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Abstract. This study focuses on the automation of decision-making in analyzing
emergency situations on railway transport involving the carriage of dangerous goods (DG). The
relevance of the research is determined by the growing volume of DG transportation and the high
likelihood of accidents, which can have serious consequences for the environment, economy, and
public safety. The main objective of the study is to develop mathematical models that provide the
basis for an intelligent decision support system (DSS) for the localization of accidents and
minimizing their consequences. The tasks of the study include analyzing existing models and
software for predicting pollutant dispersion, formalizing the DG transportation system as a
directed graph of states, developing mathematical models for the probability of safe railway
operation and estimating the duration of accident elimination, and studying the impact of
organizational and technological measures on the efficiency of emergency response units. As a
result, models were developed that allow forecasting the development of emergency situations,
assessing the required resources for accident response, determining optimal deployment and
concentration times for response units, and considering the influence of DG properties and external
conditions on the incident dynamics. Statistical analysis of railway accidents involving DG in EU
countries over the past decade revealed a dependency of accident numbers on cargo traffic. The
mathematical models were implemented in a software prototype to evaluate the duration of
liquidation operations and potential environmental and economic consequences. The study
concludes that the application of the developed models and DSS increases the objectivity of
decision-making, reduces delays in emergency response, and contributes to minimizing
environmental damage. Future work includes expanding DSS functionality, integrating data from
unmanned aerial vehicles and other sensors, and applying models for real-time planning of
emergency operations.

Keywords: dangerous goods, railway transport, emergency situations, decision support
system, environmental safety, mathematical modeling, accident mitigation.
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XaJIbIK KayiMci3Airine eneyJii ocep eTyl MyMKIHIITIMEH aHBIKTaNlaAbl. 3epTTEY IiH HEeT13T1 MaKCcaThl
— TOTEHILIE >KaFrJaiiapabl JIOKaau3anusiay KoHe CalJapblH a3alTy YILIIH HIeIiM KaObUiaay bl
KogaTeiH ~ uHTeekTyanapl  okydeni (IIKKXK) kypy HeriziH KamMTaMachl3 €TeTiH
MaTeMaTHKAJIBIK MOJACIbACPAl d3ipiiey. 3epTrey OaphIChIHIA KOWBLIFAH MIHJIETTEP: JIACTaHYAbI
OorpKayra apHaJIFaH KOJIJaHBICTAFbl MOJICTIBACP MEH OaraapiaMaliblK KAMTaMachl3 €Ty Il Tajaay;
KayinTi >KYK TackIMasIbl XKYHeciH OarpITTanraH rpad TypiHae (opmanuzanusiiay; TEeMIipKoJl
UHQPAKYPBUIBIMBIHBIH KAYIICi3 YMBIC ICTEy BIKTUMAJIIBIFBIH JKOHE amar calfapblH KO0
Y3aKTbIFbIH Oarallayra apHallFaH MaTeMaTHKaJIbIK MOJENBbICp 9d3ipiey; YHbIMAACTHIPYIIBUIBIK
YKOHE TEXHOJIOTHSUIBIK MLIapaylap/blH aBapUsUIBIK KbI3SMETTEP/iH THIMAUIITIHE 9CEpiH 3epTTey.
Hotmxkecinne TeTeHlle >KarAaiaplblH JAaMyblH OoJKayFa, amaTTapibl jKOIOFa KaXKeTTl Kylll-
Kypangapasl Oaranayra, KbI3METTEpP/i OHTAMIIBI OpHATIACTHIPY JKOHE IIOFBIPIAHABIPY YaKBITHIH
aHBIKTayFa, COHJIal-aK KayIITi )KYKTIH KaCUETTEPl MEH CBHIPTKBI YKaFaaiapAblH OKUFa JaMyblHa
OCEepiH ecKepyre MYMKIHIIK OepeTiH Moxenbaep o3ipieHai. COHFBl OHXBULIBIKTaFEl EO
eJJIepIHIeri KayinTi KYK TachIMajibl Ke3iHJIe OOJIFaH TEMIpPIKOJI anaTTapbIHBIH CTaTUCTHUKAIIBIK
TaJIJ]aybl araTTap CaHbIH XKYK aFbIHBIMEH OalIaHBICTBIpYFa MYMKIHAIK Oepi. MaTemMaTuKasbIK
MOJIETIbICP alaTThl KOO KYMBICTAPBIHBIH Y3aKTHIFBIH KOHE SKOJIOTHSIIBIK KOHE YKOHOMHUKAIIBIK
caljapelH Oaranay YmIiH OarnapiaMaiblK MPOTOTHIKE EHTi3UIal. 3epTTey KOPBITHIHIBICHI
azipnenren Mozenpaep MeH KKK konmmanpuiysl menriM KaObUIAAybIH OOBEKTHUBTUIITH
apTTHIPATHIHBIH, alaTThl YKOIOJAFbl YaKbIT HIBIFBIHBIH a3aMTATHIHBIH JKOHE KOpIIaraH OpTara
KEJICTIH 3USHIBI a3aiTaThIHBIH KopceTeai. bomamakrarel sxymbicTapra KKK yrkinonansx
KEHEHTy, YIIMalThIH anmapaTTap MeH 0acKa CEHCOPJBIK JKyHelepleH allblHFaH JepeKTepmi
OIPIKTIPY KOHE MOJENBACP/l HAKTHI YaKbIT PEKUMIHIE aBapHsUIBIK 1C-KMMBLIABI JKOCIIapiayFa
KOJIJIaHy Kipei.

Tyiiin ce3aep: KayinTi )XyK, TEMIPKOJI KOJIT1, TOTEHIIE JKaFaaiiap, MemiM KaoblUIaay bl
KOJIJIay JKY#eci, SKONOTHSITBIK KayINCi3/iK, MaTeMAaTUKAIIBIK MOJIENB/ICY, allaT CallapblH KO0
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AnHoTanus. B manHoii paboTe paccMaTpuBarOTCs BOMPOCHI aBTOMATU3AINHU IPUHSATHS
pellIeHUH TIpU aAHAJIM3€ YPE3BbIYAMHBIX CHUTyallMid Ha JKEJIE3HOIOPOXKHOM TPAHCIOPTE,
COMPOBOXKIAIOLIUXCS TMepeBo3koi omacHbiXx Tpy30B (OI'). AKTyanbHOCTb HCCIIE€IOBAHUS
oOycroBiieHa yBenudeHHeM oO0OBEMOB TmepeBo3kd OI' M BBICOKOW BEpOSATHOCTBIO aBapuid,
KOTOpbIE MOTYT HMMETh CEPhE3HBIE MOCIEIACTBHS MJi OKPY)KAlollel Ccpebl, SJKOHOMHKUA U
Oe3omacHocTH HacesneHus. OCHOBHAS 11€J1b pa0OThI 3aKTI0YAETCS B pa3pad0TKe MAaTEMAaTHIECKUX
Mojeneld, 00ecTieunBaIONIUX CO3AaHNEe WHTEIUICKTYaTbHON CHUCTEMBI TOIISPKKU MPUHSATHUS
pemenuii (CIITIP) mns noxanmu3anuu aBapuii 1 MUHUMH3AIMU MX TOCJIEACTBUNA. B pamkax
UCCIIEIOBAHMUST TIOCTABIICHBI CIEAYIONIME 3aJayd: aHalnu3 CYIIECTBYIOIIMX MOJEIed u
MpPOrpaMMHOTO OOecnedeHusi Il MPOTHO3MPOBAHMSI PACHPOCTPAHEHUs 3arpsi3HAIOMIMX
BeIeCTB; hopManu3alus cucteMsl nepeBo3ku Ol B BUe OpUEHTHPOBAHHOTO rpada COCTOSIHUI;
pa3paboTka MaTeMaTUYECKHUX MOJEIeH BEPOSITHOCTH Oe30macHOTO (yHKIIMOHUPOBAHUS
JKEJIE3HOAOPOKHON MHPPACTPYKTYpPHI U OLIEHKH BPEMEHU JIMKBUIAIUHU MOCIEICTBHI aBapuii;
UCCJIEIOBAHUE BIUSHUS OpPraHU3AIlMOHHBIX W TEXHOJOTMYECKUX Mep Ha 3((PEeKTUBHOCTH
JNEHCTBUI aBapuUUHBIX CIyk0. B pesynmbraTre paboThl pa3pabOTaHBl MOJENH, MO3BOJSIONINE
MPOTHO3UPOBATh Pa3BUTHE YPE3BbIYAMHONW CHUTyallMH, OLEHUBATh MOTPEOHOCTH B CHIIaX U
CpeACcTBaxX IJis JIMKBUJAAIMU aBapHil, ONpenessTh ONTUMAJIbHOE BpeMs MX KOHLEHTPALUHU U
JIEUCTBUA, a TAK)K€ YUYUTHIBATH BIMSHUE CBOWMCTB OIACHBIX I'PY30B M BHEIIHHUX YCJIOBUU Ha
CKOPOCTbh pa3BUTHS MHUHAECHTA. [IpoBenEH aHamM3 CTaTUCTUKHU KEJIE3HOJOPOKHBIX aBApHUM C
yuactueM OI' B crpanax EC 3a nocnegnue gecsTh JIET, YTO MO3BOJUIIO ONPEAECTUTh 3aBUCUMOCTh
Yyuclia aBapwii OT TPy30MOTOKa. MaTemaTHdyeckue MOJenu ObUIM BHEAPEHBI B MPOTOTHII
MIPOTPaMMHOTO obecrieueHus, MTO3BOJISIFOILIETO OIICHUBATh MIPOJOJIKUTEIBHOCTD
JTUKBUJAIMOHHBIX PAabOT W BO3MOXKHBIE JKOJOTMUYECKHE W JKOHOMUYECKHE TOCIEICTBUS.
3aKi0yeHue MCCIEOBaHUsS MOATBEP)KIAET, UYTO NPUMEHEHHE pa3pabdOTaHHBIX MOJENeH u
CIITIP moBbImaeT OOBEKTUBHOCTh MPUHSATHS PEIICHUN, CHIKACT BPEMEHHBIC TOTEPU IMPHU
JUKBUJALIMM aBapuil W CcrmocoOCTBYyeT MHMHHMH3allMM yiiepOa okpykaromieil cpene.
[TepcnekTuBbl HanpHEHIIE paboThl BKIIOYAIOT pacmupeHue ¢ynknuonana CIIIIP,
MHTETPalMIO JaHHBIX C OECIIMIIOTHBIX JIETATENIbHBIX alapaToB U JPYTUX CEHCOPHBIX CUCTEM, a
TaKXe UCI0JIb30BAHUE MOJIEIICH Ul INIAHUPOBAHUS aBAPUMHBIX JICUCTBUM B PEKUME PEATILHOTO
BPEMEHU.

KuroueBble ci10Ba: onacHble T'py3bl, JKEJIE3HOJOPOXKHBIM TPAHCIOPT, Ype3BbIYaliHbIE
CUTyallu¥, CHUCTEeMa TMOJACPKKH TPUHIATHS pPEIICHUH, 5SKoJioruueckass O0e30MacHOCTb,
MaTeMaTUYeCKOE MOJICIUPOBAHUE, JIMKBUAAIUS TOCIECTBHI.

Juas uutupoBanusi: M. IllamabaeBa. KoMmmbioTepHas moanep)kka pearupoBaHHsS Ha
Ype3BbIYAHBIE CUTYAllMd Ha KEJIE3HOAOPOXKHOM TpaHcmopTe // IloMBIIIIEHHBIH TpaHCIIOPT
Kazaxcranma. 2025. T. 22. No. 86. Crtp. 90-104. (Ha amr.). https://doi.org/
10.58420.ptk.2025.86.02.008

KondaukT uHTEpecoB: aBTOPHI 3asBISAIOT 00 OTCYTCTBUU KOH(DINKTa HHTEPECOB.

Introduction.

The study of railway emergencies (RWE) involving dangerous goods (DG) has become
increasingly important due to the growing volume and complexity of freight transportation
worldwide. Accidents during the transportation of DG can lead to catastrophic consequences,
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including loss of human life, environmental contamination, destruction of cargo and railway
infrastructure, and significant economic losses (Batarliené, 2014: 395-400). Despite previous
research on railway safety and environmental protection (Abuova, 2019: 234-249; Hooghiemstra,
1999: 15-32), there remain unresolved challenges in providing timely, informed, and coordinated
decision-making under conditions of incomplete or rapidly changing information. This gap
highlights the need for advanced decision support systems (DSS) integrated with predictive
mathematical models to enhance emergency response efficiency.

The rationale for this study is based on the increasing threat posed by RWE with DG and
the complexity of managing their consequences. Traditional emergency management approaches
often fail to account for the dynamic interplay between technological, organizational, and
environmental factors. The relevance of this research is further emphasized by the absence of
comprehensive methods that integrate real-time environmental data, predictive modeling, and
operational planning for railway networks transporting DG (Katsman, 2015: 28-39; Kornaszewski,
2017: 282-292). The study addresses both theoretical and practical aspects of emergency
management, aiming to improve the safety and reliability of railway transport systems while
minimizing environmental risks.

The object of this research is the system of railway transportation of dangerous goods and
its operational reliability during emergencies. The subject of the study is the process of managing
railway emergencies involving DG, including the assessment, localization, and elimination of
consequences, with a particular focus on environmental protection, cargo safety, and operational
recovery.

The aim of this study is to develop mathematical models and decision support tools to
enhance the efficiency of emergency response in railway transport systems during DG
transportation. To achieve this aim, the following objectives are set:

- To formalize the DG railway transportation system as an oriented graph of safe
functioning states (Shalabayeva, 2024: 1-2), incorporating emergency occurrence, assessment,
localization, and elimination;

- To develop predictive models for the duration and scope of liquidation works necessary
to mitigate RWE consequences;

- To integrate environmental, technological, and organizational factors into DSS to optimize
the allocation of resources and improve operational efficiency;

- To provide a framework for practical implementation of software tools that support
situational analysis, risk assessment, and informed decision-making at RWE sites.

This study employs a combination of mathematical modeling, simulation, and system
analysis. Predictive models for RWE development and environmental impact are incorporated into
the computational core of DSS. The research also uses statistical analysis of historical RWE data,
GIS-based environmental monitoring, and scenario-based simulation to optimize decision-making
processes.

The central hypothesis of this study is that the integration of predictive mathematical
models into a DSS will significantly enhance the effectiveness of emergency response operations
in railway transport systems transporting DG. Specifically, timely, informed decision-making
supported by automated analysis of environmental and operational data can reduce the duration
and severity of RWE consequences, minimize environmental damage, and improve system
reliability.

The significance of this research lies in its potential to advance both theoretical knowledge
and practical applications in the fields of railway safety, environmental protection, and emergency
management. The proposed models and DSS framework provide a scientific basis for improving
operational planning, resource allocation, and risk mitigation in railway networks transporting
hazardous cargo. Ultimately, this research contributes to safer and more sustainable railway
transport operations, supporting the broader goals of environmental safety and public health
protection.
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Materials and methods.

In works (Abuova, 2019: 234-249; Batarlien¢, 2014: 395-400; Hooghiemstra, 1999: 15—
32; Dindar, 2019: 203-216), it is shown that the use of intelligent decision support systems
(DSS) will allow the head of the emergency operations center to carry out informational,
technological, analytical, and organizational support of the iterative process of analyzing the
situation that has developed on the site of RWE, preparing and evaluating decision options, and
the choice of the final decision on the localization of the RWE and the elimination of their
consequences, which is impossible without the appropriate mathematical models (Akhmetov,
2021: 80-90).

In works (Katsman, 2011: 86—93; Katsman, 2013: 72—85; Katsman, 2015: 28-39), it is
shown that the reliability of railway transport (RWT) when transporting passengers and goods
should be understood as its ability to ensure the timely and safe delivery of passengers and goods
to their destination without deterioration of the health of passengers and the commercial quality
of goods due to RWT (Akhmetov, 2021: 80-90).

An essential component of reliability is the safety of the railway transport system (RTS),
which is focused on reducing the impact of hazardous factors of the RWE on human health,
transport work, and Env. The solution to this problem is achieved through coordinated actions
of liquidation units, designed to localize the RWE and eliminate their consequences (Akhmetov,
2021: 80-90; Katsman, 2015: 28-39; Abuova, 2019: 234-249; Kornaszewski, 2017: 282-292).

Particular attention should be paid to the transportation of DG, including those that pose
a threat to the pollution of Env. This category includes cargoes with various physical, chemical,
and fire-explosive properties. Emergencies with such cargoes are accompanied by the impact of
hazardous factors harmful to people, Env., cargo and RWT facilities, and other ministries and
departments of the country (Torretta, 2017: 1-9; Gheorghe, 2005: 247-272; Khanmohamadi,
2018: 230-241). Such situations include explosions, fires, scattering of solid cargo, spreading of
liquid cargo, and emissions into the atmosphere of hazardous gaseous substances transported by
RWT.

In other words, the reliability of RWT during the transportation of DG can be interpreted
as its ability to restore its safe functioning during specific periods with a given probability after
the RWE, accompanied by the action of hazardous factors harmful to people, Env., cargo and
RWT (Nowacki, 2016: 21-29; Schroder, 2016: 322-334).

Many scientific works are devoted to studying the problems of safety and reliability of
such transportation (Zelenko, 2019: 03011; Dvorak, 2020: 5494; Huang, 2020: 1-33).

However, many problematic issues related to computer support for decision-making on
assessing the situation at the site of RWE and the development of control actions for eliminating
the consequences of the accident have not been fully disclosed. It is this fact that determines the
relevance of our study.

Practical software implementation of mathematical models in predicting environmental
consequences is a complex technical problem that is designed for a specific area (transport,
industry, etc.) and takes into account various factors. For example, it is rather challenging to
consider changes in the dynamics of turbulent flows or factors of heat transfer, dust-containing
fractions. Even more sophisticated models describe the scenarios of the response of various
components of Env. to gaseous pollution, taking into account the transfer of solar and diffuse
radiation (Knapcikova, 2018: 71-77).

Figure 1 shows the software implementation (Software, hereinafter referred to as SW)
AERMOD (Canada, USA). This SW is intended for calculations and modeling of the atmosphere
near large stationary industrial sources of pollution. Data within a radius of up to 50 km from
the source are taken into account.
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Fig. 1. General view of the AERMOD software package for automated assessment of atmospheric dispersion

The models embedded in the AERMOD SW make it possible to build predictive estimates
for continuous emissions floating at different levels from the earth's surface, taking into account the
dispersion of emissions (Knapcikova, 2018: 71-77). In the model, the concentration of pollutants
does not affect the discharged flow. When simulated, turbulent flows are linear. However, there are
limitations under which it is assumed that the average lateral speed and vertical wind speed are equal
to zero. The model receives meteorological data from probes located at different altitudes. AERMOD
SW allows us to create profiles of temperatures, winds, turbulences and considers factors associated
with dry and wet deposition of pollutants (Abuova, 2019: 234-249).

Results and discussions.

The model and the corresponding ADMS-5 SW are modern means for calculating the
concentrations of pollutants that can enter Env. from both point sources and mobile air pollutants
see Fig. 2 (Zelenko, 2019: 03011).

The model and ADMS-5 SW contain algorithms that allow for many factors, including the
complexity of the terrain; wet deposition of pollutants; short-term fluctuations in pollutant
concentrations; chemical reactions inherent to various pollutants when external temperatures and
humidity change; factors of radioactive decay and gamma doses, etc.
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Fig. 2. General view of the software interfaces of the ADMS-5 complex

Techniques and corresponding SW "TOXI", "TOXI +", "TOXI + Risk" (Huang, 2020: 1—
33), and ALOHA allow us to calculate the characteristics of hazardous substances cloud that
moves in the atmosphere. The SW algorithms are based on the integral laws of conservation of
mass and energy of pollutants (Torretta, 2017: 1-9).
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Fig. 3. General view of the software interfaces of the "TOXI" complex

Based on the above analysis and a brief overview of SW for modeling environmental
emergencies, it can be concluded that there are many diverse models for calculating the dispersion
of hazardous emissions. This list includes both simple Gaussian models and models that have
become the basis for algorithms and SW for detailed calculations of complex gas-dynamic
parameters of the movement of pollutants in Env (Dvorak, 2020: 5494).

The paper aims to develop mathematical models for the decision support system's
computing core in response to accidents on railway transport, accompanied by a threat to
environmental pollution (Batarliene, 2014: 395-400).

Elimination of the consequences of railway emergencies with DG consists of interrelated
processes that require a set of measures aimed at preventing threats to people, protecting the natural
environment, ensuring the safety of cargo, RS, railway infrastructure facilities, restoring train
traffic and shunting operations as soon as possible (Khanmohamadi, 2018: 230-241). At the same
time, the rational use of a variety of resources required to carry out these activities is also
important. So, the balanced timing of the restoration of train traffic (the operability of the transport
system) and the resources required for this are the criteria for the effectiveness of the system for
eliminating the consequences of railway emergency situations during the transportation of DG
(Shalabayeva, 2020: 226-231; Gheorghe, 2005: 247-272).

To automate many works at the site of railway accidents and assess the operational
situation, several researchers, including domestic ones, propose using the potential of automated
information systems and DSS (Hooghiemstra, 1999: 15-32; Dindar, 2019: 203-216). It is
necessary to have tools for processing a large amount of information about the nature of the
accident and the ecological situation at the worksite in the area of elimination of the consequences
of major accidents at RWT, which can potentially be accompanied by the emergence of threats
and risks for Env. Moreover, the amount of such information may tend to grow exponentially as
the situation develops, as, for example, happened during the catastrophe in Canada. It is necessary
to minimize the consequences of environmental accidents on RWT in conditions when information
flows are rapidly growing and liquidators are faced with a lack of time (Shalabayeva, 2020: 226—
231).

The question arises about the need to create well-built computerized systems for automated
operational information support for analyzing the situation at the RWT accident scene (Katsman,
2015: 28-39). Such systems are multifunctional and should, among other things, include the
following functional modules (Shalabayeva, 2020: 226-231):
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- a module for automated assessment of environmental safety in the elimination of the
consequences of accidents at RWT;

- a module for the development and decision-making on responding to the threats to Env.;

- a module for assessing the risks for Env. They may arise as a result of the unfavorable
development of scenarios of the accident consequences during the transportation of DS by RWT
(Schroder, 2016: 322-334);

- other modules.

Using the data obtained from the tools for measuring contamination of Env. components
directly at the accident site (data on the state of air, soil, water sources, etc.), it is possible, through
DSS or information systems, not only to simulate different scenarios for the development of the
situation at the accident site but also to obtain preliminary assessments of risks and consequences,
if the development of the scenario of Env. pollution moves according to the pessimistic scenario
((Shalabayeva, 2020: 226-231; Nowacki, 2016: 21-29).

Studies by many authors in the field of environmental safety in transport show that the
development of automated and intellectualized systems for assessing ecological safety in
eliminating accident consequences at RWT can give a new impetus to the implementation of such
systems in practice (Kornaszewski, 2017: 282-292). This is, in particular, necessary to increase
the objectivity of assessments and reduce the time deficit in the process of liquidation work at the
scene of accidents at RWT transporting DG (Shalabayeva, 2020: 226-231), which can lead to
damage for the Env.

T —
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Gas analyzers contamination from oil spills Dust particle
counter

Hardware for collecting primary information for environmental
safety in the elimination of the accident consequences on railway
transport

L 2 ¥

Users Users
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DSS and intelligent systems interfaces for all users

$

DSS knowledge machine and knowledge base of mathematical
models for automated assessment of environmental safety in the
elimination of the accident consequences on railway transport

N Va

Data management system Model management system

Fig. 4. Basic architecture of a computerized decision support system with modules for automated assessment of
environmental safety in the elimination of the accidents consequences on railway transport (Akhmetov, 2022: 1287-1300)
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In the structure of information and automated systems for managing the ecological state of
Env., the main component is a database that provides the system with information and determines
its structure, functions, and ability to solve management problems based on modeling the situation
((Akhmetov, 2022: 1287-1300; Knapcikova, 2018: 71-77).

Analysis of the current management scheme for the railway infrastructure's environmental
safety indicates its imperfection and the absence in its structure of an organized system for
obtaining and analyzing data for the timely adoption of managerial decisions on rational ecological
management and minimizing the negative impact on the Env. (Akhmetov, 2022: 1287-1300).

At the output, the DSS will provide information containing the assessment of Env's state
for the investigated territories at the accident site. Also, the computational core of the DSS includes
models that allow making predictions about the health status of the population in the accident zone
and assessing the situation from an economic point of view and the consequences for Env. The
information obtained can be used by various management structures. For example, such
information will be useful in the process of developing measures to eliminate the consequences of
accidents and to allocate funds for restoring the Env. to its original state (Akhmetov, 2022: 1287—
1300; Abuova, 2019: 234-249).

The models used in the computational core of such a DSS reflect an emergency situation
associated with a DG leak (for example, a spill of contents from a railway tank car), and the response
to such a situation by the units in charge of RWE localizing and eliminating the consequences,
including for Env (Akhmetov, 2022: 1287-1300; Torretta, 2017: 1-9).

A refusal in the RIS safe operation should be understood as any transport accident due to
which RWE with the participation of DG may occur (Dvorak , 2020: 5494). Analysis of the
statistics of DG freight traffic on the railways of the EU countries over the past ten years made it
possible to establish that the number of such RWE with DG participation depends on the total
tonnage of all cargo transported by RWT, which is shown in Fig. 5.

The data shown in Fig. 5 correspond to the generalized statistics for six EU states for the
specified period (Germany, France, Italy, Spain, Poland, Romania) (Huang, 2020: 1-33; Torretta,
2017: 1-9). The dependence of the number of traffic accidents with DG on the road's traffic load
is undeniable, with an approximation coefficient of about 0.74. Obviously, it is general that it can
be attributed not only to a specific EU state but also to any other RWT network.

The dependence y = f(x) shown in Fig. 5 can be presented in a more straightforward form

suitable for the calculations required in this model, for example,

y ! exp ! X
= — — 1
5|4 ()
considering that 0,4822 = y , 20,2428~ %
Taking into account the technological parameters used in the model, the value y = ng,, will
then be given as:
1 365-N-G
g =—€Xpy————— 1, 2

where N — is the average daily number of trains that travel by rail in both directions;
G — is average train gross weight, tons.
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Fig. 5. Trend line for the number of RWE with DG in the EU countries over the past 10 years
(data according to [16, 17 (Electronic edition)])

Given the formulas (2) and (3), taking the time 7 =356 days, we obtain the value of the
average duration of the RIS safe functioning state 7, (in days):

T 365-N -G
t o =—=2-365-expy——m«+— - 3
¥ ng p{ 4-10° } ©)
Now formula (9) can be modified, using in it, if necessary, time (formula (4)):
{365~N~G} B
4-10° tep +1

=1+ | =t )+ , 4
P 2.365 |:tCR+2'tCF (CF LF) DR:| 4

here all parameters are defined above.

It is known from practice that the delay in the arrival of liquidation forces and means and
their ineffective use always leads to more severe RWE consequences and more prolonged
elimination. Moreover, the most rapidly the RWE develop in a dangerous direction of increasing
losses from it just after the start of the process, which cannot be ignored in the corresponding
mathematical model. Note that the rapid development of any process in time is well described by
exponential dependence. It is this dependence that we will use, taking as a basis the formula (5):

Ipr = Do {1 - exp{— ot i }} (5
Hpr Ler

where D" — is the maximum possible amount of work that needs to be done to eliminate
the RWE consequences (for example, removal of the top layer of soil saturated with a hazardous
liquid, in tons, cubic meters, or other units of measurement), and y,,, — is the productivity of the

forces and means that are involved in eliminating the RWE consequences (in the same units of
measurement per unit of time).
We can see from formula (5) that at ¢z, — 0,when the total loss of cargo occurs almost

instantly (for example, an explosion), the volume of liquidation works tends to the maximum
possible (since exp{(tCR +1,,)/ tCR}—> 0 then D,, — D;;")). It can also be seen from formula (5)

that for any non-zero positive 7., > 0, the longer the concentration time is for the liquidation forces
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and means involved in the RWE eliminating, accompanied by a threat to Env., 7, +¢,, , the greater

is the volume of liquidation work (D,, — D" ). Thus, the model adequately takes into account

both the rate of undesirable RWE development, which depends on its nature and external
conditions, the DG properties (through parameter ¢, ), and the speed of response to this situation

(through ., +¢,, ) (Dindar, 2019: 203-216).

Regarding formula (4) and the previous formulas containing the value y,,, it should be
noted that this value also depends on many factors, so we will focus on its analysis.
The value of the productivity of liquidation forces and means y,, is an "integral" value.

This value can be represented as follows:

Hpr = Z/Jz' Ny
©)

where g, —is the productivity of the liquidation forces and means of the i— type (for
example, such as fire engines, cranes, or bulldozers), and n, — is the number of units of the

liquidation forces and means of the i — type (Abuova, 2019: 234-249). Moreover, the value ¢,, is

also “integral” in the sense that the indicated liquidation forces and means can be used
simultaneously to perform various types of work, and these works, depending on the nature of the
RWE and the plan for eliminating its consequences, can be completed at different times. Thus, the
total duration of liquidation works ¢,, is determined by the time from the beginning of the "first"

(in order) work to the end of the "last" work, and its determination and minimization can be carried
out using appropriate mathematical methods (for example, network planning or the PERT method
(Knapcikova, 2018: 71-77).

Further attention will be focused on the fact that the earlier and more accurately the
assessment of the RWE is made and the managerial decision on the choice of the parameters for
the concentration and combat deployment of forces and means in the required quantity is made,
the faster the RWE will be localized. And, accordingly, the less severe its consequences will be
and the faster they will be eliminated (Hooghiemstra, 1999: 15-32). In terms of the model
proposed in  the thesis, this means that its mathematical parameters

Lop =lg Tl Hips =1, +(%)+t1q53 and also g,, can be optimized by applying

appropriate organizational and technological measures (for example, the optimal deployment of
liquidation forces and means, their appropriate equipment and rapid concentration) and technical
means. For example, it is possible to use UAV and DSS for reconnaissance, assessing the situation
and making decisions on the spot of the RWE. Thus, the most effective implementation of
measures for the containment and elimination of the RWE can be ensured, and, therefore, the
maximum possible reliability of the RTS is ensured when transporting DG that poses a threat to
Env.

Let us return to our model, taking into account the previous reasoning. Now we can write
such an analytical expression:

Pss =P = 365-N-G (7)
exp{

4'106 } tCF+3'tLE+DgII§X l—exp _tCR+tLE
2-365-24 4 J7 ten

In order to reflect the logic of these considerations, we compose the following equation:
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+ Ler —ler -(t

lep =1 R~ Lmax ) (8)

min
tCR - tmax
Equation (6) reflects the fact that the actual time of concentration of liquidation forces and

means is always within certain limits 7, ;,, <f.» <7 . , and they try to reduce it in a certain way

min

if ¢, — 0. After transformations of equation (21), we obtain a quadratic equation regarding 7., ,

the only root of which at f,;,, <fp <1, will be

2 L L
Lep =tcg T4llcr + tSA+; | fer — tSA+;+tRC . )

However, if ¢, =0, then the minimum value of 7. will be the geometric mean,

L L
lep = tSA+? ’ tSA+;+tRC )

which is known to be close to the lower value.
This reflects that in practice, in hazardous situations, they try to reduce the concentration
time in every possible way. If the "critical time" values are relatively large, that is 7., >>0, then

there is a certain reserve of time for the concentration of forces.
Let us simulate possible scenarios for the development of the situation. In the first variant,
the duration of time for assessing the situation and making a decision is taken #,, =0,5h. In the

second variant, this time is taken 7, =0,25h.

The simulation results are shown in Fig. 6.

Fig. 6 shows that reducing the time for deciding to carry out liquidation works by only 15
minutes leads to a decrease in these works' total duration, on average, from one to almost four
hours. Since every hour of delay in the start of response work is associated with a significant loss
of cargo, a negative impact on Env., and direct and indirect economic losses, it is obvious the need
for an early assessment of the current situation, and the adoption of a timely informed decision to
eliminate RWE. This is possible due to the use of the latest technical means of monitoring the
development of such a situation, such as the use of UAVs, security cameras, if available nearby,
and the use of information technology and intelligent DSS (Abuova, 2019: 234-249).

Duration of works on RWE liquidation
~1 [ - [ =) [ - [=) -] b=

"Critical time", h

Bnl B2

(ml —for ¢, =05 h. and m2 — for £, =0.25 h.)
Fig 6. Results of modeling the duration of liquidation works at the RWE site
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Considering that a different level of economic indicators characterizes the presence of the
DG transportation system (Fig.5) in each of the states (Huang, 2020: 1-33; Torretta, 2017: 1-9),
it is advisable, using the proposed mathematical models, to assess the economic effects of
maintaining an appropriate level of RIS reliability.

For the assessment and planning of the actions of the liquidation forces at the RWE site, a
corresponding DSS was developed, the primary interfaces of which are shown in the article
(Abuova, 2019: 234-249).

At the moment, work is underway to implement the models presented in this study in the
form of an independent software product to assess the duration of the liquidation work at the RWE
site, see Fig. 7 (Zelenko, 2019: 03011).

Results of modeling the duration of liquidation
works at the RWE site in case of emissions of harmful

substances into the environment

Fig. 7. General view of the program for assessing the duration of liquidation works at the RWE site with emissions of
harmful substances into the Env.

Conclusion.

The objectives of this study have been fully realized through the development and application
of mathematical models for the computational core of a decision support system (DSS) designed to
respond to railway emergencies (RWE) involving dangerous goods (DG). The research methods
included statistical analysis of railway accident data, modeling probabilistic and dynamic processes
of emergency development, and constructing structural and logical schemes of actions for emergency
response leaders. These methods allowed for an in-depth evaluation of the duration, volume, and
efficiency of emergency mitigation activities, considering environmental impacts, technological
parameters, organizational measures, and the speed of response of liquidation forces.

The main findings of this study can be summarized as follows:

1) Challenges of Decision-Making under Uncertainty: It was established that during an RWE,
in conditions of incomplete or insufficient information regarding cause-and-effect relationships, the
head of the emergency operations center must make numerous individual and collective decisions.
These decisions, which include informational, organizational, and operational actions for
coordinating subordinate control points and liquidation units, often exceed the capacity of a single
manager and may affect the validity of the decisions made. This confirms the necessity of using DSS
to ensure timely and informed decision-making.

2) Development of Predictive Mathematical Models: The study developed models capable of
predicting emergency development, estimating the volume and duration of liquidation work, and
assessing environmental risks. These models take into account the rate of emergency escalation, DG

102 This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives @
4.0 International License @ s




Industrial Transport of Kazakhstan. Vol.22 (2). 2025

properties, external environmental conditions, and the efficiency of liquidation forces. Integration of
these models into DSS enables optimization of force concentration and deployment, significantly
reducing emergency consequences and response times.

3) Formalization of the DG Railway Transport System: The system has been formalized as
an oriented graph of the safe functioning states of the Railway Information System (RIS), considering
emergency occurrence, assessment, localization, and elimination of consequences. This
formalization allows for calculating the probability of RIS remaining in a safe state during DG
transportation under varying technological and organizational measures. The models enable
scenario-based simulation of accident consequences, providing predictive assessments of
environmental and economic impacts.

4) Efficiency Enhancement through DSS and Modern Monitoring Tools: The use of UAVs,
environmental sensors, surveillance cameras, and intelligent DSS allows for early situational
assessment, rapid decision-making, and optimal allocation of resources. Simulation results indicate
that even small reductions in decision-making time significantly decrease the total duration of
liquidation work, thus minimizing cargo losses, environmental damage, and economic consequences.

5) Practical Implications and Prospects for Implementation: The proposed models and DSS
can be implemented as practical software solutions capable of real-time assessment and management
of RWE at DG transportation sites. The system can plan the deployment of liquidation forces,
estimate environmental and economic risks, optimize resource use, and improve objectivity and
efficiency in emergency management. Future development may include integration with railway
traffic management systems, automated environmental monitoring, and predictive analytics,
enhancing operational safety and ecological protection.

6) Scientific Contribution: The study confirms the validity of the hypotheses and contributes
to advancing knowledge in modeling and managing railway emergencies with DG. The research
emphasizes the importance of combining mathematical modeling, information technology, and
automated decision-making to improve railway transport system reliability and safety. The
approaches developed provide a foundation for further studies, including refinement of predictive
models, expansion of DSS functionality, and development of comprehensive risk assessment
frameworks for complex emergencies.

In conclusion, this research demonstrates that the implementation of intelligent DSS,
supported by robust mathematical models, significantly enhances the operational efficiency of
emergency response, ensures faster localization and elimination of RWE, reduces environmental and
economic impacts, and strengthens the reliability of railway transport systems during the
transportation of DG. The proposed solutions are practically applicable and open avenues for further
research and real-world implementation in the fields of railway safety, environmental protection, and
emergency management.
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