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Abstract

Road transport is one of the most dangerous methods of goods transport. Driver errors and poor traffic conditions can cause
traffic accidents, which can have a negative impact on people’s health, the environment, and infrastructure. The main influ-
ence on the level of the consequences is the chemical composition and amount of the transported substance. This paper
presents the causes of traffic accidents during the transport of dangerous goods. In addition, how traffic accidents during the
transport of dangerous goods affect people’s health, the environment, and infrastructure was shown. After that, measures for
accidents avoidance and the alleviation and reduction of dangerous goods were given. From the review of studies from the
subject field, it can be concluded that the dangerous goods are very harmful to people, the environment, and infrastructure
when transport accidents occur. Lessons should be learned from the history of accidents involving the transport of danger-
ous goods to avoid repeating the same mistakes. The review conclusions indicate that a routes optimization and investment
in road infrastructure are needed to reduce risk during the transport of dangerous goods.

Keywords The transport of dangerous goods - People health - Preservation of the environment - Safety

Introduction

Responsible Editor: Philippe Garrigues

Road transport is a usual way for to transport dangerous
goods (Holeczek 2019), such as the transport of fuels for
vehicles, but also transport of many other substances used
in industry. Statistical data show that more than one billion
tonnes of dangerous goods are transported yearly by road
transport (Liu et al. 2020), and this amount rises annually
(Laarabi et al. 2014). Figure 1 shows the amount of danger-
ous goods transported, divided by classes for the EU-27,
during 2020 (Anon 2022), and it can be noticed that the
transport of liquid flammable substances occurs most often.
The vehicles used for the transport of dangerous goods can
be considered as a mobile source of danger. Because of
this, the manufacturer, receiver, government and services
for urgent interventions, and even civilians, who live near
the transport routes where the dangerous substance is trans-
ported, have different interests (Bula et al. 2019), and on
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each one of them the transport of dangerous goods has a dif-
ferent impact. For people who live near such routes, it is only
important to be safe, while for the sender and receiver, to
have the lowest possible costs, while the government, on the
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Fig.1 The amount of transported dangerous goods for EU-27 during
2020 (million tonne-km)

other hand, has the responsibility to maintain an adequate
level of safety (Vlies 2021).

The international classification of dangerous goods,
according to the ADR (Anon 2021), is divided into nine
classes. Each dangerous goods class has its characteristics
of danger, that is, the specie and the level of danger. Based
on this, the classification of dangerous goods was conducted
according to their physical characteristics, chemical charac-
teristics, and danger characteristics as follows:

Class 1: Explosive substances and articles

Class 2: Gases

Class 3: Flammable liquids

Class 4.1: Flammable solids, self-reactive substances,
polymerizing substances, and solid desensitized explo-
sives

e C(Class 4.2: Substances liable to spontaneous combustion
Class 4.3: Substances which, in contact with water, emit
flammable gases

Class 5.1: Oxidizing substances

Class 5.2: Organic peroxides

Class 6.1: Toxic substances

Class 6.2: Infectious substances

Class 7: Radioactive material

Class 8: Corrosive substances

Class 9: Miscellaneous dangerous substances and articles.

Within each class exist a great number of different
substances considered as dangerous according to their
characteristics, can cause consequences for people, the
environment, or infrastructure. The characteristics of the
transported substance and the amount of this substance
determine the so-called impact zone of the dangerous sub-
stance. Besides these two characteristics, the weather con-
ditions and the characteristics of the terrain also influence
the impact zone. Table 1 shows the impact zone of dan-
gerous substance for each class of dangerous goods that

Table 1 The size of the impact zone of dangerous goods (Milovanovic
and Jovanovic 2016)

Class Name Impact zone (m)

1 Explosive 800-1600
Gases

2 2.1 Flammable 800-1600
2.2 Compressed 100-800
2.3 Poisonous 800-1600

3 Flammable liquids 300-800
Flammable solids 100-800
5.1 Oxidizing substances 100,800
5.2 Organic peroxides 250-800

6 6.1 Toxic substances 100-800
6.2 Infectious substances

7 7 Radioactive material 100-300
Corrosive substances 900-1600

9 Miscellaneous dangerous sub- 25-500

stances and articles

varies from 25 m for dangerous good class 9 to 1600 m for
dangerous goods classes 1, 2, and 8. Several thousands of
dangerous goods species exist (Board 2005), and Table 1
presents only the values for the impact zone of dangerous
goods for each class separately. These data indicate that
without knowledge about the size of the impact zone of
dangerous goods, it is not possible to determine the level
of consequences for each element exposed to the risk, and
a possibility of great error exists, if the correct value of
the impact zone of dangerous goods was not taken into
consideration during the process of the risk evaluation.
Logistic systems can contribute to the accidents with
dangerous goods, including production, storage, reload,
transport, and use (Jankovi¢ 2016; Sremac et al. 2020).
Accidents with dangerous goods can be without injured
people, with injured people, with fatal outcome, and can
cause damage to the environment and infrastructure,
which can cost several millions of dollars (Abkowitz et al.
2001). Work with dangerous substances can lead to fires,
explosions, and toxic releases (Baalisampang et al. 2019),
which can have a very negative impact on people’s health,
the environment, and infrastructure. From 1980 to 2015,
worldwide 9467 accidents occurred involving 19 danger-
ous substances (Tanackov et al. 2018), see Fig. 2. From
2013 to 2019 in China, 2340 accidents occurred on the
highway (Li et al. 2021). The greatest number of accidents
in China involved dangerous goods classes 2, 3, and 8 (Shen
et al. 2014). These transport problems, are why we want to
conduct this kind of research. It is very important to know
when, how, and where the traffic accident has occurred, in
order to avoid this problem in the future, and to use the
results obtained by summing the research of other authors.
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Fig.2 The number of accidents from 1980 to 2015

The transport of dangerous goods presents valid concerns
for the protection of people’s health, preservation of the
environment and infrastructure (Inanloo and Tansel 2016).
From this comes the main questions: “How to prevent acci-
dents during the transport, such as rollover, sliding of the
cistern, or traffic accident?, What the person who organizes
the transport of dangerous goods must know to minimize
the risk and costs of transport?, What will happen regard-
ing people, the environment, and infrastructure in the case
of an accident?. In order to answer the first question, it is
necessary to analyze what happened in the past during the
transport of dangerous goods, and on the basis of the events
from the past to define the route, as well as what time of the
day is good to transport dangerous goods, then what are the
causes which led to the traffic accident (the second part of
this paper). In addition, models and algorithms of transport
can be created based on past events that will provide sugges-
tions for the transport of dangerous goods with less risk, and
this is shown within the sixth part of this paper. All previ-
ous studies answer the first and second questions, while the
answer to the third question is addressed in the third, fourth,
and fifth part of this paper. In this study, it can be noticed
that questions and answers actually represent a set of mutu-
ally related elements, which will be processed through five
basic points in this paper, as shown in Fig. 3.

The causes of accidents with dangerous
goods

Accidents during transport can happen due to the wrong
actions of the driver, unadjusted vehicle speed, or driver
tiredness (Xing et al. 2020). Ma et al. (2018), concluded
unadjusted vehicle speed makes it much harder to control the
vehicle, leading to accidents. In addition, vehicle failure can
result from bad maintenance (Men et al. 2022; Qureshi et al.
2020), such as the malfunction of the brake system, malfunc-
tion of front and rear shields of carriers (Ghaleh et al. 2019),

@ Springer
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Fig.3 The structure of the paper

or corrosion on the vehicle or on the equipment (Nivoliani-
tou et al. 2006). Niu and Ukkusuri (2020) determined four
factors are most responsible for traffic accidents, from the 17
considered, and they are traffic flow, weather, average veloc-
ity, and travel time. In addition, outdated applied technics
can cause traffic accidents during transport (Hermans et al.
2009). The road maintenance, that is, the road condition,
as well as the road locations, can impact the occurrence of
accidents during the transport of dangerous goods. Narrow
roads, with steep inclination and many curves, can contrib-
ute to the occurrence of traffic accidents (Vrabel et al. 2015).
Also, the season of the year influences the number of traffic
accidents. When the temperatures are high a greater number
of traffic accidents occur compared to when the temperatures
are low. However, the greatest number of traffic accidents
occur under poor visibility conditions, which is character-
istic for rainy or snow days. According to Qiu and Nixon
(2008), more traffic accidents happen during snow days.
Also, a slippery road is characteristic for such conditions,
which contributes to the greater number of traffic accidents.
According to Men et al. (2022), traffic accidents happen
due to the problem of packing of dangerous goods (14.6%),
incorrect actions of the driver (13.7%), unsafe distance from
other vehicles (13.4%), unadjusted speed (11.1%), and prob-
lems with the vehicle (8.2%). It was determined that the
greatest share of the accidents were caused by a human fac-
tor, which is the consequence of insufficient training (Zhao
et al. 2018) (Fig. 4), and Zhang and Zheng (2012) have come
to the same conclusions. According to Batarliene (2020), the
factors contributing to traffic accidents can be divided into
the three groups, and each group includes ten subgroups
(Fig. 5). The research conducted by Ambituuni et al. (2015)
shows that from the total number of traffic accidents (2318),
79% were caused by human factors, mostly by dangerous
driving.

The traffic accidents during the transport of dangerous
goods are rollover (28%), crash (17.8%), rear crash (21.9%),
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Fig.4 Causes of traffic accidents during the transport of dangerous
goods

lateral sliding (3.8%), deflagration (10.5%), leakage (16%),
and scratch (16%) (Men et al. 2022). While a vehicle is driv-
ing the fluid inside the cistern moves, by splashing the walls
of the cistern, or it leads only to its movement, which alters
the center of the gravity of the vehicle, and in this way leads
to the loss of stability. Which further causes the vehicle to
rollover, especially during some sudden maneuvers with the
vehicle, or while driving on a curve (Shen et al. 2014).

The consequences on people caused
by accidents with dangerous goods

Accidents involving vehicles transporting dangerous sub-
stances can be divided into accidents with fatal outcome,
with injured, with evacuated, and with poisoned (Yang et al.
2010). Traffic accidents involving dangerous substance spills
represent not only a danger from the fire but also a toxic
danger (Chakrabarti and Parikh 2013a, b).

The factors of the three groups

During the year 2001, in Louisiana, 815 accidents hap-
pened, and 1164 chemicals were released into the environ-
ment, which caused the injuries of 63 persons, where most
were in the shape of irritations of the respiratory system
(Hu and Raymond 2004). In a traffic accident that happened
on January 13, 2004, in Baltimore, Washington Highway,
USA, with a vehicle transporting propane, ten people died
(Abbasi and Abbasi 2007). One of the worst traffic accidents
occurred in the Salang tunnel in Afghanistan, involving a
cistern with fuel and a truck with ammunition (Alhazmi
and Molloy 2016), and it was reported that 64 soldiers and
112 civilians died. Another of the worst traffic accidents
where 219 persons died, happened on the 799 North Bound,
N5 Highway near the town of Ahmedpur Sharqia, Pakistan
(Qureshi et al. 2020). According to Ewbank et al. (2019),
224 fires or explosions involving oil tanker trucks occurred,
and 2909 people died, while 3038 were hospitalized. Acci-
dents involving liquefied petroleum gas, depending on the
amount released into the environment, first causes poisoning
(Zengin et al. 2015), and finally have fatal consequences
for people (Dadashzadeh et al. 2014). In the traffic accident
with a vehicle transporting liquefied petroleum gas — LPG
in Wenling, Zhejiang Province, China, which happened June
13, 2020, 20 people died, while 175 were injured (Lyu et al.
2022). The traffic accident happened because the vehicle hit
the concrete protective wall, and exploded, releasing 25.36
t of liquefied petroleum gas. Accidents involving vehicles
transporting LPG can cause more traffic accidents and thus
impact the number of injured or dead, and also can lead
to suffocation, which arises due to poisoning with this gas
(Bhattacharya et al. 2013).

Depending on the substance transported, and if during its
transport leads to outflow/leaking, different consequences
for people can be expected. In the case of a traffic accident
with hydrofluoric acid skin injuries can occur, for example,
on the skin on the hand which was exposed to this substance,
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shown on Fig. 6, clearly are visible silvery-gray or blue-
grayish necrosis. After skin exposure to hydrofluoric acid
occurs and the person does not seek urgent medical help
quickly, a further bad clinical outcome will result (Dinis-
Oliveira et al. 2015). Burns arisen due to the exposure to
hydrofluoric acid can capture a smaller surface of the skin
(Tremel et al. 1991), influencing the possibility of a mor-
tality increase. If more than 20% of the skin is burned, the
possibility of mortality approaches to 100% (Diinser et al.
2004). The exposure of humans to nitric acid can lead to pro-
tein denaturation and coagulation with a specific yellow to
brown color of the skin (Kolios et al. 2010), see Fig. 6. How-
ever, the tissue destruction is not as deep as in the case of
skin exposure to hydrofluoric acid. Polyurethane also causes
burns of the skin (Keskin et al. 2008), and can cause death
if not reacted to on time. Accidents involving ammonia,
nonwatery, can cause people frostbite from I to III degree
(Fig. 6), and often is followed with expressed toxic effects,
and sometimes with death (Amshel et al. 2000). Ammonia
inhalation can cause different respiratory problems, such as
tracheobronchitis, laryngitis, bronchopneumonia, bronchi-
olitis, and pulmonary edema (Tonelli and Pham 2009). In
addition, the exposure to ammonia can cause chronic sinusi-
tis (Brautbar 1998), while in extreme cases, it can cause
blindness, lung damage, and even death (Kaye, et al. 2005).
Accidents with sulfuric acid have a negative impact on peo-
ple. In a great number of accidents, 14.1% involve the entire
body, 86.7% the face, 66.7% the head and neck, 60% arms,
and 53.3% the chest (Asaria et al. 2004). While in the case
of inhalation, the sulfuric acid can cause permanent dam-
age to respiratory organs and even can cause death (Benom-
ran et al. 2008). In addition, the inhalation of sulfuric acid
fumes, besides the permanent consequences on humans,
even after 10 years after the accident, can cause death (Li
et al. 2013). A high level of exposure to chlorine, which can
happen due to a traffic accident involving a vehicle trans-
porting chlorine, can lead to acute lung injury and acute

Fig.6 The skin after the expo-
sure to dangerous substances

respiratory distress syndrome, and 1% of exposed persons
die (White and Martin 2010). In the simulation conducted
by Brzozowska for the city Bielsko-Biata, the results show
that in the case of chlorine release from the cistern, where
there was 10 t of chlorine, depending on the direction of
the wind, a surface over 2 km? can be captured, with 5000
people deadly threatened (Brzozowska 2016).

The consequences on the environment
caused by accidents with dangerous goods

Traffic accidents involving vehicles transporting danger-
ous substances can lead to the outflow, and afterward to
the penetration of these substances into the ground, under-
ground water, and watercourses, which further causes water
pollution (Ebrahimi et al. 2020; Leitner et al. 2021), soil
degradation (Junior et al. 2014), and biological damage
(Yang et al. 2010). One of the main ecological worries is
the risk of water and soil pollution (Machado et al. 2018a).
The seriousness of accidents with dangerous goods depends
on the amount and chemical composition of the dangerous
substance released into the environment (Ambituuni et al.
2015), as well as the soil sensitivity (Siqueira et al. 2017).
The damage caused by the outflow of oil derivatives costs
around 7 million USD (Ambituuni et al. 2015). In the case
of the outflow of liquid dangerous substances (for example,
diesel fuel), this substance will enter by roots into the plant,
which further can impact the plant health (van der Meijde
et al. 2009). While in the case of gas leaking, the danger-
ous substance enters into the plant by foliage (Simonich and
Hites 1995). The contaminated soil has less oxygen, that is,
has greater concentration of hydrocarbons, which can further
cause plant stress (Noomen 2007). In addition, the color of
the plant changes, which clearly shows a loss of photosyn-
thesis pigments (Yang et al. 2000).

Consequences of a spill, ignition and
explosion of a tanker

b .
Hydrofluoric acid
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Accidents can lead to fire, in some cases the fire can
last several days (Oggero et al. 2006). However, it can also
lead to the explosion of a cistern containing an overheated
flammable fluid, where it leads to the release of fluid and
vapor mixture and after that it leads to the formation of a
fireball, which can leap several meters above the ground
(Casal 2008), see Fig. 7. In this case, fire burns only on the
external surface of the ball, because inside the ball oxygen
does not exist. By further combustion, droplets vaporize, and
the density of the mixture reduces, while the diameter of the
ball increases. As a consequence of the fireball (which can
be visible around 10 s), with a radius close to 50 m, the veg-
etation can burn completely, while on 90 m where there is
a pine forest, the needles underwent pyrolysis (Planas et al.
2015). On a tree 90 m from the fireball, the foliage that was
turned to the fireball completely dried and pyrolyzed, see
Fig. 7. Although the vegetation was not directly exposed to
fire, it partially burned because of the heat radiation (Lan-
ducci et al. 2011).

The consequences on the infrastructure
caused by accidents with dangerous goods

A great number of accidents during transport happen on
bridges and highways (Liu et al. 2017). Bridges are very
important for transport and are essential elements of high-
ways, magistral roads, and railways because they are needed
to pass over rivers, deep canyons, etc. Because of this, the

Fig. 7 The tree hit by fireball
(Planas et al. 2015)

FIREBALL

entire traffic flow could be interrupted if there is an acci-
dent on the bridge, which further will cause traffic conges-
tion and chaos (Kaabi et al. 2012; Gang et al. 2021). On
January 5, 2002, a cistern transporting 37,000 L of gasoline
rolled over and caused a fire involving a bridge (Zhang et al.
2022). In this case, the fire caused a great amount of dam-
age and concrete-steel composite carriers were deformed,
see Fig. 8a. Also, the concrete pillars that hold the bridge
were destroyed in the fire. The reparation of the I-65 Bridge
required 54 days. One of the fires responsible for the destruc-
tion of a bridge (Fig. 8b) happened April 29, 2007, in Oak-
land, USA, where the cistern transporting 32.6 m® of gaso-
line rolled over and caused a fire (Garlock et al. 2012). It
cost 9 million USD to repair the damage, which includes 4.8
million for demolition and removal of the section of I-580
and 2 million for the traffic control. It took 26 days to finish
all construction work and to open the bridge again. In addi-
tion, the accidents that happen on bridges and highways very
often happen on the intersections (Inanloo and Tansel 2015).

One study dealt with the prediction of consequences of
accidents in the case of ammonia transport. Depending on
the weather conditions, such kind of accident can lead to
material damage at a distance from 1708, 1206; 3742, 3527
feet (Inanloo and Tansel 2015).

Damages can happen to houses; for example, the houses in
Fig. 9a were 15 m from the place of accident — explosion of a
cistern transporting LPG. That is, damages are the consequence
of the pressure wave from the explosion, and after of the sub-
sequent fire (Barihaalndr et al. 2016). Figure 9b shows damage

Fig.8 (a) I-65 bridge (b) Oak-
land highway bridge collapse
in California (Kodur and Naser
2015; Garlock et al. 2012)
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Fig.9 Photograph (a) of a heavily damaged house; (b) of a damaged shop; (c¢) of a damaged building, and (d) of a demolished road after the
accident of a vehicle transporting a dangerous substance (Barihaalndr et al. 2016; Planas et al. 2015; Lyu et al. 2022; Wang et al. 2022)

from the explosion pressure wave on the premises/shops that
were 125 m from the place of accident (Planas et al. 2015). It
can be said that the accidents involving cisterns transporting
LPG impact the near objects (Bhattacharya et al 2013) because
of the pressure wave (Planas-Cuchi et al. 2004). In the case of
one accident involving LPG, the tank flew 400 m from the place
of accident (Fig. 9c¢), the gas ignited, which further caused an
explosion, which further caused serious material damage (Lyu
et al. 2022). The energy released during the explosion mani-
fests as the breaking and deformation of the cistern and truck.
Also, it impacts the road where the vehicle was when the cis-
tern exploded, and it can lead to road destruction and pit forma-
tion (Wang et al. 2022), see Fig. 9d. In the case of the vehicle
explosion on December 17,2013, in Drevja, Norway, during the
transportation of ammonium nitrate, the fire lasted almost two
hours. However, a characteristic of this accident is that parts of
the truck were thrown at different distances from the place of
accident during the explosion, see Fig. 10.

The measures for the reduction of traffic
accidents during the transport of dangerous
goods

The existing risk during the transport of dangerous goods

represents a serious threat; therefore, a strategy and a tool
to reduce the risk for society, the environment, and assets is

@ Springer

necessary. Requirements include routing with minimal costs
for the transporters, as well as to avoid the high-risk routes
(Mahmoudabadia and Seyedhosseini 2014), even to change
the routes (Bubbico et al. 2006), and besides all this, the
risk related to the transported dangerous substance should
not be forgotten. The routes that are optimal from the aspect
of minimizing risk and losses should be used (Beczkowska
2019; Holeczek 2021). Transport of dangerous substances
often is redirected around the cities, that is, the tendency
is for the vehicle transporting dangerous substance to not
enter the city/populated area. This is because driving such
vehicles in populated areas increases the risk of accidents
(Chakrabarti and Parikh 2013a, b), and the consequences
can be catastrophic, for the people and for the infrastruc-
ture. However, in the case of the transport of gasoline, die-
sel, or some other automotive fuel, the vehicle transport-
ing these fuels must enter the city to reach the fuel stations
(Vlies 2021). Therefore, the research of Conca et al. (2016)
provides a possibility to the transporter, to determine the
quantification of risk for each concrete travel, in addition to
operative costs. During the transport of dangerous goods,
densely populated areas should be avoided, especially dur-
ing the transport of explosives and compressed gases (Xing
et al. 2020). Also, tunnels should be avoided because the
consequences of an accident could be of catastrophic propor-
tions (Benekos and Diamantidis 2017), including collapse
and trapping of people and vehicles in the tunnel when the
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Fig. 10 The parts of the vehicle that were thrown at different distances due to the vehicle explosion (Due-Hansen and Dullum 2017)

accident happens (Wasantha et al. 2021). Also, roads with
long and steep inclinations should be avoided as much as
possible when selecting routes for transport, that is, it is
recommendable to use alternative roads, which are ranked
on the basis of substance being transported (AlRukaibi et al.
2018). The transport of dangerous substances through tun-
nels is safe only if advance defined criteria of risk accept-
ance are fulfilled (Kohl and Zibert 2010). Lundin and Anton-
sson (2019) presented a simplified risk analysis method for
when the vehicle should go through the tunnel, which can
be used in the categorization of existing and new tunnels.
Also, results of the research of Ingason and Li (2017) are
very useful for the designing of fire protection systems in
tunnels, which include ventilation systems, fixed system for
fire extinguishing, and systems for draining. Also, during

the designing of tunnels, road inclination (Klein et al. 2018)
and road roughness (Guo et al. 2022) should be considered.

Mapping is a method that can reduce the number of traffic
accidents during the transport of dangerous goods (Flodén
and Woxenius 2021). Also, during the planning of dangerous
goods transport, the timing of vehicles distribution is a very
important parameter to reduce the number of traffic acci-
dents. Ahmad et al. (2021) used the InSafE (inherent safety
and economic graphical rating) method to propose the safest
route with the greatest economic potential. [zdebski et al.
(2022) showed that the ant colony and genetic algorithm are
very useful tools for those who deal with the organization
of dangerous goods transport, with the aim of minimizing
risk for the vehicle transporting dangerous substances. Lukai
and Xuesong (2021) have come to the same conclusions.
Also, it is necessary to conduct a preliminary test, which will
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provide the estimation of the proposed model and show if
the model is adequate and capable of simulating a real situ-
ation, which further makes a very convenient tool for deci-
sions. The risk map for the environment is a very useful tool
to identify areas with a high risk of accident occurrence, and
also can be applied for the orientation of urgent operations,
to measure conduction for the risk reduction, or to help
during the determination of higher risk areas and to avoid
possible accidents (Cordeiro et al. 2016; Martinez-Alegria
et al. 2010). Also, the risk map can be used to minimize risk
reduction and accident consequences (Milazzo et al. 2010)
involving the transport of dangerous goods.

With the aim to improve road safety, the opinions of driv-
ers of heavy-duty vehicles should be heard because they can
provide very useful information about risk factors on the
road (Khadka et al. 2021). Also, it is necessary for driv-
ers to undergo periodic training (Fizal et al. 2019). In addi-
tion, a key factor for transport of dangerous goods is satel-
lite navigation because the merchandise can be followed,
and important data can be collected, which can be further
analyzed, with the aim of a statistical report and accident
prevention (Fazio et al. 2016). The MITRA (monitoring and
intervention for the transportation of dangerous goods) fol-
lowing system has shown to be a very useful tool during
merchandise following, providing the operative support to
the rescue teams in the case of an accident or some other
emergency situation (Planas et al. 2008). It is important to
invest in infrastructure, that is, the infrastructure should
be improved because it can influence the possibility for a
reduction in accident occurrence (Saat et al. 2014). In addi-
tion, lessons need to be learned from the examples of acci-
dents that occurred earlier to improve the safety during the
transport of dangerous goods (Planas et al. 2015). Useful
knowledge can be gained from the history of events which
happened during the transport of dangerous goods. The pos-
sibility of accident occurrence can be determined (Raem-
donck et al. 2013). Also, the tree of events should be used
to take into consideration all possible outcomes during the
transport (Ronza et al. 2007), or some other methods used,
which will give a good compromise between the economy
and safety (Men et al. 2022), as well as congestion avoidance
(Zhang et al. 2019).

Additional propositions are to mount barriers or concrete
walls along roads that are along a river. Also, one propo-
sition is to change the route geometry and to manage and
control the speed (Lee 2014). In the case of outflow from the
cistern, the contamination of soil along the road/highway is
unavoidable, and the proposition is to include drains in road
construction, in order to direct dangerous substances into the
special drain (Machado et al. 2018b). Therefore, no matter
the terrain inclination, the outflowed dangerous substance
will not go into the soil. Also, if it is possible, organize the
transport of dangerous substances by pipelines (Ghazinoory
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and Kheirkhah 2008). This way is quite economic and eco-
logically acceptable. If this is not possible, then it should be
determined if the applied design of the cistern has an impact
on the risk reduction during the transport (Liu et al. 2013).

Conclusion

Accidents during the transport of dangerous goods can affect
people’s health, the preservation of the environment, and
infrastructure. The possibility an accident can happen always
exists during the transport of dangerous goods, but it does
not have to. How substances with different chemical compo-
sitions are transported will determine their potential impact
on people, the environment, and infrastructure. In addition,
the consequences will depend on the amount transported.
After conducting the review of studies by other authors from
the subject field, we have come to the following conclusions:

— Dangerous goods are very harmful for the environment
and people in the case of accidents, or if unintentionally
released into the environment. In addition, dangerous
goods can damage the infrastructure of roads/settlements
depending on where the accident happened.

— Accidents during the transport of dangerous goods are
influenced by the behavior of the driver, the reliability
of the vehicle, route of the vehicle, the time of day or of
the year, when dangerous substance is transported, etc.

— Lessons should be learned from past events to avoid
repeating the same errors because some events have
taken many lives and have had long-term consequences
on the survivors. Also, all the events have impacted the
environment and infrastructure of roads and settlements.

— With the aim to reduce the number of accidents, the pro-
posed possibilities are: optimization of routes with less
risks during the transport; the avoidance of tunnels, incli-
nations, roads along rivers and urban areas; investments
in road infrastructure; definition of alternative routes
with the aim of minimizing risk.

The shown conclusions are very useful for planning safe
transport of dangerous goods. Also, this paper presents the
causes of accident occurrence, problems which can cause
injuries to people, and damage to the environment and infra-
structure, and at the same time shows the measures for risk
reduction during the transport of dangerous goods. The listed
measures for the reduction of accidents during the transport
of dangerous goods are very useful; however, some of them
also have some disadvantages. The limit of this paper is that
the working experience of the drivers as well as their psy-
chical condition were not taken as parameters, which also
can influence the reckless actions that lead to traffic acci-
dents. Future research should remove these disadvantages, to
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improve the transport safety for people, the environment, and
infrastructure. Also, the important information in this paper
can serve as the base for future research for authors who deal
in this field. Future research should take into consideration
the most critical sections of the road, where traffic accidents
often happen, and conduct the analysis and develop models
for these sections of the road, all with the aim to reduce the
number of traffic accidents. An additional recommendation
for the reduction of traffic accidents is the application of intel-
ligent transport systems, which should be given appropriate
attention during future research. Using intelligent transport
systems will not only reduce the number of traffic accidents
but will also influence the reduction of emissions that origi-
nate from vehicles, as well as provide faster and more com-
fortable transport of goods.

Acknowledgements This paper was realized within the framework of
the project “The research of vehicle safety as part of a cybernetic sys-
tem: Driver-Vehicle-Environment,” ref. no. TR35041, funded by the
Ministry of Education, Science, and Technological Development of
the Republic of Serbia.

Authors contributions All the authors have contributed to the prepara-
tion of this review paper. Definition of the problem and conception of
paper was done by NS, BB, MP, IG, and OIA; references collection
was conducted by NS, BB, MP, IG, and OIA; and manuscript writing
was done by NS, BB, MP, IG, and OIA. All authors read and approved
the final manuscript.

Data availability Not applicable.

Declarations

Ethical approval Not applicable.
Consent to participate Not applicable.
Consent to publish Not applicable.

Competing Interests The authors declare that they have no competing
interests.

References

Abbasi T, Abbasi S (2007) The boiling liquid expanding vapour
explosion (BLEVE): mechanism, consequence assessment,
management. ] Hazard Mater 141(3):489-519. https://doi.org/
10.1016/j.jhazmat.2006.09.056

Abkowitz MD, DeLorenzo JP, Dyuch R, Greenberg A, McSweeney
T (2001) Assessing the economic effect of incidents involv-
ing truck transport of hazardous materials. Transp Res Rec
1761(1):125-129. https://doi.org/10.3141/1763-18

Ahmad SI, Hashim H, Hassim MH, Rashid R (2021) Inherent safety
and economic graphical rating (InSafE) method for inherent
safety and economic assessment. Process Saf Environ Prot
149:602-609. https://doi.org/10.1016/j.psep.2021.03.021

Alhazmi HH, Molloy MS (2016) Tunnel Explosion. In: Cittone GR
(ed) Ciottone’s disaster medicine, 2nd edn. Elsever, Philadel-
phia, pp 842-844

AlRukaibi F, Alrukaibi D, Alkheder S, Alojaiman S, Sayed T (2018)
Optimal route risk-based algorithm for hazardous material
transport in Kuwait. J Loss Prev Process Ind 52:40-53. https://
doi.org/10.1016/j.j1p.2018.01.012

Ambituuni A, Amezaga JM, Werner D (2015) Risk assessment of
petroleum product transportation by road: A framework for
regulatory improvement. Saf Sci 79:324-335. https://doi.org/
10.1016/j.s5¢1.2015.06.022

Amshel CE, Fealk MH, Phillips BJ, Caruso DM (2000) Anhydrous
ammonia burns case report and review of the literature. Burns
26(5):493-497. https://doi.org/10.1016/S0305-4179(99)
00176-X

Anon (2022) Basic Figures on the EU. URL: https://ec.europa.cu/
eurostat/databrowser/explore/all/transp?lang=en&display=
list&sort=category (Accessed 30 June 2022)

Anon (2021) United Nations Economic Commission for Europe.
URL: https://unece.org/sites/default/files/2021-01/ADR2021_
Volle_0.pdf (Accessed 29 June 2022)

Asaria J, Kobusingye OC, Khingi BA, Balikuddembe R, Gomez M,
Beveridge M (2004) Acid burns from personal assault in Uganda.
Burns 30(1):78-81. https://doi.org/10.1016/j.burns.2003.08.009

Baalisampang T, Abbassi R, Garaniya V, Khan F, Dadashzadeh M
(2019) Accidental release of liquefied natural gas in a process-
ing facility: effect of equipment congestion level on dispersion
behaviour of the flammable vapour. J Loss Prev Process Ind
61:237-248. https://doi.org/10.1016/.j1p.2019.07.001

Barihaalndr N, Mishra M, Srivastava VC (2016) Fire and explosion
hazard analysis during surface transport of liquefied petroleum
gas (LPG): A case study of LPG truck tanker accident in Kan-
nur, Kerala, India. J Loss Prev Process Ind 40:449-460. https://
doi.org/10.1016/.j1p.2016.01.020

Batarliene N (2020) Essential safety factors for the transport of dan-
gerous goods by road: a case study of Lithuania. Sustainability
12(12):4954. https://doi.org/10.3390/su12124954

Beczkowska S (2019) The method of optimal route selection in road
transport of dangerous goods. Transp Res Proc 40:1252-1259.
https://doi.org/10.1016/j.trpro.2019.07.174

Benekos I, Diamantidis D (2017) On risk assessment and risk accept-
ance of dangerous goods transportation through road tunnels in
Greece. Saf Sci 91:1-10. https://doi.org/10.1016/j.ss¢i.2016.
07.013

Benomran F, Hassan A, Masood S (2008) Accidental fatal inhala-
tion of sulfuric acid fumes. J Forensic Leg Med 15(1):56-58.
https://doi.org/10.1016/j.jcfm.2006.09.002

Bhattacharya S, Chandrasekaran K, Lahiri A (2013) Comprehensive
reliability analysis of blistered ‘LPG wash water vessel’ in
FCC unit — Part I: Failure analysis. Eng Fail Anal 32:91-97.
https://doi.org/10.1016/j.engfailanal.2013.02.027

Board TR (2005) Cooperative research for hazardous materials trans-
portation: defining the need, converging on solutions — Special
Report 283. The National Academies Press, Washington, DC

Brautbar N (1998) Ammonia exposure: a common cause for sinusitis.
A case report and review of the literature. Toxicol Ind Health
14(6):891-895. https://doi.org/10.1177/074823379801400609

Brzozowska L (2016) Computer simulation of impacts of a chlorine
tanker truck accident. Transp Res D Transp Environ 43:107—
122. https://doi.org/10.1016/j.trd.2015.12.001

Bubbico R, Maschio G, Mazzarotta B, Parisia MMF, E, (2006) Risk
management of road and rail transport of hazardous materials
in Sicily. J Loss Prev Process Ind 19(1):32-38. https://doi.org/
10.1016/j.j1p.2005.05.011

Bula GA, Murat Afsar H, Gonzalez FA, Prodhon C, Velasco N
(2019) Bi-objective vehicle routing problem for hazardous
materials transportation. J Clean Prod 206:976-986. https://
doi.org/10.1016/j.jclepro.2018.09.228

@ Springer


https://doi.org/10.1016/j.jhazmat.2006.09.056
https://doi.org/10.1016/j.jhazmat.2006.09.056
https://doi.org/10.3141/1763-18
https://doi.org/10.1016/j.psep.2021.03.021
https://doi.org/10.1016/j.jlp.2018.01.012
https://doi.org/10.1016/j.jlp.2018.01.012
https://doi.org/10.1016/j.ssci.2015.06.022
https://doi.org/10.1016/j.ssci.2015.06.022
https://doi.org/10.1016/S0305-4179(99)00176-X
https://doi.org/10.1016/S0305-4179(99)00176-X
https://ec.europa.eu/eurostat/databrowser/explore/all/transp?lang=en&display=list&sort=category
https://ec.europa.eu/eurostat/databrowser/explore/all/transp?lang=en&display=list&sort=category
https://ec.europa.eu/eurostat/databrowser/explore/all/transp?lang=en&display=list&sort=category
https://unece.org/sites/default/files/2021-01/ADR2021_Vol1e_0.pdf
https://unece.org/sites/default/files/2021-01/ADR2021_Vol1e_0.pdf
https://doi.org/10.1016/j.burns.2003.08.009
https://doi.org/10.1016/j.jlp.2019.07.001
https://doi.org/10.1016/j.jlp.2016.01.020
https://doi.org/10.1016/j.jlp.2016.01.020
https://doi.org/10.3390/su12124954
https://doi.org/10.1016/j.trpro.2019.07.174
https://doi.org/10.1016/j.ssci.2016.07.013
https://doi.org/10.1016/j.ssci.2016.07.013
https://doi.org/10.1016/j.jcfm.2006.09.002
https://doi.org/10.1016/j.engfailanal.2013.02.027
https://doi.org/10.1177/074823379801400609
https://doi.org/10.1016/j.trd.2015.12.001
https://doi.org/10.1016/j.jlp.2005.05.011
https://doi.org/10.1016/j.jlp.2005.05.011
https://doi.org/10.1016/j.jclepro.2018.09.228
https://doi.org/10.1016/j.jclepro.2018.09.228

32298

Environmental Science and Pollution Research (2023) 30:32288-32300

Casal J (2008) Evaluation of the effects and consequences of major
accidents in industrial plants. Elsevier, Amsterdam

Chakrabarti UK, Parikh JK (2013a) A societal risk study for trans-
portation of class-3 hazmats — a case of Indian state highways.
Process Saf Environ Prot 91(4):275-284. https://doi.org/10.
1016/j.psep.2012.06.009

Chakrabarti U, Parikh J (2013b) Risk-based route evaluation against
country-specific criteria of risk tolerability for hazmat trans-
portation through Indian State Highways. J Loss Prev Process
Ind 26(4):723-736. https://doi.org/10.1016/.j1p.2013.02.006

Conca A, Ridella C, Sapori E (2016) A Risk Assessment for Road
Transportation of Dangerous Goods: a Routing Solution.
Transp Res Proc 14:2890-2899. https://doi.org/10.1016/j.
trpro.2016.05.407

Cordeiro FG, Bezerra BS, Peixoto ASP, Ramos RAR (2016) Meth-
odological aspects for modeling the environmental risk of
transporting hazardous materials by road. Transp Res D Transp
Environ 44:105-121. https://doi.org/10.1016/.trd.2016.02.008

Dadashzadeh M, Khan F, Abbassi R, Hawboldt K (2014) Combus-
tion products toxicity risk assessment in an offshore installa-
tion. Process Saf Environ Prot 92(6):616-624. https://doi.org/
10.1016/j.psep.2013.07.001

Dinis-Oliveira RJ, Carvalho F, Moreira R, Proenca JB, Santos A,
Duarte JA, de Lourdes BM, Magalhaes T (2015) Clinical
and forensic signs related to chemical burns: a mechanistic
approach. Burns 41(4):658-679. https://doi.org/10.1016/j.
burns.2014.09.002

Due-Hansen ME, Dullum O (2017) Review and analysis of the explo-
sion accident in Drevja, Norway: A consequence of fire in a
mobile explosives manufacturing unit (MEMU) carrying pre-
cursors for the on-site production of bulk explosives. Saf Sci
96:33—40. https://doi.org/10.1016/j.ss¢i.2017.03.003

Diinser MW, Ohlbauer M, Rieder J, Zimmermann I, Ruatti H, Schwa-
begger AH, Bodrogi F, Huemer GM, Friesenecker BE, Mayr
AlJ, Lirk P (2004) Critical care management of major hydro-
fluoric acid burns: a case report, review of the literature, and
recommendations for therapy. Burns 30(4):391-398

Ebrahimi B, Ahmadi S, Chapi K, Amjadi H (2020) Risk assessment
of water resources pollution from transporting of oil hazardous
materials (Sanandaj-Marivan road, Kurdistan Province, Iran).
Environ Sci Pollut Res 27:35814-35827. https://doi.org/10.
1007/s11356-020-09886-8

Ewbank C, Gupta S, Stewart BT, Kushner AL, Charlesij A (2019)
A systematic review of oil tanker truck disasters: Identifying
prevention targets. Burns 45(4):905-913. https://doi.org/10.
1016/j.burns.2018.12.010

Fazio AD, Bettinelli D, Louette E, Mechin JP, Zazza M, Vecchiarelli
P, Domanicoe L (2016) European Pathways to Introduce
EGNOS and Galileo for Dangerous Goods Transport. Transp
Res Proc 14:1482-1491. https://doi.org/10.1016/j.trpro.2016.
05.222

Fizal ANS, Hossain MdS, Alkarkhi AFM, Oyekanmi AA, Hashim
SRM, Khalil NA, Zulkifi M, Yahaya ANA (2019) Assessment
of the chemical hazard awareness of petrol tanker driver: A case
study. Heliyon 5(8):e02368. https://doi.org/10.1016/j.heliyon.
2019.e02368.

Flodén J, Woxenius J (2021) A stakeholder analysis of actors and net-
works for land transport of dangerous goods. Res Transp Bus
Manag 41:100629. https://doi.org/10.1016/j.rtbm.2021.100629

Gang Z, Shuan-hai HE, Chao-jie S, Qiao H, Kodur VK, Yong-fei Z
(2021) Review on fire resistance of steel structural bridge gird-
ers. China J Highway Transport 34(1):1-10. https://doi.org/10.
19721/j.cnki.1001-7372.2021.01.001

Garlock M, Paya-Zaforteza I, Kodur V, Gu L (2012) Fire hazard in
bridges: Review, assessment and repair strategies. Eng Struct
35:89-98. https://doi.org/10.1016/j.engstruct.2011.11.002

@ Springer

Ghaleh S, Omidvari M, Nassiri P, Momeni M, Lavasanie SMM (2019)
Pattern of safety risk assessment in road fleet transportation of
hazardous materials (oil materials). Saf Sci 116:1-12. https://doi.
org/10.1016/j.ss¢1.2019.02.039

Ghazinoory S, Kheirkhah AS (2008) Transportation of hazardous
materials in Iran: A strategic approach for decreasing accidents.
Transport 23(2):104—111. https://doi.org/10.3846/1648-4142.
2008.23.104-111

Guo Q, Li YZ, Ingason H, Yan Z, Zhu H (2022) Study on spilled lig-
uid from a continuous leakage in sloped tunnels. Tunn Undergr
Space Technol 120:104290. https://doi.org/10.1016/j.tust.2021.
104290

Hermans E, Brijs T, Wets G, Vanhoof K (2009) Benchmarking road
safety: Lessons to learn from a data envelopment analysis. Accid
Anal Prev 42(1):174-182. https://doi.org/10.1016/j.aap.2008.10.
010

Holeczek N (2019) Hazardous materials truck transportation problems:
A classification and state of the art literature review. Transp Res
D Transp Environ 69:305-328. https://doi.org/10.1016/j.trd.
2019.02.010

Holeczek N (2021) Analysis of different risk models for the hazardous
materials vehicle routing problem in urban areas. Clean Environ
Syst 2:100022. https://doi.org/10.1016/j.cesys.2021.100022

Hu CY, Raymond DJ (2004) Lessons learned from hazardous chemical
incidents—Louisiana Hazardous Substances Emergency Events
Surveillance (HSEES) system. J Hazard Mater 115(1-3):33-38.
https://doi.org/10.1016/j.jhazmat.2004.05.006

Inanloo B, Tansel B (2015) Explosion impacts during transport of
hazardous cargo: GIS-based characterization of overpressure
impacts and delineation of flammable zones for ammonia. J
Environ Manage 156:1-9. https://doi.org/10.1016/j.jenvman.
2015.02.044

Inanloo B, Tansel B (2016) A transportation network assessment tool
for hazardous material cargo routing: Weighing exposure health
risks, proximity to vulnerable areas, delay costs and trucking
expenses. J Loss Prev Process Ind 40:266-276. https://doi.org/
10.1016/j.j1p.2016.01.002

Ingason H, Li YZ (2017) Spilled liquid fires in tunnels. Fire Saf J
91:399-406. https://doi.org/10.1016/j.firesaf.2017.03.065

Izdebski M, Jacyna-Gotda I, Gotda P (2022) Minimisation of the
probability of serious road accidents in the transport of danger-
ous goods. Reliab Eng Syst Saf 217:108093. https://doi.org/10.
1016/j.ress.2021.108093

Jankovi¢ Z (2016) The development of model for the dangerous goods
risk calculation in logistics systems. Faculty of Tehnical Sci-
ences, Novi Sad

Junior RV, Varandas S, Fernandes LS, Pacheco F (2014) Environmental
land use conflicts: A threat to soil conservation. Land Use Policy
41:172-185. https://doi.org/10.1016/j.landusepol.2014.05.012

Kaabi AA, Dissanayake D, Bird R (2012) Response Time of Highway Traf-
fic Accidents in Abu Dhabi: Investigation with Hazard-Based Duration
Models. Transp Res Rec 2278(1):95-103. https:/doi.org/10.3141/2278-11

Kaye WE, Orr MF, Wattigney WA (2005) Surveillance of hazardous
substance emergency events: identifying areas for public health
prevention. Int J Hyg Environ Health 208(1-2):37—44. https://
doi.org/10.1016/j.ijheh.2005.01.006

Keskin M, Beydes T, Tosun Z, Savaci N (2008) Polyurethane spray
foam burn. Burns 34(7):1041-1043. https://doi.org/10.1016/j.
burns.2007.06.023

Khadka A, Gautam P, Joshi E, Pilkington P, Parkin J, Joshi SK, Mytton
J (2021) Road safety and heavy goods vehicle driving in LMICs:
Qualitative evidence from Nepal. J Transp Health 23:101247.
https://doi.org/10.1016/j.jth.2021.101247

Klein R, Maevski I, Ko J, Li Y (2018) Fuel pool development in tunnel
and drainage as a means to mitigate tunnel fire size. Fire Saf J
97:87-95. https://doi.org/10.1016/j.firesaf.2017.09.007


https://doi.org/10.1016/j.psep.2012.06.009
https://doi.org/10.1016/j.psep.2012.06.009
https://doi.org/10.1016/j.jlp.2013.02.006
https://doi.org/10.1016/j.trpro.2016.05.407
https://doi.org/10.1016/j.trpro.2016.05.407
https://doi.org/10.1016/j.trd.2016.02.008
https://doi.org/10.1016/j.psep.2013.07.001
https://doi.org/10.1016/j.psep.2013.07.001
https://doi.org/10.1016/j.burns.2014.09.002
https://doi.org/10.1016/j.burns.2014.09.002
https://doi.org/10.1016/j.ssci.2017.03.003
https://doi.org/10.1007/s11356-020-09886-8
https://doi.org/10.1007/s11356-020-09886-8
https://doi.org/10.1016/j.burns.2018.12.010
https://doi.org/10.1016/j.burns.2018.12.010
https://doi.org/10.1016/j.trpro.2016.05.222
https://doi.org/10.1016/j.trpro.2016.05.222
https://doi.org/10.1016/j.heliyon.2019.e02368
https://doi.org/10.1016/j.heliyon.2019.e02368
https://doi.org/10.1016/j.rtbm.2021.100629
https://doi.org/10.19721/j.cnki.1001-7372.2021.01.001
https://doi.org/10.19721/j.cnki.1001-7372.2021.01.001
https://doi.org/10.1016/j.engstruct.2011.11.002
https://doi.org/10.1016/j.ssci.2019.02.039
https://doi.org/10.1016/j.ssci.2019.02.039
https://doi.org/10.3846/1648-4142.2008.23.104-111
https://doi.org/10.3846/1648-4142.2008.23.104-111
https://doi.org/10.1016/j.tust.2021.104290
https://doi.org/10.1016/j.tust.2021.104290
https://doi.org/10.1016/j.aap.2008.10.010
https://doi.org/10.1016/j.aap.2008.10.010
https://doi.org/10.1016/j.trd.2019.02.010
https://doi.org/10.1016/j.trd.2019.02.010
https://doi.org/10.1016/j.cesys.2021.100022
https://doi.org/10.1016/j.jhazmat.2004.05.006
https://doi.org/10.1016/j.jenvman.2015.02.044
https://doi.org/10.1016/j.jenvman.2015.02.044
https://doi.org/10.1016/j.jlp.2016.01.002
https://doi.org/10.1016/j.jlp.2016.01.002
https://doi.org/10.1016/j.firesaf.2017.03.065
https://doi.org/10.1016/j.ress.2021.108093
https://doi.org/10.1016/j.ress.2021.108093
https://doi.org/10.1016/j.landusepol.2014.05.012
https://doi.org/10.3141/2278-11
https://doi.org/10.1016/j.ijheh.2005.01.006
https://doi.org/10.1016/j.ijheh.2005.01.006
https://doi.org/10.1016/j.burns.2007.06.023
https://doi.org/10.1016/j.burns.2007.06.023
https://doi.org/10.1016/j.jth.2021.101247
https://doi.org/10.1016/j.firesaf.2017.09.007

Environmental Science and Pollution Research (2023) 30:32288-32300

32299

Kodur V, Naser M (2015) Designing steel bridges for fire safety. J
Constr Steel Res 156:46-53. https://doi.org/10.1016/j.jcsr.2019.
01.020

Kohl B, Zibert M (2010) Risk analysis study for Slovenian motor-
way tunnels. In: Proceedings of Slovenski Kongres O Cestah in
Promeu, Portoroz, p. 606—-617. http://www.ilf.com.pl/fileadmin/
user_upload/publikationen/54_Risk_analysis_study_Slovenian_
motorway_tunnels.pdf

Kolios L, Striepling E, Kolios G, Rudolf KD, Dresing K, Dorges J,
Stiirmer KM, Stiirmer EK (2010) The Nitric acid burn trauma of
the skin. J Plast Reconstr Aesthet Surg 63(4):e358—363. https://
doi.org/10.1016/j.bjps.2009.09.001

Laarabi MH, Boulmakoul A, Sacile R, Garbolino E (2014) A scal-
able communication middleware for real-time data collection of
dangerous goods vehicle activities. Transp Res Part C Emerg
Technol 48:404—417. https://doi.org/10.1016/j.trc.2014.09.006

Landucci G, Tugnoli A, Busini V, Derudi M, Rota R, Cozzani V (2011)
The Viareggio LPG accident: lessons learnt. J Loss Prev Process
Ind 24(4):466-476. https://doi.org/10.1016/j.j1p.2011.04.001

Lee M (2014) GIS-based route risk assessment of hazardous material
transport. University of Nebraska, Lincoln, Nebraska

Leitner ZDB, Ballay M, Mocova L, Fuchs P (2021) Environmental
Impact Modeling for Transportation of Hazardous Liquids. Sus-
tainability 13(20):11367. https://doi.org/10.3390/su132011367

Liu X, Saat MR, Barkan CP (2013) Integrated risk reduction frame-
work to improve railway hazardous materials transportation
safety. ] Hazard Mater 260:131-140. https://doi.org/10.1016/j.
jhazmat.2013.04.052

Liu X, Zhang L, Guo S, Fu M (2017) A simplified method to evalu-
ate the fire risk of liquid dangerous chemical transport vehicles
passing a highway bridge. J Loss Prev Process Ind 48:111-117.
https://doi.org/10.1016/j.j1p.2017.04.004

Liu Y, Fan L, Li X, Shi S, Lu Y (2020) Trends of hazardous material
accidents (HMAs) during highway transportation from 2013 to
2018 in China. J Loss Prev Process Ind 66:104150

Li W, Wu X, Gao C (2013) Ten-year epidemiological study of chemical
burns in Jinshan, Shanghai, PR China. Burns 39(7):1468-1473.
https://doi.org/10.1016/j.burns.2013.03.012

Li X, Liu Y, Fan Shi S, Zhang T, Qi M (2021) Research on the predic-
tion of dangerous goods accidents during highway transportation
based on the ARMA model. J Loss Prev Process Ind 72:104583.
https://doi.org/10.1016/j.jlp.2021.104583

Lukai Z, Xuesong F (2021) Planning tank-truck hazardous materials
shipments in intercity road transportation networks. Appl Math
Model 89(2):1860-1880. https://doi.org/10.1016/j.apm.2020.
09.009

Lundin J, Antonsson L (2019) Road tunnel restrictions — Guidance and
methods for categorizing road tunnels according to dangerous
goods regulations (ADR). Saf Sci 116:170-182. https://doi.org/
10.1016/j.ss¢i.2019.03.004

Lyu S, Zhang S, Huang X, Peng S, Li J (2022) Investigation and mod-
eling of the LPG tank truck accident in Wenling, China. Process
Saf Environ Prot 157:493-508. https://doi.org/10.1016/j.psep.
2021.10.022

Machado ER, Janior RF, Fernandes LFS, Pacheco FAL (2018a) The
vulnerability of the environment to spills of dangerous sub-
stances on highways: A diagnosis based on multi criteria mod-
eling. Transp Res D Transp Environ 62:748-759. https://doi.org/
10.1016/j.trd.2017.10.012

Machado ER, do Valle Junior RF, Pissarra TCT, Siqueira HE, Fer-
nandes LFS, Pacheco FAL (2018b) Diagnosis on transport risk
based on a combined assessment of road accidents and water-
shed vulnerability to spills of hazardous substances. Int J Envi-
ron Res Public Health 15(9):2011. https://doi.org/10.3390/ijerp
h15092011

Ma C, Zhou J, Yang D (2020) Causation analysis of hazardous material
road transportation accidents based on the ordered logit regres-
sion model. Int J Environ Res Public Health 17(4):1259. https:/
doi.org/10.3390/ijerph17041259

Mahmoudabadia A, Seyedhosseini SM (2014) Developing a cha-
otic pattern of dynamic Hazmat routing problem. IATSS Res
37(2):110-118. https://doi.org/10.1016/j.iatssr.2013.06.003

Martinez-Alegria R, Ordéiiez C, Taboada J (2010) A conceptual model
for analyzing the risks involved in the transportation of hazard-
ous goods: implementation in a geographic information system.
Hum Ecol Risk Assess 9(3):857-873. https://doi.org/10.1080/
713609970

Ma X, Xing Y, Lu J (2018) Causation analysis of hazardous material
road transportation accidents by bayesian network using Genie. J
Adyv Transp 2018:6248105. https://doi.org/10.1155/2018/62481
05

Men J, Chen G, Zhou L, Chen P (2022) A pareto-based multi-objective
network design approach for mitigating the risk of hazardous
materials transportation. Process Saf Environ Prot 161:860-875.
https://doi.org/10.1016/j.psep.2022.03.048

Milazzo MF, Lisi R, Maschio G, Antonio G, Spadoni G (2010) A study
of land transport of dangerous substances in Eastern Sicily. J
Loss Prev Process Ind 23(3):393—403. https://doi.org/10.1016/j.
jlp.2010.01.007

Milovanovic B, Jovanovic V (2016) Control and prevention in the
transport of dangerous goods. University of Belgrade, Faculty
of Transport and Traffic Engineering, Beograd

Niu S, Ukkusuri SV (2020) Risk Assessment of Commercial danger-
ous-goods truck drivers using geo-location data: A case study in
China. Accid Anal Prev 137:105427. https://doi.org/10.1016/j.
2ap.2019.105427

Nivolianitou Z, Konstandinidou M, Michalis C (2006) Statistical
analysis of major accidents in petrochemical industry notified
to the major accident reporting system (MARS). J Hazard Mater
137(1):4-7. https://doi.org/10.1016/j.jhazmat.2004.12.042

Noomen MF (2007) Hyperspectral reflectance of vegetation affected by
underground hydrocarbon gas seepage. Wageningen University,
Enschede

Qiu L, Nixon WA (2008) Effects of adverse weather on traffic
crashes: systematic review and meta-analysis. Transp Res Rec
2055(1):139-146. https://doi.org/10.3141/2055-16

Oggero A, Darbra RM, Muifioz M, Planas E, Casal J (2006) A survey of
accidents occurring during the transport of hazardous substances
by road and rail. J Hazard Mater 133(1-3):1-7. https://doi.org/
10.1016/j.jhazmat.2005.05.053

Planas-Cuchi E, Gasulla N, Ventosa A, Casal J (2004) Explosion of a
road tanker containing liquified natural gas. J Loss Prev Process
Ind 17(4):315-321. https://doi.org/10.1016/].jlp.2004.05.005

Planas E, Pastor E, Casal J, Bonilla J (2015) Analysis of the boiling
liquid expanding vapor explosion (BLEVE) of a liquefied natural
gas road tanker: The Zarzalico accident. J Loss Prev Process Ind
34:127-138. https://doi.org/10.1016/j.jlp.2015.01.026

Planas E, Pastor E, Presutto F, Tixier J (2008) Results of the MITRA
project: Monitoring and intervention for the transportation of
dangerous goods. J Hazard Mater 152(2):516-526. https://doi.
org/10.1016/j.jhazmat.2007.07.032

Qureshi OM, Hafeez A, Kazmi SSH (2020) Ahmedpur Sharqia oil
tanker tragedy: Lessons learnt from one of the biggest road acci-
dents in history. J Loss Prev Process Ind 67:104243. https://doi.
org/10.1016/j.j1p.2020.104243

Raemdonck KV, Macharis C, Mairesse O (2013) Risk analysis system
for the transport of hazardous materials. J Saf Res 45:55-63.
https://doi.org/10.1016/j.jsr.2013.01.002

Ronza A, Vilchez J, Casal J (2007) Using transportation accident
databases to investigate ignition and explosion probabilities of

@ Springer


https://doi.org/10.1016/j.jcsr.2019.01.020
https://doi.org/10.1016/j.jcsr.2019.01.020
http://www.ilf.com.pl/fileadmin/user_upload/publikationen/54_Risk_analysis_study_Slovenian_motorway_tunnels.pdf
http://www.ilf.com.pl/fileadmin/user_upload/publikationen/54_Risk_analysis_study_Slovenian_motorway_tunnels.pdf
http://www.ilf.com.pl/fileadmin/user_upload/publikationen/54_Risk_analysis_study_Slovenian_motorway_tunnels.pdf
https://doi.org/10.1016/j.bjps.2009.09.001
https://doi.org/10.1016/j.bjps.2009.09.001
https://doi.org/10.1016/j.trc.2014.09.006
https://doi.org/10.1016/j.jlp.2011.04.001
https://doi.org/10.3390/su132011367
https://doi.org/10.1016/j.jhazmat.2013.04.052
https://doi.org/10.1016/j.jhazmat.2013.04.052
https://doi.org/10.1016/j.jlp.2017.04.004
https://doi.org/10.1016/j.burns.2013.03.012
https://doi.org/10.1016/j.jlp.2021.104583
https://doi.org/10.1016/j.apm.2020.09.009
https://doi.org/10.1016/j.apm.2020.09.009
https://doi.org/10.1016/j.ssci.2019.03.004
https://doi.org/10.1016/j.ssci.2019.03.004
https://doi.org/10.1016/j.psep.2021.10.022
https://doi.org/10.1016/j.psep.2021.10.022
https://doi.org/10.1016/j.trd.2017.10.012
https://doi.org/10.1016/j.trd.2017.10.012
https://doi.org/10.3390/ijerph15092011
https://doi.org/10.3390/ijerph15092011
https://doi.org/10.3390/ijerph17041259
https://doi.org/10.3390/ijerph17041259
https://doi.org/10.1016/j.iatssr.2013.06.003
https://doi.org/10.1080/713609970
https://doi.org/10.1080/713609970
https://doi.org/10.1155/2018/6248105
https://doi.org/10.1155/2018/6248105
https://doi.org/10.1016/j.psep.2022.03.048
https://doi.org/10.1016/j.jlp.2010.01.007
https://doi.org/10.1016/j.jlp.2010.01.007
https://doi.org/10.1016/j.aap.2019.105427
https://doi.org/10.1016/j.aap.2019.105427
https://doi.org/10.1016/j.jhazmat.2004.12.042
https://doi.org/10.3141/2055-16
https://doi.org/10.1016/j.jhazmat.2005.05.053
https://doi.org/10.1016/j.jhazmat.2005.05.053
https://doi.org/10.1016/j.jlp.2004.05.005
https://doi.org/10.1016/j.jlp.2015.01.026
https://doi.org/10.1016/j.jhazmat.2007.07.032
https://doi.org/10.1016/j.jhazmat.2007.07.032
https://doi.org/10.1016/j.jlp.2020.104243
https://doi.org/10.1016/j.jlp.2020.104243
https://doi.org/10.1016/j.jsr.2013.01.002

32300

Environmental Science and Pollution Research (2023) 30:32288-32300

flammable spills. ] Hazard Mater 146(1-2):106—123. https://doi.
org/10.1016/j.jhazmat.2006.11.057

Saat MR, Werth CJ, Schaeffer D, Yoon H, Barkana CPL (2014) Envi-
ronmental risk analysis of hazardous material rail transportation.
J Hazard Mater 264:560-569. https://doi.org/10.1016/j.jhazmat.
2013.10.051

Shen X, Yan Y, Li X, Xie C, Wang L (2014) Analysis on Tank Truck
Accidents Involved in Road Hazardous Materials Transportation
in China. Traffic Inj Prev 15(7):762-768. https://doi.org/10.1080/
15389588.2013.871711

Simonich SL, Hites RA (1995) Organic Pollutant Accumulation in
Vegetation. Environ Sci Technol 29(12):2905-2914. https://doi.
org/10.1021/es00012a004

Siqueira HE, Pissarra TCT, do Valle Junior RF, Fernandes LFS, Pache-
cod FAL (2017) A multi criteria analog model for assessing the
vulnerability of rural catchments to road spills of hazardous sub-
stances. Environ Impact Assess Rev 64:26-36https://doi.org/10.
1016/j.eiar.2017.02.002

Sremac S, Ziramov N, Tanackov I, Stevié 2, Risti¢ B (2020) Ammonia-
risk distribution by logistic subsystems and type of consequence.
Burns 46(2):360-369. https://doi.org/10.1016/j.burns.2019.07.
032

Tanackov I, Jankovi¢ Z, Sremac S, Mili¢i¢ M, Vasiljevi¢ M, Mihaljev-
Martinov J, ékiljaica 1 (2018) Risk distribution of dangerous
goods in logistics subsystems. J Loss Prev Process Ind 54:373—
383. https://doi.org/10.1016/j.j1p.2018.03.013

Tonelli AR, Pham A (2009) Bronchiectasis, a long-term sequela of
ammonia inhalation: A case report and review of the literature.
Burns 35(3):451-453. https://doi.org/10.1016/j.burns.2008.02.
007

Tremel H, Brunier A, Weilemann LS (1991) Chemical burns caused
by hydrofluoric acid. Incidence, frequency and current status of
therapy. Med Klin 86(2):71-75

van der Meijde M, van der Werff HMA, Jansma PF, van der Meer
FD, Groothhuis GJ (2009) A spectral-geophysical approach
for detecting pipeline leakage. Int J Appl Earth Obs Geoinf
11(1):77-82. https://doi.org/10.1016/j.jag.2008.08.002

Vlies AV (2021) Hazardous Materials Transport. In: Vickerman R (ed)
International encyclopedia of transportation. Elsever, London,
pp 304-310

Vrabel J, Jagelcak J, Sarkan BTS, Seliga A (2015) Transit routes
for transportation of dangerous goods in the city of bratislava.
Machines.Technologies. Materials 9(10):53-56

Wang K, Hu Q, Qian X, Li M, Shi T (2022) Cause analysis and dam-
age mechanism of explosive destruction with case investigation
involving LPG tank trailer. Eng Fail Anal 133:106002. https://
doi.org/10.1016/j.engfailanal.2021.106002

@ Springer

Wasantha P, Guerrieri M, Xu T (2021) Effects of tunnel fires on the
mechanical behaviour of rocks in the vicinity — A review. Tunn
Undergr Space Technol 108:103667. https://doi.org/10.1016/].
tust.2020.103667

White CW, Martin JG (2010) Chlorine gas inhalation: human clini-
cal evidence of toxicity and experience in animal models. Proc
Am Thorac Soc 7(4):257-263. https://doi.org/10.1513/pats.
201001-008SM

Xing Y, Chen S, Zhu S, Yhang Y, Lu J (2020) Exploring Risk Fac-
tors Contributing to the Severity of Hazardous Material Trans-
portation Accidents in China. Int J Environ Res Public Health
17(4):1344. https://doi.org/10.3390/ijerph 17041344

Yang H, Meer FVD, Zhang J, Kroonenberg SB (2000) Direct detection
of onshore hydrocarbon microseepages by remote sensing tech-
niques. Remote Sens Rev 18(1):1-18. https://doi.org/10.1080/
02757250009532381

Yang J, Li F, Zhou J, Zhang L, Huang L, BiJ (2010) A survey on haz-
ardous materials accidents during road transport in China from
2000 to 2008. J Hazard Mater 184(1-3):647-653. https://doi.org/
10.1016/j.jhazmat.2010.08.085

Zengin Y, Dursun R, 1ger M, Giindiiz E, Durgun HM, Erbatur S,
Damar O, Giiloglu C (2015) Fire disaster caused by LPG tanker
explosion at Lice in Diyarbakir (Turkey): July 21, 2014. Burns
41(6):1347-1352. https://doi.org/10.1016/j.burns.2015.02.002

Zhang G, Zhao X, Lu Z, Song C, Li X, Tang C (2022) Review and
discussion on fire behavior of bridge girders. J Traffic Transp Eng
(Engl Ed) 9(3):422-446. https://doi.org/10.1016/j jtte.2022.05.002

Zhang H-D, Zheng X-P (2012) Characteristics of hazardous chemical
accidents in China: a statistical investigation. J Loss Prev Process
Ind 25(4):686—693. https://doi.org/10.1016/j.j1p.2012.03.001

Zhang L, Feng X, Chen D, Zhu N, Liu Y (2019) Designing a hazard-
ous materials transportation network by a bi-level programming
based on toll policies. Physica A 534:122324. https://doi.org/10.
1016/j.physa.2019.122324

Zhao L, Qian Y, Hu Q-M, Jiang R, Li M, Wang X (2018) An analysis of
hazardous chemical accidents in China between 2006 and 2017.
Sustainability 10(8):2935. https://doi.org/10.3390/su10082935

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.jhazmat.2006.11.057
https://doi.org/10.1016/j.jhazmat.2006.11.057
https://doi.org/10.1016/j.jhazmat.2013.10.051
https://doi.org/10.1016/j.jhazmat.2013.10.051
https://doi.org/10.1080/15389588.2013.871711
https://doi.org/10.1080/15389588.2013.871711
https://doi.org/10.1021/es00012a004
https://doi.org/10.1021/es00012a004
https://doi.org/10.1016/j.eiar.2017.02.002
https://doi.org/10.1016/j.eiar.2017.02.002
https://doi.org/10.1016/j.burns.2019.07.032
https://doi.org/10.1016/j.burns.2019.07.032
https://doi.org/10.1016/j.jlp.2018.03.013
https://doi.org/10.1016/j.burns.2008.02.007
https://doi.org/10.1016/j.burns.2008.02.007
https://doi.org/10.1016/j.jag.2008.08.002
https://doi.org/10.1016/j.engfailanal.2021.106002
https://doi.org/10.1016/j.engfailanal.2021.106002
https://doi.org/10.1016/j.tust.2020.103667
https://doi.org/10.1016/j.tust.2020.103667
https://doi.org/10.1513/pats.201001-008SM
https://doi.org/10.1513/pats.201001-008SM
https://doi.org/10.3390/ijerph17041344
https://doi.org/10.1080/02757250009532381
https://doi.org/10.1080/02757250009532381
https://doi.org/10.1016/j.jhazmat.2010.08.085
https://doi.org/10.1016/j.jhazmat.2010.08.085
https://doi.org/10.1016/j.burns.2015.02.002
https://doi.org/10.1016/j.jtte.2022.05.002
https://doi.org/10.1016/j.jlp.2012.03.001
https://doi.org/10.1016/j.physa.2019.122324
https://doi.org/10.1016/j.physa.2019.122324
https://doi.org/10.3390/su10082935

	The impact of accidents during the transport of dangerous good, on people, the environment, and infrastructure and measures for their reduction: a review
	Abstract
	Introduction
	The causes of accidents with dangerous goods
	The consequences on people caused by accidents with dangerous goods
	The consequences on the environment caused by accidents with dangerous goods
	The consequences on the infrastructure caused by accidents with dangerous goods
	The measures for the reduction of traffic accidents during the transport of dangerous goods
	Conclusion
	Acknowledgements 
	References




