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Abstract 

 
Risk and cost are important factors in Hazmat routing problem. While the local authorities try to minimize risk, 
transport companies plan to reduce cost. In emergency situation, time is an important issue and should be minimized 
to carry vital substances of Hazmat. This is a serious concern when petrol and other fuels should be transported to 
the areas which are probably affected by heavy rain or snow. In this paper, a methodology, consisting tradeoff 
between time and risk, has been proposed to satisfy local authorities to reduce time and risk simultaneously. 
Mathematical model has been developed for analytical process of finding the best path in various priorities of risk 
and time and utilizing well-known methods of finding shortest path including Bellman-Ford, Breadth First Search 
and Dijkstra. Results show proposed methodology can be applied in Hazmat routing problem in emergency situation 
particularly in long-term trips while different alternatives or paths are available. 
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1. Introduction 

According to ADR [1], hazardous materials (Hazmat for short) have been classified into nine classes 
explosives, gases, flammable liquids, flammable solids, oxidizing substances, toxic substances, radioactive 
materials, corrosive substances, and miscellaneous dangerous goods. Road safety in Hazmat transportation is 
regarded important because of their accident impacts, hence determining the safest path in Hazmat transportation 
has always been assumed as one of the main intellectual challenges for local authorities and transport engineers [2]. 
Management of hazardous material is an extremely complex issue involving environmental, engineering, economic, 
social and political concerns [3]. Hazardous materials transportation covers a large part of the economic activities of 
the industrialized countries [4] and certain safety measures in the road transport of hazmat should be improved [5]. 
Thus, development of planning criteria for the minimization of industrial risk requires the application of efficient 
techniques [3].  

There are a lot of methods and attributes regarding to hazmat routing problem. Several methods are being used 
to develop and solve the problem regarding to problem definition, attributes and network size [6]. Serafini [7] 
presented a linear programming model, solving a bi-objective version of problem, and extended dynamic 
programming model to be used for larger class of problems. Erkut et al. [2] solved a network design by heuristic 
method for hazardous material transportation considering the passing trucks along the cities as the main concern. 
Shariat Mohaymany et al. [8] developed their model to determine the optimal assignment of truck flow within 
transportation network that minimize the weighted combination of objective.  

Societal risk and out-of-pocket cost are considered as the main objectives to develop the model for solving risk-
based routing optimization problem by Bonvicini et al. [9]. Routing and scheduling are formulated simultaneously in 
a two-stage model approach for the problem of finding daily routes and daily departure times for Hazmat trucks by 
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Carotenuto et al. [10]. Nielsen et al. [11] developed K shortest path algorithms for stochastic and dynamic networks. 
In another research work, travel time and the consequence measures are inherently considered uncertain and 
stochastic because of depending on characteristics like visibility, traffic volumes and activity patterns by Dadkar et 
al. [12]. This concern is able to identify the nature of this trade-off effectively in large networks, as well as utilizing 
the stochastic pattern of variables.  

Although Hazmat transportation risk is usually quantized with a path evaluation function [13] and risk 
identification needs assessment methodology [14], but uncertainty is also considered in Hazmat routing problem. 
For example, probabilities of terrorists’ attack have been considered in the model through defining stochastic 
variables [15]. Population risk and travel time are defined by probability distribution function to develop a multi-
objective function model for routing Hazmat transportation [8] due to variation of network traffic condition. 
Weather condition is considered as a main parameter in hazmat routing problem by Akgun et al. [16]. Qiao, et al. 
[17] developed a fuzzy model to estimate frequency of hazmat transport accidents using a qualitative approach 
where driver, road, and truck characteristics are presented as membership function based on expert experience.  

According to the above mentioned, it is revealed that determining the route for hazardous materials, known as 
solving Hazmat routing problem, is a two sided consideration. While local authorities are primarily interested in 
minimizing public risk and carriers are concerned about minimizing transport cost [18]. Although flammable liquids 
are categorized in Hazmat, but in the emergency situation such as heavy snow, rain or flood, time, will be magnified 
concern for local authorities to reach fuel to affected areas. In this situation, both transport managers and local 
authorities have to make a decision based on minimizing time and risk simultaneously.  

The novelty in this paper is a new concept of combining time and risk in Hazmat routing problem. This concept 
guarantees that the shortest-time path and the safest-risk path are obtained based on the most frequent paths derived 
after solving routing problem. In other words, present paper tries to solve Hazmat routing problem in emergency 
situation while time and risk should be minimized simultaneously to transport a vital kind of Hazmat to affected 
area. Affected area is where plenty kinds of Hazmat might be reached as soon as possible. 

This paper is organized in five sections. Following introduction, methodology is defined. After that, 
mathematical model has been developed based on the concept of considering time and risk simultaneously. Running 
model and case study are described in the next sections of 4 and 5. Finally, results have been discussed based on the 
methodology using experimental data. 
 
2. Methodology Definition 
 The main objective of this paper is finding Hazmat transport path minimizing time and risk simultaneously. In 
general risk and time have contrary behavior so if selected paths regarding to time and risk are the same, the selected 
paths will be nominated as final solution. But in real situation, safest-risk path and shortest-time path are not 
necessarily the same. In this case, a trade-off between time and risk may be considered in the process of solving 
problem. It is applicable assuming different priority from 0 to 100%. Time priority of 0 means that time will not be 
considered as a main criterion and 100 means that risk will not be considered. After eleven times of running model 
by step of 10%, the most frequent path will be obtained as the best path, which can satisfy local authorities.  
 To improve efficiency, the priority of 0 and 100 are used in the first step of running. It results are the same 
selected path in two methods will be considered as the best path.  An overall view of proposed methodology 
including five below steps is shown in figure 1.  

1. Initialize the parameters including network, normalized risk factors, normalized time, and step of running 
using different priorities of time and risk  

2. Find the shortest-time path and the safest-risk path 
3. If the shortest-time path and the safest-risk path are the same, stop and go to step 5  
4. Running model considering different priorities of 10 to 90 for time and risk  
5. Choose the most frequent path as solution  

 
3. Developing mathematical model 

Standardizing and normalizing factors are well-known methods in utilizing different dimension variables in 
analytical process [19]. Considering the concept of the proposed procedure in this research work, time and risk 
should be normalized because of different dimensions. For each edge in the road network, there are three defined 
variables of distance, risk and speed. The equation (1) is usually used as normalized edge factors of both time and 
risk [19]. This equation guarantees that time and risk factors are being presented in close interval of [0 1]. 
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𝑋𝑛𝑒𝑤 =  
𝑋𝑜𝑙𝑑 − 𝑋𝑚𝑖𝑛
𝑋𝑚𝑎𝑥 − 𝑋𝑚𝑖𝑛

 (1) 
 
Where Xnew is the amount of variable X, and Xmax and Xmin are the maximum and minimum of variable X 

respectively. Although risk factors may be defined as human-made [19], but in this research work they are defined 
naturally. Risk factor for each edge is depending on the length and local experts opinion [21], so equation (2) 
presents the risk for each edge (i, j) as notation Rij in road network G. NRij is corresponding to the normalized risk 
in equation (3), where, Lij is the length of edge (i,j) and Hij is the grade of risk associated with edge (i, j) derived 
from another research work [21].  

𝑅𝑖𝑗 = 𝐿𝑖𝑗 ∗ 𝐻𝑖𝑗              ∀ 𝑖, 𝑗 𝜖 𝐺 (2) 
 

𝑁𝑅𝑖𝑗 =  
𝑅𝑖𝑗 − Min (𝑅𝑖𝑗)

𝑀𝑎𝑥(𝑅𝑖𝑗) −𝑀𝑖𝑛(𝑅𝑖𝑗)
                ∀ 𝑖, 𝑗 𝜖 𝐺   (3) 

 

 
Figure 1: Overall view of defined methodology 

 
Time factor for each edge is dependent on the length and speed limit and equation (4) presents the time for each 

edge (i,j) as notation of Tij. NTij is corresponding to the normalized time in equation (5), where, Lij is the length of 
edge (i,j) and SPij is speed limit. 

 
𝑇𝑖𝑗 =

𝐿𝑖𝑗
𝑆𝑃𝑖𝑗

                 ∀ 𝑖, 𝑗 𝜖 𝐺 (4) 

 
𝑁𝑇𝑖𝑗 =  

𝑇𝑖𝑗 − Min (𝑇𝑖𝑗)
𝑀𝑎𝑥(𝑇𝑖𝑗) −𝑀𝑖𝑛(𝑇𝑖𝑗)

          ∀ 𝑖, 𝑗 𝜖 𝐺   (5) 
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According to the above mentioned, if the priority of time and risk are defined as PR and PT respectively, the 
main factor, which be used as criteria in modeling, is defined by equation (6), where PFij is corresponding to the 
influential factor of edge (i, j) which consists of time and risk priorities where PR+PT = 1. 

 
𝑃𝐹𝑖𝑗 = 𝑃𝑅 × 𝑁𝑅𝑖𝑗 + 𝑃𝑇 × 𝑁𝑇𝑖𝑗          ∀ 𝑖, 𝑗 𝜖 𝐺    (6) 

 
Because PFij is combined factor of time and risk for edge (i,j), objective function will be defined as equation 7 

where Xij = 1 if edge (i, j) is in the selected path and 0 otherwise. 
 

Min Z =  � PFij × Xij
(i,j)∈G

                (7) 

Subject to: 
 

(i, j), (j, i) ∈ G        (8) 
 

� Xij −  � Xji =  �
−1 if j = S
1 if j = D

0     otherwise
�

(i,j)∈G(i,j)∈G

   ∀ (i, j) ∈ G     (9) 

 
Constraint (8) guarantees two-way road network meaning availability of two opposite direction for each edge 

and equation (9) is corresponding to the nodes which are used in the path [2]. 
 
4. Case Study and Affected Area 

Fars, the second largest province in Iran, is nominated as case study because of data availability [21]. Network 
consists of 57 main nodes and 80 two-way edges. Some of nodes are borders, which connect the research area to 
neighbor provinces. Each edge contains length and risk factors estimated in another research work [21].  
 

 
Figure 2: Overall View of Fars Road Network Including Affected Area. 
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Edges' risk factors have been estimated based on effective parameters including accident, population, 
environmental and infrastructure risks using AHP process [21]. They are limited between 0.1727 and 0.6910. Low 
risk factor means low probability of accident and impacts independent on length and vice versa. The north region of 
the province, mountainous parts, has been considered as affected area including the nodes numbered by 1, 2, 3, 54, 
55, 56, and 57 in the map. Figure 2 shows an overall view of Fars road network including marked affected area. 
 
5. Running Model and Discussion 

Twelve origin-destination pairs have been assumed to cover short-length and long-length trips of hazmat 
transportation. Wide range sensitivity analysis is possible while six origins including two internal nodes of 11 and 
40 and four external nodes of 6, 24, 33, and 48 used in analytical process. Two nodes of 1 and 57 are also nominated 
as destination. Path codes are predefined show path by easier way, shown in table 1. It shows some other 
characteristics of each path including distance, risk and time. Table 2 shows the number of paths doing steps of 
running mathematical model. In this table the best paths with different priorities of time and risk have been shown 
for each origin destination pairs. Two columns 1 and 11 in priority section mean that one of factors is considered in 
analytical process.  

 
Table 1: Paths selected in the process of running model 

Code Path Distance Risk* Time* 
P011 6-5-4-55-3-2-1 266 0.7631 1.1988 
P012 6-5-4-3-2-1 229 0.8124 0.9011 
P021 11-53-54-55-3-2-1 281 0.8826 1.2870 
P022 11-9-7-4-3-2-1 307 1.3912 1.0572 
P031 24-23-22-16-15-12-11-53-54-55-3-2-1 603 2.1052 2.8066 
P032 24-23-8-7-4-3-2-1 487 2.2151 2.1612 
P041 33-32-34-31-30-28-27-26-25-22-16-15-12-11-53-54-55-3-2-1 852 2.7319 4.1389 
P042 33-32-34-31-30-28-27-20-18-17-16-15-12-11-53-54-55-3-2-1 820 2.7458 3.8613 
P043 33-32-34-31-30-28-27-20-18-17-16-15-12-10-8-7-4-3-2-1 774 2.8601 3.3459 
P044 33-32-34-37-38-42-43-44-14-13-11-53-54-55-3-2-1 747 3.0507 3.2005 
P045 33-32-34-37-38-42-43-44-14-13-11-9-7-4-3-2-1 773 3.5593 2.9707 
P046 33-32-31-30-28-27-26-25-22-23-8-7-4-3-2-1 787 5.2071 3.6981 
P051 40-41-19-17-16-15-12-11-53-54-55-3-2-1 580 2.2020 2.7004 
P052 40-41-19-17-16-15-12-10-8-7-4-3-2-1 534 2.3164 2.1850 
P053 40-41-44-14-13-11-9-7-4-3-2-1 557 6.7649 2.2233 
P061 48-47-49-50-51-56-54-3-2-1 467 1.8269 2.1245 
P062 48-47-45-46-13-11-9-7-4-3-2-1 517 2.6924 1.9358 
P063 48-47-49-50-51-53-54-55-3-2-1 477 4.5093 2.3017 
P071 6-5-4-55-54-56-57 312 0.8133 1.5306 
P072 6-5-4-3-55-54-56-57 321 0.9368 1.4346 
P081 11-53-51-56-57 139 0.9627 0.5845 
P082 11-13-51-56-57 170 2.6922 0.5622 
P091 24-23-22-16-15-12-11-53-51-56-57 461 1.7853 2.1041 
P092 24-23-22-16-15-14-13-51-56-57 422 2.0026 1.6809 
P093 24-23-8-7-4-55-54-56-57 570 2.7332 2.7907 
P101 33-32-34-31-30-28-27-26-25-22-15-12-11-53-51-56-57 710 2.4120 3.4365 
P102 33-32-34-31-30-28-27-20-18-17-16-15-12-11-53-51-56-57 678 2.4258 3.1589 
P103 33-32-34-37-38-42-43-44-14-13-51-56-57 546 2.5889 2.1741 
P104 33-32-31-30-28-27-26-25-22-16-15-12-11-53-56-57 619 4.3153 3.0641 
P111 40-39-43-44-14-13-51-56-57 360 1.8524 1.5210 
P112 40-41-44-14-13-51-56-57 330 1.9806 1.4266 
P121 48-42-49-50-51-56-57 237 1.1127 1.0919 
P122 48-47-49-50-51-56-57 233 3.5093 1.0919 
*The amount of time and risk are normalized for each edge in the path 
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There are a number of methods which are used to determine the shortest path. The shortest path problem is the 
problem of finding a path between two nodes in a graph such that the sum of the weights of its constituent edges 
should be minimized [22]. Each method is different from each other in the way of solving problem but the main 
criteria which should be minimized are usually cost, time or distance. In this research work three common methods 
of finding shortest path are utilized to find the best paths regarding to different amounts of priorities to complete the 
sensitivity analysis. Time and risk are combined in different amounts of 0 to 1 step 0.1. Bellman-Ford, Breadth First 
Search and Dijkstra [23] are used to find the best paths and results have been shown in Table 3. There are some 
minor differences between the results of methods means that making decision is confident using different methods 
of finding shortest path. 

  
Table 2: Selected path concerning to different priorities of time and risk 

Origin/ 
Destination 

Priority% (Risk / Time) Most 
Frequent  100/0 90/10 80/20 70/30 60/40 50/50 40/60 30/70 20/80 10/90 0/100 

6 1 P011 P011 P012 P012 P012 P012 P012 P012 P012 P012 P012 P012 
11 1 P021 P021 P021 P021 P021 P021 P021 P022 P022 P022 P022 P021 
24 1 P031 P031 P032 P032 P032 P032 P032 P032 P032 P032 P032 P032 
33 1 P041 P042 P043 P043 P043 P043 P044 P045 P045 P045 P045 P045 
40 1 P051 P051 P052 P052 P052 P052 P052 P052 P052 P052 P052 P052 
48 1 P061 P061 P061 P061 P061 P061 P061 P061 P061 P061 P062 P061 
6 57 P071 P071 P071 P071 P071 P071 P072 P072 P072 P072 P072 P071 
11 57 P081 - - - - - - - - - P081 P081 
24 57 P091 P091 P091 P091 P092 P092 P092 P092 P092 P092 P092 P092 
33 57 P101 P102 P103 P103 P103 P103 P103 P103 P103 P103 P103 P103 
40 57 P111 P111 P111 P111 P111 P111 P112 P112 P112 P112 P112 P111 
48 57 P121 - - - - - - - - - P121 P121 

 
Table 3: Most frequent paths using methods of finding shortest path 
Origin/ 
Destination 
Node 

Method of finding shortest path Most 
Frequent 
Path 

Bellman-
Ford 

Breadth First 
Search (BFS) 

Dijkstra 

6 1 P012 P012 P012 P012 
11 1 P021 P022 P021 P021 
24 1 P032 P032 P032 P032 
33 1 P046 P046 P046 P046 
40 1 P052 P053 P051 P051 
48 1 P061 P063 P061 P061 
6 57 P071 P071 P071 P071 
11 57 P081 P081 P082 P081 
24 57 P091 P093 P093 P093 
33 57 P104 P103 P104 P104 
40 57 P111 P111 P111 P111 
48 57 P121 P122 P122 P122 

 
Tables 2 revealed that time-oriented and risk-oriented views don't have the same results to find the best path in 

hazmat transportation problem. Different amounts of priorities for time and risk are influencing on the path meaning 
that local authorities and transport companies think dissimilar so there is not necessarily the paths must be the same. 
Table 3 shows that there are some minor changes in results while using different methods of finding shortest path. 
Table 2 also shows that in the long path origin-destination pairs many alternatives are available. On the other hand, 
there is no rule to obtain the best path while local authorities need to satisfy in selecting the best path in hazmat 
routing problem, while time and risk must be minimized simultaneously. Consequently, different priorities of time 
and risk are required to be checked and most frequent path is supposed to be nominated as best path. 
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6. Conclusion 
In general routing hazmat problem is solved regarding to minimizing risk factors in the selected path while 

transport companies need to consider time, distance and cost. But local authorities desire to determine the best path 
in hazmat transportation minimizing time and risk simultaneously in emergency situation. It is highly being 
concerned when hazmat transportation is including the problem of planning fuel substances as vital substances in 
affected area.  

In this research work, a methodology has been proposed to consider time and risk in Hazmat routing problem, 
which considers predefined priorities of time and risk in the process of solving hazmat routing problem. 
Mathematical model has been developed based on considering time and risk. One of the largest Iranian provinces 
has been nominated as case study with the assuming affected area in emergency situation of heavy rain or snow. 
Combined different priorities of time and risk paths are outlined solving the developed mathematical model and 
model outputs have been compared. Three common methods of finding shortest path including Bellman-Ford, 
Breadth First Search and Dijkstra have been utilized to check sensitivity analysis. Results show that the 
methodology is appropriate to determine the safest-risk and shortest-time path while local authorities desire to 
concern risk and time simultaneously in hazmat transportation in emergency situation. For researchers interested to 
study in this field, it is recommended to focus on types of Hazmat or probabilistic severity in affected area in 
emergency situation while time is more vital to be concerned. 
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