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Abstract: An investigation on numerical methods able to simplify the mechanical behavior of PET
bottles, partially filled with liquid, under compression loadings is presented here. Compressive
stress conditions on bottles are very common during their transportation and can be accompanied by
large deformations and instabilities that can compromise the integrity of the pack, with the risk of
significant damages. The present paper proposes two approaches, both based on finite elements, and
with elastic-plastic material models properly defined with the scope of investigating the complex
phenomena that take place during these loading conditions. Although not perfect in terms of accuracy,
these numerical methods have been proven to be capable to predicti the transport-related integrity
risks, showing results that agree with experimental data, especially during the initial phases of
load compression.
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1. Introduction

The irreversible damage of goods during transportation, caused mainly by sloshing, vibration,
and shock mechanical solicitations [1], is a common scenario nowadays in the logistics sector, resulting
in significant economic losses to both the retailer and manufacturer [2]. The environmental aspect is
particularly affected by the greenhouse gas (GHG) emissions to produce and ship goods that, being
damaged, will not satisfy the customer and will end up in a landfill. On the other hand, the economic
losses can be ultimately managed in some way. For instance, an increase in the price of goods, as
estimated with proper methods, as in [3], can be added to ensure the economic sustainability of the
industrial investment. On the contrary, the environmental cost inferred by deteriorated goods, as
claimed in [4], is often definitive and articulated on multifaceted aspects, such as materials no longer
usable, energy and water used for product processing, and fuel and carbon dioxide used during the
transport phases.

The loss in functionality and usability of goods during transportation can be considered a
non-negligible fraction of the whole number of products moved around the world. For instance,
a study commissioned by Walmart [5] estimated the phenomenon in 1,176,260 pallets damaged each
year, equivalent to 58,813 truckloads of product going into landfill that, at the financial level, equates to
about $2400M and 18% earnings. Many leading companies are trying to identify and stem the causes of
the deterioration of goods due to transport [6]. The evaluation of the economic repercussions of these
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phenomena through in-depth analyses [7] can lead to the identification of solutions to be adopted by
the company to minimize losses.

Several recent studies [8,9] have been directed to optimize transport conditions, developing
solutions for what is commonly referred to as ‘secondary packaging’, which does not take into
consideration packaging materials that are not in direct contact with the product (e.g., blisters, sachets,
boxes). In particular, in the case of bottles, the secondary packaging refers to the action of arranging the
bottles together into bundles covered with stretch wrap films, positioned side by side and overlapped
to form the pallets (Figure 1a). The pallets, which, in the case of bottles, can also contain tens of bundles
arranged on several levels, are protected by the deposition of several layers of stretch film. This plastic
and thin film is deposited with special implants, combining both the wrapping and pre-tensioning
actions of the film itself (Figure 1b).
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Figure 1. A multilevel system: (a) a single bottle; (b) bottles grouped in bundles; (c) pallet and
palletizing plant.

In this way, a stabilization effect is created with respect to external dynamic stresses, which is
added to the general protection offered by the presence of the plastic layer outside. Through a suitable
choice of the type of film and the wrapping parameters it is possible to guarantee suitable levels of
protection with respect to the most common stress conditions [10,11] that are generated during the
transport phases. This is possible as long as the bottles retain their structural integrity. The external
packaging can do very little if the stressors on the individual bottles are such that can damage them.
This effect is not so rare, considering the attempt to use progressively lighter and slimmer bottles close
to the limit conditions, in the face of always large and heavy pallets. The result is that bottles are
subjected to various types of loads during transport and with various possibilities of damage, with one
of the most dangerous being that which leads to buckling.

Plastic bottles have been widely used since 1989 as containers for water, milk, and other beverages.
The body is usually made of PET (polyethylene terephthalate) from pre-printed plastics (Figure 2a)
and then blown, while the bottle cap is made of PE (polyethylene). The form is not only conceived for
an aesthetic purpose, but it also aims to guarantee adequate stiffness during transport (being stacked
on top of each other) and specific features during use (Figure 2b).
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Figure 2. (a) Preform in PET (polyethylene terephthalate), from which the bottle is obtained through a
thermoforming process; (b) example of the final geometric complexity of a bottle.

The understanding of what happens during the crushing of the bottle involves a number of
complications, and, to detail this complexity, it must be considered that plastic bottles are usually:

• Made of Polyethylene terephthalate (PET), a material with a restricted elastic zone: by increasing
the load the plastic regime is easily reached;

• Designed in complex shapes, including reinforcing and functional elements;
• Manufactured by highly efficient and standardized processes;
• Designed with minimum thicknesses to reduce weight and cost.

The bottles are then filled, not completely, with the liquid to be contained and transported
(natural water in the present case). By its turn, the partial filling represents one of the most significant
reasons able to add complexity to the problem [12]. The air cushion inside the bottle creates a
gas–liquid–structure interaction in response to any external mechanical (or thermal) stresses. This is
the main reason why assembling a numerical model becomes challenging.

Several studies are available where experimental tests were conducted with methods and results
similar to those presented in this study. For instance, in [13,14], the bottle was characterized by
a monoaxial compression test, extrapolating the trend of the force as a function of the lowering.
In [15], a system was specifically developed for the evaluation of the contact pressures between the
bottom of the container and the fixed base, using pressure transducers in order to be experimentally
correlated with a drop test. In [16], a probe for monitoring the internal pressure of the bottle was
considered, stating the decrease in the volume of air during the deformation phase. In [17], a system of
circumferential bands driven by a traction system was described to determine the radial resistance of
the component, being able to characterize the body also orthotopically.

It must be also considered that there are widespread standard tests, for example, top-load tests
(according to ASTM D 2659-95 [18], as in [17,19,20]), that lead this kind of test as a common practice,
also in the case of industrial applications. The difficulty is not related to the implementation of these
tests or in collecting pertinent experimental data, but in the possibility of generating a complete model
(theoretical or numerical) able to interpret the information.

There are several studies that attempt to tackle this theoretical or numerical modeling through
two different approaches. The first type of method, closely linked to the bottle-producing companies,
consists of modeling the body according to the geometry, type, and quantity of material necessary to
guarantee a predetermined resistance. In numerous studies (e.g., [21,22]) the simulations were totally
focused on the minimization of the thickness to reduce the cost or, as analyzed in [23], to introduce
new types of bottles to the market. Once implemented, the characteristics of the material and the
discretization of the profiles with a small variable thickness represent a computational challenge, which
can be addressed with the models presented in [24–26].

The second method consists of evaluating the interaction between the liquid, gas, and wall,
described in [27]. This type of approach, based on both the Eulerian and Lagrangian models, is used to
define the volume of liquid and air present inside the bottle, losing precision in the definition of the
container itself. An example of this approach can be found in [28].
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The various papers presented in [19,23] on static and dynamic simulations describe the numerical
methods used for the simulation of the bottles. The effect of the interaction between water and
air analyzed in [23,29] was considered only from a phenomenological point of view, that is to say,
by representing it by a pressure acting on the inner surface of the container, as in [16,30,31]. In some
cases, this phenomenon was modeled by means of a membrane consisting of elements that can be
infinitely extended and which simulate a contact layer between the contents of the bottle and the wall.
Unfortunately, such an approach, as used in [17,19], is not described in detail, making this type of
simplification useless. Thus, it is possible to say that, at the moment, there are no studies that consider
all the different phenomena of interest altogether. Furthermore, the complexity that has emerged
would produce formulations and models that are difficult to apply in an industrial context, whereas
the present interest relies on having rapid information on the risk of damage compared to the variation
in shape, thickness, material, and stressors. All this seems possible only through the realization of
specific experimental campaigns, one for each of the cases of interest, which represents an expensive
and not always feasible approach.

2. Materials and Methods

2.1. Aim and Scope

The present study aimed to analyze the behavior of a thin plastic bottle when subjected to vertical
compression loads by integrating a numerical approach and an experimental one. For this purpose, the
study presented a needful simplification of the phenomena acting on the bottle [32], characterized by a
geometrically complex profile and made of PET, with the orthotropic characteristics given in Table 1.
The same table also reports the main isotropic properties of PE, used for the bottle cap.

Table 1. Material characteristics of PET and polyethylene.

Polyethylene Terephthalate (PET)—Orthotropic Characteristics

Density
Young

Modulus
X dir.

Young
Modulus

Y dir.

Young
Modulus

Z dir.

Poisson’s
Ratio

X, Y, Z

Shear
Modulus

XY

Shear
Modulus

YZ

Shear
Modulus

XZ

Tensile
Yield

Strength

Tensile
Ultimate
Strength

(kg/m3) (MPa) (MPa) (MPa) (/) (MPa) (MPa) (MPa) (MPa) (MPa)

1335 1250 1345 1250 0.4 448 480 448 64 90

Polyethylene (PE)—Isotropic Elastic Characteristics

Density Young
Modulus

Poisson’s
Ratio

Tensile
Yield

Strength

Tensile
Ultimate
Strength

(kg/m3) (MPa) (/) (MPa) (MPa)

950 1100 0.42 250 330

The bottle was considered to be partially filled with liquid, closed by the cap, constrained in the
base by a friction contact, and subjected to a compression load along the longitudinal axis.

Every study took into consideration:

1. The specific tridimensional shape of the bottle (Figure 3a);
2. The variable thickness of the profile (Figure 3b);
3. The orthotropic nonlinear (elastoplastic) behavior of PET;
4. The cap rigidity, thicker than the profile, made of a more resistant PE;
5. The column of incompressible liquid, able to transmit pressure to the inner walls of the bottle;
6. The air, trapped between the free surface of the fluid and the bottle, as a compressible element.
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Figure 3. Modeling the bottle: (a) main elements; (b) example of characteristic thickness [33].

With this scope, two approaches toward the simplification are proposed here.

2.2. Dual Approach

The first approach involved the use of an exactly faithful external geometry, as obtained from the
3D model supplied by the bottle manufacturer. In the case this geometry is not available, it could be
obtained by reverse engineering, while the tendency of the thickness could be derived by analogy with
respect to similar cases, available in the literature (Figure 3b). In terms of numerical discretization, the
bottle was approximated by two-dimensional shell elements. The material properties were found in the
vast specialized literature, taking into account the general characteristics of PET and PE. In particular,
in the present case a bilinear isotropic hardening model was used for modeling PET (in accordance
with [19,23,34]). The thin walls of the bottle were subjected to compression stress, to which a pressure
component linked to the progressive compression of the air gap was added. The trend over time of
the pressure during the test could be estimated through the equation of real gases (or, given the low
pressures involved, through the perfect gas equation). However, according to the literature, which
foresees the explosion of the bottle in the presence of internal overpressures around 1 MPa in the case
of 1.5 L bottles, a linear increase was used up to this value (Figure 4) [23]. The liquid was considered
incompressible and capable both of transferring the pressure exerted by the gas to the contact walls
and of adding the effect of its own pressure due to the water column (Stevino’s law).
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The second approach, of lower complexity, involved the use of a simplified bottle geometry,
obtainable from the available databases, and chosen only by analogy with the bottles of real interest.
This geometric model can be considered a single solid block, discretized by 3D solid elements (including
air and liquid). The properties of the materials were assigned in such a way as to respect the macroscopic
behavior of the bottle, as emerged from the experimental tests. To make this approach possible, different
models and materials had to be considered and compared with the experimental evidence to verify
when the top load tests were correctly reconstructed. Although this simplification may seem extreme
in terms of simplification, compared to a plain investigation of the physical phenomena, sometimes it
represents the only possibility. In fact, it made it possible to model the behavior of the pallet, of which
the bottle represents only one of the elements. Once the model of the bottle was brought back with a
black-box approach, to which numerical, literature, and experimental elements were integrated, it was
possible to study the interaction between these black-boxes, grouped in bundles, which in turn interact
in the composition of the pallet, all mediated through the action of polymeric coatings.

3. Experiments

3.1. Experimental Evidence

During the experimental tests, five 1.5 L water bottles (h = 310 mm, φ = 87 mm) were considered
as specimens. Compressive tests were realized on an Instron 8032 servo-hydraulic universal testing
machine with a 2517-005 load cell with ±250 kN dynamic and ±500 kN static range at a 0.25 mm/s
ramp accounting for different displacements. The output data given by the testing machine were force,
time, and displacement. Tests were run along the bottle axis (vertical direction), with a behaviour as
shown in Figure 5. Force–displacement diagrams were also measured and displayed in Figure 6 where
results from five tests are reported. These trends show an initial proportional zone (a), the bottleneck
completely dented (b) and, lastly, the buckling phenomenon (c).

It can be noted that an exceptional event occurred at 8–10 mm of displacement, equal to around
2.5–3.0% of axial deformation and 0.5 kN, able to split the graph in two different regions, one with
linear and the other with nonlinear behaviors. It corresponds to the indentation of the bottle, with
the cap collapsing inside the neck (Figure 7a). Once the elastic response zone was passed, various
phenomena became visible, increasing the load. In particular, over 2 kN, buckling happened in the
specimens due to the geometry of the bottle: the tapered shape in the midways transversal plane
prompted this behavior, whereas axial compression was left aside. At the end of the test, in the absence
of a load, a residual deformation was also present (Figure 7b).
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Figure 6. Force–displacement diagrams of specimens: (A) whole trend and (B) details showing the
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3.2. An Interpretation

Within the scope to anticipate the simplification proposed later, the single bottle can be treated
as a column. In this case, from the experimental measures it was possible to build an equivalent
stress–strain chart to figure out an equivalent elastic modulus. The force was transformed into stress
by dividing it by the circular transversal area of the bottle, with a nominal diameter of 87 mm. On the
other hand, the strain was calculated based on the initial length of the specimen, i.e., the height of the
bottle, equal to 310 mm.

This stress–strain diagram is reported in Figure 8a, where it is possible to verify the same
unexpected variation in the trend. Before this change, a clear elastic tendency is shown until at least
1% of deformation, in which the slope can be represented using the Young’s modulus (similarly to the
case of the elastic response of materials). Then, the elastic modulus could be also calculated as the
slope of a highly correlated linear fitting curve from 0% to 1% (Figure 8b). In other terms, if it was
possible to consider the system of a bottle as an isotropic material, then the Hooke’s formula should be
taken into account, yielding a value equal to:

E = 3.08± 0.47 GPa. (1)
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Analogously, treating the single bottle as a column, the theoretical threshold force for buckling
can be calculated. This theoretical analysis, given in Equations (2)–(4), assumes the moment of inertia I
(mm4) of a solid circular cylinder (because after the bottleneck is dented the fluid should be considered
as incompressible), the elastic modulus E (MPa), the column length L (mm) taken as 310 mm, and
finally the buckling factor n which is equal to 1 in this condition where both ends are pivoted, and
not fixed.

F =
nπ2EI

L2 , (2)

where:

I =
πd4

64
, (3)

so,
Fbuck,theory � 750 N. (4)

At the same time, it is evident the sharp decrease in the strain deformation diagram (shown
by the transition line in Figure 8a) can be attributed to the variation in the resistant section during
compression, coinciding with the collapse of the bottleneck (Figure 5b), before reaching the column of
liquid. During the first compression phase, the force acts on the section corresponding to the cap, as
the bottle deforms longitudinally, the resistant section widens until it reaches the maximum resistant
section, which coincides with the meeting of the fluid column, equal to 5942 mm2.

4. Numerical Models

4.1. Shell (2D) Model

Two-dimensional shell elements were used in this first finite elements (FE) study to evaluate the
behavior of PET bottles under compression in the case of top-load tests. In particular, both a non-linear
static and a buckling analysis were done by ANSYS Workbench v.18.1.

The geometry was simplified as displayed in (Figure 9a): all secondary details like fittings,
chamfers, and notches were removed, since they marginally affect the system; the cap was merged to
exclude contact problems; the thickness was simply defined as uniform and equal to 0.3 mm.

Four-node shell elements, 13,258 in total, were used to create the FE grid. This mesh, optimized
for buckling analysis, can be observed in the area of cap and neck in Figure 9b.

In the base of the bottle all the translations and rotations were constrained (Figure 9b). The effect
of water and air inside the bottle was replaced by an internal pressure, increasing over time roughly
in accordance with the equation of state of perfect gases. The contact between bottle and plate was
defined as a contact with friction, with a coefficient of friction equal to 0.2 representing the friction
between PET and steel. Material properties were defined in line with Table 1 with a bilinear isotropic
hardening model with a plastic zone starting from a yield value of 75 MPa (Figure 4).
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Figure 9. (a) Bottle geometry before and after simplification; (b) detail of geometry and mesh by shell
elements; (c) application of forces and boundary conditions (case of non-linear static analysis).

With the scope to perform the quasi-static analysis, the bottle was loaded by a rigid plate moved by
a displacement of 10 mm in the vertical (Y) direction (Figure 9c). This value was chosen by considering
the maximum displacement in the elastic region as measured by top-load tests (Figure 6). In some
ways, it represents the experimental evidence of the maximum load that this specific bottle can resist
without moving its status to the plasticity.

The simulation of maximum load is widely used in the PET bottle industry and the vertical load
test determines the weak points inside the bottles. Thus, the numerical analysis limited to this value
can be extremely useful, for example, in detecting problems in the blow molding line and to check if
the component failures are repeated in the same points.

Also, in this case, a non-linear structural simulation was performed with the maximum load for
bottle verification in order to obtain a reliable model of an empty PET bottle. The simulation was
divided into two steps: load in terms of displacement up to 10 mm, and pressure increase up to 1 MPa.
Non-linearity due to geometry was taken into account through large displacements.

The stress versus strain status following a 10 mm displacement is shown in Figure 10 in terms
of (equivalent) von-Mises stress (Figure 10a) and total deformation (Figure 10b). In particular, the
maximum stress was 164 MPa. This stress state exceeds the yield point, showing the bottle in
plastic conditions.
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The buckling analysis was performed using the same conditions of simulation. It made it possible
to detect the geometrical configuration of instability together with the related buckling load factor
(BLF). This factor acted as a load multiplier with the scope to evaluate the buckling load for each
condition of instability. When the BLF is greater than one, the structure is safe apart from when the
external load is increased. It also means that when the buckling factor is less than one, the structure
could collapse under a given load.

This consideration is exactly in line with what is highlighted by the results shown in Figure 11.
With BLF < 1 in respect to several configurations, the thin bottle is not able to resist to a 10 mm
displacement without buckling. At the same time, as reported by the simulation, the deformations
seem very limited, suggesting the buckling is locally restricted.
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Figure 11. Buckling analysis in top-load conditions for a 10 mm vertical displacement, limited to the
initial four modes of instability and for a load multiplier (k) of: (a) k = 0.19; (b) k = 0.16; (c) k = 0.12; (d)
k = 0.09.

4.2. Solid (3D) Model

Three-dimensional solid elements were used to evaluate an extreme hypothesis of simplification
consisting of a bottle discretized by a homogeneous object, made of a single material. The presence
of liquid, air, and the plastic polymers of small thickness were not taken into account separately, but
the bottle was analyzed globally, as a single solid body. This body was considered as made by an
equivalent material, whose characteristics were set in order to guarantee a mechanical response in line
with the experimental tests. From this perspective, the geometry should be also simplified. Starting
from the 2D profile, a 3D revolution solid was generated and discretized by solid elements (Figure 12a).
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A critical requirement for efficient and accurate explicit analysis is a high-quality mesh, to be
also balanced with the availability of computational resources. Explicit analysis benefitted from the
integration of the design phase in the ANSYS Workbench environment, which includes powerful
automatic mesh generation. In general, there are two options, one is to create high-quality hex (brick)
elements using multi-zone meshing, while the second one automatically uses the swept method to
create hex elements. Some geometries, especially those created for manufacturing and imported from
CAD data, are too complex to be swept to produce a full hex mesh. Tetrahedral elements can accurately
represent small portions of a part’s geometry that cannot be swept. On the contrary, tetrahedral
elements can be not accurate enough in investigating large deformations and, in addition, mesh size
can affect stress results. At least, different mesh density must be tuned to confirm the repeatability of
this model. For this reason, it would be advisable to optimize the validity of the mesh, both in terms
of element types and dimensions. At the same time, the ultimate goal of the research was to try to
represent the behavior of a bottle inside a pallet in the most elementary way possible. For this reason,
it was decided to limit the discretization to an automatic meshing by ANSYS tools.

In particular, quadrilateral dominant elements were used and the final mesh for explicit analysis
consisted of 14,331 nodes and 13,275 elements (Figure 12a).

With respect to the first case, similarities and differences existed in the way loads and constraints
were applied. The rigid plate on the top (Figure 12b) was set with a 2 mm/s speed (instead of a
displacement) while bottle nodes on the bottom were fixed avoiding translations and rotations.

In an extreme simplification of this kind, which considers the entire system as homogeneous
and discretized by finite elements of the same type, would be possible when a model of ‘equivalent
material’ can offer the same responses as the real system (Figure 13).Materials 2020, 13, x FOR PEER REVIEW 11 of 15 

 

 

Figure 13. Experimental stress–strain curve discretization by linear trends, namely bilinear isotropic 

hardening. 

Ansys Workbench 18.1 also makes it possible to insert the material behavior by additional 

complex methods, as in the case of the multilinear isotropic hardening or Chaboche kinematic 

hardening models (Figure 14). These hardening models can be generated by fitting the experimental 

data and are able to provide rather different responses to the simulation. In Table 2 the accuracy of 

predictions is evaluated by comparing real and simulated strains in the case of different hardening 

models.  

Table 2. Comparing measured and simulated residual strains (ε) for different hardening models. 

Residual Strain Hardening Model 

 Measure (εe) Bilinear Isotropic Multilinear Isotropic Chaboche Kinematic 

mm 46.5 54.9 61.9 43.2 

Δ  +18% +33% −7% 

In particular, it is shown that simulations implementing the Chaboche kinematic hardening 

model are able to offer a better approximation of the system (with estimated errors in strains around 

7%), as is also evident in Figure 14b, where an asymmetrical effect is correctly detected despite other 

models. 

  
(a) (b) 

Figure 14. Discretization by advanced hardening models: (a) multilinear isotropic; (b) Chaboche 

kinematic. 

In Figure 15 the effect of deformation of the bottle during the top-load test with 90 mm forced 

displacement is shown as a simulation that adopted Chaboche kinematic hardening in comparison 

with the reality. 

Figure 13. Experimental stress–strain curve discretization by linear trends, namely bilinear
isotropic hardening.

Ansys Workbench 18.1 also makes it possible to insert the material behavior by additional complex
methods, as in the case of the multilinear isotropic hardening or Chaboche kinematic hardening models
(Figure 14). These hardening models can be generated by fitting the experimental data and are able to
provide rather different responses to the simulation. In Table 2 the accuracy of predictions is evaluated
by comparing real and simulated strains in the case of different hardening models.

Table 2. Comparing measured and simulated residual strains (ε) for different hardening models.

Residual Strain Hardening Model

Measure (εe) Bilinear Isotropic Multilinear Isotropic Chaboche Kinematic

mm 46.5 54.9 61.9 43.2

∆ +18% +33% −7%
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Figure 14. Discretization by advanced hardening models: (a) multilinear isotropic; (b)
Chaboche kinematic.

In particular, it is shown that simulations implementing the Chaboche kinematic hardening model
are able to offer a better approximation of the system (with estimated errors in strains around 7%), as is
also evident in Figure 14b, where an asymmetrical effect is correctly detected despite other models.

In Figure 15 the effect of deformation of the bottle during the top-load test with 90 mm forced
displacement is shown as a simulation that adopted Chaboche kinematic hardening in comparison
with the reality.Materials 2020, 13, x FOR PEER REVIEW 12 of 15 
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5. Discussion

Disregarding the uncertainties, it is fair to assume that the experimental values of 550 N for
the threshold buckling force and 3.1 MPa of elastic modulus can be used for simplified numerical
simulations. Furthermore, it is also evident that both the shell model and the solid elements present
interesting results, such as to make them useful for a simplified modeling of the physical system.
This general aspect assumes a certain importance in consideration of the many variables involved,
which make an exact solution practically unreachable. Regarding this overall complexity, it can be
noted, for instance, that 188 different materials are listed in the category of unreinforced polyethylene
terephthalate (PET), together with their slightly different properties to be considered.

At the same time, it should also be highlighted that the experimental and simulated values are
actually closer to each other for the following reasons:
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• The accurate moment of inertia is smaller because of all the tapered curves of the bottle’s shape,
being clearly smaller than that of whole cylinder;

• The elastic modulus used in the theoretical calculations was obtained from experiments and has a
high standard deviation due to the small sampling; being potentially smaller;

• The experimental buckling force was also provided with small sampling presenting high standard
deviation; being potentially higher;

• Not only the actual moment of inertia is lower, but the tapered region in the center of the bottle acts
as a massive stress concentrator, also justifying low values obtained in experiments in comparison
to the theoretical model.

6. Conclusions

The mechanical response and the stability conditions of a single bottle under compression loads
were considered in this paper, as the first fundamental step of a multilevel approach aiming at the
complete discretization of a pallet behavior (Figure 16).
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In terms of methodology, experimental measures were used to investigate two different models
of discretization, each one able to take into account some essential aspects of the overall problem,
simplifying the others. Their assumptions were validated through a comparison between the numerical
predictions and the experimental evidence. In particular, a top load test was used on five partially
filled bottles, which revealed a mechanical behavior articulated in different phases.

As general results, it is possible to say that both models acceptably predicted the initial phases
of bottle deformation, characterized by an elastic response of the system. They also provided useful
information regarding the effects of instability within an acceptable margin of error, making it possible
to use these data for improving the bottle design.

These simplified models were also very efficient in terms of computation time, representing a first
concrete step towards the development of a simplified model able to predict the static and dynamic
behavior of an entire pallet during the transport phases, which represents the real challenge for the
packaging industry.
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