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GENERALIZED STATEMENT OF THE PROBLEM OF REDUCING THE RISK OF MINER
EVACUATION DURING AN EMERGENCY SITUATION USING TRANSPORT LOGISTICS

Abstract. The main task of the emergency protection system in the event of an emergency in a coal mine (we con-
sider emergencies with aerological consequences, that is, those whose occurrence causes a violation of the ventilation
regime in the emergency area) is to organize emergency evacuation of miners from the emergency and hazardous areas
to the surface in the shortest possible time. Many domestic and foreign studies have been devoted to solving this prob-
lem, taking into account various aspects of the course of accidents and approaches to emergency evacuation, starting
from the 60s and 70s of the twentieth century. The task is very complex, since it involves the preliminary solution of a
number of related tasks , from prompt notification of people in hazardous areas about the need for emergency evacua-
tion to bringing information about its features to people being evacuated. However, the following problems have not been
solved: organizing collective self-rescue of people (using life support systems), periodic use of workings contaminated
with gaseous products of the emergency on the evacuation route (people are still included in self-rescuers), provided
that this will significantly reduce the safe evacuation time; using vehicles for evacuation, provided that at that time the
mine has electricity; uninterrupted cyclic operation of liting equipment is involved. The issues of accumulating people
being evacuated at switching points into reserve self-rescuers, keeping them in storage chambers until the arrival of the
State Paramilitary Mining Rescue Service, accumulating people in the shaft yards of shafts intended for emergency
evacuation, etc. have not been solved. Therefore, in general terms, the problem of emergency evacuation is formulated
taking into account all these factors.

Research has shown that to solve the problems of moving groups of people, taking into account their accumulation
in the initial and intermediate evacuation points and the use of combined means of transport, the mathematical methods
used to date are not enough. Methods based on the use of graph theory do not take into account the suspension of
movement along routes to perform related tasks. Taking into account these related tasks requires imposing additional
restrictions on transport flows.

As a result of the research, the problem of organizing emergency evacuation of miners from emergency and haz-
ardous areas of the mine in the event of an exogenous fire using transport logistics has been formulated in a generalized
manner.

Keywords: emergency evacuation routes of miners, hazardous areas of the mine, transport logistics.

1. Introduction

The main task of the emergency protection system (EPS) in the event of an emer-
gency in a coal mine (we consider emergency with aerological consequences, i.e.
those whose occurrence causes a violation of the ventilation regime in the emergency
area) is to organize the emergency evacuation of miners from the emergency and
hazardous areas to the surface in the shortest possible time [1]. The task is very com-
plex, since it involves the preliminary solution of a number of related tasks, from
prompt notification of people in hazardous areas about the need for emergency evac-
uation to providing people being evacuated with information about its features.
Therefore, in domestic and foreign practice, considerable attention has been paid to
solving the problems of reducing the risk of emergency evacuation of miners.

What is the risk of emergency evacuation? The fact is that within the framework
of solving the plan of emergency liquidation (PEL) problems, the classical definition
of risk as the product of the probability of an event and the severity of the conse-
guences is unacceptable. The probability of an event, in the presence of an emergen-

Received: 14.12.2025 Accepted: 10.03.2026 Available online: 31.03.2026
@ R0 © Publisher M.S. Poliakov Institute of Geotechnical Mechanics of the National Academy of Sciences of Ukraine, 2026

CIMCTEECTE This is an Open Access article under the CC BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode.en



https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode.en
https://doi.org/10.15407/geotm2026.176.005

6 ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2026. 1ss.176

cy, is equal to one, and the severity of the consequences, at least in the first period of
its occurrence, that is, until the end of emergency evacuation, cannot be estimated in
monetary terms. Therefore, risk must be assessed as a measure of uncertainty; the
criterion in this case is the full time of emergency evacuation. In all existing optimi-
zation methods based on solving route problems on strongly connected graphs, this
time did not sufficiently correspond to reality, since it was determined for continuous
movement along the route at a stable speed. However, forced delays were not taken
into account, as mentioned above, and there was a risk of uncertainty in the PEL op-
erational time and its violation, and therefore - the impossibility of timely starting to
take measures to eliminate the emergency.

General issues of emergency evacuation organization were covered in works [2-
8]. Works [9-11] are devoted to the creation and use of storage chambers on evacua-
tion routes. Studies [16-18] are devoted to the study and optimization of people’s
movement speeds during evacuation, and works [15 and others] are devoted to their
protection. The introduction of personal computers into mining practice has allowed
to set and successfully solve the problems of automating the compilation and imple-
mentation of emergency evacuation plans, an integral part of which is emergency
evacuation [12-14, 20-22 and others]. This list can be continued, not taking into ac-
count the studies carried out earlier.

At the same time, general approaches to solving emergency evacuation problems
in a complex, not counting individual attempts to adapt route problems on graphs, are
currently absent in both domestic and foreign practice.

Since the 1980s, the Institute of Geotechnical Mechanics of the National
Academy of Sciences of Ukraine has developed basic approaches to solving the
problem of organizing emergency evacuation of miners from hazardous and
dangerous areas of the mine. In a simplified form, with significant limitations, they
are set out in the monograph [23]. Later, after conducting a number of calculation
experiments in the mines of Donbas, additional risk factors for emergency evacuation
were taken into account, namely:

- the possibility of periodic use on the evacuation route of workings gassed with
gaseous products of the emergency (people are still included in the self-rescuers)
provided that this significantly reduces the safe evacuation time;

- the use of vehicles for evacuation, provided that at the time of their use there is
power supply to the mine;

- uninterrupted cyclic operation of lifting equipment is involved.

Under these conditions, methods for solving emergency evacuation problems are
set out in [24].

However, these additions do not limit the list of emergency evacuation tasks. The
Issues of accumulating evacuees at transfer points to reserve self-rescuers (PRSR)
keeping them in storage chambers until the arrival of the State Paramilitary Mining
Rescue Service (SPMRS), accumulating people in the shaft yards of shafts intended
for emergency evacuation, etc. have not been resolved. Therefore, in general, the
purpose of the article is to generalize the formulation of the problem of emergency
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evacuation of miners, and the purpose of further research will be to develop a com-
prehensive method for solving.

2. Methods

Such a complex method will include:

- for individual simple sections of evacuation routes contaminated with gaseous
products of the emergency - classical route methods of graph theory and analog
methods of dynamic programming;

- for complex sections of routes (including vertical and inclined workings, as well
as collective self-rescue means) - original methods [23];

- for individual sections that include the transition from clean workings to con-
taminated ones and, after a certain period of time, vice versa - original methods [24];

- to remove other restrictions on the problem statement, which will be given be-
low - transport logistics and fuzzy logic.

3. Theoretical part
When solving the problem, we agree to consider the workings (i,j) not oriented
along the course of the gas-air jet, that is, not to determine their movement from i to j.

We define the workings with a given orientation as (i, j).
The chain connecting the nodes ix and j; is denoted as

Al dt)= 2 i) iy =iy = i1 = i
m=1
Let us denote: I4' - the set of initial nodes (initial route set) of routes of type |
(i=1), 17 (i=2) or IV (i=4); 1! - the final route set of Il (i=2) or initial 111 (i=3) or IV
(i=4); I - the final route set of type I (i= 1), Il (i=3) or IV (i= 4). Obviously, l(=M>.
Since a type 11 route exists only if there is a type Il route, then I¢'=i, i=3, ike 12,
ike 12 is the node at which the corresponding type Il route ends.

The weight of node i is the number P; (their set is MP;), assigned to this node ac-
cording to the rule

.- PG, j)

7 o -

i )euti,p) V1)

In accepted notation

12)if 11 =13
[ in A, i : IEif 17 =14
M s |=min Al §i ) 1g=Uji=1%" ;|
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Then the problem of finding emergency evacuation routes for people from a mine
in the event of an exogenous fire can be mathematiclly formulated as follows:

0 Ny N3 ] (1)
M= Tu ks a2 Tul 16 0 Tu( b 03| T 2T u( 1 1y = Min
=1 kielg' =1 kiGIE| kielg =1 kielé1

under restrictions:
a) the calculation of nodal weights is carried out according to the formula
le = n;lln ipik + P(ik, j| ),ik € Uj, }

7]

b) depending on the conditions of formation, emergency evacuation routes for
miners can be presented in the form

L(i', j')
@ e 17) V5 1)

; 1 1,1, ; 1 ;
ui, 1)+ u(le V)i e by, df < Tec.

. iy ,IC2)+;¢( ik ,I3)+y(l3,lf),if the route passesthrough switching PRSR
pli, 1) = 2 ke ¢
kelh Jkele
1(y, If),ik € Ié‘, if peopleare heading to the supportchamber
c)
00, .. .. ..
. S(ik+J1) < Smin O t(ix, 1) >ty or C(iy, ji) > Cy
L(ix. J1).

(ik’jl)e(e\egas)ﬂ(e\‘%)

(ik’jl)eggaSch <Cfix, J1) =Cy

(i, J1) € Or 1o <t(ix, i) <ty

(ikajl)e‘ggasﬂgﬁcc < Cig, J1) <Cupte <t(ix, 1) <ty
K3, (i, 1) € 0,

L(i, J1)@+ k),
Pk, 1) = L(ix, j)@A+ky),
Ly, J1)A+ kg +k3),
Ly, J)vp ik, Ji)
vic, (i, J1)

d) taking into account the orientation of the route's workings that are included in
the gas-contaminated zone

(i, 1) e i, 15), (i, J1) € Ogas, Cc <Clix, J1) <Cy,

it a) (i, jx) = (k. Jk); ?
b) u(ip,ls)=ulip, I7)+u(ly, 1s) 1y ={ix }

e) taking into account the movement of people through the shafts.
The time for lifting people in the number A.(i,j) to the surface should be calculated
in the following variants:
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1) A.(i,)) is equal to the capacity of the cage, = the evacuation time is determined
by the time of twice the movement of the cage from the initial node of the shaft of he
surface;

2) A:(1,)) is equal to the capacity of the cage, but there is no cage

Tsh =70k, Jk) + Tmovs Ik =l Jk €M

3) Ac(i,)) is greater than the capacity of the cage;
N Sta/ty 'ny;

4) (iy, k) =U(i'k 'k ik €1 €, Jk €My, j'y € M, that is, this fragment of
the route is a set of parallel sections from the i; to the surface; the number of such
sections is determined by the time of the cage rotation cycle for one cycle of remov-
ing a group of people and their number n,. Yz (i'y, J'c ) =7(x, Jx);

f) emergency evacuation starting points (EESP) (points ki in (1)) are determined
as follows:

1) (i,j)=3*j*);
(j’j)e{(i*’jl)’(i*!jZ)v“i(i*’jnl)’(ll’j*)’(IZ’j*)’-“’(In’j*)};
PG, )+ PG dk)=min{ TPl i)} ipeMy

(i, Ji)eu(liip) (i, Ji)eu(liip)

The EESP includes a minings that are incident to the initial node (i*,j*), i.e. either
not gassed at all or is part of a temporarily gassed zone. The formation of a route
from it determines the direction of evacuation of people from the emergency mining
located in it to the fire center.

3) (i, J) e Mn[gas 2 DMy :{(ig, i).--o (i, dn) A6 1) =max Ay, i)
(ikajk)EMNﬂ‘ggas

The following basic notations are used in the formulation of the problem: N - the
number of the PEL position. Otherwise, one working from each gassed PEL position
Is included in the list of EESP; moreover, it has the maximum A¢,j) among them; n;,
ny - the measure of the set I,' and I¢%, respectively, which is equal to the number of
nodes that make it up; Smin - the minimum value of S(i,j), at which the working (i,j)
becomes impassable for people; P(ixjx) - the criterion for the permeability of the
working; ki, k2 - numerical coefficients chosen from practical considerations and
characterizing the degree of permeability of the working (i,j), if (ij)€6yas oOF

(i,j)) € 6r respectively; pjk - the set of nodes adjacent to ji; Ce, tc - critical values of

C(i,j) and t(i,j), starting from which they begin to affect the permeability of (i,j); Cu,
tu - values of C(i,j) and t(i,j), at which (i,j) becomes impassable for people; I.' - set of
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initial, in the direction of movement along the route, nodes of trunks intended for
emergency evacuation; V,(ik,jl) - speed of movement of people along the trunk, if the
movement along it took place on foot; V.(ix,Ji)) - speed of movement of the cage; xs -
coefficient, taking into account the time spent on organizing the cycle of cage move-
ment; mey - time of cage movement along the trunk from M to i.; ny - number of
people who can be transported during the time period ty; t, - time of one cycle of cage
operation; n, - number of people transported during one cycle.

The record (i, 1v) means that .

V(i k) € ulip. 17) = (i i) = G Jk)-

4. Results and discussion

The problem statement should be commented on as follows:

a) the form of the functional (1) does not mean minimizing only the total value of
the criterion. The minimum of the sum implies the sum of the minimums of the com-
ponents;

b) only those components that are present at a specific mine are included in (1).
The same applies to constraint 2;

c) if & =I- in constraint 3, P(ix,ji) associated with the introduction of k, are not

considered.

Thus, based on the list of persons (their groups within the position of the PEL)
subject to evacuation, starting from the places of their accumulation, the evacuation
direction is formed, taking into account the limitations of the task. Further considera-
tion should be directed to identifying the risks of emergency evacuation and methods
for their reduction.

The result obtained indicates maximum consideration of all factors that character-
ize the emergency evacuation of miners. The approach is original, different from
those proposed in previous studies (we emphasize that such generalized approaches
do not exist at all to this day).

Studies have shown that to solve the problems of moving groups of people, taking
into account their accumulation in the initial and intermediate places of evacuation
and the use of combined means of transport, mathematical methods that have been
used to this day are not enough. Taking into account the implementation of related
tasks requires imposing additional restrictions on transport flows. Therefore, it seems
more appropriate to use, in addition to classical, methods of transport logistics. It is
only necessary to find out what its main provisions correspond to the principles of
emergency evacuation of miners in the event of an aerological emergency in a coal
mine.

In accordance with the requirements of transport logistics, the main task of the
PEL is formulated in an expanded form as follows: it is necessary to determine the
optimal routes for emergency evacuation of people from their locations in the mine to
the surface, taking into account the passability of mining workings according to geo-
metric, emergency, ergonomic and time characteristics, the possibility of using un-
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derground transport, the cyclicity of lifting equipment and the possibility of violating
the requirements of the Safety Rules (using expert assessments) to increase their effi-
ciency.

Mathematically, this task was exhausted set above.

The task of transport logistics, according to a well-known definition, is the organ-
ization of delivery, namely the movement of material objects, substances, etc. (we
have highlighted - namely people!) from one point to another along optimal routes.
All components are present in our task:

a) selection of the type of vehicle — movement on foot is assumed due to the mine
power outage in the event of an emergency; in some cases, underground transport
may be used,;

b) joint planning of transport processes with warehouse and production opera-
tions — organization of gathering people at the initial evacuation points, interruption
of the route (analogous to refueling and rest) to switch to reserve self-rescuers or
waiting for SPMRS departments;

C) joint planning of transport processes by different types of transport — the route
consists of sections that are overcome on foot (partially, if possible, using under-
ground transport) and mine shafts (pendulum route);

d) ensuring technological unity of the transport and warehouse process — organi-
zation of evacuation in such a way as to synchronize the approach of groups of peo-
ple to the initial evacuation points and movement along the route with their accumu-
lation/removal from the near-shaft yard by lifting means;

e) determination of rational delivery routes. In determining transport logistics,
this is taking into account the factors of labor intensity of overcoming routes. When
determining evacuation routes, the following are taken into account:

- geometric factors - the mine is too "tight";

- emergency factors - thermal and gas;

- ergonomic factors - how much the average person is able to overcome workings
of various slopes and clutter;

- time - taking into account the time of the self-rescuer's protective action;

- the possibility of violating the requirements of the Safety Rules - an attempt to
clearly shorten the route without violating the above requirements (except for the
emergency factor; a substantiated expert assessment is necessary to assess the possi-
bility of its violation)

5. Conclusions

1. Summarizing the above, we can conclude that the formulated task of organizing
emergency evacuation of miners from emergency and threatening sections of the
mine in the event of an exogenous fire is relevant, different from previously proposed
ones.

2. A new approach to emergency evacuation has been obtained, which includes a
differentiated approach to assessing various elements of the route, including suspend-
ing movement along it depending on the peculiarities of the evacuation conditions.
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This is impossible using classical methods and requires the use of transport logistics
and methods of minimization not insignificance by fuzzy logic.

3. The method for solving the problem of reducing the risk of evacuation of min-
ers during an emergency is under development, since it requires adapting transport
logistics methods to the goal of the task. In addition, it is necessary to substantiate
some aspects of the use of fuzzy set theory.

4. Among the transport logistics tasks for the EPS one can name the organization
of inspection of emergency and hazardous areas of the mine by the SPMRS forces,
delivery of materials and equipment for liquidation of the accident, etc. They are
waiting for their solution.
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Y3ATrAllbHEHA MOCTAHOBKA 3A[AYI 3HWXEHHA PU3UKY EBAKYAI_._II'I' WWIXTAPIB NI YAC
BUHWUKHEHHS ABAPIMHOI CUTYALIIT 3 BAKOPUCTAHHAM TPAHCMOPTHOI NOTICTUKK
KokoyniH I.€., Acaees P.A.

AHoTtauis. OCHOBHUM 3aBOAHHAM CUCTEMM MPOTMABAPINHOMO 3aXUCTY MPWU BUHUKHEHHI aBapii y BYFiNbHIN LWaxTi
(Hamu posrnsgaTMMyTbCS aBapii 3 aeponoriYHUMKM Hacnigkamu, T06TO Taki, BUHUKHEHHS SIKUX BUKMWKAE MOPYLUEHHS
BEHTUNALIMHOTO pexuMy y aBapilHiin LinsHUi) € opraHisayis aBapiiiHOi eBakyalii ripHWKIB 3 aBapiiHOI i 3arpo3nmnBmMX
BINAHOK Ha MOBEPXHI0 Y HAWKOPOTLIMA TepMiH. BupilleHHIo Liei 3apadi 3 ypaxyBaHHAM pi3HUX acnekTiB MpoTiKaHHS
asapiit i nipxodis [O aBapiHOI eBakyaii, noynHatoun we 3 60-x — 70-x pokis XX cronitta 6yno npucssyeHo barato
BITYM3HSHMX | IHO3EMHMX BOCTIDKEHb. 3a4aya € BENbMM CKITagHoM, OCKINbKM nepeabayae nonepeaHe BUPILLEHHS Linoro
psgy CynyTHIX 3adad, BiA ONEpaTMBHOIO OMOBILLEHHS NIOLEN Y 3arpo3nMBMX AiNsHKax Wono HeobXigHOCTI aBapiiHOi
eBaKyaLil 4O A0BEeAEHHS 40 NMIOAEN, WO eBaKyTLCS, BifOMOCTen npo ii ocobnmeocti. OgHak npy LbOMY HE BUPILLEHI
BCE 0JHO npobriemu: opraHisaLii KONeKTMBHOMO CaMOPSATYBAHHS NOAEN (BUKOPUCTAHHS CUCTEM XUTTE3abe3neueHHs),
nepioaMYHOrO BUKOPUCTAHHS Ha MapLUPYTi eBakyauii BUPOBOK, 3arazoBaHMx ra3onogibHuMy npogykramu aeapii (mogu
BCE OZHO BKMKOYEHi Y CAMOPSATIBHUKM) 33 YMOBM, LLO Lie 3HAYHO CKOpPOTUTL Be3neyHnin Yac eBakyallii; BUKOPUCTaHHS AN
eBakyalil TPaHCMOPTHWUX 3acobiB 3a YMOBM, LU0 HA MOMEHT LbOr0 EreKTPOnoCTavaHHS LWaxTu icHye; 3apisHa
BesnepebiiHa LmkivHa dis 3acobis nignomy. He BUpILLEHi TUTAHHS HAKOMMYEHHS Y MYHKTAX NEPEKMOYEHHS NI04eN, Wo
€BaKYI0HTbCS, Y PE3EPBHI CAMOPATIBHUKY, 3HAXOMKEHHS iX Y kamepax-CxoBuwax 4o npubyTTs BigaineHHs [epxaBHoi
BOEHI30BaHOI MPHUYOPSATYBANBHOI CYX6W, HAKOMMYEHHS NIOAEN Y HABKOMOCTBOMBHUX ABOpax CTOBOYPIB, NPU3HAYEHNX
AN aBapiHoi eBakyauil, Towo. Tomy y 3aranbHOMy BWMMs4i CHOPMYNbOBAHO 3adady aBapilHOi eBakyalii 3
ypaxyBaHHSAM YCiX LIUX YNHHMKIB

JocnimKkeHHs nokasanu, Wo Ans BUpILLEHHS 3ad4a4 NEPEMILLEHHS rpyn MOAen 3 ypaxyBaHHAM iX HaKOMUYEeHHS Y
MOYATKOBMX i MPOMIXKHMX MiCLSIX eBakyaLlii i BUKOPUCTaHHS KOMOGIHOBaHMX 3aco6iB pyxy HEQOCTATHbO MATEMATUYHMX
METOZiB, SKi BMKOPWUCTOBYBANMCb ACHWHI. MeToau, 3acHOBaHi Ha BWKOPUCTaHHI Teopii rpadis, He BpaxoBYHTb
NPU3YNMHEHHS PyXy MapLipyTamu Ans BUKOHAHHA CynyTHIX 3aBAaHb. BpaxyBaHHS Lux CynyTHiX 3aBhaHb noTpebye
HaKrageHHs 0AaTkoBUX 0BMeXeHb Ha TPAHCMOPTHI MOTOKM.

B pesynbTati gocnimkeHb ysaranbHEHO CGOPMYMbOBAHO 3afadvy OpraHisauii aBapiHOI eBakyauii ripHuKiB 3
aBapINHKUX i 3arpo3nMBMX AiNSAHOK LWAXTK NPW BUHWKHEHHI EK30reHHOT NOXeXi 3 BUKOPUCTAHHSM TPaHCMOPTHOI NOFCTUKN.
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