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� New modular metal pallets that
combine blocks and deck boards are
proposed.

� 3D FEM, analytical, and experimental
tests are carried out and results
compared.

� More reliable values for loadings and
displacements are provided for steel
pallets.

� A comparative LCA suggests that steel
pallets have a good environmental
performance.
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Given the huge number of products transported worldwide every day, it would be advantageous to use
lightweight pallets made of readily recyclable materials that are easy to clean, durable, and cheap to
maintain. However, the design process for new metal pallets does not follow any specific code, which
makes the transition to products with improved characteristics more challenging. This paper describes
the development of a new modular steel pallet that combines blocks and deck boards to produce a range
of configurable geometries for use in transportation (forklifting) and stationary (racking, stacking) condi-
tions alike. Analytical and numerical analyses using the 3D finite element method (FEM) were carried out.
Experimental tests were performed to evaluate ultimate strengths and deformations for different load-
ings. The experimental results used to validate the numerical models showed that these pallets per-
formed well in terms of stiffness, deformation, and stresses. A comparative life cycle analysis (LCA)
was also carried out to identify the main environmental impacts of the life cycle of pallets made from
different materials. The results of a ‘‘cradle-to-gate with options” model suggest that the new proposed
pallet performs better than its wood, plastic, and aluminium counterparts.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

World merchandise trade has grown tenfold in the last 30 years
and accounts for more than half of the total world economy [1].
Pallets are the most used unit-load portable platform in the global
market since goods can be moved and transported very efficiently
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and reliably using standard devices. Without pallets, goods would
have to be either lifted manually or moved using more complex
equipment, thus increasing handling costs [2]; as mentioned by
the National Wooden Pallet and Container Association [3] ‘‘pallets
move the world”. Also, pallets are particularly relevant, for
instance, in the air transport of different products [4].

Different types of pallets are available to meet various loading
requirements, costs, and other specific prerequisites. Pallets can
be made of materials such as solid wood, softwood [6], plastic,
paper, recycled paper, corrugated paperboard, metal, wood-based
composites, and wood-plastic [5,7]. Of these, wooden and plastic
pallets are the most popular [8,9].

Pallet design, including choice of materials, must ensure the
ability to withstand several loading cycles. However, pallet damage
is inevitable after a certain number of uses, which means that a
high recyclability rate that enables the easy reuse of discarded
parts should be considered [10,11]. The environmental impacts
generated by the wrong use, or the non-reuse of pallets have been
addressed by different authors [1,12]. There are also papers on the
environmental impact of pallet remanufacturing operations and
logistic systems, as well as on evaluating the performance of the
pallet’s structural design [13,14].

Several LCA studies have focused on comparing different life
cycle stages, analysing details such as materials used, trans-
ported loads [19], number of trips made, reuse rates, repair
and treatment needs, and end of life processes [16,18]. However,
to the best of the authors’ knowledge, there are no LCA studies
on aluminium and galvanised steel pallets. Plastic pallets have
typically greater impact on the product stage than wooden pal-
lets. However, their durability is expected to be greater, diluting
the impact over the life cycle [20,22]. Repairing and reusing
wooden pallets is a good strategy to increase their lifespan and
reduce their environmental impact throughout the life cycle
[24,25].

In terms of design, although Eurocodes EN 1993-1-3 [26] and
EN 1993-1-1 [27] may be applied, depending on the material used
and the structures, no structural calculation and verification
method is explicitly for metal pallets. The methods used to verify
pallet design and manufacture are empirical and based mainly on
experimental testing [29]. Some analytical equations are shown
in [35] but only for pallet separators/stoppers. In this context, some
researchers have focused on the so-called ‘‘pallet loading problem”
(PLP) [30,31], studying the multi-pallet loading in terms of load
positions and magnitude with the aim of optimising the number
of pallets needed [14] and the possible multiple levels of pallet
loadings [12].

After a comprehensive review of the literature, the authors have
not found significant studies specifically about modular metal pal-
lets. Thus, papers on other structures similar to pallets have also
been analysed (e.g. stringer pallets [32,33], panel deck pallets, pal-
let beams [34], steel pallet racks [36]). In this regard, it is possible
to find approaches for steel pallet racks that can be used in the
design of new metal pallets. For instance, [36] discusses the design
and performance of steel pallet racks, in [37] the prediction of their
strength is estimated, and in [38] the beam-to-column connection
is treated.

In this work, the authors address the development of steel pal-
lets with configurable modular components using a technology
that enables the pallets to be easily assembled. New data is pro-
vided for pallet design by focusing on the development of 3D
models.

The following goals were defined:

(i) to analyse pallets made of different materials, including
those made of metal, in terms of relevant technical, eco-
nomic and environmental factors;
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(ii) to propose a new modular steel pallet with high functional
value;

(iii) to rationalise the behaviour of individual structural compo-
nents (blocks and deck boards) and the entire pallet;

(iv) to validate the design of the new pallet with laboratory
tests; and

(v) to carry out a life cycle analysis, comparing the environmen-
tal performance of the new proposed pallet with those made
of wood, plastic or aluminium.

The methodology used comprised three main steps. Firstly, the
modular pallet was designed, the structural schemes (i.e. forklift-
ing, racking, stacking) defined, and the materials selected. Analyt-
ical solutions [40], analysis using Eurocodes [26,27], and numerical
analyses via the finite element method (FEM) [39] were carried
out. Then, the mechanical behaviour was validated by performing
laboratory tests required by the prevailing international standards
ISO 8611-1 [41], ISO 8611-2 [42] and ISO 8611-3 [43]. Ultimate
and test loads were quantified in this step. Finally, an LCA was per-
formed to assess the environmental performance of the new pro-
posed pallet over the life cycle.

2. Conceptualisation of modular metal pallets

In general terms, a pallet’s performance is strongly related to
the physical properties of the used raw material. Thus, a compara-
tive analysis of wood, plastic, paper, and metal pallets was carried
out based on a set of factors often used to determine the pallet’s
suitability for a given application. For this purpose, several
mechanical (resistance, stiffness, weight) and socio-economic
(durability/lifespan, cost, sustainability, use) parameters have been
collected from the literature. Additionally, for simplicity, perfor-
mance was qualitatively rated as weak, satisfactory, or good.
According to this comparative evaluation, presented in Table 1,
metal pallets perform better in terms of durability, mechanical
resistance, stiffness, and lifespan. However, they tend to be more
expensive and heavier.

In terms of size, pallets of 1200 mm � 800 mm, known as the
Euro or Universal pallets, are very common in Europe. In Asia,
1100 mm � 1100 mm is the most widely used pallet size, whereas
pallets measuring 1219 mm � 1016 mm are used in the USA [2].

The new modular welded steel pallet under study is formed of 8
transverse deck boards (800 mm � 120 mm), 3 longitudinal bot-
tom deck boards (1200 mm � 120 mm), 3 longitudinal top deck
boards (1200 mm � 120 mm), and 9 cubic blocks (1 at each corner,
1 halfway along each side, and 1 in the centre) 96.2 mm wide (see
Fig. 1).

This pallet is considered modular since its components are
interchangeable with each other and are removable. This is possi-
ble since the deck profiles have a common geometry that can be
connected to the block elements.

Cold-formed steel DX51D was selected to build the pallets since
it is often used in similar support structure applications (Table 2
lists its main properties [49,50]).

The model design is based on the testing setups used for labo-
ratory evaluation, as given in the literature [41,42,43,51,52]. In par-
ticular, the experimental test procedure for evaluating new flat
pallets for material handling is specified in ISO 8611-1 [41]. The
test method is divided into groups for nominal load testing, maxi-
mum working load testing and durability comparison testing. ISO
8611-2 [42] gives the performance requirements to establish nom-
inal loads for new pallets, defines the tests required in various han-
dling environments and states the performance requirements for
the tests with payloads. Finally, ISO 8611-3 [43] defines how the
maximum working load for pallets with known payloads is deter-
mined for different handling environments [46].



Table 1
Comparative evaluation of pallets made of different materials.

Factor Wood a Plastic b Paper c Metal d

Cost [8,15,44,45,46] *** * ** *
Durability/lifespan [8,44,45,46,47] * *** * ***
Mechanical resistance [44,45,46,47] * *** * ***
Stiffness [8,45,46,47] N/A * * ***
Sustainability [8,29,44,45,46] ** * *** **
Use [4,6,8,45,47,48] *** *** * *
Weight [8,15,44,45,46] * *** *** *

Note: * = Weak. ** = Satisfactory. *** = Good. N/A = Not available.
a It includes solid wood, softwood, composite wood-plastic (wood + polymeric materials), composite wood and paperboard wood.
b High-density polyethylene reinforced plastic, polyethylene terephthalate reinforced plastic and resin formulations.
c Corrugated, honeycomb, solid fibreboard, and moulded pulp.
d Carbon steel, stainless steel, and aluminium.

Fig. 1. Assembly of the metal pallet: 8 transverse deck boards and 3 longitudinal
top deck boards (top image), 9 cubic blocks (middle), 3 longitudinal bottom deck
boards (bottom).

Table 2
Mechanical and geometrical properties [27,49].

Yield strength, fy
(MPa)

Tensile strength
(MPa)

Elastic modulus,
E (GPa)

Poisson’s ratio

140.0 From 270.0 to
500.0

210.0 0.30

Mass density
(kg/m3)

Deck boards
mass (kg)

Block mass (kg) Pallet mass (kg)

7850.0 11.25 0.29 13.86 (=11.25 +
(9 � 0.29))
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Three different static tests need to be performed to simulate
real loading conditions:

(1) The stacking test simulates compressive loads by placing
pallets on top of one another without intermediate shelves.

(2) The racking test simulates the storage of unit compressive
loads in drive-in or beam racks with free unsupported spans.

(3) The forklifting test simulates the shock and impact force
through the load carried by the pallet in moving use.

The forklifting test can be seen as a ‘‘dynamic” test due to the
impact force of the moving supports [52] therefore, in this work
a dynamic fatigue test has been also carried out.

Fig. 2 illustrates the three tests in longitudinal and transverse
view of the whole system (i.e. pallet + supports + external loads)
as explained below.
3

� Grey elements: transverse/longitudinal deck boards and blocks
that form the whole metal pallet with the geometrical and
mechanical characteristics already mentioned.

� Turquoise elements: mechanical restraints where the reaction
forces are developed to equilibrate the whole system. They
are represented by metallic elements with rectangular hollow
sections of �1.50 m. In the forklifting test they simulate the fork
supports, whereas in the racking test they simulate beam racks
for storage. In the stacking test, they are coincident with the
contact points between the longitudinal bottom deck boards
and the ground.

� Orange elements: the gravity loadings are represented by
metallic elements with circular hollow sections of �1.50 m.
For the forklifting tests, square hollow sections of �1.50 m
and rectangular section of �1.0 m are also used. The total
weight of these elements ranges between 150.0 and 670.0 N.

All loads and reactions are assumed to be vertical. All listed
loading conditions are intended to assist the designer in establish-
ing an acceptable initial compromise between the cost and perfor-
mance of these products.

ISO 8611-2 [42] provides some examples of ultimate loads (Ut)
and test loads (Pt) defined by 50% of Ut. These Ut loadings are 28.40
kN, 35.0 kN, 44.20 kN for racking, forklifting, and stacking, respec-
tively. These values have been used as reference to analyse the pro-
posed steel pallet.

3. Design and FEM modelling

The purpose of the structural analysis is to evaluate the flexural
strength of the decks and the compressive strength of the blocks to
estimate the pallet’s maximum load capacity in accordance with
Eurocode 3 [26,27,28].

3.1. Structural components

As the structural components (blocks and deck boards) of the
pallet are cold-formed steel profiles, the effective cross-section is
based on the effective areas of the compression elements Ac,eff,
and the effective area of the tension elements to shear lag [27]. Ac,-

eff is defined in accordance with Eurocode 3 [28] as:

Ac;eff ¼ qAc; ð1Þ
where Ac is the gross cross-sectional area and q is the reduction fac-
tor due to plate buckling. The plate buckling effects caused by stres-
ses at the ultimate limit state (ULS) need to be taken into account,
considering that:

– the panels are rectangular, and flanges are parallel;
– there are stiffeners in the longitudinal/transverse direction;
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Fig. 2. Illustrations of the experimental tests in (a) transverse and (b) longitudinal side. The metal pallet is grey, load beams are orange, and supports turquoise. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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– open holes and cut-outs are small;
– members have uniform cross-section;
– no flange-induced web buckling occurs.

For internal compression elements, the parameter q can be
computed as follows [28]:

q ¼ 1:0 for kp
�
� 0:5þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:085� 0:055w

p
q ¼ kp

�
�0:055ð3þwÞ

kp
�

2
� 1:0 for kp

�
> 0:5þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:085� 0:055w
p ;

8><
>: ð2Þ

with the plate slenderness, kp

�
, defined as:

kp
�
¼

ffiffiffiffiffiffiffi
f y
rcr

s
¼ b

�
=t

28:4
ffiffiffiffiffiffiffiffiffiffiffiffi
235�kr

f y

q ; ð3Þ

where w is the stress ratio, b
�
is the width of the lateral faces (of the

blocks) and of the flanges and webs (for the deck boards), kr is the
buckling factor, t is the plate thickness and rcr is the elastic critical
plate buckling stress.

To define Ac,eff using Eq. (1), the following iterative procedures
should be implemented [26]: (i) the parameter w used to deter-
mine the effective width of flanges of a section subject to stress
is based on gross section properties; (ii) w used to determine the
effective width of the web is obtained using the Ac,eff for flange
and the gross area of the web; (iii) the effective section properties
may be refined by applying w based on the effective cross-section
already found in place of Ac.
Table 3
Parameters defined for all lateral faces of the blocks under compressive loading.

b
�
(mm) t (mm) w kr

Lateral faces 96.20 1.0 1.0 4.0

Note: the effective width, beff, is defined by q � b
�
and be1 = be2 = 0.5 beff.
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3.2. Blocks of the pallets

Table 3 lists the parameters used to calculate the Ac,eff subject to
uniform compressive stresses. In this case, the parameter w is
defined iteratively, given that the location of the gravity centre
(CG,c,eff) corresponds to the gravity centre (CG,g) of Ac, as shown
in Fig. 3. It can be concluded that when the blocks are subjected
to uniform compression, the effective width of the lateral faces is
63.6% (q = 0.636).

Thus, the axial compression resistance of the block, Nc,Rd, is
defined as:

Nc;Rd ¼ Ac;eff � f y; ð4Þ
leading to Nc,Rd = 34.27 kN, which represents a good value, given the
expected load to be stacked on the pallets.

By considering that the proposed steel pallet consists of 9
blocks, it is possible to estimate that the compressive resistance
of the whole pallet is 308.43 kN (=9 � 34.27 kN).

The FEM simulation of the block under this compressive load
[39], with a fixed base, leads to the plotted von Mises stresses
shown in Fig. 4. The obtained maximum stress of 87.77 MPa is
lower than fy = 140.0 MPa (see Table 2).

Eqs. (1)–(3) are from Eurocode [28], and they reduce the gross
cross-sectional area of cold-form steel profiles under compressive
loads, Ac,eff, accounting for the possible plate buckling phenomena.
This reduction is specifically more relevant due to the low value of

the yield strength, fy: q � 1.0 (since k
�
p = 1.307 > 0.673) from Eq. (2)

which leads to the reduction of Ac. This could be seen as a safer
approach.
k
�
p

q Internal compression element

beff (mm) be1 = be2 (mm)

1.307 0.636 61.20 30.603



Fig. 3. Geometry of the cross-section of the blocks (dimensions in mm): (a) gross area Ac (384.90 mm2); (b) effective area Ac,eff (244.8 mm2) [61].

Fig. 4. Von Mises stresses in the block under a compressive load of 34.27 kN.
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Indeed, this reduction underestimates Nc,Rd (Eq. (4)). The
numerical model results did not show the existence of a buckling
phenomenon (see Fig. 4). A larger Nc,Rd would be obtained using
Ac as: Nc,Rd = 384.90 mm2 � 140.0 MPa = 53.88 kN ? 9 � 53.88
kN = 484.92 kN.

3.3. Deck boards of the pallets

The following tables give the parameters used to calculate Aeff

subjected to a positive (Table 4) and negative (Table 5) bending
Table 4
Parameters defined for the flanges and webs of the boards under positive bending flexure

b
�
(mm) t (mm) w kr

Flanges 19.88 0.60 1.0 4.0
Webs 11.40 a 0.60 �1.18 28.41

Note: beff is the effective width defined by (q � b
�
)/(1 – w). be1 is the effective width subjec

compressive stresses defined by 0.6 beff [28].
a The folded lengths used at the ends are 0.80 mm and 2.70 mm.

5

moment [53]. For deck boards, it is taken that q = 1.0 since

k
�
p � 0.673 following Eq. (2).
Fig. 5 shows the Aeff of the transverse section of the deck boards

when subjected to positive and negative bending flexure. In these
cases, Aeff corresponds to the gross section since all components of
the transverse section are effective.

The deck board is designed for elastic and elastic–plastic resis-
tance with yielding at the compressed flange. The design moment
resistance of a cross-section for bending in the horizontal
axis �, Mx,Rd, is determined as follows:

Mx;Rd ¼ Wx;eff � f y; ð5Þ

whereWx,eff is the effective sectionmodulus calculated asWx,eff = Ix,-
eff/t with t being the distance between the CG,g and the bottom
flange. Table 6 shows the results of the transverse section design.

Assuming that the constant bending moment of 55.87 N � m is
distributed along the simply supported deck board with a length of
800.0 mm, the following von Mises stresses are obtained (see
Fig. 6). In terms of resistance design force, the value of 0.46 kN
(=55.87/0.12) is obtained. The negative and positive maximum
stresses are �127.0 MPa and 138.0 MPa, respectively. Both stresses
are close to (but below) fy = ±140.0 MPa.

3.4. Whole metal pallet

The 3D analyses of the global metal pallet were carried out
using a numerical model in FEM elements [39]. The model was
built using all blocks and deck boards to form the whole structure.
Solid elements models were used for all components (i.e. deck
.

k
�
p

q Internal compression element

beff (mm) be1 (mm) be2 (mm)

0.45 1.0 19.88 7.95 11.92
0.097 1.0 5.23 2.09 3.13

t to compressive stresses defined by 0.4 beff [28]. be2 is the effective width subject to



Table 5
Parameters defined for the flanges and webs of the boards under negative bending flexure.

b
�
(mm) t (mm) w kr k

�
p

q Internal compression element

beff (mm) be1 (mm) be2 (mm)

Flanges 19.88 0.60 1.0 4.0 0.45 1.0 19.88 7.95 11.92
Webs 11.40 0.60 �0.85 20.17 0.115 1.0 6.16 2.47 3.69

Fig. 5. Aeff of the transverse section for positive/negative flexure.

Table 6
Design moment resistance of the transverse section for positive/negative flexure.

Aeff (mm2) Ix,eff (mm4) t (mm) Wx,eff (mm3) Mx,Rd (N � m)

105.3 2462.15 6.20 399.05 55.87

Fig. 6. Von Mises stresses obtained when a deck board with a length of 800.0 mm (800.0 mm � 120.0 mm) is loaded with a uniform bending moment of 55.87 N � m (design
resistance: 55.87/0.12 = 0.46 kN).
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boards, blocks, supports, load boards), assuming that the bases
were fixed. For the racking and forklifting case, the fixed restraints
coincide with the supports, whereas for the stacking case they
coincide with the contact points between the deck boards and
the ground.

Fig. 7 shows the von Mises stresses for all analysed cases when
subjecting the pallets to the Ut loadings listed in Table 8.

Red (116.70–140.0 MPa) highlights the regions where the von
Mises stresses are close to fy. The racking tests yielded the most
critical cases on both sides, while the forklifting test produces
the most critical cases for the longitudinal side. In the other tests,
the values range between 23.33 MPa (blue region) and 93.33 MPa
(green region).
6

Expressive deflections are also noted (but not in scale), particu-
larly for the racking case along the longitudinal side, which could
be relevant to the design of the pallets, besides the strength. This
aspect is discussed in Section 4.2, below.
4. Mechanical behaviour and validation tests

This section discusses the laboratory tests carried out to deter-
mine the mechanical behaviour of the whole steel pallet and its
components. With this data, the numerical results already shown
in previous sections could be completely validated and thus it
should be possible to find a relationship between the pallet and
structural components.



Transverse side Longitudinal side

Racking

Forklifting

Stacking

Fig. 7. Computational von Mises stresses under Ut loadings (see Table 8).

Fig. 8. Laboratory tests of the steel structural components: (a) block and (b) deck board.
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4.1. Deck boards and blocks

Fig. 8 shows the images of the tests and the equipment used. For
testing the blocks and deck boards, a compression testing machine
from Instron (600 RD) with a 3.0 MN load cell, and a hydraulic
7

actuator from Instron (Satec KN600K3965) with a 600 kN load cell
were used, respectively.

LVDT transducers, model HBM type WAT-100, were used to
measure the vertical displacements. Two HBM MX840 A/B data
loggers set up with HBM Catman AP 4.03 software were used to
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collect the data [54]. All sensors were previously calibrated. All
tests were carried out in the laboratory facilities of Itecons (Coim-
bra, Portugal).

Fig. 9 shows the results of the laboratory tests (6 tests) of the
blocks and deck boards on the transverse (T-side) and longitudinal
(L-side) sides. Results are shown by elasto-plastic load/displace-
ment curves.

In Fig. 9(a), it is possible to see the ductile behaviour of
the blocks since the curves do not strongly decrease after
the peak point. However, the variability between the curves
indicates the real difficulty when it comes to evaluating this
type of element.

The experimental peak values of the block range between 43.61
and 55.95 kN, which are greater than the analytical values of
34.27–53. 88 kN, as expected following the explanations given in
Section 3.2.

For the deck boards (Fig. 9(b)), the initial inclination of the
curves (that is associated with the structural stiffness) and the
peak values between the longitudinal and transverse deck boards
are substantially different. For the longitudinal deck board, the
mean peak value is 0.83 kN, which is 1.88 times smaller than that
Fig. 9. Results of laboratory tests of the (a) blocks and (b) transverse and
longitudinal deck boards.
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of the transverse deck board (i.e. 1.56 kN). As expected, both mean
peaks reached satisfactory values, since they are greater than 0.46
kN (see Fig. 6).

4.2. Static behaviour of the whole pallet

The ultimate load for a total pallet failure, Ut, and the pallet load
capacity, Pt, are estimated in this subsection.

The bending strength and bending stiffness can be defined from
the test results [41,42,52].

ISO 8611-2 [42] defines Pt as the minimum weight of the load
that corresponds to a prescribed deflection limit (or stiffness limit)
and of that corresponding to Ut divided by a safety factor of 2.0 (i.e.
flexural limit).

Fig. 10 shows photos illustrating the racking, forklifting, and
stacking tests (for the two sides) consistent with the illustrations
shown in Fig. 2. The equipment used was the same as that
described for testing the deck boards in Section 4.1. This figure also
highlights the positions of the LVDT transducers by including a
schematic plot (red elements).

Table 7 shows the geometrical data used for the analysis, with li
being the distance between the deck board supports and ai the dis-
tance between the point where the load is applied and the closest
deck board support.

The racking test determines Ut and Pt by focusing on the bend-
ing strength and bending stiffness. The maximum load capacity Pt,-
max of the pallet is determined when the pallet is placed on
supports on the transverse and longitudinal sides. Pt,max is defined
as a range between the minimum ultimate load Ut,min of the first
welding point failure, and the maximum ultimate load Ut,max (di-
vided by 2.0).

The limit condition of the forklifting test is the flexural bending
of the pallet on fork supports under the top deck of the pallet. Here
Pt,max is determined when pallets are moved by load handling
equipment on the transverse and longitudinal sides. For all pallet
models, the minimum weights are obtained when the pallets are
moved from the longitudinal side, because the ends of the pallets
(which extend beyond the forks) are longer and thus subjected to
greater stresses.

The stacking test determines the ability of the pallet top and
bottom decks to withstand the local effects of widely varying
payloads on sub-spans of decks between blocks in a block stack-
ing situation. When pallets are stored by stacking, Ut,max is
determined by the strength of the upper deck and the lower
deck. On the other hand, when there is no possibility of stacking
the pallet’s Ut,max is determined only by the strength of the
upper deck.

Preliminary experimental tests showed that failure happens
with the loss of the welding joints. Thus, the pallet strength
would increase if the quality and length of the welded joints
were improved. All joints were improved by performing a con-
tinuous weld. The results of these tests are presented and dis-
cussed next.

Fig. 11 shows the load–displacement curves (solid lines)
recorded during the laboratory tests for all cases on both sides.
All tests are performed by loading the test specimen to reach a cer-
tain deformation (2% of the distance between supports in the case
of the racking and stacking tests; 20 mm in the case of the forklift-
ing tests), unloading, and then reloading up to failure. The numer-
ical results (dashed lines), computed assuming elastic behaviour,
are included for comparison.

The differences between the experimental and numerical
curves quantify the real contribution of the material and the con-
nection between pallet elements. The slopes of the numerical lines
are similar to the slopes of the first part of the experimental curves,
where the pallets maintain the elastic-linear behaviour.
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Fig. 10. Photos of the racking, forklifting, and stacking laboratory tests (from both sides).
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Table 7
Geometric data for laboratory tests.

Parameter Forklifting case Stacking case Racking case

Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse

li (mm) 470 470 450 250 1050 360
ai (mm) 340 140 130 94 214 142

Note: li = distance between the deck board supports. ai = the distance between the point where the load is applied and the closest deck board support.
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As an example, for the longitudinal racking test, the experi-
mental curve corresponds to the loading of the test specimen
until failure (below 2.0% of ll = 1050, i.e. 21.0 mm). The peak
Ut of 9.32 kN corresponds to the displacement recorded at fail-
ure, 18.54 mm.

Fig. 12 and Table 8 present all the ultimate load results of the
laboratory tests. Table 8 also includes the suggested load limits
(Pt), for each loading scenario, which also ensures the elastic beha-
viour of the pallet (see Fig. 11).

The highest peak in Fig. 12 is related to the S: T-side test,
which shows a high strength of the steel pallet for this case. In
general, the results indicate that the metal pallet is more resistant
on the transverse side. In fact, the mean value of Ut on the trans-
verse side is 55.21 kN, whereas on the longitudinal side it is
24.342 kN. Overall, Ut ranges from �9.9 to �98.0 kN with a mean
value of 39.77 kN.

One aspect regarding the different behaviour of the two sides
can be checked by calculating the ratio of the Ut|T-side/Ut|L-side. For
forklifting and stacking this ratio is very similar, with values of
2.46 and 2.22, respectively, whereas for the racking case, the ratio
is 2.13. This is because the distance li for racking is greater than for
the other cases, thus increasing its flexibility and reaching the ulti-
mate load at a faster rate.

These results are consistent with the experimental test for
deck board. In fact, this ratio, estimated as 1.88, is very close
to the ratio for the whole pallet when considering all cases
(i.e. 2.07).

Some figures have been gathered from the literature for
comparison purposes. This is useful for providing an order of
magnitude of the published work results because studies that
are very similar have not been found in the literature. In [3],
regarding paper pallets, static and dynamic carrying strength
could reach about 10.0 kN. In [44], static load and bending load
are estimated to be about 64.13 kN and 3.86 kN, respectively.
The maximum load from the bending test for two wood-
plastic composites ranges between 4.10 kN and 6.61 kN. The
differences are mainly due to the geometry and material
characteristics.

In general, in ISO 8611-2 [42], Ut values are provided without
explicitly separating the ultimate load for the total pallet failure
from a component failure. Also, the material used (probably wood)
is not specified and a safety factor of 2.0 is defined in a very simpli-
fied way. The philosophy is that the optimum pallet is taken to be
the one that sustains a higher load while having a lower mass in
relation to the material that it is made of.

Finally, according to ISO 8611-1 [41] and ISO 8611-2 [42],
the vertical displacements should be measured between blocks
in the middle of the pallet’s deck boards. Table 9 lists the
performance limits and the results of the deformations
obtained from the laboratory tests. A comparison between
the FEM model, experimental results, and the standard [11]
is shown.

In Table 9, Pt,a% is the recorded experimental load when the ver-
tical displacement reaches a % of li, ymax is the maximum deforma-
tion at Ut. The maximum value relates to the point where the
maximum deformation is expected following the scheme in
10
Fig. 2. The maximum experimental deformations under Ut loads
range between 23.42 and 34.62 mm, corresponding to the racking
case and forklifting longitudinal cases. These results were expected
given the numerical analyses. It is possible to see, for these three
cases, high internal stresses, and ‘‘apparently” larger deflections
(see red regions in Fig. 7).

This range is slightly larger than the maximum performance
limit indicated in the code [11], i.e. 21.0 mm. However, the exact
value of 21.0 mm is valid for wooden pallets, therefore results
shown in Table 9 could provide new performance limits for metal
pallets.

It is possible to see some differences between ymax given by the
FEMmodel and experimental tests. This difference may result from
the linear behaviour assumed by the FEM model, while the exper-
imental tests consider the actual capacity of the material. Also, in
the experimental tests the support and ground stiffness effect
can alter the results.
4.3. Fatigue dynamic behaviour

The racking, forklifting, and stacking tests are not designed to
evaluate the fatigue of the pallet in response to loading cycles
applied during its lifespan. Additionally, those tests do not repre-
sent the dynamic loads generated by the real use of the pallets.
This is particularly relevant in the case of forklifting actions where
the rapid movements generate ‘‘dynamic” loads caused by the pro-
duced accelerations. To better understand the behaviour of the pal-
let under continuous forklifting actions under their lifespan, a
fatigue test was performed using the setup used before (see
Fig. 10).

The test specimen was subjected to 2.0 � 105 load sinusoidal
cycles with an amplitude of �6.0 kN, at a frequency of 5.0 Hz. This
frequency was chosen because it is much higher than the possible
frequency of a cycle-loading application in real life. Given the first
natural frequency of the pallet of 20 Hz, evaluated experimentally,
a steady-state amplitude response similar to that of the static dis-
placement is expected.

Fig. 13 shows the measured vertical displacements in the
longitudinal central line of the pallet for some of the loading
cycles.

It is possible to see that the load-displacement loops are similar
for each cycle (i.e. the cycles overlap between them), indicating a
stable behaviour along with the full fatigue test. The maximum
registered load is 5.95 kN, generating a maximum displacement
amplitude of 1.39 mm, like that of the static displacement
(1.45 mm). The pallet did not show any loss of strength after the
fatigue test.
5. Environmental performance: Life cycle analysis (LCA)

As part of this work, an LCA study was carried out with the
aim of identifying the main environmental impacts associated
with the life cycle of the new proposed pallet made of gal-
vanised steel (#Steel|New) and to compare them with those
of reference pallets made of wood (#Wood|Ref1), plastic (#Plas-
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Fig. 11. Experimental (solid lines) and numerical (dashed lines) load-displacement curves for all tests performed on both sides.
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Fig. 12. Experimental test results for ultimate loads Ut (R = Racking, F = Forklifting,
S = Stacking, T-side = Transverse side, L-side = Longitudinal side).

Table 8
Experimental results for each case.

Experimental results

Test measurement Ut (N) Pt (N)

Racking T-side 21,000 10,500
L-side 9866 4933

Forklifting T-side 46,820 23,410
L-side 19,030 9515

Stacking T-side 97,800 48,900
L-side 44,130 22,060

Note: Ut = Ultimate load for total pallet failure. Pt = Suggested test load limit to
guarantee elastic behaviour.
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tic|Ref2) and aluminium (#Alumin|Ref3). Typical photographs
are presented in Fig. 14, while the main characteristics are
summarised in Table 10. This analysis was performed using
SimaPro software [55] in accordance with ISO 14040 [56] and
ISO 14044 [57].

To perform this study, a ‘‘cradle-to-gate with options” model
was developed, using real data for the production stage (extrac-
tion and processing of raw materials, transport to the factory
and production) and building scenarios for the use stage (pallet
replacement module) and end-of-life stage (transport and waste
treatment module [62,63]). The remaining modules of the use
Table 9
Vertical displacements and loadings.

Case FEM model Standard [11]

ymax (mm) a li (mm) 6.0% li (mm) 2.0% li (mm

R: L-side 10.60 1050.0 63.0 21.0 c

R: T-side 11.60 360 39.30 7.2
S: L-side 5.14 450.0 27.00 9.0
S: T-side 7.61 250.0 15.00 5.0
F: L-side 12.99 – – 20.0
F: T-side 5.32 N/A

Note: N/R = Not reached (failure has already occurred). N/A = Not available.
a ymax is calculated for Ut (Table 8).
b Maximum performance limit imposed by [11] for forklifting tests.
c Maximum performance limit imposed by [11] for racking tests.
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stage (use and maintenance/repair) were not considered in this
study due to lack of information. The declared unit was a pallet
with a lifespan of 20 years. This declared unit was selected
based on the main characteristics of these products and rele-
vant information available in the literature. However, other
declared units could have been used considering other charac-
teristics of the pallets, such as the load capacity over the refer-
ence lifespan.

5.1. Inventory

With respect to the product stage of the metal pallets (#Alu-
min|Ref3 and #Steel|New), the inventory was prepared using
available real data. The material inputs were modelled based
on technical data sheets and data from suppliers and the dis-
tances for transporting materials were measured using Google
Maps. The impacts associated with diesel consumption were
considered for fuel transport, but the impacts of the manufac-
ture and maintenance of vehicles were excluded. For electricity
production, the energy mix from Portugal in 2014 (low voltage
electricity - Portugal production mix) was considered [58]. The
transport of waste generated in the production process to the
management facility and its treatment processes, when avail-
able, were also considered. Data from previous LCA studies
[19,23,59] were used to model the #Wood|Ref1 and #Plastic|
Ref2.

Regarding the use stage, a service lifetime of 20 years was con-
sidered for #Steel|New (information provided by Portimpact com-
pany), while service lifetimes of 1.5 years, 10 years and 15 years
were considered for #Wood|Ref1, #Plastic|Ref2 and #Alumin|
Ref3, respectively [21]. To model this process, the production of
replacement pallets, transport (for a scenario of 150 km) and treat-
ment of the waste produced (incineration or recycling) were
considered.

The end-of-life stage considered the transport of pallets to
waste management operators, the recycling of metal pallets, the
incineration of wooden pallets and incineration/landfill of plastic
pallets, according to information from LCA studies of similar prod-
ucts [17]. For transport purposes, waste operators within a radius
of 150 km were considered.

To supplement missing data, and compare and validate existing
data, research literature and the ‘‘Ecoinvent v 3.6” database [58]
were used. Table 11 and Table 12 summarise the inventory for
the product and end-of-life stage, respectively.

5.2. Impact assessment

The life-cycle performance was assessed by using the midpoint
approach in accordance with the CML–IA method - version 4.7
[60], i.e., abiotic depletion potential (ADP-elements and
Experimental results

) 0.70% li (mm) Pt,6% (kN) Pt,2% (kN) ymax (mm) a

7.35 N/R N/R 18.54
4.59 N/R 17.76 23.42
3.15 N/R 37.53 8.44
1.75 N/R 26.59 8.50
7.0 b N/R 17.63 34.62

7.99



Fig. 14. Pallets: (a) #Wood|Ref1 - Wooden pallet; (b) #Plastic|Ref2 - Plastic pallet; (c) #Alumin|Ref3 - Universal welded pallet (aluminium); (d) #Steel|New - Universal
welded pallet (galvanised steel).

Table 10
Main characteristics of the pallets under study.

Reference Dimensions (mm) Weight (kg) Durability (years) a Static load (kN) b

#Wood|Ref1 1200 � 800 25.0 1.5 15.0
#Plastic|Ref2 25.0 10 10.0
#Alumin|Ref3 11.4 15 20.0
#Steel|New 13.0 20 22.0

a Durability was established based on information provided by Portimpact company, for the steel pallet, and information available in the literature [21], for the wood,
plastic, and aluminium pallets.

b Static load was established based on real experimental data, for the aluminium and steel pallets, and information available in the literature [19], for the wood and plastic
pallets.
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Fig. 13. Fatigue test of the pallet under a forklifting action along the transverse side: (a) Representation of cycles; (b) dynamic behaviour of the pallet.
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ADP-fossil resources), global warming potential (GWP), ozone
depletion potential (ODP), photochemical oxidation creation
potential (POCP), acidification potential (AP), and eutrophication
potential (EP).

5.3. Product stage (cradle-to-gate)

The relative contribution of the inventory elements of the pallet
product stage for the impact categories is presented in Fig. 15.
13
5.4. Comparative analysis (cradle-to-gate with options)

A comparative analysis of the environmental performance of
the studied pallets for the more complete life cycle model
(cradle-to-gate with options) is presented in Fig. 16.

Fig. 16 shows that for the metal pallets (#Alumin|Ref3 and
#Steel|New) the product stage represents the greatest contribution
to all the impact categories, which results from the very intensive
consumption of resources during steel and aluminium production.



Table 11
Summary of the inventory of the product stage.

Unit #Wood|Ref1 #Plastic|Ref2 #Alumin|Ref3 #Steel|New

Production stage (Inputs) Raw materials Wood kg 2.52E + 01 – – –
Galvanised steel kg – – – 1.37E + 01
Steel kg 4.30E�01 – – –
Aluminium kg – – 1.14E + 01 –
Polypropylene kg – 2.50E + 01 6.0E�02 –

Subsidiary materials Welding gas m3 – – 2.0E�01 1.80E�01
Finish - Paint for steel kg – – – 1.31E�01
Finish - Solvent-based ink kg 4.20E�02 – – –
Lubricant l – – 3.07E�03 2.74E�03

Energy Electricity from the grid kWh 7.00E�01 1.41E + 01 3.07E + 00 3.07E + 00
Heat - Natural gas MJ 6.10E + 00 – – –
Light fuel oil l 1.70E�02 – – –
Diesel l – 6.30E�01 – –

Raw materials’ transport Truck tkm – – 5.26E�01 1.43E + 00
Subsidiary materials’ transport Light truck tkm – – 1.66E�01 1.76E�01

Production stage (Outputs) Waste Steel shavings and chips kg – – – 7.80E�01
Aluminium shavings and chips kg – – 3.10E�01 –
Wood shavings kg 2.0E�01 – – –

Waste transport Light truck tkm – – 1.83E�03 4.60E�03

Table 12
Summary of the inventory of the use and end-of-life stages.

Unit #Wood|Ref1 #Plastic|Ref2 #Alumin|Ref3 #Steel|New

Use stage Replacement No. of lifetime replacements – 13 2 1 0
Inputs New pallet kg 3.25E + 02 5.0E + 01 1.14E + 01 –
Outputs Pallet waste kg 3.25E + 02 5.0E + 01 1.14E + 01 –

Transport - Light truck tkm 4.88E + 01 7.50E + 00 1.71E + 00 –
End-of -life stage Waste transport Light truck tkm 3.75E + 00 3.75E + 00 1.71E + 00 2.08E + 00

Waste treatment Incineration kg 2.50E + 01 1.35E + 01 – –
Landfill kg – 1.15E + 01 –
Recycling kg – – 1.14E + 01 1.39E + 01
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Regarding the reference pallets (#Wood|Ref1 and #Plastic|Ref2), it
is possible to see that replacing the pallets during the use stage
represents a major contribution for all the impact categories. Note
that in the case of #Wood|Ref1 and #Plastic|Ref2, thirteen and two
complete replacements, respectively, are necessary during the
defined lifetime. By contrast, for the galvanised steel pallet
(#Steel|New), replacement during the defined lifetime is not nec-
essary. Regarding the end-of-life stage, a desirable negative contri-
bution is obtained for the metal pallets, thanks to the high
recyclability of the materials.

Finally, taking into account the product stage and other stages
of the life cycle, the galvanised steel pallet under study is the solu-
tion offering best performance for all impact categories, while the
plastic pallet (#Plastic|Ref2) performs worst for most of the impact
categories.

6. Conclusions

This paper has focused on the design and multi-analysis of
modular steel pallets that combine blocks and deck boards to pro-
duce different configurable structures. A combined numerical and
experimental approach was used to validate the performance of
these pallets under transportation (dynamic forklifting) and sta-
tionary (racking, stacking) conditions. An LCA was also carried
out to identify the main environmental impacts associated with
the life cycle of steel pallets, comparing the results with those
obtained for corresponding solutions made of wood, plastic, or
aluminium.
14
The following main conclusions emerge from this work:
– 3D FEM models proved to be useful to estimate the stresses and
deformations for different load conditions. The general com-
pressive resistance of the whole pallet supported by blocks is
�480.0 kN. The most critical case was found for the racking test
with stress > 140 MPa.

– Laboratory tests, used to validate the models, provided new
ultimate and test loads, for total pallet failure and performance
limits. The ultimate load ranges between 9.9 and 98.0 kN, the
Ut|T-side/Ut|L-side ratio ranges between 2.1 and 2.4, and the max-
imum deformation registered is 0.34.62 mm. Also, the dynamic
fatigue test shows a good performance by the new galvanised
steel pallets. Therefore, for a specific analysis of metal pallets,
the present values and design procedures can be used to update
some of the existing codes [26,42].

– A comparative LCA study based on a ‘‘cradle-to-gate with
options” model suggests that galvanised steel pallets per-
form better than their wood, plastic, and aluminium coun-
terparts, mainly due to high recyclability and less need of
repairing or replacement during the defined service
lifetime.

Finally, this paper demonstrates that galvanised steel pallets
perform satisfactorily in terms of resistance and stiffness. Addi-
tionally, given the different demands of dimensions and weight,
the development of pallets with modular technology could prove
to be a good choice to fulfil the functional requirements for differ-
ent industries.
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Fig. 15. Comparative impact assessment of the different inventory elements (product stage only) for the pallets under study: #Wood|Ref1; #Plastic|Ref2; #Alumin|Ref3; and
#Steel|New.
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