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ASSESSMENT OF THE PALLET UNIT LOAD STABILITY

BY SIMULATION METHODS

The paper presents a stmulation model of a loading unit dynamics, with a layered structure, wrapped with
a stretch film. Stretch film wrapping is the most commonly used and cheap method of securing the load unit. The model,
proposed by the author, allows assessing the stability of the unit during the transport operations, when the loading
unit is subjected to inertial forces. Deformations of a unit and prediction of its disintegration in extreme cases can
be evaluated based on results of a simulation. The value of the necessary containment force as well as the number of
wraps with the pre-stretched film, can also be estimated. In effect, simulations can reduce the amount of film used and

the number of stability tests performed experimentally.
Keywords: load unit, stability, stretch film

1 Introduction

In the supply chain, a unit load is understood as
a single mass that can be easily stored, mechanically
stacked and moved between the two locations [1]. A load
unit is usually made up of a series of smaller loads that are
properly integrated and secured against disintegration. The
pallet is the most commonly used platform for forming load
units, which facilitates the transportation and storage of
broadly understood material goods. Wrapping the unit load
with the stretch film is the most frequently used method
of protecting it against disintegration. The main advantage
of the stretch film is its very low weight compared to the
weight of the load and the fact that it is possible to apply the
film both manually and mechanically using wrappers. The
force bonding the whole load, called in the literature the
containment force, is created by suitable pre-stretching the
stretch film [2]. Of course, the more film layers the greater
the force will be. However, the use of excessive numbers of
layers unnecessarily increases packaging costs, contributes
to redundant waste production and negatively affects the
environment. Due to huge amounts of the stretch film used
worldwide, it is important to apply the film as optimally as
possible.

Pallet load units are classified into three classes due
to the shapes of packages from which the unit is formed
and their dimensional adjustment to the size of the pallet
surface. Class A pallet units are made of identical packages,
stacked in columns or bridges, which perfectly fill the
surface of the pallet. The load on the A-class pallet creates
a rectangular block, which is easy to effectively protect
with stretch film. For Class B units, the individual load
layers may differ in dimensions. The stretch film protection
is still effective, but the film is more exposed to puncture.
Class C pallet units are formed from packages of various
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shapes and are the least susceptible to being protected by
foil [3].

During the transportation, even under the normal
operating conditions, inertial forces act on the loading
unit, what may cause displacement of individual packages,
deformation of the unit treated as a solid and, in extreme
cases, its disintegration. This problem occurs in all the
modes of transport [4-6]. Stability, or also called rigidity, of
the load unit is defined in literature and in transport safety
standards as the integrity of the packages included in the
unit and keeping unchanged shape [7]. Accidents involving
trucks are very often caused by inadequate load securing
[8-9]. Suitably rigid and properly secured against shifting in
the vehicle’s cargo space load unit improved human safety
and protects products against damage. This problem has
been noticed in the European Union, which has issued
Directive 2014/47 [10].

The load unit stability is checked by experimental
methods. Simple static tilt tests on an inclined plane or
dynamic impact tests are carried out. Standard EUMOS
40509 recommends conducting dynamic tests [11]. Because
real life truck braking tests are too expensive, they are
carried out on special mobile platforms accelerated
and braked. Typical laboratory stand is equipped with
a fast camera for documenting the load’s behavior and
sensors measuring forces between packaging and film.
The results of such tests depend not only on the stretch
film performance and wrapping methods, but also on the
weight and dimensions of the packages, friction coefficients
and on packages arrangement pattern on the pallet [12].
Rationalizing film consumption, based on dynamic tests,
requires at least several trials to be performed and is
therefore time consuming,.

The properties of the stretch film can vary widely and
depend largely on the materials used and the production
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Figure 1 The stretch film tensile tests: a) determining the sweet spot (sweet spot stretch level €; =~ 0.75€,, &, - ultimate
stretch), b) interruption of the tensile test to allow the stress relaxation

technology. Any change of the film distributor usually
requires new braking tests. For this reason, it is important
to search for effective calculation methods to estimate the
necessary number of film layers to ensure the load stability.

The simple simulation model of a loading unit secured
with stretch film is presented below. This model is adapted
to class A pallet with a layered structure. Performing the
simulation requires collecting several experimental data.
Among others, measurements of the stretch films strength
properties are necessary. However, such tests are much
cheaper and faster than the acceleration tests.

2 Basic properties of the stretch film

The stretch film is the most effective and efficient
packaging material. The specific properties of the stretch
film, such as: significant elongation of 400% and a certain
type of shape memory - elastic recovery, result from its
layered structure. Usually, the foil sheet is made of a few
to several layers. Polyethylene and vinyl-based plastics,
such as PVC, LDPE, EVA, LLDPE, are used for the film
production. The final properties of the film depend on
the selection of the above-mentioned materials and the
production process and can be significantly variable.

A number of tests are performed to determine the
properties of the film: classical ultimate tensile test;
retention test, which measures the maximum load holding
force and reduction in force over time; puncture test, which
measures the maximum force required to puncture the
film; cling test, which measures ability of a film to stick to
itself at a selected pre-stretch level; quality test a selected
stretch level, which checks homogeneity of the film along
its length based on the measurement of the current stretch
at a constant tensile force [13].

The stretch film tensile tests indicate that the film
behaves like a hyper elastic body. On a typical graph
obtained from a tensile test can be distinguished: linear
elastic region, yield stress, necking and strain hardening

region (Figure 1.a). The test is carried out in accordance with
the direction of winding the film on the roll (MD - Machine
Direction). The results obtained for the perpendicular
direction (CD - Cross Machine Direction or Transverse
Direction) are usually different.

Pre-stretching of film in the load wrapping process

should be planned so as to reach the strain hardening zone,
on the rising part of the tensile test graph. In technical
jargon this point is referred to as a “sweet spot” [14].
Usually this point corresponds to a strain between 200% and
350%. By pre-stretching the film, an adequate value for the
containment force is obtained. An additional positive effect
of the pre-stretching is less film consumption. Based on the
value of the tensile force at the sweet spot and the slope
of the ascending part of the tensile graph, the approximate
relationship between the containment force and the current
stretch of the film can be determined as:
FCxFSJF%lAls(Al_ Als), (D)
where Fs,Als - the initial value of the containment
force and the elongation corresponding to the sweet spot,
respectively. The derivative value (curve slope) can be
considered as the spring stiffness.

Stresses in the stretch film relax very quickly and
decrease by up to 50%. Therefore, some authors recommend
interrupting the tensile test after reaching the sweet spot
for one hour and then continue until the film breaks [2].
Thanks to this procedure, both the initial value of the
containment force and the slope of the graph are closer to
reality (Figure 1.b).

3 Equations of motion

The problem of investigation of the dynamics of
packages forming the load unit is a complex issue of the
multi-body contact (MBS) with friction [15]. The solution of
this problem is complicated by the interaction between the
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Figure 2 Free body diagram of the load layers

practically massless stretch film and packages. One way to
consider the stretch film in the load unit model is to replace
it with a cloud of equidistant points connected by springs
of known stiffness [16]. At each step of simulation, both
the positions of the packages relative to each other and the
packages relative to the point cloud should be controlled.
This type of simulation requires considerable computing
power and is time consuming.

The paper proposes a simplified model of a class
A pallet load unit, which has a layered structure. The
assumption of a layered structure simplifies the model
and means that the layers can only move horizontally with
respect to each other.

Based on the free body diagram of the load layers
(Figure 2), equations of motion of the individual layers can
be written in the form:

miki=—ma—FK+F+R,i=1,...,.N

2
Fyir = 0, ( )

where:

m; - mass of the layer,

a - acceleration of the global system (vehicle cargo space),
F; - friction force between layer ¢ and i-1,

R; - the resultant reaction (restoring) force of the stretch
film acting on the layer (appears from the containment
force and film tensions),

x; - displacement of the layer 7 relative to the global
system.

The proposed layered model of the loading unit takes
into account only the horizontal displacement of the layers.
This is sufficient when the purpose of the simulation is to
choose the appropriate value of the containment force.
If the containment force is insufficient or the load is not
wrapped in the film, one or more adjacent layers may lose
their stability due to significant displacements. Therefore,
the simulation stops automatically when it detects a loss
of stack stability when the center of gravity of the top or

several subsequent top layers extend beyond their base.
This particular case is shown in the Figure 7.

The issue of the stacked block stability is well known
from elementary physics [17]. The condition of continuing
the simulation can be written as the following product of
logical expressions:

N—1
k=0

x0 =10

N

N, X L

=N—Fk

ZIN4—XN—/€—1 <5
z':kaml

7|~ L

where L - is the length of the load layers.

4  Friction force modeling

The slip-stick friction was considered in the model. The
friction force is defined by Equation [18]:

F\;lick(];?i’l/’%t) | A.?Cl | < Vbreak

o 4
F"(Ax;) | A% 1= Virewr’ @

F( Ak, FI™) = {
where:

Ak; = X; — ki—1 -itis the speed of layer "¢" with respect to
the layer located below, V, - -is the velocity of the layers
breaking.

When the relative velocity of the layers is lower than
the assumed very low speed of the break |Ax:| < Virear
then stick occurs and the force of static friction should be
determined from the condition of balance of the upper layer
relative to the lower one:

o F‘?r@aksign(};‘gn{)ut) |F‘§n/)ut| > F‘l@reak

Fts‘mk(]ﬁypm) = { Jrinbut | Fz:nput| < fbreak ,(5)

where:

Fr** = 11;Q; is the maximum static friction value,

Ui, Qi - are the static friction coefficient and normal force
between the surfaces of the layer "i" and "i - 1", respectively.
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Figure 3 The local non-inertial coordinate system for determining the stick friction force
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Figure 4 Assumed tensions distributions in the stretch film as a result of mutual displacement of the load layers and control
points on the edge of the foil

The force F can be determined from the
equilibrium equation of a layer "¢", which is temporarily at
rest, relative to the layer "i - 1") i.e. in a non-inertial system
moving with acceleration a + X;-1 (Figure 3):

F"™ = —mi(a+ 1)+ Fo+ Ryi = N,...,1,  (6)

To determine the force F" one must know the
friction force F;+, from the upper layer. The task is
statically determined. However, the process of calculating
the value of the friction force must take place from top to
bottom.

In the case of slip | A&;|> Vi, the friction force is
determined from Equation [19]:

F‘;llP(Axl) — @(F‘?reak . Evulumb)‘

ex [_( Ak; )2 Ak;
p Vstribeck I/xtribeck

coulomb &) .
+ Fy¥ tanh( L— + fAk;,

where:
F5euomt — 11, Q: - kinetical friction force,
MUr: - kinetical friction coefficient between layers "¢" and
i - 1"
Vitrivect - speed threshold of the Stribeck phenomenon,
Veoutoms - Coulomb speed threshold,
f - viscous friction coefficient.

The hyperbolic tangent in Equation (7) guarantees the
continuity of the friction force when the relative velocity
passes through zero. In the model it was assumed that [19]:

I/slm'beck = */5 Wreak ‘/caulumb =0.1- Vbreak, (8)

5 Restoring force modeling

A two-dimensional problem was considered. Mobile
control points have been introduced on both sides of the
film, which are always at the same height regardless of the
vertical stretching of the film. These points correspond
to boundaries of the layers. In Figure 4 the edges of the
deformed foil are visible in the form of polylines. The
control points on the left and right of the palette are also
shown.

To determine the position of the film, relative to the
displaced layers of cargo, a simple recursive algorithm for
subsequent stretch film tension was proposed. Algorithm
does not require solving the contact problem. The foil,
represented by the control points, is stretched successively
to the most protruding vertices of the packages. The adopted
algorithm requires additional simplifying assumptions.
Friction between the foil and the load was omitted. Due to
that, it can be assumed that the film is uniformly tensioned
in the vertical direction. This tension results from the
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Figure 5 Additional forces acting on layers due to the
vertical stretching of the film
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Figure 6 Acceleration graph during the emergency
braking test
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Figure 7 Displacements of unsecured layers

current length of the polyline, whose vertices are the
control points. The curvature of the foil between the control
points was also omitted (Figure 5). The operation of the
algorithm explains the following pseudo code:

StretchFoilOverPoints(StartPoint, EndPoint)

{  FindPoint = {Find the node of the rectangle representing
the layer of cargo located furthest on the left (right)
side relative to the current position of the left (right)
polyline representing the foil edge};

If exist FindPoint

{  Move the left (right) polyline nodes to stretch the foil
on the nodes: (StartPoint, FindPoint, EndPoint);
StretchFoilOverPoints(StartPoint, FindPoint);
StretchFoilOverPoints(FindPoint, EndPoint);

}

When the load is undeformed, the film pressure acts
evenly on all sides. After the load layers have moved, the
pressure distribution changes. The foil now presses on the
most shifted layers of charge. When the layer moves away
from the edge of the film, the pressure quickly decreases to
zero. However, when the layer presses against the edge of
the film, an additional pressure increase occurs as a result
of stretching the film in the horizontal direction.

The horizontal film tension force per unit of length at
selected control points can be expressed by formula:

ni = no+ ku(xg — x0;— L), €))

where:

no - tensile force obtained initially in the wrapping process
(containment force),

ku - horizontal stiffness of the wrapped film,

x1:(t), xr:(t) - coordinates of the foil control points on
the left-hand and right-hand side.

Similarly, the vertical force of film stretching per unit
length on the left- (right-hand) side of the loading unit is
tum = to+ ko (200 Ly — H), (10)
where:
to - pre-tension of the film due to wrapping,

k, - vertical film stiffness,
lur)i - distance between the control points on the left
(right) side.

The individual layers are affected by the resultant
force due to the film tensions. Part of the force from
the horizontal tension of the film can be expressed by
formula:
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Figure 10 Comparison of the displacements of layers (4 wraps, variant 1 left and variant 2 right)

(np+ nps1— no)Hy

+1—(ng+ nge1— n0)H, Xrg = Xrg+1

0

where: H; - layer height,
o - dimensionless containment force vanishing factor
(e.g. ¢ =1n 0.01),

Xi fmir;(xl-) ’ maX.(xi)f Xi
Ri = 2noH; | exp| o\ — 33— | — exp|a %

XLp = XLp+1

= x5 = min Jgf)

i#FPANi#q

an

i=L1LN
= x, = max(x;)
i=LN
A - assumed distance of the containment force
disappearance.
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Figure 11 Comparison of the total kinetic energy (4 wraps, variant 1 left and variant 2 right)
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Figure 12 Comparison of the displacements of layers (10 wraps, variant 1 left and variant 2 right)
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Figure 13 Comparison of the total kinetic energy (10 wraps, variant 1 left and variant 2 right)

Horizontal projections of forces caused by the vertical
tension of film will additionally modify values of the
restoring forces. However, the vertical projections will
change the value of normal forces and consequently also
the friction forces (Figure 4).

The containment force and required stiffnesses of the
stretch film can be estimated from the film tensile tests,
pre-stretching level and number of wraps. The containment
force can be also measured [20].

6 Examples of simulation results

The mathematical model described above has been
implemented in Matlab environment. In most cases, the
differential equations were solved numerically using
a standard ode45 solver and an automatically chosen
variable time step. However, it has been observed that
when the containment force is much higher than necessary
and it significantly limits the movement of the load layers,
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Figure 16 Comparison of the displacements (20 wraps, variant 1 left and variant 2 right)

the time of numerical calculations increases rapidly. In this
case, solvers dedicated to stiff problems are much more
effective.

The test was carried out in accordance with EUMOS
guidelines. These types of tests are usually carried out
in real conditions using special mobile platforms [21].
Emergency braking of a vehicle transporting a load unit
with retardation of 0.8¢ during the first 400ms and next
acceleration of 0.2g was simulated (Figure 6).

A medium heavy unit made of 9 identical layers
was considered. The length and height of the layer were
1.2m and 0.15m, respectively. The layer weight 50kg. The
coefficient of kinetic friction between layers was equal
0.3, while between layer and pallet 0.4. To model the
Stribeck effect, it was assumed that the coefficient of
increase in friction force is equal 120% and breakaway
speed is equal 10 ®*m/s. The coefficient of viscous friction
was assumed to be equal to 20Ns/m. The containment
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force per wrap and per unit length was equal 85N/m.
Assumed distance of the containment force disappearance
was 0.02m.

Figure 7 shows the visualization and values of the
layers displacements if the cargo is unsecured with stretch
film. The simulation stops automatically when it detects
aloss of stack stability when the center of gravity of the top
or several subsequent top layers extend beyond their base.

Wrapping the load four times with foil reduces the layer
displacement. However, the loading unit is significantly
deformed in the braking phase. Two variants were analyzed:
the first when only the load is wrapped and the second
when the pallet is also partially wrapped. Figures 8 and
9 visualize the deformation of the unit at the end of the
emergency braking and at the end of the simulation test
in both variants of wrapping. Comparison of displacement
values (Figure 10) and total kinetic energies (Figure 11)
does not allow to clearly determine which of the wrapping
methods is better. Wrapping layers of packaging together
with the pallet means that the final displacement of the
load on the pallet is smaller and the bottom layer does not
move. However, there is no doubt that the number of layers
of stretch film is too small.

A simulation was then carried out in the case of
wrapping the load with stretch film ten times. The results
of both wrapping options are comparable. However, in the
first variant the final displacement of the layers is slightly
smaller (Figure 12). This is done at the expense of slightly
shifting the first layer relative to the pallet. In addition, the
peak of kinetic energy in the second phase of motion is
smaller in the first variant, which is visible in the energy
diagrams (Figure 13). Increasing the number of wraps to
fourteen means that the results are practically identical in
both variants (Figures 14 and 15).

Further increasing the number of wraps to twenty
makes no sense, because it does not significantly improve
the results (Figure 16). It can be considered that a load unit
wrapped fourteen times is sufficiently stable.
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