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A B S T R A C T   

In order to establish new logistics routes, it is necessary to address several technical and orga-
nizational issues, among others. One of the most important criteria for evaluating the perfor-
mance of a supply chain is the delivery time, proactive consideration of potential hazards and 
associated uncertainties that may occur along the route. However, the existing solutions are often 
passive and reactive, based on statistics, thus not leaving much room for proactive risk mitigation 
measures. Therefore, there is a need for a foreseeing modern approach to account for the impact 
of anticipated hazards on delivery time. The aim of this study is to develop a model for deter-
mining delivery time considering expected risk factors (RF), based on mathematical tools of fuzzy 
logic and actual background knowledge elicited from the literature and experts. The paper 
identifies primary technical and operational hazards that occur during loading and transport and 
converts them into risk factors. The risk factors are then quantified and fed into a fuzzy model 
developed with the Matlab Fuzzy Logic Toolbox and assembled in the Simulink environment. The 
application of the model is demonstrated in three case studies reflecting three potential grain 
supply chains (SC) from Ukraine to Poland: classical transport by rail grain hoppers (SC1); 
transport by containers on railway platforms (SC2); transport by bulk grain trucks (SC3). The 
resulting travel time for the analysed SCs is between 49 and 71 h for SC1, between 45 and 62 h for 
SC2 and between 42 and 62 h for SC3. In addition, the outliers of the travel time values beyond 
the 1.5 quantiles were defined according to the uncertainty band. The results of the fuzzy model 
were compared with the results of the deterministic approach in the concurrent validation and a 
good agreement was found. This proves the appropriateness of the fuzzy model calculations and 
the possibility of using alternative SCs in grain delivery. The main benefit of the proposed model 
is a new universal tool based on a holistic and active approach to risk assessment using fuzzy 
logic.   

1. Introduction 

Ensuring safe and appropriate use of safety–critical systems is essential for communities and stakeholders. Such a system can be 
exemplified by the agribusiness supply chains that stretch across Europe, connecting sources in Eastern Europe with sinks in Central 
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and Southern Europe. The functioning of such systems can be influenced by various factors of different dynamics, which can be 
categorised as endogenous (e.g. technical, operational) and exogenous (e.g. environmental, political). The numerous initial challenges 
in logistics are caused precisely by operational and technical hazards. The first type includes disruptions in the interaction of different 
modes of transport, delays at customs terminals, deviations from transport plans, and other related problems. Technical hazards in 
logistics are mainly associated with breakdowns of vehicles, handling mechanisms, etc. All these aspects increase uncertainty in the 
supply chain and, therefore, need to be properly recognised. This is helpful for the development of an appropriate risk assessment 
model. One of the tasks of the proposed study is to accurately identify various hazards based on expert opinions. According to expert 
knowledge elicitation, it is essential to highlight the most important hazards that lead to specific risk factors, thereby increasing travel 
time. This identification process involves conducting a survey to identify the most significant potential threats, and if needed, adding 
additional dangers that may also contribute to increased travel time. A specific set of hazards that characterize each supply chain’s risk 
factor was identified by comparing expert opinions. Additionally, with the help of experts, the approximate duration of these threats 
can be established numerically. This information further allows for the establishment of the operational range of the fuzzy model using 
the fuzzification method. To consider these factors when planning operations along a supply chain, a strategy based on risk assessment 
is often chosen (Nocera et al., 2023; Gurtu & Johny, 2021; Tuncel & Alpan, 2010; Végsöová et al., 2020; Avelar-Sosa et al., 2014). In 
this context, relevant hazards are identified, risks associated with them are assessed and evaluated to develop risk management so-
lutions and facilitate decision making processes. When conducting risk analyses, various methods and tools that have specific strengths 
and weaknesses are used. The latter, in conjunction with the scope of the analysis and the available data, can guide the selection of a 
suitable method. To this end, a detailed overview of current studies on risk analysis in relation to supply chains and logistics is provided 
below. 

Koohathongsumrit & Chankham (2023) present a hybrid model that integrates fuzzy risk assessment model (FRAM), best-worst 
method (BWM), and measurement of alternatives and ranking according to the compromise solution (MARCOS) approaches to 
select the best multimodal route based on key factors influencing decision making. Three elements are used to find the most suitable 
route: transport cost, transport time and an average delivery risk. However, the risk assessment is carried out indirectly and, in result, 
the average level of impact of the risk is given without reference to the causes, i.e. the hazards. Therefore, the model is not suitable for 
assessing the risks in supply chains that exist under special conditions (military confrontation, trade embargo), as the nature of the 
impact of technical and operational hazards is different. 

Koohathongsumrit & Meethom (2021) proposed an integrated approach to determine risk variables in multimodal freight routes. 
The data envelopment analysis (DEA) model was initially used to convert fuzzy scale terms of risk magnitude into reliable risk 
magnitudes to account for uncertainties in supply. This model relies on the use of a measure, such as the overall acceptable risk 
magnitude. While the authors believe this measure is appropriate for current routes, it is not relevant for assessing risk in SCs operating 
in unique circumstances. 

In their recent study, Shafiee et al. used 2022 Pythagorean fuzzy sets to account for the uncertainty associated with expert 
judgements. The method has important implications for managers and decision makers seeking to mitigate the risks associated with 
perishable product supply chain networks during the pandemic. While the approach is intriguing, it is important to note that the use of 
fuzzy logic is limited to evaluating the judgements of experts and reducing uncertainty in their opinions about risk. Therefore, this 
technique does not fully account for the imprecise nature of risks. 

Ur Rehman & Ali, 2021 proposed the fuzzy technique for preference ordering by similarity to the ideal solution to find optimal 
transport options from the seaports of the China-Pakistan Economic Corridor to Western China. The evaluation criteria for decision 
making include time, cost, energy, environment and security. The presented set of risks is different from the model presented in this 
paper. Therefore, it has a direct impact on the structure of the fuzzy model and new evaluation principles need to be developed. 

In a study by Wan et al. (2019), fuzzy rules were used as a component of Bayesian networks to assess risk factors. Their model was 
shown to improve the accuracy of results in situations with high-risk uncertainty compared to traditional methods. However, the study 
did not take into account the nature of operational risks, which are different from delivery risks and should also be considered. 

Resende et al, 2023 have proposed a decision support system for risk assessment based on fuzzy rules. This approach is widely 
applicable due to its simplicity. The system uses fuzzy sets and fuzzy inference systems to evaluate the financial risks. However, the 
major drawback of this approach is the high level of abstraction associated with the passive risk assessment methods. 

Pathak et al. (2020) present a comprehensive solution based on fuzzy group decision making and a fuzzy evidence method to 
evaluate the success of the freight transport system based on critical factors. In their method, the prioritised risks are determined on the 
basis of the assessment of the environmental component. Consequently, the risk assessment is based on the uncertain judgements of 
freight transport experts. However, this approach does not allow operational or technical risk factors to be defined. 

El Jaouhari et al. (2023) designed a model for the Internet of Things that uses fuzzy set theory to solve problems related to the 
imprecision of language and the uncertainty of human judgements. The model assesses the threats to green warehouse logistics based 
on a sustainable fuzzy model with Mamdani inference and various defuzzification methods. It is noteworthy, because it uses multiple 
defuzzification methods to confirm its sustainability. Its emphasis on green logistics is commendable, but it cannot be applied to 
research questions related to risk assessment because different hazards arise from operational and technical aspects. 

The integrated risk framework proposed by Aqlan & Lam (2015) includes a fuzzy inference system to calculate the total hazard 
number in the management parameter and predictability. This framework is an accessible and simple tool. Its fuzzy output system is 
used as an auxiliary model and not as a base model. Therefore, it is not fully focussed on risk assessment. The scope of application does 
not exactly match the operating conditions of grain supply chains. 

Mu & Wan (2010) have developed an approach that uses fuzzy sets to identify a large number of common risks in the supply chain. 
Despite the assessment of numerous risks, the model only evaluates the presence and absence of risks to supply chain sustainability. 
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Therefore, it is difficult to determine the degree of impact of risks on the objective function. 
Janjua et al. (2023) proposed a fuzzy inference system to evaluate supply chain risk based on results finding data using Natural 

Language Processing about disruption publicized on the X (formerly known as Twitter). This model identifies a huge array of risks due 
to publicly available information. However, the approach is only aimed at the initial assessment of risks, which allows it to be 
qualitatively identified. Thus, the fuzzy output model does not solve the main issue − establishing patterns between the input pa-
rameters and the output of the system. 

Díaz-Curbelo et al. (2019) evaluate the uncertainty of input factors to better understand vagueness of processes in supply chains 
using a fuzzy method. In this case, fuzzy logic facilitates the treatment of ambiguous data from different domains and scales. The 
proposed fuzzy model does not take into account the duration and dynamics of risk events. In our opinion, this is a gap in risk 
assessment in existing supply chains. 

Existing risk assessment approaches in agricultural commodity supply chains are based on the classical approach associated with 
the probability of negative events based on historical data along a given supply chain and the resulting economic losses (Aven, 2012; 
Girdžiūtė, 2012; Arcese et al., 2023; Pohudina et al., 2021; Jankelova et al., 2017). Such an approach makes it possible to learn from 
past accidents, but it does not take into account the dynamics of operational parameters, such as delays along a multimodal supply 
chain and their causes, nor the factors that lead to the adverse events that can be actively mitigated (McDougall et al., 2022; Waqas 
et al., 2023). 

The possibility of proactively assessing risks arises from the fact that the model takes into account the factors (transport disruptions, 
errors at customs, various mishaps, etc.) that directly affect the analysed process. Knowing their presence and impact is therefore 
essential for planning and developing corrective actions. In addition, it is important to proactively assess the risk when organizing the 
delivery of goods through supply chains. In this way, it is possible to determine how the delivery time will be affected if the risks have 
not yet materialised. Proactive assessment differs from passive assessment in that it assesses risks before they occur, rather than relying 
on statistical information whether a risk has materialised or not. Various mathematical tools can be used for proactive risk assessment, 
such as fuzzy logic, neural network modelling, digital twins or blockchain technologies such as NFTs. 

The importance of a holistic approach that considers technical, operational and ergonomic elements when assessing risks in the 
agri-food supply chain is evidenced in the literature, see for example (Zhao et al., 2017; Kiyko et al., 2020; Tomasiello & Alijani, 2021). 
However, it does not show how these aspects should be linked together along the entire supply chain. Some examples of semi-holistic 
and active approaches do exist, however, they are limited to unimodal supply chains, such as road transport of bulk commodities in 
containers (Li et al., 2023; Muzylyov & Shramenko, 2020), or only concern selected elements of a supply chain, such as loading and 
unloading stations (Vafadarnikjoo et al., 2023; Medvediev et al., 2020a; Anufriyeva et al., 2023) or port terminals (Liao et al., 2023; Xu 
et al., 2023; Sun et al., 2023). As logistics chains for safety–critical goods are characterised by various threats and hazards (Sharma 
et al., 2021; Fan et al., 2023), appropriate modelling techniques must be used to account for those. For this purpose, fuzzy logic is used 
as a modelling tool (Choudhary et al., 2023a; Zandi et al., 2020). However, these models are theoretical in nature and are not mature 
enough to be applicable in the daily practice of risk management (Choudhary et al., 2023b). 

In a highly dynamic environment, facing political and social disruptions such as pandemics or wars, the approach to risk assessment 
based on statistics and historical data, which does not take into account real conditions affecting the flow of cargo along the supply 
chain, may be outdated. This is mainly because the obtained results are not adapted to the changing environment and are, therefore, 
not suitable for decision-making. The main drawback of the approaches proposed so far is insufficient consideration of hazards related 
to supply chain operations, inadequate treatment of uncertainties, the lack of assessment of the importance of variables and a su-
perficial approach to risk assessment in general. As the majority of current risk assessment approaches are passive and do not allow 
active risk mitigation measures, and often only allow selective risk assessment along the entire supply chain, there is a need for a 
holistic and active risk assessment approach. This demand can also be seen in more recent literature. Choi (2020), for example, calls for 
research into data-driven decision-making and logistical processes in order to accelerate decision-making processes through the 
prudent use of information and to enable the use of rapid response tactics. 

Therefore, in this paper the authors propose a holistic risk assessment model that takes into account technical and operational 
aspects of agricultural commodity supply chain in a dynamic way, reflecting the actual supply–demand relationships between source 
and sink, and the factors that determine the flow of commodities along the chain. To cope with the uncertainties involved, the model is 
developed using actual supply and demand data, expert knowledge and the results of system model simulations. The proposed model 
will help to address the technical and operational risks identified by experts that can lead to longer delivery times in the agricultural 
supply chain. To this end the following research questions are formulated and addressed in the sections of the paper specified below: 

RQ 1: How to identify operational and technical hazards and their impact on the travel time in new agri-food supply chains? 
RQ 2. How to select a group of experts to identify potential risks and collect data in agri-food supply chains? 
RQ 3: How to choose a fuzzy model structure that calculates the travel time based on the identified risk factors? 
RQ 4: How can the developed fuzzy model be applied in a real scenario, such as grain supply chains, and what insights can be 

gained for the used case of food supply chains on the example of multimodal transport from Ukraine to Poland? 
RQ 5: How can the proposed fuzzy model be verified in the absence of suitable methods for solving the problem? 
Existing approaches cannot be applied to the research questions of risk assessment in agri-food supply chains due to the over-

simplification of the models, the lack of causal links between the hazards and risks themselves and the high level of abstraction. Also, 
the uniqueness of the situation in the establishment of new supply chains does not allow previous studies to be fully utilised. The 
novelty proposed here is a new model for proactively assessing risks in the supply chain. The model aims to identify the root causes of 
risk situations (hazards) and define dependencies on extended delivery times along the entire supply chain. The model facilitates the 
search for the best route in terms of minimum delivery time based on possible technical and operational risks under fuzzy conditions. 
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This has not yet been achieved by any of the existing approaches. Fuzzy logic is used as the mathematical formalism for the devel-
opment of the risk model, which is suitable for dealing with the associated uncertainties and has the following advantages over other 
methods: 

1. It allows to easily create a pattern between fuzzy input variables and result function; 
2. No recalculation of the probability of occurrence or the regression coefficients is required when the input values change; 
3. The calculation requires a small data set, as it only needs linguistic variables characterising the input parameters, so that the 

calculation can be performed without meaningful statistics. 
The latter is particularly promising for risk assessment, which is usually subject to a certain degree of uncertainty. 
Here, risk is measured as a deviation from the expected delivery time for each supply chain, taking into account technical and 

operational hazards at each stage of the supply chain. Therefore, the model can be used to compare different supply chains and select 
the one that fulfils the efficiency and risk criteria. This can have a positive impact on transport planning and improve the overall 
efficiency of the transport process. The model can be used by managers, executives and logisticians of transport companies as an 
analysis tool for effective organisation and planning of the transport process of agricultural commodity supply. 

The model was tested on three chains for grain deliveries from Ukraine to Poland. This case was chosen because supply chains are 
critical to maintaining food safety around the world. This is evident from reports by international organisations such as the UN and the 
European Commission (Ukrainian grain exports explained, 2023). 

The aim of this study is, therefore, to develop a model for determining the delivery time, taking into account risk factors, based on 
mathematical tools of fuzzy logic and current background knowledge, including the knowledge of experts. 

The paper is structured as follows: Section 1 reviews the relevant literature on risk assessment approaches in Supply Chains and 
Logistics by fuzzy logic and fuzzy set theory or their combinations. Section 2 describes the methodology used and the data used. Section 
3 demonstrates the applicability of the developed model through a case study. Section 4 presents the results obtained and their 
validation. Section 5 discusses the findings, while Section 6 concludes the paper. 

2. Definitions, methods and data 

2.1. Risk definition 

For the purposes of this paper, the authors adopt a definition of risk as set out in the International Standards for risk management 
ISO 31000, (ISO, 2018), where risk is expressed as the impact of uncertainty (U) on objectives. The objective in this study is the oper-
ational side of the supply chain, namely the turnover of goods within the specified time (t). Other aspects of this turnover, such as costs 
or carbon emissions, are not considered, or they are non-operational aspects, e.g. warehousing. In the study, warehousing issues were 
not considered due to the focus on risks associated directly with transportation, because it is a main problem now for critically 
important SCs due to unique conditions. The same situation is related to spoilage in transit arising due to human factors. Consequently, 
the damage to the cargo during transportation practically does not depend on technical and operational hazards for a specific mode of 
transport. It is influenced by the level of control and safety. Therefore, it was not in the study scope. While the uncertainties are caused 
by the identified hazards and relate to the expected travel time, the delays may be due to technical problems, such as breakdowns of 
loading/unloading mechanisms or means of transport, or to operational problems, such as interaction between parties involved in the 
supply chain. Therefore, risk could simply be formulated as the following mathematical equation: 

R ≈ U(t) = T+
∑

Δt (1)  

T – expected travel time; Δt – deviation from expected time because of identified hazards at each stage of the supply chain. 
Uncertainty is expressed in terms of a range around the mean value of travel time calculated as part of the randomisation process. 

This information can be passed on to decision-makers to assess whether the given uncertainty bandwidth may affect the objective 
(transhipment of goods in a predefined time window), thus facilitating a risk-informed decision-making process. Uncertainty is caused 

Table 1 
Anticipated hazards in grain supply chain.  

Stages Hazards in a given mode of Transport 

Road Railway Waterway 

Preparation Lack of shippers, insufficient processing 
capacity, disruption to the coordinated 
operation of the loading point and lorry, failure 
of the shipper. 

Lack of the required waggon, overloading of the 
railway depot in the search for the waggon, 
malfunction of the loading stations, insufficient 
quantity of grain per elevator. 

Disturbance of the shipper’s berth, 
insufficient quantity of grain in the 
harbour’s grain silo, exceeding the 
ship’s berthing time. 

Transportation Vehicle breakdowns, deviations from the 
planned route, partial loss of freight during 
transport, congestions on the delivery route, 
delays at the customs terminal. 

Delay at intermediate stations during train 
formation; excessive idle time when crossing 
borders, delay due to the complexity of customs 
clearance, delays due to changing wheelsets. 

Ship delay, weather-related travel 
delay, timetable deviation due to 
congestions when passing difficult 
sections. 

Completion Vehicles idling near the port, malfunctions in 
the unloading mechanism, a lack of handling 
capacity, a busy grain silo and lorry breakdowns 
in the port. 

Overcrowding on the unloading front, 
insufficient railway capacity during unloading 
and train cancellations. 

Lengthy customs procedure, failure of 
unloading equipment, lack of space at 
the consignee’s grain silo when the 
ship arrives.  
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by the hazards posed by two aspects of the transport system analysed here, namely the technical and the operational one (Shakhov 
et al., 2021). The latter refers to the availability and reliability of the transport system’s infrastructure and the elements of the transport 
system, while the former aspect covers the administrative part of the transport system. These two aspects are interlinked and reflected 
in the hazard identification of the transportation process, which is divided into three phases: preparation, transportation and 
completion, as described in Table 1. The hazards were identified by means of the expert knowledge survey and a detailed review of the 
main operations related to the supply technology, which are justified by the structures of the SCs. The wording of the hazards presented 
in Table 1 and their clarification were compared with the standards (DSTU IEC/ISO 31010, 2013; International Standards Organi-
sation, 2020), the risk vocabulary (International Standards Organisation, 2009) and the opinion of scientists (Gołębiowski et al., 2023). 
Finally, uncertainty is assessed with expert knowledge and available data using fuzzy logic. 

2.2. Modelling framework 

With the modelling framework (Fig. 1) chosen here, the authors attempt to synthesise the existing knowledge about the hazards 
along the prospective supply chain and assess their impact on travel time. Therefore, in the first phase, they identify the hazards that 
may have an impact on travel time, considering operational, technical and environmental aspects. For this purpose, the knowledge of 
the experts is used. The general modelling framework used in this paper is shown in Fig. 1. 

Then, these hazards are transformed into risk factors through a process of parameterisation, supported by the experts and using 
official databases and publicly available data. Subsequently, the risk factors are aggregated, and the risk is expressed in terms of 
intervals. Afterwards, the mathematical modelling with the use of fuzzy logic is employed to obtain the risk estimates for each analysed 
supply chain. Finally, the validation framework is defined and applied to the developed model to justify the suitability of the chosen 
modelling approach for the given purpose. 

2.3. Description of the analysed supply chains 

In this study, the authors consider three major supply chains (SC), two of which are based on rail transport and one on road 
transport. A generic description of each SC is given below, with the intention to introduce the overall idea, its foundations and major 
elements that the analysed SC comprise with. The detailed description of specific routes and specific SC is given in the Chapter 4. 

In the first supply chain analysed (SC1), bulk cargo is transported by rail, as shown in Fig. 2. The freight is transported in special 
grain waggons, which make it possible to transport large amounts of freight in one trip. However, the main disadvantage is that a fleet 

Fig. 1. General modelling framework.  
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of special vehicles is required and the waiting time at the border is considerable due to the need to change wheelsets, caused by a 
difference in the track gauge (Volkov et al., 2020). 

The second supply chain (SC2) also uses rail to deliver grain cargo, however in this case the cargo is transported in containers 
loaded onto waggons-platforms, as depicted in Fig. 3. The advantage of SC2 is a quick transfer of the containers to European-gauge 
waggon-platforms. Consequently, the border crossing time is reduced, which significantly shortens the overall travel time. Howev-
er, the disadvantage of this scheme is a large number of containers required to haul the same load of cargo. Therefore, during one 
turnover, a smaller batch of grain is exported. 

The third supply chain (SC3) is based on road transport, as shown in Fig. 4. In this case, both individual grain transporters and 
specialised road trains are used. The main advantage is a minimal border crossing time compared to the first two supply chains. This is 
due to the duration of customs clearance for road transport (Lebid et al., 2022; Lebid et al., 2023). The disadvantages include small 
shipment volumes and high costs. However, this is offset by the mobility and ease of finding rolling stock compared to rail transport. 

2.4. Data origin 

The following data is used during the modelling process: 
1) Data on the duration of grain delivery clarified by validating the routing using online mapping. This time is given without 

considering delays in loading and unloading operations and the time needed for customs clearance. 
2) Data on expected deviations and delays on the route by road transport, obtained during experts’ knowledge elicitation process. 
3) Data on customs clearance in relation to waiting time at borders (check-points), (Eurostat, 2023). 
4) Data on potential time deviations for each hazard and waiting times for each mode of transportation in a multimodal supply 

chain are obtained from official Internet portals (Polska, 2022). 

2.5. Methods 

The following research methods and procedures are applied in this study: 
1) Expert knowledge gathering methods enable the acquisition of data: on normative time values for each process operation in the 

supply chain; on customs clearance time, hazard types, etc. A contact survey is conducted for this purpose. 
2) The deterministic approach is used to mathematically formalise the risk factors present in the supply chain based on expert 

knowledge. The authors have developed simplified formulae (Appendix A) that describe the impact of operational and technical 
hazards identified by experts on specific risk factors that may occur at each stage of the supply chain. 

3) The fuzzy logic method is used to formalise the membership functions and concept sets according to risk factors to develop a 
logical–linguistic model. 

4) Validation framework allows providing face validity for a model, assessing its application adequacy to solve the current scientific 
challenge. Content validation is also used to assess the acceptability of the simulation results obtained. Predictive validation tests the 
ability of the model to deliver the expected results. This includes stress tests, sensitivity analyses and analyses of system behaviour. 
Concurrent validation allows comparison of the results obtained with a fuzzy model with an alternative (deterministic) approach. 

5) The randomisation method is used to model a set of anticipated scenarios for each supply chain based on risk factors processed 
by a logical–linguistic model. It provides the dispersion around the value for the multiple random tests. 

6) The data presented in this section could be applied to the period after the Russian invasion of Ukraine. The Food and Agriculture 
Organisation of the United Nations report can update information on supply disruptions by logistics companies (FAO, 2023). This is 
useful to refine data and assess the impact of risks on travel time in the future. 

The authors calculate the average extra travel time equivalent for each unit of rolling stock, including rail waggon-hopper, 
container, and road truck, to estimate risk impact. The labor required for each unit is nearly identical across all three supply 
chains, resulting in equal impacts on risk factors assessment. This is because the quantity of grain transported by each rolling stock unit 
is roughly the same, as explained in Chapter 4. 

2.5.1. Expert’s knowledge elicitation 
In this study the process of experts’ knowledge elicitation is understood as a synthesis of information on the occurrence of hazards 

in the grain supply chain and delivery time deviation. The objectives of the process were as follows: 
1) At what stage can a particular hazard occur in the supply chain? 
2) What is the acceptable range of time deviation from the standard duration for each operation? 
3) How can the range between the minimum and maximum values for each hazard type be determined? 

Fig. 2. Supply Chain 1 – Transportation of Grain by the Railway, with the Grain Waggons.  
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4) Can you give examples of situations or factors that require the collection of expert knowledge to assess risk in grain supply 
chains? 

The domain knowledge was elicited from the experts in the form of a survey conducted in November 2022 (drivers) − January 2024 
(managers) among a group of experts directly involved in the supply chain. Drivers are often chosen as experts because they are more 
communicative and have quicker access to reliable expert information. Therefore, these experts can thoroughly analyse the causes of 
the different hazards and their impact on delivery time. Such an assessment allows for a more correct formalisation of the main hazards 
in grain supply chains. 

The expert group consisted of seven experienced lorry drivers with at least 6 months of experience in the delivery of grain or other 
bulk goods on international routes − Fig. 5. They were divided into three lots according to their professional experience: experienced 
drivers, drivers with average experience and novices, see Fig. 5. The first lot consists of one driver with more than 5 years of expe-
rience, the second one, consisting of two respondents, includes drivers whose experience ranges from one to three years. The third lot 
consists of four drivers with one year of experience. The fact that only one driver is represented in the first group can be explained by 
the fact that international grain deliveries by road have only been offered for a relatively short time. Unfortunately, there are currently 
practically no drivers with significant experience in grain supply chains. 

Two managers from grain export companies were consulted as experts in order to increase the reliability of the survey results, 
which were answered by the main group of respondents, the drivers. Experts from companies that are among the TOP-10 exporters of 
2022–2023 were considered (Zharikova, 2023; Ukrainian grain exports explained, 2023). Both experts have five years of experience in 
exporting agricultural goods by rail (Fig. 5). These experts were also consulted to identify potential hazards in the port during 
unloading. To prepare the survey, data from international (International Standards Organisation, 2020; International Standards 
Organisation, 2018) and national (DSTU IEC/ISO 31010, 2013; State Transport Service of Ukraine, 2023) standards on risks and 
specific hazards in grain transport were used (Herasymenko, 2019; Fernandes et al., 2023; Digging). Based on these sources, it was 
possible to specify the results of the expert survey on risks in road, rail and port logistics. 

The survey consisted of open and closed questions. Open questions aimed to determine the deviation time for each hazard based on 
the alternatives given by experts. Closed questions aimed to identify which hazards were most common in the supply chain and where 
were they placed in the delivery stages. 

2.5.2. Fuzzy logic 
Fuzzy logic was chosen as the mathematical tool for developing the model. Such a model makes it possible to take into account the 

Fig. 3. Supply Chain 2 – Transportation of Grain by Rail in Containers on Flat Waggons.  

Fig. 4. Supply Chain 3 – Grain Transportation by Bulk Grain Trucks and Road Trains.  

Fig. 5. Group of experts (a) and Experts’ experience (b).  
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fuzziness and imprecision that arise when risks occur in the grain supply chain. Therefore, the hazard set is unique for each of the 
supply chains. This fact leads to specific risks in each SC. For this reason, fuzzy logic was developed to solve the research question in 
order to approximate these inaccuracies in travel time. Moreover, a set of rules for each logical–linguistic model allows the creation of 
a sample only for a specific type of supply chain. Therefore, the study envisages developing three models for each SC. The peculiarity of 
developing a logical–linguistic model is that the risk value is varied when preparing a set of initial data for future modelling. Therefore, 
despite the vagueness of the data, the logical–linguistic model provides a specific result that fulfils the conditions for designing new 
supply chains. 

The fuzzy model does not require the creation of complex mathematical dependencies that describe the patterns of the effects of risk 
on the outcome parameter (time deviation from the standard). It is therefore sufficient to define the range for each membership 
function and select the model type that determines the structure and type of the resulting formula. The value of the response function 
(time deviation) is then calculated as a function of the specific type of risk occurring. 

With simple triangular and trapezoidal membership functions, a qualitatively good result can be achieved in practical application. 
Therefore, they are also used in these studies (Kreinovich et al., 2020; Barua et al., 2014; Sridharan, 2021; Shtovba & Pankevych, 
2018). Triangular membership functions are used in the study due to the following aspects: This type is one of the most commonly used 
MFs in practise (Nikolić et al., 2020), especially in the evaluation of financial, technical and operational parameters (Ngai & Wat, 
2005). Moreover, triangular and trapezoidal MFs are simple in structure and understandable even for non-experts. Despite their 
apparent simplicity, this tool provides quite accurate calculation results and ensures the sustainability of the model (Gupta et al., 
2023). 

The fuzzy model blocks are implemented using the Fuzzy Logic Matlab Toolbox (Section 3.3) with the primary configuration of the 
member functions according to the rules. Subsequently, all blocks are combined into an overall model using the Simulink modelling 
environment, which calculates the travel time based on risk factors (Section 3.4). 

2.5.2.1. Advantage of fuzzy logic applied for defining the extra travel time due to specific risk factors. The development of a fuzzy system 
for assessing risks associated with increased travel time is justified by the nature of the system itself. According to system theory, any 
supply chain is considered to be a complex or a very complex system. In the works of Hooda and Raich (2017) and Chin et al. (2018), it 
is recommended to use a mathematical framework of fuzzy logic to solve problems in complex technical and operational systems as it 
better accommodates the inaccuracy, vague, and uncertainty inherent in them. According to this, several studies (Vesely et al., 2016; 
Pasaribu and Syahputra, 2022; Minh et al., 2017) compare the results of fuzzy logic and regression analysis, considering the latter as 
one of the best probabilistic methods. Based on this, several advantages of the fuzzy model can be identified, which have become the 
basis for assessing the impact of risks on the response function (extra travel time) through fuzzy implementation. These aspects 
include: 

1) Fuzzy logic does not need substantial statistics to establish a pattern between incoming parameters (risk factors) and the 
response function (extra travel time). Because supply chains are new and operate in unique conditions (such as military conflict), it is 
not possible to gather statistics on the risk factors. Therefore, solving the problem using regression analysis is impossible. 

2) The extra travel time should correspond to the numerical expression of the required risk factors. However, due to constraints 
mentioned in point 1, this is not feasible within the problem’s framework. We can estimate the range of risk factors based on 
deterministic calculations using expert knowledge. The quantitative characteristics obtained from these methods are necessary for 
setting up a fuzzy model, specifically for fuzzification, as mentioned in section 2.6 of the current work. Therefore, only a fuzzy model 
can be applied to obtain an adequate result. 

3) The fuzzy model does not categorize factors as significant or insignificant, unlike regression analysis. In a fuzzy implementation, 
all indicated threats will be included in the model, and the model itself will determine the influence of each risk factor on extra travel 
time. Regression analysis models, on the other hand, may not take into account certain risk factors based on statistics, labelling them as 
insignificant, which contradicts expert opinion and does not align with the study’s objectives. 

4) The regression model only provides results within the specified range as defined by the statistics. The model accuracy is 
determined on the basis of the statistics’ quality. In contrast, fuzzy implementation models do not have this limitation. Despite the high 
rate of uncertainty in the fuzzy model, it allows for the inclusion of subjective experiences (expert opinion) as a unique data source in 
its design. This capability compensates for the lack of high-quality statistics, which are often crucial. These advantages of FM 
correlated with the research tasks of the current study. 

Considering the convenience of using fuzzy logic to solve the problem mentioned earlier, it is important to note that the numerical 
evaluation of risk factors and additional travel time does not oppose the principles of using fuzzy logic. This aspect gives a possibility to 
verify the accuracy of setting up the fuzzy model in the initial stage. 

2.5.3. Validation 
Validity in a broader sense aims to describe the results of the model and its ability to produce results in a structured way in the area 

under investigation (Terrin et al., 2003). This is to justify the suitability of the results obtained and the model for the given purpose. 
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2.5.3.1. Face validation. Face validation serves to justify the relevance and feasibility of the developed risk model structure for a given 
purpose. In the face validation process, the fuzzy model was subjected to the following requirements: 

1) The ability to consider fuzzy data in a value range view that a risk factor can take based on a specific hazard identification. 
2) The determination of a clear risk value for grain delivery time deviation based on a comprehensive assessment of risk factors. 

This approach considers the main hazards (technical and operational) that affect the supply chain sustainability. 
To determine the face validity of a model, expert judgement is used together with a literature review of existing models that serve 

the same purpose (Darkes et al., 1998; Pitchforth & Mengersen, 2013). However, the validation should be conducted by experts from a 
different group than the one that developed the model (Johnson et al., 2010, James et al., 2010). 

Face validation, therefore, looks for answers to the following questions: 
1) Does the structure of the model (number of blocks, input parameters and fuzzy algorithm applied) match the description in the 

literature and/or expert knowledge? 
2) Does each input parameter of the model match the values that reflect the expert knowledge? 
3) Do the risk factors entered into the model match the specific hazards described by the experts for SC? 
The results provided by the model are then validated by the content validation process, which assesses the extent to which the 

results obtained from the model correspond to the real situation in the grain supply chain. 

2.5.3.2. Content validation. To check the content validity of the structure, one can compare whether all factors, principles and re-
lationships between the elements correspond to the literature and are contained in the fuzzy model (Rahman et al., 2023; Yanar & 
Akyürek, 2011). 

In this study, the content validation of the model consists of a comparison of the results obtained with a heuristic risk assessment 
and a fuzzy model. Therefore, the results obtained with the logical–linguistic model should be within the range of the values obtained 
with the probabilistic estimation. The lack of significant deviation for each risk factor indicates that the results of the fuzzy model are 
appropriate and can be used for the design of grain supply chains considering technical and operational hazards as risk components 
(Behret et al., 2011). To assess the content validity of a fuzzy model, it is advisable to answer the following questions: 

1) Does the model structure contain all identified risk factors and time variance aggregates that are relevant to the model output? 
2) Does each parameter have relevant values that it can take on? 
3) Is the Mamdani algorithm correctly applied to reflect the relationship between the input values and the output of the fuzzy 

model? 
4) Are the parameters of the input values suitable for all areas known from expert knowledge? 
2.5.3.2.1. Predictive validation. Predictive validity makes it possible to justify the ability of the model to predict not only the values 

of the studied parameters, but also the behaviour of the studied object (system) (Pappas & Woodside, 2021). The most common 
methods for performing predictive validity of a designed fuzzy model are based on answering the following questions (Turksen & 
Willson, 1995; Gerami Seresht et al., 2020): 

1. Can the behaviour of the fuzzy model predict the behaviour of the supply chain? 
2. Are the initial values of the elements of the model predictable after its execution in the comparison models? 
3. Can the model, including its internal relationships, predict extreme model behaviour beyond a known range? 
2.5.3.2.2. Concurrent validity. Concurrent validity is established by comparing the results obtained through the fuzzy model with a 

deterministic approach. Based on the identified hazards, the technical and operational risk factors and the range of values of the risk 
factors are determined using the linear formulae presented in the previous sections and in the Appendix A (parts A.1-A.3). This range of 
values is the reference for comparison with the results of the fuzzy model. The answers to the following questions are sought for the test 
of concurrent validity: 

1. Do the calculation formulas in the deterministic approach contain the same parameters as the fuzzy model? 
2. Do the results of the fuzzy model correspond to the results of the formulae in terms of units of measurement and range of values? 
3. Is it possible to evaluate the quality of the fuzzy model calculations by comparing them with the deterministic approach? 

2.5.4. Randomization 
Randomisation is a simple tool that generates values for the input parameters of the model according to the predefined distributions 

or based on observations. During the randomisation process, a possible range of input parameters is simulated and passed to the model 
to obtain the result in the form of an interval (Bespalov et al., 2019; Schmelzer, 2023). 

Randomisation thus makes it possible to take the uncertainties of the input parameters into account and measure their effect on the 
model result, which in the end defines the uncertainty boundary around the model result. As a result, the fuzzy risk model shows a clear 
deviation time value of the grain delivery time in randomised simulated situations. 
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2.6. Formalisation of the set of risk factors for the supply chain (deterministic approach) 

Based on the hazards defined in Table 1, several operational and technical risk factors were identified for each stage of the grain 
supply chain. This process was then repeated for each supply chain analysed. Formulas were found to define the risk factors in the 
supply chains by the technical and operational hazards identified by the experts. Presented formulas (2–4; 6–28) allow the calculation 
of the Δt for each risk factor. However, due to the fuzziness of the risk itself, the formulas cannot be used as a basic approach to 
establish a pattern between the risk factors and the time extension of delivery due to hazards. The results of the deterministic 
calculation are used in the calculation of errors based on the results of the fuzzy model of the initial configuration for the purpose of 
concurrent validity. 

2.6.1. Supply chain 1 
The risk factors anticipated for Supply Chain 1 are shown in Fig. 6 and explained below. Eleven risk factors are defined therein and 

they are distributed among the three stages of the supply chain as follows. 
First, in the stage of cargo preparation two risk factors are anticipated: RFr

1 – the breakdown of the grain loader at the dispatch point 
and RFr

2 – waggon downtime caused by errors in the planning of the interaction between the railway and the dispatch point and by 
external factors (accidents, unavailable routes). In a stage of transportation seven risk factors are defined, three of which are on the side 
of the country of origin of the freight: RFr

4 – due to delays in train formation at intermediate stations (country of origin); RFr
5 – due to 

disruptions during transportation, RFr
6 – due to customs procedures in multimodal transportation. The remaining four are on the side of 

the country receiving the cargo: RFr
7 – due to wheelset handling caused by the difference in gauge width in Ukraine and European 

countries; RFr
8 – due to delays at the transhipment point at the border; RFr

9 – breakdown of grain handling facilities; RFr
10 – due to delays 

in train formation at intermediate stations (country of destination). Finally, at the completion stage, two risk factors are assumed as 
follows: RFm

1 – considers operational unavailability of port facilities at the time of cargo arrival; RFm
2 – intermittent cargo flow at the 

port. 
Based on Fig. 6, a set of risk factors attributed to supply chain 1 can be expressed as follows: 

RSupplyChain1 = f(RFr
1,RFr

2,RFr
4,RFr

5,RFr
6,RFr

7,RFr
8,RFr

9,RFr
10,RFm

1 ,RFm
2 ) ⇒ Tdelivery

SC1
(2)  

where Tdelivery
SC1 

– delivery time for the SC1, [hrs]. 
The mathematical definitions of each risk factor for supply chain 1 are presented in Appendix A (part A.1). 

2.6.2. Supply chain 2 
The risk factors anticipated for SC 2 are depicted in Fig. 7 and explained below. Therein 11 risk factors are defined and distributed 

along the three stages of the supply chain in the following manner. First, at the stage of cargo preparation all the risk factors as in SC1 
are present are one additional RFr

3 – due to failure in timely preparation of containers for shipment. Next, at the stage of transportation 
six risk factors are defined, three on the side of the country of cargo origin, as in SC1 (RFr

4-6) and another three (RFr
8-10) on the side of the 

country receiving the cargo, like SC1 but excluding RFr
7. 

Finally, at the stage of completion two risk factors are assumed as follows: RFm
1 and RFm

3 − delay due to failure of the port loader 
breakdown. 

Two container types are anticipated here: 20 and 40ft long. 
Based on Fig. 6, a set of risk factors attributed to supply chain 2 can be expressed as follows: 

RSupplyChain2 = f(RFr
1,RFr

2,RFr
3,RFr

4,RFr
5,RFr

6,RFr
8,RFr

9,RFr
10,RFm

1 ,RFm
3 ) ⇒ Tdelivery

SC2
(3)  

where Tdelivery
SC2 

– delivery time for the Grain SC2, [hrs]. 
The mathematical definitions of each risk factor for supply chain 2 are presented in Appendix A (part A.2). 

Fig. 6. Attribution of Risk Factors to the Three Stages of the Supply Chain 1.  
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2.6.3. Supply chain 3 
The risk factors anticipated for SC3 are presented in Fig. 8 and explained below. Ten risk factors are defined, which are distributed 

across the three stages of the supply chain as follows. First, at the stage of cargo preparation two risk factors are anticipated: RFa
1 – risk 

of the loader breakdown and RFa
2 – failure of coordination between cargo and vehicle dispatch point. In the next stage of transportation 

six risk factors are defined, three of them − on the side of the country of origin of the cargo: RFa
3 – due to technical defects in the road 

transport stage; RFa
4 – deviations from the planned route, RFa

5 – due to delays in the custom clearance; and three on the side of the 
country receiving the freight: (RFa

6 – due to congestion at the border; RFa
7 – due to vehicle breakdowns and RFa

8 – due to vehicles with 

Fig. 7. Attribution of risk factors to the three stages of the Supply Chain 2.  

Fig. 8. Attribution of risk factors to the three stages of the Supply Chain 3.  

Fig. 9. Structural Model of the Interrelationships of Risk Factors in Risk Assessment (Supply Chain 1).  
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reduced speed on the i-th section of the route). Finally, at the completion stage, two risk factors are assumed as follows: RFm
2 – due to the 

unavailability of the port warehouse to receive the cargo and RFm
4 – due to lorry congestion on arrival at the port. 

Based on Fig. 8, a set of risk factors attributed to supply chain 3 can be expressed as follows: 

RSupplyChain3 = f(RFa
1,RFa

2,RFa
3,RFa

4,RFa
5,RFa

6,RFa
7,RFa

8,RFm
2 ,RFm

4 ) ⇒ Tdelivery
SC3

(4)  

where Tdelivery
SC3 

– delivery time for the Grain SC 3, [hrs]. 
The mathematical definitions of each risk factor for supply chain 3 are presented in Appendix A (part A.3). 
Once the risk factors have been parametrized, they are aggregated, and reasoning is carried out with the model presented in the 

next section. 

3. Model 

The visual interpretation of the structural model describing the relationships between the input risk factors and the response 
function, and their partitioning options for one of the stages of SC is shown in Fig. 9. Here, the risk factors are stratified, i.e. the 
parameters are divided into dependent and independent, and the specific values are assigned to the term – sets. The term sets consist of 
numerous RFs containing linguistic values or terms defined via a general set, (Bede, 2013; Cintula et al., 2021; Zadeh, 2009; Rodríguez 
et al., 2011). 

In this way, it is possible to follow the progression of the dependence of the risk factors on the values of the linguistic variables into 
which the input factors are divided. The same principle applies to other stages of the supply chain presented in this paper. 

The process of mathematical model development used here consists of two levels – structural identification and parametric 
identification. At the structural identification level, the following is determined: 1. the structure of the model and its parameters; 2. the 
quantities for the parameters; 3. the heuristics for developing the model that allow conclusions to be drawn; 4. the amount of 

Table 2 
Aggregation of Risk Factors and Expression risk in time intervals for the SC 1–3.  

Supply Chain 1 Supply Chain 2 Supply Chain 3 

Symbol Value Symbol Value Symbol Value 

RFr
1 min med max RFr

1 min med max RFa
1 min med max  

70 130 190  70 130 190  70 130 190 
RFr

2 min med max RFr
2 min med max RFa

2 min med max  
70 130 190  70 130 190  70 130 190 

RFr
4 min med max RFr

3 min med max RFa
3 min med max  

70 130 190  30 50 70  70 130 190 
RFr

5 min med max RFr
4 min med max RFa

4 min med max  
70 130 190  70 130 190  50 60 70 

RFr
6 min med max RFr

5 min med max RFa
5 min med max  

400 900 1600  70 130 190  400 900 1600 
RFr

7 min med max RFr
6 min med max RFa

6 min med max  
250 500 700  400 900 1600  100 300 500 

RFr
8 min med max RFr

8 min med max RFa
7 min med max  

30 50 70  30 50 70  70 130 190 
RFr

9 min med maxi RFr
9 min med max RFa

8 min med max  
70 130 190  70 130 190  20 40 60 

RFr
10 min med max RFr

10 min med max RFm
2 min med max  

30 50 70  30 50 70  30 50 70 
RFm

1 min med max RFm
1 min med max RFm

4 min med max  
30 50 70  30 50 70  70 130 190 

RFm
2 min med max RFm

3 min med max – – – –  
30 50 70  30 50 70  – – – 

Notes to the Table 2: RFr
1 – the breakdown of the grain loader at the dispatch point; RFr

2 – waggon downtime caused by errors in the planning of the 
interaction between the railway and the dispatch point and by external factors (accidents, unavailable routes); RFr

3 – due to failure in containers’ 
preparation for shipment in time; RFr

4 – due to delays in train formation at intermediate stations (country of origin); RFr
5 – due to disruptions during 

transportation, RFr
6 – due to customs procedures in multimodal transportation; RFr

7 – due to wheelset handling caused by the difference in gauge width 
in Ukraine and European countries; RFr

8 – due to delays at the transhipment point at the border; RFr
9 – breakdown of grain handling facilities; RFr

10 – 
due to delays in train formation at intermediate stations (country of destination); RFa

1 – risk of the loader breakdown and RFa
2 – failure of coordination 

between cargo and vehicle dispatch point. In the next stage of transportation six risk factors are defined, three of them − on the side of the country of 
origin of the cargo: RFa

3 – due to technical defects in the road transport stage; RFa
4 – deviations from the planned route, RFa

5 – due to delay caused by the 
custom clearance; and three on the side of the country receiving the freight: RFa

6 – due to congestion at the border; RFa
7 – due to vehicle breakdowns 

and RFa
8 – due to vehicles with reduced speed on the i-th section of the route; RFm

1 – takes into account operational unavailability of port facilities at the 
time of cargo arrival; RFm

2 intermittent cargo flow at the port; RFm
3 – due to failure of the port loader breakdown; RFm

4 – due to lorry congestion on 
arrival at the port. 
min – minimal, med – medium, max – maximum. 
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background knowledge required for the respective analysis (Medvediev et al., 2020a; Medvediev et al., 2020b). 
The following steps are taken at the parametric system identification level: 
1. Aggregation of the risk factors to express the risk as an interval for each supply chain. 
2. The fuzzification of the system parameters, i.e. the representation of the fuzzy values of the dependent and independent pa-

rameters by linguistic truth values. 
The fuzzy inference of the Mamdani model is used to develop the rules for the model determined by the experts (Izquierdo & 

Izquierdo, 2018). 
1. Development of a model in Simulink for direct inference of risk based on the input values. 
2. Development of result sets. 
3. Validation of the result. 

3.1. Aggregation of the risk factors to express the risk as intervals for SC 1–3 

When aggregating risk factors, the specificities of road and rail transport and their main differences should be taken into account, 
which affects the values that linguistic variables can take (Prokudin et al., 2018; Prokudin et al., 2022; Vorkut et al., 2019). In addition, 
the variance of the parameters describing the analysed process is lower in rail transport compared to other modes of transport. The 
results of the aggregation of the risk factors are shown in Table 2. Table B1 (Appendix B) breaks down the RFs into the parameters that 
are further used in the simulations. 

When aggregating the risk factors for SC2, some of the risks are represented by a similar set of linguistic variables with the cor-
responding values as described in SC 1. For the aggregation of the remaining risk factors, information from interview results and 
analyses of previous studies was used (Pavlenko et al., 2023a; Denys, 2021). 

The initial fitting of the fuzzy model uses data on the impact rate, the duration of the hazard cause and the influence of the resulting 
risk factor, as shown in Tables 2 and B1 (Appendix B). It is important to note that the range of data may vary. This is due to the risk 
itself, the occurrence of which is only vaguely described. Therefore, the tuned fuzzy model can immediately adapt to an extended range 
of data. This is the advantage of a fuzzy model over alternative methods such as regression analysis. In regression, the coefficients must 
be recalculated when the input data changes, in order to check the significance of the factors and their influence on the response 
function. Such manipulation is not necessary with a fuzzy model in which linguistic variables are used. These can then go beyond the 
redistributions of the data shown in Tables 2 and B1 (Appendix B). 

3.2. Fuzzification 

In the next phase, the fuzzification method (Teodorović and Vukadinović, 1998) is applied to dependent and independent pa-
rameters to determine the specific values for each membership function that it can assume under certain conditions. In this way, the 
expected variability of the risk factors present in the supply chains is expressed in an analytical form. The degree of influence of a 
particular risk factor on the response function is also assessed. This enables the timely development of appropriate mitigation measures 
to reduce the negative impact of risk situations in the delivery of grain through a particular supply chain option. 

For this purpose, the fuzzy logic of Matlab is used and the equation (Fig. 10) (Appendix C) is adopted. The result of fuzzification in 
the Matlab membership function simulation environment is shown in Fig. 10. 

The application of triangular and trapezoidal membership functions, as shown in Fig. 10, makes a fuzzy model simple and suitable 
for the given purpose when there are numerous input factors. The latter increase the complexity of the fuzzy model, which in turn 
complicates the implementation of the model. Therefore, it is desirable to develop a model that has a simpler structure without a 
significant loss of information. The triangular and trapezoidal membership functions used in SC1-3 make this possible (Dubinin & 
Kuksova, 2019; Rehman et al., 2020). 

Expert knowledge was used to establish the data in Tables 2 and B1 (Appendix B) and for designing membership functions (MF) in 
Fig. 10. This Figure shows the MFs as inequality systems for the two incoming variables (trepi , Nsender

breakdown) and the response function 
(RFr

1).   

I. Medvediev et al.                                                                                                                                                                                                     

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Transportation Research Part E 190 (2024) 103691

14

tre
p

i
(m

in
, a

ve
ra

ge
, m

ax
) 

N
se

nd
er

br
ea

kd
ow

n(
m

in
, a

ve
ra

ge
, m

ax
) 

RF
r 1 

(m
in

, m
ed

, m
ax

) 
M

in
im

um
: 

μ(
u)

=

⎧ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎩

0,
u
≤

0
Ð
◦
Ð
±

Ð
¾

u
≥

90

1,
0
≤

u
≤

60
90

−
u

90
−

60
=

90
−

u
30

,
60

≤
u
≤

90

A
ve

ra
ge

:  

μ(
u)

=

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩

0,
u
≤

75
Ð

◦
Ð
±

Ð
¾

u
≥

16
5

u
−

75
12

0
−

75
=

u
−

75
45

,
75

≤
u
≤

12
0

16
5
−

u
16

5
−

12
0
=

16
5
−

u
45

,
12

0
≤

u
≤

16
5

M
ax

im
um

:  

μ (
u)

=

⎧ ⎨ ⎩

1,
18

0
≤

u
≤

20
0

u
−

15
0

18
0
−

15
0
=

u
−

15
0

30
,

15
0
≤

u
≤

18
0 

 

M
in

im
um

:  

μ(
u)

=

⎧ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎩

0,
u
≤

0
Ð

◦
Ð
±

Ð
¾

u
≥

3

1,
0
≤

u
≤

2
3
−

u
3
−

2
=

3
−

u
1

,
2
≤

u
≤

3

A
ve

ra
ge

:  

μ(
u)

=

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩

0,
u
≤

2.
5

Ð
◦
Ð
±

Ð
¾

u
≥

5.
5

u
−

2.
5

4
−

2.
5
=

u
−

2.
5

1.
5

,
2.

5
≤

u
≤

4

5.
5
−

u
5.

5
−

4
=

5.
5
−

u
1.

5
,

4
≤

u
≤

5.
5

M
ax

im
um

:  

μ (
u)

=

⎧ ⎨ ⎩

1,
6
≤

u
≤

7
u
−

5
6
−

5
=

u
−

5
1

,
5
≤

u
≤

6 
 

M
in

im
um

:  

μ(
u)

=

⎧ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎩

0,
u
≤

0
Ð
◦
Ð
±

Ð
¾

u
≥

10
0

1,
0
≤

u
≤

70
10

0
−

u
10

0
−

70
=

10
0
−

u
30

,
70

≤
u
≤

10
0

M
ed

iu
m

:  

μ(
u)

=

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩

0,
u
≤

85
Ð

◦
Ð
±

Ð
¾

u
≥

17
5

u
−

85
13

0
−

85
=

u
−

85
45

,
85

≤
u
≤

13
0

17
5
−

u
17

5
−

13
0
=

17
5
−

u
45

,
13

0
≤

u
≤

17
5

M
ax

im
um

:  

μ (
u)

=

⎧ ⎨ ⎩

1,
19

0
≤

u
≤

21
0

u
−

16
0

19
0
−

16
0
=

u
−

16
0

30
,

16
0
≤

u
≤

19
0 

   

I. Medvediev et al.                                                                                                                                                                                                     

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Transportation Research Part E 190 (2024) 103691

15

MFs for the other parameters are presented in Appendix C. Inequality systems can be graphically interpreted to visualize the inter-
section points between the fuzzy set of minimum and average values, and the intersection points between the average and maximum 
values of the corresponding fuzzy value. This is depicted in the Fig. 10 for a clearer understanding of this concept. In subsequent 
modelling, the established intersection points are refined using Matlab’s built-in functionality setting a fuzzy model, thereby increasing 
its adequacy for the process under study. 

3.3. Mamdani-type model fuzzy inference 

After the fuzzification procedure for each of the parameters, a logical–linguistic model is created based on a Mamdani-type model 
using fuzzy logic (Izquierdo & Izquierdo, 2018; Lambat et al., 2021; Harliana & Rahim, 2017). Mamdani-type models enable the 

Fig. 12. Fuzzy Model Architecture with the MATLAB Toolbox.  

Fig. 10. Example of fuzzification of selected risk factors related to SC1.  

Fig. 11. Visualization of the Fuzzy Inference Based on the Simulation Results in the Matlab Environment. a) Visualization of the logical–linguistic 
model fuzzy inference RFr

1 – Risk factor associated with the grain loader breakdown. b) The rules by which the logical–linguistic model works RFr
1 – 

risk factor associated with the grain loader breakdown. 
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definition of rules to link risk factors and allow reasoning about the system with a fuzzy set. Mamdani is particularly useful and 
intuitive when it comes to developing rules and models based on expert knowledge, which is the case here (MathWorks, 2023). 

The view of the general logical–linguistic model for determining time delivery (SupplyChain1), which combines 11 fuzzy logi-
cal–linguistic models, will take the following general form: 

Tdelivery(RSupplyChain) ⇒

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

IF RFr
1(minimal, medium, maximum) AND RFr

2(minimal, medium, maximum)

THEN
∑2

RF=1
RFi

IF RFr
4(minimal, medium, maximum) AND RFr

5(minimal, medium, maximum) AND

RFr
6(minimal, medium, maximum) AND RFr

7(minimal, medium, maximum) AND

RFr
8(minimal, medium, maximum) AND RFr

9(minimal, medium, maximum) AND

RFr
10(minimal, medium, maximum) THEN

∑7

RF=1
RFi

IF RFm
1 (minimal, medium, maximum) AND RFm

2 (minimal, medium, maximum)

THEN
∑2

RF=1
RFm

(5) 

The elaboration of the fuzzy logico-linguistic models for other supply chains uses a similar description, as shown in Appendix D. 
According to equation (5), the final value of the reaction function is represented by the sum of the considered risk factors. 

The changes in the fuzzy inference surface of the logical–linguistic model are shown in Fig. 11(a), where an increase in failures and 
repair time increases the value of RFr1. This means that the repair time is constant for a given number of failures. These plots can be 
used to refine the degree of influence of the causes on the risk factor and identify the causes that have the greatest influence on the risk. 
In the example shown, the probability of many failures should be reduced in order to lower the risk value. This is achieved through 
timely maintenance and regular control inspections of the fleet of loading mechanisms. 

Fig. 11(b) shows the governing rules, which are detailed in Appendix E, and the iterations conducted during the simulation based 
on the selected type of membership functions and the corresponding partitioning into terms. The rules are generated for each fuzzy 
model. For example, as mentioned above, SC1 includes 11 models. Each model contains two hazards that generate the risk factor. Since 
each hazard (incoming parameter) has three levels of variation, a full factor experiment 32 is conducted to cover the entire spectrum of 
possible events. Nine rules occur, the tenth rule in each model is a zero rule. It characterises the possibility that the given risk factor will 

Fig. 13. Describing the Stages for SC Using Simulink.  
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not occur. There are therefore 10 rules for each model. SC1 therefore has 11 risk factor models, resulting in a total of 110 SC1 rules. The 
rules for SC2 and SC3, which are presented in Appendix E, have a similar structure. Based on the rules and fuzzy sets defined here, the 
risk model is then developed using the Simulink Fuzzy ToolBox (MathWorks,2023). 

3.4. The model formation in Simulink 

The main advantage of Simulink is a well-developed and intuitive unit for fuzzy modelling (Sezer et al., 2011). It has a built-in 

Fig. 15. Result of modelling the expected time due to the individual risk factors by a fuzzy model for SC1.  

Fig. 14. Railway (a) and Road (b) Route: Kyiv (Ukraine) – Gdansk (Poland).  
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algorithm for models such as Mamdani, Sugeno, etc., which can be quickly adapted to actual modelling decisions. In addition, the 
block structure allows the model to be unified and, if the analysed components of the supply chain change, the architecture can be 
quickly and easily adapted for a new model. This is also important when new hazards are identified and therefore new risk factors need 
to be included in the model. 

The simplified functional architecture of the model developed using MATLAB Simulink is shown as a block diagram in Fig. 12. 

3.4.1. The technical aspects of Simulink 
The model used a block description of each stage. The model was divided into three large blocks. Each block included the following 

functional elements according to Simulink: 
The presented diagrams (Fig. 13) allow an accurate reading of the information flow that passes through each element of the fuzzy 

logic model created in the Simulink environment to model the travel time based on risk factors and their hazards. To understand the 
simulation process, consider the simulation phases. The sequence of using Simulink can be illustrated as follows: 

Preparing the model for launch: enter the initial data (hazards) for calculating the risk factors; start the risk calculation. 
After this point the following takes place: the schematics takes constants that are filled with the initial data for calculating the risk 

factors; the constant then goes into the “Gain” block, which applies coefficients to the value; enter the “Vector Concatenate” block to 
combine multiple constants into a single vector; pass a single vector to the “Fuzzy Logic Controller” where the calculations take place 
according to the given Mamdani model; all risks are summarised using the “Add” block; the result is displayed on the screen using the 
“Display” block. 

3.4.2. The generic architecture of the risk model in Simulink 
For each SC, a fuzzy model is created in the Simulink environment in which the additional transport time caused by the expected 

risk factors is evaluated (Fig. 13). This value is then added to the undisturbed transport time, which is calculated based on the distance 
and average speed of the means of transport in a given SC. Finally, the risk model provides the expected transport time for each SC with 

Fig. 16. Result of modelling the expected time due to the individual risk factors by a fuzzy model for SC2.  
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Fig. 17. Result of modelling the expected time due to the individual risk factors by a fuzzy model for SC3.  

Fig. 18. Case study result of travel time for each SC with uncertainty band around.  
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the uncertainty band due to the expected risk factors. The applicability and validity of the model is demonstrated by a case study 
presented in the next section. 

4. Results and validation 

4.1. Case-Study 

The model presented above is then applied to a case study that describes the expected risk along the supply chain for agricultural 
products between the origin in Ukraine and the destination in Poland (Pavlenko et al., 2023b). This supply chain can be considered 
safety–critical, especially in the event of an unprovoked invasion of Ukraine and the disruption of existing overseas transport corridors 
through the Black Sea (Picheta et al., 2023). The supply chain follows one of the critical transport corridors for agricultural products in 
Central Eastern Europe, as shown in Fig. 14a and labelled as the Polish-Baltic route. 

The routes along which the supply chain is located are shown in detail in Fig. 14b, whre the left side shows a route along the 
railway, while the right side shows the route along the road. 

Both are labelled with an uninterrupted travel time, without considering the duration of loading and unloading operations, customs 
clearance, technical breaks or other types of delays due to breakdowns or congestions. To account for the risk factors and their ex-
pected variability along the supply chains, the risk factors need to be stratified based on the interviews and publicly available in-
formation (Pavlenko et al., 2020). 

Characteristics of routes on which the fuzzy model is tested: 
1) The transportation of grain by railway hopper waggons follows the route from Kyiv to Yagodin, which is a border crossing, then 

continues to Lublin, Warsaw, and Gdansk. The total length of this route is 1266.7 km. In Ukraine, the average standard speed is 30 km/ 
hour, and the railway gauge width is 1520 mm. After crossing the border, the railway gauge width changes to 1435 mm, and the 
average standard speed in Poland is 120 km/h. The hoppers used for this transportation have cargo capacities of 23.5 t (120 m3) and 
24 t (103 m3). 

2) Transportation using 20TEU containers or flexi tanks, which have a capacity of 24–25 tonnes (10,000–25,000 L). At the Yagodin 
border crossing, it takes up to 1 h per container to reload the railway containers at the terminal. Apart from this, all other aspects of 
transportation remain the same as in the first route 3. Grain road trains are used for transportation along the route Kyiv-Rava-Ruska 
(border crossing) − Gdansk with a total length of 1399 km. The speed limit in Ukraine is 55 km/h, while in Poland it is 78–80 km/h. 
These road trains use grain carriers with a cargo capacity ranging from 21.5 to 23.5 tons. 

There are two modes of operation for drivers on the last route. If there is only one driver, they can cover a distance of 550–600 km 
per day, considering traffic on the highways. On the other hand, if there are two drivers, they can operate continuously for 21 h and 
cover an average distance of 900–1000 km per day. 

4.2. Results 

The results of the model, in particular the expected time due to the individual risk factors analysed for each SC, are shown in 
Figs. 15-17, which include summary statistics (median, quantiles, minima and maxima). In the case of SC1, shown in Fig. 15, the time 
for customs clearance in multimodal transport (RF6) and the time for wheelset change (RF7) contribute the most to the total journey 
time. 

In addition, several values of the above-mentioned RFs significantly exceed the minimum and maximum values, such as customs 
clearance and waiting time due to congestion at the border. For SC2, shown in Fig. 16, the risk factor due to customs procedures in 
multimodal transport (RF6) has the greatest influence on journey time. In contrast, for SC3, as shown in Fig. 17, the time for customs 
clearance (RF5) and the time for congestion at the border (RF6) contribute the most to the total journey time. 

The modelling results reveal the risk factors that have a significant impact and those with a negligible level of influence. In SC1 
(Fig. 15) RFr

8 because of a small delay at failures in an overload on border and RFm
1 due to operational unavailability of port facilities at 

the time of cargo arrival and RFm
2 intermittent cargo flow at the port belong to such RFs. The last two risks of the factor are more related 

to the arrival schedule of ships at the port, which is accurately planned to reduce the vessel’s maintenance time. Clearer planning 

Fig. 19. Results of validation: a – Face Validation; b – Content Validation; c – Predictive Validation.  
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requirements in the port, as a transshipment hub, is needed to minimize the negative impact of RFm
1 and RFm

2 on the extra travel time in 
agribusiness supply chains. 

In addition, the largest deviation in extra travel time is observed by the following risk factors: time for customs clearance in 
multimodal transport (RFr

6) and the time for bogies change (RFr
7). The time increase due to RFr6 ranges from 240 min to almost 1600 

min per railway waggon. This spread is explained by significant problems arising from railway waggon customs clearance. A minor 
range of values is observed due to wheelset changing, RFr

7. The severe deviations outside the 1.5 quartile for this RF are due to team 
qualification engaged in resolving this task at the border. Risk factors arising during shipment and transportation in the origin country, 
as well as transportation in the destination country, have an average impact level and are predictable. This is due to the high re-
quirements for traffic safety and significant level of control that railway transport is subjected to. 

A similar trend is observed when time for customs clearance in multimodal transportation (RFr
6) in SC2 (Fig. 16) is considered. For 

RFr
6, the travel time deviation arises in the range of (260; 1540) minutes, which falls on customs clearance per container. During 30 

modelling tests, four values RFr
6 exceeded 1.5 quartiles and approached the minimum value within the above range. Additionally, three 

values caused the maximum extra travel time. Minimal and approximately equal exposure is fixed against risk factors RFr
3, RFr

8, RFm
1 

and RFm
3 . 

Analysis of the results of SC3 modelling (Fig. 17) highlights the risk factors of RFa
5 and RFa

6 at customs from a negative aspect. In 
addition to the fact that these two risk factors cause the greatest increase in travel time, they are still characterized by a deviation for 
several values from 1.5 quantiles, which determines the main impact boundaries due to these risk factors. This confirms the fuzzy 
nature and complexity of predicting risks at the border. Therefore, hazards arising at the border should be considered as the main ones 
in supply chain planning. The slight increase in travel time is due to possible route deviations on RFa

4. This means that any changes in 
the planned route will not significantly increase the travel time, as the road networks in European countries are extensive. However, 
slowing down at a particular location on the route (RFa

8) may cause a slight delay in travel time. It is explained by the fact that the speed 
limit is almost constant since the routes mainly pass through the highways, with no congestions. 

For each SC, the standard deviation is estimated by performing 30 simulation runs in which the input values (RFs) are varied in the 
range defined by their minimum and maximum values. In this way, it is possible to check the tendency of the model and identify its 
unusual behaviour. The resulting travel time for the analysed SCs considering all RFs is shown in Fig. 18. 

For SC1 it ranges from 49 to 71 h, for SC2 from 45 to 62 h, while for SC3 it is 42 to 62 h. The figure also shows outliers in the journey 
time values beyond the 1.5 quantiles. 

4.3. Validation 

The result of the face validity is shown graphically in Fig. 19a and allows reaching the following conclusions: 
1) The structure of the model corresponds to the number of blocks, the input parameters and the applied fuzzy algorithm described 

in the literature and expert knowledge. 
2) Each input parameter of the model reflects the expert opinion. 
3) The risk factors entered into the model correspond to the experts’ suggestions regarding specific hazards in SC. 
The results of the content validation are shown in Fig. 19b and allow reaching the following conclusions: 
1) The output of the model is relevant to the RFs entered, which match the expert opinions. 
2) All ranges of the input RFs fulfil their possible values. 
3) The application of Mamdani’s algorithm is appropriate to reflect the initial relationship between output and input values. 
4) The input values of the parameters reflect the results of the expert survey. 
In the predictive validity phase, some experts found it difficult to evaluate all the questions asked in validation section 2.5.3. This 

can be seen in Fig. 19c, where about 30 % of respondents answered “Average”, which shows that it is difficult for drivers to evaluate a 
fuzzy model in relation to a predictor. The model is suitable for predicting extreme system behaviour as the estimated travel time 
increases proportionally to the input parameters as expected. In case of new hazards, the model can be easily extended. 

According to the results of the concurrent validity test, the following answers were given to the corresponding questions: 
1) The fuzzy model contains the same parameters as the linear formulas when calculating the risk factors. 
2) The results of the fuzzy modelling are obtained in the same dimensional units as in the deterministic approach. 
3) The quality of the fuzzy model calculations can be compared with the results of the linear formulae by determining statistical 

errors. 
The answer to the last question is described in detail in the discussion below. 

5. Discussion 

The presented fuzzy model is characterised by a sufficient ability to calculate the predicted value of the delivery time if the degree 
of discretisation of the risk factors, which are discrete variables, is taken into account. In the study, the discretisation of the variables is 
presented in the form of an iterative heuristic process for selecting values with equal distance between the extremes, i.e. the minimum 
and maximum values of the range of variation determined by experts. At the same time, the discrete values are also technical and 
operational parameters that determine the value of the risk factors as components. A uniform degree of discretisation (time step) 
avoids possible “jumps” during modelling in the event of a change in the extent of the impact of a particular risk factor (its components) 
on the delivery time along the corresponding supply chain. This may be due to changes in the transport route caused by newly 
emerging situations that may change the structure of the previously defined hazards reflecting a particular risk factor. Therefore, one 
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should be aware that a change in the level of discretisation may lead to a change in the predictive power of the fuzzy model, even if its 
structure remains unchanged. 

The presented model takes into account a considerable range of operational and technical hazards that occur in the grain supply 
chain. Therefore, the results obtained in terms of delivery time objectively reflect the possible failures and the negative impact of the 
risk on the extension of the delivery time along the considered routes. 

The most important results of this study: 
1) The expert survey allowed a high-quality identification of the main technical and operational hazards causing increased trav-

elling time, based on a risk assessment in a proactive way. The analysis showed that the biggest problems occur when crossing borders. 
Road and rail transport face challenges due to insufficient bandwidth at the checkpoints to handle a large number of lorries or due to 
the different lane widths for rail transport. 

2) The developed fuzzy model calculates the travel time along the rail and automotive supply chain. The results justify the selection 
of a third technology (Grain Transportation by Bulk Grain Trucks and Road Trains) due to the current level of technical and operational 
risks in the grain supply chain. This technology has fewer negative impacts and risks because there is no reloading process in customs 
(SC3). On the other hand, SC2 appears to be more promising when it comes to reloading containers at a customs terminal, compared to 
the disruptions that can occur when changing wheelsets in the first system (SC1) or the failures that can happen when transporting the 
same amount of cargo across the border by road (SC3). This is especially true due to congestions caused by embargoes and human 
factors. 

3) The model uses fuzzy logic to reduce the uncertainty of the risk that affects the response function, such as extra travel time. Fuzzy 
logic is a recognized and useful tool for assessing risks, particularly for newly established and essential supply chains. This increases the 
accuracy of the result, as confirmed by comparing the error values with the deterministic approach and the initial setting of the fuzzy 
model. 

The model can be further developed to capture a broader range of hazards related not only to the operational aspect of the supply 
chain, but also to organisational aspects and a wider range of transported goods and the specific hazards associated with them. In 
addition, the model can be adapted to analyse other supply chains, such as piggyback transport, and to refine the hazard set. 

5.1. Discussion on cross-validation 

The results of the validation analyses indicate that the fuzzy model designed in the study has a good degree of conformity with the 
original data. These results also allow an assessment of the impact of operational and technical risk factors on the change in delivery 
time of agricultural products on international routes. The study presented in this paper confirms the accuracy of the fuzzy model results 
through concurrent validity. Therefore, different types of errors were evaluated and compared with the deterministic approach 
(Appendix F) to determine their values. 

According to the first criterion of face validation, described in Method for face validity, section 2.5.3.1, the fuzzy model fully 
complies with the specified requirements. Under the second condition, the fuzzy model provides a clear risk result for the time de-
viation through defuzzification. It can therefore be argued that the developed model is suitable for the solution of the task. 

5.2. Discussion on feasibility of the fuzzy model 

Table E.1 (Appendix F) shows that the results of the fuzzy model correlate strongly with the deterministic approach. This justifies 
the high quality of the calculations with the fuzzy model, which is burdened with small errors only. The values determined with the 
fuzzy model for the travel time with t(RFs) therefore have a high accuracy. Accordingly, the fuzzy model can be successfully used for 
planning the grain supply chain considering technical and operational hazards. 

5.3. Discussion on the model limitations 

The limitations of the model in its application can be enumerated as follows: 
1) The result obtained by the model can be used within the specified ranges that linguistic variables assume for the parameters that 

cause a particular risk factor. If new values that fall outside the ranges are entered, the model should be reconfigured and the results 
verified using a test experiment. 

2) If the grain delivery technology is changed, the risk factors need to be restructured and consequently aggregated. This is due to 
the probability of a new type of risk situation. Therefore, an additional sample of operational and technical risk factors is created. 

3) The model only considers technical and operational aspects, so that hazards of a political, economic, environmental and other 
nature are not taken into account, however these could be considered in the future. 

4) The accuracy of the results obtained with the fuzzy model is only validated by comparison with the deterministic approach 
(formulae), as the possibility of comparison with real routes is no longer given due to military restrictions. 

5) The model was not tested on piggyback transportation as it is not currently used for agri-food products in the case study. 
Thus, the defined boundary of the model determines its scope of application. However, the proposed method is generic and can be 

easily adapted if the range of input parameters changes. 
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5.4. Discussion on the distinguishing factors from the fuzzy implementation point of view per each SC 

Despite the generic nature of the fuzzy model approach, there are differences in its implementation for each supply chain. The 
distinguishing factors for each supply chain in terms of fuzzy realization are as follows: 

1) Experts help identify a unique set of hazards for every supply chain that represents the relevant risk factors. This results in a 
distinct set of membership functions, which are adjusted on the basis of specific threats within the supply chain. The authors are 
referring to the linguistic variable values for a fuzzy model, which ascertain the alteration in each risk factor within the defined range. 
These adjustments are determined using formulas based on expert knowledge. 

2) Every supply chain has its own fuzzy model. The fuzzy model for SC1 (Transportation of Grain by Railway with Grain Wagons) 
consists of 11 blocks, similarly, the fuzzy model for SC2 (Transportation of Grain by Rail in Containers on Flat Wagons) also consists of 
11 blocks. Additionally, the fuzzy model for SC3 (Grain Transportation by Bulk Grain Trucks and Road Trains) contains 10 blocks. Each 
block is based on the fuzzification of a specific risk factor caused by corresponding hazards to the considered supply chain. 

3) Each of the fuzzy models developed in the study is designed to address the challenges of a specific supply chain. This is because 
the risks vary depending on the mode of delivery, and this is reflected in the membership functions. If, for example, one of the three 
supply chains (SC3 − road transport) is not utilized, the other two fuzzy models can estimate the extra travel time based on the risks 
associated with SC1 and SC2. These models are tailored to specific supply chains and provide accurate assessments. 

4) For each supply chain, a separate fuzzy inference formula is mathematically formalized according to the Mamdani method. 
Formula 5 represents SC1, while SC2 and SC3 are presented in Appendix D. 

The generic principle of designing fuzzy models for each supply chain demonstrates the adaptability of the approach. This means 
that when initiating a new supply chain, such as piggybacking, a new model can be quickly redeveloped based on the additional 
hazards identified by the new supply chain. This will also entail some adjustments to the process of data fuzzification for a fuzzy model. 

5.5. Discussion of the proposed fuzzy model comparability with other approaches 

During the literature review, the authors highlighted the impossibility of using existing methods based on fuzzy logic in the context 
of the proposed specifics of assessing risk factors in supply chains. As a result, there are no prerequisites to compare previous studies 
and their results with the proposed approach in classic understanding. The comparability of the authors’ model with others can be 
shown due to the following points: 

1) Inclusion in the system of risk assessment by operational or technical hazards in a generic view; 
2) Conducting an expert survey to identify risks in the supply chain; 
3) Using triangular or trapezoidal membership functions for a fuzzy model; 
4) The model or decision-making system validation by experts; 
5) Checking different errors, typically based on the Mean Absolute Error (MAE). 
The developed fuzzy model’s primary comparability points with existing approaches allow identifying areas of future research and 

expanding the model’s capabilities. 
Although there are some similarities, the fuzzy model’s results cannot be compared to those of other models because they have 

different evaluation principles. The main feature of the proposed model consists not only in identifying risks but also in identifying the 
causes of threats and establishing their pattern of influence on the response function. Therefore, the comparison was made with a 
deterministic approach, and the results validated the accuracy of the initial fuzzy model configuration. (Section 5.1 and Appendix F). 

6. Conclusion 

This study introduces a new direction in the assessment of risk using fuzzy logic in critical supply chains that has not been pre-
viously discussed in the literature. The objective of this work is to create a fuzzy logic-based model for determining grain delivery time 
that takes into account technical and operational risk factors. Ultimately, the fuzzy model enables the operational calculation of travel 
times for different grain supply chain options, taking into account several risk groups that influence the sustainability rate of supply 
chains. 

The proposed fuzzy model was developed using the Fuzzy Toolbox in MATLAB, and its block elements were merged into a single 
module in Simulink. The model was validated in four aspects: Face, Content, Predictive and Concurrent Validation. The last validation 
was tested using the estimated error values between the proposed fuzzy model and a similar deterministic approach. It confirmed the 
high quality of the results obtained and justified the use of a fuzzy model for the design of the grain supply chain taking risk factors into 
account. 

Subsequently, the model was applied in several case studies reflecting existing grain supply chains between Ukraine and Poland. 
According to the results obtained, the average transport time for grain, taking into account technical and operational risks, was: SC1- 
59 h, SC2-52 h and SC3-50 h. The highest risk impact was found for SC1 and amounted to 10.3 %. This percentage means that the initial 
travel time (excluding RFs) increases and the duration increases due to the negative impact of the risk factors. Based on the main 
findings, the following policy implications can be drawn. 

1. Agrobusiness managers can choose the fastest route with less impact on the duration of key operational and technical risks and 
utilise them efficiently. 

2. Before crossing the border with a lorry, it is necessary to check the queue at the checkpoint and, if necessary, choose a less 
congested route to avoid delays. 
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3. In order to increase freight traffic, the possibility of expanding transhipment terminals by rail or building an additional railway 
line with the possibility of using mobile transhipment vessels can be considered. 

4. Consideration of the introduction of a piggyback train for the transport of agricultural food products between Kyiv and Gdansk at 
the interstate level between Ukraine and Poland. 

5. The last recommendation is quite profitable as it reduces the risks of transshipment and shortens the total travelling time 
compared to the third supply chain. 

Future research includes the development of a predictive risk model based on an evolutionary mechanism that allows flexibility and 
rapid decision making in the planning of new grain supply chains. A recommendation for the further development of the proposed 
fuzzy model is to expand its scope of application. This can be done by testing it on other supply chains to identify particular risks that 
could be unique to a particular technology or route. 
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