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Abstract: This study focuses on the flexural properties of the layered wall structures of plastic tanks
produced by rotational molding technology. The aim was to assess the possibility of replacing the
homogeneous walls of rotationally cast large-volume underground tanks with structural walls for
stability and warpage prevention. The possibilities of material saving by combining lightweight and
non-lightweight tank wall layers were investigated. By applying the engineering theory of bending
inhomogeneous layered walls, the flexural rigidity values of the walls of the tanks of different
structures were determined. The values of the flexural rigidity of the tank wall samples produced by
rotomolding technology were determined experimentally. Moreover, a comparison of the calculated
and experimentally determined flexural rigidity values of the layered walls and optimization of these
structures was carried out. In the case under study, it was theoretically and experimentally confirmed
that the optimum ratio of compact layer thickness versus total wall thickness is given by the resulting
value: tjopr = 0.189 h.
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1. Introduction

Every successful application of thermoplastics is conditioned by a qualified determina-
tion of the dimensions and shape of the proposed structure in addition to thorough design
and technological preparation. Thermoplastics are generally relatively low in stiffness and
strength, have a significant tendency to creep, a high thermal expansion, and a marked
dependence on temperature as regards their mechanical characteristics. These properties
usually appear to be disadvantageous. On the other hand, however, there are undeniable
advantages to this, for example, ease of processing, low energy consumption, high manu-
facturing productivity, and the wide range of applicable new technologies. Furthermore,
it is the excellent resistance to aggressive substances and environments that makes ther-
moplastics suitable for the construction of equipment operating in harsh operating [1,2]
conditions, e.g., in the chemical and food industries.

The specific mechanical behavior of thermoplastics brings with it peculiarities and
difficulties for design compared to conventional materials. The nature of the technology
and the desire to limit the weight and cost of the product lead to the design of thermoplastic
structures with thin walls. Due to low stiffness values (modulus of elasticity) or time-
dependent stiffness (modulus of creep), deformation states rather than yield states are often
decisive in product design [3,4]. Thus, very often, the limit states are decisive, causing a
loss of structural stability.

In the industry, the current issues are the assessment of the possibility of replacing
the homogeneous walls of rotationally cast large-volume underground tanks [5,6] with
structural walls [7-9], to promote flexural rigidity and, therefore, stability capacity. It
is necessary to investigate the possibilities of potential material savings by combining
lightweight and non-lightweight layers of the tank wall, thus creating three-layer sandwich
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walls. This implies the need for computational predictions of the flexural rigidity values of
tank walls for different wall structure concepts.

Although the topic of underground tanks produced using rotomolding technology
is very current, as we observed in the relevant review, there is no practical attention paid
to this issue in the literature. Many authors address potential problems such as strength,
the failure mechanism, and structural vessel optimization [10,11]. Carrera [12] reported
that functionally graded material (FGM) layers are convenient to reduce shear and normal
stress gradients. Furthermore, the FGM layers lead to benefits in terms of the buckling load;
however, the use of FGM requires different manufacturing technology to that explored
in this study. In the case of ground or underground horizontal cylindrical tanks, the wall
of the cylindrical shell of a tank is subject to non-homogeneous stress. As Magnucki [13]
states, the regions where compression occurs, buckling becomes possible. It was found
that, for underground and above-ground tanks with similar loads, the critical thickness
of the wall of underground tanks exceeds that of their above-ground counterparts. In the
study of Brar [14], he statistically evaluates the random geometric imperfection stability for
an asymmetrical cylindrical vessel under external pressure, while the relevant EN standard
controls the relevant safety at the limit of the stability capacity with respect to geometric
imperfections. In [15], the authors focus on electrolyte and recirculation tanks considering
the technology itself but not the stability, confirming the need for safe rigidly stable tanks,
although this is outside of the scope of our study.

On the basis of the application of the technical theory of bending of inhomogeneous
layered walls, the flexural rigidity values of tank walls for individual concepts of the
wall structure (a homogeneous, three-layer sandwich structure) were computationally
determined. The values of flexural rigidity of tank wall samples manufactured using
rotomolding technology were experimentally determined. The intention of the study was
to compare the calculated and experimentally determined values of the flexural rigidity of
layered walls.

2. Materials and Methods
Flexural Rigidity of the Sandwich Structure

It is inappropriate to design bent elements with a full homogeneous cross-section in
terms of the efficient use of material. In fact, the area near the neutral surface is only stressed
slightly compared to the stresses on the outermost fibers of the cross-section. High stiffness
with minimum weight can be achieved by using a three-layer sandwich wall section. The
outer layer and rigid layers are separated by a lightweight foam core of low stiffness, shown
in Figure 1. For the flexural rigidity of the layered composite cross-section, the engineering
theory of bending of composite elements generally applies the following rule:

Ko =E1Jr )

where E; is the modulus of the elasticity of the surface layers, and Jr denotes the quadratic
moment of the reduced cross-sectional area, as shown in Figure 1a.

For the value of the quadratic moment of the reduced cross-sectional area from
Figure 1a, the following relation can be obtained:

3
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Figure 1. Reduced sandwich structure area (a), effective thickness (b), and effective modulus (c).

A sandwich structure of given dimensions ¢; and / substitutes a homogeneous layer of
a certain thickness for its flexural rigidity value. We call this the effective thickness of the
sandwich wall, Sef; See Figure 1b. The effective thickness of the sandwich wall is thus given
by the equality of the flexural rigidities according to Figure 1b.

E1 Jr=E1 ]y ®3)

where J,r is the quadratic moment of the area of a homogeneous (single-layer) wall section
of thickness s,f, given by

Jop =bse /12 (4)
It is, therefore,
sep = (12 Jr/b)? ()

The second possibility, especially for cases in which the evaluation of experimental
results is required, is to introduce the concept of the effective modulus of elasticity of the
sandwich structure. We define this as the modulus of elasticity of an ideally homogeneous
(single-layer) wall of an identical thickness to that of the sandwich, with the same value of
flexural rigidity as the sandwich structure. According to Figure 1c, this condition is

12]r

Eef = Elm (6)

The dependences of the effective thickness s, and the reduced square moment Jg
on the dimensions of the sandwich structure are plotted in Figure 2. The diagram is
constructed for the limiting case E;/E; << 1, i.e., assuming neglect of the effect of the
stiffness of the as-cast layer on the resulting flexural rigidity. This assumption is justified
not only by the relatively small value of the modulus of elasticity of the lightweight middle
layer, but also by the fact that the bending stresses in the region of the neutral surface of
the bent element are low.

Due to the generally low values of flexural rigidity of walls of shell structures made
of thermoplastics and their dependence on the loading time and temperature, there is
often a real danger of a limit state of loss of stability of the thin-walled shell of the tank,
manifested by its buckling and subsequent collapse [15-19]. As follows from the presented
parametric study, it is necessary to pay increased attention to the problem of the stability of
thermoplastic shells during their structural design.

For the study of sandwich structures, the LLDPE butene-type material (a linear low-
density copolymer of polyethylene with butene) from Gerbaldo Polimeri s.p.a (Italy), used
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in rotational molding technology, under the trade name MICROLEX RM 1242 WT, was
chosen, with an MFI = 4 g/10 min and a density of 0.938 g/cm?.
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Figure 2. Dependence of the effective thickness and reduced square moment on the dimensions of
the sandwich structure.

3. Results
3.1. Optimization of Sandwich Structures

As can be seen from the diagram in Figure 2, a homogeneous wall of a given s
thickness can be replaced by structures with different geometries. Moreover, larger heights
h at lower surface layer thicknesses t; can be chosen, or conversely, thicker surface layers
at lower sandwich heights /1 can be chosen. According to the diagram, for example, a
homogeneous wall with a thickness of 20 mm will correspond to structures from ¢#; =5 mm,
h =22 mm to t; = 1.5 mm at & = 32 mm. In general, with increasing layer values t;, the
material utilization and thus the effect of the sandwich structure decreases, due to higher
material volumes near the neutral axis. The value of the flexural rigidity can be expressed
by Equations (1) and (2). If we denote p; as the density of the non-lightweight bearing
layers, and py as the density of the lightweight core, the mass per unit length of the member
is given by

m = b[hpy + 2t (p1 — p2)] @)

Finding the optimum thickness of the outer layers t; for a certain height / in terms of
flexural rigidity obviously means finding the extremum of the function K ,m. For the mod-
ulus of elasticity of the non-lightweight material of E; = 680 MPa, the modulus of elasticity
of the lightweight core of E; = 170 MPa, and a degree of relative volume lightweighting of
the core of 50%, the result of the optimization of the investigated structures is given in the
diagram in Figure 3.

Table 1 shows the resulting optimum wall thickness values of the non-lightweight
layers tjopr for the considered structures. Naturally, the t;opr/h ratio is constant. For a
given material composition of the structure, t1opt = 0.189 x h.

For each structure, the theoretical values of the effective modulus of elasticity according
to Equation (6) were compared with those determined experimentally. The results are
shown in Table 2.



Appl. Sci. 2022,12, 9276

50f9

Ko/m_h=7 K0/m_h=10
- m_h: st 0/m_|
3660 7400
3650
7300 -
3640
7200 |
3630 L L L | ) . . .
10 12 14 16 10 15 20 25 30
132 1.90
KO/m_h=11 [ KO/m_h=15"
—— {16852 ' :
9060 |
16850 -
9050 - _
16848 |
9040 _
16846 |
9030- _
9020 _—— L] | ] . e | I
180 195 210 225 240 27 I8 apn 29 3.0
2.08

Figure 3. Resulting optimum thicknesses of the surface layers of the individual structures.

Table 1. Optimum wall thickness for structures with non-lightweight layers.

Structure h (mm) t1 (mm) tiopt (Mm)
3v_ 7 7 24 1.32
3v_10 10 2.5 1.90
3v_11 11 1.6 2.08
3v_15 15 2.0 2.84

Table 2. Comparison of calculated effective modulus of elasticity with experimental value.

Structure Eef theoreticat (MPa) Eet experimental (MPa) Difference & (%)
3v_7 678 640 5.94
3v_10 612 576 6.25
3v_11 450 422 6.64
3v_15 424 396 7.07

It is clear from Table 2 that the experimental values are, in all cases, only insignifi-
cantly lower than the theoretical values. Thus, as can be seen, for the practical purposes of
predicting the replacement of a homogeneous single-layer wall with a three-layer structure,
the theoretical values can be used as a qualified estimate of the flexural rigidity of a given
sandwich structure, with 7.07% of maximum difference. The value of the effective thickness
of the homogeneous single-layer wall was used to assess the suitability of replacing the ho-
mogeneous single-layer wall with a layered structure. The effective thicknesses calculated
from the experimental E¢ values are given in Table 3.

Table 3. Effective weight of the structures.

Structure Sef (mm) MMy ()
3v_7 6.7 1.21
3v_10 8.9 1.12
3v_11 9.1 1.42

3v_15 12.1 1.64
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The degree of efficiency of replacing the homogeneous wall with a three-layer wall
is also evident from the comparison of material consumption. Let us denote the effective
mass, i.e., the unit mass of a homogeneous wall of effective thickness Sef, S

Mef = b Sef pl (8)

Comparisons of the effective mass of the homogeneous wall’s effective thickness 1,y
with the effective mass of the structures considered are given in Table 3. As can be seen,
the most efficient structure is clearly structure 3v_15. Structures 3v_7 and 3v_10 can no
longer be recommended due to the small material savings. This is due to the fact that
structures 3v_7 and 3v_10 achieve seemingly high s, values, but uneconomically, at the
cost of considerable thicknesses of the surface layers #. This means that they are similar to
a homogeneous wall.

3.2. Stability of Shell Structures

The existence of compressive stresses in the walls of thin-walled shell-type structures
generally means there is a risk of loss of stability of the structure. This danger of sudden
significant deformation and the possibility of subsequent collapse is compounded in the
case of plastic structures as a result of their generally low flexural rigidity. In practice, it is,
therefore, necessary to consider the case of external loading effects causing compressive
stresses in the thin-walled shell.

In practice [20,21], these are mainly cases of underground plastic tanks, such as sewage
treatment plants, septic tanks, storage tanks, etc.

In these applications, there are generally two main load cases to be considered. These
are the emergency, short-term cases of an empty tank, being loaded only by the external
pressure of the backfill, and the long-term operational case. The operational load case is
determined by the superposition of the internal hydrostatic pressure with a certain water
level and the external pressure exerted by the containment.

The short-term empty tank load case is obviously unfavorable because of the absence
of internal filling pressure, but the relatively large value of the design modulus of elasticity,
equal to the short-term value of the creep modulus, plays a favorable role. However,
because of the viscoelastic behavior of thermoplastics, the duration of this condition must
be limited to the relatively short time necessary to carry out maintenance or repair.

While the long-term, service load case is advantageous due to the internal hydrostatic
pressure of the container filling, the calculated modulus of elasticity equal to the long-term
creep modulus is, on the other hand, very low. If insufficient attention is paid to stability
issues, a limit state of loss of stability is often reached resulting in the collapse of the tank
shell; see an example of an accident in Figure 4.

An example of the result of FEM modelling on the loss of stability of an underground
tank is shown in Figure 5. The ultimate load of real tanks is always lower due to geometric
inaccuracies in the tank shape, variability in wall thickness or local weakening, residual
stresses, unevenness of the backfill load during tank installation, and the possible effects of
groundwater, rainfall, and other aspects related to both installation and operation.

In practice, these aspects are taken into account by the relevant safety value [22-25]
for the limit state of loss of stability, which is usually given by the relevant standard.
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Figure 4. Example of loss of stability of an underground reservoir produced by rotomolding technology.

Figure 5. Example of the result of FEM modelling of the stability capacity of an underground tank
loaded with soil pressure.

4. Conclusions

Due to the generally low values of the flexural rigidity of walls of shell structures
made of thermoplastics and their dependence on the loading time and temperature, there
is a very real danger of a limit state of loss of stability of the thin-walled shell, manifested
by its buckling and subsequent collapse. As follows from the presented parametric study, it
is necessary to pay increased attention to the problem of the stability of thermoplastic shells
and, therefore, to the appropriate value of the wall flexural rigidity in their structural design.
This can prevent possible failures in the practical applications of these types of structures.
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Nomenclature

b cross-sectional width of the sandwich element

E; calculated modulus of elasticity—non-lightweight layers

E; calculated modulus of elasticity—lightweight layer (core)
Eef effective modulus of elasticity

Eef theoretical theoretical effective modulus of elasticity

Eef experimental ~ €Xperimental effective modulus of elasticity

h cross-sectional height of the sandwich element

JrR quadratic modulus of the reduced cross-sectional area

Jet effective quadratic modulus of the cross-section of the sandwich element
Ko flexural rigidity of the cross-section of the sandwich element
m unit mass of the sandwich structure

Mef unit mass of the homogeneous wall of effective thickness

Sef effective thickness of the sandwich structure

f thickness of surface—non-lightweight layers

tiorT optimum thickness of the surface—non-lightweight layers
P1 density of the non-lightweight layers

P2 density of the lightweight core
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