53%, and 61%, respectively.

The branches with the least reliability are
components O, M, and R (Table 13), all being
stopes. Due to the sensitive conditions of the
stops, breathing (class D) and coal gas dilution
(class A) are critical reliability indices and
allowable criteria of flow rate for components O,
M, and R so the lower bound and upper bound of
reliability for component O are 6% and 25%,
respectively, for component M, they are 7% and
27%, and for component R, they are 16% and
58%, respectively (Table 13).

The difference between the high and low levels of
Takht MVN reliability was in the magnitude
range (Table 13); therefore, it is hard to decide if
the entire MVN is reliable or not. Using the
improvement approach for reliability will be
helpful to solve this kind of problem.

All branches of limited differential gradient of flow rate.
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Figure 11. Limited differential gradient of flow rate alteration against variation in resistance of component A for
each branch.
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Variation of flow rate of component J

50.00 -

-100% -50%

Resistance change in component A

100%

-50.00 -
y =-35.833x
R%=10.9904

-100.00 -

Figure 12. Variation in flow rate of component J against the resistance change in component A.

5. Conclusions

Providing a fresh and cool airflow in underground
mines can prevent fatal and financial disasters
during the mine life. In this work, the reliability of
mine ventilation network (MVN) was identified,
evaluated and, managed by considering the
relationship between airflow rate and network
resistance. For this purpose, MVN was drawn as a
graph, and the volume flow rate and resistance
were assigned as the weights for the MVN graph.
Six reliability indices and criteria were defined,
and the reliability of each component was
obtained using these definitions. The entire mine
ventilation network reliability was obtained with
the aid of the cut set method. A reliability
evaluation methodology was carried out to
provide a general framework to evaluate the
probability of failure or reliability of a mine
ventilation network in any coal underground
mine. In order to perform this model, it was
implemented for the Takht coal mine ventilation
network. The results obtained showed that the
Takht MVN probability of failure was in the
range of 0.19-1, and hence, the reliability was in
the range of 0-0.81 for the entire ventilation
network. The variance was introduced as a wide
range of variations of the samples and the samples
with more variance appeared to be less reliable,
while the branches with a high variance were
reliable. The reliability indices and criteria are the
significant concepts for the reliability evaluation.
According to the results obtained, the stopes
(components O, M, and R) have the least
reliability, and their sample variances are low.

The Cut set method is one of the network
reliability analysis methods. According to the
general framework to evaluate the probability of
failure or reliability of a mine ventilation network,
any of the other methods of network analysis can
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be used. The difference between the highest and
the lowest reliability of the Takht MVN was in the
magnitude range, and therefore, it was hard to
decide if the entire MVN was reliable or not.
Identifying the cut set that has the greatest impact
on the reliability evaluation and implementing the
improvement approach for reliability will be
helpful to solve such kinds of problems in the
future works.
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