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ABSTRACT

The paper addresses the issues related to the containerization of cargo transportation processes. Containers of
various types and designs are now widely used in logistics and technological operations for transporting substan-
tial volumes of goods. They form an independent category of transport equipment, characterized by well-defined
technical parameters and specialized fittings, enabling efficient mechanized loading and unloading operations.
The use of containers significantly increases the efficiency of both the transportation process and the associated
cargo-handling, as well as warehousing activities. A promising direction for improving bulk material transporta-
tion technologies is the active implementation of soft containers in product supply logistics schemes. The use
of such equipment is technically convenient and economically justified, particularly for temporary storage and
transportation of large consignments of bulk cargo. The specific features of using soft containers with a parallel-
epiped shape as a modern and promising type of transport equipment in technologies for delivering bulk and loose
cargoes were analyzed. These soft container models are simple to manufacture and are sufficiently widespread in
the market. The advantages of using this type of equipment were highlighted. The need to account for possible
transverse deformation of the walls of soft containers when determining the feasibility of their placement within
the cargo compartments of vehicles was also emphasized. The magnitude of these deformations depends on sev-
eral factors, the key ones being the properties of the bulk cargo, the geometric parameters of the container, and
the mechanical characteristics of its shell material. The most significant influence on wall deformation is exerted
by the container dimensions, the bulk density of the material, and the coefficient of friction between the cargo and
the container walls. The properties of the shell material are also of considerable importance, including its strength,
stiffness, thickness, fiber structure, and overall fabric condition. Taking these factors into account, the paper pro-
poses approaches to solving optimization problems aimed at selecting rational parameters for soft parallelepiped-
shaped containers to achieve maximum utilization of the cargo space of a vehicle, considering the deformation of
the container shells.
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INTRODUCTION the efficiency of product delivery to end consum-
ers [1, 2]. Unexpected conditions often reveal

The application of modern technical and tech- lack of infrastructure and insufficient conditions
nological solutions in the field of freight trans- [3, 4]. At the same time, it is necessary to ensure

portation significantly accelerates and enhances  reliable storage of cargo and improve the level
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of safety of transport operations [5, 6]. It does
not matter what type of transport it is [7]. One
of such solutions, validated by global practice, is
containerization [8, 9]. There are still efforts to
develop sustainable, effective and efficient trans-
port means for high speed and safe transportation
of goods [10, 11]. These efforts of engineers in
the field of transport and mechanical engineering
result in new technical solutions of containers
[12, 13]. The containers that allow being trans-
ported by several transport means were charac-
terized [14, 15]. There are mainly road vehicles,
rail vehicles as well as ships [16, 17]. A signif-
icant advantage of rail transport is lower drag,
when wagons are set to a long train [18, 19]. The
sustain transport and low pollution of the envi-
ronment in the case of rail vehicles is strengthen
mainly in case of using electric traction vehicles
[20, 21] However, it is necessary to consider the
load of containers due to running on track irreg-
ularities [22, 23]. They lead to excitation of a
mechanical system of containers [24]. Therefore,
the structure of containers should be properly
designed to resist the external load factors of the
track during operation [25, 26]. Internal goods
loaded into them also affect their properties [27].

Bulk and loose cargoes account for a sub-
stantial share of global freight turnover. Their
transportation is subject to increasingly stringent
requirements regarding safety, preservation of
product quality, selection of rational transporta-
tion technologies, and monitoring of the technical
condition of rolling stock. Traditional methods of
transporting such cargoes are based on the use of
universal or specialized vehicles across different
modes of transport. However, in practice, there
is often a shortage of specialized rolling stock,
which necessitates the search for and implementa-
tion of new, more efficient technological solutions
for bulk material transportation. This enables an
increase in the overall efficiency of the transport
process [28, 29] and better satisfaction of the
needs of all participants in the logistics chain [4].

In this context, the scientifically substanti-
ated selection of parameters of transport packag-
ing and auxiliary equipment becomes particularly
relevant [30]. These decisions directly affect the
efficiency of cargo placement in warehouses and
in the cargo compartments of vehicles, as well as
the level of mechanization of cargo-handling and
warehousing operations.

At present, containers of various designs
are widely used in technological processes for
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transporting large volumes of cargo [31]. They
constitute a distinct category of transport equip-
ment with established technical characteristics
and specialized fittings for the mechanized han-
dling of transshipment operations. The use of
containers improves the efficiency of both the
transportation process and the associated cargo-
handling and warehousing activities.

One of the promising directions for improving
bulk material delivery technologies is the intro-
duction of soft containers (hereinafter referred to
as SC) into product supply logistics schemes. The
use of such equipment is technically convenient
and economically justified, particularly under
conditions of temporary storage and transporta-
tion of large consignments of bulk cargo. Soft
containers are characterized by reliability, sim-
plicity of design, and ease of manufacture. They
are most commonly produced from polypropyl-
ene fabric and, when filled, typically assume a
parallelepiped or cylindrical shape. Owing to
their versatility, soft containers can be effectively
handled by various types of lifting equipment,
which makes them an important element of mod-
ern transport equipment [30].

ANALYSIS OF RECENT RESEARCH
AND PUBLICATIONS

The introduction of soft containers has signif-
icantly improved the efficiency of solving tech-
nological problems associated with cargo trans-
portation. Artificial intelligence is also one of the
factors, which affects the trends in freight trans-
port logistics [32]. In particular, it has become
possible to substantially reduce product losses at
all stages of its circulation and decrease the costs
of cargo-handling operations.

An analysis of scientific and technical sources
devoted to technologies for the use of soft con-
tainers in cargo transportation has revealed a
number of important advantages of such solutions
compared to traditional methods [33].

The main advantages include:

e reduction in the need for specialized rolling
stock, which is often in short supply,

e significant decrease in cargo losses during
transportation,

e improvement of conditions for maintaining
product cleanliness and quality,
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e cenhancement of environmental protection
and protection of transport vehicles from the
potential negative impact of cargo,

e climination of the need to clean vehicles after
transportation,

e creation of conditions for temporary outdoor
storage of certain types of cargo, which makes
it possible to significantly reduce the costs of
constructing warehouse premises.

Modern technologies make it possible to
manufacture soft containers of virtually any geo-
metric shape. The most common are the mod-
els that, when filled, assume a parallelepiped or
cylindrical form.

To improve the efficiency of cargo transpor-
tation in soft containers, it is essential to ensure
the maximum utilization of both the cargo capac-
ity and payload capacity of vehicles. Therefore,
when organizing transportation processes, par-
ticular attention should be paid to the selection
of soft container parameters, taking into account
the physicomechanical properties of the specific
cargo [34]. The selected container dimensions
and the characteristics of the loaded materials
directly affect the level of utilization of vehicle
capacity and payload capacity. At present, this
aspect remains insufficiently addressed. The effi-
ciency of placing SCs in vehicle cargo compart-
ments is also influenced by various factors, in
particular the deformation of the soft container
shell under the action of bulk material, which can
significantly alter its initial geometry.

Soft containers with a parallelepiped shape
are widely used for transporting bulk cargoes.
Theoretically, such a container has a square cross-
section with side length b and height /. However,
under real operating conditions, the container
shell deforms under the weight of the bulk mate-
rial, deviating from its initial geometry.

To assess such deformations and loss of the
correct geometric shape, continuum mechanics
approaches are used, which describe the behavior
of soft shells with limited tensile capacity. These
models take into account the effect of the pressure
of the bulk material on the container walls. A sig-
nificant number of scientific works are devoted to
the issues of mechanical properties of deformed
shells. In particular, in [35] the results of studies
of the compressive strength of flexible shells were
presented, in [36] the FEM analysis of the defor-
mation of bags filled with cargo was performed.
The project [37] was aimed at studying internal

stresses in flexible containers based on experi-
mental and numerical methods. The dynamic
aspects of the operation of elastic shells were
considered in [38, 39]. In [40] the results of mod-
eling the behavior of fibrous packaging materials
under triaxial compression were presented. The
study of similar issues was devoted, for example,
to works [40-42]. These studies highlight the
issues of stiffness, deformation and compaction,
which is of great importance for understanding
the mechanical behavior of the walls of flexible
containers and the pressure distribution of bulk
cargo inside them.

One of the key aspects of the studies is the
safety of transportation. In study [43], the risks
of deformation and displacement of SC during
sea transportation are examined in detail. The
authors emphasized that dynamic loads (ship roll-
ing) lead to loss of stacking stability and potential
damage to the container shell. Strict compliance
with the ISO 21898 standard regarding maxi-
mum compression and stacking height is strongly
recommended.

BSEE Safety Alert [44] focuses on the inci-
dents of sling failure during SC lifting. The docu-
ment describes several near-miss cases caused by
sling brittleness at low temperatures and uneven
load distribution. It highlights the need for regu-
lar testing and strict adherence to the safe working
load (SWL) with a safety factor of no less than 5:1.

Logistical operations were addressed in the
FIBCA study [45]. It provided comprehensive rec-
ommendations on filling, storage, transportation,
and unloading of SC, with a strong emphasis on
ergonomics, contamination prevention, and optimi-
zation of warehouse processes. These recommen-
dations form the foundation for many industries.

In article [46], Palmetto Industries analyzed
the evolution of SC within supply chains. The
authors emphasized the advantages of the con-
tainer flexibility for multimodal transportation
and predict increased use of antistatic and UN-
certified models for hazardous cargoes.

Study [47] examined the use of UN-certified
SC for dangerous goods. It emphasized the impor-
tance of compliance with UN standards for the
packaging of hazardous materials (UN FIBC) and
conducting tests for resistance to static electricity.

Thus, a significant number of studies focus
on the mechanical stability of the container shell,
the safety of transportation and cargo handling
operations (especially with hazardous goods and
during lifting), and the optimization of logistical
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processes involving flexible containers. At the
same time, the optimal selection of geometric
parameters for parallelepiped-shaped SC - taking
into account deformation and maximum utiliza-
tion of load capacity - remains insufficiently stud-
ied. This article aimed to bridge this gap.

RESEARCH OBJECTIVE

The aim of the work was to clarify the
approaches to solving optimization problems
regarding the selection of rational parameters of
soft containers, which have the shape of a paral-
lelepiped, in accordance with the characteristics
of the cargo, the dimensions of the cargo com-
partment of the vehicle, and the possible defor-
mation of the container shell.

MAIN RESEARCH MATERIAL

Let us consider the problem of selecting ratio-
nal parameters of soft parallelepiped-shaped con-
tainers, namely those with a square cross-section,
depending on the dimensions of the cargo com-
partment of the vehicle and the bulk density of the
transported material.

Under optimal loading of a vehicle, the follow-
ing conditions must be satisfied simultaneously:
e the vehicle load G, should be utilized maxi-

mally without exceeding its payload capacity,

e the number of soft containers K, , of a given stan-
dard size ij should be mlmrnlzed K, — min,

e the mass of a single soft container G1 jk [kg] of
the selected standard size ;7 must not exceed
the allowable limit: Giﬁ-k < Glaxs

e the strength of the SC with its required load
capacity is technologically ensured.

As the ij-th standard size of a soft container
with a square cross-section, a combination of its
two main parameters— width b, and height 4, —
was considered.

The number K, of containers of the ij-th stan-
dard size filled with bulk cargo & of bulk density
7, that can be accommodated in a vehicle can be
determined as follows:

Kijx = N; - M; - Z; (1)

where: N, — the number of SC of the ij -th size
that can be loaded across the width of the
cargo space, M, — the number of SC of
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the ij-th size that can be loaded across the
length of the cargo space, Z, — the number
of loading tiers of contamers of the ij -th
size in the cargo space.

The volume of one SC will be:
1.2
Vij = bi 'hj ()

With known internal dimensions of the vehi-
cle’s cargo space: width B, length L and height H,
the following expressions can be written:

w=flm=Bla=fE] o

Square brackets [...] denote the values of the
corresponding expressions, rounded down to the
nearest integer.

The total load G , of a vehicle with bulk cargo
k with bulk mass y, [kg] loaded into K, soft con-
tainers will be:

_Gijk—K Vij vk = @
= N - M- Zl] bl hj Yk

In the general case, to choose rational SC
parameters, it is necessary to solve the optimiza-
tion problem:

l]k - f(N M Zl]:bz ]'yk) - Gmax (5)

This problem can be solved using known
mathematical methods, taking into account the
following restrictions:

b™ <b <b™, WM™ <h <h™,

Gg < Gg'*, Guk

(6)

1
Gmax

In the cases where the goal is to minimize the
number of containers that must be used to fully
load the cargo space of a vehicle, it is necessary to
solve an optimization problem of the form:

Kin=Ni-Mi-Zij—>min (7)

taking into account the same constraints of
the form (6).

As an example, Figure 1 presents the results
of optimizing the objective function of type (7)
subject to the above constraints (6) for selecting
the parameters b and / of a soft container in the
case of transporting bulk cargo k& with bulk densi-
ty 7,, loaded into K, soft containers. The discrete
optimization problem [48, 49] was solved using
MS Excel by means of the evolutionary Solver
method [50]. For the calculations, the following
parameters were adopted: the vehicle - a standard
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semi-trailer (euro truck) with a payload capacity
of G™* =20 t and internal body dimensions B =
245m, L =13.6 m, H=2.5 m. The soft contain-
ers were loaded in a single layer.

The calculations yielded the minimum num-
ber of soft containers required for full utilization
of the vehicle with the specified cargo compart-
ment dimensions for any value of bulk density,
namely K. The optimal width of the container
side is » =1.2 m. The optimal height / of the soft
container significantly depends on the bulk den-
sity and decreases nonlinearly with an increase in
the bulk density y,.

Considering the relatively low cost of a sin-
gle soft container, to improve transportation effi-
ciency through a more complete utilization of the
vehicle payload capacity, it is often necessary to
optimize the SC parameters specifically based on
an objective function of type (5).

Figure 2 depicts selected results of such opti-
mization subject to the constraints (6), with varia-
tion of the SC parameters. The discrete optimiza-
tion problem was solved using the same methods
and under similar initial conditions. The loading
of soft containers was carried out in a single layer.
Figure 2 clearly illustrates the trends in the varia-
tion of the optimal values of the main parameters
of soft containers.

Using the dependency graphs obtained from
solving the optimization problem, it is possible to
determine the optimal SC parameters (side width
and height) that ensure the most efficient utiliza-
tion of the vehicle payload capacity with given
cargo compartment dimensions when transport-
ing bulk cargo of a specified bulk density.

Figure 3a shows the graph b%' = f{h) of the
dependence of the SC side width on its height for
the case of transporting cargo with a bulk density
7, = 0.65 t/m’.

The graph indicates that, under the speci-
fied transportation conditions, the dependence

b” = f(h) is piecewise linear within certain
ranges of the container height. In this example,
within the height intervals # € [0.95 m to 1.00 m]
and 4 € [1.15 m to 1.20 m], the optimal values of
the parameter b change abruptly.

A similar behavior is observed for the cor-
responding dependencies b = f(h) at other val-
ues of bulk density of the transported material.
Thus, Figure 3b includes a graph of an analogous
dependence b”' = f{h) for the case of transporting
cargo with a bulk density y, = 0.8 t/m®. This graph

also demonstrates characteristic “jumps” in the
optimal values of the parameter b within certain
ranges of variation of the container height /.

It should be noted that for relatively small val-
ues of the height £, under the selected initial data
and parameter constraints, the objective function
does not reach its maximum value, which is equal
to the payload capacity of the selected vehicle.
For the graphs in Figure 3a, this corresponds to
the interval 4 € [0.7 m to 0.95 m], and for Figure
3b to the interval # € [0.7 m to 0.75 m].

Under these conditions, in the presence of
significant deformation of the soft container, the
wall width of which falls within these ranges, the
optimal ratio between the height /# and the wall
width b may be violated in practice. This results
in incomplete loading of the vehicle, i.e., inef-
ficient transportation. This effect is particularly
pronounced when the parameter b is selected
close to the boundaries of the specified height
h intervals without accounting for the possible
deformation of the soft container.
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Figure 3. Graphs of the dependences b = f(h): a) y, = 0.65 t/m’, b) y, = 0.8 t/m’

Soft containers with a parallelepiped shape
deform under the influence of bulk material some-
what differently compared to cylindrical ones [8].
Initially, their cross-section is a regular square with
equal straight sides. Under the action of hydro-
static pressure exerted by the cargo, the container
walls bulge outward, while the corners remain rel-
atively rigid. As a result, the square cross-section
in the middle part of the SC is transformed into a
rounded square with an increased area.

A detailed investigation of the complex pat-
terns of deformation of soft container shells is not
the objective of this study. In authors’ opinion, the
most appropriate approach for describing these
processes is based on the Janssen theory [51].
This theory makes it possible to determine the
distribution of vertical pressure of bulk material
in silos, containers, and other similar receptacles.

Unlike liquids, in bulk materials the pres-
sure does not increase continuously with depth
but reaches a certain saturation level. This is
explained by the fact that part of the vertical load
is transferred to the walls of the container due to
friction forces between the cargo and the shell. In
this case, part of the weight of the cargo is “sup-
ported” by the container walls, which leads to the
SC walls bulging outward in their middle part.
For flexible shells of soft containers, such a pres-
sure distribution causes a characteristic deforma-
tion, in which the maximum expansion occurs in
the middle part of the walls.

The deformation is greatest in the central part
of each wall and minimal near the corners. This
results in:

e an increase in the effective wall width of SC;
e a slight reduction in container height (due to
volume conservation);
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e the formation of bulges on the walls, which com-
plicates the dense placement of a given number
of containers in vehicle cargo compartments.

e The magnitude and shape of deformation of a
loaded SC are influenced by several factors,
the main ones being:

e the bulk density of the cargo y,,

e the height of the material column in the con-
tainer A,

e the elastic modulus of the container material E
(for woven polypropylene, the value of E sig-
nificantly depends, for example, on the direc-
tion of load application-warp or weft-as well
as on the weaving density, fiber type, etc.),

e the fabric thickness and the presence of rein-
forcing elements and lifting loops.

The characteristics of the SC deformation pro-
cess can be described mathematically as follows.
1. To determine the cargo pressure at height z,

one can use the classical Janssen formula [14],
which allows determining the vertical pressure
in a filled container:

—2ukz

p@=1r(1-e v ) ®)

where: p(z) — pressure in the middle of the SC at a
depth of z, y — specific gravity of the bulk
cargo, N/m?, b — container width, x — coef-
ficient of friction between the cargo and the
SC wall, k — coefficient of lateral pressure
(ratio of horizontal and vertical stresses).

2. The relative stretching of the material of the
MC walls obeys the linear Hooke model for
small deformations:

—2ukz

e =t2=Tr(-ev) O
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3. The size of the deformed side of the MC cross-
section at depth z:

by(z) = bo(1 + e(2)) (10)

4. Changing the height of the container (for rea-
sons of preserving its volume):

b2
hy(2) = hom ~ ho(1—2e(z)) (11)

The magnitude of the maximum transverse
deformation of the soft container width 2e(z/2)

is determined by a combination of several fac-
tors. The key ones include the properties of the
bulk material, the geometric parameters of the
container, and the mechanical characteristics of
the shell material.

The most significant influence is exerted by
the container size: as its height and side width
increase, lateral expansion becomes more pro-
nounced. The bulk density of the material also
plays an important role, since heavier cargo gen-
erates higher internal pressure. In addition, the
deformation is affected by the coefficient of fric-
tion between the cargo and the SC walls, as well
as by the ratio of horizontal to vertical pressure,
which determines the magnitude of lateral load-
ing acting on the shell.

The properties of the shell material also make
a considerable contribution, including its strength,
stiffness, thickness, fiber structure, and the pres-
ence of reinforcing elements. The condition of the
fabric may change under the influence of opera-
tional factors such as humidity, temperature, and
prolonged loading (creep phenomena).

The final shape of a loaded soft container is
also influenced by external conditions, includ-
ing the packing density of containers within the
vehicle body, pressure from adjacent containers,
and dynamic loads arising during vehicle motion.

The calculated values of the deformation
magnitude e(z) are relatively small; however,
under real conditions (taking into account mul-
tilayer effects, bulk density and filling degree of
SC, as well as the condition of the shell material),
it may reach 3 to 7%. For clarity, a graphical illus-
tration of SC deformation under the influence of
the loaded cargo is shown below (Figure 4).

On the left, the undeformed (unloaded) SC
is presented as a parallelepiped with straight,
flat walls and a square base. On the right, the
deformed SC is depicted, with wall bulging
directed outward under the action of internal
pressure from the bulk material. The deformation
is greatest in the middle part of each wall of SC
and minimal near the corners (which remain rela-
tively rigid due to the lifting loops). The maxi-
mum bulging is observed in the central regions
of the side walls of SC. Due to this, the number of
soft containers that can be placed along the width
or length of a certain cargo space may decrease.
In this case, there is a need to adjust the conditions
of the optimization problems considered above.

Thus, the objective function of the optimiza-
tion problem (5) considering the deformation of
the shell SC will have the form:

Giji = f(Ny, My, Zij, (b + 2€)7,

ho (L~ 2¢);,71) — G (12)

Figure 4. Graphical illustration of SC deformation
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Besides, expressions (3) will have the follow-
ing form:

%=z = la v 2ol

P
=&

As already noted, the purpose of the article was
to clarify approaches to solving optimization prob-
lems for choosing rational parameters of soft con-
tainers, which have the shape of a parallelepiped,
in the cargo compartments of vehicles. Therefore,
a detailed analysis of the physical mechanisms of
SC deformation was not carried out in the work.
Only certain fixed maximum values of the pos-
sible transverse deformation of the container were
used in the calculations. Thus, Figure 5 shows
the dependence b = f(h) graphs obtained when

b, m
1,10

1.00

0.50

0.80 *

0.70

0.60

0.50
* * e e

0.40
060 070 080 090 100 110 120 Ji, i

Figure 5. A graph of the dependency b”' = f{h): (y, =
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Figure 6. A graph of the dependency G, = f(h): (y, =
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optimizing the objective function (12) considering
the constraints (13) at the value of the maximum
transverse deformation 2e = 7%. Comparison of
the graphs presented in Figures 3b and 5 shows that
taking into account the possible deformation of the
shells of soft containers when solving the prob-
lems of optimizing the SC parameters to increase
the use of the carrying capacity of vehicles allows
obtaining more substantiated results.

With the selected initial data and parameter
restrictions for the range of values 4 € [0.7 m to
0.9 m], it was not possible to achieve the extreme
value of the objective function (12) due to the
restrictions on the SC parameters adopted during
the calculations and the scheme of loading con-
tainers in only one tier (Figure 6).

Thus, the solution of the specified optimi-
zation problems will allow selecting values of
parameters b, and h/. for soft containers in accor-
dance with the dimensions of the selected cargo
space and the given bulk density y, of the trans-
ported cargo, considering a possible deforma-
tion of the containers themselves. The specific
value of the maximum deformation 2e is rec-
ommended to be determined either according to
the results of experimental studies or by special
engineering calculations.

Owing to the proposed approach, it is pos-
sible to achieve the most efficient use of the car-
rying capacity and capacity of vehicles, which
will allow reducing the costs of transporting bulk
cargo, while maintaining all the advantages of
container technologies.

CONCLUSIONS

The use of soft containers for transport-
ing bulk cargo is one of the promising ways to
increase the efficiency of transport and logistics
processes. Soft containers, which have the shape
of a parallelepiped, have become widespread due
to their simplicity of design, ease of manufacture
and ease of operation.

Under the influence of the mass of bulk cargo,
SCs, as a rule, undergo deformation, losing their
ideal geometry. The most characteristic of this is
the deformation in which the greatest expansion
of the container shell occurs in the middle part
along its height. The magnitude of the maximum
transverse deformation depends on a complex
of factors, in particular on the properties of the
bulk cargo itself, the geometric dimensions of the
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container and the mechanical characteristics of
the fabric from which its shell is made.

To ensure a more complete use of the carrying
capacity and capacity of vehicles when transport-
ing bulk materials in soft containers that have the
shape of a parallelepiped, proposes approaches
to solving optimization problems regarding the
justified choice of optimal parameters of soft con-
tainers, taking into account the real geometry of
the container, the parameters of the bulk cargo
and the characteristics of the vehicle’s cargo
space. The use of the proposed approaches to
solving optimization problems makes it possible
to determine rational parameters of soft contain-
ers, which will reduce the overall logistics costs
when transporting bulk cargo in soft containers.
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