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LT-10105 Vilnius, Lithuania; kristina.ciziuniene@vilniustech.lt

2 Mechanical Science Institute, Vilnius Gediminas Technical University, Plytinės g. 25,
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Abstract: The transportation of bulk or liquid cargo is crucial for ensuring the delivery of such cargo
to areas lacking well-established infrastructure or favorable natural conditions. These areas may
lack sufficient rail or air transport accessibility, or may not have suitable embankments along rivers,
lakes or seas with appropriate loading and unloading facilities. Regarding distinctive characteristics,
we would like to emphasize the following: (1) Efficient freight accessibility without the need for
more infrastructure that is tailored to the existing natural circumstances; (2) An efficient and cost-
effective mode of transportation for the movement of small quantities of goods; (3) The cargo
philosophy is designed to meet customer expectations by providing a convenient and personalised
service that is focused on delivering goods directly to their door. This research employed theoretical
methodologies to characterize the primary force exerted by vehicles in the transportation of bulk
and liquid commodities (the relationship between centrifugal force and speed and the relationship
between the center of gravity and speed). Furthermore, by using expert assessment, the significance
indicators pertaining to the individual criteria impacting the transportation of bulk and liquid cargoes
were ascertained, along with the identification of their interrelationships (comparison of the different
forces in the transportation process of bulk and liquid cargoes, comparison of the criteria of centrifugal
force in the transportation process of bulk and liquid cargoes, comparison of the dangerous factors in
the transportation process of bulk and liquid cargoes, comparison of the critical level of tank filling in
the transportation process of bulk and liquid cargoes, and comparison of the factors that can affect
the dynamics of a vehicle in the transportation process of bulk and liquid cargoes).

Keywords: bulk cargo; liquid cargo; transportation by road transport; Pearson correlation coefficient

1. Introduction

The development and efficacy of transport firms heavily relies on their investment
strategy, which is significantly influenced by external factors such as the direct and indi-
rect investment environment [1]. The effectiveness of an entity is enhanced through its
association with overarching strategies such as marketing [2], market analysis [3], financial
planning, and advertising [4]. The cargo transportation sector holds a prominent position
within this strategic framework [5]. One important factor is the calculation of the upper
limit of acceptable duration for transporting perishable cargoes via road transport, which
is done with a specific focus on the influence of external variables on the heat transfer
coefficient and temperature differential. Increased vehicle velocities have been observed to
significantly decrease the duration of delivery, hence reducing delivery time [6]. On the
other hand, the occurrence of an external heat source results in an increase in the transfer of
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heat, which subsequently affects the timeliness of deliveries [7]. The objective is to develop
formal models and methodologies for efficiently managing cargo turnover in rail transport,
with a special emphasis on maintaining stability in the presence of unpredictable factors. [8].
Additionally, it suggests the incorporation of risk assessment methodologies to facilitate the
implementation of these models and methods [9]. The a multi-agent system (MAS)-based
distributed control architecture and hierarchical controller for connected and automated
vehicles (CAVs) effectively manage complex traffic scenarios. The upper layer considers
potential states and transition rules, while the lower layer includes motion controllers,
utilizing the Pareto-optimal method for safety and stability [10].

Bulk cargo refers to a substantial quantity of uniform or multiple small segments
possessing similar attributes that cannot be transported individually [11]. The defining
attribute of these loads is their composition, which are comprised of desiccated particles
and fragments of diverse dimensions. These loads exhibit characteristics such as natural
degradation, moisture content, and hardness. Bulk cargo, such as ore, coal, grain, soy, salt,
and fertilizer, is commonly carried in substantial numbers without the need for individual
packaging. An analysis of data pertaining to tank trucks carrying dangerous liquid prod-
ucts, with the aim of enhancing their inherent safety measures, was presented in [12]. This
paper proposes a framework consisting of eight components that have a significant impact
on the occurrence of accidents, with a specific emphasis on the inherent safety features of
vehicles. The construction of critical safety information and the establishment of a vehicle
safety risk evaluation model are accomplished through the utilization of the matter-element
extension model. The model is implemented in practical applications.

The delivery of bulk materials via road vehicles has distinct characteristics that ne-
cessitate a high level of responsibility and thorough preparation [13]. The movement of
bulk freight must not present any potential hazards to fellow road users, the surrounding
environment, or the existing infrastructure. The process of loading bulk cargo involves
the utilization of a crane or a conveyor system to facilitate the transfer of goods from an
elevated position. In order to provide optimal distribution, dry bulk cargo within the cargo
compartment should be positioned in a manner that promotes evenness across the entire
floor area [14]. Specifically, the center of the cargo should align with the longitudinal line
of the axis of symmetry.

Nets employed for the purpose of securing or providing support to specific categories
of bulk cargo can be fabricated using woven straps or ropes composed of either natural
or synthetic fibers. Band nets are commonly employed as partitions to segregate the
cargo area into distinct compartments. Lightweight nets have the potential to serve as
suitable coverings for open trucks and containers that do not necessitate a more substantial
enclosure. It is imperative to emphasize the importance of ensuring the integrity of the
metal components of the nets, as they should be free from any signs of damage or corrosion.
Additionally, it is crucial to ascertain that the net remains intact without any cuts, and that
all seams are in optimal shape.

Semi-trailer awning is considered to be the most secure and durable method for
safeguarding large quantities of cargo. The tarpaulin is secured to the sides of the tipper
using fastening mechanisms. This method of preparing the vehicle serves to shield the
bulk cargo from the impact of atmospheric conditions, ensuring that the cargo remains
unaffected in terms of its physical and mechanical characteristics.

Bulk materials are used in industrial and agricultural production, but their interaction
with structures can cause structural wear and dust pollution. A multiphase data fusion
simulation approach is proposed for discrete material transfer dispatch in digital twin
systems. The Discrete Element Method (DEM) is used to obtain bulk material movement
and force data on structures, accurately calculating force data using the Finite Element
Method (FEM). This method helps predict structure wear and manage the operating envi-
ronment [15]. The enhancement of bulk freight transportation efficiency can be achieved
by the establishment of technical standards pertaining to the loading of cargo into wagons.
Different methods of transporting bulk cargo over railways, such as utilizing bags and
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big-bags, have been suggested as a means to enhance the capacity of wagon loads. A
rationale is needed for selecting a specific style of wagon for the transportation of bulk
products via road transport, drawing upon established approaches for efficient freight
transportation. Recommendations play a crucial role in the selection of appropriate vehicle
types and the optimization of carrying capacity based on transportation conditions, hence
enhancing the efficiency of bulk freight transportation [16].

Liquid bulk and gaseous cargoes are types of cargoes that necessitate the utilization
of specialized containers for their transportation and storage. The aforementioned items
include glass containers, metal containers, and a variety of balloons. The magnitudes
of these loads are determined using calculations that consider either their volume or
mass. Bulk liquid cargoes refer to substances that possess the capability to be efficiently
loaded and unloaded via pipelines, as well as stored and transported within tanks. A
range of cargoes, including fuels, water, liquefied gases, and non-liquefied gases, might be
associated with this category. For instance, the transfer of liquid items is a domain of cargo
transportation that necessitates both specialized transportation and meticulous preparation.
To mitigate the risk of tipping, which poses a significant hazard to transportation safety,
the tanks are partitioned into several portions. Each portion is designed with a graduated
capacity of 2000 L. Initially, one section is occupied, followed by another, and ultimately the
remaining sections are filled. In order to promote secure transportation, it is recommended
that the sections be filled to a maximum capacity of 80%, as this practice effectively mitigates
the risk of spilling.

The analysis of data pertaining to tank trucks carrying hazardous liquids is necessary
to enhance safety measures. The research aims to identify eight elements that have a
substantial influence on the frequency of accidents, with particular focus on the inherent
safety characteristics of vehicles [17]. Researchers have focused on accident risk assessment
in hazardous chemicals road transport accidents, analyzing data from China over the past
five years. They used a Bayesian network structure and parameter learning to predict
the risk probability value of accidents. The model predicts “rear-end-leakage” accidents
and identifies the most likely disposal time within 3–9 h. The study demonstrates the
model’s ability to predict accident scenarios and determine risk probabilities under different
parameters [18].

When examining the transportation of bulk and liquid cargoes, transport company
managers and logistics specialists often rely on their expertise and employ sophisticated
and costly evaluation methods to effectively satisfy the unique requirements associated with
such transportation. By employing expert evaluation, it becomes feasible to systematically
assess the distinctive characteristics of transporting bulk and liquid cargo, enabling the
anticipation of requisite precautionary measures through situational assessment, and
facilitating the development of transportation process models.

The liquid or bulk cargoes referred to primarily consist of loads that meet the maximum
allowable load of the transportation combination. Numerous carriers and their drivers
demonstrate adherence to load securing regulations. However, an examination of accident
causation in the previous year has identified a prevalent repeating factor contributing to
traffic incidents, namely the technical state of the vehicle’s chassis, encompassing aspects
such as brake functionality, tire wear, and tread depth.

Simulations employing the Monte Carlo method, as described in [19], are commonly
utilized for the purpose of simulating the actual transport process. In this particular sce-
nario, a comparison is made of the selection of components’ significance. This comparison
facilitates the refinement of subsequent modeling procedures for the transportation of
liquid and bulk cargoes under more appropriate rough circumstances, after an assessment
of the unique characteristics associated with said cargo transportation. The utilization of
these methodologies enables a more comprehensive evaluation of the variables influencing
road freight transportation [20]. This approach enables the mitigation of transportation
risks, the optimization of vehicle design for transportation processes, and the simultaneous
attainment of economic benefits (through the identification of transportation costs) and en-
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vironmental protection (by evaluating the characteristics of individual cargo transportation
and potential traffic incidents that may result in environmental harm). The articles analyze
logistical, social [21], and economic [22] difficulties, while the influence of forces is limited
to theoretical and recommended levels, with a lack of practical calculations. Nevertheless,
when confronted with a traffic collision or the necessity to execute diverse professional
tasks, we encounter a dearth of data to facilitate these computations [23]. Moreover, lo-
gistics terminals employ specialized software to enhance the efficiency of the multimodal
transportation planning process. The optimization method entails the utilization of a
sophisticated mathematical framework, which can be enhanced by employing precise data
to enhance the efficacy of the transfer process [8,24]. Hence, the examination of the relative
significance of various types of cargoes, such as liquid and bulk cargo, holds considerable
academic interest in enhancing the aforementioned logistics initiatives.

2. Materials and Methods

The subject matter of this research is limited to examining the job experience of
transport logistics professionals. The mathematical tools used are tailored to suit the unique
topic. The paper aims to assess the attributes of liquid and bulk cargo transportation via
road. This adaptation relies on a dual implementation of mathematical tools. The research
methodology consists of two research stages: In the first stage, the forces acting on the
transported cargo are calculated, and in the second stage an expert assessment is carried
out in order to assess the analysis of these forces at a practical level. Both mathematical
calculations and expert assessment are performed on the example of Lithuania.

The purpose of using this model is to examine the forces at play and their primary
correlation. In the subsequent phase, expert evaluation is used to ascertain the practical
(adaptive) qualities of these forces. Given the utilization of a diverse mathematical appara-
tus, the authors endeavored to derive the specific capabilities of this mathematical tool. The
objective of this is to determine the magnitudes of the forces involved via calculations. This
will allow for a more accurate identification of the most suitable method of transporting
the cargo, using additional mathematical tools.

While performing force calculations, it is important to consider not only the force
equation itself, but also to establish the critical velocities for various levels of cargo capac-
ity. These calculations enable the formulation of the most suitable questions for experts,
facilitating the determination of the order of important criteria in subsequent stages via the
use of mathematical tools for expert evaluation.

2.1. Mathematical Calculation Methodology

Bulk and liquid cargoes have a center of gravity of only 1.8 m from the ground, while
others are 2 to 2.5 m high. Considering the fact that the center of gravity of bulk and liquid
cargo is not a height, it is not mathematically assessed. Only the centrifugal force, gravity
force, and critical slip of the tug are evaluated.

The analytical computations (Equations (1) and (2) [25,26]) were conducted with a
circular radius of 17 m. This radius was chosen because, taking into account the method-
ological instructions for the design of roundabouts, it is stated that the turning radius R of a
roundabout with entrances and exits of two traffic lanes is between 12 and 18 m [27]. A ve-
hicle carrying a significant amount of freight, moving at a velocity of 20 km/h, encounters
a centrifugal force while traversing a roundabout with a diameter of 17 m (Figure 1):

F =
mvv2

r
, N (1)

The force of gravity is computed:

F = mv · g, N (2)
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when driving around a bend in the road, under the influence of centrifugal force, the
wheels of the vehicle may lose their grip on the road surface and begin to slide in the
transverse direction. The critical traction speed in a corner indicates the maximum speed at
which a vehicle can pass a corner without losing the grip of the wheels on the road surface
and without starting to slide in the transverse deflection. Stability is a key criterion for
assessing a truck’s appropriateness for employment. When a vehicle’s transverse stability
is compromised near a curve in the road, it either skids or flips over. In order to maintain
the vehicle’s stability, the conditions of preventing rolling and sliding are established [26].
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The critical driving speed in the event of a truck skidding is calculated according to
the formula [25]:

vsl =
√

g·rm ·µ, N (3)

where: rm—turning radius; g—acceleration of free fall coefficient of adhesion of tires to the
road surface.

When driving on a corner, a car may lose stability due to the forces acting upon it, and
turn in relation to the longitudinal axis. In this case the following formula can be used to
calculate the critical driving speed for the turning condition:

vov ≤

√√√√g·rm·
b
2 + hsc·tgβ

hsc − b
2 ·tgβ

, N (4)

where: rm—turning radius, m; g—acceleration of free fall, m/s2; β—the angle of inclination
of the transverse road; hsc—the height of the vehicle’s center of mass (Figure 2), m; b—the
width of the vehicle’s wheelbase, m.

The calculation of the critical slip of the vehicle [25,26] is performed using a specified
coefficient of friction of µ = 0.6 [28], specifically for dry asphalt in this scenario [29,30]. The
turning radius of the vehicle is measured to be 17 m, while the cross slope of the road is
denoted as β = 2 [31].

Cross road slope for sliding:
tgβ = µ

The height h of the vehicle’s center of gravity can be calculated using the formula:

hsc =
b

Gp
·
(

R′
zd − Rzd

)
·ctgβ, m (5)
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where: Gp—front axle load of the vehicle, kN; Rzd—support reaction force to the wheel of
the front axle, kN; R′

zd—the support reaction force on the wheel of the front axle when
weighing the leaning vehicle, kN; β—the angle of inclination of the transverse road.
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From the dependencies presented in the formulas, it can be seen that, in order to
increase the stability of the vehicle, it is necessary to reduce the height of the vehicle’s
center of gravity and/or to increase the length of the track [25].

The stability of a truck depends on the height of the center of gravity and the ratio of
the rut. Since the rut ratio varies little between different standard trucks, the stability of
heavy vehicles depends on the height of the center of gravity. The height of the car’s center
of gravity is calculated according to the formula [26]:

hsc =
ha·ma + hk·mk

ma + mk
, m (6)

where: ha—the height of the center of gravity of the unloaded vehicle, m; hk—the height of
the center of gravity of the transported load above the road surface, m; ma ir mk—the mass
of the truck and the transported cargo, respectively, in kg.

The formula for calculating the critical speed of a truck for overturning (m/s):

vov =

√
g·b·rm

2hsc
, m/s (7)

At a curve in the road, a truck has the potential to not only tip over, but also skid. A
truck’s wheel may move both parallel and perpendicular to its plane of rotation. From a
traffic safety perspective, the lateral sliding of the automobile poses a far greater risk, since
it considerably hampers the ability to maneuver away from the truck. The automobile,
in turn, is subject to forces resulting from its weight and attempting to displace it off its
intended path of travel, due to the centrifugal force. Curiously, the truck’s capacity to
maintain stability when turning in a road curve is not influenced by the coefficient of
adhesion. Instead, it is determined by the height of the center of mass and the ratio of the
rut. Given that the rut remains constant for a particular vehicle, the stability of the truck
during a rollover will only rely on the elevation of its center of mass. This elevation may
fluctuate depending on factors such as the kind of cargo being carried.

When assessing the transportation of bulk and liquid cargoes, certain key elements that
impact the safety of the transportation process can be identified. This involves determining
the relative importance of the forces influencing the cargo structure, the transport capacity’s
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fill level, which directly affects the transported structure, and other variables influencing
the transport structure’s dynamics. Taking this into account, an expert assessment was
carried out.

2.2. Expert Evaluation Methodology

Considering the fact that the expert assessment was carried out in Lithuania. The
selection of experts was carried out based on the following logical sequence:

1. In Lithuania, the total number of companies providing transport services in 2022
was 8570 companies, of which 6200 companies are engaged in freight road transport.
After analyzing the volume of cargo transportation for pay and at own expense in
thousands of tons, it was determined that in 2022, 100,752 thousand tons of such cargo
were transported, of which 36,828.8 thousand tons were transported by domestic
transport. This is 36.55 percent. Considering that in the analyzed case, specific cargo
is transported, i.e., liquid and bulk cargo, we can claim that such companies makes
up about 15 percent of the total.

2. Taking into account that according to the methodological requirements of the study,
the evaluation of eight experts is considered as a valid evaluation, the following
requirements were imposed on the selected experts:

(1) the period of the company’s activities is 10–15 years,
(2) carrying out the transportation of specific cargoes—liquid cargoes, bulk car-

goes for 8–10 years;
(3) vehicle park, spec. transport 20–30 percent of the entire vehicle fleet.

Each group of criteria was to be ranked from most important to least important. Each
criterion had to be given a score and could not be 0. Criterion m, scored by experts n.

The formulas presented in Table 1 were used for expert evaluation calculations.

Table 1. The formulas description used for the expert survey results calculations [12,13,32,33].

Parameter Name Formula Explanation of Meanings

Kendall’s coefficient of concordance ∑n
i=1 Rij = Rij

Sums of R squares S (dispersion) S =
m
∑

j=1

(
Rj − R

)2

Total average
R =

m
∑

j=1
Rij

m =

n
∑

i=1

m
∑

j=1
Rij

m
Sum of m indicator rankings of all n experts

n
∑

i=1
Rij =

1
2 n(m + 1)

Total average R = 1
2 n(m + 1)

Average rank of each criterion R
Rj =

n
∑

i=1
Rij

n

R—the rank given to the i-th criterion of
the j-th expert, n—the number of experts

Coefficient of concordance when there are no associated
ranks W = 12S

n2(m3−m)
Sum of squares S of deviations of ranks R of each criterion
from the average rank S =

m
∑

j=1

(
n
∑

i=1
Rij =

1
2 n(m + 1)

)2 m—number of criteria (i = 1, 2, . . ., m);
n—number of experts (j = 1, 2, . . ., n)

Sum of squares S in an ideal approved case Smax =
n2m(m2−1)

12
Pearson’s χ2 criterion χ2 = 12S

nm(m+1)

Lowest value of the coefficient of concordance Wmin Wmin =
χ2

υ,a
n(m+1)

Reverse value of the criterion q dj = 1 − qj = 1 − Rj
∑m

j=1 Rj
The sum of d estimates is equal to n—1

Criteria importance indicators Qj =
dj

∑m
j=1 dj

=
dj

m−1

Importance of criteria of the object being evaluated by experts Q′
j =

(m+1)−Rj
m
∑

j=1
Rj

m—the number of indicators showing the
characteristics of the object, R—the
average rank of the jth criterion
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3. Results
3.1. Results of Mathematical Calculations

Equation (8) specifies the centrifugal force, which is computed based on Equation (1):

F =
35, 000 · 30.8

17
= 63, 535, N (8)

Upon conducting calculations, it was ascertained that a motor vehicle traversing
a circular intersection with a radius measuring 17 m at a velocity of 20 km per hour
experiences the influence of a centrifugal force amounting to 63,535 N.

The gravitational force, as described by Equation (9), is computed based on Equation (2):

F = 35, 000 · 9.81 = 343, 350, N (9)

Figure 3 illustrates that the vehicle maintains stability when its speed does not exceed
45 km/h. At this threshold, the centrifugal force remains within the limits of gravitational
force. Nevertheless, when the velocity of the vehicle above 45 km/h, the centrifugal force
surpasses the gravitational force, leading to the overturning of the vehicle.
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Figure 3. The relationship between centrifugal force and speed (red curve is the gravitational force,
blue curve is the centrifugal force).

To analyze the stability of a cargo vehicle, it is crucial to determine the height of the
car’s center of mass, denoted as hsc. The manufacturer provides the location of the center
of mass for both an empty truck and a fully loaded truck in the technical data of the vehicle.
The center of mass of an unladen freight truck is consistently displaced towards the front
of the vehicle. When an automobile is loaded, the location of its center of mass shifts in
relation to the center of mass of an empty car and may move in many directions [29].

The vehicles used for the investigation include a dump truck designed for moving
large quantities of bulk freight, as well as a tank truck specifically designed for transporting
liquid cargo. The trucks’ technical specifications, categorized by type and model, include
the following: mass of 20,500 kg and 23,540 kg, respectively, height of the center of mass
of 1.624 m and 1.741 m, respectively, and track width of 2.174 m and 2.04 m, respectively.
Dynamic stability calculations were conducted to ascertain the threshold speed at which
the vehicle would maintain balance and prevent both overturning and sliding. Figure 4
depicts a graphical depiction of the truck’s roll and slide in relation to the driving speed
and center of gravity. The vertical location of the center of gravity was adjusted within the
range of 0.60–3.00 m, with increments of 0.6 m, as seen in Figure 4.
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Figure 4. The relationship between centrifugal force and speed (red curve is gravitational force, blue
curve is centrifugal force).

The occurrence of crucial skidding in the vehicle is not expected until the velocity
exceeds 34 km/h. Nevertheless, once the velocity of the vehicle surpasses 34 km/h, it will
initiate a skidding motion when navigating a bend.

The critical roll of the vehicle is calculated by considering the width of the vehicle
track and the height of the center of gravity of the load. The width of the semi-trailers for
bulk and skid products is 2.55 m. The selected height of the center of gravity of the load
is 1.8 m from the ground when the vehicle is loaded, while the center of gravity of the
unloaded transport vehicle is selected at a height of 1.2 m.

The essential turning speed of both loaded and empty vehicles was determined for
a roundabout with a diameter of 17 m. A vehicle that is carrying a significant amount
of weight will experience a tipping motion when its speed exceeds 38 km/h, while a
vehicle that is not carrying any additional weight will undergo a tipping motion at speeds
exceeding 51 km/h.

Figure 4 provides a visual representation of the relationship between the speed and
the height of the center of gravity. The critical juncture occurs when the intersection of the
turning speed and sliding speed curves is reached. In this scenario, if the height of the
vehicle’s center of gravity is 2.4 m above the ground and the vehicle is traveling at a speed
of 34 km/h, a rollover event is expected to transpire.

When assessing the transportation of bulk and liquid cargoes, certain key elements that
impact the safety of the transportation process are identified. This involves determining the
relative importance of the forces influencing the cargo structure, the transport capacities’
fill level, which directly affects the transported structure, and other variables influencing
the transport structure’s dynamics [34,35]. Therefore, it is important to assess not only
how these factors work individually [36], but also how they interact with each other
and what their importance is. For that purpose, the results of the expert evaluation are
presented below.

3.2. Results of Expert Assessment

In the process of transporting bulk and liquid cargoes, several forces are encountered
that affect both the cargo and the vehicle. Nevertheless, it is commonly observed that these
parts are typically regarded as distinct entities, with little regard given to their relative
importance or the intricate nature of their interrelationships.

The survey findings, which compare all of the forces involved in the transportation of
bulk and liquid commodities, are shown in Table 2.
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Table 2. The expert survey results comparison of the different forces in transportation process of bulk
and liquid cargoes.

Formula Centrifugal Force Gravity Force Friction Force Inertial Force
n
∑

i=1
Rij = Rij

Bulk cargoes 17 26 26 11
Liquid cargoes 16 24 30 10

Rj =
∑n

i=1 Rij
n

Bulk cargoes 2.125 3.250 3.250 1.375
Liquid cargoes 2 3.000 3.750 1.250

n
∑

i=1
Rij − 1

2 n(m + 1) Bulk cargoes −3 6 6 −9
Liquid cargoes −4 4 10 −10[

n
∑

i=1
Rij − 1

2 n(m + 1)
]2 Bulk cargoes 9 36 36 81

Liquid cargoes 16 16 100 100

For decisions to be taken, the experts’ opinions must be balanced. In the case of two or
more experts, the consistency of their opinions may be determined by applying a concor-
dance factor. In the calculation of the Kendall’s concordance coefficient (W), the experts’
assessments are ranked. The experts’ opinions are considered to be concordant when W→1,
discordant when W→0 (Tables A1, A2, A5, A6 and A9). The next step is to calculate the
importance of the criterion using expert survey data (Tables A3, A4, A7, A8 and A10). The
obtained results show the priority of the forces acting on bulk and liquid cargoes. The
results of the assessment of the forces arranged by the significance of expert opinions from
various sources in evaluating the transportation of bulk and liquid cargoes are shown in
Table 3.

Table 3. The results of the calculation of the criterion arrangement by importance of expert opinions
by the different forces in the evaluation of the transportation of bulk and liquid cargoes.

Sequence of Forces Acting on Bulk Cargo
during Transportation

Sequence of Forces Acting on Liquid Cargo
during Transportation

1 Inertial force 1 Inertial force
2 Centrifugal force 2 Centrifugal force
3 Gravity force 3 Gravity force
4 Friction force 4 Friction force

The survey of experts has been conducted to compare the criteria of centrifugal force
in the transportation process of bulk and liquid cargoes. The findings of this comparison
may be found in Table 4.

Table 4. The expert survey results comparison of the criteria of centrifugal force in transportation
process of bulk and liquid cargoes.

Formula Position of Centre of
Gravity Vehicle Speed Vehicle Trajectory

(Steer Angle)
n
∑

i=1
Rij = Rij

Bulk cargoes 17 14 17
Liquid cargoes 18 15 15

Rj =
∑n

i=1 Rij
n

Bulk cargoes 2.125 1.750 2.125
Liquid cargoes 2.25 1.875 1.875

n
∑

i=1
Rij − 1

2 n(m + 1) Bulk cargoes 1 −2 1
Liquid cargoes 2 −1 −1[

n
∑

i=1
Rij − 1

2 n(m + 1)
]2 Bulk cargoes 1 4 1

Liquid cargoes 4 1 1

The results of the assessment of the criterion arranged by the significance of expert
judgements about the criteria of centrifugal force in the evaluation of bulk and liquid cargo
transportation are shown in Table 5.
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Table 5. The results of the calculation of the criterion arrangement by importance of expert opinions
by the criteria of centrifugal force in the evaluation of the transportation of bulk and liquid cargoes.

Sequence of Forces Acting on Bulk Cargo during
Transportation

Sequence of Forces Acting on Liquid Cargo During
Transportation

1 Vehicle speed 1 Vehicle trajectory (steer angle)
2 Position of centre of gravity 2 Vehicle speed
3 Vehicle trajectory (steer angle) 3 Position of centre of gravity

The outcomes demonstrate that the two most powerful forces are centrifugal and
inertial. It is crucial to ascertain the interdependence of all forces, however, in order to
assess the strength of the interaction between them.

Determining the most hazardous elements involved in the transportation of liquid
and bulk commodities is crucial.

The comparison of dangerous factors in the transportation of bulk and liquid cargoes
is shown in Table 6, based on the findings of the expert survey.

Table 6. The expert survey results comparison of the dangerous factors in transportation process of
bulk and liquid cargoes.

Formula Road Surface Road Turn Curve Sudden Braking Vehicle Not Fully
Loaded

n
∑

i=1
Rij = Rij

Bulk cargoes 28 16 11 25
Liquid cargoes 32 19 16 13

Rj =
∑n

i=1 Rij
n

Bulk cargoes 3.5 2.000 1.375 3.125
Liquid cargoes 4 2.375 2.000 1.625

n
∑

i=1
Rij − 1

2 n(m + 1) Bulk cargoes 8 −4 −9 5
Liquid cargoes 12 −1 −4 −7[

n
∑

i=1
Rij − 1

2 n(m + 1)
]2 Bulk cargoes 64 16 81 25

Liquid cargoes 144 1 16 49

The data collected indicate that while moving bulk and liquid commodities, the riskiest
elements have distinct priorities.

The results of the assessment of the criteria arrangement by significance of expert
views on the dangerous factors in the evaluation of the transportation of bulk and liquid
cargoes are shown in Table 7.

Table 7. The results of the calculation of the criterion arrangement by importance of expert opinions
by the dangerous factors in the evaluation of the transportation of bulk and liquid cargoes.

Sequence of Forces Acting on Bulk Cargo during
Transportation

Sequence of Forces Acting on Liquid Cargo during
Transportation

1 Sudden braking 1 Vehicle not fully loaded
2 Road turn curve 2 Sudden braking
3 Vehicle not fully loaded 3 Road turn curve
4 Road surface 4 Road surface

The findings indicate that the ranking of the most hazardous elements varies depend-
ing on the nature of the cargo [37–39]. When assessing the relationship and its magnitude
among several components, it is crucial to determine their interdependence.

Given the consideration that the primary risk element in the transportation of liquid
cargo is an inadequately loaded vehicle, it is imperative to ascertain the critical level of
tank filling that poses the highest degree of danger.

The comparison of expert survey findings about the crucial level of tank filling during
the transportation of bulk and liquid cargoes is shown in Table 8.
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Table 8. The expert survey results comparison of the critical level of tank filling in transportation
process of bulk and liquid cargoes.

Formula Fully Filled Cistern Two-Thirds Full Cistern One-Third Full Cistern Empty Cistern
n
∑

i=1
Rij = Rij 23 11 14 32

Rj =
∑n

i=1 Rij
n

2.875 1.375 1.750 4.000
n
∑

i=1
Rij − 1

2 n(m + 1) 3 −9 −6 12[
n
∑

i=1
Rij − 1

2 n(m + 1)
]2

9 81 36 144

The obtained results show that when transporting liquid cargoes, the danger of filling
the tank is arranged in the following order:

1. Two-thirds filled cistern;
2. The cistern is one-third full;
3. Fully filled tank;
4. Empty tank.

Also, during the research, it was important to find out the factors that can affect the
dynamics of a vehicle with bulk and liquid cargo during road transport.

The survey of experts has yielded data that compare the elements influencing the
movement of a vehicle during the transportation of bulk and liquid goods. These results
are provided in Table 9.

Table 9. The expert survey results comparison of the factors that can affect the dynamics of a vehicle
in transportation process of bulk and liquid cargoes.

Formula Vehicle
Characteristics

Air Temperature
and Atmospheric

Conditions
Road Condition Loading of

Cargo
Driver Skill and

Attention

n
∑

i=1
Rij = Rij

Bulk cargoes 18 30 28 32 12
Liquid cargoes 22 33 28 25 12

Rj =
∑n

i=1 Rij
n

Bulk cargoes 2.25 3.75 3.500 4.000 1.500
Liquid cargoes 2.75 4.125 3.500 3.125 1.500

n
∑

i=1
Rij − 1

2 n(m + 1) Bulk cargoes −6 6 4 8 −12
Liquid cargoes −2 9 4 1 −12[

n
∑

i=1
Rij − 1

2 n(m + 1)
]2 Bulk cargoes 36 36 16 64 144

Liquid cargoes 4 81 16 1 144

The obtained results show that when transporting bulk and liquid cargoes, the factors
influencing the dynamics of the vehicle have different priorities. Only the most important
skills and attention of the driver coincide, and the least important are air temperature and
atmospheric conditions.

Table 10 presents the results of the computation of the criteria arrangement by signifi-
cance of expert opinions on the aspects that might influence the dynamics of a vehicle in
the assessment of the transportation of bulk and liquid cargoes.

The results show that the driver’s skill and attentiveness are probably the most impor-
tant factors influencing the dynamics of the vehicle. However, when evaluating the interac-
tion and its strength among all forces, it is important to find out their dependence as well.
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Table 10. The results of the calculation of the criterion arrangement by importance of expert opinions
by the factors that can affect the dynamics of a vehicle in the evaluation of the transportation of bulk
and liquid cargoes.

Sequence of Forces Acting on Bulk Cargo during
Transportation

Sequence of Forces Acting on Liquid Cargo during
Transportation

1 Driver skill and attention 1 Driver skill and attention
2 Road condition 2 Loading of cargo
3 Loading of cargo 3 Road condition
4 Vehicle characteristics 4 Vehicle characteristics

5 Air temperature and
atmospheric conditions 5 Air temperature and

atmospheric conditions

4. Discussion

The discussion employed parameter correlation analysis to assess the features of bulk
and liquid cargoes and ascertain the interdependencies among their attributes.

In relation to the determination of the significance of the acting forces, a robust
association is detected between the acting forces as per Pearson’s correlation analysis [40,41].
A more pronounced association was seen in the case of bulk shipments (Figure 5). A
significant association was seen exclusively in the context of bulk cargo transit. Upon
analyzing the transportation of liquid cargoes, it was seen that the correlation, as measured
by Pearson’s correlation analysis, had a lesser association. Specifically, a robust correlation
was found solely between frictional and inertial forces, while the overall correlation was
classified as moderate (Figure 6).
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acting on liquid cargoes transportation.

The presence of centrifugal forces can lead to instability in both bulk and liquid cargo,
as a result of abrupt shifts in the center of gravity, the vehicle’s high speed, and the trajectory
of travel of both the vehicle and its cargo. Hence, it is necessary to assess these inter-factors
by calculating their Pearson’s correlation coefficient. In both bulk and liquid cargo transit,
the coefficient exhibited a consistent similarity and approached approximately 0.95 across
all examined instances, indicating a robust association (see Figure 7).

The impact of the road plays a significant role in determining the acting forces involved
in transportation. Consequently, it is crucial to emphasize the interconnectedness of
the road’s influencing components when moving both bulk and liquid commodities. In
Figures 8 and 9, it is shown that Pearson’s correlation coefficient exhibits highly comparable
values. It can be argued that in the majority of instances, there exists a significant or
substantial link between the components. One notable distinction between bulk and liquid
cargo becomes apparent when analyzing the parameter of “Vehicle not fully loaded.” In
this regard, the correlation coefficient values are comparatively lower for liquid cargo.

The most intriguing correlational relationships are observed in the context of general
variables that impact freight transportation (Figures 10–12). In both instances, the Pearson
correlation coefficient had identical values, indicating a robust interparametric association.
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Taking into account the fact that cargo transportation is a complex process, during
which the safe transportation of cargo must be ensured, therefore drivers transporting
this type of cargo must be trained [7,42]. For example, in Lithuania, the training program
for professional drivers has been updated, which will provide an opportunity to acquire
a professional qualification that is mandatory throughout the European Union (EU) and
to provide cargo and passenger transport services in any EU country [43,44]. The new
procedure has been prepared taking into account the proposals submitted by businesses
and associations uniting cargo and passenger transport companies, as well as associations
of driving training institutions, the main focus of which is safe and economical driving.

In order to obtain the necessary qualifications and obtain a qualification certificate,
drivers will have to complete 280 h of training and pass a driver qualification exam
(competency assessment). In this training course, at least 20 h will have to be devoted to
individual practical driving training, of which up to 8 h will be spent learning to drive in a
special area, in specially equipped autodromes or using a high-class simulator.

5. Conclusions

The transportation of bulk and liquid cargoes involves assessing the safety of the
process by determining the importance of forces influencing the cargo structure, transport
capacities, and other variables. The two most powerful forces are centrifugal and inertial,
with interdependence of all forces crucial. Hazardous elements in transportation depend
on the nature of the cargo and the critical level of tank filling. Most importantly, the skills
and attention of the driver are crucial, while air temperature and atmospheric conditions
are less important.

The critical skidding of the truck on a dry asphalt surface (µ = 0.6) when driving a turn
with a radius of 17 m will not occur until the speed reaches 34 km/h, but after reaching a
speed of 34 km/h and above, the truck will start to slide in the turn.

The essential turning speed of both loaded and empty cars was determined for a
roundabout with a diameter of 17 m. A vehicle that is carrying a significant amount
of weight will experience a tipping motion when its speed exceeds 38 km/h, while a
vehicle that is not carrying any additional weight will undergo a tipping motion at speeds
exceeding 51 km/h.

The critical turning point is when the turning speed and sliding speed curves meet. In
the analyzed case, when the height of the center of gravity of the vehicle is 2.4 m from the
ground and the vehicle speed is 34 km/h, the vehicle overturns.

Pearson’s correlation analysis reveals a robust association between acting forces in bulk
shipments and bulk cargo transit. The correlation is more pronounced in bulk shipments
and is particularly significant in bulk cargo transit. However, the correlation for liquid
cargoes is moderate. The presence of centrifugal forces can cause instability in both bulk and
liquid cargo due to abrupt shifts in the center of gravity, high speed, and travel trajectory.
The Pearson correlation coefficient demonstrates a consistent similarity across all examined
instances, indicating a robust interparametric association between the components.

Considering the obtained results, it can be stated that the transportation of specific
cargoes, including bulk and liquid cargoes, requires specific skills from the drivers. In
order to develop those skills in the training of cargo vehicle drivers, an understanding of
the dynamics of the movement of vehicles in a turn, namely about the means of power,
their redistribution, the change of the center of gravity when transporting special cargoes
(bulk and liquid), and when moving on road bends. This article provides a scientifically
sound basis for the development of methodological tools for the training of drivers of this
type, which would help them understand what forces and what transport factors affect the
movement of vehicles in a turn, how to increase the stability and safety of the movement of
vehicles in a turn, etc.

The authors intend to focus on enhancing the acceptability of these criteria and their
applicability to multimodal transport, particularly with regards to road transport, also
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evaluating different turning radii and other road technical parameters in their future
research endeavors.
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Abbreviations

b the width of the vehicle’s wheelbase
dj reverse value of the criterion q
F force
g acceleration of free fall
Gp front axle load of the vehicle
ha the height of the center of gravity of the unloaded vehicle
hk the height of the center of gravity of the transported load above the road surface
hsc the height of the vehicle’s center of mass
Qj criteria importance indicators
qj subjective significances
m the number of criteria
ma the mass of the truck
mk the mass transported cargo
mv mass
n the number of experts
R the rank given to the i-th criterion
Rj Kendall’s coefficient of concordance
rm turning radius
Rzd support reaction force to the wheel of the front axle
R’zd the support reaction force on the wheel of the front axle when weighing the leaning vehicle
S sums of R squares S (dispersion)
v speed
vov the critical speed of a truck turning
vsl Critical speed in the event of a truck skidding
Wmin Lowest value of the coefficient of concordance
β the angle of inclination of the transverse road
µ coefficient of adhesion of tires to the road surface
χ2 Pearson’s criterion
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Appendix A

Table A1. The results of the calculation of the compatibility of expert opinions by the different forces
in the evaluation of the transportation of bulk and liquid cargoes.

Formula Results

Bulk Cargoes Liquid Cargoes

W = 12S
n2(m3−m)

0.3375 0.4833

χ2 = 12S
nm(m+1) 8.1000 11.6000

Wmin =
χ2

υ,a
n(m+1)

0.0243 0.0243

Table A2. The results of the calculation of the criterion importance of expert opinions by the different
forces in the evaluation of the transportation of bulk and liquid cargoes.

Formula Centrifugal
Force Gravity Force Friction Force Inertial Force

q =
Rj

∑m
j=1 Rj

Bulk cargoes 0.2125 0.3250 0.3250 0.1375
Liquid cargoes 0.2000 0.3000 0.3750 0.1250

dj = 1 − qj = 1 − Rj

∑m
j=1 Rj

Bulk cargoes 0.7875 0.6750 0.6750 0.8625
Liquid cargoes 0.8000 0.7000 0.6250 0.8750

Qj =
dj

∑m
j=1 dj

=
dj

m−1
Bulk cargoes 0.2625 0.2250 0.2250 0.2875
Liquid cargoes 0.2667 0.2333 0.2083 0.2917

Qj =
∑n

i=1 Bij

∑n
i=1 ∑m

j=1 Bij

Bulk cargoes 0.2875 0.1750 0.1750 0.3625
Liquid cargoes 0.3000 0.2000 0.1250 0.3750

Arrangement of factors by
importance

Bulk cargoes 2 3 4 1
Liquid cargoes 2 3 4 1

Table A3. The results of the calculation of the compatibility of expert opinions by the criteria of
centrifugal force in the evaluation of the transportation of bulk and liquid cargoes.

Formula Results

Bulk Cargoes Liquid Cargoes

W = 12S
n2(m3−m)

0.3375 0.4833

χ2 = 12S
nm(m+1) 8.1000 11.6000

Wmin =
χ2

υ,a
n(m+1)

0.0243 0.0243

Table A4. The results of the calculation of the criterion importance of expert opinions by the criteria
of centrifugal force in the evaluation of the transportation of bulk and liquid cargoes.

Formula Position of Centre
of Gravity Vehicle Speed Vehicle Trajectory

(Steer Angle)

q =
Rj

∑m
j=1 Rj

Bulk cargoes 0.2125 0.3250 0.1375
Liquid cargoes 0.2000 0.3000 0.1250

dj = 1 − qj = 1 − Rj

∑m
j=1 Rj

Bulk cargoes 0.7875 0.6750 0.8625
Liquid cargoes 0.8000 0.7000 0.8750

Qj =
dj

∑m
j=1 dj

=
dj

m−1
Bulk cargoes 0.2625 0.2250 0.2875
Liquid cargoes 0.2667 0.2333 0.2917

Qj =
∑n

i=1 Bij

∑n
i=1 ∑m

j=1 Bij

Bulk cargoes 0.2875 0.1750 0.3625
Liquid cargoes 0.3000 0.2000 0.3750

Arrangement of factors by importance Bulk cargoes 2 3 1
Liquid cargoes 2 3 1
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Table A5. The results of the calculation of the compatibility of expert opinions by the dangerous
factors in the evaluation of the transportation of bulk and liquid cargoes.

Formula Results

Bulk Cargoes Liquid Cargoes

W = 12S
n2(m3−m)

0.3875 0.4375

χ2 = 12S
nm(m+1) 9.3000 10.5000

Wmin =
χ2

υ,a
n(m+1)

0.0243 0.0243

Table A6. The results of the calculation of the criterion importance of expert opinions by the dangerous
factors in the evaluation of the transportation of bulk and liquid cargoes.

Formula Road Surface Road Turn
Curve

Sudden
Braking

Vehicle Not
Fully Loaded

q =
Rj

∑m
j=1 Rj

Bulk cargoes 0.3500 0.2000 0.1375 0.3125
Liquid cargoes 0.4000 0.2375 0.2000 0.1625

dj = 1 − qj = 1 − Rj

∑m
j=1 Rj

Bulk cargoes 0.6500 0.8000 0.8625 0.6875
Liquid cargoes 0.6000 0.7625 0.8000 0.8375

Qj =
dj

∑m
j=1 dj

=
dj

m−1
Bulk cargoes 0.2167 0.2667 0.2875 0.2292
Liquid cargoes 0.2000 0.2542 0.2667 0.2792

Qj =
∑n

i=1 Bij

∑n
i=1 ∑m

j=1 Bij

Bulk cargoes 0.2167 0.2667 0.2875 0.2292
Liquid cargoes 0.1000 0.2625 0.3000 0.3375

Arrangement of factors by
importance

Bulk cargoes 4 2 1 3
Liquid cargoes 4 3 2 1

Table A7. The results of the calculation of the compatibility of expert opinions by the critical level of
tank filling in the evaluation of the transportation of bulk and liquid cargoes.

Formula Results

W = 12S
n2(m3−m)

0.5625

χ2 = 12S
nm(m+1) 13.5000

Wmin =
χ2

υ,a
n(m+1)

0.0243

Table A8. The results of the calculation of the criterion importance of expert opinions by the critical
level of tank filling in the evaluation of the transportation of bulk and liquid cargoes.

Formula Fully Filled Cistern Two-Thirds Full
Cistern

One-Third Full
Cistern Empty Cistern

q =
Rj

∑m
j=1 Rj

0.2875 0.1375 0.1750 0.4000

dj = 1 − qj = 1 − Rj

∑m
j=1 Rj

0.7125 0.8625 0.8250 0.6000

Qj =
dj

∑m
j=1 dj

=
dj

m−1
0.2375 0.2875 0.2750 0.2000

Qj =
∑n

i=1 Bij

∑n
i=1 ∑m

j=1 Bij
0.2125 0.3625 0.3250 0.1000

Arrangement of factors by importance 3 1 2 4
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Table A9. The results of the calculation of the compatibility of expert opinions by the factors that can
affect the dynamics of a vehicle in the evaluation of the transportation of bulk and liquid cargoes.

Formula Results

Bulk Cargoes Liquid Cargoes

W = 12S
n2(m3−m)

0.3083 0.2563

χ2 = 12S
nm(m+1) 9.8667 8.2000

Wmin =
χ2

υ,a
n(m+1)

0.0332 0.0332

Table A10. The results of the calculation of the criterion importance of expert opinions by the
factors that can affect the dynamics of a vehicle in the evaluation of the transportation of bulk and
liquid cargoes.

Formula Vehicle
Characteristics

Air Temperature
and Atmospheric

Conditions

Road
Condition

Loading of
Cargo

Driver Skill
and Attention

q =
Rj

∑m
j=1 Rj

Bulk cargoes 0.1500 0.2500 0.2333 0.2667 0.1000
Liquid cargoes 0.1833 0.2750 0.2333 0.2083 0.1000

dj = 1 − qj = 1 − Rj
∑m

j=1 Rj

Bulk cargoes 0.8500 0.7500 0.7667 0.7333 0.9000
Liquid cargoes 0.8167 0.7250 0.7667 0.7917 0.9000

Qj =
dj

∑m
j=1 dj

=
dj

m−1
Bulk cargoes 0.2125 0.1875 0.2556 0.2444 0.3000
Liquid cargoes 0.2042 0.1813 0.2556 0.2639 0.3000

Qj =
∑n

i=1 Bij
∑n

i=1 ∑m
j=1 Bij

Bulk cargoes 0.2125 0.1875 0.2556 0.2444 0.3000
Liquid cargoes 0.2167 0.1250 0.1000 0.1250 0.2333

Arrangement of factors by
importance

Bulk cargoes 4 5 2 3 1
Liquid cargoes 4 5 3 2 1
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