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ABSTRACT

An assessment of available data and information describing the common
carrier shipping environment was conducted. The assesment included the
maj or shi pping hazards of shock, vibration, inpact, tenmperature, and

hum dity associated with the handling, transportation, and warehousing
operations of typical distribution cycles. Previous environmenta

studies and current data are reviewed and assessed for applicability to
general type cargo design and/or evaluation. The data for each hazard
are summarized in a format consi dered nost useful to packagi ng engineers
when such data are avail able. Hazards requiring further information and

description are identified and discussed.

PREFACE

This study was conducted by GARD, Inc., in cooperation with the USDA
Forest Products Laboratory under research agreenent 12-49, with

Fred E. Ostrem Senior Engineer, as principal investigator. The
techni cal coordinator for the Forest Products Laboratory was

W D. Codshall.
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AN ASSESSMENT OF

THE COMMON_CARRI ER SHI PPI NG ENVI RONMENT

FRED E. OSTREM
and
W D. GODSHALL

Forest Products Laboratory,l/
U S. Departnent of Agriculture

| NTRODUCT! ON

Packaging in all its forns consunes tremendous quantities of wood-based
products, including paper, paperboard, and wood. Because of these
quantities, there is the potential for substantial savings of wood
through nore efficient and effective use of these wood-based products
Proper use of these materials will not only ensure protection of the
product being shipped at the |lowest cost, but will extend and conserve
one of our natural resources.

Wood- based products are used in a variety of fornms in packagi ng, ranging
fromthe internal cartoning or cushioning to the outer fiberboard con-
tainer including unit load platforms or pallets. Efficient and effective
use of these products inplies that there is no waste either in the form
of excessive packagi ng (overpackaging) with resulting high nateria
costs, or inadequate packaging, with resulting product |oss or damage.
Loss and damage is a highly visible cost and statistics will generally
indicate this to be an area for inprovenment. Overpacking is a much
more difficult condition to identify and cost, except for obviously high
packi ng costs. However, it can be assumed that this is also an area
for improvement. The desired goal is to design a packagi ng system which
will provide adequate protection, but at the |owest possible total cost

The major inputs required for efficient and effective use of packagi ng
materials include: (1) a know edge of the shipping or operating environ-
ment, (2) a know edge of the fragility or resistance to damage of the
itemto be protected or packaged, and (3) a know edge of perfornance

1/ Maintained at Madison, Ws., in cooperation with the University
of Wsconsin.



or protective characteristics of the packaging materials. Unless
adequate and accurate design information of this type is available,
alternate, nore costly and time consum ng approaches nust be adopted
e.g., trial shipnents. This study is concerned with assessing informa-
tion with respect to the shipping environment and nore specifically, the
common carrier shipping environnent. Previous studies have dealt with
this sane problem area, but for various reasons, have included informa-
tion or data not considered applicable to the common carrier distribution
environnment. Addition data have been generated which require review,
eval uation, and incorporation for inproved descriptions. Finally the
shipping environment needs to be defined in ternms applicable to genera
type cargo and suitable to packaging-rel ated problens. Associated with
the descriptions is the identification of gaps in available infornmation
Future research effort can thus be directed and concentrated nore effec-

tively in the appropriate area

Accurate and detailed descriptions of the shipping environment are
important, not only for design purposes, but as background infornaton,
for the devel opnent of performance tests to verify a design, and for the
devel opment of realistic material specifications

The following are the author's assessnments of the availability and
adequacy of data and information defining the hazards encountered in the

conmon carrier shipping environnent

SHI PPI NG ENVI RONVENT HAZARDS

The conmon carrier shipping environnent is defined to include all of the
environmental conditions likely to be encountered by cargo during nove-
ment in typical distribution cycles fromthe point of nmanufacture to the
ultimate consuner. These novenents include transportation by common
carrier motor freight truck, railcar, aircraft, and ship. The condi-
tions of interest are related to the physical requirements of the ship-
ping container associated with different segnents of the distribution
cycle including handling (loading and unloading), vehicle transport

war ehousi ng, or storage. The conditions of interest include shock
vibration, inpact, conpression, and the climtic conditions of tenpera-

ture and humdity.

The data and information describing the shipping environnent have been
reported in a variety of fornms, depending on the end-use of the data
instrumentation avail able, data reduction equipnent, etc. In addition
the data cover a variety of transport systens and distribution cycles
ranging from special transporters to nmilitary supply channels. Thus
avail able data need review to deternmine their applicability to the
conmon carrier shipping environment and summarization in a format suit-
able for package design and/or eval uation.



A previous study (37)2/ sumarized nost of the available information
describing the shipping environment. Much of the information contained
in that report is still applicable today, but requires further review
and evaluation. In addition, new studies have been conducted, nany of
which are directly applicable to the common carrier shipping environnent
However, as in previous studies, the specific objectives of these new
prograns varied, the data reduction techniques varied, or the data
format varied, making correlation and evaluations difficult. Neverthe-
less, all available information has been reviewed and assessed for its
applicability to general cargo shipnents. In nost instances, the new
data have been found to correlate well wth previous descriptions and
fill in some previously identified data gaps. The formats selected for
data presentation in this report have been based on the desire to have
the information in a formthat wll have the broadest possible applica-
tion based on current package design practice and package test equipment

References are cited for those desiring nore detailed and specific
information on a particular hazard. Ostrem et al. (37) reports on the
results of a field study to determne the causes and nature of damage
incurred by corrugated containers shipped by rail. Based on exam na-
tion of more than a million containers, only 1.1 percent of the con-
tainers were damaged, and merchandise in only 0.33 percent of the tota
was damaged enough to cause clains. O the damage containers

10 percent involved punctures and 66 percent involved crushing.
| nadequate bracing and doorway bl ocking accounted for 33 percent of the
damage attributed to shippers, while rough handling accounted for
80 percent of the damage attributed to carriers. Results of surveys of
this type would identify the hazards requiring imediate attention,

HANDLI NG

Handling occurs at the loading, unloading, and transfer points and can
occur as a result of either nmanual or nechanical handling operations
They are generally considered to inpose the severest |oads on cargo

The |oads inposed on cargo during handling operations have historically
been reported in terns of height-of-drop. The height-of-drop or drop
height refers to the vertical distance from the ground or inpact surface
that the container is released (either intentionally or accidentally)
and falls under the influence of gravity.

2/ Underlined nunbers in parentheses refer to literature cited at
the end of this report.



Drop height data have been collected by several nethods (observation
camera, instrumented package). The instrunented package is considered
the nost effective technique for gathering data on the many handling
operations of a typical distribution cycle. Instrumented studies are
performed with an instrument |ocated inside a package and calibrated to
record actual drop heights. In past studies using instrumented packages,
the data have not been separated or segregated with respect to individual
handl i ng operations. The data can only be separated if the instrument
has an internal time mechanism and the package location is time-related
Nornmaelly this is not the case, therefore instrumented drop height data
have not bheen correlated with particular handling operations

Avail abl e Data

Typical drop height data from two separate instrunent measurement studies
are shown in figure 1. These data represent the results of tw of the
most extensive measurenent programs conducted in the United States

Curve A applies to shipments of 43-pound cleated plywood boxes and
represents data froma Air Force study (8) of their supply channels
involving primarily Railway Express shipments. Curve A represents data
from49 trips, using 13 packages and 15 recorders. Curve B applies to a
more recent study by the U.S. Arny Natick Devel opment Center (6) involv-
ing shipnents of 25-pound fiberboard boxes. The Natick study is based

on a conpilation of data from numerous shipnents via truck, aircraft
Parcel Post, United Parcel Service, and overseas shipments aboard Navy
ships. The latter shipnents were made with the package positioned at
the bottomcenter of a unitized |oad, using 15 packages on 80 trips. It
is reported that the data base was not broad enough to describe the
effect of a particular distribution cycle (i.e., UPS, truck, ship

etc.).

The preceding data are plotted on log probability paper and indicate the
percentage of drops over indicated drop heights. The data show, for
exanple, that only one package in 100 (1 pct probability) was dropped
from a height greater than 58 inches for the 25-pound container and

30 inches for the 43-pound container. Although conpletely different
instrumentation was used to record data for each study, the data show
good correlation with regard to drop height probability and package
weight. Similar type data are available from studies conducted in
Europe (2) for package sizes ranging from40 to 500 pounds, and are
sunmarized in figure 2. These data are based on rail shipnments, although
portions of the shipnments were by road. Only three drop heights were
recorded, since previous studies had established the straight line
relationship of the data when plotted on a probability plot. The sane
trend in distribution of drop heights as reported in US. studies is
apparent as is the influence of package weight. Drop height data from
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Figure 1. --Drop height versus probability of occurrence (U S. Studies).

European studies of overseas shipnents is reported (2). Data from
European studies for specific handling operations, e.g., transferring
packages froma railroad car to a handcart, sorting packages according
to destination, and unloading and stacking packages is summarized (36)

The data for drop heights can also be plotted to show the nunber of

drops recorded at the different heights. Figures 3 and 4 are replots of
the data presented in figure 1. Again, there is good correlation between
the studies showing a |arge nunber of lowlevel drops and very few drops

at the higher |evels.
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Additional information resulting fromteh Natick study relates to the
surface of the package which first inmpacts the gournd, i.e., the angle
(1) the container bottom surface received

of impact. Teh data showed:
the majority, 70 percent of all the drops, and (2) edge and corner drops

occured from nuch greater heights than the flat drops. Distribution of
drops were: 80 percent bottom and top surfaces conbinded, 12 percent
front and back surfaces, and 8 percent side surfaces. Simar data are
presented (36) on the distribution of drops reparted from European

studies. In addition, infornmation is presented to show the effects of
| abel s, distribution node, handholds, and package size and weight.
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Figure 4. --Drop height versus number of drops (25-1b. container)

The reasons for the difference in drop heights and probability |evels

are not clear, but could be caused by a number of factors including a
difference in data reduction procedures, and/or a difference in the
sensitivity of the instrunentation, particularly for angle drops. It is
difficult to imagine a difference due to a basic difference in the

handl i ng operations. Further European studies have for the nost part
reported data in terns of drop heights for individual handling operations
or specific distribution cycles. United States studies have not followed
this procedure, since the objective in nost of these studies has been to

establish the severest or maxinum drop heights.



Al though comonly used distribution cycles have been included, the two
U S. studies concentrated on nmilitary supply channels, and specific
container sizes and wei ghts. How applicable these data are to common
carrier operation is unknown. Further, the data have been presented as
a conpilation of data from numerous handling operations. The data have
not been segregated with respect to the individual handling operations

e.g., forklift, manual handling, crane, etc., nor with respect to

manual or automated operations. Unless it can be shown that the data
are representative of handling loads for comron distribution cycles, the
useful ness of the data is questionable. Additional information is
needed to provide a much broader data base and to show the effect of the

various distribution nodes, specific handling operations, and container
characteristics, including size, weight, labels, and handholds for the

conmon carrier shipping environnent.

Anot her area | acking documentation is the concentrated | oad application
that occurs when one package is dropped on another. Various organiza-
tions have devel oped tests to produce this hazard, but there are no data
to justify the shape, weight, or height of drop of one container onto
another or of a simulated puncture projectile.

The avail abl e data concerning handling, although not adequate for package
design or test purposes, do provide useful information. The data show,

for exanple:
1. The probability of a package being dropped from a high height
is mniml.

2. Most packages receive many drops at low heights while relatively
few receive nore than one drop from the higher heights.

3. Unitized loads are subjected to fewer and | ower drops than
i ndi vi dual packages.

4. Mbst packages are dropped on their bases. In nost studies
base drops have averaged over 50 percent of the total nunber
of drops.

5. The heavier the package, the lower the drop height
6. The larger the package, the lower the drop height

7. Handhol ds reduce the drop height by |lowering the container
relative to the floor during handling.

8. Labels such as fragile and handle with care have sone effect
but can be considered minor.



Sone of the preceding results could have been deternmined intuitively.

In nmany instances, nmaxi num drops are estinated by considering the size
and weight of a package and relating it to typical types of handling.

The drop height for an itemcarried by two nmen, for exanple, is 30 inches
based on the distance fromthe floor to the downward extended arms of

the nen.

A nmaj or reason for the very sparse data has been the unavailability of a
| ow-cost, self-contained instrument capable of recording drops over an
extended tine period. The Natick Drop Recorder (52) was devel oped to
provide the required instrumentation and has been used successfully in
the field (6). It is reported, however, that this equi pment cannot be

pl aced in the hands of untrained personnel and that the state of the art
in solid state electronics has advanced to the point where this instru-
ment is now obsolete. The Air Force Packaging Evaluation Agency has
devel oped under contract a new solid state device that records drops in
terms of incremental acceleration levels (g levels) (53). A brief Ar
Torte study in which the instrunment was calibrated whin standard re-
usable Air Force packages (Star Packs) to provide verification of drop
hei ght design values is reported (7). The instrument used in this
programwi || soon becone commercially available and represents the state
of the art in instrumentation for neasuring drop, heights.

Measurenents of |oads inposed on cargo as a result of mechanized handling
are sparse. Barca (6) reports data for the 25-pound container included
forklift, cargo net, conveyor sorting, and sem -automated depot opera-
tions, as well as manual handling, but does not separate the data. Cens

(19) reports data recorded on four comercial type forklift trucks, but
presents the data in terns of shock response. The shocks resulting from
lifting and |l owering the load on the forks were recorded, but were
reported to be much | ower than other sources recorded, particularly the
shock caused by a bunp in the test course. Additional studies are
required to better define the nechanical handling hazard.

VI BRATI ON

The vibration environment has been studied in greater detail than any

ot her shipping hazard. The interest is probably due to the fact that
there is generally very little control over the operation of commercia
vehicles and the resulting vibrations transmtted to the cargo. Another
is the fact that the severity or level of vibration cannot be deternined
without a sophisticated and detailed measurement study. Vibration data
resulting fromthe various studies have been reported in various forns.
These fornms vary significantly and are related to the end-use of the
data and available data analysis equi pment. They range from Power
Spectral Density (PSD), peak accel eration versus frequency, overal

-10-



root-mean-square (rns) acceleration, rnms acceleration versus frequency,
and distribution of acceleration peaks within selected frequency bands.
The reported acceleration levels, regardless of the format in which they
are presented, are dependent on the filter bandwi dths used in the
analyses. Filters are used to separate the conplex multifrequency
signal into discrete frequency bands and are broadly classified as
proportional or constant bandwidth filters. Proportional filters are
proportional to their center frequency and accordingly provide high
resolution at |ow frequencies and poor resolution at high frequencies.
Typical proportional filters include octave (bandwidth 71 pct of center
frequency) and one-third octave (bandwi dth 24 pct of center frequency).
Constant bandwidth filters use the same bandwi dth regardl ess of center
frequency and, thus, resolution is the sane at all frequencies.

Mbdern anal yzers use constant bandw dth neasurenents and techniques such
as conpression real-tine analyzers (RTA) and fast Fourier transform
(FFT) analyzers for rapid analysis. Both of these techniques produce
the sane results. These anal yzers take snapshots of the anplitude-tine
history and produce anplitude frequency spectra at a rate dependent on
the frequency resolution required. Each spectra is then averaged to
produce an averaged spectrum  Mst recent investigations have used this
method.  Filter bandwi dths have varied, but are typically in the |-hertz
range.  The analyzer outputs also vary, but data are typically presented

in terms of Power Spectral Density (g2/ Hz). This format is considered
by many to be the only one suitable for describing random vibration. It
can be used as a test specification or it can be used for analysis.

The primary advantage of a nodern spectrum anal yzer and the reason for
its extensive use is its ability to rapidly and automatically analyze a

conpl ex signal and reduce or resolve it into basic conponents, i.e.,
frequency and anplitude. Large anounts of data can be analyzed in a
very short time. Harris et al. (23) present a detailed discussion of

data reduction procedures.

Truck Data

The nore extensive measurenent prograns with regard to road vehicles
have been conducted by Foley of Sandia (15), Schlue of JPL  (44), Silvers
of Weéstinghouse (48), and Kusza and Sharpe of MSU (47). The last three
have been concerned with tractor-trailer conbinations while Foley's
studies have included flatbed trucks and vans.

Schlue’s data are exclusively concerned with air ride suspension sem -
trailers transporting spacecraft. The trailers used were typical com
mercial vans having a tandem rear axle system and air bag suspension.
Vibration data are reported for different vans operating over snooth and

-11-



rough roads and for several locations within the van. These data are
summari zed to show the maxi mum 95- and 50-percent |evels of shock
spectra and power spectral densities. A second study (45) was conducted
to show the variation in vibration levels that can occur between two
supposedly identical vans. One van showed high energy in the high
frequency range and greater excitation along the nonvertical axis. The
difference was attributed, not to the design of the systems, but to the
condition of the systems. Rework of the poorer van's suspension brought
it into conpliance with what was considered noninal performance. Maxi mum
95- and 50-percent PSD levels computed from 37 PSD plots are presented.
The curves include rough roads, smoth highway, and several | oading
conditions ranging from light to normal | oad.

Kusza and Sharpe report vibrations recorded on schedul ed conmon not or
carrier semtrailers. Three different trucks with cargo weights of
26,500 pounds (43,507 Ib with trailer) for a 45-foot trailer, 6,000 pounds
for a 40-foot trailer, and 9,000 pounds for a 40-foot trailer, were
studied. A fourth trailer (30 ft) making local deliveries and starting
with a load of 4,900 pounds (the load decreased as deliveries were made)
was also investigated. Except for transients, the fourth trailer was
reported to exhibit the lowest vibration levels. The data for al
trailers showed the rear vertical to be the severest. The front-vertical
vibration levels were between the levels recorded at the md and rear.
Lateral measurements were smaller by a factor of two or nore. Trucks
with light |oads were reported to have a |ower |evel of vibration

i ndependent of speed. Speed increased the |levels of bibration in al
cases. Power spectral density’'s summarizing the rear vertical measure-
ments for all runs are presented, as are PSD's showing the effect of

speed, location, and direction.

Silvers (48) reports on studies at Westinghouse Electric Corporation to
deternmine the vibration environment in tractor trailers. Tests were
conducted to determine the effect of suspension system (conventiona
steel spring, rubber isolator, danped coil springs, and air bags)
degree of load, rear wheel position, road type, and driver. The worse
ride with regard to road type was reported to occur during high speed
operation on interstate highways. Wth regard to location and weight
the worst ride was reported to occur over the rear axle for a lightly

| oaded trailer. The individual drivers had little effect on the vibra-
tion levels. In all cases, a 3-minute segnent of data recorded during
operation on a high speed beltway was analyzed. In sone cases, a
0.2-hertz bandwi dth resol ution was used and the data anal yzed from

0.2 hertz to 50 hertz. In other instances, a 1-hertz bandw dth was used

and the data analyzed to 250 hertz.

Foley (15) reports on data recorded on seven different trucks ranging
fromwell-used tractor-flatbed trailers with conventional |eaf-spring

-12-



suspensions to new tractor-van trailer systems with air ride suspensions
In addition, 2-1/2-ton flatbed trucks of conventional design and a
speci al design for transporting explosives were included. Load ranges,
i.e., cargo load, varied for sonme vehicles and were fixed for others

The data have been summarized by an envel ope PSD curve which covers al
vehicles and load conditions investigated. Sources of information used
in the description are given in (16). Mich of these data have been
sumarized previously (37) in the formof envel opes of acceleration
versus frequency and their probability of occurrence. A typical sumary
plot for a 2-1/2-ton truck is shown in figure 5. The original data were
presented in two formats designated as individual and conposite. The
individual format presented the data for particular road and operating
conditions (e.g., four-lane highway, construction zone, crossing railroad
tracks), while the conposite format statistically conbined the data for
the various conditions or events to arrive at a description character-
izing an entire trip. The advantage of the statistical format shown in
figure 5 is that it-presents not only the peak values, but the distri-
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bution of accelerations below, the peaks. A disadvantage is that it
requires a large data base and a |arge anout of conputational work to

produce a single sunary.

Conparisons of the PSD curves fromthe different sources show simlari-
ties in the general shape of the curves. However, many variabl es
influence both the magnitude and the exact frequency of the excitation.
Sonme of these include suspension system |oad, speed, road condition,
condition of trailer (new, old), and location of cargo. The frequency
peaks (0 to 5 Hz) are attributed to the natural frequencies of the
suspension systems. These are influenced primarily by the suspension
system and the load. Since these vary, it is expected that the peaks
would be different for the same trailer with different loads, or for
different trailers with the sane load. The internediate peaks are due
to the unsprung mass and occur in the frequency range 10 to 20 hertz.
The unsprung mass consists of the wheels, axles, and suspension system
and typically weighs on the order of 1,000 to 2,000 pounds. Assuning
the sprung nmass to weigh 20 tines the unsprung weight, the unsprung
natural frequency is on the order of four to five times greater than the
sprung wei ght (based on the same spring rate). This frequency should be
relatively fixed for a given suspension system regardl ess of cargo
weight.  However, this frequency will vary on trailers of different

desi gn.

The third high peak generally occurs in the 50- to 100-hertz range.
This peak is apparently related to the tire natural frequency. Vibration
tests on tires alone have recently been conducted and natural frequencies
are reported to be in the 50- to 150-hertz range for automobile tires
(43). The lower natural frequency is reported to apply to a radial tire
and the higher frequency to a bras tire. Thus it would be expected that
these would be in the sane general range for truck tires. Tire resonance
is excited by the vehicle when it travels at a forward speed that causes
the tire print to inpact the road in a critical time period. For auto-
mobile tires, these are reported to occur at a forward speed of 33 miles
per hour for radial tires and 60 miles per hour for hias tires

The remaining peaks and/or high vibration levels are due to structura
elements vibrating at their natural frequencies. Schlue reports high
vibration levels at high frequencies (over 100 Hz) caused by a suspension
systemin need of repair. Thus the frequencies of high and |wo energy
will vary depending on the particular vehicle and load. Unless a spe-
cific vehicle and load conbination is used, it is difficult to take
advantage of the low energy inputs to the load. For general cargo, the
vehicle and | oad are sel dom known and energy inputs nuse be based on al
possi bl e conbi nations of vehicles and loads. The inputs to road vehicles
are principally from road roughness and are generally not characterized
by periodic inputs except for pavenent joints on concrete highways. As
such, the vehicle receives random and inpulsive inputs and tends to
respond at the natural frequencies of various elenents of the vehicle
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The previously described truck studies reporting data in terms of power
spectral density are sumarized in figure 6. As a result of the many
variables, it can be seen that it would be difficult to characterize
road vibration with a vibration spectrum having discrete peaks and

not ches. The studies, involving a nunmber of vehicles, show peaks occur-
ring at different frequencies covering a rather broad frequency range.
These peaks, however, are approximtely equal in magnitude and coul d

easily be envel oped by a straight horizontal

line (constant PSD). This

procedure results in a conservative specification, since specific
vehicles do exhibit peaks and notches in the spectrum Probability

| evel s can be assigned if it is assumed the probabilities presented by
Schlue are valid. These show a 50-percent reduction in the peak PSD

envel ope occurs at the 95-percent probability |evel

and an 80- percent

reduction fromthe peak at the 50-percent probability of occurrence

| evel .
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There are some nminor differences in the reported results fromthe
previously discussed prograns. For exanple, there is disagreenent as to
the effect of load and the location (front or rear) of maxi numvibration
levels.  The major difference in results occurs in the frequency range
above 50 hertz. Higher levels are reported by two of the sources, but
may be a result of poorly maintained or operating suspension systens.

Descriptions of vibration in terns of power spectral density are common
and offer mamny advantages from an anmysis, design, and test viewpoint.
For general cargo, they provide an indication of the energy levels in
particular frequency bands, and therefore the potential for damage.

However, for many package-related applications, i.e., design and test,
descriptions in terms of acceleration and frequency are nore usable.

Therefore the format selected. for a description of the truck vibration
data is an envel ope curve of peak acceleration versus frequency. An
envel ope curve, considered representative of nost trucks, is shown in
figure 7. The shape of the curve has been guided by the envel ope of PSD
data summarized in figure 6. The peak acceleration |evel was cal cul ated
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Figure 7. --Vibration envelope curve--truck summary.
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fromthe PSD envel ope (0.02 gzlkt). Assuming a 1-hertz bandw dth

8. ms - ¥0-02 = 0.15. For a random signal, the Peak value is from3 to

4 times the rns value, giving a value of 0.5 g. Thus, an envel ope curve
is drawn level from 2-1/2 hertz out to 100 hertz as indicated by the PSD
sumaries of figure 6. Acceleration values in this frequency range are
reported near 0.5 g and are considered typical of nost vehicles if the
occasi onal high peaks, not considered representative of continuous
vibration, are excluded

The data base covering vibrations on trucks is extensive. The data
cover a variety of truck and tractor-trailer conbinations, |oads, oper-
ating conditions, and suspension systems. Therefore, this hazard is
considered well-defined. If detailed information is required concerning
a specific load, vehicle, and operating condition, the information can
be obtained from the individual reports listed in the bibliography

Most vibration studies have described the vibration environnent in terns
of cargo floor response, i.e., input to the cargo. The effect of the

| oad on these measurements has been determined by nonitoring the floor
for different load conditions, i.e., no load, half load, and full [|oad
The cargo, however, depending upon its characteristics (rigid, conpliant)
may significantly influence these neasurements, particularly for |oose
cargo or cargo resonant conditions. (Aternately, the cargo, by reason
of its conpliance, may not respond to certain inputs.) Silvers resolves
part of the problem for the light load condition by removing the cargo.
He reports the lightly |oaded vehicle exhibits the severest environment
and describes the environnent in terms of neasurements on an enpty
vehicle. This technique is said to elimnate the influence of bouncing
| oose cargo on the recorded measurenents.

O her studies have attenpted to describe the truck vibration environment
in terms of cargo response. Johnson (27) reports on neasurements made

on different sized packages carried on a 3-ton truck. Transients due to
package bounce were separated from the background vibration and analyzed
separately. A PSD envel ope curve for the vibration data was devel oped
and al though the curve is based on neasurenments for severe road condi-
tions, it has the same general shape as the envel ope curve for cargo
floor measurenments shown in figure 6.

Correlation of cargo floor neasurements with forces transmtted to the
cargo has been attenpted by Foley (13) via apparent wei ght measurenents.
The data show that although the truck floor is vibrated at a constant
level, the force transmtted to the cargo drops off rapidly beyond

30 hertz. Force neasurenments were recorded at the cargo floor/cargo
interface while floor accelerations were nonitored in close proxinmty to
the cargo. Additional work is required to correlate cargo floor neasure-
ments with cargo force inputs
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Programs have been conducted for the sole purpose of characterizing the
vibration environment for typical in-service boxcars. Prograns have also
been conducted to neasure the vibration environment of trailers on flat
cars (TOFC) and containers on flat cars (COFC). However, the sane

probl enms as those encountered in summarizing truck data arise in railcar
data. These relate to the lack of consistency in data reporting and
presentation. Data presentation still varies from peak acceleration and
associ ated frequency, overall rms value of the conposite signal, cunula-
tive probability of accelerations for the conposite signal, to power

spectral density (PSD) plots.

Rail car vibration inputs differ fromtruck trailer inputs in that there
are nmore periodic forcing frequencies associated with the rail system
Standard rails are 39 feet long and are staggered mdlength from the
left tothe right rail. As aresult, there is a periodic input associ-
ated with the rail joints and the half-rail joints. In addition, there
are periodic inputs to the car by the rail joints as a result of the
car’s geonetry. These are associated with the overall axle wheel base

di stance, the interior wheel base distance, the truck center plate

di stance, and the truck axle/wheelbase. In addition, there is the
periodic input of a wheel resulting frominbalance or a flat spot. As a
result of the periodic driving or exciting frequencies, the railcar body
responds at those frequencies. Wen any of the forcing frequencies
coincide with a railcar system natural frequency, |arge responses occur
such as the lowspeed rolling or rocking and wheel lift-off phenomenon
In nost cases, the driving frequencies are below 20 hertz for train
speeds up to 75 mles per hour. Wlded track elimnates the periodic
inputs associated with rail joints. This reduction has been denpnstrated
in arecent study, but the effect is not as dramatic as expected, since
there is still the unevenness or roughness of the rail system Railcar
responses to rail irregularities on welded track are at systemnatura
frequencies of car truck and track. Oher vertical inputs to railcars
are transients that occur in traversing intersecting tracks or road
crossings. These inpulsive |oadings cause the railcar to vibrate at its
natural frequencies.

As indicated, a number of prograns have been conducted to determne the
vibration environment on typical railcars. Various formats have been
used to present the data, but in many cases, the data are reported in
terms of PSD. In spite of this common format, correlation of data from
different sources is still difficult because of the difference in the
frequency ranges that are reported. Studies concerned with railcar
truck performance have little interest in frequencies greater than

20 hertz. Another factor that nakes conparisons difficult is the scale
used to present the data. An order of magnitude reduction in vibration
intensity nerely shifts the data one scale cycle on a log plot. The
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same data plotted on a linear scale show practically a zero value for an
order of magnitude reduction

Sharpe (46) reports on an investigation to deternine the inservice
vibration environment of a Hy-Cube, 70-foot, 100-ton boxcar. The test
car was |loaded with 30 tons of scrap iron to sinulate a typical |oad
The only parameter varied in the test was the springing and damping of
the suspension system Data are reported for train speeds of 20, 30
and 45 miles per hour and for operation over both welded and jointed
track. The data have been analyzed by a real-tine wave anal yzer having
a resolution of 1/400 of the frequency range. The maxi mum PSD val ue

reported was 8.2 x 1074 gZ/FE for a 0 to 500 hertz analysis and

3.8 x 1074 gzlkt for a 0 to 200 hertz analysis and occurred at

60 hertz. Oher predoninant peaks occurred at 20, 40, 80, 120, and

400 hertz. These mmjor peaks remmined at the sane frequencies even

t hough the suspension was altered and the speed varied. This would seem
to indicate that these responses are nmore a function of car body natura
frequencies which are excited by inpul sive |oadings at the wheel -rai
interface. Qher observations were that: (1) increased speed resulted
in increased levels of vibration, (2) vibrations on welded track were

| ower than those on jointed track, (3) the intermediate and hard spring
systemreduced the niddle frequency peaks (50 to 150 Hz) and increased
the high frequency peak (400 Hz), and (4) the softer spring system
shifted the 400-hertz peak to 315 hertz and reduced the |ow frequency
(less than 20 Hz) peaks. (perations on welded track essentially
elimnated all the peaks. The PSD data for welded track have the appear-
ance of wi de band randomvibration. It was reported that data records
were not |ong enough to provide accurate PSD anal ysis of the | ow
frequency input. However, a spectral analysis of a 20-second segnent of
data was perforned. The analysis showed few predom nant frequency
conponents and acceleration levels less than 0.05 g. The predom nant
peak (3.4 Hz) occurred at the half-rail joint frequency on jointed track
This peak did not show up in any of the data recorded on wel ded track

Quins reports on data fromtw separate studies. The firsty is a

reeval uation of Luebke's data (31), and the second is a prelininary
report of an AAR 5,000-mile boxcar test (22). Luebke's data apply to an
artificially disturbed track (horizontal and vertical) and are therefore
not considered applicable to normal track conditions. However, sone of
the observations and conclusions do apply. Conclusions fromthe re-
evaluation with regard to car body vibrations are: (1) the predom nant
frequencies are those of half-rail joint input, (2) accelerations at

hi gher speeds reach a maxi num of 50 niles per hour and thereafter nain-

3/ Guins, S. G: Effect of Vertical Track Irregularities on Car
Body Vertical Accelerations, Personal Conmunication.
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tain that level, and (3) softer car suspension springs reduce accelera-
tion levels, but not dramatically. A high frequency peak reported by
Luebke was not evident in the analysis of the base car data. The base
car, as the nane inplies, is a base of reference. Since data fromthe
base car did not show the characteristic high frequency peak reported
for the test car, it was concluded that this response was probably due
to the nethod of mounting the transducer on the test car

The other programreported by Quins (22) is an AAR test program The
study covered 5,000 mles of typical revenue service for a 60-foot
70-ton boxcar equipped with a sliding-sill cushioned underframe. The
car was |oaded to approximately 3/4 capacity (98,640 Ib) with concrete
bl ocks.  Concrete blocks were used because they could be securely braced
and woul d provide a nonenergy absorbing lading that remains the same
throughout the test. The data recorded in this test programare stil
bei ng anal yzed.  However, prelimnary analysis shows very little response
above 15 hertz. Mst of the significant peaks were below 10 hertz.
Further analysis of these data is being conducted and should provide
further definition of the rail vibration environment

Foley (16) summarizes Sandia data fromthree rail trips as well as other
publish; data. Data for the three trips were reported previously (18)
and are shown in graph formin figure 8. The data cover measurenents
recorded on a rail flat car and summarize 22 different events. The test
car was part of three different train lengths, varying in size from 65
to 120 cars. Foley summarizes the data in the form of rns acceleration
| evel versus frequency covering a frequency range of 10 to 350, hertz.
Frequenci es bel ow 10 hertz are described as being dom nated by recurrent
transient inpulses and are described in terns of shock spectra. A
report by Foley (14) summarized the rail data on the basis of a
99-percent probability level and included data down to 1 hertz.

A study reported by Byrne (9) was prinarily concerned with eval uating
freight-car trucks, while car body vibrations were of secondary
inportance. Tests were conducted with a 70-ton refrigerated boxcar in
both the enpty and fully | oaded conditions. Truck and car body responses
were nonitored during operation on welded and jointed track and for both
tangent and curved track. \Weels having cylindrical wheel treads as
opposed to standard tapered wheel treads were used in an effort to
elimnate the vertical responses resulting from truck lateral instabil-
ities. Standard tapered wheel treads serve to keep the trucks centered
between the rails, while the wheel flanges serve to linit the latera
excursion of the trucks. However, at certain speeds, there are |atera
instabilities related to truck “hunting”. Initial testing with the test
car showed the threshold of hunting occurred between 40 and 50 miles per
hour on hal f-staggered jointed-rail track, and above 50 niles per hour
for operation on continuous wel ded track. The major peaks on the PSD
slots of vertical vibration are shown to be related to the rail joint
frequency, while others are related to the truck center geonetry. Al
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| ess of car speed and appear to be related to car-body and truck
structure-system response. PSD anal yses were perfornmed up to 20 hertz.

A recent investigation of container flat car ride quality is reported by
the Trailer Train Conpany and Freightmaster (21). Tests were perfoned
with an 89-foot flat car with 20- and 40-foot containers. Ride quality
is reported in terms of a fixed probability of occurrence of acceleration
level. The raw data were first filtered with a lowpass filter having a
15-hertz cutoff frequency. Cumulative probability curves. of acceleration
were then plotted and the 95 percentile chosen to summarize the data.

The data were reported to show the follow ng characteristics. There is

a sharp rise in the general |evel of accelerations throughout the system
at about 50 miles per hour and this appears to be associated with truck
hunting. The amount of lading has a pronounced effect on ride quality,
but the rigidity of the lading had no clear pattern. Container length
had no major effect. The vertical vibrations were nore severe on the
end overhang and | ess severe near the center of the car. \Weel wear
(i.e., worn wheels) significantly increased the level of vibration.
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A summary of railcar vibration data reported in. terms of PSD is shown in
Byrne's (9)

figure 9. The data are fromthree independent studies. 9
data cover the low frequency range, while Foley's (16) and Shapre's ~ (46)
data cover the intermediate and high frequency ranges. Foley’'s data
were reported as an envel ope curve and, therefore appear as straight
lines in the summary plot. The other data are plotted in terns of the
hi ghest reported levels. The datacover a w de frequency range, but
there is not much overlap between the data sources to give confidence to
the results. However, the data do show a relatively constant PSD |eve
over the reported frequency range and this correlates with Foley's
acceleration data presented in figure 8. The data in figure 9 show an
order of magnitude reduction in PSD level for railcars when conpared to

the truck summary of figure 6.
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Figure 9. --Railcar frequency spectra--summary of
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The railcar vibration environment has not been studied as extensively as
trucks. This situation may be due to the reduced severity of vibration

relative to trucks as noted previously, or the inability to conveniently
conduct a railcar neasurenment program

Based on the results of the studies conducted to obtain data, the pre-
dom nant frequencies in railcars can be established. However, there is
a considerable variation in the nagnitude of the acceleration |evels
reported. Foley reports that data below 10 hertz show no relation to
vibration-like distributions, and that this is the frequency range in
which the highest anplitudes are found. Further work in this area is
required to better characterize the environnent in this frequency range
as well as defining the vibration levels nore accurately at all frequen-
cies. The AAR test program which remains to be conpleted, may provide
the information needed to fill in these gaps. Nevertheless, an interim
description can be devel oped based on available data. Assunming the data
of figure 9 are valid, an envelope curve corresponding to a constant PSD

level of 1073 gZIFE can be drawn. Followi ng the guidelines

used in developing the truck envelope curve, the railcar envelope curve
shown in figure 10 is developed. Al though this curve is based on rather
sparse data, it conpares favorably with a previous statistical summary

shown in figure 8.
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Figure 10. --Vibration acceleration envelope--railcar
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The vibration environment on cargo aircraft can be broadly classified as
due to internal or external sources. The excitation frequencies are
highly dependent on the type of aircraft (turbojet, turboprop, recipro-
cating engine, or helicopter) while the anplitudes depend nore on the
flight node (takeoff, clinb, cruise, and landing). For a particular
aircraft, many of the acceleration peaks can usually be associated wth
internal sources. They are due to periodic excitations from the rotating
engi ne, propeller blades, turbine and/or other rotating shafts. In
addition, there are the other external random excitations such as air
turbul ence, air gusts, and runway roughness (during I|andings).

Avai | abl e data describing the aircraft environment have been

summarized (37). Data are presented for turbojet, turboprop, reciprocat-
ing engine and helicopter aircraft. A recent review is reported by
Foley (16) and includes data recorded on a nunmber of C-5A and C 141
cargo aircraft. The other data are reported in detail (32). The data
are sumarized with respect to type of aircraft (turboprop, turbojet,
and helicopter) and for two events (takeoff and clinb node, and cruise
mode).  Takeoff and clinb nodes are descriptive of short-term high
amplitude levels, while cruise nodes are typical of long-term |owlevel
anplitudes. The data are reported in terns of rnms acceleration levels
versus frequency and are described as continuous broadband vibration.
Single frequency excitation conponents are identified separately on the
curves. Sinmlar data are presented for turboprop aircraft. Summary
curves for helicopters are also reported.

Descriptions of the aircraft vibration environment are conplete for nost
of the conmonly used turbojet cargo type aircraft, i.e., 707, C-5A and
C141. Although aircraft with reciprocating engines and helicopters are
used occasionally, they are not considered to be in comon use and
therefore have not been discussed or reviewed for this study. The
turboprop aircraft environnent is different fromthe turbojet aircraft
inthat it has a characteristic single-frequency, high-anplitude excita-
tion. In other nodes of transportation, discrete excitations also were
present, but they varied in frequency due to variations in vehicle speed
and roadbed conditions. For a given turboprop aircraft, the engine
normal |y operates at a relatively narrow speed range with the propellers
producing a sinusoidal-type input. For the C-130 aircraft, this excita-
tion frequency occurs at 68 hertz and at 48 hertz for the C133. These
frequencies therefore will be fixed relative to the other excitations
which will vary in frequency and magnitude

The data presented by Foley (16) are in general agreenment with data

presented (37), if a conservative assunption is made regarding the
relationship between rms val ues and peak values (i.e., peak value is
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equal to 3 x rnms). An envelope curve of turbojet data is shown in
figure 11 (35). The data apply to nilitary version of the Boeing 707
and include data fromvarious locations on the aircraft during ground
runup, taxi, takeoff, and cruise conditons. Statistical data for
anot her version of the 707 turbojet are shown in figure 12. Good corre-
lation is evident between these independent studies throughout the
frequency range investigated.

A summary curve, enveloping data considered typical of common carrier
cargo aircraft, is shown in figure 13. The curve includes data from
turbojet aircraft only since other type aircraft are being phased out.

It is apparent that the dammge potential to cargo for aircraft is |ower
than truck or railcar.
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Figuue 11. --Aircraft acceleration envel ope--turbojet conposite.
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The vibration environnent on conmmercial cargo ships is not well defined.
Most of the ship neasurenment programs that have been conducted have been
concerned with Navy vessels. This lack of data may be caused by severa
factors including a belief that the ship environnent does not represent
a severe vibration hazard when conpared to other transport nodes or the
extensive program required to conpile ship vibration data. The data
presented (35, 37) are still the nost current, based on available data

The avail abl e data on ships indicate two distinct levels of vibration
whi ch are dependent on sea condition: |owlevel continuous type vibra-
tions are characteristic of ships operating in calm water and are a
result of engine and propeller excitations. Hgher levels of vibration
are characteristic of rough seas and are a result of: the ship riding
up and down on the waves or swells; the waves inpacting or pounding
against the ship; and the ship slamming against the water (caused by the
ship’s bow rising out of the water and then falling back into the water

with a slam.

The wave-induced nmotions resulting fromthe ship riding up and down on
waves have been reported for a 520-foot dry cargo ship. The data are
summarized in figure 14, showing the probability of occurrence versus
acceleration level. These wave-induced vibrations are reported to range
in frequency from0.03 to 0.20 hertz. Since they are at such low fre-
quenci es, they can be considered nore seismic in nature. Thus their

ef fect on cargo would not be typical of vibration, but nore of a quasi-
static conpressive loading. The other extrene values were reported as
being due to whipping, which produced ship response at 1.5 hertz, and

sl amming, which produced ship response in the range of 5 to 20 hertz.

Anot her major area of concern for cargo transported by ship, particularly
for containers on the decks of ships, is the quasi-static type |oad
resulting fromvery slow, but large anplitude rolling and pitching
motions. A discussion of the |oads inposed on containers and their
restraints as a result of these notions is presented in (24). An extrene
case produced a maximum lateral or across-the-deck |oad 0.08 g
(calculated for a 40° roll angle). Because of the slow oscillations
these notions are al so considered nore in terns of static conpressive

| oads than vibration type |oads

Foley (16) summarizes ship data in ternms of rns acceleration |eve
versus fequency for continuous type vibration. The sunmary shows very
| ow I evel s of vibration, less than 0.03 g from 10 to 200 hertz and
less than 0.01 g from 200 to alnmost 2,000 hertz. The summary is
reported to include data from a nunber of sources. It is apparent that
many of the high-anplitude transients have not been included in this

description.
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Based on a review of the preceding sources, a representative summary
curve has been devel oped. The envelope curve in figure 15 does not
include the very low frequency (less than 1 Hz) nor the high frequency
sl ammi ng excitations. These exclusions are considered justified in view
of the fact that cargo would not be sensitive to very slow oscillations,
froma vibration viewpoint, and slamming can usaually be avoided.

Figure 15. --Vibration spectrum envel ope--ship.
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Assessment of Vibration Data

Many studi es have been conducted to determine the vibration environment
on common carrier vehicles. However, the data have not been anal yzed

nor reported in a consistent format. Nevertheless, much of the data can
be compared and, when it is, there is reasonable correlation. Sone
differences are reported in the data, but they are not considered signi-
ficant. The trend in recent studies has been to analyze and report
vibration data in terms of PSD. Power Spectral Density data reduction
procedures and systens are readily available, automated, and capable of
reducing large quantities of data in a short time. For package-related
probl ems, however, peak acceleration versus frequency is considered nore
useful based on existing test equipnment and package design procedures.
Avail able PSD data, therefore, were processed for presentation in this
format.  This processing involved neking an assunption regarding the
distribution of peaks, but the results showed good correlation wth
previously reported data.

The vibration environment is very conplex, being conposed of many fre-

quencies whose anplitude varies with time. Therefore, a description in
terms of a peak acceleration versus frequency nust be viewed and used

with caution. A direct relationship has not been established between

the effects on cargo of a constant anplitude sinusoidal vibration and

random vi bration. The vibration descriptions devel oped do not include
the extreme values reported in previous studies. These peaks have been
shown to occur infrequently and at levels significantly above what is

considered representative of continuous vibration.

The data presented are representative of the maxinum vibration |evels.
Previous studies have shown the effect of direction, |oad, |ocation,
speed, and other factors. For general cargo which can be located at any
position and in any orientation, the maxinum |evels are considered

adequate for vibration descriptions.

Presentation of data in a conmon format pernits a conparison of the
various nmodes. It shows, for exanple, that trucks inpose the severest
vibration | oads on cargo with the railcar next, followed by ship and
aircraft. The jet aircraft shows high vibration levels at high frequen-
cies, but these are not considered damaging to general cargo.

Many transportation vehicles and systens remain to be defined. These
include the container on flat cars (COFC), trailer on flat car (TOFC),
commerci al cargo ships and specific turbojet aircraft. However, the
environment appears to have been described for the severest condition,
i.e., truck transport which is present in alnmst every distribution

cycle.
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SHOCK

The shock environnent presents a particularly difficult paraneter to
characterize because in nost cases it nust first be separated from
vibration type data and then anal yzed separately. Wat may constitute a
shock or transient to one investigator may not be so defined by another.
As an exanple, a transient pulse due to a road pothole may be considered
a shock pulse in one case and a vibration type input in another. This
may be nore a result of being able to isolate or separate the data. In
other cases, e.g., crossing a railroad track, or railcar inpact, the
transient is clearly evident and so identified. As was true with vibra-
tion studies, shock data have been reported in a variety of forns. In
addition, the data have been recorded either on the cargo itself or on
the cargo floor. \hen the data have been recorded on the cargo, the
data have generally been reported in terns of peak acceleration. \Wen
the data have been recorded on the cargo floor, the data have been
reported in terms of peak acceleration, shock spectrum or spectra

anal ysis. Depending on the end use of the data, each formof data
presentation has its advantages and disadvantages

Peak cargo acceleration has nany advantages in that it can be related to
product fragility or “g” rating. It is a factor often applied by packag-
ing engineers in design to ensure safe transportation of cargo. This
approach requires that a maxi num dynanic acceleration level or “g" |eve
cannot be exceeded by the cargo. In nmany studies, however, only the
peak input acceleration for a given shock event or elenment in the distri-
bution cycle is reported. This format is not particularly useful for
design purposes unless the product is sinple and unprotected. Mre

sophi sticated studies have translated the shock input to shock spectra

or peak acceleration response versus system natural frequency. Wth
this format, the packaging engineer can deternmine the maxinmum value of
response at dominant frequencies due to the input notion at the points
where cargo is located. A variation of the shock spectra is a wave

anal ysi s which presents the peak acceleration input as a function of
frequency. Based on data presented in this format, one investigator
concl udes that nost of the over-the-road transients could be simulated
with a randomvibration generator. A nore detailed discussion of shock-

data reduction procedures is given in (23).

In most studies, the shock input to cargo as a result of various tran-
sient events encountered during transport are separated fromthe continu-
ous type inputs for nore detailed study. In general, these transients
are identified fromthe reans of data by means of a voice charnel or
marker, and/or a visual review of the data records. The transient

inputs result from discrete inputs to the transporter. For railcars,
vertical transients occur when the cars cross intersecting track
switches, roadways, or bridges. Longitudinal inputs occur during
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switching or coupling operations and during run-ins and runouts.

Vertical transients to trucks occur when they traverse potholes, tracks
bri dges, bunps, or dips. Longitudinal shock input occurs when the truck
backs into a |oading dock. Transient inputs to aircraft occur during a
| andi ng inpact and in rough air turbul ence or gusts.

Trucks

Schlue (44) has analyzed the transient data recorded during trans-
continental shipnent of spacecraft via air ride suspension vans. The
data are presented in terns of shock spectra calculated with an assunmed
anpl i fication factor of 10. The spectrum represents the response of a
series of single degree of freedomoscillators, each having a fraction
of critical damping of 0.05 (c/c,= 0.05). This factor corresponds to

typical structural danping for bolted and riveted connections. Typical
shock spectra plots are summarized to show the nmaxi num 95- and
50-percentile levels of data sanples from 21 events recorded at the rear

| ocations (on the truck floor).

Simlarly, Foley has reported truck shock environment in terns of shock
spectra for a number of vehicles and for a number of events. The events
i ncluded trucks traversing bunps, dips, potholes, railroad tracks, and
backing into | oading docks. The data have previously been reviewed and
reported (37) and are available in greater detail in other referenced
sources. Foley (16) has recently summarized these events in ternms of

envel opes of shock spectra. Conposite curves are presented which envel op
the shock response for the three directions (vertical, transverse, and

| ongi tudi nal).

Kusza and Sharpe (47) have analyzed transient data recorded on typica
commercial trucks in terms of peak acceleration versus frequency. The
study covers several truck trailers loaded to different capacities
(weights). Caonparisions were made between a curve conputed for a tran-
sient event (truck entering a bridge at 60 nph) and a curve for condi-
tions just prior to the event. It is reported that the general shape of
the curves were the sane, but much higher acceleration |evels were
present during the transient. COher transient data are reported in
terms of peak acceleration of the conposite signal. Peak values of

2.7 and 5.0 g are reported for a truck striking a promnent joint in

the highway and a road intersection, respectively. One conclusion from
this study was that transients produce increased | owfrequency vibration
and not sharp pulses. It is further concluded that if a random noise
generator is used to generate a test signal, these higher levels will be

produced automatically.
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A nuch different form of presentation is the shock data reported in a
European study (27). In this study, acceleration nmeasurements were nmde
directly on a nunber of packages. These packages were carried on a
commercial 3-ton truck which was driven over a variety of terrains

Seven package types varying in weight from50 to 2,200 pounds were used
Accel erometers were attached to the outside of these packages and
recorded response in all three axes. Transients due to package bouncing
were separated from the continuous vibration data and the two types of
data analyzed separately. It was reported that terrain, truck speed
gross load, and package position had the greatest effect on acceleration
levels. Unfortunately, nmuch of the reported data apply to operations on
very rough roads, including cross-country terrain and a potholed test
course. It is reported that for a lightly loaded truck, once the package
started bouncing, there was a small difference in the peak accelerations
and distribution for five different truck speeds. This effect was
studied for speeds between 8 and 15 miles per hour and showed pul ses
varying from5 to 35 g. The nmpjority of the peaks were between

5 and 15 g.

Peak acceleration distributions, i.e., peak acceleration versus nunber
of occurrences, changed when there was a large change in speed. This
effect was studied by segregating the data in speed ranges fromO0 to

15 niles per hour and 15 to 27 niles per hour. The higher speed regine
produced hi gher peaks and a greater nunber. The effect of position of
the cargo on the vehicle for the lightly loaded condition was also
studied and showed the aft or rearward position experienced nmuch higher
acceleration levels. The effect of cargo load on peak acceleration

| evel s showed the heavily |oaded vehicle experienced nuch |ower |evels
of acceleration. For the package weights investigated, there appeared
to be only a small effect of the package weight on the acceleration
levels. Heavier packages showed | ower acceleration levels. Al the
pul se shapes were reported to be nearly hal f-sinusoidal with a pulse
duration of 3 to 5 milliseconds for better than 90 percent of all values

recor ded.

A uni que approach to neasuring the truck transportation shock environment
has been reported in a British study (30). In that study, glass bottles,
electric bulbs, and glass anpules were used in lieu of instrunents
because of their low cost and low fragility rating. The number of itens
broken in a given shipnent was used to give an indication of the
intensity of the environment. The advantage of this approach is reported
to be the obvious low instrunentation costs and the ease of assessing
damage. A visual picture of the damaged glassware is also imediately
obt ai ned, while the numbers and | ocation can be easily recorded and
interpreted as opposed to electronic recordings, including gravity,
frequency of occurrence, plus shape and duration. In order to quantify
the recorded breakage, experinents were conducted to correlate breakage
with drop height and velocity change. The results showed that for the
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| ocation of maxi mum damage (the rear overhang), glass breakage
corresponded to equivalent drop heights of 6 inches or |ess

Rai |

The shock environnment on a flatbed railcar has been sumarized by Fol ey
(15) in terms of shock spectra. Shock data were recorded during trans-
portation of a nuclear waste cask over a route that covered approxi mately
500 mles and involved several trains varying in length from 65 to
120 cars. The data are summarized to show shock spectra for a norma
coupling operation (2- to 5-nph coupling) and during the crossing of an
intersecting track (laid 90° to those on which the car was running) at
45 mles per hour. Another summary (16) presents shock spectra envel opes
for a nunmber of representative transient events. The curves are shown
for the three vehicle axes, i.e., vertical, lateral, and |ongitudinal
Additional shock spectra for particular events such as slack runouts
run-ins, and track crossings are also available (37)

Sharpe (46) reports transient input to cargo in terns of peak accelera-
tion of the conposite signal. The peaks were read from data which was
first filtered to 200 hertz. Peak accelerations varied from 1.4 to

0.95 g and were reported due to rail crossings. Two distinct

types of response are reported. In one, the data showed a uniform
increase and subsequent decline with time. The other showed a |arge
initial acceleration followed by a slow return to pre-transient conditions

Aircraft

Cook (10 , 11) reports on data recorded on the cargo deck of the C5A and

C 141 aircraft during normal transport operations. The data are
presented in the formof acceleration response. Only data in the |ow
frequency range (0 to 30 Hz) were analyzed. Several |oading conditions
were investigated involving a nunber of takeoffs and |andings and
extended flights. It is reported that the two worst conditions occurred
while flying in turbulent air and during a |anding inpact. The aft

| ocation experienced the severest vertical |oading

Maxi mum envel opes of the vertical acceleration response spectrum cal cu-
lated from the acceleration time histories for both landing and inpact
and turbulence for each of six transducers positioned at the forward
center and rear locations of the cargo deck are reported for the C 141

and C-5A aircraft.
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Shi ps

The only significant shock | oading to cargo onboard ship occurs when the
bow of the ship | eaves the water and returns with a slam Data recorded
on several ships during a slamevent are reported in (37). For nost
cargo ships, the bow area receives the highest input. Case histories of
reported cargo container damage are documented (24), and although one
case indicated a slam event, the analysis showed slanming was unlikely.

Forklift Truck

The shock environment on four industrial-type lift trucks is reported by
Gens  (19). The study included Iift trucks with capacities of 2,000

3,000, 4,000, and 7,000 pounds; trucks with pneumatic and solid tires
and trucks powered by gasoline engines and electric motors

The data are sumuarized in terns of envel opes of shock spectra. It is
reported that there is an absence of any significant continuous broad-
band excitation regardless of the type of notive power. Some of the
pul ses had peaks as high as 0.7 g in frequency bands bel ow 15 hertz
while peaks rarely exceeded 0.1 g at higher frequencies. O the
variabl es investigated, the one that had the greatest influence with
respect to producing a snooth ride was the ratio of capacity of vehicle
to the weight of the load. The truck nost heavily |oaded had the
smoothest ride. The type of tire had little, if any, effect

Assessnent of Shock Data

A review of available shock data with reference to general cargo or
package-rel ated problens indicates these transients to be of relatively
| ow | evel except for railcar coupling. Further, it is apparent that the
shock inputs or transients have been included in some of the vibration
descriptions. Current shock descriptions in terms of shock spectra are
of nmost value if applied to cargo firmy attached to the cargo fl oor
This is generally not the case for general cargo which is free to nove.
Finally, the transients, even for the severest road condition, inpose

| oads which are equivalent to drop heights of less than 6 inches as
evidenced by the glass breakage studies (30). Packages instrunented to
record drop height are reported to be insensitive to transport shocks
even when calibrated to record 3-inch equival ent drops

Al though the shock environnent on vehicles is | ow when conpared to ot her
hazards, there still exists the phenonmenon of package bounce or
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repctitive shock which can be very damaging. There is a definite need

to characterize the shock environment in ternms which are applicable to
general cargo. The descriptions of cargo response as reported (27) may
have application in this area. These descriptions, which are given in
terms of cargo accelerations versus nunber of occurrences, would be

useful if they could be simulated in the laboratory. These shock effects
however, nay be adequately covered by current vibration descriptions of
enpty vehicles. Currently, there is no correlation between the vibrations
recorded on an enpty vehicle and the corresponding shocks recorded on a

bounci ng package. Further study is required in this area
RAI LCAR COUPLI NG

Rai |l car coupling shocks are considered separate from other transport
shocks because they can inpose severe |oads on cargo. These coupling
shocks are a result of inpacts between cars during train mkeup in
switching yards. The loads are predoninantly longitudinal, i.e., along
the longitudinal axis of the car, although significant |oadings can
occur in the other directions. The magnitude of the shock loading is
influenced by such factors as: (1) inpact speed, (2) weight of cars
(3) coupler design, (4) load configuration (integral and rigid, non-
integral such as cartons, conpartnentalized, slack, etc.), (5) nunber of
cars active in inpact, (6) location of test car, (7) track orientation
(8) car center of gravity location, and (9) length of car. Many of
these factors have been investigated under controlled test conditions

| npact Speed

| ndependent studies have been conducted to nonitor the various inpact
speeds that occur during nmakeup of trains in marshalling yards. In a
typical operation, the cars roll down a track under the influence of
gravity and inpact with a standing string of cars. The inpact speed is
a function of operating personnel skill and performance. A nininm

i mpact speed of approximately 2 mles per hour is generally required for
actuation of the automatic couplers, while 4 mles per hour is considered
undesi rabl e because of potential damage to cargo. Since human judgnment
is required, however, a wide range of inpact speeds can bccur. Typica

i npact speeds from several surveys are reported by Ostremet al. (35)

The nost recent survey reported (51) is based on 4,647 observations
(fig. 16). The data show 99 percent of the observed inpacts were bel ow
10 mles per hour, while 50 percent were above 5.3 niles per hour.

The inpact speeds at nodern classification yards are controlled by
conputers and automatic braking devices. Thus, the coupling speeds at
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Figure 16. --Distribution of inpact speeds based on 4647 observations (51).

these facilities should be controlled within closer tolerances. |n nost
of these facilities, a controlled inpact speed of about 4 niles per hour
is sought. However, many factors still influence the actual inpact

speed and wide variations are possible. Sone of these factors include
grease on the wheel surfaces gripped by the retarders, differences in
rolling friction between cars, wnd, snow, and other weather conditions
varying track conditions, and malfunctioning controls. Data could not

be located describing the distribution of inpacts at a nodern classifica-

tion yard. It can be assumed, however, that the inpact speeds for
modern automated yards will be | ower than those encountered in non-
automated yards. Since there are still nmany small classification yards

where switching is perforned, on level or flat ground, the data of
figure 16 can be considered representative of these operation.

Controlled Inpact Tests

Ful'l -scal e inpact tests have been conducted to evaluate many different
factors. In nost of these tests, the loaded test car, acting as the
hammer, is inpacted into a string of standing cars. In other tests, the
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test car is at the head of a string of cars and a fully-loaded noving
car inpacts the test car. This latter case is analogous to the test car
acting as the anvil. The nost recent procedure is to let the test car
run into a group of three coupled and fully loaded cars. Although the

| oads are simlar in both cases, this method results in the highest
loads. The variables in the controlled tests include draft gear or
cushioning device, car type, and lading type and configuration.

Rigid lading, such as steel billets attached to the cargo floor, is
generally used in inpact tests to determine the structural integrity of
the cars since it inposes the highest loads on the structure. Resilient-
type carton lading is used when it is desired to deternmine the |oading

on the cargo.

The inpact load is applied through a draft gear attached to the coupler
of each car. The draft gear is a device installed between the coupler
and the car body to absorb the energy of inpact and to control the |oad
inposed on the car body and freight. Draft gear designs vary fromthe
so-cal l ed standard draft gear, which is a spring-friction danmping device
| ocated in the back of the coupler that allows the coupler to conpress
or extend 2-5/8 inches on inmpact, to the 30-inch cushion underfrane
which allows 30 inches of hydraulic cushioning travel during inpact. In
between these extrenes, there are many other variations

In a previous study of the railcar coupling environment (35, 37), the

data were summarized in the formof shock spectra. This was considered
the best data format for describing the conplex notions recorded on the
cargo floor, and is useful for describing the |oads inposed on equi pnent

rigidly nounted to the car floor. For general cargo which is not
attached to the floor, the lading force or end-wall force is nore
meaningful . End-wall force is a measure of the cargo’ s conpressive
force on the end wall of the car as the car is brought to a stop. Since
most cargo has some slack init, it is free to slide or nmove once it
overcones floor friction

(ne of the earlier reports of the effects of inpact on lading for various
cushioning devices is reported by Baillie (4). Since cartoned, canped
goods represented a w de range of lading types and incurred a high
damage ratio, the testing program concentrated on this lading. The test
car load generally consisted of 1,700 cartons, each containing 24 cans
for a total weight of 53,300 pounds. The enpty car weighed 45,600 pounds
for a total rail weight of 98,900 pounds. In addition, enpty boxcars

and boxcars with only a single colum of taned goods were tested.
End-wal | loads and individual carton |oads were nonitored.

Since boxcars are nornally |oaded to near their capacity, and this

condition results in the severest loading, only that portion of the data
dealing with full loads is reported. Cargo conditions varied between a
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dense |oading configuration and one with slack space at the inpact end
of the car. A schematic of the progression of the inpact forces through
the fiberbox container |oad showed the peak |ading force occurred at the
forward one-fourth of the car and dropped off beyond that point

The conclusion fromthis early study with tamed goods was that the
force on the containers at the inpact end and throughout the car are the
indirect cause of l|ading damage. The end-wall forces caused little
direct damage in one single inpact. The |ading danage normally occurred
as a result of repeated inpacts in which the first inpact caused slack
to develop at one end and succeeding inpacts caused the cartons to
becone so disarranged in this slack space that they finally toppled
over. Dammge resulted fromthe fall or subsequent crushing by other

cartons.

Van Der Sluys et al. (50) investigated the performance of various |ong
travel wunderframes. The test car in this case was a 70-ton boxcar
having a |ight weight of 77,500 pounds. Canned goods were used as these
again represented one of the highest damage categories of high volune
conmodi ties. Tomato juice in cans and cartoned 24 to a fiberboard
container were used. Two |oads were used: one 5 layers high weighing
77,000 pounds and another 2 layers high, weighing 31,000 pounds

(9 cartons wide in a standard brick pattern). A 1- to 2-inch clearance
was provided at the inmpact end to simulate normal conditions prevailing
inacar in service. Data for a test car with a 30-inch cushioned
underframe showed the bottom tier or carton layer inposed the highest end-
wal | force with a duration of over 400 mlliseconds. The cushioning
devi ce showed a loading duration of approximately 300 nilliseconds

Van Der Sluys et al. (51) also reports on the performance of trailers on
flat car (TOFC) and containers on flat car (COFC) arrangements in yard

i npact s. In these tests, the test car acted as the hamer car and
inpacted a string of three |oaded hopper cars. Lading consisted of

rigid and nonrigid canned goods (tomato juice cans and fiberboard cartons)
The cartons were |oaded to a 65, 000-pound gross weight in standard bl ock
patterns. Prior to testing, a reverse inpact was performed to provide a
| -inch clearance from the end wall. Peak end-wall forces as a function
of inpact speed for the trailers attached to rubber cushioned kingpin
stanchions and for containers having three different protection systens
are reported. The different container protection systens included
cushioned rub-rails systens enploying rubber pads in shear (for up to
8-inch nomi nal novement), fixed container brackets and 9-inch end-of-car
hydraul i ¢ cushioning, and fixed container corner brackets and 20 inches
of underframe hydraulic cushioning. Peak end-wall forces up to

50, 000 pounds were recorded. For a given inpact speed, the cushioned
underframe produced the |owest end-wall force, followed by the end-of-car
system and cushioned rub-rails. The trailer end-wall force was higher
than that for containers with cushioned underframes, but |ower than that

for containers with end-of-car devices.
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Peterson (40) summarizes the results of inpact tests conducted by Pullman
St andar d. In one series of tests, a 40-foot boxcar containing 11 renov-
abl e bul kheads was used to evaluate the effect of |load dividers as a
means of reducing force levels. The car was |oaded to 51,200 pounds
with cartoned can goods and inpacted with a 169, 999- pound hopper car
having a variable stroke cushioning device (up to 3 ft). Inpacts were
made with the load divided into 12, 6, and 3 conpartrments. The results
are shown in figure 17 for an inpact speed of 10 miles per hour. It can
be seen that the | oad reduction is not proportional to the nunber of

conpartnents.

Peterson (41) also reports on the results of static conpression tests
for various canned goods in fiberboard cartons. Maxinmum conpressive

10000 }- 4 Compartment

J Compartmenrs

& Compariments

12 Compartments

L 1 H J

30 25 20 15 0 L

PEAK FORCE ON TOP LAYER OF CARTONS AT END WALL —— Lbs

CUSHION TRAVEL ~_ Inches
M 146 841

Figure 17. --Effect of conpartnent on end-wall |oading for 10 mle per
hour i npact.
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(40) summarizes

| oad (Ib/ftz), i.e., the point where pressure on carton and corres-
ranged from 440 to 2,600 pounds

pendi ng deflection ceases to be |inear
| oadi ng. These data are shown in

per square foot.
various carton loads for various inpact speeds

railcar inpact data in terns of unit
figures 18 and 19 in which end-wall |oads are converted to unit |oads

.e.,
respectively.

pounds per square foot for

These values are used to predict the survivability of
Pet er son

boxcar data and COFC/ TOFC test data,

¢ Oreft Geers

e et e e+ 20 Tr@vet Wydrowlic Cughion

xﬁmwanear-

1400 — /
i

i

/

I’
1200 — /
[
!
]
!
!
!
“~ 1000 (— ]
v i
> /
!
2 !
- ]
!
800 }— !
2 /
!
!
]
!
W {
. ]
o |
uw !
!
/I
o .
° 40 /
x !
< I
© ]
I,
200 t— /
/
/
]
: |
o |
2 4 6 8 10 12
~. MPH
M 146 842

IMPACT SPEED

Figure 18. --Cargo force versus inpact speed for boxcars having different

cushi oni ng systens.

-40-



Patterson (38) reports on inpact tests conducted with industrial shipping
sacks. In these tests, 600 bags each filled with 100 pounds of salt
were | oaded into the test car. The bags were packed 20 long by 6 wide
by 5 high with the length parallel to the car. The hammer or inpact car

was a hopper car loaded to a rail weight of 169,000 pounds. The ngjor
bag damage, due to inpact, took place in the first three rows on the

i npacted end, averaging over 50 percent failure at 8.6 mles per hour

The measured end-wall forces ranged from 20,000 pounds for a 4 mles per
hour inpact to 130,000 pounds for an 8 niles per hour inpact
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Data are presented (3) in terms of |ading acceleration for a variety of
draft gears and inpact speeds. Accelerations were recorded on both
rigid and resilient lading (canned goods) at the center of the car

Typi cal oscillograph records are presented show ng pul se shape and
duration.  Typical lading acceleration for an 8 mles per hour inpact
was approximately 10 g for a duration of 30 nilliseconds with a
standard draft gear. Lading acceleration for a 24-inch travel gear was
about 2.3 g with a duration of 250 milliseconds for a 12 mles

per hour inpact.

The data show that the factors which affect container |oading during
inpact are: the railcar cushioning device, the weight of the cargo and
the car body, the internal friction of the cargo, the nunber of sub-
divisions, and the area of cargo in contact with the end wall or sub-
divider. These factors have been studied and detailed information on
their effects is available in the various references. There are also
many possi bl e conbinations of cars, equipment, and conditions which will
influence the railcar coupling shock, that have not been investigated.
These include the various cargo types, type of car, cushioning, nunber
of cars, etc. Conputer sinulation programs have been witten to analyze
the effect of the |arge nunmber of variables and their possible conbination
Good correlation with field experinental data is reported with these
prograns (28 , 39) and thus can be expected to fill in some of the data
gaps for this hazard

Assessnent of Railcar Shock Data

The data available to describe the dynam ¢ |oading on cargo as a result
of railcar coupling operations are extensive. The cargo forces in terms
of longitudinal container |oading are well defined for a variety of
railcar equipment and inpact speeds. Based on a particular product/
package conpressive strength, it is possible to deternine the inpact
speed at which damage will occur for specific railcar equipnent. Addi-
tionally, the benefits of subdividing cargo into conpartnents via |oad
dividers can be estimated and the inpact speed for damage under these
conditions can also be estimated. The inpact speed distribution curve
will provide an estimate of the percentage of cars likely to be inpacted
at or above the speeds at which damage will occur. Thus, estimates can
be made of the potential for cargo damage and/or the associated risks.
The inpact speeds presented are based on a single classification yard.

The overall probability of a particular car receiving an inpact at a
given speed will depend on the number of classification yards passed,
but an estimte can be nade if certain assunptions are nmade, e.g., the
i npact distributions are the sane for each yard. This procedure is

outlined in (33)
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The procedure outlined above is considered adequate for mpst cargo.
However, in addition to the |ongitudinal conpressive |oading during
inpact, there is also a superinposed acceleration. This acceleration
can be critical for some cargo. Unfortunately, nost railcar inpact
studies involving resilient cargo have not recorded cargo accel eration
and conpressive loading. Al cargo, regardless of its sensitivity, is
exposed to both of these effects and nmust be considered for proper
package design and/or eval uation

TEMPERATURE AND HUM DI TY

The climtic conditions of tenperature and hum dity are inportant con-
siderations for paperboard and plastic containers and conponents, but
are relatively uninportant for wooden containers or steel druns. The
strength of paperboard products is significantly reduced because of

moi sture while tenperature is nore significant with regard to creep of

pl astics.

Tenperature and hum dity can usually be nonitored and/or observed
directly, particularly in storage and warehouse areas. Qther portions
of the distribution cycle are nore difficult to nonitor and nmust be
estimated unless, of course, they are controlled e.g., refrigerated
car. One source estimtes tenperature within a standard freight car at
a maxi num of 30° F above anbient conditions. Another estimte uses a

1° Frise in tenperature per 24-hour period for a precool ed insul ated
boxcar, standing or noving, under a hot sun. Thus, each situation has
uni que equi prent and conditions which nust be considered when establish-
ing temperature and hum dity conditions.

Tenperature and humidity conditions encountered by general cargo in
typical distribution cycles are difficult to sunmarize because of the
many factors which influence not only the ambient conditions, but cargo

response as well. A large anpunt of effort has been expended by various
organi zations and agenci es conpiling anbient tenperature and humdity
data and other climtic conditions. It has been common practice by many

packagi ng people to define the distribution tenperature and humdity
conditions in terns of ambient conditions and assume cargo is in equilib-
rium with these conditions. In sone instances, analysis or |aboratory
testing is performed to nore accurately determne the cargo response to
these inputs. For others, the ambient conditions are assumed synonynmous
with cargo conditions. This latter assunption nay be justified, but it
is inportant that those making that assunption are aware of how the data
are acquired. For exanple, tenperatures published by the Wather Bureau
are recorded in shaded, ventilated shelters with |ouvered sides to
elimpnate wind and sun effects. These measurenents could apply to a
wel | ventilated, unheated warehouse. Determination of cargo conditions
for other situations nust take into account those factors which woul d

-43-



cause a variation between anbient and cargo conditions. In many of
these situations, the anbient tenperature and hundity data nust be
suppl enented with other data including expected solar radiation and wind

condi tions.

Descriptions of the anbient tenperature and humidity conditions, includ-
ing nmaxims, mnims, and probability of occurrence are available and
are considered quite accurate (37). These data are based on weat her

data recorded for many years at various locations throughout the country.
Similar data are published in other documents (1, 12, 25). A nore concise
description and one which has been used and applied to military cargo
and hazardous materials is to specify only the extremes to which cargo

i s exposed (including maxi mum cargo response). These extrene descrip-
tions, although realistic, are considered overly severe and not applic-

able to general cargo.

The difficulty in describing or summarizing tenperature and humidity
conditions in terms of cargo response is due to the many variables which
infl uence the cargo’s response to the climtic inputs. Sone of the nore
significant variables include cargo weight, cargo specific heat, thernma
conductivity, configuration, surface absorptivity and emssivity, and
ventilation or wind. In addition, there is the novement of the transport
vehicle with resultant air flow, there are changes in locality and
correspondi ng ambi ent conditions, all at various rates. A severe condi-
tion and the one used by the mlitary is to assune the cargo i s protected
or shielded fromthe wind and at the sane tine, exposed to maximum sol ar
radiation. Under these conditions, it is possible for the cargo surface

tenperature to reach 160° F.

The range of possible conditions that can be encountered in a typica
distribution cycle has limted the nunber of studies that have been
conducted to acquire general cargo response information. For the nost
part, those nmeasurenment studies that have been conducted have been
performed for a very specific situation or set of conditions. Addi-
tionally, the unavailability of suitable instrumentation has hanpered
the acquisition of extensive data. Tenperature measurenents within a
cargo load require a remote sensor and a continuous recorder. such
units should be self-contained so that they can be used for measurenent
on or in cargo during transport. A compact unit of this type is not
commercially available. Several prototypes have been devel oped by the
U S. Arny Natick Laboratory and the U.S. Air Force Package Evaluation
Agency and are being used for very select projects. Humidity measure-
ments and data acquisition present problems simlar to those for tenpera-
ture recording. However, in addition to those problenms, there is the
need for an accurate hunidity sensor. For a conplete description

hum dity shoul d be described in ternms of anbient air tenperature and the
concentration of water vapor in the air. The latter can be expressed in
terns of relative hunidity, a weight ratio (Ib noisture per |b of dry
air) or dew point tenperature, all of which are interrelated. A sensor
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which monitors relative humdity is available and is being used with the
above-described nilitary-devel oped recorder. A problemwth this sensor
is that it does not measure noisture content of material. This is a
maj or di sadvantage in studying moisture-sensitive packaging materials
such as corrugated board, where structural properties are very sensitive
to nmoisture content. The noisture content of corrugated board, however
can be related to air relative humdity. This relationship is relatively
i ndependent of anbient air tenperature. However, a period of tine is
required for the board to reach equilibrium |If rapid changes in air
tenperature occur, the air relative humdity will change fast, while
material noisture content would change at a slower rate. Further, under
certain conditions, the noisture in the air may actually condense on the
cargo either as a result of a 100-percent air hum dity condition or
because the cargo is slowin following air tenperature and is at the dew
point tenperature. Under these conditions, air relative humdity would
not always be an accurate indication of material noisture content.

As indicated earlier, it is theoretically possible to predict tenperature
and humidity conditions of the cargo based on anbient conditions. This
has been done in some isolated studies. Controlled laboratory tests

have been conducted to deternmine cargo response. Specific studies to
moni tor cargo response during storage or transportation, or even to

moni tor the anbient conditions within the transport vehicle or warehouse,
are extrenely sparse. Mst of these have been summarized (37). Mre
recent studies are sunmmarized in the follow ng paragraphs.

Barca (5) presents data on the conditions of tenperature and humdity

i nsi de various fiberboard boxes during shipment, warehouse storage, and
outdoor storage. Data were collected with the Natick-devel oped hum dity/
tenmperature recordi ng system which is capable of recording tenperatures
from-40° to 65° C and relative humdity from10 to 95 percent.

Initial shipping tests via truck and airmail involved a single 16- by
12- by 10-inch fiberboard container weighing 20 pounds. For these
tests, the sensors were placed inside the package. The tests which were
conducted in November and Decenber resulted in tenperature sw ngs from
47° to 70° F and relative humdity variations from21 to 85 percent.
Measurenents were not correlated with anbient conditions. Another test
program i nvol ved shipments from Charleston, W Va. to Rota, Spain via
Navy ship. The |oads consisted of fiberboard can cases stacked on wood
pal lets. Measurenents were taken on the top tier center case and on the
third tier center case of three pallets. Representative data showed
relative hum dity varied between 25 and 75 percent.

War ehouse storage conditions were nonitored at Tracy, Calif. The primry
objective of this effort was to determne if a significant tenperature
gradi ent existed between various |levels of a four-pallet high configura-
tion during normal warehouse storage. Tenperatures were recorded on the
external top surface of a carton 15 feet above the floor, the externa
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surface of a mddle carton 8 feet above the floor, the internal top
surface 15 feet above the floor, and an external bottom surface 3 feet
above the ground. The data showed significant tenperature differences
between the following locations: (1) external top and external middle,
(2) external top and external bottom (3) external niddle and interna
top, and (4) external bottomand internal top. Data on cargo response
to outside storage conditions were also reported. However, this effort
was directed toward determning the causes of condensation wthin shrink
filmunit |oads. The results showed that direct exposure to sunlight,
and not prevailing outside humdity, was the mgjor factor causing

moi sture to collect on the top inside surface of the enclosed unit |oad
Humi dity paralleled tenperature fluctuations, but they were not propor-

tional.

Knobbout (29) describes the results of a study to deternine the condensa-
tion risks involved in marine transportation of containerized cargo

Both experimental and theoretical evaluations were perforned to determne
the factors which influence condensation for a typical cargo consisting
of metal cans in corrugated fiberboard boxes. Tenperatures at various
cargo positions within the containers and of the ambient air were
recorded. The potential for condensation was determned analytically
based on the anbient humidity conditions at tine of |oading. The

moi sture content within the cargo container was assunmed constant for the
trip and the potential for condensation deternmned from tenperature
differences alone. Apparently, equipment for humidity measurenments were
not available. Corrugated fiberboard boxes are reported to have a large
influence on the condensation of water in a container

Fiberboard is thus regarded as a major noisture source in the container
It can emit large quantities of noisture which may then condense in
other places throughout a container. This condensation can cause danage
to the cargo |oaded in containers. It is reported that this type of
damage can be prevented by specific nmeasures aimed at an equal tenpera-
ture distribution throughout the container. The steadier the product
tenperature and the nore quickly the tenperature inside the container
adapts to the changing ambient tenperature, the |ower the condensation
risk. On many of the routes studied, pallet stacking with resulting air
circulation reduced the otential for condensation. It is suggested
that land transport with resulting greater speeds and tenperature changes
may present nore of a risk with respect to condensation problens.

A discussion of the relationship betwen the anbient tenperature extrenes
and cargo response is presented by Fridringer et al. (17). It is stated
that if worst-case geographical areas during worst-season exposures are
assuned, container material tenperatures in excess of 200° F and | ower
than -70° F can be considered possible in the United States
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Assessnent of Tenperature Data

Extensive data are available to describe cargo tenperature both in terns
of ambient weather conditions and cargo response for specific application.
The latter category includes neasurements both inside containers and on
the surface of the cargo. Application of any data to specific situations
nust be made with caution. Data have shown that the cargo tenperature
can lag behind anbient tenperature fluctuations because of the thernal
inertia of the cargo, or it can exceed the ambient tenperature because

of direct solar radiation to the cargo or to the vehicle or warehouse.
The temperature in the cargo conpartnment of an aircraft parked on a ranp
in the sun, for exanple, will be nuch higher than the anbient tenperature.
Conversely, a noving vehicle will usually record lower tenmperatures for
hot days because of its notion, or in winter the internal tenperatures

may be higher.

The available data are inadequate at the present time to describe cargo
tenperature for all situations. However, representative data are avail-
able for specific situations and can be used as a guide for estimting
cargo tenperature. Cargo tenperature can also be readily measured with
commercial equipment and is easily acconplished. Alternately, analyses
or laboratory tests can be performed to determine the response of
specific cargo. It is considered unlikely that cargo tenperature condi-
tions for all possible situations will ever becorme available due to the

many variables which affect cargo response.
Assessment of Humidity Data

The same assessnent can be made of humidity data as for temperature

data. This hazard, however, is not as easily nmonitored and recorded.
Accurate hunmidity sensors for ambient air or moisture sensitive materials
are not readily available. Ambient humidity conditions nmay be used for
cargo stored in unheated, ventilated cargo spaces under slowy changing
conditions. The data would not be applicable to cargo in closed con-
tainers, vans, or freight cars where the noisture content is relatively
fixed and rapid external changes in anmbient tenperature can result in
condensation on the cargo and/or walls of the transport unit.

The anbient relative hunmidity has a significant effect on the |oad-
carrying capability of corrugated boxes, particularly with respect to
the stacking strength. The anbient relative humidity is the driving
force which deternines the moisture content of the box material. Con-
tainer load carrying capability is directly related to the noisture
content. The rapidity in which moisture in the air penetrates the
container material has been studied by levans (26). levens determ ned
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from relative hunmidity measurements inside corrugated containers, in
various positions in a pallet load under fluctuating ambient relative
hum dity conditions, that the containers assume a noisture content
closely related to the average anbient relative humdity. Based on
these results, detailed information on the short-term variations of
anbient relative humdity is not considered critical to establish the
strength of palletized corrugated boxes. Further study in this area for

i ndi vidual containers is needed
COVPRESS| ON

Cargo conpressive | oads are generally associated with warehousi ng and
storage stacking. These static conpressive loads are a result of
stacking one container on top of another up to sone reasonabl e height

St acki ng hei ght can vary consi derably dependi ng upon avail abl e headroom
or ceiling height, storage equipnent (including the use of storage racks
or of a limted |ift height fork truck), stability of the stack, or
general procedure regarding maxi num stack height

War ehouse stacking heights can easily be determ ned by observation of
storage facilities (equipment and ceiling height), including stacking
procedures. These are static loads and can readily be considered in
package design and/or testing. Dynam c conpressive loads resulting from
transportation are nore difficult to establish. Load anplification can
occur as a result of vibrations at critical resonant frequencies
Codshal I (20) reports anplification factors of 6 for corrugated cases
while OBrien et al. (34) report factors up to 4 for fruit in cartons
for sinusoidal vibrations typical of transport vibration frequencies
These anplification factors when applied to the static conpressive |oad
can result in extrenmely high dynamic |oads on the bottom containers
even for the | ow stacking heights in vehicles. |In addition, there are
the quasi-static loads resulting fromship |ow frequency notions
(pitching and rolling) and aircraft response to updrafts or gusts. For
a ship with high stacking height, these |oads can be significant. A

1 g acceleration will add the equivalent of a static load twce

that existing on the bottom container.

Longi tudi nal dynanic |oading due to railcar coupling is another source
of conpression |oading. These |oads are discussed in the section
entitled “Railcar Coupling.” In addition, there are the |oadings due
to mechanical handling equipnent. These include the squeeze clanps on
lift trucks, slings, and cargo nets. Conpression due to strapping,
banding, or other restraint systems is another source.

Sobczak (49) reports on side-to-side or end-to-end | oads on containers
as a result of carton clamp, material handling equipment. Although the
study was directed toward reduci ng damage to corrugated cases due to
excessive clamping forces, the data can be used to establish typical
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clanp load ranges. Using a typical system efficiency of 75 percent, a
hydraul i ¢ pressure range of 1,500 to 1,800 pounds per square inch, and a
cylinder effective cross-sectional area of 2.5 square inches, the
side-to-side claming force that is applied by the platens can range
from 2,810 to 3,380 pounds. The side platens are normally self-alining
such that uneven loading of containers is nminimzed. The side-to-side
compressive load is carried by the containers in a reamer simlar to a
machi ne conpression test, since the platens fully cover the containers.
If the platens do not cover the containers, their |oad-carrying capa-
bility is reduced. This latter condition is analogous to the reduced
stacki ng capacity (conpression in the vertical direction) as a result of

pal | et overhang.

It should be nmentioned that these are nominal values. Each clanping
systemis unique in that it is designed for a particular unit load size
wei ght and material friction coefficient. Thus, these val ues shoul d
only be considered as representative.

PUNCTURES AND ABRASI ONS

Punctures and abrasions are highly visible effects, but they are
extremely difficult to define in quantitative terms. In sone respects

they are indirect results of other hazards. Punctures are a result of a
package falling onto a corner of another, or the reverse; nails or hooks
projecting froma surface and penetrating the outer container; or the

m suse of handling equipment such as a forklift truck tine penetration.
Abrasions are the result of dragging a container on an abrading surface;
sliding down a chute, rubbing by a noving conveyor belt; sliding on the
floor of a vehicle as a result of sudden stops or starts; or the relative
moti on between stacked containers caused by vehicle vibration

A review of several studies investigating these hazards is presented
(37). Based on the results of these studies, it does not appear that
puncture or abrasion represent a significant damage-produci ng hazard.

DI SCUSSI ON OF DATA

Consi derabl e data and information are available concerning the common
carrir shipping environment. For many reasons, however, much of the
reported information is not useful because it is in a form not considered
applicable to general cargo descriptions. Further, many of the investi-
gations have been perfornmed to study specific system conditions or
products. Data analysis procedures and presentations have also varied

meki ng conparison difficult. In spite of these factors, data are avail-
able to adequately define the environment for nmany of the potentially
hazardous conditions. In some instances there is correlation between
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different sources providing increased confidence in the descriptions.
Statistical data are also available for sonme hazards allowing a risk
oriented and/or econonic optim zation approach. These data are consid-
ered nmost useful for commercial cargo where economic considerations

usual 'y doninate.

The data for handling |oads have been presented in a format considered
useful for design purposes. This format (fig. 1) presents drop height
data statistically, giving magnitudes and frequencies of occurrence of
drops for a typical distribution cycle. A design procedure for deternin-
ing the optinum design height based on data of this type for several
products is shown in figure 20, and illustrates how different drop

hei ghts can be arrived at for the same handling conditions. The curves
are based on the assunptions that (1) the statistics on handling |oads
apply regardless of product value and (2) the fragility rating or sensi-
tivity to damage is the sane for all products. The curves are plotted
in terms of dollars versus design drop height. cp represents the packag-

ing cost which is shown to increase with increasing drop height in the
manner shown, since higher drops will require more cushioning, |arger
contal ners, and higher shipping costs. CR represents the danage cost or
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Cost to repair or replace the product, and is shown to decrease with

i ncreasing design drop height as a result of the reduced probability
chat packages will be dropped froma height greater than the design
hei ght as shown by the statistics. This latter curve can also include
costs assigned to goodwill as a result of any damage. The total cost

curve, Ci represents the sum of the packaging and damage costs. The
optinum design drop height is shown to be the point of nininumtota

cost.

Three curves are developed to show different optinmum design drop heights
for packaged products having different values but exposed to identica
handling conditions. These results could not have been obtained by an
estimate of maxi mumdrop height. Thus, although estinated maxinmum drop
hei ght based on typical handling operations may have some rationa

basis, it is only a guess and does not provide the statistical data
necessary for an optimum design approach. Unfortunately, there are very
little data currently available concerning the statistics of handling

| oads on which to base an econonic design. Mich nore information is
needed concerning the handling load statistics for specific handling
operations and/or typical distribution cycles before a design approach
of this type can be inplenented. Mre detailed information is also
needed to show the effect of package size, weight, and shape, including
pall et and other unit load configurations. Additional information is
required concerning the effects of |abels, handholds, and the distribu-
tion of the drops over the various faces, corners, and edges

The vibration environment on transport vehicles is difficult to describe
insinple terms since it is extrenely conplex involving many excitation
frequencies, each of varying magnitude and phase relationship. Current
vi bration studies have reported data in terms of PSD. Power, as the
term inplies, is the rate of doing work and for a harmonic vibration it
is proportional to the square of the anplitude. For the transportation
vi bration environnent, which is conposed of a large nunber of harmonic
vibrations, the initial analysis consists of measuring the total power,
or the sumof the power of the conponent vibrations. A PSD plot shows
how this total power is distributed as a function of frequency and is
defined as the power per unit frequency interval, This data format has
application for sophisticated analysis and | aboratory test purposes, but
is not in general use by packagi ng engineers. Power spectral density
data, however, show the frequencies containing the greatest energy and
their energy levels. These energy levels vary from one transport node
to another and, therefore, require individual description. Truck
vehi cl es show the highest energy levels in the |ow to nedium frequency
range, Wwhile aircraft show the highest energy levels at high frequencies
The ship environment shows the | owest levels of vibration and may
account for the sparse data on shipboard vibrations.

Transl ation of a PSD envel ope to an accel erati on envel ope requires
certain assunptions. Power spectral density data can be converted to
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8.ms VErsus frequency if the bandwi dth used in the analysis is

known.  However, the distribution of the acceleration peaks in a partic-
ul ar bandwi dth can vary considerably and still produce the same
8 ms value.  The maxi mum accel eration spread or range is 3 to

4 times the 8 ms value for a true normal distribution, but has

been reported to be as high as 10 for nmeasured field data. Statistica
data showi ng actual peak distributions show a wide separation between

t he peak value and the |evel at which there is some resenbl ance to a
nornmal distribution, typically 99.5 percent probability level. It is at
the 99.5 percent level that there is good correlation with the peak
accel eration levels computed from PSD envel ope data using a factor of

3 times the rnms g level, and are the levels presented in the
acceleration summary curves. The actual peak values (extrenes) are
considered to occur so infrequently that they have not been incorporated
in the descriptions. Until there is sone correlation between a sinus-
oidal vibration input level and a randomvibration input |evel (corre-
sponding to the PSD envel ope tune) with respect to general cargo damage
or response, the acceleration sunmary envel ope curves presented previ-
ously are considered the nost useful interimdescriptions.

The shock environment on transport vehicles has been reported in severa
forns ranging from shock spectra conputed fromcargo floor notion, to
frequency spectra of cargo floor notion, to cargo response to shock
inputs. Descriptions in ternms of shock spectra are based on the assunp-
tion that cargo is in contact at all times or is attached to the cargo
floor. If the natural frequency of the cargo is known, it is then
possible to predict maxi mum cargo response. Descriptions in terns of

vi bration frequency spectrum (of an enpty vehicle) are based on the
assunption that cargo will respond appropriately (i.e., cargo wll
bounce) if the vibration descriptions include transient inputs. The
descriptions would necessarily be in terms of a random vibration input
since it is obvious that the vibration | evels shown by the summary
envel ope curves would not produce package bounce. The extrene peak

val ues shown by the statistical vibration data can be attributed to a
shock input and are probably the cause of package bounce.  Shock
description in terns of a tenporary increase in vibration level has al so
been proposed. This latter description is based on the simlarity in
shape of the vibration spectrumfor the event and for the period
preceding the event with the exception of a much higher energy Ievel
Description in terms of cargo response is an attenpt to describe |oose
cargo notion or bounce.

Cargo response neasurements have shown cargo is exposed to a type of
repetitive shock input (due to bouncing) with a superinposed vibration
background. The shock environnent is described in terms of nunber of
shocks and corresponding magnitude (g-level) for a specified time. It
is suggested that these transport shocks be sinulated by a repetitive
shock machine. Unfortunately, the data apply to a particular vehicle

-52-



traversing a severe test course. Although many descriptions of the
shock environment are available, additional effort is required either to
establish the adequacy of existing descriptions (vibration), or to
generate data applicable to general cargo on comrercial vehicles (i.e.
cargo response data). Until one or both of these is accomplished, shock
descriptions can be considered inadequate

Rai | car coupling represents a distinct and discrete shock event easily
separated from other transport shock events. The primary effect on
cargo due to railcar coupling would appear to be the external |ongitu-
dinal conpressive load on containers as the car is brought to a halt

However, in addition to this conpressive load, there is a superinposed
accel eration pulse. This pulse is not the sane as the car floor, since
first the containers slide and then inpact. During the sliding, some of
the energy of inpact is absorbed in friction. Thus the acceleration on
the package is less than the car. Only linited data are available
concerning cargo accelerations, while extensive data are available
concerning conpressive |oads. End-wall force neasurenents have not been
correlated with cargo accelerations. Typical cargo accelerations are
reported to be 10 g at 30 nmilliseconds for standard draft gear and 2 g
at 300 mlliseconds for long travel draft gear. End-wall force measure-
nments show nuch |onger durations. Conpressive |oads and accel erations
within containers at various |ocations within the car and for partia

| oading are needed for inproved |oad descriptions. |t should be
mentioned that the |ongitudinal accel erations may cause danage to
products while the container survives the conpressive |oad and appears

undamaged.

Conpressive |loads on containers, at |east those caused by the static
topl oad, are easily detemi ned by observation or by direct measurenent.
The dynamic conpressive |oads are nore difficult to neasure since the

| oads are a result of dynamic conditions or notions. Dynam c |oads
occur as a result of: |ow frequency vertical and lateral accelerations
vibration close to systemnatural frequency with resulting anmplification
and horizontal deceleration. The low frequency accelerations are a
result of rocking of transport vehicles or the slowpitching notion of a
ship. Typically, these values are on the order of 1 g, causing a
doubling of the equivalent static load. Vibration resonances can result
in a topload magnification of five or greater. Horizontal decelerations
such as occur during railcar inpacts inpose conpressive |oads dependent
on a nunber of factors. Except for railcar coupling, these dynanic
conpression |oads have not been neasured directly. Rather, the |oadings
have been inferred by indirect neasurenents, i.e., cargo acceleration

It should not be assuned that the effects of dynanic |oading can be
fully described or even simulated by an equivalent static |oad. Factors
such as product accel eration and product/package fatigue nust al so be

consi dered
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Cargo tenperature and humdity conditions are a direct function of

anbi ent conditions unless, of course, there is a controlled environnent
such as exists in refrigerated cars or heated warehouse. Tenperature

and humidity data are readily available and can be described statistical-
ly in terns of anbient conditions. Cargo response to these conditions
has been deternined for specific cargo, storage, and transport vehicles
For other conditions, cargo response can be determined through analysis

| aboratory sinulation, or field measurenent. In general, the cargo in
unheat ed warehouses or transport vehicles does not experience the
tenperature swings that occur in the anmbient air. Thus anbient air
tenmperature is a conservative estimate of cargo tenperature, particularly
since in nost warehouses and vehicles, the cargo is shielded from direct

sol ar radiation.

Hum dity is a much nore difficult hazard to define. Long periods of
exposure to constant relative humidity are required of paperboard
products before equilibriumis reached. Thus, there is even a |esser
swing in cargo relative humdity when conpared to anbient relative

humi dity than occurs between anmbient and cargo tenperatures. An extrene
condition for cargo occurs when closed containers or vans undergo rapid
tenperature changes. The hunmidity in the van or container can condense
directly onto the cargo or water may drip onto the cargo as a result of
wat er condensing on the container or van walls and ceiling. Alternately,
the cargo may remain at a low tenperature during air tenperature sw ngs
with the result that it is at the air dew point tenperature and causes
the air noisture to condense on its surface.

CONCLUSI ONS

Many of the hazards encountered by cargo during shipment via conmon
carriers can be described on the basis of available data. In sone
instances the data are very extensive and the hazards can be descri bed
statistically providing an economic or risk-oriented approach. 1In other
cases, the data are sparse or are in a formnot useful for design or
test purposes. Transportation shock is in the latter category, but it
can be assuned this hazard can also be defined by directing appropriate
effort. However, before any extensive neasurenent program is initiated
it is desirable to identify the specific hazards causing danage to cargo
and determne their relative inportance. It should be recognized that
some hazards will be nore damaging to some products or packages than

ot hers

In spite of the lack of detailed information on all aspects of the
conmon carrier shipping environment, cargo has been distributed for many
years with varying degrees of |oss and damage. Laboratory tests are
conducted and provide a reasonable estinmate of performance. Trial
shipnents are also made and after minor nodifications, a successful and
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econom ¢

packaging materials in the nmost efficient and effective manner,

essenti al

in order to use new and existing
itis
that accurate and detailed information on the shipping hazards

package is devel oped. However,

be available. The end result could be substantial savings in material
and/ or reduction in product damage.
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