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FUCUS. The cost of trucking and intermodal ship-
= ping product damage to palletized loads
in the United States is significant. Understanding the in-
terplay between the major parameters that need to be
considered during the design of palletized loads is para-
mount to achieving optimum pallet ioad packaging. In ex-
perimentation aimed at addressing this need, the strength
of pallet stacks unitized by stretch wrap, liquid cohesive
and a combination thereof were monitored through use
of a portable self-contained data acquisition system. The
measurements indicate that lateral vibration can be a ma-
jor cause of pallet stack failure. It was concluded that the
strength of the load could be significantly increased by
the combined use of wrap and a liquid cohesive system,
and that column stacking can, in some cases, help in-
crease the lateral strength of the load further.

Introduction

The amount of intermodal shipping has near-
ly doubled in the past decade. Unfortunately,
this type of shipping can increase the proba-
bility of product damage due to its combined
use of trucks and rail. As intermodal ship-
ments have increased, so has the percentage
of unsaleable product from 0.5 percent of total
goods in 1989 to an estimated 1 percent in
1998, or $4 billion of goods per year, according
to statistics from the Grocery Manufacturers

1 Study was
conducted under the
direction of Dr. Per
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of Washington, in
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three shipping
companies using
intermodal
trasportation.
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Sensor Technology,
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Association (GMA). The GMA attributes
about 85 pecent of unsaleables to shipp-
ing/handling-related causes.

In the environment of deregulated ship-
ping, product damage and lost merchandise
have become an increasingly important issue
since the associated cost is now charged back
to the manufacturer. It is not enough that
individual boxes and merchandise arrive

intact—pallet stacks must have sufficient
stability to tolerate handling with forklifts
and other equipment without severe shifting
or breaking-up.

The shipping strength of palletized loads
secured by various amounts of stretch wrap
and/or Lock 'N Pop® (LNP), a liquid cohesive
pallet unitizing system, was investigated!. The
research was conducted in two stages: The first
investigated the strength and natural frequen-
cies of palletized products, secured with vari-
ous combinations of stretch wrap and LNP,
through the use of hydraulic vertical and hori-
zontal shaker tables. The second examined
vibration to which pallet loads are subjected
during intermodal shipping.

Methodology
Intermodal shipping vibration—Vibration
during six intermodal shipments was record-
ed via a small self-contained vibration
recorder2, Accelerations in the lateral, longitu-
dinal and vertical directions were recorded by
programming the recorder to trigger on accel-
erations exceeding ¥oth of a g. Kach trigger re-
sulted in the recording of an approximately
16-second event. The recorder was set to store
the 500 events with the largest acceleration.
During shipping, the recorder was at-
tached to the side of the pallet of the stack
situated at the side and above the rear axle
of the trailer. All trailers were loaded to full
weight capacity and with only one product.
The pallet stacks were secured with either
one layer of wrap only, LNP and top stretch
wrap or LNP and one full layer of wrap.
Pallet strength—The shipping strength
of palletized products was investigated with
the help of two hydraulic vertical and hori-
zontal shaker tables. Two types of boxes were
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used: a 200# RSC, 14"x87x8", 27-1b. box (Type
1) containing one-liter beverage containers;
and a 200# b-flute, side RSC, 11x10.5"x12",
42.5-1b. box (Type 2) containing 12 1.5-liter
mineral water bottles. Both types were used
to make pallet stacks five-high.

The effectiveness of several combinations of

stretch wrap and LNP applied to pallet stacks
were investigated using the following test pro-
cedure: A pallet stack was loaded onto the
shaker table and fastened. The stack geometry
was then measured (Lancaster and White,
1994) by recording the location of each layer in
the stack through the use of plumb lines. The
testing procedure started by determining the
natural frequencies of the pallet stack, both in
the vertical and lateral directions, by subject-
ing the stack to a low intensity sine sweep
between 0.5 Hz to 30 Hz. The stack was vibrat-
ed with amplitudes below its damage thresh-
old. No damage, i.e., no shifting or sliding of
boxes, took place during this sine sweep.

The strength of each pallet stack was deter-
mined through a series of increasingly severe
five-minute vibration tests. The stacks were
inspected and measured after each test to
determine if stack failure had occurred. If the
stack was determined to be intact after five
minutes of vibration, the test was repeated
with a slightly higher vibration intensity. The
procedure was ultimately stopped when the
vibration level had reached a high enough level
to cause failure of the stack.

The highest vibration level to which the
stack could be exposed without failing was
recorded as the measure of strength of the
pallet stack. The vibration during each five-
minute test had constant energy between
0.25 Hz and 30 Hz (Gaussian “white” noise).
The excitation level was increased by 0.03 g
rms between each five-minute run.

The constant frequency spectra level
between 0.25 and 30 Hz constitutes a worst
case scenario (Gillespie, 1985; Reinhall, et.
al., 1995; Singh, et. al., 1992).

Results

Pallet natural frequencies—The natural
frequencies for the pallet types and for a range
of pallet securement methods were obtained
by a low-intensity sine sweep between 0 and
30 Hz. Figure 1 shows typical frequency re-
sponse curves of a pallet stack made from
Type 2 boxes.

The addition of stretch wrap to the stack
had only a small effect on the natural fre-

Figure 1

| Frequency Response Curve of
Pallet Stacks
Made from Type 2 Boxes

| (Stack is secured by LNP combined with top wrap only.)
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quency of the stacks, indicating that it is not
possible to significantly shift the resonance
peaks of a pallet stack to avoid overlap with
peaks in the frequency spectra of the ship-
ping (container) vibration by adding stretch
wrap. Parameters that can influence the nat-
ural frequencies of the stack include stack
geometry, box stiffness and stack weight. A
comparison between the two types of stacks
used show that the lighter stack made from
Type 1 boxes had a first natural frequency
approximately 2 Hz higher than the heavier
stack made from Type 2 boxes.

Intermodal shipping vibration—The
peak accelerations during intermodal ship-
ping were significant along all three direc-
tions—lateral, vertical and longitudinal.
However, maximum acceleration events can
be very short in duration and/or only contain
frequencies to which the stack is insensitive
and are, hence, not necessarily the main
cause of failure.

Failure is caused by motions of the stack
with accelerations high enough to cause high
box-to-box interface stress and slippage. The



e
?»‘?t%&&ﬁwawﬁw*‘”;% i e e
o msBae B R e g ST

Input Vibration (g2/Hz)

The ability to design the load such that its
natural frequencies are well separated from the
peaks of power spectrum of the shipping vibra-
tion is limited. Stretch wrap, stacking pattern
and the presence of LNP do not tend to change
the natural frequencies of the load significantly.

The problem is further compounded by the
fact that the frequency corresponding to the
shipping vibration peaks will vary with the
mode of transportation, the gross weight of the
rail road car or
trailer and the

A

speed of travel.

Lateral Strength of Pallets Therefore, tak-
Made from Type 1 Boxes ing these vary-
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Lateral Strength of Pallets
Made from Type 2 Boxes

(Stack consists of five layers of boxes being stacked
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in the power
spectrum of the
shipping vibra-
tion with a
nearby pallet’s
T resonance
peaks.

The horizon-
tal solid lines in
1 Figures 5-7 rep-
1 resent the level
1| of white noise
4 ' that would yield
a power spectra
density of the top
layer of the pal-
let equivalent to that caused by the maximum
vibration level measured during the intermodal
shipping routes (excluding handling during the
initial and final phase of the shipping process).
Pallet loads should be designed to withstand at
least this level of vibration.

The dashed horizontal lines represent later-
al handling loads measured during the initial
and final phase of the shipping process. These

1457 L, 105" W, 1257 H)

Single wrap + LNP

| Tap wrap + LNP:
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Interlocked Column stacked

vibratory loads are typically higher than the
normal shipping loads but are often much
shorter in duration, and their destructiveness
can therefore not be directly related to the
pallet strength test used.

Pallet strength—The lateral strengths of
the pallet stacks made from Type 1 boxes for
various combinations of stretch wrap and LNP
are shown in Figure 5. The strength of the pal-
lets is given as the maximum level of the input
spectra (uniform between 0.25 Hz-30 Hz) of
the lateral vibration which the pallet can toler-
ate without experiencing failure. As shown, the
weakest of the tested configurations was the
pallet with one layer of stretch wrap, while the
strongest stack was produced by the combined
use of LNP and one layer of stretch. The stack
that was unitized by LNP only failed by the
stack “walking” off the pallet as an intact unit.
No relative motion between the boxes could be
detected. This is in contrast to the other loads,
where the relative motion between boxes led to
stack failure.

Figure 6 shows the lateral strength of pal-
lets made from Type 2 boxes. The column
stacking pattern produced a significantly
stronger load than the interlocked pattern.
Column stacking of the Type 2 boxes resulted
in pallets strong enough to tolerate lateral
accelerations that exceeded the maximum
accelerations recorded during both shipping
and handling of the load. The largest increase
in strength came when LNP was used in com-
bination with one layer of stretch wrap.

The pallets made from the Type 2 boxes
were also tested for vertical strength by the
use of a vertical shaker table (Figure 7). The
strength of the interlocked pattern was found
to be significantly stronger in the vertical
direction compared to the lateral direction and
well above the maximum recorded accelera-
tion. It can therefore be concluded by compar-
ing Figures 6 and 7 that an interlocked pallet
stack made from Type 2 boxes would most
likely fail during shipping in the lateral direc-
tion and not in the vertical direction.

The column stacked pallets unitized with a
combination of LNP and full wrap, however,
were found to have enough strength to toler-
ate acceleration well above the recorded max-
imum intermodal levels in both the lateral
and vertical directions.

Conclusion

Lateral vibration can be a major cause of fail-
ure of pallet stacks. The effect of vertical vibra-
tion was found to be benign due to high natur-



amplitude can only become large if the input
vibration contains significant energy in fre-
quencies to which the pallet stack is sensitive.
An indirect measure of the total energy of the
input (trailer) vibration to the pallet stack is the
root mean square of the wood pallet accelera-
tion. In reviewing the recorded data during the
shipment, it was found that the rms value of the
longitudinal vibration was lower than the other
directions and that the rms of the lateral vibra-
tion was often comparable to that of the vertical
vibration.

It must be emphasized that it is not possible
to judge the destructiveness of the shipping
vibration by looking at its overall rms value and
the maximum acceleration levels. The relation-
ship between the frequency response of the pal-
let stack and the frequency content or the power
spectra of the shipping vibration must be con-
sidered. The shipping vibration becomes espe-
cially destructive when a peak in its power spec-
tra overlaps with a resonance peak in the fre-
quency response of the pallet stack. This can
cause the response of the pallet stack to the
shipping vibration to reach unacceptable high
levels even when the rms value is moderate.

The maximum power spectra of the vertical ac-
celeration from all triggered events during the
intermodal shipping route was obtained by cal-
culating the spectra for all events and plotting
the maximum of all events on a point-for-point
basis along the frequency axis. Hence, it repre-
sents the maximum energy, for each frequency
point, to which the load was subjected along the
shipping route. The peak of the vertical shipping
vibration spectra was well separated from the
peak in the frequency response plot of vertical
motion of the pallet stack as shown in Figure 2.

This explains why the vertical shipping vibra-
tion in this case was less destructive than antic-
ipated. Most of its energy occurred at a frequen-
cy range in which the pallet stack was insensi-
tive (10 Hz- 13 Hz). That is, the high vertical
natural frequency of the pallet stack compared
to the main peak in the power spectrum of the
vertical shipping vibration prevented a de-
structive resonant situation.

Figure 3 shows the vertical average power
spectra of the rail and truck portions of all
events from a typical intermodal route. Only a
minimum difference between the power spectra
of the vertical truck motion and the correspond-
ing rail motion can be seen.

The energy of the maximum lateral shipping
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motion was distributed over a wider frequency
range than the vertical motion. There is a signifi-
cant overlap of the frequency resonance peak of
the lateral motion of the pallet (Figure 1) with the
lowest frequency peak in the power spectra of the
lateral shipping motion (1.5 Hz-3.75 Hz). The lat-
eral shipping vibration in this case could, there-
fore, cause significant motion of the load due to a
resonance phenomena, potentially leading to a
lateral destruction of the stack.

The power spectra of the lateral accelerations
corresponding to the average of all events from a
typical train and rail route is shown in Figure 4.
The energy of the motion during the rail portion
was mostly distributed between 2 Hz - 6 Hz,
while the largest peak in the truck/
trailer spectra was between 15 and 23 Hz.
Excitation of the lowest lateral mode of the stack
was, therefore, most likely to take place during
the rail portion of the shipment.
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al frequencies of the stacks in the vertical
direction and high vertical pallet strength.
Test results indicate that the vertical and lon-
gitudinal motions are not likely to be a major
cause of failure for the investigated stacks.
Unitization using LNP in combination with
stretch wrap and an appropriate stacking pat-
tern resulted in stacks that could withstand
the maximum recorded shipping and han-
dling accelerations. The investigation est-
ablished that column stacking can increase
the lateral strength of a pallet. a

For more information about this topic, contact
the authors at (425) 347-3600.

About the Authors: Dr. Per G. Reinhall
is Professor of Mechanical Engineering
at the University of Washington. His re-
search includes studies in nonlinear and
linear vibrations, acoustics, sensors and
finite elements. He is the author of more
than 60 technical publications and holds
five patents.

Ron Carstens is President of Key Tech
Corp., a Mukilteo, WA-based manufac-
turer of packaging/shipping protection
products including Lock ‘N Pop® for uni-
| tizing pallet loads. He has a M.S. in
Chemical Engineering.

| Singh, PS., Antle, J.R. and Burgess, G.G., "Comparison

s

Gillespie, T.D., “Heavy Truck Ride,” The 31st L. Ray
Buckendale Lecture, SAE SP-607, 1985.

Lancaster, P. and White , R.A., “Case Histories in Transport
Packaging & Unitization; Performance & Film Properties &
Environmental Developments,”1994.

Reinhart, PG., Scheibe, R.R., Rauh, M.A. and Watkins, S.V.,
“The Effect of Vibration on the Shipment of Palletized
Products,” Proceedings of SAE Bus & Truck Meeting, 1995.

Between Later, Longitudinal, and Vertical Vibration Levels
in Commercial Truck Shipments,” Packaging Technology
and Science, Vol. 5, 71-75, 1992.

Reprinted from PACKAGING TECHNOLOGY & ENGINEERING® April 1998
©Copyrignt 1998, North American Publishing Co., Philadelphia, PA 19108



