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1. Introduction

Farmers in many countries around the world use liquid 
mineral fertilizers (LMF) to maintain high yield levels of 
various crops (wheat, etc.). To transport them from the 
storage site to a specific field (where it is planned to intro-
duce LMF into the soil), as a rule, standard polyethylene 
tanks (with a volume of 2,500 to 12,000 liters) made by 
rotational molding are used [1–3]. However, the service life 
of standard polyethylene tanks, as practice has shown, is 
usually no more than 7 years, and then they collapse/crack  

due to constantly occurring dynamic loads (in the opera-
tion of the tanks). 

The relevance of the scientific problem is due to the need 
to study the stress-strain state of polyethylene tanks for 
transporting liquid mineral fertilizers in order to identify 
areas in their design with the greatest stresses. The results 
of these studies are important for industry as they would 
allow identifying the most influencing factors on the tank 
strength and creating tanks with optimum design (with 
minimum stresses in their walls) and, accordingly, with a 
long service life. The destruction of polyethylene tanks for 
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In this study, using the meth-
od of probabilistic deterministic plan-
ning (PDP), the optimum design param-
eters of a standard polyethylene tank 
used worldwide for transporting liquid 
mineral fertilizers (LMF) were deter-
mined. 

By the finite element method, the 
effect of the density of liquid mineral 
fertilizer, tank wall thickness and four 
motion modes (braking, acceleration, 
jump and landing) on the strength of 
standard polyethylene tanks was stud-
ied. According to the results of the study, 
the five most informative areas in the 
tank design were identified, for which the 
values of maximum stresses (σmax) were 
obtained: filler neck, pockets, walls, tap-
in points and wall transition to the tank 
roof. As the LMF density increases, σmax 
in the tank increases linearly. Increasing 
the tank wall thickness by 1.5 times reduc-
es the maximum stresses by 30 to 50 %. It 
was found that motion mode has a signif-
icant effect on the stress-strain state of a 
standard tank. The “heaviest” mode for a 
standard tank is “braking”. The “accel-
eration” motion mode causes σmax of no 
more than 60 % of the “braking” mode 
values. The “lightest” mode is “landing”, 
in which σmax is no more than 28 % rel-
ative to “braking”. Based on the PDP 
method, equations were derived for cal-
culating maximum stresses depending on 
LMF density, wall thickness and motion 
mode of the tank. Nomograms were built 
that make it possible to quickly deter-
mine the wall thickness of a standard 
tank without calculations, depending on 
external factors. The results of the study 
can be used in practice when designing 
safe and durable tanks for transporting 
liquid mineral fertilizers
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LMF transportation is very hazardous to the environment. 
This is due to the fact that toxic pesticides are often added 
to LMF, which, when tanks are destroyed, can enter the soil 
and groundwater [4–6]. Thus, they harm the environment.

2. Literature review and problem statement 

As shown by farmers’ experience in operating mobile 
LMF transporters (including 4.5 m3 tanks), the destruction 
of standard tanks always occurs in the same areas with max-
imum stresses.

Analysis of the scientific literature revealed two methods 
for calculating stresses in thin-walled polyethylene tanks. The 
first is the membrane theory of shells presented in [7–9]. The 
work [7] discusses various aspects of the theory of strength of 
materials, including the theory of shells. The paper [8] consid-
ers the differential operator of problems in the theory of mem-
brane elastic shells and solving them using the variational-dif-
ference method, which allows analyzing and solving complex 
problems in the field of membrane shells. The work [9] ex-
amines geometrically nonlinear equations in the theory of 
membrane shells with application to problems of non-classical 
cylinder buckling modes, analyzing and predicting the behav-
ior of shells under complex loads and deformations. However, 
this method generally does not take into account the influ-
ence of torsional and bending moments, as well as transverse 
forces on the stress-strain state. This is unacceptable due to 
the large error in the design models and the real stress-strain 
state of polyethylene tanks. The second is the finite element 
method (FEM). This method is used to calculate stress-strain 
states of various polymer structures experiencing hydraulic 
loads/pressures, mainly for pipes and tanks. In [10], FEM was 
successfully used to model the behavior of polyethylene pipes 
operating under hydraulic pressure in conditions of founda-
tion settlement. It is shown that the strength of polyethylene 
pipes is significantly affected by hydraulic pressure and initial 
crack length. In [11], FEM was used to calculate the stress-
strain state of underground polyethylene pipelines. It was 
found that the maximum stresses in a polyethylene pipe arise 
due to several factors simultaneously. As a result, factors such 
as soil column weight, internal hydraulic pressure, vehicle 
wheel load and temperature were analyzed. It is also shown 
that the maximum stresses in plastic pipelines are significant-
ly influenced by the following factors: temperature, diameter 
of holes/defects and their specific number. However, the au-
thors of [10, 11] did not investigate the effect of the thickness 
of polyethylene pipes on their stress-strain state.

In [12], the stress-strain state of two-layer plastic 
pipes (polyethylene and polyketone) under hydraulic pres-
sure was studied by FEM. FEM shows that areas of maxi-
mum stresses (which are highly dependent on the pipe layer 
thickness) occur at the layer boundary. However, this work 
did not study deformations of plastic pipes. In [13], the geo-
metric parameters of methacrylate portholes (for underwa-
ter equipment) were optimized by studying the stress-strain 
state. Rational porthole parameters were selected by FEM, 
through creating an effective stress and strain distribution, 
as well as improving optical characteristics. However, this 
work investigated the effect of hydraulic pressure on one 
side, and not from inside the structure. In [14], the stress-
strain state of a thin-walled tank was studied by FEM and 
critical loads on its walls were justified. However, in this 
work, the thin-walled tank did not experience a uniform 

hydrostatic load, and forces were applied only to the upper 
wall section of the structure.

The FEM calculation of the stress-strain state of tanks 
manufactured by rotational molding began to be carried out by 
various groups of researchers, mainly from Southeast Asia and 
Europe, only over the past ten years, due to the increased speed 
of personal computers, which allowed complex calculations. 
Interesting results of FEM application are given in [15], where 
stress-strain states of tanks made by rotational molding from 
two materials: polypropylene and high-density polyethylene 
were studied. FEM shows that these grades of polyolefins 
(due to different properties) provide various deformations and 
stresses in tank manufacture. However, the work [15] did not 
study the effect of the wall thickness of tanks on their stress-
strain state. In [16], stress-strain states of tanks manufactured 
by rotational molding were studied by FEM. Tanks are rep-
resented by two-layer structures. The effect of three types 
of rotational polyethylene – linear low density, linear high 
density and high density on the stress-strain state of two-layer 
tanks was investigated. FEM calculations proved that the op-
timum combination of the studied materials for manufacturing 
two-layer tanks is the use of linear low-density polyethylene for 
the outer layer and high-density polyethylene for the inner layer 
of tanks. However, the work [16] did not study the influence of 
geometric parameters of tanks on their stress-strain state. For 
underground septic tanks manufactured by rotational molding 
from linear polyethylene, various options for wall fabrication 
using foamed structures were studied using FEM [17]. Analysis 
of the stress-strain state of septic tanks revealed the optimum 
design of their walls, including the inner foamed layer of poly-
ethylene. However, the work did not study other parameters 
affecting the strength of septic tanks, such as their geometric 
dimensions. An interesting application of FEM was proposed 
by the authors in [18], where, together with accelerated tests, 
the long-term strength parameters of products made by rota-
tional molding from two materials – linear polyethylene and 
polypropylene were analyzed. However, this work did not take 
into account the effect of dynamic loads possible during the 
operation of products on the long-term strength.

Summarizing the above studies, we can conclude that for 
plastic structures (pipes, tanks, etc.) experiencing various 
dynamic loads, the stress-strain state depending on the main 
influencing parameters was not studied:

– wall thickness – was not considered in [10, 11, 15];
– hydrostatic pressure direction – was not considered 

in [13];
– load application uniformity – was not considered 

in [14];
– geometric parameters (stiffeners and other ele-

ments) [15–17];
– various dynamic loads – were not considered in [10–18]. 

In addition, deformations of structures depending on their 
stress-strain state were not studied – they were not consid-
ered in [12, 16].

3. The aim and objectives of the study 

The aim of the study is to identify patterns in the 
stress-strain state of a standard polyethylene tank used for 
transporting liquid mineral fertilizers. This will make it 
possible to create tanks with optimum design (with mini-
mum stresses in their walls) and, accordingly, with a long 
service life (at least 25 years). 
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To achieve the aim, the following objectives were set: 
– using the finite element method, to investigate the 

effects of liquid mineral fertilizer density, wall thickness and 
motion modes on stresses in fixed areas of a standard tank; 

– using the method of probabilistic deterministic plan-
ning, to construct nomograms and approximation equations 
that take into account the effects of liquid density and wall 
thickness on maximum stresses.

4. Materials and methods 

4. 1. Object and hypothesis of the study 
The object of the study is a standard 4.5 m3 storage tank 

for LMF (Fig. 1).

The tank material is high-density 
polyethylene (HDPE) Lupolen 4021 
KRM with the following mechanical 
properties: density – 939.5 kg/m3, 
elastic modulus – 750 MPa, Pois-
son’s ratio – 0.45, a standard value 
for this class of polymers was tak-
en. The tank diameter is 2,200 mm, 
height is 1,590 mm. 

The hypothesis of the study: 
calculations by the FEM method 
together with the PDP method al-
low optimizing the design of a stan-
dard polyethylene tank for LMF 
transportation.

4. 2. Experimental design
As shown by farmers’ experi-

ence in operating standard tanks 
(for transporting liquid mineral 
fertilizers), their service life can be 
significantly influenced by several 
different factors: the density of the 
transported LMF, operating condi-
tions (transportation speed and field 
unevenness) and various geomet-
ric parameters of the barrel (wall 
thickness, etc.). To account for the 
combined effect of these parame-
ters on the stress-strain state of a 
standard polyethylene tank, in this 

paper we use the method of probabilistic deterministic plan-
ning (PDP) [19]. It allows us to derive mathematical multifac-
tor relationships describing the effect of the above parameters 
on maximum stresses in the tank. The methodology of probabi-
listic deterministic planning is given in detail in [19–23]. 

The expediency of using the PDP method (and as a re-
sult, deriving equations/nomograms) to calculate the stress-
strain state of standard plastic tanks is explained by the lack 
of specialists capable of performing FEM calculations in the 
vast majority of companies engaged in rotational molding. 

The experiment was designed in accordance with the 
probabilistic deterministic planning (PDP) method [19]. 
The effect of such parameters as liquid mineral fertilizer den-
sity, wall thickness and motion modes (“braking”, “acceler-
ation”, “landing” and “jump”) on stresses in the most loaded 

areas of a standard polyethylene 
tank for transporting liquid min-
eral fertilizers was studied.

For each of the motion modes, 
a 3×3 experimental design was 
developed. Two parameters were 
varied on three levels:

– the density of liquid mineral 
fertilizer (p, kg/m3) took the val-
ues: 1,000, 1,300 and 1,700; 

– the wall thickness (L, mm) 
took the values: 8, 10 and 12. 

Tables 1–4 present exper-
imental designs for four mo-
tion modes with the maximum 
stress (σmax, MPa) in the most 
loaded areas of the tank.

Fig.	1.	3D	model	of	a	4.5	m3	tank:	a	–	with	fasteners	(in	the	bed);	b	–	fixed	areas for	FEM	
stress	calculations

a b

Table	1

Effect	of	p	and	L	on	σmax,	under	“braking”	mode	conditions

No. L, mm р, kg/m3
Maximum stresses in the studied tank areas, MPa

WL PC FN TP US

1 8 1,000 8.58 41.59 21.01 5.70 33.30

2 10 1,000 6.80 29.37 16.70 4.30 24.90

3 12 1,000 5.60 22.10 12.13 3.47 17.81

4 8 1,300 11.23 54.81 25.50 7.41 43.57

5 10 1,300 8.88 38.69 20.06 5.67 33.39

6 12 1,300 7.30 29.11 16.00 4.49 26.18

7 8 1,700 14.37 70.50 32.77 9.64 57.53

8 10 1,700 11.35 49.75 25.82 7.32 43.04

9 12 1,700 9.32 37.44 20.60 5.76 33.73

Table	2

Effect	of	p	and	L	on	σmax,	under	“acceleration”	mode	conditions

No. L, mm р, kg/m3
Maximum stresses in the studied tank areas, MPa

WL PC FN TP US

1 8 1,000 5.29 20.51 11.07 2.81 16.50

2 10 1,000 4.24 14.58 7.40 1.05 12.45

3 12 1,000 3.55 10.98 5.80 0.70 9.78

4 8 1,300 6.93 27.02 12.86 3.20 22.07

5 10 1,300 5.55 19.21 9.83 2.75 16.52

6 12 1,300 4.64 14.47 8.10 2.22 12.95

7 8 1,700 8.88 34.76 16.56 4.77 28.45

8 10 1,700 7.11 24.72 12.66 3.54 21.28

9 12 1,700 5.93 18.62 10.43 2.88 16.70
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Design loads of various motion modes (“braking”, “accel-
eration”, “landing” and “jump”) are given in section 4. 3. 4.

4. 3. Method of calculating the strength properties of 
a 4.5 m3 tank 

4. 3. 1. Calculation steps 
The method of calculating the strength properties of the 

tank includes the following seven steps: 
– importing the model geometry to Parasolid and adjust-

ing the tank geometry; 
– creating all materials used in the calculation indicat-

ing their physicomechanical properties (density, elastic mod-
ulus, yield strength, Poisson’s ratio); 

– building a finite element grid 
based on the edited geometry; 

– specifying loads (hydrostatic 
pressure and tank dead weight) and 
directions of their impact; 

– fasteners and contacts;
– Simcenter Nastran solver set-

tings; 
– carrying out calculations.
There is a wide variety of ele-

ments in the Femap software pack-
age, for example: Rod element, Tube 
element, Bar element, Beam element, 
Spring element, Shear Panel element, 
Membrane element, Bending Only 
element, Plate element, Plot Only el-
ement, volumetric, Solid element and 
others. The result of the FEM calcu-
lation depends on the correct choice 

of the element type. For solid bodies 
composed of several thin elements 
with a constant or piecewise linear 
thickness, finite elements based on 
midsurfaces are used. Such bodies 
include shell mold bodies, contain-
ers, tanks, cisterns, sheet parts of 
assembly units. That is why the 
method of midsurface creation was 
chosen to calculate the 4.5 m3 tank, 
and the Plate type element was 
chosen as a shell element. 

The location of an element in 
space is described by the coordi-
nates of the nodes belonging to the 
object. Each element node is char-
acterized by nodal displacements. 
The first three nodal displacements 
mean movements along the coordi-
nate axes, the second three degrees 
of freedom mean rotations around 
the vectors that define these direc-
tions. The list of the model degrees 
of freedom is determined by the 
type of elements used in the simu-
lation. All six displacement compo-
nents are defined in nodes of shell 
elements in bending and torsion. 

In this study, all six degrees 
of freedom are constrained for the 
steel bed on which the tank rests 
with its lower part. A “Contact” 

type interface is set between the tank and the steel strips, 
with a coefficient of polyethylene friction over steel. When 
performing a numerical analysis in Femap, a series of cal-
culations were made for a 4.5 m3 tank in order to determine 
the optimum size of the finite element grid. By analyzing 
the data obtained, the value of 15 mm was selected for fur-
ther calculations (Fig. 2). This is due to the fact that with a 
decrease in this parameter, the calculation time increased 
many times, and the stresses increased slightly. For exam-
ple, for a 10 mm finite element grid (Fig. 3), the calculation 
time increased by 2 times, and the stresses at critical points 
increased by only 3.3 %.

Table	3

Effect	of	p	and	L	on	σmax,	under	“jump”	mode	conditions

No. L, mm р, kg/m3
Maximum stresses in the studied tank areas, MPa

WL PC FN TP US

1 8 1,000 3.36 5.00 2.59 3.10 3.60

2 10 1,000 2.83 3.63 1.52 2.30 2.60

3 12 1,000 2.46 2.74 1.26 1.90 2.00

4 8 1,300 4.39 6.62 2.71 3.99 4.83

5 10 1,300 3.70 4.80 2.10 2.99 3.52

6 12 1,300 3.20 3.64 1.68 2.45 2.74

7 8 1,700 5.62 8.54 3.51 5.18 6.27

8 10 1,700 4.73 6.20 2.73 4.38 4.61

9 12 1,700 4.09 4.70 2.19 3.17 3.60

Table	4

Effect	of	p	and	L	on	σmax,	under	“landing”	mode	conditions

No. L, mm р, kg/m3
Maximum stresses in the studied tank areas, MPa

WL PC FN TP US

1 8 1,000 2.39 12.20 10.75 0.87 14.83

2 10 1,000 2.00 9.11 7.68 0.80 11.10

3 12 1,000 1.77 7.29 6.19 0.70 8.71

4 8 1,300 3.14 17.05 11.69 1.14 19.52

5 10 1,300 2.65 12.60 10.13 1.05 14.60

6 12 1,300 2.31 9.21 8.16 0.95 11.46

7 8 1,700 4.03 20.70 16.33 1.47 25.10

8 10 1,700 3.40 15.45 13.03 1.34 18.77

9 12 1,700 2.96 11.85 10.49 1.18 14.72

Fig.	2.	Finite	element	model	with	a	grid	size	of	15	mm
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4. 3. 2. Importing the model geometry to Parasolid 
and adjusting the tank geometry

The model for developing the calculation methodology 
is a 4.5 m3 tank for storing and transporting liquid mineral 
fertilizers. A general view of the tank is shown in Fig. 4.

The program allows you to configure material properties, 
build a finite element grid, and specify required loads.

4. 3. 3. Building a finite element grid
Based on the created midsurfaces, it is now necessary to 

build a shell finite element grid. Element type – PSHELL, 
three- and four-node shell linear elements. The total number 
of finite elements is 40,229. The number of nodes is 40,595. 
The finite element model is shown in Fig. 4, c.

4. 3. 4. Specifying loads 
According to E-ECE-

TRANS-505 [24], the FEM cal-
culation was carried out for four 
operating modes of a standard 
tank: “Braking” mode – the ac-
tion of double the mass of the 
tank and LMF – in the direction 
of motion; the acting loads – 
double the mass of the tank (F1) 
and LMF (F2) – in the direction 
of motion are shown in Fig. 5.

“Acceleration” mode – the ac-
tion of a single mass of the tank 
and LMF – in the opposite di-
rection relative to vehicle motion; 
the acting loads – the mass of 
the tank (F1) and LMF (F2) are 
shown in Fig. 6.

“Landing” mode – the action 
of double the mass of the tank and LMF – in the positive 
direction of gravity; the acting loads – double the mass of the 
tank (F1) and LMF (F2) – in the vertical direction from top 
to bottom are shown in Fig. 7.

Fig.	3.	Finite	element	model	with	a	grid	size	of	10	mm

Fig.	4.	General	view	of	a	standard	4.5	m3	polyethylene	storage	
tank	for	LMF:	a	–	isometry	of	the	upper	part;	b	–	isometry	of	

the	lower	part;	c	–	finite	element	model	constructed

a b

c

Fig.	5.	Action	of	double	the	mass	of	the	tank	and	liquid	
mineral	fertilizers	in	the	direction	of	motion

Fig.	6.	Action	of	a	single	mass	of	the	tank	and	liquid	mineral	
fertilizers	in	the	opposite	direction	relative	to	motion

Fig.	7.	Action	of	double	the	mass	of	the	tank	(F1)	and	
liquid	mineral	fertilizers	(F2)	–	in	the	vertical	direction	

from	top	to	bottom
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“Jump” mode – the action of a single 
mass of the tank and LMF – in the oppo-
site direction relative to gravity; the act-
ing loads – the total mass of the tank (F1) 
and LMF (F2) – in the vertical direction 
from bottom to top are shown in Fig. 8.

To account for the tank dead weight, 
accelerations are applied to the model in 
the appropriate directions. The accelera-
tion amplitude is 9.81 m/s2. 

The action of the liquid mass was 
modeled by hydrostatic pressure varying 
in directions corresponding to the load 
directions. The hydrostatic pressure am-
plitude is determined by the formula (1):

P=ρ·g·h,                          
(1)

where ρ=1,000, 1,300 or 1,700 kg/m3 – liq-
uid density;

g=9.81 mm/s2 – acceleration of gravity;
h – head, m.

4. 3. 5. Fasteners and contacts 
The bottom of the tank rests on a steel bed. At the top, 

the tank is fixed with a steel ring at the filler neck, and a steel 
strip on the sides. The contact surfaces are given a friction 
coefficient of 0.1.

4. 3. 6. Solver settings 
The calculation was performed in the SOL 101 linear 

static solver. This solver uses the following assumptions – 
the linear behavior of the material and the hypothesis of 
small displacements (the effects of geometric nonlinearity 
are not taken into account). The only source of nonlinearity 
is contact nonlinearity.

5. Results of the stress-strain state study of a standard 
plastic tank

5. 1. Results of the tank strength calculation by the 
finite element method 

5. 1. 1. Results of calculating maximum stresses in the 
“Braking” mode

The result of calculating the polyethylene tank in the 
“braking” mode is shown in Fig. 9 (for a wall thickness of 
10 mm and transported LMF density of 1,000 kg/m3).

The effect of tank wall thickness on maximum stresses is 
shown in Fig. 10, a–c, respectively.

The effect of LMF density on maximum stresses is shown 
in Fig. 11, a–c, respectively.

Fig.	8.	Action	of	the	total	mass	of	the	tank	(F1)	and	LMF	(F2)	–	
in	the	vertical	direction	from	bottom	to	top

Fig.	9.	Result	of	the	FEM	calculation	of	a	standard	4.5	m3	barrel	under	conditions	
of	the	“braking”	mode,	wall	thickness	of	10	mm,	LMF	density	of	1,000	kg/m3

Fig.	10.	Effect	of	wall	thickness	on	maximum	stresses	in	the	five	
studied	tank	sections	characteristic	of	the	“braking”	mode	at	

different	transported	liquid	densities:	a	–	1,000	kg/m3;		
b	–	1,300	kg/m3;	c	–	1,700	kg/m3
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According to Fig. 10, 11, it is possible to correlate dif-
ferent maximum stresses occuring in a standard tank in the 
“braking” motion mode.

5. 1. 2. Results of calculating 
maximum stresses in the “Accelera-
tion” mode 

The result of calculating the poly-
ethylene tank in the “acceleration” mode 
is shown in Fig. 12 (for a wall thickness 
of 10 mm and transported LMF density 
of 1,000 kg/m3).

The effect of tank wall thickness 
on maximum stresses is shown in 
Fig. 13, a–c, respectively.

The effect of the density of trans-
ported liquid mineral fertilizer on max-
imum stresses is shown in Fig. 14, a–c, 
respectively.

According to Fig. 13, 14, it is pos-
sible to correlate different maximum 

stresses occuring in a standard tank in the “acceleration” 
motion mode.

Fig.	11.	Effect	of	transported	liquid	density	on	maximum	stresses	in	the	five	studied	tank	sections	characteristic	of	the	
“braking”	mode	at	different	wall	thicknesses:	a	–	8	mm;	b	–	10	mm;	c	–	12	mm
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Fig.	12.	Result	of	the	FEM	calculation	of	a	standard	4.5	m3	barrel	under	the	conditions	
of	the	“acceleration”	mode,	wall	thickness	of	10	mm,	LMF	density	of	1,000	kg/m3

Fig.	13.	Effect	of	wall	thickness	on	maximum	stresses	in	the	five	studied	tank	sections	characteristic	of	the	“acceleration”	
mode	at	different	transported	liquid	densities:	a	–	1,000	kg/m3;	b	–	1,300	kg/m3;	c	–	1,700	kg/m3
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5. 1. 3. Results of calculat-
ing maximum stresses in the 
“Landing” mode 

The result of calculating 
the polyethylene tank in the 
“landing” mode is shown in 
Fig. 15 (for a wall thickness of 
10 mm and transported LMF 
density of 1,000 kg/m3).

Graphs of the effect of 
tank wall thickness on maxi-
mum stresses are shown in 
Fig. 16, a–c, respectively.

The effect of LMF density on 
maximum stresses is shown in 
Fig. 17, a–c.

According to Fig. 16, 17, it 
is possible to correlate different 
maximum stresses occuring in a 
standard tank in the “landing” 
motion mode.

Fig.	14.	Effect	of	transported	liquid	density	on	maximum	stresses	in	the	five	studied	tank	sections	characteristic	of	the	
“acceleration”	mode	at	different	wall	thicknesses:	a	–	8	mm;	b	–	10	mm;	c	–	12	mm
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Fig.	15.	Result	of	the	FEM	calculation	of	a	standard	4.5	m3	barrel		
in	the	conditions	of	the	“landing”	mode,	wall	thickness	of	10	mm,		

LMF	density	of	1,000	kg/m3

Fig.	16.	Effect	of	wall	thickness	on	maximum	stresses	in	the	five	studied	tank	sections	characteristic	of	the	“landing”	mode	at	
different	transported	liquid	densities:	a	–	1,000	kg/m3;	b	–	1,300	kg/m3;	c	–	1,700	kg/m3
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5. 4. 1. Results of calculating 
maximum stresses in the “Jump” 
mode 

The result of calculating the 
polyethylene tank in the “jump” 
mode is shown in Fig. 18 (for a wall 
thickness of 10 mm and transport-
ed LMF density of 1,000 kg/m3).

The effect of tank wall thick-
ness on maximum stresses is shown 
in Fig. 19, a–c, respectively.

Graphs of the effect of trans-
ported liquid density on maximum 
stresses in the five studied sec-
tions at different wall thicknesses 
of 8 mm, 10 mm, 12 mm are shown 
in Fig. 20, a–c, respectively.

According to Fig. 19, 20, it is 
possible to correlate different maxi-
mum stresses occuring in a standard 
tank in the “jump” motion mode.

Fig.	18.	Result	of	the	FEM	calculation	of	a	standard	4.5	m3	barrel	under	the	conditions	of	
the	“jump”	mode,	wall	thickness	of	10	mm,	LMF	density	of	1,000	kg/m3

Fig.	19.	Effect	of	wall	thickness	on	maximum	stresses	in	the	five	studied	tank	sections	characteristic	of	the	“jump”	mode	at	
different	transported	liquid	densities:	a	–	1,000	kg/m3;	b	–	1,300	kg/m3;	c	–	1,700	kg/m3
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Fig.	17.	Effect	of	transported	liquid	density	on	maximum	stresses	in	the	five	studied	tank	sections	characteristic	of	the	
“landing”	mode	at	different	wall	thicknesses:	a	–	8	mm;	b	–	10	mm;	c	–	12	mm
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5. 2. Results of modeling the effect of liquid density 
and wall thickness on maximum stresses 

According to the method of probabilistic deterministic 
planning [19–23], for each of the motion modes, two-param-
eter mathematical models based on the generalized equa-
tion (2) were constructed:

( ) ( )
max ,

av

a b L c d p+ ⋅ ⋅ + ⋅
σ =

σ
 MPa,  (2)

where a, b, c and d are the coefficients of 
partial dependencies; 

σav is the general average of the maxi-
mum stress, MPa.

The general average of the maximum 
stress (σav, MPa) is an arithmetic mean of 
all experimental values of the maximum 
stresses for each specific studied tank area 
and motion mode, presented in Tables 1–4. 

The values of the coefficients a, b, c 
and d, as well as the general average of 
the maximum stress (σav, MPa) for each 
studied tank area for each motion mode 
are presented in Table 5. 

The adequacy of the obtained math-
ematical model was estimated using the 
nonlinear multiple correlation coefficient – 
its value for the presented models is not less 
than 0.75.

To quantify the effect of wall thickness on σmax in the 
tank, we use the stress reduction factor (SRF), which is 
found by the following formula (3):

8 12

8

SRF 100 %,
σ −σ

=
σ

  (3)  

where σ8 is the maximum stress in the tank with a thickness 
of 8 mm, σ12 is the maximum stress in the tank with a thick-
ness of 12 mm. 

Fig. 21, a, b show diagrams of changes in SRF in five 
studied sections of a standard barrel with an increase in wall 
thickness by 50 % (from 8 to 12 mm), under conditions of 
different transported liquid densities (1,000 and 1,700 kg/m3) 
and four tank motion modes.

Table	5

Values	of	the	coefficients,	as	well	as	the	general	average		
of	the	maximum	stress	for	each	studied	tank	area  

in	four	motion	modes

No.
Tank 

motion 
modes

Studied 
tank 
area

Values of the coefficients and the general 
average of the maximum stress

A b c d σav

1

Braking

WL 19.327 –0.9967 0.3673 0.0067 9.27

2 PC 106.69 –6.5208 0.5607 0.0307 41.48

3 FN 46.635 –2.5458 2.4902 0.014 21.18

4 TP 13.498 –0.7525 0.1085 0.0044 5.97

5 US 82.061 –4.7233 –2.0527 0.0277 34.83

6

Accel-
eration

WL 11.608 –0.5817 0.1935 0.0042 5.79

7 PC 52.391 –3.185 0.2588 0.0152 20.54

8 FN 23.99 –1.3467 0.754 0.0073 10.52

9 TP 6.8078 –0.415 –1.5056 0.0031 2.66

10 US 40.403 –2.2992 –0.1198 0.0131 17.41

11

Jump

WL 6.8367 –0.3017 0.1533 0.0028 3.82

12 PC 12.663 –0.7567 –0.0132 0.0038 5.10

13 FN 5.3211 –0.3067 0.3001 0.0015 2.25

14 TP 7.2317 –0.3958 –0.1861 0.0026 3.27

15 US 9.0522 –0.53 –0.2232 0.003 3.75

16

Landing

WL 4.8389 –0.21 0.0608 0.002 2.74

17 PC 30.829 –1.8 0.6283 0.0092 12.83

18 FN 22.103 –1.1608 0.7545 0.0073 10.49

19 TP 1.5972 –0.0542 0.0315 0.0008 1.06

20 US 35.89 –2.0467 0.2576 0.0114 15.42

Fig.	20.	Effect	of	transported	liquid	density	on	maximum	
stresses	in	the	five	studied	tank	sections	characteristic	of	

the	“jump”	mode	at	different	wall	thicknesses:		
a	–	8	mm;	b	–	10	mm;	c	–	12	mm
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Fig.	21.	Effect	of	tank	motion	modes	on	changes	in	the	stress	reduction	factor	(SRF)	
with	an	increase	in	wall	thickness	from	8	to	12	mm		

(at	a	transported	liquid	density:	a	–	1,000	kg/m3;	b	–	1,700	kg/m3)
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To find the maximum stresses in the tank, nomograms 
were constructed (Fig. 22).

The results of FEM calculations are consistent with the 
tests of a standard barrel carried out at the AVAGRO LLP 
production enterprise (Fig. 23).

Destruction of a 4.5 m3 tank during field tests occurs in 
stress concentrator areas. Maximum stresses in these tank 
areas were revealed by FEM calculations.

6. Discussion of the results of the 
stress-strain state study of a standard 

plastic tank

Of the four studied motion modes for 
a standard barrel, “braking” is the most 
loaded in terms of maximum stresses, fol-
lowed by “acceleration”, “jump” and the 
last is “landing” (Fig. 9–20). At the same 
time, depending on the influencing fac-
tors, the maximum stresses (relative to 
those characteristic of the “braking” mode) 
can be expressed as a percentage: “brak-
ing” – 100 %, “acceleration” – 44–58 %,  
“jump” – 30–43 % and “landing” – 10–28 %  
(Fig. 9–20 and Tables 1–4).

The destruction areas revealed during 
field tests of standard tanks (water-filled 
tanks were dropped from a height of 
1.5...2 meters) coincided with areas of 
maximum stresses, according to FEM 
calculations (Fig. 23). The maximum val-
ues of the parameter σmax are character-
istic of the following combination of the 
influencing factors: the “braking” mode, 
the minimum wall thickness (8 mm) 
and the maximum transported fertilizer 
density (1,700 kg/m3) (Fig. 10, c, 11, a). 
At the same time, σmax in the PC re-
gion is 70.5 MPa, for US 57.53MPa 
and FN – 32.77 MPa (Fig. 10, c, 11, a). 
Under similar conditions, with an in-
crease in the tank wall thickness (from 
8 to 12 mm), the maximum stresses in 
the PC region are already 37.44 MPa, 
in the US region 33.73 MPa and  
FN – 20.60 MPa (Fig. 10, c, 11, c). Thus, 
an increase in the tank wall thickness 
by 50 % (from 8 to 12 mm) can sig-
nificantly reduce the maximum stress-
es (Fig. 9–20 and Tables 1–4). Estimating 
the influence of the tank motion modes on 
SRF (Fig. 21, a, b), it can be noted that 
the “jump” mode is least susceptible to 
an increase in wall thickness. And the 
modes with the maximum revealed SRF, 
depending on the studied tank areas, 
are: “braking”, “landing” and “accelera-
tion” (Fig. 9–20 and Tables 1–4).

Therefore, it can be concluded that 
the strength of a plastic tank made by 
rotational molding is largely determined 
by the wall thickness (Fig. 10, 13, 16, 19). 
This correlates with the works [14, 17], 
showing that in order to ensure the long-
term stability of a polyethylene tank, it 
is necessary to guarantee the necessary 
bending stiffness of the walls. The guar-
anteed bending stiffness of the tank walls 

Fig.	22.	Nomograms	L=f(p,	σmax)	for	finding	the	wall	thickness	for	different	
densities	of	transported	liquid	fertilizers	and	the	specified	maximum	stress	in	the	

most	loaded	tank	section:	a	–	“Braking”	mode;	b	–	“Acceleration”	mode;		
c	–	“Jump”	mode;	d	–	“Landing”	mode
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Fig.	23.	Fragments	of	tank	tests	at	AVAGRO	LLP	indicating	cracks	that	occurred	
in	the	filler	neck	area	(FN)
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can be achieved through the wall thickness or using foam 
structures. Besides, high-strength materials, in particular poly-
propylene, can be used for this purpose [16]. According to 
SRF (Fig. 21), the five studied sections of a standard tank, 
according to the degree of susceptibility to plastic thickness 
increase, can be arranged in a row (in decreasing order):  
FN>PC>US>TP>WL. For FN, SRF is 51 %, and for WL, 
SRF does not exceed 35 % (Fig. 21). Therefore, we can conclude 
that it is expedient to increase the wall thickness for the most 
loaded areas in the tank structure (FN, PC and US) (Fig. 21). 
Increasing the wall thickness in the WL region is not advisable, 
due to a small decrease in σmax with a significant increase in 
plastic consumption and, consequently, the cost of the tank.

The density of the transported liquid mineral fertilizer large-
ly determines stresses in a standard barrel (Fig. 11, 14, 17, 20); 
so, an increase in LMF density from 1,000 to 1,700 kg/cm3 
increases σmax by an average of 1.85 times. There is a linear 
relationship σmax=f(p), as shown in Fig. 11, 14, 17, 20. Of all the 
studied modes, “jump” is the most sensitive to changes in LMF 
density (Fig. 11, 14, 17, 20). At the same time, tank destruction 
when transporting LMF with maximum density is possible in 
the following areas: filler neck (FN) or pockets (PC) (Fig. 23). 

In this study, using the PDP method, approximation equa-
tions (two-factor statistical mathematical models) were ob-
tained that take into account the effect of the wall thickness 
and LMF density (2) on the maximum stresses (in the five 
studied areas) of a standard tank. These models can be used to 
determine the optimum tank wall thickness, providing mini-
mum stresses and, accordingly, maximum service life. Using 
nomograms (Fig. 22, a–d), it is possible to visually assess the 
effect of wall thickness and density on the maximum stresses 
in the design of a standard tank.

The results of this study can only be used to determine 
the wall thickness of standard tanks with a transported LMF 
density not exceeding 1,700 kg/m3. When transporting LMF 
with a density of 1,750 kg/m3 or more, equation (2) and the 
nomograms in Fig. 22 are not applicable. 

Model designs with different radii of the tank roof transi-
tion to the upper stiffeners were not studied. Therefore, a log-
ical continuation of this study to reduce stresses and increase 
the service life is to change the design of a standard tank 
adjusting the filler neck geometry and increasing the radius of 
the tank roof transition to the upper stiffeners.

7. Conclusions

1. With an increase in the density of the transported liquid 
mineral fertilizer (LMF), the maximum stresses in a standard 
barrel increase linearly. An increase in LMF density from 1,000 
to 1,700 kg/cm3 leads to an increase in σmax by an average 
of 1.85 times. The most sensitive to changes in LMF density is 
the “jump” motion mode of the tank. Increasing the tank wall 
thickness by 1.5 times (from 8 to 12 mm) can reduce maximum 
stresses by 30 to 50 %, depending on the motion mode. The 
stress-strain state study of a standard tank in five different ar-
eas/sections revealed that the most susceptible areas to plastic 
thickness increase are the filler neck (FN and pockets (PC) 
areas, and the least – tank walls (WL). Therefore, to minimize 
stress in the filler neck and pocket areas, we recommend in-
creasing the plastic thickness. However, an increase in the tank 
wall thickness may not be economically justified, due to a small 
decrease in stresses with a significant increase in the cost of the 
product (increase in material consumption). 

Motion mode is the most determining factor affecting the 
stress-strain state of a standard tank. The studied motion modes 
of the tank, depending on the degree of their influence on the 
stress-strain state, can be arranged in a row (as σmax decreases): 
“braking”, “acceleration”, “jump” and “landing”. The “heaviest” 
mode for a standard tank is “braking”. For this mode, the max-
imum stresses were recorded in the calculations, ranging from 
33 to 70.5 MPa (wall thickness – 8 mm and transported fer-
tilizer density – 1,700 kg/m3. The “acceleration” motion mode 
causes σmax of no more than 60 % of the maximum stresses 
characteristic of the “braking” mode. The “lightest” mode for a 
standard tank is “landing”. In the “landing” motion mode of the 
tank, σmax is no more than 28 % of the maximum stresses char-
acteristic of the “braking” mode. In general, the results of FEM 
calculations of the elements are consistent with the field tests 
of standard tanks. During field tests, destruction of a standard 
tank was observed near the filler neck, in this region FEM cal-
culations showed a local area of maximum stresses. 

2. Based on the method of probabilistic deterministic 
planning, an equation is proposed for calculating maximum 
stresses depending on LMF density, wall thickness and mo-
tion mode of the tank. Nomograms were built that make it 
possible to quickly determine the wall thickness of a standard 
tank without calculations, depending on the density of liquid 
mineral fertilizer and permissible stresses for the plastic used. 
From the results of FEM calculations, several recommenda-
tions can be formulated for adjusting the standard tank de-
sign: remove the planes for embedding shut-off valves, change 
the filler neck design and increase the radius of the tank roof 
transition to the upper stiffeners.
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