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ACADEMIC ABSTRACT
In the supply chain there are three components: transportation method, the pallet, and the
packaging. Traditionally, there has been a poor understanding of the way that pallet design can
impact the supply chain. There are historical studies that illustrate the importance of
investigating how box stacking pattern, unit load type, unit load size, and containment can
impact the pallet’s performance. However, there have been no studies that have investigated the
impact of drums and plastic pails on pallet performance.
The goal of the current research study was to investigate how plastic pails and drums
affect pallet bending and the distribution of the pressure on the top surface of the pallet. The
investigation was conducted using four different support conditions commonly found in
warehouses: racking across the width and length, single stacking, and double stacking. The
results of the investigation indicated that for most support conditions, loading the pallet with
plastic pails or drums results in a significant reduction in deflection when compared to a
uniformly distributed load. The maximum observed reduction in pallet deflection was 85% when
testing with drums in the double stack condition and 89% when testing with plastic pails in the
single stack condition. The large reductions in deflection could indicate that the pallets were
over-designed for the unit load that they were supporting.
Pressure mat distribution images collected during the experiment display a load bridging
effect where the stress of the drums and pails are redistributed to the supported sides of the
pallet. The data also show that drums made of different materials distribute the pressure onto the
pallet in a significantly different manner.

Investigation and Analysis on the Effect of Industrial Drums and Plastic Pails on Wooden
Pallets throughout Warehousing
Mary Paz Alvarez Valverde
GENERAL AUDIENCE ABSTRACT
Wood pallets are crucial to the supply chain that delivers the goods and objects that
sustain our economy. Every product order or product that is seen in stores was sent through the
supply chain. The supply chain is made up of three major interacting components, the material
handling system, the packaging, and the pallet. By further understanding the interaction between
these components, pallet and packaging designers can better utilize materials and maximize the
efficiency of the supply chain.
There is a need to understand how different types of packages interact with the pallet to
effectively design pallets and to potentially reduce costs and material usage. Historical studies
focused on investigating how corrugated boxes affect pallet performance. They mainly focused
on the effect of corrugated box size, flute type, stretch wrapping and containment, and the
influences that pallet design have on pallet performance.
Past studies identified that packages on the top of the pallet could create a bridging
between the packages that can reduce the stresses on the pallet and consequently increase its load
capacity. By using this load bridging effect for their advantage, pallet designers can design
pallets that are safer, cheaper, and be more environmentally friendly since current wood pallets
are designed under the assumption of a uniformly distributed, rather than bridged, load.
The goal of the current study was to investigate how the load bridging effect created by
pails and drum affects the deflection of the pallet in the floor stacked loading condition. The
investigation was conducted using four different support conditions commonly found in
warehouses such as racking across the length, racking across the width, single stacking, and
double stacking. The results of the investigation indicated that for most investigated support
conditions, the interaction between pails and drums causes an increase in load bridging which
significantly reduces the bending of the pallet. The reductions reached a maximum of 85% when
testing with drums in the double stack condition and 89% when testing with plastic pails in the

single stack condition. The large reductions in deflection could indicate that the pallets were
over-designed for the unit load that they were supporting.
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1
1.1

Chapter 1: Literature Review
Wood Pallets

1.1.1 History
Before the modern-day pallet was popularized, the use of skids was common. A skid is
similar to a wood pallet in that it has a series of top deck boards that are supported by either
blocks or stringers that are placed below the top deck boards but there is no use of bottom deck
boards in skid designs. The transition from skids to pallets took place in the mid 1920’s and
coincided with the increasingly common use of fork trucks.
What is now considered to be the modern-day pallet was introduced during the early
1930’s when the motorized fork truck became common place in facilities when loading heavier
materials. With the mass industrialization that took place during World War II, pallets grew to
have an even larger role in transporting materials. Pallets evolved so that they had partial 4-way
entry, a pallet design where pallet jacks and fork trucks can lift the unit load from all four sides,
and that development became more popular. The typical size of a pallet in the US at that time
was 48 in. x 48 in. but would later become the typical 48 in. x 40 in. pallet that is used in today’s
industry.
During the mid-1950’s the transformation of the fork truck once again impacted the way
that pallets were utilized and their typical measurements. With the creation of the narrow aisle
electric reach truck, the 48 in. x 40 in. size became more popular in order to be double stacked in
warehouses and for the unit load to fit well into different rack systems (Leblanc, 2002). As
pallets became a staple of the supply chain, standards were created over time in order to create
standard rack systems, have a standard for wood pallet construction, and have a standard for the
supply chain to operate by (MH1, 2016).
1.1.2 Wood Pallet Classification
Pallets are classified in a variety of ways from their use, size, pallet entry, overall design,
etc. Pallet design is determined by the pallet’s purpose which has led to the creation of
standardized pallet designs for a variety of industries.
1

Wood pallets can be broken down into different components. Top deck boards are wood
members that create the platform on the top of the pallet where the unit load will be loaded and
make direct contact with the packages (MH1, 2016). Bottom deck boards are wooden members
that are placed on the bottom of the pallet to create the surface that will be in contact with the
ground or another unit load of packages if they are double stacked. Deck boards can be arranged
differently depending on the pallet design and they are placed perpendicularly to the stringers or
stringer boards. Figure 1.1 illustrates the different components of a pallet.
1.1.2.1 Pallet Class
Stringer pallets utilize wooden members that are perpendicular to the deck boards and are
placed in between the bottom and top deck boards. These stringers can be modified so that they
contain a “notch” that is cut out to allow forklift handling. Block pallets utilize blocks which are
typically solid wood blocks placed in between the bottom and top stringer- and/or deck-boards.
Pallet designs are classified into block pallets or stringer pallets. Stringer pallets are
composed of stringer board components that run perpendicular to the top deck boards. Stringer
pallets typically have either three or four stringers depending on the use of the pallet. Block
pallets utilize a different type of support, typically solid wooden block pieces that are placed in
the corners and centers of each stringer board to support the top deck board and provide a
connection to the bottom stringer board or deck boards. The block pallet design itself varies
widely depending on the amount of load that will be applied, and the type of material being
loaded.
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Figure 1.1: (Top) Stringer Pallet Anatomy; (Bottom) Block pallet Anatomy (NWPCA Standard,
2014)
1.1.2.2 Pallet Style
The style of pallet depends on the whether the pattern of bottom deck boards and top
deck boards is symmetrical on both faces of the pallet. Pallets with no bottom deck boards and
only top deck boards are a single face pallet. A double face pallet utilizes both top deck boards
and bottom deck boards.
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These pallets can be further broken down into the two categories of reversible and nonreversible. Reversible pallets have the same amount of deck boards and spacing on the top and
bottom so that the pallet has no difference in design when comparing the top and bottom deck
boards. A non-reversible pallet has bottom and top deck boards, but the style of the top deck is
different than the bottom deck style. Typically, the top deck board in a non-reversible pallet has
more deck boards.
1.1.2.3 Top Deck Overhang
The top deck board spacing, and locations determine the pallet classification and the
methods of handling. There are flush pallets and winged pallets. Flush pallets deck board ends
are flush with the stringer boards or blocks so that there is no deck board overhang. Winged
pallets have overhang so that the deck boards are not flush with the blocks or stringers (NWPCA,
2014). Winged pallets are used to create a stiffer set of deck boards and are also utilized for
situations where the pallet may need to be craned or lifted using slings. Construction sites are an
example of a place that would need to use a winged pallet in order for cranes to pick up
materials.
Winged pallets can also be single winged, or double winged. Single winged pallets
typically have only top deck boards overhanging. A double winged pallet utilizes a wing on both
the top deck boards and the bottom deck boards.
1.1.2.4 Material
Materials also vary within different pallet designs. The two most common wood species
that are used are oak and southern yellow pine. Oak is typically a leftover material from other
industries such as furniture making, and the density of wood is higher than softwood so if the
pallet needs to hold more load, then oak has an advantage. Oaks have a density ranging between
61-63 lb./ft3 while southern yellow pine averages at 52-53 lb./ft3 when the wood is still green
(Engineering Toolbox, 2005). In terms of moisture content, oaks range from 69-81% moisture
content in their sapwood and southern yellow pine has 110% moisture content in their sapwood
(Glass, 2010). Southern yellow pine is also common since it has uniform properties from sample
to sample, is easy to work with, and is easily attainable.
1.1.2.5 Entry Type
Pallets are also classified depending on what type of interaction they have with a pallet
jack and forklift. There are four-way pallets, partial four-way, and two-way pallets. Four-way
4

entry pallets have enough clearance in between the bottom and top deck boards to allow a
standard pallet jack and forklift to enter the pallet from every side. A partial four-way pallet
allows a standard pallet jack to enter from only two sides but only a forklift can enter from all
four sides. A two-way entry pallet allows entry for both pallet jacks and forklifts from only two
sides (MH1, 2016).
1.1.2.6 Pallet Grading
Pallet grading is another method of pallet classification. Pallet grading is utilized for
recycled pallets. The grading scale is derived from how used the pallet is and how many sets of
repairs and replacements it has had during its use. Premium grade pallets have no use and little to
no repairs done unto them. Grade A or grade one pallets have no structural damage and are
similar to its original state after repairs. Grade B or grade two have had stringer damage and
repair. Grade C or grade three is the lowest grading because the top deck boards have been
replaced, stringers are structurally damaged and had additional stringer(s) installed, and deck
board spacing is uneven from replacing stringers or deck boards.
1.1.2.7 Pallet Dimensions
The dimensions of the wood pallet are also another form of classification. Table 1.1
indicates pallet sizes that are commonly used and the percent of the industry that they make up.
There are 6 standard sizes that are approved by the International Organization for
Standardization (ISO, 2003) which are listed in Table 1.2. Each of the pallet designs is utilized
by certain regions and is categorized by different uses. Dimensions are determined by the use of
the pallet and the equipment that is used to handle the pallets which is why pallet sizes vary
along industries and regions.
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Table 1.1: Pallet Dimensions per industry and Percent of Industry
Length x Width

Length x Width

Industry Most Utilized

Percent of Industry

(cm)

(in.)

122 x 102

48 x 40

Grocery/ Food

35%

122 x 122

48 x 48

Chemical

7%

107 x 107

42 x 42

Pail Industry (Paint) and

5%

in U.S.

Plastic
102 X 122

40 x 48

Department of Defense

5%

112 x 112

44 x 44

Printing

3%

122 x 91

48 x 36

Paper

1%

91 x 91

36 x 36

Beverage

<1%

Other

39%

Table 1.2: Pallet Dimensions per Region (ISO,2004)
Length x Width (cm)

Length x Width (in.)

Region/Country Utilized

122 x 102

48 x 40

North America

120 x 100

47.24 x 39.37

Europe and Asia

116 x 116

45.9 x 45.9

Australia

107 x 107

42 x 42

North America, Europe, Asia

110 x 110

43.3 x 43.3

Asia

120 x 80

47.24 x 31.5

Europe

1.1.2.8 Fasteners
Fasteners have been proven to create different effects on a palletized load. There are
multiple fastener types ranging from bolts, nails, screws, to staples (Figure 1.2). The most
utilized fasteners are nails that have gauges that range from 11 to 11.5, a fastener length of 2.25
in., and a flute number of 4 (Gales, 1988). The ANSI MH1 (2016) and NWPCA document
(2014) both provide additional information on what the standards are for fastener use in pallets.
Gales (1988) proved that wood splits and the types of fasteners utilized did have an impact on
pallet performance.
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The NWPCA standard (2014) provides information on how many fasteners should be
used for every joint in reusable pallets depending on the fastener type, spacing, and where to
properly place fasteners. The ANSI MH1 standard (2016) provides the minimum amount of
penetration depending on the material thickness, type of fastener along with the number of
fasteners per joint, and locations.

Figure 1.2: Comparison of Fastener Types (MH1, 2016)
1.1.3 Manufacturing
Pallets are built manually or with different degrees of automation. Pallets that are built
manually require a large amount of labor. In terms of automation, there are two degrees of
automation available to the pallet industry. These two methods are best represented by the two
machine types; one is a single-headed pallet builder and the other is a double-headed pallet
builder. The single-headed machine is only semi-automated as there is still a need for manual
labor since workers place the pallet components into the machine for them to be nailed together.
The single-headed machines can only build one of the pallets faces while laborers finish the
pallet by completing the other face. The double-headed machine uses minimal human labor. The
boards are all placed near the machine where it as accessible for the automated builder to grab
from. There is no need for workers to interact with the pallet any further since the machine builds
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one face of the pallet and then flips it over to build the rest of the pallet. The automated machines
can either apply the fasteners pneumatically or mechanically.
The wood itself is allowed to have defects according to the National Wood Pallet and
Container Association (NWPCA, 2014), but the defect tolerances depend on the use of the pallet
as either a single-use pallet or a reusable pallet. The common defects are sound knots, knot
frequency, unsound knots and holes, wane, decay, splits, and slope-of-grain.
Tolerances for pallet manufacturing are dependent on the type of materials being used
from solid wood, engineered wood products, panels, and wood-based composites. For solid
wood, in order for the dimension of lumber to meet the NWPCA standard (2014), 50% of the
components have to be the target component size or larger. The deck board and stringer board
thickness can deviate by 0.031 in. while the targeted width and height of block and stringers
themselves can only exceed the target dimensions by 0.125 in. and 0.25 in.. For a stringer there is
a tolerance of 0.125 in. for the notch dimensions and 0.125in. for notch location. Additional
limitations are listed in Table 1.3 for the deck boards and stringers. There are additional
tolerances for deck boards, stringer boards, stringers, and blocks according to the NWPCA
standard (2014).
Table 1.3: Wood Pallet Tolerances (NWPCA Standard, 2014)
Deck Boards and Stringer Boards

Stringers and Blocks Maximum

Maximum Allowable Deviation

Allowable Deviation

Height

0.063 in.

0.063 in.

Length

+0.125 in., -0.25 in.

+0.125 in., -0.25 in.

Width

+unlimited, -0.25 in.

0.063 in.

1.1.4 Pallet Testing
There are two recognized pallet testing standardization bodies: the International
Standards Organization (ISO) and the American Society for Testing and Materials (ASTM).
Both of these standards provide different test set-ups for a variety of tests. The most obvious
differences between the standards are that ASTM requires the use of an airbag to create loading
force while the ISO standard requires that the load be applied by rigid loading beams, and the
difference in bending spans and required safety factors. These standards both address the
8

different support conditions to which pallets are exposed. Each testing condition is meant to
simulate what the pallet experiences in its own distribution channels. The main conditions are
racking, stacking, fork tine, and conveyor support conditions.
ASTM D1185 (2017) is a standard for pallet testing and related structures in handling and
shipping. ASTM uses an airbag to apply force uniformly across the pallet in different support
conditions. ISO 8611 (2011) is the standard for pallets for material handling. These tests can
create different results due the differences noted above. ASTM D1185 (2017) does have testing
for top and bottom deck bending, rack bending, fork tine bending, and conveyor bending. ISO
8611 (2011) provides standards for the same tests and additional provides the test setup for sling
conditions. Figure 1.4 displays examples of what the ASTM and ISO tests look like when they
are set up.

B

A

Figure 1.4: A) ASTM D1185 testing with only an airbag in a floor stack condition B) ISO 8611
testing with beams and a rigid Plate in a racking condition
ASTM D4169 (2016) and ISTA 3B (2017) and 3E (2017) are the standards used for
testing unit loads. The standard exposes the unit load to different conditions that may occur
during the supply chain such as rotational drops, vibration during transportation, flat side
impacts, and forklift handling.
There are also multiple software options that can predict pallet behavior depending on the
design of the pallet and of the unit load. The NWPCA owns the Pallet Design System (PDS)
9

(2021) that is used to design pallets. In PDS, the user inputs different pallet designs and receives
information on pallet deflections and potential problems that could come up in the supply chain
due to the pallet or unit load. The Best Load software (2021) is another pallet and unit-load
design software that predicts performance.
1.2

Drum Containers

1.2.1.1 History
Drums were first used in the late 1850’s for oil containment. The original drums were
old wooden barrels that had been used for wine and whiskey making. In history, drums officially
become drums (rather than barrels) once they carried oil. After using a variety of sizes, in the
1860’s most oil companies wanted to standardize drum containers, so the 42-gallon unit became
the standard for the time. The Petroleum Producers Association adopted the 42-gallon standard
barrel size in 1872 (Blockus, 2015).
John D. Rockefeller’s oil company (Standard Oil, the forerunner of today’s ExxonMobil)
encouraged the creation of the standard 55-gallon steel drum that is the current standard. The
drum was prototyped in 1905 by Nellie Bly in order to create a container that was rigid and
would not leak. She designed what is now recognized as the modern steel drum, but the 55gallon standard was then competing directly with the 42-gallon containers that had long been the
standard (Petroleum Service Company, 2015 and Skolnik).
During the 1960’s saw the invention of the plastic drum utilizing high-density
polyethylene materials (Stephen, 2021). Over time the standard shifted over to the 55-gallon
drum after a long period of changing the appearance of the steel drum to be more marketable and
appealing. There are now certain standards that drums must meet when being manufactured and
when in use such as the United Nations (UN) (New Pig, 2021) standard. The UN standard
indicates what a certain type of drum should be able to handle in terms of stress and overall
handling.
1.2.1.2 Drum Classifications
Most industrial drums are fabricated from steel or plastic. Steel drums are made from
either carbon steel or stainless steel. Stainless steel is better suited for chemical resistance,
maintaining the integrity and purity of chemicals, reduced tensile strength, and reusability.
10

Plastic drums are typically made of high-density polyethylene (HDPE) and have the advantage
of being resistant to low and high pH levels. There are also fiberboard drums that are not as
frequently used but they are lighter than the other drum materials and they are also recyclable
and less environmentally impactful to produce; but they cannot be used to store any sort of
chemicals.
The inside of drums can be lined with epoxy-phenolic chemicals to hold chemicals that
range from 7-9 pH on the acidity scale. While the other option is called “unlined” there is still a
lining of rust inhibitor enamel to prevent the inside of the steel drums from rust.
The most commonly used size of industrial drums is the 55-gallon size although there are
other sizes such as the 110-gallon, 85-gallon, 30-gallon, 20-gallon, 16-gallon, 10-gallon, and 5gallon capacities (Cary Company, 2021). There are also a variety of gauge thicknesses that
drums can have ranging from 24-16 gauge, downsizing in increments of two. Most drums have a
gauge thickness ranging from 16-20 gauge. The gauge thickness determines how strong the drum
itself is and what type of stresses it can handle so thicker drums are more likely to be
recommended by the UN standard for hazardous materials.
The chimes on the drums themselves are also another form of classification. Chimes are
the areas of the drum where there is an increase in diameter on the body of the drum. Typically,
industrial steel drums have 3 chimes in use while there are two chimes’ designs, although they
are not as popular in use. There are also drums with no chimes, but these are not UN certified in
strength.
Drums utilize two different styles of openings to extract the content inside – there are
open head drums and closed head drums. Closed head drums then have two different openings
that are used to take out the materials. The open head drums have a device surrounding the lid of
the drum and that when loosened, the entire top of the drum can come off so that the entire top
face of the drum becomes an opening. The open head drums are more frequently used for
materials that are solid or need to be accessed frequently while the closed head drums are more
frequently utilized for viscous products (Cary Company, 2021).
The open head style itself also has two unique mechanisms to unlatch the lid from the
drum which are both seen in Figure 1.5. There is the bolt style ring which goes around the top of
11

the drum and has a bolt connecting both sides of the ring and is tightened with the bolt using a
torque wrench; this style is more commonly seen than the lever lock ring. The other mechanism
that is used is the lever lock ring system. The lever lock prevents the user from having to use a
torque wrench and instead there is a lever within the ring that is pushed against the ring to lock
the ring. The lever lock ring can be opened with sheer manual force and does not require an
additional tool.

Figure 1.5: Bolt Ring Closure (Above) and Lever Lock Ring Closure (Below) (Cary Company)
1.3

Pail Containers

1.3.1.1 History
During 1965 the plastic pail came into use due to the plastic revolution and they were
originally called “poly pails” (Plastic Shipping Container Association, 2020). Once pails were
popularized, standards were developed to ensure that pails were safe for use with approval by the
United States Department of Transportation and food safe with the approval of the United States
Food and Drug Administration. Pails are produced by using injection molding and utilize a
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variety of types of plastic with high-density polyethylene (HDPE) being the most common
(Engel global, 2021).
1.3.1.2 Pail Classifications
Pails are mainly produced using metal and plastic materials. The plastic pails are
typically made from high density polyethylene, and most are also Food and Disease
Administration approved (FDA) in order to contain food in a sanitary manner.
Pails also come in completely different styles. In terms of shape, pails can have a circular
bottom, or they can be square shaped. Pails are sold in sizes varying from 0.5-gallon to 7-gallon
(ULINE, 2021). After the 5-gallon size the increase in volume is an increase in height for the pail
with small effects on the width and circumference of the pail when looking at the circular pail.
1.4

Load Bridging
Load bridging is a phenomenon seen in previous wood pallet and corrugated experiments.

Load bridging is when the pressure from a unit load is redistributed to the edges of the pallet that
are being supported. This phenomenon is contrary to the original assumption that as the pallet
deck boards are bending, that the pressure would be distributed to the center of the pallet. In
previous experiments, the corrugated boxes shift where they are moving the pressure towards the
edge of the stringer due to the support location. Fagan (1982) provided the earliest research
related to load bridging which involved investigating how pallets responded to load based off
pallet stiffness and the method used to load the pallet. After Fagan’s experiments there have been
multiple investigations on different aspects of a unit load that could potentially affect the way
that the load bridging phenomenon is manifested including corrugated box stack pattern,
corrugated flute, pallet deck board stiffness, pallet design, and box size.
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Figure 6: Comparison of how Load is Applied with a Corrugated Unit Load Versus a Uniformly
Distributed load (Molina 2017)
Molina (2017) investigated the effects of interlocking corrugated boxes could have on the
load bridging effect and on pallet deflection. Interlocking layers of boxes instead of column
stacking could lead to a 53% reduction in pallet deflection. Park (2017) found that the box size
could change pallet deflection by 75% and that flute could also impact the deflection by 40%.
The pallet deflection is one way of materializing the load bridging effect, but the phenomenon is
also seen in pressure mat readings where the pressure is highly concentrated on the edges of the
pallet.
Understanding load bridging has been a persistent field on study in packaging since
corrugated boxes can become damaged due to the pallet deflection and bridging that could occur
during the supply chain. Load bridging is also an essential topic in the packaging industry since
it can determine the amount of load that a pallet can handle. The differences seen in uniform
loading and an actual palletized load is evident and these differences can lead to a pallet failing if
the pallet’s actual use is not similar to the testing standard applied to a pallet.
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2.1

Abstract
There are 513 million new wooden pallets produced every year in the United States most

of which are purposely built for specific applications. Currently, most wooden pallets are
designed with the assumption that they will carry a uniformly distributed, flexible load.
However, it has been observed by many researchers that most loads carried by pallets
are discrete loads where the interactions between packages cause pressure redistribution defined
as load bridging. The load bridging phenomenon has been extensively studied for
corrugated boxes, and it has been found that the deflection of the pallet is highly dependent on
the number, size, and type of corrugated boxes and the design of the pallet used. Although pails
are an essential packaging solution used to transport smaller amounts of liquids (1-10.5 gallons),
there is a lack of understanding about the effect load bridging on unit loads of pails. The
objective of this research was to understand the differences in pallet bending and pressure
distribution across the top of the pallet when pallets are loaded with plastic pails compared to a
flexible airbag. The results revealed that pallets deflect 32-89% less when loaded with plastic
pails. The load predominantly distributes down the bottom perimeter of the pail indicating that
the design of the bottom of the pail could have a major effect on pallet performance. The effect
of plastic pails was dependent on pallet design indicating that the stiffness of a pallet could have
a major effect on load bridging experienced by plastic pails.
2.2

Introduction
Modern-day supply chains have a great reliance on wooden pallets. Annually, around 513

million new wooden pallets are produced (Gerber, 2020) which are used by 94% of companies in
supply chains. Most new wooden pallets are built for specific applications (Bridget, 2020). The
current supply chain is made up of three interacting components including products, pallets, and
material handling systems (White, 2005). By understanding the interactions between these
components, the design of each component can be optimized, and the cost and sustainability of the
overall system can be improved.
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One of the ways that unit load components interact is called load bridging. During load
bridging, the packages on top of the pallet act as discrete loads causing the load to be unevenly
distributed across the top of the pallet. Fagan (1982) was the first to investigate and define the load
bridging effect for wooden pallets. Later, the load bridging phenomenon was extensively
investigated by many researchers using corrugated boxes. Collie (1984) researched how support
conditions can influence load bridging for stringer pallets. The change in load distribution was first
visualized by Yoo (2011) who used a pressure mat to investigate how different packages affect the
distribution of pressure across the top of the pallet. Park (2017) investigated the effect of stretch
film and containment force. The effect of corrugated box size was studied by Park (2017),
Morrisette (2019), and Clayton (2019). Stacking patterns were investigated by Molina (2018) who
determined that interlocked boxes can decrease the deflection that the pallet experiences; hence,
increasing load bridging.
Although corrugated boxes are ubiquitous in the supply chain, with 72% of industrial goods
being shipped in corrugated boxes, plastic pails are also an essential packaging type which are
used to ship smaller quantities of liquid (Bridget, 2020). Plastic pails are defined as shipping
containers that are used to ship mainly fluids and powders (Institute, 2018). Pails are created to
either be tight-headed or open-headed. A tight-headed pail has a non-removable head and is meant
to be liquid tight. Open-headed pails have a larger opening and a removable head to easily empty
the pail. The estimated size of the global plastic pail industry was $51 billion in 2019 and is
estimated to increase by another $6.88 billion by 2024 (WFMG, 2020).
The most common failure mode for plastic pails is the buckling of their side walls which can
cause the pails to leak or a column of pails to become unstable and collapse, both of which can
result in product damage and an unsafe work environment. In addition, pails’ circular shape might
cause more concentrated pressure distribution across the top of the pallet which could affect pallet
performance. Although load bridging was extensively investigated for corrugated boxes, there is
a lack of research on the load bridging effect of plastic pails. Understanding the way that load
bridging manifests when plastic pails are shipped on wooden pallets could lead to the design of
more effective, sustainable unit loads.
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2.3

Objectives

The objectives of this investigation were:
1. Investigate the effect of 5-gallon plastic pails on the deflection of wood pallets as compared
to a uniformly distributed load, such as an airbag, as a function of pallet design and support
condition.
2. Investigate the pressure distribution between pallets and pails as a function of pallet design
and support conditions.
2.4

Materials

2.4.1 Wood Pallet Construction
All pallets investigated in this experiment were stringer class, non-reversible, partial fourway pallet designs. Two 48 in. x 48 in., winged, four-stringer pallets and two 48 in. x 36 in., flush,
three-stringer pallets were investigated (Figure 2.1). To test the effect of pallet top deck stiffness,
pallets with two different deck board thicknesses, 0.5 in., and 0.625 in., were manufactured from
each design.

Figure 2.1. The isometric view of the investigated A) 48 in. x 48 in. pallet design and the B) 48
in. x 36 in. pallet design
The stringers of the pallet were manufactured from standard-or-better southern yellow pine
lumber, kiln-dried to 19% moisture content. The dimensions of the stringers were 48 in. x 3.5 in.
x 1.5 in. The stringer notches were 9 in. long, 6 in. in from the end of the stringer, 1.5 in. deep,
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with a notch radius of 0.75 in. (Figure 2.1). The top and bottom deck boards were manufactured
from BB/BB grade Baltic birch plywood. The top deck boards included two 5.5 in. wide lead deck
boards on each side with 3.5 in. gap between them. In the middle, three 3.5 in. deck boards were
centered evenly between the lead deck boards leaving a 2.125 in. gap between them. The bottom
lead deck boards of the pallets were all 3.5 in. wide. Two were placed on the ends of the stringer
and three were centered in the middle of the pallet with a gap of 3.75 in. between them and 11.5
in. from the bottom lead deck boards. The winged pallets were made to leave a 1.5 in. wing on
both sides of the pallet.
All the connections were made using three fasteners for the 5.5 in. wide deck boards and
two for the 3.5 in. wide deck boards. All the deck boards were pre-drilled. The connections were
completed using 2 in. long #7 wood screws which were then covered in wood putty and sanded
down. All of the pallet designs and their variations are shown in Table 2.1.
Table 2.1: Specifications of the four investigated stringer class pallets designs.

Pallet
Design

Deck Board
Thickness
(in.)

No. of

Wing Size

Stringers

(in.)

D1

0.5

4

1.5

D2

0.625

4

1.5

D3

0.5

3

N/A

D4

0.625

3

N/A

2.4.2 Pail Description
The investigated pails were standard 5-gallon, open head, plastic pails (ULINE S7914W) with lids (ULINE S-99122W). The pails had their lids sealed using a rubber mallet. The
pails had a top diameter of 11.068 in. with their lids on, a bottom diameter of 10.5 in., and had
wall thicknesses of 0.091 in.
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2.4.3 Pail Unit Load Construction
When creating a unit load of pails, an ethylene propylene diene monomer (EPDM) roofing
rubber mat with a thickness of 0.063 in. measuring 50 in. x 50 in. was centered onto the pallet. A
50 in. x 48.5 in. plastic sleeve containing the pressure mat was placed on top of the rubber mat.
The plastic sleeve was constructed using two 0.063 in. thick polypropylene sheets sandwiching
the 29.813 in. x 24.875 in. pressure mat. The void not occupied by the pressure mat was filled with
a 0.016 in. thick layer of clear flexible vinyl film. The pieces of vinyl were all glued together using
a Scotch-Weld structural plastic adhesive. The placement of the pressure mat on the pallet is shown
in Figure 2.2. The pressure mat was a Model 7200 Tekscan mat (Tekscan Inc. South Boston, MA,
USA) with a pressure measurement range of 0-300 PSI. The Tekscan mat had a measurement area
of 27.812 in. x 24.875 in. due to the 2 in. needed for the handles to connect to the mat. The
measurement sensels were 0.14 in. x 0.14 in. and were positioned to create 99 rows and 88
columns. The mat has a pressure sensitivity range of 1 to 40 with 40 being the most sensitive. The
pressure data was recorded using the I-scan software (Tekscan Inc. South Boston, MA, USA).

Figure 2.2. Pressure mat sleeve placement on 48 in. x 48 in. stringer pallet.
Once the plastic sleeve and pressure mat were combined the pails were placed on the pallet.
Forty-eight pails were column-stacked on the 48 in. x 48 in. pallet design. Meanwhile, two
different stacking patterns were utilized for the 48 in. x 36 in. pallet design including a column
stacked pattern with 36 pails and a nested pattern with 33 pails (Figure 2.3).
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Figure 2.3. Pail stacking patterns for the investigated unit loads: A) 48 in. x 48 in. pallet design,
B) 48 in. x 36 in. pallet design with column stacking, C) 48 in. x 36 in. pallet design with
nesting.
With the pressure mat images, an excel sheet is created with the percentage of load per
sensel. The pressure excel sheet is then used to calculate the amount of pressure per row to attach
a numerical percentage to the load bridging effect. This data is only used to create percentages,
not exact values of data as it is modeling the pressure distribution. This calculation was done on
all of the support conditions.
2.5

Methods

2.5.1 Warehouse Racking Across the Length
The pallets were supported by two 2 in. x 2 in. supports with an internal span of 42.91 in.
The pallet deflection was measured using three Mitutoyo dial gauges (Mitutoyo model #12287S19) that were placed in the center and at both ends of the pallet (Figure 2.4). The center dial gauge
was placed at the halfway point, and the two other gauges were placed 0.75 in. in from the ends.
The deflection readings were collected within two minutes of the load application. The
experimental setup for warehouse racking across the length is depicted in Figure 2.5.
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Figure 2.4. Deflection collection points under the 48 in. x 48 in. pallet design when in the
racking across the length support condition.

Figure 2.5. Racking across the length support condition with a 48 in. x 48 in. pallet design.
2.5.2 Warehouse Racking Across the Width
The pallet was supported by two 2 in. x 2 in. supports. The internal spans were 32 in. for
the 49 in. x 36 in. pallets and 43 in. for the 48 in. x 48 in. pallets. The pallet deflection was measured
using three Mitutoyo dial gauges (Mitutoyo model #12287S-19) that were placed in the center and
at both ends of the pallet (Figure 2.6). The two end gauges were placed so that they were on the
center of the lead deck board at both ends of the pallet. The deflection readings were collected
within two minutes of the load application. The experimental setup for warehouse racking across
the width is depicted in Figure 2.7.
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Figure 2.6. Deflection collection points under the 48 in. x 48in. pallet design when in the racking
across the width support condition.

Figure 2.7. Racking across the width support condition with a 48 in. x 48 in. pallet design.
2.5.3 Single and Double Floor Stacking
In the single stack condition, the pallet was placed on the floor and four deflection readings
were taken from the undersides of four deck boards (Figure 2.8). The deflection readings were
collected within two minutes of load application. To simulate the double stack condition, a second
identical unit load was placed on the top of the unit load on the floor. The pressure measurements
between the top of the bottom unit load and the bottom of the top unit load, as well as the deflection
of the four top deck boards of the bottom pallet, were collected.
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Figure 2.8. Deflection collection points inside the 48 in. x 48 in. pallet design in the single and
double floor stacking condition.
2.5.4 Pallet Bending using a Flexible Airbag
To measure the deflection of a pallet while carrying a uniformly distributed, flexible load,
the pallet deflection was measured while in each investigated support condition using an airbag.
A custom-built pallet tester equipped four 5,000 lb. load cells was utilized for the airbag tests Three
string potentiometers (Standard EP Series, UniMeasure, Corvallis, Oregon, United States) were
utilized in every set up and were placed at the same points where the measurements were originally
taken. The pallets were all loaded with weight equal to the weight of the coinciding number of
plastic pails depending on the pallet design. For the 48 in. x 48 in. pallets the flexible airbag was
loaded up to 1,998 lbs. The 48 in. x 36 in. pallets with 36 pails were loaded to 1,511 lbs. and the
nested design with 33 pails was loaded to 1,389 lbs. The double stack condition utilized twice the
amount of weight to simulate two unit loads of plastic pails. Deflection measurements were again
collected and recorded. There were three replicates per pallet design and support condition.
2.5.5 Experimental Design
The experimental design utilized one pail design, four pallet designs, two pail stacking
patterns, and four support conditions. There were three repetitions for each pallet design. The
support conditions included warehouse racking across the length, warehouse racking across the
width, single floor stack, and double floor stack. The experimental design is presented in Table
2.2.
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Table 2.2. Experimental design for study.
Number

Stacking

of Pails

Pattern

0.5

48

Column

0.625

48

Column

0.5

36

Column

0.5

33

Nested

0.625

36

Column

Pallet Class

Design

Thickness

48 in. x 48 in. Stringer

4-stringer, partial four-way,

Class Pallet

winged
4-stringer, partial four-way,
winged

48 in. x 36 in. Stringer

3-stringer, partial four-way,

Class Pallet

flush
3-stringer, partial four-way,
flush
3-stringer, partial four-way,
flush

2.5.6 Statistical Model
The greatest measured pallet deflection for each support condition was used for the
statistical analysis. An Analysis of Variance (ANOVA) test was used for the statistical analysis.
The dependent variable was pallet deflection while the independent variables were the pallet
design and the loading method. The analysis was run individually for each support condition. The
model utilized the following formula:
𝑦𝑖𝑗 = 𝜇 + 𝐷𝑖 + 𝑃𝑗 + 𝐷𝑖 𝑃𝐽 + 𝜀𝑖𝑗
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Where 𝑦𝑖𝑗 = pallet deflection,  = overall mean, 𝐷𝑖 = loading method with 𝑖 𝑡ℎ loading
method, 𝑃𝑗 = pallet design with 𝑗 𝑡ℎ number, 𝐷𝑖 𝑃𝐽 = interaction effect between loading method and
pallet design, and 𝜀𝑖𝑗 = random error.
A Tukey’s HSD multiple comparison analysis was conducted to understand the levels of
difference between pallet designs and loading methods with an alpha of 0.05.
2.5.7 Limitations
The following limitations apply to this study:
1. The results only apply to the specific pail design and stacking pattern and for the types of
pallets that were used in the experiment.
2. The effects of plastic pails were only investigated for pallet deflection; therefore, the
observed reduction in deflections should not be attributed to increased load capacity.
3. No load stabilizers (such as stretch film) were used in the investigation; therefore, results
could be different if load stabilizers were utilized.
4. Only the 5-gallon, open-headed, plastic pails were investigated because they are the most
commonly used pail design in the U.S.
5. Three replicate tests were conducted for the airbag tests.
6. Three replicate tests were conducted for the plastic pail unit load tests.
2.6

Results

2.6.1 Warehouse Racking across the Length (RAL)
2.6.1.1 9.1.1 Deflections
Table 2.3 displays the results of the airbag tests and the unit load of full pails tests. In the
warehouse racking across the length condition, the pallet design (p<.0010), loading type
(p<.0001), and their interaction (p<.0025) were all statistically significant. Pallet deflection
decreased significantly when the pallet was loaded with pails rather than the airbag. The decrease
in deflection ranged from 32%-48% for all pallet designs. The largest reductions were observed
for the 3-stringer, 0.625 in. thick top deck board pallet design with 48% reduction in deflection
compared to the flexible airbag. All plastic pail Tukey HSD results and ANOVA results are listed
in Appendix A.
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Table 2.3. Summary table of average pallet deflections for the investigated pallet designs and
loading methods using warehouse rack support across the length.

Pallet Deflection (in.)
4-Stringer

Loading
Method
Airbag

Plastic
Pails

3-Stringer

0.625 in. deck

0.5 in. deck

0.625 in. deck

0.5 in. deck

board

board

board

board

thickness (D1)

thickness (D2)

thickness (D3)

thickness (D4)

0.5 in. deck
board
thickness,
nested (D5)

0.571

0.652

0.539

0.675

0.559

(10%)

(2%)

(4%)

(9%)

(1%)

0.351
(6%)

-39%

0.362

-44%

(5%)

0.283

-48%

(4%)

0.451

-33%

(1%)

0.381
(8%)

Notes: Values in parentheses are Coefficient of Variance values.

A Tukey multiple comparison test was conducted to evaluate the differences between the
pallet designs. Due to the different weights used on the different pallet designs, only pallets
carrying the same weights should be compared. Both pallet designs with 0.625 in. thick top deck
boards were on completely different levels while the pallet designs with 0.5 in. thick top deck
boards had overlapping levels. Significantly more deflection was observed for the pallet designs
with thinner deck boards when compared to the same design with thicker deck boards.
The significant interaction effect indicated that the effect of the loading method had a
statistically different effect on at least one of the pallet designs. The effect of pallet design on the
effect of the loading method is presented in Figure 2.4 indicating that the loading method has a
consistent effect on all pallet designs except on the 4-stringer, 0.5 in. thick deck boards pallet
design. This interaction effect was seen more prominently in the 4-stringer, 0.5 in. thick deck
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-32%

boards pallet design which appears to have a larger slope than the other pallet designs in Figure
2.9.

Figure 2.9. Model illustrating the effect of loading method on the pallet deflection as a function
of pallet design for the warehouse racking across the length condition.
2.6.1.2

Pressure Mat Readings
The pressure data reveals that the load predominantly transfers to the pallet

through the bottom perimeter of the pail (Figure 2.10). This is indicated by the circular
distribution of the pressure. Therefore, the size of the perimeter and the design of the bottom of
the pail might be crucial factors that influence the performance of the pallet; this is also seen in a
previous study. It also can be observed that, due to the bending of the pallet, the whole perimeter
is not always engaged in supporting the load. The pressure tends to shift along the length of the
pallet parallel to the direction of pallet bending. Table 2.4 lists the percentages of pressure on the
outer stringer of the different pallet designs when loaded with the pail unit load. The 4-stringer
pallet designs have the highest amount of pressure being distributed to the supports while the 3stringer pallet designs have a low amount of pressure. This indicates that pallet design can
impact the performance of the pallet. The 4-stringer pallets that have a higher percentage of
pressure also have lower deflections when compared to the 3-stringer pallets.
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Table 2.4. Percent of the pressure on the stringer of different pallet designs when loaded
with 5-gallon plastic pails.

% Pressure

4-Stringer,

4-Stringer,

3-Stringer,

3-Stringer,

3-Stringer, 0.5

0.625 in.

0.5 in.

0.625 in.

0.5 in.

in., Nested

27%

34%

3%

14%

5%

on Stringer

Figure 2.10. Representative picture of the pressure distribution on stringer pallets carrying
plastic pails using warehouse racking across the length.
2.6.2 Warehouse Racking across the Width (RAW)
2.6.2.1 Deflections
The pallet deflection measurements for the warehouse racking across the width support
condition are presented in Table 2.5. Pallet design (p<.0001), loading method (p<.0001), and
their interaction (p<.0001) were all statistically significant. Similar to the warehouse racking
across the length support condition, deflection decreased significantly when the pallet was
loaded with pails rather than the flexible airbag. The decrease in deflection ranged from 56%61%. The largest reduction of 61% was found on the pallet designs with 0.5 in. top deck board
thicknesses where the pails were column stacked without nesting (pallet designs D2 and D4).
This is a similar pallet deflection reduction as was seen in previous studies on pallet designs with
thicker deck boards. The deflection of the column stacked, and nested pail patterns resulted the
exact same deflection for the 3-stringer pallet design with 0.5 in. top deck boards. The Tukey
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analysis for the pallet designs reveal that pallets with thinner deck boards deflect more and that
every pallet (except for the designs with (0.5 in. thick deck boards) both nested and un-nested
were statistically significantly different.
Table 2.5. Summary table of average pallet deflections for the investigated pallet designs and
loading methods using warehouse rack support across the width.
Pallet Deflection (in.)
4-Stringer
0.625 in. deck
Loading
Method
Airbag

board thickness
(D1)

3-Stringer
0.5 in.

deck board
thickness

0.625 in. deck

0.5 in.

board thickness

deck board

(D3)

thickness (D4)

(D2)

0.5 in.
deck board
thickness
nested (D5)

2.11

3.27

1.05

1.47

1.38

(8%)

(1%)

(2%)

(3%)

(3%)

Plastic

0.929

Pails

(16%)

-56%

0.503

-61%

(5%)

0.412

-61%

(4%)

0.565
(13%)

-61%

0.561

-59%

(4%)

Notes: Values in parentheses are Coefficient of Variance values.

The significant interaction effect indicated that the loading method has a statistically
different effect on at least one of the pallet designs. The effect of pallet design on loading method
is presented in Figure 2.11, and it indicates that the loading method has more effect on the 4stringer and 3-stringer pallets with 0.5 in. top deck boards than for the other designs. Meanwhile,
the loading method has a similar effect on the other pallet designs.
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Figure 2.11. Model illustrating the effect of loading method on the pallet deflection as a function
of pallet design for the warehouse racking across the width condition.
2.6.2.2 Pressure Mat Readings
Similar to the previous support conditions, the pressure data revealed that the load
predominantly transfers to the pallet through the bottom perimeter of the pail (Figure 2.12). In
addition, for all investigated pallet designs there are visible increases in the pressure being
distributed towards the stringers parallel to the direction of loading. This redistribution of pressure
indicates the presence of load bridging which has been observed in numerous other studies as well.
The percentage of pressure on the stringers is shown in Table 2.6 that indicates that the 4-stringers
have a larger amount of pressure on the outside stringer compared to the 3-stringers. This is also
because the measurement was taken from the inside of the stringer to the edge of the pallet which
covers a larger area versus the 3 stringer pallets. The stiffer pallets also experience a higher
concentration on the stringers versus the weaker pallets such as the 3-stringer 0.5 in. thick pallets.
The presence of load bridging explains the consistent reduction in pallet deflection when a unit
load of pails was used instead of a flexible airbag.
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Table 2.6. Percent of the pressure on the stringer of different pallet designs when loaded
with 5-gallon plastic pails.

% Pressure

4-Stringer,

4-Stringer,

3-Stringer,

3-Stringer,

3-Stringer, 0.5

0.625 in.

0.5 in.

0.625 in.

0.5 in.

in., Nested

39%

35%

23%

9%

10%

on Stringer

Figure 2.12. Representative picture of the pressure distribution on stringer pallets carrying
plastic pails using warehouse racking across the width.
2.6.3 Single and Double Stacked
2.6.3.1 Deflections
Table 2.7 displays the results of both the tests using an airbag and the test on unit loads of full
pails in the single stacked support condition. The ANOVA results of the single stacked support
condition indicate that the pallet design (p<.0004) and the loading method (p<.0001) were
statistically significant along with the interaction effect (p<.0006). The pallet deflection
decreased significantly when the pallet was loaded with a unit load of pails rather than the
airbag. The decrease in deflection ranged from 70%-89%. The maximum decrease in deflection
(89%) was observed for the 4-stringer pallet design with 0.5 in. thick top deck boards (Table
2.7). The Tukey analysis of pallet deflections revealed that there were differences in pallet
deflection between all pallet designs except the 3-stringer with 0.625 in. deck board thickness
and the 3-stringer with 0.5 in. deck board thickness that were in the same level of significance.
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Table 2.7. Summary table of average pallet deflections for the investigated pallet designs and
loading methods in the single floor stacking condition.
Pallet Deflection (in.)
4-Stringer
0.625 in. deck
Loading
Method
Airbag

board
thickness (D1)

3-Stringer

0.5 in.
deck board
thickness
(D2)

0.625 in. deck

0.5 in. deck

0.5 in. deck board

board

board

thickness nested

thickness (D3)

thickness (D4)

(D5)

0.217

0.255

0.323

0.373

0.357

(6%)

(5%)

(9%)

(15%)

(16%)

Plastic

0.046

Pails

(32%)

-79%

0.028
(5%)

-89%

0.098

-70%

(1%)

0.069
(35%)

-81%

0.094

-74%

(4%)

Notes: Values in parentheses are Coefficient of Variance values.

When the interaction effect between the loading method and the pallet design was further
investigated, the effect of pails, versus airbag, had the greatest change for the 3-stringer pallet with
0.5 in. top deck boards; however, the difference was not statistically significant (Figure 2.13). The
3-stringer pallets displayed a similar slope but also had higher deflection than the 4-stringer pallets.
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Figure 2.13. Model illustrating the effect of loading method on the pallet deflection as a function
of pallet design for the single floor stack condition.
The results of the double stacked support condition are presented in Table 2.8. The
ANOVA test indicated that pallet design (p<.0001), loading type (p<.0001), and their interaction
(p<.0014) were all shown to be significant. Similar to the single stack scenario, the pallets loaded
with pails experienced less deflection than those loaded with an airbag. This deflection reduction
ranged from 43%-80%. The maximum decrease in deflection, 80%, was observed for the 3-stringer
pallet design with 0.5 in. thick top deck boards.
When comparing the deflections of pallet designs when double stacked, the effect of deck
board thickness was found to be significant for most scenarios, similar to the RAW results.
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Table 2.8. Summary table of average pallet deflections for the investigated pallet designs and
loading methods in the double floor stack condition.

Pallet Deflection (in.)
4-Stringer
0.625 in. deck

3-Stringer

0.5 in. deck

0.625 in. deck

0.5 in. deck

0.5 in. deck board

Loading board

board

board

board

thickness nested

Method

thickness (D1)

thickness (D2)

thickness (D3) thickness (D4)

(D5)

Airbag

0.351

0.463

0.443

0.555

0.529

(4%)

(3%)

(7%)

(5%)

(5%)

Plastic

0.097

Pails

(3%)

-72%

0.264
(2%)

-43%

0.113

-74%

(21%)

0.109
(11%)

-80%

0.185

-65%

(11%)

Notes: Values in parentheses are Coefficient of Variance values.

Figure 2.14 illustrates the deflection trend comparing the uniformly distributed load and
the unit load of plastic pails while the unit loads were double stacked. All the pallet designs
experienced a large difference in deflection between the two loading methods. The pallet with 4stringer and 0.5 in. thick deck boards did experience a different slope than the other pallets due to
the smaller difference in deflection between the loading methods.
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Figure 2.14. Model illustrating the effect of loading method on the pallet deflection as a function
of pallet design for the double floor stack condition.
2.6.3.2

Pressure Mat Readings
Figure 2.15 presents examples of the plastic pails’ load distribution. There is a general

trend of a stiffer pallet showing a more complete image of the individual plastic pails in the
stress mat readings since the increased stiffness could potentially increase the amount of nonbending area of the pallet (Figure 2.15). Collie (1984) had seen that when the unit load is floor
stacked the pallet stiffness does not affect the load distribution unlike the racking conditions.
This same effect was seen in all the different pallet designs that were tested. In Figure 2.16, the
pallet is experiencing the double stack condition where the pails tend to create a fuller circle
perimeter due to the increase of pressure from the second unit load that is placed on top. Table
2.9 illustrates the percent of pressure on the outer stringer for each pallet design when single
stacked. The highest percentage of pressure on the stringer was seen in the 4-stringer designs.
When the unit loads are double stacked a similar trend is seen (Table 2.10). The 3-stringer pallets
consistently had a lower amount of pressure being distributed onto the end of the pallet
compared to the other 4-stringer designs. This is related to the location of the stringer since the 4stringer pallets were winged and had a higher percentage of contact with the pails while the 339

stringer pallets had a lower percentage of contact since the stringers are flush and further
outward and away from the plastic pails.
Table 2.9. Percent of the pressure on the stringer of different pallet designs when loaded
with 5-gallon plastic pails and single stacked.

% Pressure

4-Stringer,

4-Stringer,

3-Stringer,

3-Stringer,

3-Stringer, 0.5

0.625 in.

0.5 in.

0.625 in.

0.5 in.

in., Nested

36%

36%

9%

23%

6%

on Stringer

Table 2.10. Percent of the pressure on the stringer of different pallet designs when loaded
with 5-gallon plastic pails and double stacked.

% Pressure

4-Stringer,

4-Stringer,

3-Stringer,

3-Stringer,

3-Stringer, 0.5

0.625 in.

0.5 in.

0.625 in.

0.5 in.

in., Nested

30%

25%

9%

11%

7%

on Stringer

Figure 2.15. Pressure distribution on stringer pallets carrying plastic pails using single stacking
on A) D1 pallet design B) D2 pallet design.
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Figure 2.16. Pressure distribution on stringer pallets carrying plastic pails using double stacking
on A) D1 pallet design B) D2 pallet design.
2.7

Conclusions
1. The effect of loading method was statistically significant in every support condition. Pallet
deflection significantly decreases when loaded with pails compared to a flexible airbag.
This reduction ranged from 32%-89% for most pallet designs depending on the support
condition. This finding indicates that pallets supporting unit loads of pails will deflect
significantly less than what they are currently designed for. This reduced deflection could
increase the rated load capacity of some pallet designs.
2. The greatest effect of the loading method was found for the single stack support condition
with 71%-89% reduction.
3. The load predominantly distributes down through the bottom perimeter of the pails
indicating that the size and design of the bottom of the pail could have a major effect on
the load capacity of pallets.
4. The effect of load bridging is seen in the pressure mat distributions where the pressure is
concentrated on the supports of the pallet. This effect is mainly seen in the racking support
conditions. In every support condition, the 4-stringer pallets exhibit a higher percentage of
pressure on the supports when compared to the 3-stringer pallets.
5. The effects of pallet design and the interactions between loading method and pallet design
were all statistically significant in every support condition. The effect of pallet design was
proven to be important because it influenced the way pressure distributes throughout the
bottom perimeter of the pail.
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These results reveal that wooden pallets should be designed for the specific type of packages they
will be carrying in order to optimize the cost of the pallet and reduce the amount of raw materials
used to manufacture wooden pallets.
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3.1

Abstract
As an integral part of the supply chain, wooden pallets are produced in large quantities

with 849 million new and recycled wooden pallets being manufactured annually in the overall
industry. Pallets are currently designed using a uniformly distributed load to determine the load
capacity. This conservative and highly generalized approach often leads to over design and
increased material utilization. Due to a phenomenon called load bridging, when discrete
packages such as corrugated boxes, pails, or industrial drums are shipped on a pallet, the weight
of the load tends to distribute unevenly. This can lead to an increased load capacity for the pallet.
Historical studies investigating the load bridging phenomenon mainly focused on corrugated
boxes due to their prevalence in the industry. Industrial drums are commonly used to transport
large amounts of liquids and chemicals; however, their load bridging effect has not been
previously researched. The objective of this study was to investigate the effect of 55-gallon
drums on the pressure distribution and deflection of stringer and block class wooden pallets
using multiple support conditions and pallet designs. Results of the study indicated that loading
pallets with drums significantly reduces the deflection of the pallet in all support conditions for
both classes of pallets. It was also observed that plastic and metal drums distributed their load to
the pallets differently, which resulted in significantly different load bridging effects for each
drum type.
3.2

Introduction
When analyzing the palletized supply chain, it can be broken down into three components –

packages, pallets, and the material handling system utilized (White, 2005) . Each component can
be modified to reduce the cost of the overall unit load and increase safety. Pallets play a crucial
role in the unit load design process because they act as the interface between packages and the
material handling equipment, so they affect the performance, cost, and safety of the whole unit
load. There are 2.5 billion pallets in circulation in the U.S. each year (Freedonia Group, 2014).
Wooden pallets are the most widely used pallets in the U.S. with 94% of companies using them
in their supply chains (McCrea, 2016). In 2016, there were 839 million new and recycled wooden
pallets constructed from 9.16 billion board feet of lumber which is 21.8% of total wood
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production in the U.S. (Gerber, 2020). Therefore, any changes made to pallets can have large
environmental implications.
The effect of the structure of wooden pallets on the strength of corrugated boxes was widely
investigated (Baker, 2016; Baker, 2017; Phanthanousy, 2017; Quesenberry, 2020) and found that
pallet deck boards and the stiffness of pallet top deck has a major effect on the strength of
corrugated boxes.
Load bridging has become a large topic of discussion when trying to understand how to use
wooden pallets most effectively. Load bridging was first investigated by Fagan (1982) , who
researched load bridging for wooden pallets carrying corrugated boxes. The phenomenon of load
bridging was observed when the pallet was supported in warehouse rack support, and deflection
was recorded showing that the boxes’ weight was being redistributed to the ends of the pallet
instead being uniformly distributed across the pallet. Understanding and being able to
incorporate load bridging into the pallet design process allows designers to maximize the load
that pallets can carry. When this finding is combined with the environmental impact and material
usage of the pallet, it is evident that load bridging is a key component in creating a safer, more
efficient supply chain.
After Fagan’s (1982) research, load bridging continued to be heavily investigated for unit
loads of corrugated boxes. In 1984, Collie researched load bridging for stringer pallets,
specifically looking into how support conditions affect the way that the load is distributed. Box
size was investigated by Park (2017) , Morrisette (2019) , and Clayton (2019) , who all
studied the effect of box size on load bridging and found that load bridging increases with
increasing box size. Molina (2018) conducted research into what effect corrugated box
stacking patterns have on load bridging and concluded that interlocked boxes increase load
bridging and decreases pallet deflection. Park (2018) found that increasing containment force, by
using stretch films, increases load bridging and reduces the deflection of the pallet. In 2021,
Molina et al. (2021) developed a simplified finite element model to further investigate the effect
of various unitization factors on the load bridging effect. Despite these extensive investigations
around corrugated boxes, there is a lack of information about how other packaging types, such as
drums and pails, affect load bridging and consequently the deflection of pallets. Although limited
investigation was conducted on the load bridging caused by plastic pails (Alvarez Valverde,
2021), there are no studies that focused on the effect of drums. Understanding the effect that
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drums have on load bridging will allow pallet designers to design more efficient and sustainable
pallets.

3.3

Objectives
The main objective of this project was to investigate the effect of 55-gallon drums on the

pressure distribution and deflection of stringer and block class wooden pallets using multiple
support conditions and pallet designs.
Additional specific objectives of the project are to:
•

Investigate the pallet deflection caused by different drum materials as compared to a
uniformly distributed load.

•

3.4

Investigate the effect of pallet design on the level of load bridging caused by the drums.

Materials

3.4.1 Wood Pallets
3.4.1.1 Stringer Component Dimensions
The experiment included four 48 in. x 48 in. stringer class, non-reversible pallet designs:
a partial four-way, four-stringer, winged pallet (D1); a two-way, four-stringer, flush pallet (D2);
a two-way, three-stringer, flush pallet with 0.5 in. top deck boards (D3); and a two-way, threestringer, flush pallet with 0.625 in. top deck boards (D4) (Figure 3.1). All solid wood lumber
used to construct the pallets was kiln dried to 19% moisture content and was graded standard or
better.
All of the top and bottom deck boards were 5.5 in. wide Baltic birch plywood graded at
BB/BB and were either 0.5 in. or 0.625 in. thickness based on the design. Seven top and five
bottom deck boards were used. All top deck boards were evenly spaced. Bottom deck boards
were configured so there were two boards used as lead deck boards while the other three were
clustered towards the center of the pallet. The stringers were made from 3.5 in. x 1.5 in., standard
or better grade southern yellow pine boards kiln-dried to 19% moisture content. Each deck board
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was attached using three 2 in. long, #7 wood screws per connection. The screw holes were predrilled and countersunk. Once screwed in, the remaining holes were covered with wood putty.
The partial four-way pallet design had notches located 6 in. from the ends of the stringers. The
notches themselves were 9 in. long, 1.5 in. deep and had a notch radius of 0.75 in. The variations
between the four investigated stringer class pallets designs are presented in Table 3.1.
Table 3.1. Specifications of the four investigated stringer class pallets designs.
Pallet

Deck Board

No. of

Entry Type

Wing (in.)

Design

Thickness (in.)

Stringers

D1

0.5

4

Partial 4-way

1.5

D2

0.5

4

2-way

N/A

D3

0.625

3

2-way

N/A

D4

0.5

3

2-way

N/A

Figure 3.1. Representative views of the three investigated pallet designs: D1) 4-stringer, winged,
notched pallet design. D2) 4-stringer, flush pallet design. D3 & D4) 3-stringer, flush pallet
design. D5 & D6) perimeter-block pallet design. (Images from Pallet Design System)
3.4.1.2 Block Component Dimensions
Two 44.88 in. x 44.88 in. block class, flush, non-reversible, perimeter base pallet designs
were also investigated. These pallets had nine blocks with differing deck board thicknesses:
0.625 in. (D5) and 0.75 in. (D6), with both having nine blocks in a cruciform bottom design.
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The block pallets were constructed using three 4.724 in. wide deck boards with a length
of 44.88 in. These boards were placed at the ends and the center of the pallet. In between each of
the 4.724 in. wide lead deck boards there are three 3.15 in. boards on each side of the center deck
board for a total of nine top deck boards. There are three stringer boards, perpendicular to the top
deck boards, that each have 3.15 in. widths and 44.88 in. lengths. These stringer boards connect
to nine blocks made from Douglas Fir that each measure 3.94 in. x 3.15 in. x 3.15 in. An
additional three stringer boards are then placed parallel to the top deck boards in between the
block and bottom deck boards. The bottom of the pallet is made up of the same components as
the top deck.
3.4.2 Drums and Pails
For this study, 55-gallon, tight-headed, steel drums (Model: ULINE S-10759) and 55gallon, tight-headed, plastic drums (Model: ULINE S-10757) were investigated. All drums were
obtained from Uline and measured before use (Table 3.2). The drums were filled with 55-gallons
of water which resulted in 504.5 lbs. and 489.5 lbs. filled drum weights, respectively, for the two
different drum materials. Chimes are defined as the portion of the drums that have a larger
diameter than the rest of the body of the drum.
Table 3.2. Specifications of the investigated drum designs.
Design

Drum

Top Ring

Bottom Ring

Chime

Material

Diameter

Diameter

Diameter

D1

Metal

24 in.

24 in.

23.5 in.

34.25 in.

504.5 lb.

D2

Plastic

22 in.

N/A

21.5 in.

34.875 in.

489.5 lb.

3.4.3 Unit Load Construction
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Height

Weight
When Filled

When creating the unit loads, a pressure mat (Tekscan model #7202) was sandwiched
between two 0.06 in. thick polypropylene sheets. A 0.063 in. EPDM roofing rubber mat was
placed on the pallet first (Figure 3.2). These additional components were added in order to create
a image that is clearer and to protect the pressure mat. The plastic sheets and the rubber mat
covered the whole pallet; however, the pressure mat only covered a 27.813 in. x 24.844 in. area.
The pressure mat had a 0-125 PSI pressure measurement range and contained 0.14 in. x 0.14 in.
measurement sensels. The Tekscan equipment utilized I-scan software to record the pressure mat
readings for each support condition that the unit load experienced.
Figure 3.2. Pressure mat sleeve placement on the pallet.

Once the pallet was prepared with the rubber mat, the two plastic sheets and the pressure
mat between them, four drums were loaded onto the pallet. The drums were loaded on
individually as close together as they could possibly fit without any overhang on the stringer
class pallets. On the block class pallets there was a 1 in. overhang on all axes. The drums were
not stabilized with any stretch film or strapping.
Using the results of the pressure mat measurements, the percentage of load per sensel was
calculated. The data was then summed for each row to visualize the load bridging effect. This
data is only used to create percentages, not exact values of data as it is modeling the pressure
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distribution. This calculation was used to calculate the amount of pressure on each outer stringer
of each pallet design and in every support condition.
3.5

Methods

3.5.1 Warehouse Rack Support
The pallet was supported on two 2 in. x 2 in. metal beams positioned to leave a 39.3 in.
top deck board bending span for the block pallets and a 43 in. span for the stringer pallets. The
deflection of the pallet was measured using three Mitutoyo dial gauges (Mitutoyo model
#4887S-19) located halfway between the supports – one at each end and one in the middle of the
pallet. The pallet was tested in this support condition both across its length and width (Figure
3.3).

Figure 3.3. A) Stringer pallet when racked across the length. B) Stringer pallet when racked
across the width.
3.5.2 Single and Double Stack Support
The single-stacked unit loads were placed on a level surface. Deflection measurements of
the top deck boards were collected using four measurement locations at the center of the span
underside of the first four top deck boards. To simulate double stacking, a second unit load was
placed on the top of the drums. The pressure between the drums and the bottom of the top pallet
was measured and the deflection of the bottom deck boards was also measured in four locations
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for the stringer pallet and six locations for the block pallet. All readings were recorded (Figure
3.4).

Figure 3.4. Stringer pallet (left) and block pallet (right) deflection reading locations in the single
and double-stack conditions.
3.5.3 Pallet Bending Using a Flexible Airbag
The deflection of the pallet was also measured using a flexible airbag based on the
guidelines of ASTM D1185 (2017). The same support conditions were investigated as were
outlined in the prior section in order to be able to compare the uniformly distributed load to the
industrial drums. A Tinius Olson compression tester equipped with four 5,000 lb. load cells were
used. The deflection of the pallet was measured using string potentiometers (Standard EP Series,
UniMeasure, Corvallis, Oregon, United States). The measurement locations coincided with the
locations listed in prior sections. Pallets were loaded with a test load of the same weight as the
four drums for the warehouse racking and the single-stack conditions; the weight of eight drums
and a pallet was used for the double-stacked condition. The deflection measurements under each
test load were recorded. Three replicate measurements were conducted for each pallet design.
3.6

Limitations

The following limitations apply to this study:
● The results only apply for the two drum materials and styles that were investigated.
● The effect of drums was only investigated for pallet deflection; therefore, the observed
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reduction in deflections should not be attributed to increased load capacity.
● The effect of load stabilizers, such as stretch wrap, was not investigated in this study;
therefore, the results could significantly change if load stabilizers are used.
● Only three replicate tests were conducted for each investigated condition.
3.7

Experimental Design
The experimental design was based on two different drum materials, four stringer pallet

and two block pallet designs, and four different support conditions (Table 3.3). Three repetitions
were conducted for each combination of drum material and pallet design. The experiment was
conducted in cycles following the same order of steps: single stack support, double stack support,
warehouse rack support across the width, and then warehouse rack support across the length. At
the end of each cycle the drums were unloaded. Deflection measurements and pressure mat
readings were collected for every support condition. Each pallet experienced three cycles with
each drum material. Pressure mat and deflection readings were collected two minutes after the
pallet was placed into the appropriate condition.
Table 3.3. Summary table of the experimental design.
Drum Material
Pallet Design

Thickness (in.)

Plastic Drums

Metal Drums

3-Stringer, two-way, flush

0.5

3 cycles

3 cycles

0.625

3 cycles

3 cycles

4-Stringer, two-way, flush

0.5

3 cycles

3 cycles

4-Stringer, partial four-way,

0.5

3 cycles

3 cycles

Cruciform block pallet

0.625

3 cycles

3 cycles

Cruciform block pallet

0.75

3 cycles

3 cycles

winged

54

3.8

Statistical Model
For each of the support conditions, there were three (racking) or four (stacking)

deflection measurements taken at varied locations depending on the support condition itself. The
highest deflection was used to create a statistical model to further understand how pallet
deflection is influenced by pallet design and drum material. The highest deflection was typically
seen in the center of the pallet when placed in the racking condition.
An Analysis of Variance (ANOVA) test was conducted separately for each individual
support condition. The deflection measurements were used as the dependent variables, while the
pallet design and drum material were used as the independent variables. The analysis is
described using the model below:
𝑦𝑖𝑗 = 𝜇 + 𝐿𝑖 + 𝑃𝑗 + L𝑖 𝑃𝑗 + 𝜀𝑖𝑗
Where 𝑦𝑖𝑗 = pallet deflection, μ = overall mean, 𝐿𝑖 = loading method with 𝑖 𝑡ℎ material,
𝑃𝑗 = pallet design with 𝑗 𝑡ℎ number, 𝐿𝑖 𝑃𝑗 = interaction effect between loading method and pallet
design and 𝜀𝑖𝑗 = random error.
A Tukey’s HSD multiple comparison analysis was also utilized with an alpha of 0.05 to
further investigate the differences between pallet deflection measurements as a function of the
different loading methods and pallet designs. Tukey HSD and ANOVA results are listed in
Appendix B for the stringer pallets and listed in Appendix C for block pallets.
3.9

Results

3.9.1 Stringer Pallets
3.9.1.1 Warehouse Rack Support Across the Length (RAL)
3.9.1.1.1 Deflections
The results of the pallet deflection measurements for the investigated loading methods
and pallet designs are presented in Table 3.4. The pallet design (p<0.0055), loading method
(p<0.0159), and the interaction between the two (p<0.0062) were all statistically significant
when an ANOVA test was conducted. This demonstrates that the pallet design and the loading
method both have a significant effect on the deflection of the pallet. When a Tukey HSD test was
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conducted, it was found that there was no difference between loading the pallet with an airbag
versus metal drums. However, loading the pallet with plastic drums caused significantly greater
pallet deflection than the airbag. This is due to the flexibility and the amount of contact area of
the plastic drums. When the contact area was calculated for the plastic drums, it was found that
16% of the pressure is distributed through the inner ring of the drum which is unsupported by the
stringers since they do not come into contact.
The notched stringers used in the D1 pallet design could explain the greater pallet
deflection as compared to the D2 pallet design that did not have any notches. Having a notch in a
stringer greatly reduces its strength and stiffness capabilities, and since the pallet was being
tested across its length, then the stringer experiences the majority of the stresses.
The interaction between pallet design and loading method was further analyzed using a
scatter plot (Figure 3.5). It was found that for 4-stringer pallets, the plastic drums cause more
pallet deflection than the airbag on the same pallet; meanwhile, for the 3-stringer pallets, the
trend was the opposite. This could be due to the location of the stringers themselves and the role
that they play in the load bridging affect.
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Table 3.4. Summary table of average pallet deflections for the investigated stringer class pallet
designs and drum materials using warehouse rack support across the length.
Pallet Deflection (in.)
4-Stringer

Loading
Method

Airbag
Plastic Drum
Metal Drum

3-Stringer, Two-way, Flush

Winged,
Notched, 0.5 in.
deck board

Flush, 0.5 in.

0.625 in. deck

deck board

board thickness

thickness (D1)

thickness (D2)

(D3)

0.5 in. deck board
thickness (D4)

0.191

0.163

0.165

0.183

(2%)

(2%)

(<1%)

(1%)

0.236

+24% 0.214

+31% 0.163

(10%)

(4%)

(4%)

0.189
(13%)

-1%

0.171

+5%

(7%)

0.181
(7%)

-1%

0.160

-13%

(2%)
-10%

0.163

-11%

(6%)

Notes:

Values in parentheses are Coefficient of Variance values.
The deflections of the two drum materials were compared to the deflection caused by the airbag.

Figure 3.5. Effect of loading method on the deflection of the pallet as a function of pallet design
using the racked across the length support condition for stringer class pallets.
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3.9.1.1.2 Pressure Mat Readings
Figure 3.6 displays the placement of the drums on the pallets with the pressure mat
distribution overlaid. The metal drums transferred their pressure through their chimes which
created a solid ring of pressure distribution. Meanwhile, due to the shape of the bottom of the
plastic drum, the pressure was distributed to the pallet in a smaller circle farther away from the
stringers. Due to its flexibility, the middle sections of the bottom of the plastic drums also
touched the top deck boards creating a more even pressure distribution compared to the metal
drums. The pressure distribution was further analyzed for each of the individual pallet designs
(Figures 3.7-8). It was found that the plastic drums have a small amount of pressure on the outer
stringer ranging from 0-9%. Meanwhile, the metal drums have a much higher amount of pressure
on the out stringer ranging from 20-38%. For the metal drums, the pressure was concentrated on
the stringers of the pallet since they are the components that take on most of the load due to the
rigidness of the drum material (Figure 3.7). For the plastic drums, the pressure concentrated
around the handles of the drums instead of concentrating around the stringers. (Figure 3.8).

Figure 3.6. Pressure distribution on pallets carrying metal drums (A) and plastic drums (B) on
the 3-stringer pallet with 0.625 in. thick top deck boards (D3) during a warehouse rack support
across the length.
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Figure 3.7. Pressure distribution on stringer pallets carrying metal drums using warehouse rack
support across the length. A) D1 pallet design, B) D2 pallet design, C) D3 pallet design, and D)
D4 pallet design.

Figure 3.8. Pressure distribution on stringer pallets carrying plastic drums using warehouse rack
support across the length. A) D1 pallet design, B) D2 pallet design, C) D3 pallet design, and D)
D4 pallet design.
3.9.1.2 Warehouse Rack Support Across the Width (RAW)
3.9.1.2.1 Deflections
The results of the pallet deflection measurements for the investigated loading methods are
presented in Table 3.5. The loading method (p<0.0001) and the interaction between loading
method and pallet design (p<0.0038) were both shown to be significant (alpha = 0.05). The pallet
design was not significant (p<0.0530) indicating that the bending performance of the pallet
designs were not statistically different from each other. When a Tukey HSD multiple comparison
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test was conducted for the three different loading methods, it was found that the three loading
methods were all statistically different from each other. The airbag loading produced the highest
deflection. Meanwhile, the plastic and metal drum loading caused a 30-52% and 52-74%
reduction in pallet deflection, respectively, compared to the airbag. The deflections indicate that
there is a trend where the less stiff pallet experiences a higher reduction in deflection. This was
previously seen in Park et al. (2017) and Molina (2018) also.
When the interactions between the pallet designs and the loading methods was further
investigated, it was found that the RAW loading from the plastic drums produced a significantly
greater effect for the 4-stringer, flush pallet (D2) than the other designs (Figure 3.9). This result
is similar to the one that was observed for the RAL support condition where the plastic drum had
a statistically different effect on the 4-stringer designs than on the 3-stringer designs.
Table 3.5. Summary table of average pallet deflections for the investigated stringer class pallet
designs and drum materials using warehouse rack support across the width.
Pallet Deflection (in.)
Loading
Method

Airbag
Plastic Drum

4-Stringer
Winged, Notched,

Flush, 0.5 in.

0.625 in. deck

0.5 in. deck

0.5 in. deck board

deck board

board thickness

board thickness

thickness (D1)

thickness (D2)

(D3)

(D4)

0.825

1.09

0.764

0.979

(<1%)

(8%)

(2%)

(<1%)

0.467

-43%

(3%)
Metal Drum

3-Stringer, Two-way, Flush

0.272
(5%)

0.520

-52%

(2%)
-67%

0.533

-30%

(2%)

0.279

-74%

(3%)

0.368
(4%)

0.6

-39%

(<1%)
-52%

0.362

-63%

(1%)

Notes:

Values in parentheses are Coefficient of Variance values.
The deflections of the two drum materials were compared to the deflection caused by the airbag.
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Figure 3.9. Effect of loading method on the deflection of the pallet as a function of pallet design
using the warehouse rack support across the width condition for stringer class pallets.
3.9.1.2.2 Pressure Mat Readings
For both drum materials, more pressure was concentrated on the outer stringers (Figures
3.10 and 3.11); this explains the much greater observed reduction in pallet deflection compared
to RAL support. Contrary to the warehouse racking across the length condition, the pallets
supporting plastic drums experienced more uneven pressure distribution which was most likely
due to the more extensive bending of the pallet across the width (Figure 3.11).
When comparing the percentages of pressure on the outer stringer for the metal drums, it
is seen that the pressure on the outer stringer is lowest for the 4-stringer, flush pallet than the
other 4-stringer, winged pallet design. The spans in between the stringers for each design is
different when they are compared to each other. The span for the 4-stringer, flush pallet causes
the outer stringer to be further outward and decreasing the amount of contact that is made with
the metal drum when compared to the 4-stringer, winged pallet. This effect is not present in the
plastic drums due to the flexibility of the materials and their ability to shift their weight easily
onto the outer stringers. When comparing the metal drums to the plastic drums there is a 31-53%
increase in pressure being distributed to the end of the pallet.
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Figure 3.10. Pressure distribution on stringer pallets carrying metal drums using warehouse rack
support across the width. A) D1 pallet design, B) D2 pallet design, C) D3 pallet design, D) D4
pallet design.

Figure 3.11. Pressure distribution on stringer pallets carrying plastic drums using warehouse
rack support across the width. A) D1 pallet design, B) D2 pallet design, C) D3 pallet design, D)
D4 pallet design.
3.9.1.3 Single and Double Stack Support
3.9.1.3.1 Deflections
The results of the pallet deflection measurements for the investigated drum and pallet
designs and the results of the airbag testing are presented in Table 3.6 for the single stacking
condition and Table 3.7 for the double stacking condition. For both the single stack and double
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stack condition, the pallet design, loading method, and the interactions between the two were all
statistically significant (p<.0001).
When a Tukey HSD analysis was conducted for the single stack condition only the threestringer pallet design with the thinner deck boards (D4) was statistically different than the others
due to its higher deflection. Meanwhile, the differences between pallet designs increased during
the double stack support condition. For this condition, most pallet designs were shown to be
statistically different except for the D2 pallet design that was not statistically different from the
D1 and D3 pallet designs. This difference between the single and double stack condition
illustrates that the pallet design becomes more crucial when there is an increase in the weight of
the load placed on it.
When the Tukey HSD analysis was conducted for the loading methods in the single stack
condition it was shown that the airbag and plastic drum loading had the same effect on the pallet
deflection, while the metal drum loading resulted a significantly lower pallet deflection. In the
double stack support condition, each loading method resulted in a significantly different pallet
deflection.
The deflection of the pallet decreased by 51-83% for the single stack support and 61-85%
for the double stack support when the pallet was loaded with metal drums instead of the airbag.
This was the most change for the investigated support conditions.
When the interaction between the pallet design and loading methods was further
investigated it was found that the loading method has a different effect on 3- and 4-stringer
pallets (Figures 3.12 and 3.13). The pallets in the single stack condition, loaded with metal
drums, displayed the largest overall reduction (83%) on the 4-stringer pallet designs especially
for the pallet design with wings (D1) where the stringers were directly under the metal drums.
The 3-stringer pallet designs experienced greater deflection when loaded with plastic drums
compared to the air bag. The explanation for this phenomenon could be due to the plastic drum
bottom design; plastic drums applied a more concentrated load to the middle of the deck boards
while the airbag distributed the load more evenly due to the increase in contact area when
compared to the metal drums. Similar trends were observed for the double stacked support.
However, the effect of the pressure concentration observed in the middle of the bottom of the
plastic drums when supported on a 3-stringer pallet decreased. The likely explanation for this
change is that the extra weight during double stacking most likely transferred down on the side
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walls, while a high percentage of the load is transferred to the deck boards through the bending
of the middle section of the bottom of the drum.
The high levels of coefficient of variance are due to the measurement apparatus which
has a degree of human error and due to the overall amount of deflection. The racking conditions
experienced higher levels of deflection while the stacking supports are experiencing differences
that fall within thousandths of an inch.

Table 3.7. Summary table of average pallet deflection for the investigated stringer class pallet
designs and drum material using single stack support condition.
Pallet Deflection (in.)
4-Stringer
Loading

Winged,

Method

Notched, 0.5 in.
deck board
thickness (D1)

Airbag
Plastic Drum

Flush, 0.5 in.

0.625 in. deck

0.5 in. deck

deck board

board thickness

board thickness

thickness (D2)

(D3)

(D4)

0.104

0.1

0.078

0.133

(2%)

(4%)

(2%)

(8%)

0.062

-40%

(9%)
Metal Drum

3-Stringer, Two-way, Flush

0.018
(12%)

0.097

-3%

(2%)
-83%

0.026

0.104

+33%

(3%)
-74%

(17%)

0.038
(16%)

0.156

+17%

(2%)
-51%

0.023

-83%

(23%)

Notes:

Values in parentheses are Coefficient of Variance values.
The deflections of the two drum materials were compared to the deflection caused by the airbag.
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Figure 3.12. Effect of loading method on the deflection of the pallet as a function of pallet
design using the single stack support condition for stringer class pallets.
Table 3.8. Summary table of average pallet deflection for the investigated stringer class pallet
designs and drum material using a double stack support condition.
Pallet Deflection (in.)
4-stringer
Loading

Winged, notched,

Method

0.5 in. deck
board thickness
(D1)

Airbag

0.142
0.085
0.034
(28%)

0.625 in. deck

deck board

board thickness

thickness (D2)

(D3)
0.142

(2%)
-40%

(6%)
Metal Drum

Flush, 0.5 in.

0.159

(16%)
Plastic Drum

3-stringer, two-way, flush

0.108
(12%)

-76%

0.055

0.126

(3%)
-11%

(11%)
-65%

(4%)

0.055
(45%)

thickness (D4)
0.247

(1%)
-32%

0.5 in. deck board

0.264

+7%

(2%)
-61%

0.035

-85%

(10%)

Notes:

Values in parentheses are Coefficient of Variance values.
The deflections of the two drum materials were compared to the deflection caused by the airbag.
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Figure 3.13. Effect of loading method on the deflection of the pallet as a function of pallet
design using the double stack support condition for stringer class pallets.
3.9.1.3.2 Pressure Mat Readings
For the metal drum pressure mat readings, the main difference between the different
pallet designs for both the single and double stack support conditions is the amount of contact
that the drum chimes make with the pallet; contact area increases with pallet stiffness (Figures
3.14 and 3.15). There is an increase (1-4%) in pressure on the stringer when comparing single
stacked to double stacked conditions due to the weight of the second unit load.
The plastic drums show consistent pressure over the different pallet designs, but in the
double stack condition, it is clear (Figures 3.17-B and Figure 3.17-D) that the plastic drums can
potentially flex with the pallet itself due to the additional contact that the drum has with the
pallet. However, the pressure is still focused on the pallet stringers and drum handles. There is an
increase in the pressure being distributed on the stringer ranging from 1-7% when the second
unit load is added.
When the plastic drums were analyzed in the single stack condition it was found that 19%
of the pressure was concentrated in the inner area of the plastic drum and 81% of the pressure
was distributed around the outer ring of the plastic drum. When the plastic drums were double
stacked, this distribution changes due to the weight of the second unit load mainly transferring
pressure down the side wall of the drum. This is evident when comparing the amount of pressure
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on the inner and outer ring of the bottom of the plastic drum. When they were double stacked,
9% of the pressure is distributed towards the inner ring of the plastic drum and 91% is focused
on the outer ring of the drum. When going from the single stack to the double stack support
condition there is a 31% reduction in pressure being distributed to the inner ring of the drum and
there is a 46% increase in pressure distributed to the outer ring.
For metal drums, the same behavior was not observed because of the rigidity of the
bottom of the drum. The metal drums only distribute their pressure through the chime since that
is the only portion of the drum that comes into contact with the pallet, unlike the plastic drums
that have an inner and outer ring that make contact. This difference in material produces a ~20%
reduction in load being distributed to the outer stringer when comparing the metal drums to the
plastic drums.

Figure 3.14. Pressure distribution on stringer pallets carrying metal drums using a single stack
support condition. A) D1 pallet design, B) D2 pallet design, C) D3 pallet design, D) D4 pallet
design.
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Figure 3.15. Pressure distribution on stringer pallets carrying metal drums using a double stack
support condition. A) D1 pallet design, B) D2 pallet design, C) D3 pallet design, D) D4 pallet
design.

Figure 3.16. Pressure distribution on stringer pallets carrying plastic drums using a single stack
support condition. A) D1 pallet design, B) D2 pallet design, C) D3 pallet design, D) D4 pallet
design.
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Figure 3.17. Pressure distribution on stringer pallets carrying plastic drums using a double stack
support condition. A) D1 pallet design, B) D2 pallet design, C) D3 pallet design, D) D4 pallet
design.
3.9.2 Block Pallets
3.9.2.1 Warehouse Racked Across the Length (RAL) Support
3.9.2.1.1 Deflections
The results of the pallet deflection measurements for the investigated drum and pallet
designs and the results of the airbag testing are presented in Table 3.9 for the block pallets that
were placed in the warehouse racked across the length support. The results were then used to
create an ANOVA analysis using an alpha of 0.05 in all support conditions. The pallet design
(p<0.0106), drum material (p<.0001) and the interaction between those two components
(p<.0001) were all shown to be statistically significant.
When a T-test was conducted on the two pallet designs, both designs were significantly
different from each other. In addition, the Tukey HSD test revealed that all three investigated
loading methods resulted in a significantly different pallet deflection. These results indicate that
there is a difference between the behavior of the industrial drums and the airbag.
The deflection of the pallet decreased between 20-46% when plastic drums were used
and 40-69% when metal drums were used as compared to the airbag. When the interactions
between pallet design and loading methods were investigated (Figure 3.18), it was found that the
loading method had more effect on the lower stiffness pallets with 0.625 in. top deck boards.
This finding is consistent with the finding of Park et al. (2017) and Molina (2018) who found
that load bridging had more effect on lower stiffness pallets.
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Both pallet designs displayed a reduction in deflection when compared to the airbag
deflection (Figure 3.18). The highest reduction in deflection was seen in the 0.625 in. block
pallet design with a reduction of 69%. The trend showed that the D6 pallet design deflected more
than the D5 pallet design.
Table 3.9. Summary table of average pallet deflections for the investigated block class pallet
designs and drum materials using warehouse racked across the length support.
Pallet Deflection (in.)
Loading Method
Airbag
Plastic Drum

Cruciform block pallet, 0.625

Cruciform block pallet, 0.75 in.

deck board thickness (D5)

deck board thickness (D6)

0.646

0.449

(5%)

(3%)

0.35

-46%

(3%)
Metal Drum

0.198

0.358

-20%

(5%)
-69%

(9%)

0.271

-40%

(9%)

Notes:

Values in parentheses are Coefficient of Variance values.
The deflections of the two drum materials were compared to the deflection caused by the airbag.
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0.7

Pallet Deflection (in.)

0.6
0.5
0.4
0.3
0.2
0.1
0
Airbag

Plastic Drums
0.625 in. Block Pallet

Metal Drums

0.75 in. Block Pallet

Figure 3.18. Effect of loading method on the deflection of the pallet as a function of pallet
design using the warehouse rack across the length support for the block class pallets.
3.9.2.1.2 Pressure Mat Readings
The pressure distribution was similar to the distribution observed for stringer pallets
using the warehouse racked across the width support; the pressure distributed towards the
supports (Figure 3.19). Most likely the reason for this is that the difference in pallet stiffness
between the two pallet directions (length and width) is not as great for block pallets compared to
stringer pallets. The metal drums also consistently show the singular ring of pressure while the
plastic drums distribute their pressure differently. The metal drums distribute up 20% more of
their pressure to the outer stringer board compared to the plastic drums.
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Figure 3.19. Pressure distribution on block pallets carrying metal and plastic drums using
warehouse racked across the length support condition. A) Metal Drums on D5 pallet design B)
Metal Drums on D6 pallet design C) Plastic Drums on D5 pallet design D) Plastic Drums on D6
pallet design.
3.9.2.2 Warehouse Racked Across the Width (RAW) Support
3.9.2.2.1 Deflections
The comparison between the airbag and drum unit load deflections are displayed in Table
3.10. The ANOVA analysis showed that the pallet design (p<.0001), the loading method
(p<.0001), and the interaction between the pallet design and loading method (p<.0015) were all
statistically significant. Compared to the warehouse racked across the length support, lower
pallet deflection was observed. This indicates that the pallet had a higher stiffness in this
direction.
The T-test indicated that the pallet designs with thicker deck boards resulted in
significantly lower pallet deflection. A Tukey HSD test that investigated the loading methods
indicated that the effect of the airbag and plastic drums do not have significantly different effects
on pallet deflection; metal drums do have a significantly different effect. Loading the pallet with
metal drums caused a 41-54% reduction in pallet deflection compared to the airbag. Similar to
the racked across the length support condition, the results also indicated that the effect of the
loading method is greater for lower stiffness pallets.
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Table 3.10. Summary table of average pallet deflections for the investigated block class pallet
designs and drum materials using warehouse racked across the width support.
Pallet Deflection (in.)
Loading Method
Airbag
Plastic Drum

Cruciform block pallet, 0.625 in.)

Cruciform block pallet, 0.75 in.

deck board thickness (D5)

deck board thickness (D6)

0.455

0.329

(2%)

(1%)

0.371

-17%

(2%)
Metal Drum

0.206

0.357

+8%

(2%)
-54%

(5%)

0.194

-41%

(4%)

Notes:

Values in parentheses are Coefficient of Variance values.
The deflections of the two drum materials were compared to the deflection caused by the airbag.

3.9.2.2.2 Pressure Mat Readings
Similar to the warehouse racked across the length condition, the pressure appears to
concentrate around the supports for both the metal and plastic drum loading cases (Figure 3.20).
The pressure concentration seems to be more prominent for pallets loaded with metal drums
compared to the plastic drums. This phenomenon indicates increased load bridging which
explains why the pallets supporting metal drums bent significantly less than the pallets
supporting plastic drums. Similarly to the racked across the length support condition, metal
drums distribute ~30% more pressure to the outer stringer boards compared to the plastic drums.
The differences in contact area also cause the two different metal drums to create different levels
of pallet deflection.
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Figure 3.20. Pressure distribution on block pallets carrying metal and plastic drums using
warehouse racked across the width support condition. A) Metal Drums on D5 pallet design B)
Metal Drums on D6 pallet design C) Plastic Drums on D5 pallet design D) Plastic Drums on D6
pallet design
3.9.2.3 Single and Double Stack Support
3.9.2.3.1 Deflections
The comparisons between the pallet deflections observed for the single and double floor
stack support condition are presented in Tables 3.11 and 3.12 respectively. The ANOVA analysis
for the single stack support condition indicated that the loading method (p<0.0021) and the
interactions between the loading method and pallet design (p<0.0408) were statistically
significant while the pallet design alone (p<0.0700) was not. Meanwhile, in the double stack
support condition, the pallet design (p<0.0002), the loading method (p<0.001), and the
interactions between the pallet and loading method (p<0.0001) were all shown to be statistically
significant. The differences in the pallet design effect between the single and double stack
support is similar to what was observed for the stringer class pallets; it indicates that pallet
design has an impact on the deflection of a pallet when there is a larger load placed on it.
An additional Tukey HSD test was conducted comparing the three different loading
methods. In the single stack support condition, pallet deflection caused by the airbag and by the
plastic drum were not significantly different, but the pallet deflection caused by the metal drums
was significantly lower and statistically different. In the double stack support condition,
deflection caused by all three loading methods were significantly different from each other.
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For the single stack support, the pallet deflected 45-58% less when it was loaded with
metal drums and 9-33% less when loaded with plastic drums compared to airbag. Meanwhile,
for the double stack support, the difference increased to 67-78% and 39-53%, respectively.
When the interactions between the loading methods and pallet designs were investigated
(Figures 3.22-23), it was observed that the effect of drums was more significant on the pallets
with lower stiffnesses.
Table 3.11. Summary table of average pallet deflections for the investigated block class pallet
designs and drum materials using the single stack support.
Pallet Deflection (in.)
Loading Method
Airbag
Plastic Drum

Cruciform block pallet, 0.625 in.

Cruciform block pallet, 0.75 in.

deck board thickness (D5)

deck board thickness (D6)

0.125

0.074

(3%)

(18%)

0.084

-33%

(16%)
Metal Drum

0.052

0.067

-9%

(12%)
-58%

(35%)

0.041

-45%

(7%)

Notes:

Values in parentheses are Coefficient of Variance values.
The deflections of the two drum materials were compared to the deflection caused by the airbag.
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Metal Drums
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Figure 3.22. Effect of loading method on the deflection of the pallet as a function of pallet
design using single stack support for the block class pallets.
Table 3.12. Summary table of average pallet deflections for the investigated block class pallet
designs and drum materials using the double stack support.
Pallet Deflection (in.)
Loading Method
Airbag
Plastic Drum

Cruciform block pallet, 0.625 in.

Cruciform block pallet, 0.75 in.

deck board thickness (D5)

deck board thickness (D6)

0.236

0.143

(2%)

(14%)

0.112

-53%

(4%)
Metal Drum

0.053

0.087

-39%

(5%)
-78%

(19%)

0.049

-67%

(15%)

Notes:

Values in parentheses are Coefficient of Variance values.
The deflections of the two drum materials were compared to the deflection caused by the airbag.
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Pallet Deflection (in.)
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0.15

0.1
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Plastic Drums
0.625 in. Block Pallet
0.75 in. Block Pallet

Metal Drums

Figure 3.23. Effect of loading method on the deflection of the pallet as a function of pallet
design using double stack support for the block class pallets.
3.9.2.3.2 Pressure Mat Readings
The difference between the single stack and double stack conditions is an increase in
stress to both the plastic and metal drums (Figures 3.24 and 3.25). For unit loads carrying the
metal drums, the pressure concentrates around the outside stringer boards. This is different than
the pressure distribution for the stringer pallets in the same support condition where the pressure
distributed onto the top of both the internal and external stringers. The flexibility of block pallet
stringer boards could be responsible for this difference. The tributary area for the internal
stringer board is twice as much as for the outer stringer board. This results in a greater bending
for the internal stringer boards which causes the pressure to redistribute towards the outside
stringer boards. Similar to what was observed for stringer pallets, the majority of the weight from
the second unit load travels through the edges of the plastic drums causing an increased pressure
concentration on the outer rim of the drum bottoms and less pressure transferring down the
middle of the drum (Figure 3.24 C, D and 3.25 C, D).
When the plastic drums were single stacked it was seen that 23% of the pressure was
distributed through the inner ring of the drum and 77% was distributed through the outer ring.
When the plastic drums were double stacked 9% of the pressure that the plastic drum
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experiences is distributed through the inner ring and 91% of the pressure is on the outer ring.
When transitioning from single stack to double stack there is a 45% decrease in pressure in the
inner ring and a 71% increase in pressure in the outer ring of the plastic drum. The double stack
condition illustrates a shift in pressure mainly to the outer ring due to the second unit load
distributing its pressure through the outside walls of the drum instead of the inner ring of the
drum.
When comparing the plastic drums and the metal drums there is a 24-42% difference in
pressure on the outer stringer. This emphasizes the difference in flexibility and geometry of the
two drums and how it impacts their interaction with the pallet.

Figure 3.24. Pressure distribution on block pallets carrying metal and plastic drums using a
single stack support: A) Metal Drums on D5 pallet design B) Metal Drums on D6 pallet design
C) Plastic Drums on D5 pallet design D) Plastic Drums on D6 pallet design
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Figure 3.25. Pressure distribution on block pallets carrying metal and plastic drums using a
double stack support: A) Metal Drums on D5 B) Metal Drums on D6 C) Plastic Drums on D5 D)
Plastic Drums on D6
3.10 Conclusions
After investigating the effect of three loading methods on the six pallet designs the following
conclusions were made:
1. Out of the three loading methods, for most investigated conditions, metal drums caused
the least pallet deflection followed by the plastic drums, and then the airbag.
2. The effect of loading method on pallet deflection is statistically significant for every
single investigated support condition for all pallet designs. The greatest effect was found
for the double stack support condition using metal drums; the deflection decreased 85%
for stringer pallets and 78% for block pallets compared to the airbag.
3. Metal drums distribute their pressure onto the pallet through their rigid chimes which
many times were mainly supported by the stringers and thus reducing the deflection of
the pallet. Meanwhile, the plastic drums, because of their more flexible bottom design,
distributed the pressure to the pallet deck boards resulting in a greater pallet deflection.
4. Conclude that more pressure was concentrated on the supports for metal drums than
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plastic drums which indicates greater load bridging for the metal drums that could be
responsible for the significantly lower pallet deflection observed.
5. Plastic drums transferring load in the middle (RAL plus stacking)
6. When the percent of pressure on the stringer was compared between the different pallet
designs and the two drum materials it was found that the pallet design (4-stringer vs. 3stringer) and drum material both impact the intensity of the pressure concentration.
7. For some support conditions, the pallets loaded with plastic drums deflected more than
the pallets loaded with an airbag. This finding is interesting because it is generally
believed that airbag loading represents the worst-case scenario for many pallets. A
possible explanation for this phenomenon could be that the bending of the bottom of the
plastic drums created a more concentrated force close to the middle of the deck board
which could have increased the bending of the deck boards. The difference in the most
extreme circumstance was 33%.
8. Pallets supporting metal drums deflected as much as 85% less than pallets loaded with
the flexible airbag. The reduced deflection is attributed to the increased load bridging
caused by the aspect ratio and stiffness of the metal drums. It indicates the potential for
cost saving opportunities when the load capacity of the pallet is limited by the pallet’s
deflection.
9. The effect of loading method seemed to be dependent on the pallet’s stiffness where the
effect was greater for the lower stiffness pallet designs. For block class pallets, the trend
was observed for all support conductions; for stringer pallets it was mainly observed for
the racking conditions.
These results indicate cost saving opportunities especially for pallets supporting metal drums
in scenarios where the load capacity of the pallet is limited by pallet deflection when racked or
stacked. However, it was also revealed that there is a significant difference in pallet behavior
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depending on the type of drum; therefore, the exact drum material and design need to be
considered during pallet design.
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5

Overall Conclusions
When analyzing the investigated plastic pails and the investigated drums there were

similarities between the two sets of experiments. In testing of plastic pails and industrial drums,
the less-stiff pallet was more likely to have a higher reduction in deflection due to the loadbridging effect of the pails and drums. This trend was seen in all the industrial drum testing in
every support condition and for the plastic pails in every support condition except when double
stacked. This corresponds to the findings of Molina (2017) and Park (2017) where the less stiff
pallets also experienced an increase in deflection reduction.
In every support condition with the pails and the industrial drums, it was seen that the effects
of loading method were statistically significant. Consideration of product type is an important
aspect of unit load design in order to achieve optimum efficiency. The load distribution was
different between the metal drums, the plastic drums, and the plastic pails. The investigated
products were found to result in different load distribution due to the size of the individual drums
or pails and the material that they are made up. The plastic drums indicated that the plastic
material allows the drums to flex along with the pallet and illustrates a higher amount of contact
area. The plastic drums’ geometry had an impact on the pallet performance due to the pressure
distribution and the overall amount of contact area that the plastic drum has. The pressure
distribution that was calculated according to the stringer location emphasized the impact that
pallet design and drum material has on the pressure concentration.
In all cases, the design of the pail or drum can impact both the pallet deflection and load
distribution. When designing a pallet, it is important to consider the characteristics of the
packages that will contact the pallet to be able to increase the load bridging effect that is seen
throughout all the experiments. The stringer location, for example, largely impacts the
concentration of pressure on the stringer and the intensity of load bridging. Both sets of
experiments also proved that the loading method (discrete vs. uniformly distributed load) has a
different effect on the pallet. In both industrial drums and pails, the pallet experienced a
reduction in deflection with the discrete load when compared to the uniformly distributed load
with a maximum of 89% reduction. In both experiments, it was also observed that the racking
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across the length support condition creates mixed results unlike the racking across the width that
consistently produced a greater deflection reduction.
6

Recommendations for Future Research
This project investigated a variety of pail and drum materials, pallets, and layouts on the

pallet. Future research should be done on the exact interactions that the pallet experiences when
it is racked across the width. When the pallet is racked across the width there is a level of
uncertainty as to what portion of the pallet is being supported when placed onto the rack support.
There are multiple scenarios that could be possible when considering the pressure distribution
that the pallet experiences. Further studies would have to be conducted to understand where the
support is acting on the pallet and how this is impacted by the stringer placement. By
understanding the physical interactions that the pallet experiences, it would be possible to
determine the exact percentage of pressure that is being supported and the impact of load
bridging. This could be further studied by using the acquired data and creating a finite element
analysis model to understand the interactions between the individual package and the pallet
design.
An additional area to study would be the differences in load distribution depending on the
drum or pail bottom that comes into contact with the pallet. It would be interesting to further
investigate the impacts that geometry has on deflection and pressure distribution. This would
mean extending the current knowledge by testing different pails or drums that are made of
different materials, different sizes, and different weights. The conducted studies utilized the most
common materials but in order for these materials to be fully understood then other types of
drums and pails should be investigated. When investigating the industrial drums, it was evident
that the material of the drum has an impact on the pallet performance. This indicates that metal
and plastic pails could interact differently when unitized.
The data acquired during this project could also be used to create different scenarios for
sustainability. By utilizing the load bridging effect that was observed throughout the
experiments, it is possible to reduce the amount of wood that is required for pallets. If it were
possible to use a pallet that is less stiff and uses less material, then it is possible to calculate the
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environmental impact of changing the pallet. A life cycle assessment could be conducted to
quantify the environmental benefits.
An additional study that could be conducted would expand the amount of knowledge that
we have about cylindrical objects when unitized. There are situations where similar cylindrical
objects are transported in a horizontal orientation with a pallet. This would be interesting to
investigate since it is an unknown field and would still revolve around materials that are
cylindrical and their interaction with wooden pallets.
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7
7.1

Appendix
ANOVA and Tukey HSD Results for Plastic Pail Results

7.1.1 ANOVA and Tukey Results for Plastic Pail Results when Racked Across the Length
Table A.1: ANOVA Effect tests results for the plastic pail unit load when warehouse racked
across the length.
Source
F Ratio
Prob> F
Pallet Design
21.134
<.0001
Loading Method
141.18
<.0001
Pallet Design*Loading Method
14.584
<.0001

Table A.2. Results of the Tukey’s HSD multiple comparison test for average pallet deflection
observed for the individual pallet designs while supported in a simulated warehouse rack support
across the length using the plastic pail unit load.
Pallet Design
Tukey’s
Least Sq. Means
D1 (4-Stringer, 0.625 in. thickness)
A
0.588
D2 (4-Stringer, 0.5 in. thickness)
A/B/C
0.507
D3 (3-Stringer, 0.625 in. thickness)
C
0.411
D4 (3-Stringer, 0.5 in. thickness)
A/B
0.563
D5 (3-Stringer, 0.5 in. thickness, nested)
B/C
0.469
Notes: The different letters indicate that statistically significantly differences using 𝛼 = 0.05.
7.1.2 ANOVA and Tukey Results for Plastic Pail Results when Racked Across the Width
Table A.3: ANOVA Effect tests results for the plastic pail unit load when warehouse racked
across the width.
Source
F Ratio
Prob> F
Pallet Design
169.89
<.0001
Loading Method
757.24
<.0001
Pallet Design*Loading Method
31.441
<.0001

88

Table A.4. Results of the Tukey’s HSD multiple comparison test for average pallet deflection
observed for the individual pallet designs while supported in a warehouse rack support across the
width using the plastic pail unit load.
Pallet Design
Tukey’s
Least Sq. Means
D1 (4-Stringer, 0.625 in. thickness)
B
1.52
D2 (4-Stringer, 0.5 in. thickness)
A
2.27
D3 (3-Stringer, 0.625 in. thickness)
D
0.731
D4 (3-Stringer, 0.5 in. thickness)
C
1.02
D5 (3-Stringer, 0.5 in. thickness, nested)
C
0.971
Notes: The different letters indicate statistically significantly differences using 𝛼 = 0.05.
7.1.3 ANOVA and Tukey Results for Plastic Pail Results when Single Stacked
Table A.5: ANOVA Effect tests results for the plastic pail unit load when single stacked.
Source
F Ratio
Prob> F
Pallet Design
7.625
0.0022
Loading Method
50.163
<.0001
Pallet Design*Loading Method
5.2466
0.0043

Table A.6. Results of the Tukey’s HSD multiple comparison test for average pallet deflection
observed for the individual pallet designs while single floor stacked using the plastic pail unit
load.
Pallet Design
Tukey’s
Least Sq. Means
D1 (4-Stringer, 0.625 in. thickness)
C
0.106
D2 (4-Stringer, 0.5 in. thickness)
A
0.277
D3 (3-Stringer, 0.625 in. thickness)
B/C
0.183
D4 (3-Stringer, 0.5 in. thickness)
B/C
0.176
D5 (3-Stringer, 0.5 in. thickness, nested)
B
0.189
Notes: The different letters indicate statistically significant differences using 𝛼 = 0.05.
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7.1.4 ANOVA and Tukey Results for Plastic Pail Results when Double Stacked
Table A.7: ANOVA Effect tests results for the plastic pail unit load when double stacked.
Source
F Ratio
Prob> F
Pallet Design
17.524
<.0001
Loading Method
342.66
<.0001
Pallet Design*Loading Method
12.559
<.0001

Table A.8. Results of the Tukey’s HSD multiple comparison test for average pallet deflection
observed for the individual pallet designs while double floor stacked using the plastic pail unit
load.
Pallet Design
Tukey’s
Least Sq. Means
D1 (4-Stringer, 0.625 in. thickness)
C
0.224
D2 (4-Stringer, 0.5 in. thickness)
A
0.364
D3 (3-Stringer, 0.625 in. thickness)
B/C
0.278
D4 (3-Stringer, 0.5 in. thickness)
A/B
0.333
D5 (3-Stringer, 0.5 in. thickness, nested)
A
0.357
Notes: The different letters indicate statistically significant differences using 𝛼 = 0.05.
7.2

ANOVA and Tukey Results for Stringer Pallets with Industrial Drums

7.2.1 ANOVA and Tukey Results for Stringer Pallets with Industrial Drums when
Warehouse Racked Across the Length
Table A.9: ANOVA Effect tests results for the industrial drum unit load when warehouse racked
across the length using stringer pallets.
Source
F Ratio
Prob> F
Pallet Design
5.6122
0.0055
Loading Method
5.0778
0.0159
Pallet Design*Loading Method
4.2057
0.0062
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Table A.10. Results of the Tukey’s HSD multiple comparison test for average stringer pallet
deflection observed for the individual pallet designs while supported in a simulated warehouse
rack support across the length using the industrial drum unit load.
Pallet Design
Tukey’s
Least Sq. Means
D1 (4-Stringer, notched, winged)
A
0.205
D2 (4-Stringer, flush)
A/B
0.192
D3 (3-Stringer, 0.625 in. thickness)
B
0.169
D4 (3-Stringer, 0.5 in. thickness)
B
0.169
Notes: The different letters indicate that statistically significantly differences using 𝛼 = 0.05.
7.2.2 ANOVA and Tukey Results for Stringer Pallets with Industrial Drums when
Warehouse Racked Across the Width
Table A.11: ANOVA Effect tests results for the industrial drum unit load when warehouse
racked across the width using stringer pallets.
Source
F Ratio
Prob> F
Pallet Design
2.9506
0.053
Loading Method
171.11
<.0001
Pallet Design*Loading Method
4.4292
0.0038

Table A.12. Results of the Tukey’s HSD multiple comparison test for average stringer pallet
deflection observed for the individual pallet designs while supported in a simulated warehouse
rack support across the width using the industrial drum unit load.
Pallet Design
Tukey’s
Least Sq. Means
D2 (4-Stringer, flush)
A
0.631
D4 (3-Stringer, 0.5 in. thickness)
A
0.598
D3 (3-Stringer, 0.625 in. thickness)
A
0.551
D1 (4-Stringer, notched, winged)
A
0.528
Notes: The different letters indicate that statistically significantly differences using 𝛼 = 0.05.
7.2.3 ANOVA and Tukey Results for Stringer Pallets with Industrial when Single Stacked
Table A.13: ANOVA Effect tests results for the industrial drum unit load when single stacked
using stringer pallets.
Source
F Ratio
Prob> F
Pallet Design
14.643
<.0001
Loading Method
140.53
<.0001
Pallet Design*Loading Method
13.235
<.0001
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Table A.14. Results of the Tukey’s HSD multiple comparison test for average stringer pallet
deflection observed for the individual pallet designs while single stacked using the industrial
drum unit load.
Pallet Design
Tukey’s
Least Sq. Means
D4 (3-Stringer, 0.5 in. thickness)
A
0.1033
D2 (4-Stringer, flush)
B
0.0752
D3 (3-Stringer, 0.625 in. thickness)
B
0.0731
D1 (4-Stringer, notched, winged)
B
0.0672
Notes: The different letters indicate that statistically significantly differences using 𝛼 = 0.05.
7.2.4 ANOVA and Tukey Results for Stringer Pallets with Industrial Drums when Double
Stacked
Table A.13: ANOVA Effect tests results for the industrial drum unit load when double stacked
using stringer pallets.
Source
F Ratio
Prob> F
Pallet Design
74.974
<.0001
Loading Method
259.62
<.0001
Pallet Design*Loading Method
30.089
<.0001

Table A.14. Results of the Tukey’s HSD multiple comparison test for average stringer pallet
deflection observed for the individual pallet designs while double stacked using the industrial
drum unit load.
Pallet Design
Tukey’s
Least Sq. Means
D4 (3-Stringer, 0.5 in. thickness)
A
0.1826
D3 (3-Stringer, 0.625 in. thickness)
B
0.1122
D2 (4-Stringer, flush)
B/C
0.1078
D1 (4-Stringer, notched, winged)
C
0.0928
Notes: The different letters indicate that statistically significantly differences using 𝛼 = 0.05.
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7.3

ANOVA Results for Block Pallets and Industrial Drums

Table A.15: ANOVA Effect tests results for the industrial drum unit load when warehouse
racked across the length using blocks pallets.
Source
F Ratio
Prob> F
Pallet Design
9.1528
0.0106
Loading Method
207.37
<.0001
Pallet Design*Loading Method
54.423
<.0001

Table A.16: ANOVA Effect tests results for the industrial drum unit load when warehouse
racked across the width using block pallets.
Source
F Ratio
Prob> F
Pallet Design
43.059
<.0001
Loading Method
185.52
<.0001
Pallet Design*Loading Method
11.834
0.0015

Table A.17: ANOVA Effect tests results for the industrial drum unit load when single stacked
using block pallets.
Source
F Ratio
Prob> F
Pallet Design
2.0255
0.07
Loading Method
11.372
0.0021
Pallet Design*Loading Method
4.3375
0.0408

Table A.18: ANOVA Effect tests results for the industrial drum unit load when double stacked
using blocks pallets.
Source
F Ratio
Prob> F
Pallet Design
31.253
0.0002
Loading Method
194.68
<.0001
Pallet Design*Loading Method
26.543
<.0001
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