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Abstract

Introduction. The need to increase the level of comprehensive safety, reduce accident and injury rates, minimize the
risk of failures, accidents and catastrophes determines the relevance of research on the relationship of elements of the
"human—machine—environment" (H-M-E) system during open-pit mining. One of the most effective mechanisms for
studying the functional characteristics of the H-M—E system of a coal mine is to conduct simulation modeling in order
to identify problematic situations that trigger accidents with catastrophic consequences and injury to personnel.
Simulation modeling of a technological process involves constructing a model of a real system and setting up
computational experiments to describe the behavior of the system and evaluate various strategies that ensure its
functioning. The aim of the research was to adapt simulation modeling technologies to solve the problem of complex
safety during open-pit mining. Within the framework of the study, the task was to determine the elements that made the
greatest contribution to the implementation of risks in the H-M-E system during stripping operations at a coal mine.
The simulated subsystems were "human", "machine", "environment", and "weather conditions".

Materials and Methods. Stripping process was considered in the ARIS eEPC (extended Event Driven Process Chain)
methodology as a business process linking a set of subprocesses and/or business operations. To build a simulation
model in the AnyLogic software environment, the business process of stripping works in ARIS eEPC notation was
described by a graph representing a structure consisting of objects and connections between them. This approach
allowed us to structure the sequence of events and operations and determine alternative outcomes that arose during
stripping operations.

Results. As part of the research, a method was developed for translating the formal model of the stripping business
process in ARIS eEPC notation into a combined simulation model of AnyLogic. Based on the developed method, a
series of machine experiments was carried out. The elements influencing the realization of the risk of accidents in the
H-M-E system of a coal mine were determined.

Discussion and Conclusion. For the first time in the domestic practice of research of the H-M-E system, simulation
modeling technologies have received an application for the analysis of complex safety indicators during open-pit
mining. According to the simulation experiment results, it was found that the main influence on the decrease in the
reliability of the "machine" subsystem was exerted by the human factor, which, together with the psychophysiological
properties of a person, enhanced the development of the domino effect when implementing various types of risks. The
presented results and experimental approbation of simulation modeling technology can have advanced use in the
analysis of complex technical systems safety, taking into account the influence of human and man-made factors.

Keywords: simulation modeling, “human-machine-environment” system, analysis of risk at an open-pit coal mine,
agent-based modeling of overburden face, AnyLogic, eEPC, ARIS

Acknowledgements. The authors would like to thank the editorial board and the reviewers for their attentive attitude to
the article and for the specified comments that improved the quality of the article.

© Kovalev MA, Moskvichev VV, 2023


https://www.teacode.com/online/udc/65/65.012.12.html
https://doi.org/10.23947/2541-9129-2023-7-4-40-54
mailto:kovalevmalk@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2541-9129-2023-7-4-40-54&domain=pdf&date_stamp=2023-11-30
https://orcid.org/0000-0003-1127-9230
https://orcid.org/0000-0001-7072-2250

Kovalev M A, et al. Simulation Modeling of the Process of Accident Risk Realization during Stripping Operations at an Open-Pit Coal Mine

For citation. Kovalev MA, Moskvichev VV. Simulation Modeling of the Process of Accident Risk Realization During
Stripping Operations at an Open-Pit Coal Mine. Safety of Technogenic and Natural Systems. 2023;7(4):40-54.
https://doi.org/10.23947/2541-9129-2023-7-4-40-54

Hayunas cmamos

NmuTanuonHoe MogeTMPOBAHME NPOLECCa PeaTn3allii PUCKA aBAPUM IIPU NIPOBEACHUHT
BCKPBILIIHBIX pa00T HA YTOJIbHOM pa3pese

M.A. Kopanes!""' <, B.B. MockBnues!>?
! Kpacuosipckuii  ¢unan DenepalbHOro HMCCIEN0BATENLCKOTO LEHTPa HHPOPMALMOHHBIX M BBIYMCIIMTENBHBIX TEXHOJOTHUH,
r. Kpacnospck, Poccuiickas @enepanus

2 Cubupckuii GpenepanbHblii yHuBepeuTeT, T. KpacHospck, Poccuiickas ®enepanus

> kovalevmalk@gmail.com

AHHOTALMA

Beeoenue. Heo6X0auMOCTh TTOBBIMIEHHUS YPOBHS KOMIUIEKCHON 0€30TIaCHOCTH, CHIDKEHUS TTOKa3aTese aBapuiHOCTH H
TpaBMaTU3Ma, MUHHUMH3AIUN PUCKAa OTKA30B, aBapuil W KaracTpod MpenompenenseT aKTyadbHOCTh HCCIICTOBAHHMA
B3aMMOCBSI3M JJIEMEHTOB CHCTEMBI «4eJOBEK — MamuHa — cpenay («4-M—-C») mpu mpoBENeHHH OTKPBITHIX TOPHBIX
pabor. OmauM u3 Hambosee dPPEKTUBHBIX MEXaHU3MOB HCCICIOBAHMS (QYHKIIMOHATBHBIX XapaKTEPUCTHUK CUCTEMBI
«Y-M—C» yrompHOro paspesa SBISETCS IPOBEICHHE HMHTAIMOHHOTO MOJEIMPOBAHNUS C IIENbI0 BBISBICHUS
POOJIEMHBIX CUTYAIMH, SIBIISIOIIUXCS TPUITEPAMH aBapuil ¢ KaTacTpopUIECKUMHU MOCIEACTBUAMHI M TPABMHUPOBAHHEM
nepcoHaia. MIMUTAIlMOHHOE MOJAEINPOBAHUE TEXHOJIOTHYECKOTO Mpolecca MpeoiaracT KOHCTPYUPOBaHHE MOJEIN
peasbHON CHCTEMBI U TOCTAHOBKY BBIYMCIHMTENBHBIX 3KCIEPUMEHTOB JISI ONMCAHUS MOBEAEHHS CHCTEMBI M OLCHKH
Pa3IMYHBIX CTpATerHii, obecneunBarmux e QyHKHoHNpoBaHue. [{enpro JaHHOTO UCCIIeJOBAHUS SBISCTCS adallTallHs
TEXHOJIOT U UMHUTAIITAOHHOT'O MOJACTIMPOBAHUA JI PCUHICHUA HpOGHeMBI KOMIUIEKCHOM 0€30IaCHOCTH IIpyu IMMPOBEACHUN
OTKPBITBIX TOPHBIX pPaboT. B pamkax wucciienoBaHus IOCTaBIeHa 3a/ada OIPEICNICHUS] DJIEMEHTOB, BHOCSIIUX
HAHOOJIBIINN BKJIAJ B pEAM3aIlHI0 PUCKOB B cucTeMe «UY—M—C» mpu NpOBEICHUH BCKPBIMIHBIX PabOT Ha yroJbHOM
paspese. B kauecTBe MOJETUPYEMBIX OACUCTEM BBICTYNAIOT «4EIOBEK», «MAIINHAY», «CPEIa», KIIOTOJHBIE YCIOBUSY.
Mamepuanvt u memoowt. Tlporiecc BCKpPHIIHBIX paboT paccmorpen B meromoiioruu ARIS eEPC (extended Event
Driven Process Chain) kak OM3HEC-TIPOIIECC, CBS3BIBAIOIIAN COBOKYITHOCTH IOAIIPOIICCCOB H/WMJIH OHM3HEC-OTEepPAITHii.
Jiis mocTpoeHUs MMUTAIMOHHOM Mojenw B TporpaMMHOn cpene AnyLogic Om3Hec-mporecc BCKpBIIIHBIX paboT B
sHotaruu ARIS eEPC ommcan rpadom, mpencTaBisiommM CTPYKTYPY, COCTOAIIYIO U3 OOBEKTOB U CBSI3CH MEKIY HUMH.
JaHHBIA TOOXOA TMO3BOJAECT CTPYKTYPHPOBaTh TIOCIEIOBATEIBHOCTh COOBITHA U OINEpaliii ©  OIPENeITHTh
aJbTePHATHUBHBIC HCXOBI, BOSHUKAIOIINE B IPOLIECCE BHIIIOIHEHISI BCKPBIITHBIX Pa0oT.

Pesynvmamut uccnedosanus. B pamkax vccienoBanus pa3paboTaH METO TPAHCISILMK (OPMalIbHOM Mo/enn Ou3Hec-
npotrecca BCKphIIHBIX pabor B HoTanuu ARIS eEPC B koMOMHMpOBaHHYIO MMHTAlMOHHYIO Mojnens AnyLogic. Ha
OCHOBE Pa3pabOTaHHOTO METO/IA MPOBE/ICHa CEPHsl MALIMHHBIX AKCIIEPUMEHTOB, ONPEEICHBI JJIEMEHTbI, OKa3bIBAIOLIHE
BIIMSIHHE Ha peaju3aliuio pucka aBapuil B cuctreMe «4—M—C» yroapHOro paspesa.

Oébcyscoenue u 3axnioyenue. TeXHOTIOTMH UMHUTALMOHHOTO MOJAEIMPOBAHUS BIEPBbIE B OTEUECTBCHHOI MpaKTHKE
uccrnegoBaHuii cucteMbl «U-M—Cy» MONyYHiIn MPHIIOKEHUE U aHali3a IoKa3aTeliell KOMIUIEKCHOH 0e30macHOCTH
MIPU TIPOBEICHWH OTKPHITHIX TOPHBIX pabdor. [lo pesympraraM HWMHUTAIMOHHOTO JKCIIEPHMEHTA YCTAHOBIIEHO, YTO
OCHOBHOE BITMSTHHIE HAa CHIDKCHHE HAJEKHOCTH ITOJICUCTEMBI «MAIIMHA» OKa3bIBACT YEJIOBEUESCKHUN (PaKTOp, KOTOPHIA B
COBOKYMHOCTH C TICHXO()HU3MOJOTHYECKAMH CBOWCTBAMH YEJOBEKa YCIJIMBACT pa3BUTHE J(PQeKTa IOMHHO TpHU
peamm3alii PUCKOB PA3NMUYHBIX THIOB. [IpeicTaBiIeHHBIE pe3yNbTaThl W OMNBITHAS ampoOarus TEeXHOJOTHH
MMHTAIIMOHHOTO MOJIEJMPOBAHUSI MOTYT UMETh PAcCIIMPEHHOE HCIIOJIb30BaHHE NPH aHaJIM3e OE30MacHOCTH CIIOKHBIX
TEXHHUYECKHUX CHCTEM C YUETOM BIIHMSHUS YEIOBEYECKOTO U TEXHOI'CHHOTO (DaKTOPOB.

KiroueBble c10Ba: MMHUTAIMOHHOE MOJICTUPOBAHUE, CUCTEMa «YCIIOBEK — MAIIMHA — CPEla», COOBITUIHBIN aHAIU3
PHUCKa Ha YTOJBHOM pa3pese, areHTHOE MOJICIMPOBaHIE BCKPBIIHOTO 320051, AnyLogic, eEPC, ARIS

Bnaronapﬂocnl. ABTOpLI BbIpaXXaroT 6J'Ial"0}.'[apHOCTL peaakuu U pPCUHCH3CHTAM 3a BHUMATCIBHOC OTHOLICHUC K
CTaTh€ U YKa3aHHBIC 3aMEYaHNsl, KOTOPBIE ITO3BOJIMIN ITIOBBICUTH €€ Ka4€CTBO.

Jas uurupoBanus. Kosane ML.A., Mocksuues B.B. MmuranmonHoe MoaenupoBaHue IMpoLecca pealu3aluu pucka
aBapuM IIPHM TPOBEACHUM BCKPBIMIHBIX PabdOT Ha YTOJIBHOM paspese. besonacnHocmb mMexmo2eHHuIX U NpupoOHbIX
cucmem. 2023;7(4):40-54. https://doi.org/10.23947/2541-9129-2023-7-4-40-54
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Introduction. During stripping operations at coal mines, the issues of improving safety, reducing accidents, and
eliminating cases of injury have always been and still are in the focus of special attention. It is they that give relevance
to all research in this field. A modern view on the problem of formation of prerequisites for accidents at a coal mine
suggests considering them in the format of the H-M-E system developed in [1, 2]. The system includes an operator-
driver of an excavator, a bulldozer, a drilling rig, a dump truck driver (man), a mine excavator, a bulldozer, a drilling
rig, a dump truck (machine), a stripping face, a coal face, a drilling unit (working environment). These subsystems
interact with each other according to a given technology and the established organization of work within the
technological process. In addition to the main components of the system, its model includes connections between them
and the surrounding environment, which includes weather conditions, mining and geological factors (rock strength,
groundwater level, stability of the side of the section).

Functioning of the H-M—-E system is accompanied by the implementation of various types and risk groups that need
to be identified in a timely manner and take the necessary measures to protect the system and mitigate the consequences
in case of danger. An effective mechanism for investigating functional characteristics of the simulated H-M-E system
of a coal mine and identifying problematic situations that trigger accidents with catastrophic consequences and injury to
personnel is simulation modeling.

Simulation modeling of a technological process involves constructing a model of the system under study and setting
up computational experiments in order to describe its behavior and evaluate (within the limits imposed by some
criterion or their combination) various strategies that ensure functioning of this system [3]. Simulation modeling is a
key tool for studying the behavior of real systems, though it does not solve optimization problems. It rather represents a
technology for evaluating the values of functional characteristics of the simulated system, allowing us to identify its
problem areas [4]. Simulation models are widely used in the prediction of logistics systems behavior, design and
location of enterprises, optimization of the existing processes, training of personnel, etc.

Currently, there are three main directions in the field of simulation modeling: system dynamics, discrete-event and
agent-based modeling. These directions differ in the level of abstraction of the models modeled in their environment.
Three levels of simulation modeling abstraction are noted: strategic (high-level strategies that model the behavior of
people, organizations), tactical (building models of queuing systems and business process models), operational
(building models of mechatronic systems, street and pedestrian traffic, etc.) [5, 6].

The process of stripping operations at a coal mine can be considered in the ARIS eEPC methodology (extended
Event Driven Process Chain — extended notation of the description of the process chain) as a description of the flow of
sequentially performed works, arranged in the order of their execution [7]. This situation is presented as a business
process linking a set of sub-processes, and/or business operations, and/or business functions, during which certain
resources are consumed and a product is created (a tangible or intangible result of human labor: an object, a service, a
scientific discovery, an idea) that is of value to the consumer [8].

Simulation modeling is carried out in the AnyLogic software environment, which is a flexible multi-agent modeling
platform that is used to create a variety of simulation models in the field of business, engineering, logistics and other
fields. Various means of specification and analysis of results available in AnyLogic allow us to build models (dynamic,
discrete-event, agent-based) that simulate almost any real process, perform computer analysis of models without
conducting real experiments and complex computational procedures [9].

Based on the objectives of the study and taking into account the experience of using simulation modeling
technology, the following tasks were formulated that should be solved in this work:

1. Describe the process of stripping in eEPC notation.

2. Translate the stripping face model from the eEPC notation into a combined model of AnyLogic software
environment; conduct a series of simulation experiments.

3. Compare the results of simulation experiments modeling of the process of risk occurrence and its development
into a cause-and-effect sequence of a catastrophic accident and injury to personnel during stripping operations in the H—
M-E system of a coal mine.

Materials and Methods. Business process of stripping operations at a coal mine in the eEPC notation [10, 11] can
be described by a graph as G = {X,V}, where X and V are the main components of the model (Fig. 1)

In Figure 1, G (graph) is a structure consisting of objects and links between them. In this context, the graph
describes the stripping process and its logical structure. It helps to visualize the sequence of events and operations, as
well as to determine what alternative outcomes may arise in the course of work. Figure 2 shows the main types of graph
objects used in the construction of the simulation model.
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Fig. 1. Graph of the stripping process

1. X — set of model objects (graph vertices), where X = {S, F, D, I} and consists of four types of objects:

» S (events): these objects represent various events or stages that occur during stripping operations, for example,
"Setting the excavator in the face", "Rock excavation", "Loading of rock into a vehicle". An example of the
implementation of this object in a simulation model is presented by the service block "Beginning of the mining cycle"
in Figure 2 a.

o F (function): functional objects that can be used during technological operations. These are operations necessary
for the successful completion of the process, for example, visual monitoring of the current state of the excavator or the
face, monitoring the position of the dump truck and other technological equipment or people in the face. An example of
the implementation of this object in a simulation model is presented by the service unit "Visual inspection of the face"
in Figure 2 b.

¢ D (operation): operations required to perform stripping operations, for example, technical inspection or repair of
an excavator, elimination of violations of safety rules, and so on. An example of the implementation of this object in a
simulation model is presented by the service unit "Excavator failure detection" in Figure 2 c.

o [ (XOR/OR rule): these objects define the logic of branching and merging in the process. The OR rule indicates
that after executing several alternative events, the process can continue if at least one of them is completed. For
example, a machinist checks the working condition of an excavator at the beginning of a shift. This event can have two
outcomes: "technical condition is correct"; "malfunctions have been detected". Both outcomes lead to the realization of
different branches of the model development events. The XOR operator means that only one of several alternative ways
of developing the model is selected. For example, when an excavator equipment failure is detected by a machinist, the
XOR operator sets the probabilities of alternative outcomes: "the working condition of the excavator has been restored",
"malfunctions have been identified that do not affect the operation of the excavator", and "operation of the excavator is
unsafe". An example of the implementation of this object in the simulation model is presented by the SelectOutput
block "Excavator failure type, XOR rule" in Figure 2 d.
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Fig. 2. Diagram of graph objects implementation in the simulation model:
a — "event" (the beginning of the mining and excavation cycle); b — "function" (visual inspection of the face); ¢ — "operation"
(detection of excavator failures); d — "XOR rule" (implementation of the type of excavator failure); e — "arc" (transition from shift
acceptance to checking the working condition of the excavator); f— "edge" (alternative ways of branching the further process with
visual control of the state of the face)



Kovalev M A, et al. Simulation Modeling of the Process of Accident Risk Realization during Stripping Operations at an Open-Pit Coal Mine

2. V — the set of arcs and edges that connect objects from the set, that is, the vertices of the graph. V is divided into
two subsets:

e Vn (arcs): these relationships between objects indicate a sequence of events or operations. For example, "Shift
acceptance" is associated with "Checking the working condition of the excavator", as this is the next step in the process.
An example of the implementation of the "arc" in the simulation model is shown in Figure 2 e.

e Vr (edges): edges connect vertices with XOR/OR rules, which determine which alternative branching paths may
occur in the process. For example, after the start of "Rock excavation" there may be an edge that connects to the OR
operator. This means that after the extraction of the rock from the pillar, several different events may occur ("safety
violation has been committed", "there is no safety violation"), and the process will continue if at least one of them is
completed. An example of the implementation of an edge in a simulation model is shown in Figure 2 f.

Agent component of the model in AnyLogic is implemented using the base object — an active object. The active
object has parameters, variables that can be considered agent memory, statecharts express behavior: object states and
state changes under the influence of events and conditions. The agent in the simulation model of the stripping process is
the "Environment" block. The logic of the model provides that the "Environment" influences the magnitude of the
driver's error when processing incoming information. In the model, the influence of the "Environment" on the
perception of information by the driver is realized by modeling the state of weather conditions. Heavy rain leads to
deterioration in visibility from the driver's cab, which may be the reason for incorrect perception of information about
the state of the face or the current state of the excavator components. A strong wind raises a cloud of coal dust, which
also disrupts visual contact between the driver and the face. Therefore, when the "Environment" does not generate a
signal about changes in weather conditions, the probability of a driver's error in 1 hour of work is 94%, when a signal
from the "Environment" enters, the probability of an error increases to 96% per hour of work. The generation of
changes in weather conditions is carried out randomly.

The Discrete Event Model in AnyLogic is implemented using probability distribution functions and can be
described as ALM = {Oper, Var}. Such a model is used when events occur at discrete points in time and can affect the
course of the process, and allows you to model and analyze the stripping process taking into account random factors and
variability.

1. Oper — a set of event transition objects between operations performed, includes the following elements:

e Source: a place where events begin or are created, for example, the beginning of the production of works by the
excavator operator after receiving the work order;

o SelectOutput: a mechanism that determines where an event will be directed after it has occurred. For example,
after the driver has completed visual inspection of the condition of the face, SelectOutput will help determine which
action will be the following one: continue work or proceed to the elimination of industrial safety violations in the face.

2. Var — a set of variables that are used in the model to store data or process state. For example, these are variables
that track the execution time of each operation or event.

The interaction of the elements of the proposed model in the process of occurrence and realization of risk is
discussed below on the example of performing a technological operation for excavating rock from an overburden by a
driver of a hydraulic quarry excavator. The aim of conducting an experiment on simulation modeling of the process of
stripping operations at a coal mine in the ARIS eEPC notation was to determine which of the subsystems ("human",
"machine", "environment") makes the most significant contribution to the causal chain of prerequisites for the
implementation of risk in the H-M-E system

Results. The simulation modeling method is applicable for a priori assessment of the possibility of risk realization
and its development into technogenic accidents. At the same time, the requirement for the mass and stochasticity of the
process under study is observed, which allows the use of simulation modeling to predict the implementation of risk and
accident and injury parameters.

At the first stage of the modeling process, the stripping face model from the eEPC notation is translated into a
combined model of the AnyLogic software environment, which allows you to determine the probabilities of events in
the XOR and OR branching rules. Based on the proposed method, a model is built in AnyLogic. After obtaining the
structure of the combined simulation model, the numerical characteristics of the model objects necessary for simulation
modeling are determined: indicators for eEPC functions (work completion time), the number of performers
(organizational units), probabilities of events in the branching rules, probabilities for XOR and OR. A description of the
correspondence of objects of eEPC notation model and elements of the combined simulation model in the AnyLogic
language is given in Table 1.
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Table 1

Description of the correspondence of objects of eEPC notation model and elements of combined simulation model in

the AnyLogic language

Object of the eEPC . . . C ding AnyLogi . .
Jectorthe e Graphic designation OFfeSponcing AnyLogte Description of the AnyLogic element
model element
Function State Simple state of the statechart
FeXeG S«eSchEAEABM (state diagrams)
Initial Event Transition Transition from the hyperstate of the
SseSEXEG @ TmESHEAEABM statechart to a simple state. It can also
Event e D> be determined by the timer set by the

Sm, SFESEXEG

analyst

Material resources

Operation /\ Variable Variables are used to model changing
(Product/ Service) VareEEABM characteristics to store simulation
PeXeG Operation/Service . results. The change in quantitative
() variable -
resources occurs in the state of the
statechart, it is programmed in the
Java language
Branching rules
OR rule Transition When switching from a simple state
R,EREXEG TmESHEAEABM of the statechart to a hyperstate, the
e Dt Action transition method in Java
XOR rule programs the logic of the agent's

Rxor€ REXEG

decision-making

As a prototype of agents, combinations of eEPC operations are used, which are performed in each of the subsystems
"human", "machine", "environment". The behavior of agents is realized by the modules "operation", "function", and
"event". The transition between operations is carried out with a time delay, which is determined stochastically, that is,
each simple operation is given a time delay for transmitting a signal to the next operation. This delay is described by the
probability distribution function corresponding to this operation. The probabilistic logic of XOR and OR branching
rules is implemented during the transition between operations and is programmed in the corresponding stochastic nodes
of the model.

For technological operations of the stripping process, the probability distribution function of its execution time is
determined based on the following indicators:

— statistical data obtained from the results of time study observations;

—calculated parameters (calculation of time intervals of operations based on statistical data);

—expert judgments. In the absence of statistical data, the expert value of the time distribution function of operations
or the probability of an event for a stochastic node was assumed. An example of choosing a probability distribution
function for a simulation model is given in Table 2.
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Table 2
Example of choosing a probability distribution function

Probability distribution

Event .
function

Logic of choosing a distribution function

Discrete transitions from shift acceptance to the start of the mining and excavation cycle. Transition intervals
between operations are expressed in time units, min., hour

Checking the technical Unform (3, 7) Time interval is chosen based on timing
readiness of the excavator,
min.

Perception and processing of information by the machinist during the cycle of excavation and loading operations.
The intervals of transitions between operations are expressed in time units, s.

Visual control of the state of Unform (1, 3) Time interval is chosen based on timing
the face, min.

Realization of risk when performing stripping operations. Transition intervals between operations are expressed in
time units, sec., min.

Actuation of the excavator Exponential Expert assessment
protection (166.67, 0.005) Opening time of the safety valve is considered as a
for the ball valve, s. random event. The opening time of the safety valve is

a random variable with an average value (mathematical
expectation) p, the probability density function of the
exponential distribution has the form f(x) = A * exp(-

Ax), where x — opening time of the valves, A = 1/p —

intensity parameter.
The opening time of the safety valve (x) is from 5 to
15 ms. at the speed of movement of the locking piece
from 10 to 30 cm/s. The ball and conical valves have
the highest speed, which are triggered in 6 and 8 ms.,
respectively.

For the safety valve, the limitation of the response time
within 0.9 seconds is taken into account to avoid
failure of the actuating element. The value of A
(intensity) calculated as the inverse of the opening
time:
for a ball valve: A = 166.67 ms.,
for a conical valve: A = 125 ms.

Probabilities of occurrence of events in the branching rule XOR and OR

Accuracy of the reaction Output true: Gamma Expert assessment
of the driver (1, 1.42857142857, 0.7) For modeling, we use the gamma distribution, since it
allows us to determine the probabilities of the duration of
time before a certain event, i.e. the reaction of the driver
to deviations in extreme conditions.

X =0.7 — hidden reaction time + processing of a unit of
information =42 s. or 0.7 min. Since there are no
statistical data or expert estimates, the assumed values for
the parameters are accepted o =1 and § =
1/x=1/0.7=1.42857142857 (the inverse value of the
minimum reaction time)

The "Environment" agent behavior is set by a state diagram (Java code that randomly generates weather changes:
rain or wind). The simple conditions of the state diagram correspond to the eEPC functions. The agent state diagram
consists of several simple states that the agent enters after each function is performed. The probabilistic logic of the
XOR and OR branching rules is implemented in the Java Action transition method when changing states.
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Figure 3 provides the page for launching the simulation model in AnyLogic. When initiating a simple experiment in
the AnyLogic environment, the model starts with the specified parameter values, supports time mode, animation and
debugging of the model. Before starting the launch, you need to select the start date of the experiment, time and number
of drivers in the shift. The number of drivers in a shift by default is equal to the number of faces and the number of
excavators in a shift.

BokpbilwHon 3abon

R Y . GEREEELE

jews Mechu op  Yac. Mue. Eex.

~

Fig. 3. Launch page for the simulation of the combined simulation model of the stripping face

Figure 4 provides a fragment of the model (shift acceptance) based on the eEPC model, its active objects and
environment. Active objects are entities that can perform actions, change their state and interact with each other inside
the model. They are elements that have their own behavior and can affect other objects and elements of the model. An
environment is an area in which active objects perform their actions, move and interact with each other (for example, a
physical space — a stripping face, an excavator cabin). In a discrete-event environment, active objects process events,
change their state, and interact through event queues.

Driver ShiftAccept ExcOperCondCheck ExcOperCondCheck ExcFailDetect ExcFaillnf Repair

Log OvermanInf  OperatingPermit
L) LN ] L)
10 g IO g 10
A A A
ExcReady ExcOperCondRest Log

10 10

SRViolationsSearch NoSRViolations OutcomeEfFunctDriverReg StartCycle

Transition to a cognitive model of
performing operations by a machinist

FaceOperDanger SRViolationsRec OvermanInf  FaceWorkStop

Fig. 4. Active objects and their environment in the AnyLogic combined simulation model
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Tables 3-9 present the comparison results of the data of modeling the process of risk occurrence and its
development into a cause-and-effect sequence of a catastrophic accident and injury to personnel in the H-M—-E system
of the coal mine. Simulation studies in the AnyLogic system were carried out for the same model period of time
(11 model hours — shift duration) and with the same input data (with 10 experimental identical runs of the model). In
each of the experiments, the number of machinists, excavators and faces was five per shift.

Table 3
Statistics of reliability indicators of the "machine" and "environment" subsystem in the H-M-E system of the coal mine
during shift acceptance, %

Experiment no./
1 2 3 4 5 6 7 8 9 10 Average

operation
"Environment" subsystem
Operation of the face is unsafe | 11 5 10 6 15 13 13 16 13 24 13
Operation of the face is safe 89 95 90 92 85 87 87 84 88 76 87

"Machine" subsystem

Emergency failure - - - - - - - _ _ _

Complex malfunctions - - - — - - — - — _

Troubleshooting issues - 100 - - 100 - - - 100 - 100

Operation time 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 100

Repair time - - - - — — _ _

At the acceptance of the shift by the drivers, the malfunctions that could be eliminated were detected, which did not
affect the unplanned downtime of the excavators, as a result of which the excavators were in operation all the time.

In 87% of cases, when accepting a shift, the drivers did not detect violations of the requirements of the rules of
industrial safety in the face. In 13% of cases, violations were detected, which led to the downtime of the stripping face
"until the violations were eliminated".

Table 4
Statistics of the reasons for reliability decrease of the subsystems "machine", "environment" when performing a cycle of
excavation and loading operations, %

Experiment no./
1 2 3 4 5 6 7 8 9 10 Average
operation

"Environment" subsystem

Violations on the human

46 61 52 67 53 60 64 65 56 | 48 57
factor
Violations due to the
unsatisfactory state of the 54 39 48 33 47 40 36 35 44 52 43

external environment

"Machine" subsystem

Failures during operation 21 9 25 31 18 24 16 17 25 20 21

Failures due to poor
79 91 75 69 82 76 84 83 75 80 79
organization of work

During the cycle of excavation and loading operations, at visual inspection by the machinists, deviations in the
operation of the excavator were detected and local violations of industrial safety requirements in the overburden were
allowed. About 57% of the violations in the face were due to the human factor, which was due to the insufficiently
efficient organization of the operating personnel work (lack of proper control by the line engineers and technicians,
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suspension of work due to violations). Similarly, the insufficiently effective organization of work affected the failures
of the excavator during the execution of work (failure to carry out scheduled repairs, run-to-failure).

Table 5
Statistics of the driver's reaction to the loss of the dynamic equilibrium of the H-M—E system, %
Experiment no./
1 2 3 4 5 6 7 8 9 10 | Average
operation
Complete elimination of the
44 46 42 55 56 56 55 63 46 49 51
deviation
Partial elimination of the
o 24 26 32 22 25 27 18 20 22 30 25
deviation
The deviation cannot be
32 28 26 22 19 17 27 17 32 21 24
eliminated

During the realization of emergencies, in 51% of cases, the drivers completely eliminated deviations from the
normal operating mode of the excavator and the face. At the same time, the proportion of partially eliminated violations
and violations that could not be eliminated was approximately the same.

In the rows of Table 6, statistics on the actions of the driver in case of violation of the dynamic equilibrium of the

system are presented in fractions according to the following scenarios: 1 — "partial elimination of the deviations
occurred", 2 — "deviations cannot be eliminated".
Table 6
Statistics of the driver's actions to the loss of the dynamic equilibrium of the H-M-E system, %
Experiment
no./ 1 2 3 4 5 6 7 8 9 10 Average
operation
Precise
—/- 7/10 10/— —/1 —/— 9/14 8/— 7/— 7/5 —/- 8/7
action
Erroneous
] 100/100 | 93/90 | 90/100 | 17/16 | 96/100 | 91/86 | 92/100 | 93/100 | 93/91 | 100/100 86/88
action
Inaction —/— —/— —/— —/- 6/— —/- —/— —/— —/5 —/- 6/5

With partial elimination of the deviation in 86% of cases, the attempts of the drivers to stabilize the operation of the
H-M-E system were erroneous and only 8% were successful. As a result, erroneous actions led to an increase in the
proportion of deviations that could not be eliminated.

Table 7
Statistics of alternative outcomes of the model, %
Experiment no./
1 2 3 4 5 6 7 8 9 10 Average
type of outcome
Adverse environmental
24 22 23 16 24 24 20 19 26 30 23
effects
Excavator failure 12 4 14 16 8 11 7 9 10 7 10
Inefficient organization
43 41 38 32 40 38 42 41 28 35 38
of work
Operating personnel 22 33 25 36 28 27 31 31 36 28 30
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Most often, the combined model realized alternative outcomes associated with inefficient organization of work and
operating personnel. Thus, the human factor was the main reason for the loss of dynamic equilibrium by the H-M-E
system during the stripping face simulation.

Table 8
Statistics on the risk type realization in the H-M-E system of the open-pit coal mine, %

Experiment no./
1 2 3 4 5 6 7 8 9 10 Average
type of outcome

Dangerous mistake 53 55 33 61 55 61 55 48 46 68 53
Dangerous failure 45 40 61 36 39 39 42 48 49 32 43
Operating personnel 3 5 6 3 6 0 3 4 6 - 4

According to statistics, the risk associated with the assumption of a dangerous mistake by machinists during
stripping operations was most often realized; its share was 53%. The share of dangerous excavator failure accounted for
43% of cases, operating personnel — 4%. Thus, the trigger for the development of risk was the human factor due to the
insufficiently effective organization of work. The effect of the human factor was amplified by the error of the driver in
the process of work, which could lead to a domino effect when risks were realized.

In the rows of Table 9, the results of modeling the three outcomes of the experiment in the realization of risk are

presented through a fraction: 1 — "dangerous error", 2 — "dangerous failure", 3 — "uncalculated external influence".
Table 9
Statistics of experiment outcomes in the realization of risk in three scenarios, number of cases
Experiment no./ 1 2 3 4 5 6 7 8 9 | 10 Total
type of outcome

20/ 29/ 12/ 20/ 17/ 20/ 17/ 12/ 16/ 15/ 178/

Dangerous situations have 17/ 21/ 22/ 12| 12 |1y |y |1 || 146/
occurred 1 3 2 1 2 - 1 1 2 - 13

19/ 26/ 12/ 17/ 16/ 20/ 16/ 9/ 16/ 14/ 165/

Dangerous situations have 17/ 18/ 21/ 12/ 10/ 13/ 12/ 10/ 16/ 6/ 135/
been eliminated 1 3 1 1 1 - 1 1 2 - 11
—/ 1/ —/ 3/ —/ —/ —/ 1/ —/ —/ 5/
"Human" subsystem failure —/ 1/ 1/ —/ —/ -/ 1/ —/ —/ —/ 3/
- - - - 1 - - - - - 1
—/ —/ —/ —/ —/ —/ —/ —/ —/ —/ —/
Catastrophe —/ —/ —/ —/ —/ —/ —/ —/ —/ —/ —/
—/ 1/ —/ 3/ —/ —/ —/ 1/ —/ —/ 5/
Incident, accident, failure =/ v v =/ =/ =/ v =/ =/ =/ 3/
_ _ _ _ 1 _ _ _ _ _ i
—/ —/ —/ —/ —/ —/ —/ —/ —/ —/ —/
Injury to personnel -/ -/ -/ -/ -/ ~ -/ ~ ~ -/ -/
1/ 2/ —/ —/ 1/ —/ 1/ 2/ —/ 1/ 8/
"Machine" subsystem failure =/ 2 *1/ =/ 2 ~ -/ 2 1/ % 81/
—/ —/ —/ —/ —/ —/ —/ —/ —/ —/ —/
Catastrophe -/ -/ -/ -/ -/ ~/ e -/
1/ 2/ —/ —/ 1/ —/ 1/ 2/ —/ 1/ 8/
Incident, accident, failure -/ 2/ _1/ -/ 2/ ~ -/ 2/ I/ % 81/
—/ —/ —/ —/ —/ —/ —/ —/ —/ —/ —/
Injury to personnel —/ —/ —/ —/ —/ —/ —/ —/ —/ —/ —/
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Analyzing the results of modeling the outcome of "Dangerous error" risk, we can conclude that in 93% of cases the
system was able to bring to dynamic equilibrium due to the activation of the excavator protection and the precise
reaction of the driver. Nevertheless, the protection of the excavator failed more often, as a result of which the "machine"
subsystem had a greater impact on the implementation of this risk. In turn, the failure of the excavator protection may
occur due to untimely scheduled repairs or failure to carry out scheduled inspections of the operation of regular
protections and locks of the excavator, which was a consequence of the human factor.

When implementing the outcome of the risk of "Dangerous Failure", it was possible to bring the system into
dynamic equilibrium in 92% of cases. At the same time, failures of the "machine" subsystem also constituted the main
cause of the occurrence of a risky event "Incident/accident/refusal".

When implementing the outcome of the risk of "Uncalculated external influence", it was possible to bring the
system into dynamic equilibrium in 85% of cases. At the same time, one failure was registered for the "man" subsystem
and the "machine" subsystem.

Discussion and Conclusion. Based on the results of simulation experiments on modeling the process of risk
occurrence and its development into a causal chain of a catastrophic accident and injury to personnel in the H-M—E
system of the coal mine, it was concluded that the most significant contribution to the prerequisites for the realization of
risk in the H-M-E system was made by the "man" subsystem. Despite the fact that when implementing the outcomes of
"Dangerous failure" and "Dangerous error", the risks of "Incident/accident/failure" occurred due to a decrease in the
reliability of the "machine" subsystem, they were caused by the actions or inaction of personnel, that is, the human
factor.

The decrease in the reliability of the "environment" subsystem, according to the results of the simulation
experiment, was 57% due to the human factor (intentional deviations from the work project, the admission of violations
in the race for volumes). And only 43% was due to the consequences of the unsatisfactory state of the face. In turn, the
unsatisfactory condition of the face was a consequence of low performance discipline of the machinist in combination
with insufficiently effective production control by line engineers and technicians.

The decrease in the reliability of the "machine" subsystem was also a consequence of the influence of the human
factor, since failures of mining equipment in 79% of cases occurred due to insufficiently efficient organization of work,
which led to an increase in unplanned downtime of the main technological equipment.

It should also be noted that during the simulation experiments, there were no realizations of the risk of accidents
with catastrophic consequences and injury to personnel during stripping operations. The following conclusions can be
drawn from this fact:

1. Safety and control measures applied during stripping operations are effective and prevent the occurrence of
serious accidents or injuries successfully.

2. A safety model or methodology of work was used, which demonstrated high efficiency in preventing potentially
dangerous situations.

3. The results of the experiments indicated competent training of personnel in the rules of safe performance of
stripping operations and strict compliance with the established procedures.

4. The absence of cases of injury to personnel indicated that all systems and equipment were functioning at a level
that kept the risk of injury at the maximum permissible values.

At the same time, it should be emphasized that the absolute absence of accidents and injuries to personnel during the
run of the simulation model does not guarantee complete safety of future operations. In order to confirm the results of
simulation experiments and further ensure safety, it is recommended to conduct a systematic risk assessment, analyze
previous incidents and constantly improve mechanisms and procedures aimed at maintaining/improving the level of
safety at the coal mine.

Simulation modeling technologies for the first time in the domestic practice of research of the H-M-E system have
received an application for the analysis of complex safety indicators during open-pit mining. The presented results and
testing of simulation technology can be widely used in the analysis of safety of complex technical systems, taking into
account the influence of human and technogenic factors.

References

1. Barishpolets VA, Makhutov NA, Bekker AD, Bobrov YuV, Vlasov YuV, Gadenin MM, et al. Bezopasnost'
Rossii. Pravovye, sotsial'no-ekonomicheskie i nauchno-tekhnicheskie aspekty. Bezopasnost' slozhnykh cheloveko-
mashinnykh sistem. Barishpolets V.A. (red.). Monograph. Moscow: IHPF Znanie; 2021. 432 p. (In Russ.).

2. Makhutov NA. Security of Russia. The human factor in security problems. Moscow: IHPF Znanie; 2008. 688 p.
(In Russ.).



Kovalev MA, et al. Simulation Modeling of the Process of Accident Risk Realization during Stripping Operations at an Open-Pit Coal Mine

3. Shchiryi AO. Sovmeshchenie sobytiinoi i poshagovoi skhem diskretnogo imitatsionnogo modelirovaniya. News of
the Tula state university. Technical sciences. 2022;(12):338-342. https://doi.org/10.24412/2071-6168-2022-12-338-343
(In Russ.).

4. Khemdi A Takha. Vvedenie v issledovanie operatsii. Moscow: Williams Publishing house; 2005. 912 p. (In Russ.).

5. Zyryanov AA, Dorrer MG. Otsenka pokazatelei biznes-protsessov na osnove GERT-setei. Conifers of the boreal
area. 2012;30(5-6):57-63. URL: https://cyberleninka.ru/article/n/otsenka-pokazateley-biznes-protsessov-na-osnove-
gert-setey/viewer (accessed: 12.09.2023). (In Russ.).

6. Zyryanov AA, Dorrer MG. Translyatsiya modeli biznes-protsessov v notatsii ARIS eEPC v GERT-set'

In: Proceedings of XI international conference on financial and actuarial mathematics and eventology of safety.
Krasnoyarsk; 2012. P. 187-197. URL: http://fam.conf.sfu-kras.ru/adds/XI-fames-2012-05-16-e-version.pdf (accessed:
09.09.2023). (In Russ.).

7. Sheer AV. ARIS-modelirovanie biznes-protsessov. 3-d ed. Moscow: Williams Publishing house; 2009. 223 p.
(In Russ.).

8. Glukhova KI, Bekmansurova AR, Kuchina TN. Poryadok deistvii pri avtomatizatsii biznes-protsessov. Chronos:
estestvennye i tekhnicheskie nauki. 2020;5(33):9—10. https://doi.org/10.24412/2712-9691-2020-533-9-10 (In Russ.).

9. Shtykova AS. Obzor nekotorykh vozmozhnostei sredy Anylogic. Forum molodykh uchenykh. 2017;2(6):301-306.

10. Dorrer MG, Lantsev EA, Shargaeva Al. Sobytiinyi analiz biznes-protsessov v notatsii eEPC. In: Trudy

XV Mezhdunarodnoi konferentsii po eventologicheskoi matematike i smezhnym voprosam. Krasnoyarsk; 2011. P. 89—
96. URL: https://sciup.org/140277916 (accessed: 09.10.2023). (In Russ.).

11. Lantsev EA, Dorrer MG. Creating agent-based model from the business process discrete-event model. Computing,
Telecommunication, and Control. 2013;3(174):44-52. URL: https://infocom.spbstu.ru/userfiles/files/articles/2013/3/05_lantsev.pdf
(accessed: 09.10.2023). (In Russ.).

Received 20.09.2023
Revised 03.10.2023
Accepted 06.10.2023

About the Authors:
Maksim A. Kovalev, Postgraduate student, Krasnoyarsk branch of the Federal Research Center for Information and
Computing Technologies (53, Mira Ave., Krasnoyarsk, 660049, RF), ORCID, kovalevmalk(@gmail.com

Vladimir V. Moskvichev, Dr. Sci. (Eng.), Professor of the Technosphere and Environmental Safety Department,
Siberian Federal University, Director of the Krasnoyarsk Branch of the Federal Research Center for Information and
Computing Technologies (53, Mira Ave., Krasnoyarsk, 660049, RF), ScopusID, ResearcherID, SPIN-code: 9332-6468,
ORCID, krasn@ict.nsc.ru

Claimed contributorship:

MA Kovalev: description of the theoretical part of the research methodology, simulation experiment in the
AnyLogic environment.

VV Moskvichev: analysis of the correctness of the results obtained, review of the scientific article.

Conflict of interest statement: the authors do not have any conflict of interest.
All authors have read and approved the final manuscript.
Mocrynuiaa B penakuuio 20.09.2023

Hocrynuiia nocie penensuposanus 03.10.2023
MpunsaTa k nydoauxanuu 06.10.2023

Technosphere Safety

53


https://doi.org/10.24412/2071-6168-2022-12-338-343
https://cyberleninka.ru/article/n/otsenka-pokazateley-biznes-protsessov-na-osnove-gert-setey/viewer
https://cyberleninka.ru/article/n/otsenka-pokazateley-biznes-protsessov-na-osnove-gert-setey/viewer
http://fam.conf.sfu-kras.ru/adds/XI-fames-2012-05-16-e-version.pdf
https://doi.org/10.24412/2712-9691-2020-533-9-10
https://sciup.org/140277916
https://infocom.spbstu.ru/userfiles/files/articles/2013/3/05_lantsev.pdf
https://orcid.org/0000-0003-1127-9230
mailto:kovalevmalk@gmail.com
https://www.scopus.com/authid/detail.uri?authorId=7003378676
https://www.webofscience.com/wos/author/record/R-7334-2016
mailto:ORCID
mailto:krasn@ict.nsc.ru

https://bps-journal.ru/

54

Safety of Technogenic and Natural Systems. 2023;7(4):40-54. eISSN 2541-9129

06 aemopax:
Maxkcum Auekcanaposud KoBaneB, acriupant KpacHosipckoro ¢umana PeaepansbHOTO HCCIEIOBATEIHCKOTO

IeHTpa WHPOPMAITMOHHBIX W BRIYUCIHUTEIBHBIX TeXHONOTHH (660049, PO, 1. KpacHospck, npocn. Mupa, 53), ORCID,
kovalevmalk@gmail.com

Baagumup BuxtopoBnu MocKkBHYeB, JOKTOp TEXHHYECKHMX HAyK, mpodeccop Kadeapsl TexHochepHOil 1
aKoIormUeckoit 6ezomacHocTn Cubupckoro QenepalbHOTO YHHUBEpCHTETa, AUpeKkTop KpacHosipckoro duimana
®denepanbHOTO HCCIIEIOBATENBCKOTO IIEHTpa HMH(MOPMAIIMOHHBIX ¥ BBIYUCIUTENBHBIX TexHojoruit (660049, PO,
r. Kpacnospck, npocn. Mupa, 53), SPIN-kox: 9332-6468, ScopusID, ResearcherlD, ORCID, krasn@ict.nsc.ru

3asenennblil 6K1A0 COABMOPOE:

M.A. KoBasieB — omnucaHue TEOPETUUYECKOW YacTH METOJOJIOTMHM HCCJIENOBaHUS, MPOBEACHHE HWMUTAIIMOHHOTO
sKcnepuMenTa B cpene AnyLogic.

B.B. MockBuueB — aHaiu3 KOPPEKTHOCTH MOJIYYEHHBIX PE3YJIbTAaTOB, PELICH3UPOBAHUE HAYYHOU CTAThU.

Kongnuxm unmepecos: aBTOpHI 3asBISAIOT 00 OTCYTCTBUH KOH(IINKTA HHTEPECOB.

Bce asmopubi npouumanu u 0006punu oKOHYAMeENbHBLIL BAPUAHI PYKONUCU.


https://orcid.org/0000-0003-1127-9230
mailto:kovalevmalk@gmail.com
https://www.scopus.com/authid/detail.uri?authorId=7003378676
https://www.webofscience.com/wos/author/record/R-7334-2016
mailto:ORCID

