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ABSTRACT

EXAMINATION OF INSTRUMENTED SHIPPING BOX TO EVALUATE

DYNAMIC COMPRESSION FORCE DURING TRANSPORTATION

VIBRATION

By

David Alan Leinberger

For years, packaging engineers have designed corrugated fiberboard

containers to provide stacking strength to support the static load of the boxes

stacked on top. Even with safety factors used to account for loss in strength

due to humidity, temperature, creep, stacking pattern variations, etc.,

corrugated boxes still fail. One unknown variable has been the variation in

compression force experienced by boxes when they are vibrated during

transportation.

A self-contained compression recorder was built, and proven to

accurately measure dynamic force during vibration. This system was used in

simulated transportation environments with varying loads using five different

random vibration spectra.

The maximum compression occurs to the bottom box in a stack. In

simulated vibration tests, 99.5% of the force readings were below 1.2 to 5.2

times the weight of the static load. The maximum measured force was about

9.5 times the weight of the static load.
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1.0 INTRODUCTION

The purpose of this study was to develop the methodology, equipment,

and hardware necessary to measure dynamic compression forces experienced by

packages during transportation. Various studies have examined the effect of

static compression on packages during warehouse storage conditions. For

example, the stacking pattern has a great effect on compression strength.

Misalignment of boxes can reduce stacking strength by 50%. Even perfectly

aligned, 3-box high column stacks show a 23% reduction in compression strength

(Kellicutt, 1963).

The effect of creep during long term storage has been shown to reduce

compression strength. In a study by Moody and Skidmore (1966), containers

were found to retain only 55% of their original yield force after three months of

storage.

Temperature and humidity affect the final box compression strength. As

the cellulose in the corrugated fiberboard absorbs moisture, the compression

strength decreases. The moisture content of the board is in turn affected by the

temperature (Laufenberg, 1992).

Recycled fiber content has also been shown to reduce compression

strength to corrugated boxes. In a study using 100% recycled fibers, repeated

recycling caused a 25% decline in top-to-bottom compression strength of

containers (Koning and Godshall, 1975).
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A recent trend toward high-performance corrugated has added yet

another variable in compression strength. Cyclic conditions of temperature and

humidity have been shown to have a greater negative effect on fiberboard made

from fiber-efficient liner board than standard fiberboard. However, both

fiberboards performed similarly under non-cyclic environments (Boonyasarn,

1990).

On the basis of these factors, packages are designed to withstand a

maximum compression load produced by the static load on top. However, this

approach does not consider the dynamic compression forces experienced during

transportation.

This study aimed at developing a instrumented shipping box (ISB)

capable of measuring the compressive force experienced by the bottom package

during transportation. This system was then used in a lab along with an

electrohydraulic vibration table to simulate different transportation

environments. The dynamic compressive forces were measured and analyzed

for four different stacked package column weights. Five different transit

vibration levels were investigated simulating truck, rail, and inter-modal

shipments using random vibration power density spectrums.

With increasing public pressure to reduce the amount of packaging, it is

essential to know what role each of these factors plays in the overall strength of a

corrugated container.

The objectives of this study were:

1. To develop a data acquisition system to measure dynamic compression

forces of stacked corrugated boxes.

2. To measure dynamic compression forces on boxes during random

vibration in laboratory simulated transportation tests.



2.0 THE DATA ACQUISITION SYSTEM

The ISB consisted of a rigid outer casing constructed of reinforced

plywood capable of withstanding 5000 pound compression load. The instrument

measured 16 in (length) x 13 in (width) x 10 in (height) and was designed to fit

one ninth of a standard GMA pallet. The instrument weighed 45 lb. The major

components of the instrument include:

A)

B)

C)

D)

E)

One, 8-bit controller style microprocessor containing 64K of non-

volatile static RAM, a real-time clock/calendar, both a synchronous and

asynchronous serial port, and a lithium backup battery.

Four, 8-Megabit dynamic RAM storage (mass storage) memory banks.

These memory devices used synchronous serial to communicate with

the microprocessor.

Two, 8-channel multiplexed 12-bit analog to digital converters

(A/D). The A/D used synchronous serial to communicate with the

microprocessor.

Four, 0 to 5000 lb shear beam style load cells. These load cells were

temperature compensated from 0° to 150° F providing 3 mV/V signal at

full output and used 350 9 bridge resistance.

Four, instrumentation amplifiers to process the signal from the shear

beams.



G)

K)

L)

4

One, 0 to i 50 g monolithic capacitive accelerometer. The sensitivity was

approximately 20 mV/g with a frequency response from 0 Hz to 500 Hz

(3 dB down). The range of the accelerometer was limited to 21:20 g's.

Two, 4 amp/hour 6 V lead acid, gel type batteries.

A hexadecimal rotary input switch to control the mode of operation.

Two push button switches to increment, decrement or start the

functions of a given mode.

An R5232 serial port (9600 baud) to send or receive information from a

personal computer.

Three power supplies, one 5 V power supply for the digital circuitry, one

8 V power supply for the analog circuitry, and one precision 5 V power

supply for the A/D. A crowbar is used to protect the circuitry against

over voltage.

A built in battery charger for the gel batteries. The batteries could be

recharged in approximately 5 hours. A two color LED indicated the

unit was charging. The instrument could run for about 20 hours on a full

charge.

A 16x2 full alpha-numeric liquid crystal display (LCD) was included to

provide information to the user.

The four load cells were placed at each corner of the box's lid. The lid was

undercut so that it could float free of the box sides and was supported by the

load cells (Figure 1). With this configuration, the forces acting on individual

corners could be measured (0 to 5000 lb) as well as the sum of the forces on the

entire lid (0 to 20,000 lb). The box was constructed of 5/8 in. plywood with a 3/4

in. plywood lid. The load cells were supported on an internal steel box-type
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frame that provided rigid support and overload protection. The lid could be

removed and replaced by a smaller platform to test the accuracy of a given load

cell.

The microprocessor used an 11.0592 MHz crystal resulting in a machine

cycle time of 1.1 us. This crystal frequency provided the highest processor speed

and allowed the development of special timing for the asynchronous serial port.

The real-time clock calendar provided a means of time and date stamping test

data. The lithium backup battery provided for the retention of microprocessor

programs and data without the need for EPROM or EEPROM type memory. The

bulk of the test data was stored in the mass storage devices. A means of testing

the mass storage for stuck bits was included. The LCD provided an independent

means of viewing the load cell weights, box temperature, battery charge, and the I

amount of filled memory.

The two A/Ds provided a total of sixteen channels of 12-bit data

acquisition. One A/D provided information from the four shear beams,

monitored the analog voltage supply, 12 V battery pack, and two thermometers

(shear beam and ambient temperatures). The second A/D provided information

from the single-axis accelerometer and allowed for further expansion. Due to the

amount of time required to access the A/D5 and save the data into mass storage,

the maximum sampling rate was 200 Hz. For convenience and due to differing

testing criteria, the sampling rate could be set from 0.1 Hz to 200 Hz. Reading

and saving data from one channel of A/D required approximately 0.275 ms. To

achieve the most "instantaneous" reading of the A/D channels, they were read in

bursts at the beginning of a sampling cycle and saved to the microprocessor.

After reading all channels, the data was sent from the microprocessor to mass

storage. Using a 200 Hz sampling rate, the mass storage was filled in

approximately 21 minutes.



7

To calibrate the ISB, each load cell was calibrated from 0 to 330 lb. Weight

was added tc one load cell at a time in increments of approximately 55 lb. The

voltage output versus load was plotted for the load cell. All of the load cells

produced a linear calibration graph. The slope of the line was used as a

conversion from voltage output to weight. The cover was then placed on the ISB

and all four cells were tested together from 0 to 825 lb to verify these conversions

for the entire ISB. The ISB consistently read the known weight. The ISB was

periodically tested against these known weights to verify its accuracy. However

no significant deviation was observed.

2.1 ACCURACY OF ISB

Due to limitations of the load cells and the A/D conversion, the smallest

discernible increment for any load cell was approximately 1.2 lb For this reason,

the entire ISB was limited to an accuracy of 1:48 (or 5) lb. To verify the 158's

accuracy, it was allowed to record continuously for 5 minutes. First it was tested

with no weight. The sampling rate was set at 200 Hz, producing 60,000 readings.

The results are listed in Figure 2. The mean weight was 0 lb with a standard

deviation 1.6 lb All but four readings fell within the expected :1: 5 lb accuracy, or

99.993%.

This test was then repeated with a 327 lb static load. The results are given

in Figure 3. The mean weight was 3271b with a standard deviation of 2.1 lb. All

but 556 readings fell within the :i: 5 lb accuracy, or 99.073%.

Since the ISB was limited to a maximum sampling rate of 200 Hz, it would

not necessarily capture the peak compression force for every wave. The

maximum possible error occurs when two readings are evenly distributed on
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either side of the peak compression (Figure 4). Sinusoidal motion is represented

mathematically by the equation:

Y = A - sin( 
27r- At) [24]

Where:

Y = amplitude at any instant of time

A = peak acceleration

At = time increment

T = time period of oscillation

t = time

The peak amplitude occurs when t = T/4 and the maximum peak measurement

error occurs when t = T/4 :i: At /2. At this time, the measured compression load,

Cm, will be:

27: T At

C = A- ' —— ——-— 2-2m sml: T (4 2 H [ ]

or

Cm = A- cos(£TA-,—t) [2-3I

Therefore, the maximum percentage error, %E, for any measured value of

compression is:

 

%E = 100(Afm) [2-4]

01'

%E = 100 [1-cos(fl?FSV-)] [2—5]

Where:

Fs = sampling frequency

Fv = vibration frequency
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The vibration frequency for which the maximum error for any sample exceeds

5% when using a sampling rate of 200 Hz:

200 -arccos (1 — —5—

EV = 100) = 20.2Hz [2-6] 

7!

Therefore, for any individual reading, the maximum possible error in the

measured compression force exceeds 5% for vibrations above 20.2 Hz.

There also was some degree of error caused by the shear beam's natural

frequency. To determine the shear beam's natural frequency, a force versus

deflection curve was established. Weight was added in increments while

measuring the deflection using feeler gauges. The slope of the line produced the

spring constant for one load cell: K=768 lb/ .011 in = 69818 lb/in (Figure 5). Since

there are four load cells, the spring constant for the entire box was: Keq = 4 x

69818 = 279,272 1b/ in. The cover weighed 5.7 lb and each shear beam weighed

2.5 lb. From this, the ISB's natural frequency was calculated:

Fn = 3— &5 = 417 Hz [2-7]
ZIT W

Where:

W = 5.7 + 4(2.5) = 15.7 lb

g= 386.4 in /sec2

The ISB's natural frequency was used to determine the frequency of vibration

which exceeds the maximum error of 5% or |M| > 1.05:

IM :———1
[2‘8]

1.05 =W [2-9]
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The error exceeds 5% for vibrations above 91 Hz. Since the natural frequencies of

the loads used in this study were below 15 Hz, the error induced by the ISB's

natural frequency was negligible.

The ISB was also tested to verify its ability to record accurately before and

after a 5 minute period of random vibration. To do this, the ISB was placed on

the vibration table and loaded with 4381b. This load exceeded the highest load

used during this study. The sampling rate was set at 200 Hz. The ISB was

allowed to record for 30 seconds to develop a baseline for comparison. Then

random vibration was performed for 5 minutes using Truck Composite

Spectrum, assurance level 1 (ASTM). This represented the most severe random

vibration spectrum used in this study. The ISB was allowed to continue

recording for another 30 seconds after random vibration was stopped. A

comparison of the recordings before and after vibration is given in Figure 6. The

mean before vibration was 4381b with a standard deviation 1.6 lb. After

vibration, the mean was 440 lb with a standard deviation 1.8 lb. Both readings

fell within the expected accuracy of i5%. Therefore, the ISB accuracy was not

significantly affected by the bouncing experienced during random vibration.

All of the experiments up to this point tested the ISB's ability to measure

static forces. The next experiment focused on the ISB's ability to accurately

measure dynamic forces experienced during vibration. Force can be measured

directly using transducers or load cells, like the ISB, or can be calculated from a

known mass and a measured acceleration using Newton's second law applied to

the load on top of the ISB:

Force = Mass x (1 + Acceleration at the Center of the Mass) [2-10]

See Appendix A for more information. Two different tests were performed using

different loads and accelerations: lead weights strapped together weighing 226 lb

using an acceleration of 0.25 g. The second test incorporated a stack of four
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concrete filled boxes weighing 217 lb using 0.5 g acceleration. The 0.5 g

acceleration caused the boxes to separate and "bounce" during the test. The loads

were stacked on top of the ISB and vibrated using sinusoidal vibration. An

accelerometer was placed in the center of the load to monitor acceleration. One

minute samples were taken at a sampling rate of 200 Hz. Measurements were

taken for frequencies below, near, and above the load natural frequencies.

The results using the lead weights verify the ISB measured dynamic

compression within the expected range of accuracy, :t 5% (Table 1). Either direct

measurement of force or calculation of force using Newton's second law could be

used to quantify dynamic compression force in this example. However in the

second experiment, Newton's second law no longer applied since the boxes

separated during vibration (Table 2). Separation or "bouncing" changed the

center of mass in this experiment and precluded the use of Newton's second law.

To use Newton's law, an accelerometer must be placed at the center of each box,

since each box moves independently. Most of the random spectra used in this

study caused the boxes to "bounce". Therefore, the dynamic compression forces

exerted by a column of boxes were measured directly using the ISB for the rest of

this study.

In summary, the compression ISB's accuracy was determined by the

smallest increment of measurement, the sampling rate, the ISB's natural

frequency, and the frequency of the vibration. Since a sampling rate of 200 Hz

was used throughout this study, the maximum error was 5% of the top load 21:5

1b, for vibration frequencies under 20 Hz.
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Table 1. Calculated vs. Measured Peak Force Using Lead Weights

Table Acceleration (g's) 0.25

Load Natural Frequency (Hz) 32.4

Load Weight (1b) 226

Vibration Measured Calculated Measured Difference Between

Frequency (Hz) Peak Peak Force (lb) Peak Force Calculated and

Acceleration at F=m(1+A) From ISB (lb) Measured Peak

Load Center

(g's)

5.6 0.25 283 269 4.78%

125 0.3 294 308 4.83%

53.4 0.3 294 307 4.36%

90.6 0.125 254 244 -4.11%

Table 2. Calculated vs. Measured Peak Force Using Boxes

Table Acceleration (g's) 0.5 (Boxes were bouncing)

Load Natural Frequency (Hz) 1 1

Load Weight (lb) 217

Vibration Measured Calculated Measured Peak Difference

Frequency Peak Peak Force (lb) Force From ISB Between

(Hz) Acceleration F=m(1+A) (lb) Calculated and

at Load Measured Peak

Center (g's)

7.5 0.85 401.45 521.00 29.78%

10.6 1.3 499.10 514.00 2.99%

17 0.5 325.50 286.00 -12.14%

23 0.175 254.98 246.00 -3.52%



 

Spg



3.0 EXPERIMENTAL DESIGN

The first step was to determine where the maximum dynamic

compression force occurs in a stack of boxes. To accomplish this, the ISB was

placed on the bottom, middle and top of a stack of four boxes during five minute

tests using random vibration. Truck Composite Spectrum, Assurance Level 1

(ASTM), was used as the random vibration spectrum. The results are

summarized in Figure 7. The test showed that the maximum compression force

occurred to the bottom box during transportation. For the rest of this study,

dynamic compression force was measured at the bottom of the stack, since the

bottom represents the worst case during shipment.

The next step was to measure dynamic compression forces exerted on

packages during simulated shipping environments. Five different random

vibration spectrums were used in this study. They include:

- Truck Composite Spectrum, Assurance Level 1 (ASTM, 1992) (Figure 8)

- Truck Composite Spectrum, Assurance Level 2 (ASTM, 1992) (Figure 9)

- Rail Composite Spectrum, Assurance Level 1 (ASTM, 1992) (Figure 10)

- Inter-modal spectrum, (Association of American Railroads, 1992)

(Figure 11)

- Truck Composite Spectrum, (Singh and Marcondes, 1992) (Figure 12)

The PSD's show the vibration level along a spectrum of frequencies. These

spectra define the random vibration tests.

18
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Corrugated boxes containing concrete blocks cushioned with polyethylene

foam, were used to simulate a packaged product. Four different loads were used

in this study. A rigid wood interface was constructed so that an accelerometer

could be located at the stack's mass center (Figure 13). Resonance searches were

performed on all four loads using sinusoidal vibration at 0.5 g's constant

acceleration and are included in Figure 14 to 17 as graphs of transmissibility

versus vibration frequency. These graphs define the natural frequency of the

four different stacks of boxes. The loads used include:

1) 109 lb, 2 boxes, natural frequency ~ 12 Hz

2) 217 lb, 4 boxes, natural frequency ~ 10 Hz

3) 325 lb, 6 boxes, natural frequency ~ 8 Hz

4) 426 lb, 8 boxes, natural frequency ~ 6 Hz

Dynamic Compression forces were measured for the four loads using all

five random spectra according to the following procedure:

1.

9
9
°
N
9
‘
9
‘
P
P
J
N

10.

Zero the ISB with no weight on it.

Stack the appropriate load on tOp.

Install a retaining fence around the stack (Figure 18).

Start vibration table.

Wait for vibration table to ramp up to full power.

Start recording with ISB.

Record for 5 minutes.

St0p recording with ISB.

Stop vibration table.

Download data to personal computer.

This procedure provided a uniform means to collect the data from the five

simulated shipping tests being evaluated.
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4.0 DATA AND RESULTS

The data was analyzed and the dynamic compression force values were

established as a percentage of the static load. These were then plotted as a

cumulative percentage of occurrence. The results of these tests were summarized

in Figures 19 to 23. A complete distribution of the dynamic force readings was

 included as an example for the 109 lb load, vibrated using Truck Composite

Spectrum, Assurance Level 1 (ASTM) (Table B-l). Since a complete distribution

contained 60,000 measurements for each of the 20 tests, the data was condensed

into a table format showing the dynamic force/static load versus cumulative

occurrence. The lowest and highest readings for each test were also included in

these tables (Table 3 to Table 7).

The shape of the graphs indicated a normal distribution of the force

measurements. Approximately 50% of the measurements fell above the static

load and 50% below. The normal distribution of the force measurements was

consistent with the normal distribution of acceleration produced by random

vibration.

The ISB reported some negative force values in most of the tests. This was

true for all the spectra except inter-modal. One possible explanation is that when

the vibration table produced enough acceleration to cause the entire load to lift

off the ISB, the lid on the ISB also lifted. When this occurred, the measured force

dropped below the level previously set as 0 lb. Also when this happened, the

32
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Figure 19. Dynamic Force: Truck Composite Spectra, Level 1 (ASTM)



Table 3. Data: Truck Composite Spectrum, Assurance Level 1 (ASTM)

Dynamic Load/Static Load (%)

.
'

Y
.
-

\
"
.
b
l
'
l
.
'
3
‘

-

 Cumulative Static Load: Static Load: Static Load: Static Load:

Occurrence 109 lb 217 lb 3251b 426 lb

0.5% -9.2% -4.6% -4.6% -0.2%

10.0% -2.8% 5.1% 13.5% 23.7%

20.0% 6.4% 25.8% 34.1% 42.3%

30.0% 24.0% 46.1% 51.6% 58.5%

40.0% 46.2% 65.0% 68.6% 75.1%

50.0% 72.0% 85.0% 86.1% 92.3%

60.0% 100.6% 107.8% 105.1% 111.0%

70.0% 134.0% 133.2% 128.5% 132.2%

80.0% 178.2% 165.0% 157.4% 158.0%

90.0% 251.2% 211.5% 198.9% 193.4%

95.0% 316.8% 251.2% 235.8% 220.2%

99.5% 520.8% 359.5% 317.3% 277.0%

Lowest reading: -36.1% ~11.1% -15.4% -6.3%

Highest reading: 957.5% 583.0% 407.6% 336.2%
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Figure 20. Dynamic Force: Truck Composite Spectra, Level 2 (ASTM)



Table 4. Data: Truck Composite Spectrum, Assurance Level 2 (ASTM)

Dynamic Load/Static Load (%)

Cumulative Static Load: Static Load: Static Load: Static Load:

Occurrence 109 lb 217 lb 3251b 426 lb

0.5% -21.2% -2.3% 1.2% 3.8%

10.0% -4.6% 23.0% 31.1% 35.7%

20.0% 10.1% 41.9% 49.4% 51.6%

30.0% 30.3% 58.0% 63.9% 65.0%

40.0% 48.8% 73.3% 78.1% 77.9%

50.0% 70.9% 88.9% 92.8% 91.5%

60.0% 93.9% 106.9% 108.5% 106.1%

70.0% 120.6% 128.6% 127.0% 122.5%

80.0% 158.3% 155.3% 148.5% 142.0%

90.0% 221.7% 194.5% 180.4% 170.0%

95.0% 259.6% 228.1% 206.6% 193.4%

99.5% 390.4% 316.1% 272.1% 246.2%

Lowest reading: -30.4% -5.5% -2.2% -4.9%

Highest reading: 593.0% 488.9% 355.4% 297.9%
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Table 5. Data: Rail Composite Spectrum, Assurance Level 1 (ASTM)

Dynamic Load/Static Load (%)

Cumulative Static Load: Static Load: Static Load: Static Load:

Occurrence 109 lb 217 lb 3251b 426 lb

0.5% 6.0% 21.6% 27.7% 35.9%

10.0% 42.4% 52.5% 55.6% 57.9%

20.0% 58.0% 66.4% 67.9% 67.8%

30.0% 71.8% 77.0% 77.5% 75.0%

40.0% 82.8% 87.0% 85.8% 82.3%

50.0% 93.9% 96.0% 94.1% 88.8%

60.0% 105.9% 106.3% 103.0% 96.0%

70.0% 118.8% 117.7% 112.5% 103.7%

80.0% 135.6% 131.5% 124.5% 112.7%

90.0% 159.3% 150.2% 141.1% 125.9%

95.0% 180.5% 167.0% 155.0% 136.6%

99.5% 238.5% 210.6% 191.2% 173.9%

Lowest reading -11.1% -0.9% 7.1 % 13.2%

Highest reading 320.4% 270.5% 254.8% 21 1.3%
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Table 6.

Cumulative

Occurrence

0.5%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

90.0%

95.0%

99.5%

Lowest reading

Highest Reading

Data: Inter-modal Spectrum (AAR)

Dynamic Load/Static Load (%)

Static Load: Static Load: Static Load: Static Load:

109 lb

81.0%

90.0%

94.0%

95.5%

97.9%

99.5%

101.2%

103.6%

106.0%

109.5%

1 12.5%

119.8%

71.20%

148.30%

217 lb 325 lb 426 lb

81.0%

90.0%

94.0%

96.0%

98.0%

99.9%

101.6%

103.2%

105.7%

109.4%

111.9%

119.8%

70.70%

132.30%

77.2%

87.6%

91.6%

94.4%

96.5%

98.7%

101.1%

103.3%

106.4%

110.4% '

113.7%

122.2%

69.50%

131.60%

79.6%

90.1%

93.2%

96.0%

98.1%

100.2%

102.3%

104.6%

107.2%

111.2%

1 14.2%

123.0%

71.80%

135.50%
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Table 7. Data: Truck Composite Spectrum, (Singh and Marcondes)

Dynamic Load/Static Load (%)

Cumulative Static Load: Static Load: Static Load: Static Load:

Occurrence 1091b 217 lb 325 lb 426 lb

0.5% 9.2% 30.4% 47.7% 52.3%

10.0% 42.0% 62.0% 71.0% 69.0%

20.0% 59.0% 74.0% 81.0% 77.0%

30.0% 73.0% 83.0% 88.0% 83.0%

40.0% 87.0% 92.0% 94.0% 89.0%

50.0% 99.0% 100.0% 94.0% 94.0%

60.0% 114.0% 109.0% 106.0% 100.0%

70.0% 129.0% 119.0% 113.0% 105.0%

80.0% 149.0% 130.0% 121.0% 113.0%

90.0% 176.0% 146.0% 132.0% 123.0%

95.0% 202.0% 160.0% 141.0% 132.0%

99.5% 265.2% 193.6% 163.9% 163.4%

Lowest reading -10.1% 10.1% 28.9% 34.7%

Highest reading 365.6% 245.2% 189.7% 190.8%
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momentum of the shear beams may have caused them to flex upward further

exaggerating these negative measurements.

In tests where the acceleration level was equal at the load natural

frequencies, the dynamic load/static load ratio was consistently greatest for the

109 1b, 2 box load and smallest for the 426 lb, 8 box load. This trend was seen in

tests using both Truck Composite Spectra (ASTM), (Figures 19 and 20), as well as

using Rail Composite Spectrum (ASTM), (Figure 21). This trend suggests that as

the number of boxes increased, more energy was absorbed by the stack, lowering

the dynamic load/static load ratio.

In the inter-modal test, the random vibration level was not evenly

distributed across the natural frequencies of the test loads. In this test, the 426 lb,

load with a natural frequency = 6 Hz, experienced the highest vibration level,

while the 109 lb load, natural frequency = 12 Hz, experienced the lowest. The

graph (Figure 22) shows that the heavier, lower natural frequency loads

produced a higher dynamic force/static force ratio than the lighter, higher

natural frequency loads. Clearly, the frequency content of the random vibration

affected the dynamic compression force measured by the ISB under different

loads.



5.0 CONCLUSIONS

On the basis of this study, the following conclusions were made:

The instrumented shipping box is capable of measuring dynamic

compression forces exerted on packages during simulated shipping tests

in stacked configurations.

Dynamic compression force can be calculated from a known mass and a

measured acceleration using the equation:

Dynamic Compression Force = Mass x (1 + Acceleration at mass center)

only for loads that remain in contact during vibration.

The maximum compression force in a stack of boxes occurs to the bottom

box.

Using simulated shipping environments, 99.5% of the measured forces

were below a range of 1.2 to 5.2 times the static load. The maximum

dynamic compression force measured was about 9.5 times the static load

when using the Truck Composite Spectrum, assurance level 1 (ASTM).

Lighter loads containing fewer boxes produced higher dynamic

load/static load ratios than heavier loads made up of more boxes.



6.0 RECOMTVIENDATIONS

The major limitation to the ISB's accuracy was determined by its sampling

rate. Therefore, an increase in the sampling rate would decrease the maximum

error threshold, below 5% and allow for more accurate measurements above the

present 20 Hz vibration limit.

This study used random vibration to represent the shipping environment.

For this reason, the actual amplitude and frequency of vibration was unknown at

any instant of time. Similar tests could incorporate a real time vibration

controller reproducing previously recorded shipments. Alternatively, the ISB

could be placed in a truck during shipments. However, the reproducibility of

these shipments would be limited.

Lastly, the movement of boxes on top of the ISB during vibration needs

further study. This study indicates that the boxes in a stack may not be

accurately described as a single mass. A time history of dynamic compression

along with the acceleration at the center of mass of each box may provide a better

understanding. A high speed camera may also provide insight.
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APPENDICES



APPENDIX A

Calculating Force Using F = m(1+A)

To verify that Newton's law was being applied correctly, a force

transducer was securely fastened to a small vibration table. On top of the

transducer was a mass, glued to a 2 in. thick piece of polyurethane foam (Figure

A-1). This created a spring mass system with a natural frequency of 21 Hz.

Since the mass and foam were glued together, there was no separation or

"bouncing" even when the acceleration exceeded 1 g. An accelerometer was

mounted close to the mass center and fed to an oscilloscope. The transducer was

also connected to the oscilloscope. The acceleration and compression force were

recorded at various frequencies with the vibration table running at a constant

acceleration of 0.5 g's. The results are shown in Figure A-2. This graph clearly

shows that Newton's law was being applied correctly and dynamic force could

be calculated from a measured acceleration.

47



 

 

 

 
   

O O

010%   

Oscilloscope

Accelerometer

 

 

‘ Moss

Foom

Force Transducer

 
 

_=_

r j

\\\\r_r/<:;\T“~————-Vibration Toble

"_ up

1—1 1—4

 

 

        

Figure A-l. Force Transducer Test Setup

 



C
o
m
p
r
e
s
s
i
o
n

F
o
r
c
e

(
l
b
)

3.5

2.5

1.5

0.5

49

 

  
 

  

A

9 A Calculated Force (lb)

A

. 9 Measured Force (lb)

1. g

8

_ I A
' o

o
‘ A

o

_. A

A

o

l l l l l M]

I I I I I I

0 1 0 2 0 3 0 4 0 5 0 6 0

Frequency of Vibration (Hz)

Figure A-2. Calculated vs. Measured Force Transducer



APPENDIX B

Table B-1 Complete Data for Composite Truck Spectrum, Level 1

 

Load: 109 lb Load: 217 lb Load: 325 lb Load: 426 lb

Dynamic Number Dynamic Number Dynamic Number Dynamic Number

Force of Force of Force of Force of

(lb) Readings (1b) Readings (lb) Readings (1b) Readings

~39 1 ~24 1 ~50 1 ~27 1

~29 2 ~22 4 -29 1 ~18 1

~23 2 ~21 3 ~28 2 ~13 1

~22 2 ~19 1 ~27 2 ~12 1

~21 2 ~18 3 ~26 1 ~11 1

~20 1 ~17 6 -24 1 ~10 1

~19 1 ~16 5 ~23 5 ~9 1

~18 3 ~15 16 ~22 5 -7 14

~17 6 ~13 34 ~21 7 -6 16

~16 14 ~12 58 ~20 16 -5 29

~15 15 ~11 89 ~18 21 -4 50

~14 1 ~10 131 ~17 30 -3 11

~13 27 -9 207 ~16 74 -2 62

~12 39 -8 1 ~15 185 -1 133

~11 60 ~7 347 ~13 269 0 194

~10 89 -6 682 ~12 295 1 157

-9 171 -5 814 ~11 277 2 134

-8 6 -4 672 ~10 272 4 104

~7 331 -3 1 -9 265 5 9O

-6 890 -2 518 ~7 210 6 58

-5 1806 -1 368 -6 145 7 69

-4 2383 0 243 -5 126 8 60

-3 4 1 248 ~4 135 9 4   
50
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148

144

143

19
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155

10
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160
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176

87

79
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13
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43

189

179
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Table B-1 (cont)

72 229 76 15 71 32 85 92

73 229 77 169 72 103 86 76

74 252 78 168 73 115 87 12

75 247 79 159 74 112 88 61

76 51 80 162 75 106 89 71

77 210 81 104 76 17 90 78

78 203 82 58 77 74 91 67

79 279 83 184 78 110 92 76

80 248 84 184 79 104 93 3

81 154 85 186 80 103 94 69

82 103 86 175 81 124 95 74

83 217 87 32 82 7 96 83

84 267 88 136 83 115 97 70

85 212 89 175 84 103 98 43

86 236 90 142 85 114 99 35

87 90 91 192 86 111 100 71

88 162 92 157 87 61 101 83

89 210 93 23 88 66 102 75

90 243 94 161 89 109 103 76

91 240 95 147 90 124 104 3

92 201 96 159 91 116 105 73

93 66 97 167 92 112 106 93

94 216 98 97 93 4 107 70

95 283 99 95 94 115 108 88

96 211 100 193 95 114 109 76

97 235 101 167 96 120 110 17

98 131 102 162 97 123 111 88

99 125 103 171 98 96 112 87

100 233 104 22 99 16 113 84

101 231 105 160 100 126 114 66

102 191 106 172 101 132 115 18

103 233 107 161 102 117 116 63

104 66 108 180 103 121 117 85

105 196 109 124 104 21 118 95

106 203 110 45 105 95 119 101

107 212 111 149 106 119 120 90

108 221 112 154 107 131 121 4   
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Table B-1 (cont)

109 145 113 182 108 125 122 81

110 74 114 187 109 109 123 91

111 197 115 65 110 9 124 86

112 213 116 118 111 131 125 80

113 208 117 172 112 116 126 63

114 208 118 177 113 129 127 28

115 94 119 158 114 130 128 95

116 138 120 178 115 70 129 78

117 206 121 35 116 60 130 95

118 226 122 174 117 137 131 81

119 199 123 197 118 112 132 12

120 166 124 169 119 121 133 64

121 58 125 183 120 116 134 108

122 190 126 95 121 5 135 89

123 222 127 65 122 95 136 105

124 214 128 173 123 120 137 90

125 212 129 177 124 108 138 6

126 131 130 180 125 119 139 95

127 101 131 160 126 111 140 83

128 175 132 53 127 17 141 109

129 185 133 109 128 116 142 85

130 213 134 188 129 123 143 35

131 182 135 166 130 132 144 58

132 80 136 164 131 133 145 92

133 133 137 136 132 54 146 92

134 197 138 41 133 78 147 100

135 196 139 170 134 130 148 94

136 169 140 194 135 118 149 16

137 152 141 171 136 134 150 69

138 71 142 161 137 127 151 100

139 153 143 89 138 10 152 91

140 185 144 87 139 139 153 100

141 174 145 143 140 118 154 68

142 173 146 163 141 157 155 19

143 96 147 175 142 114 156 98

144 106 148 147 143 104 157 84

145 180 149 35 144 33 158 104   
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Thflflefhl(tont)

146 190 150 151 145 137 159 96

147 194 151 151 146 120 160 14

148 143 152 155 147 116 161 68

149 68 153 163 148 145 162 110

150 123 154 124 149 33 163 111

151 163 155 50 150 121 164 104

152 191 156 178 151 131 165 88

153 191 157 157 152 146 166 15

154 108 158 177 153 143 167 113

155 69 159 166 154 122 168 79

156 158 160 63 155 5 169 107

157 146 161 117 156 115 170 112

158 155 162 152 157 139 171 46

159 132 163 174 158 144 172 51

160 77 164 179 159 99 173 105

161 93 165 121 160 61 174 97

162 180 166 41 161 63 175 96

163 173 167 144 162 148 176 109

164 161 168 167 163 112 177 18

165 136 169 166 164 133 178 81

166 67 170 135 165 139 179 114

167 119 171 91 166 14 180 108

168 154 172 72 167 147 181 103

169 161 173 189 168 130 182 74

170 147 174 151 169 134 183 22

171 80 175 175 170 128 184 93

172 75 176 154 171 97 185 97

173 136 177 67 172 23 186 94

174 151 178 107 173 131 187 105

175 141 179 168 174 136 188 32

176 127 180 153 175 127 189 53

177 65 181 146 176 139 190 114

178 118 182 122 177 46 191 99

179 133 183 48 178 87 192 108

180 142 184 133 179 144 193 100

181 148 185 154 180 131 194 11

182 102 186 168 181 151 195 99   
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Table B~1 (cont)

183 64 187 158 182 126 196 109

184 119 188 82 183 12 197 114

185 123 189 73 184 125 198 96

186 124 190 160 185 149 199 71

187 138 191 154 186 130 200 42

188 70 192 172 187 120 201 114

189 59 193 136 188 88 202 110

190 127 194 52 189 33 203 101

191 120 195 123 190 124 204 93

192 129 196 161 191 123 205 32

193 113 197 158 192 144 206 84

194 65 198 170 193 137 207 101

195 98 199 113 194 22 208 117

196 118 200 51 195 122 209 126

197 127 201 148 196 147 210 103

198 122 202 156 197 131 211 22

199 100 203 145 198 126 212 102

200 58 204 138 199 127 213 81

201 113 205 70 200 30 214 99

202 110 206 100 201 133 215 107

203 103 207 123 202 141 216 37

204 103 208 172 203 131 217 62

205 58 209 168 204 113 218 95

206 78 210 120 205 62 219 122

207 105 211 33 206 66 220 104

208 109 212 148 207 138 221 116

209 116 213 149 208 136 222 26

210 82 214 148 209 120 223 86

211 47 215 147 210 135 224 86

212 82 216 87 211 14 225 91

213 131 217 62 212 124 226 109

214 86 218 148 213 141 227 58

215 96 219 154 214 144 228 40

216 55 220 161 215 103 229 116

217 62 221 149 216 100 230 92

218 77 222 61 217 36 231 83

219 89 223 86 218 134 232 92   
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Table B-1 (cont)

220 103 224 121 219 123 233 23

221 82 225 149 220 109 234 71

222 58 226 138 221 129 235 122

223 74 227 116 222 38 236 110

224 74 228 59 223 105 237 100

225 85 229 130 224 144 238 96

226 107 230 132 225 124 239 30

227 72 231 147 226 137 240 113

228 53 232 128 227 121 241 111

229 79 233 91 228 30 242 110

230 80 234 89 229 107 243 116

231 83 235 137 230 123 244 62

232 79 236 168 231 135 245 51

233 55 237 153 232 143 246 104

234 57 238 107 233 66 247 101

235 87 239 53 234 69 248 107

236 79 240 137 235 119 249 93

237 88 241 140 236 151 250 35

238 76 242 147 237 141 251 81

239 41 243 142 238 140 252 111

240 65 244 92 239 22 253 104

241 83 245 53 240 111 254 82

242 83 246 129 241 155 255 111

243 60 247 127 242 147 256 33

244 55 248 152 243 115 257 95

245 42 249 116 244 105 258 110

246 63 250 64 245 27 259 102

247 76 251 71 246 119 260 121

248 78 252 136 247 115 261 35

249 72 253 142 248 135 262 74

250 47 254 122 249 132 263 112

251 52 255 116 250 49 264 101

252 73 256 55 251 76 265 90

253 73 257 141 252 148 266 114

254 83 258 157 253 128 267 32

255 51 259 118 254 112 268 80

256 43 260 113 255 107 269 96   
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Table B-1 (cont)

257 66 261 75 256 27 270 110

258 67 262 44 257 127 271 91

259 71 263 126 258 118 272 66

260 64 264 129 259 133 273 54

261 49 265 125 260 122 274 94

262 48 266 107 261 73 275 117

263 68 267 46 262 48 276 101

264 89 268 93 263 112 277 96

265 94 269 136 264 128 278 23

266 52 270 146 265 131 279 82

267 26 271 129 266 109 280 99

268 47 272 103 267 35 281 102

269 52 273 44 268 100 282 113

270 67 274 115 269 99 283 80

271 63 275 111 270 144 284 34

272 54 276 121 271 132 285 100

273 39 277 135 272 101 286 91

274 63 278 48 273 27 287 102

275 79 279 59 274 112 288 103

276 42 280 113 275 110 289 45

277 41 281 123 276 123 290 48

278 42 282 143 277 121 291 105

279 39 283 91 278 53 292 112

280 47 284 48 279 65 293 105

281 73 285 88 280 116 294 78

282 61 286 120 281 131 295 21

283 46 287 118 282 117 296 67

284 35 288 113 283 128 297 98

285 46 289 93 284 31 298 97

286 47 290 44 285 130 299 82

287 60 291 107 286 123 300 77

288 55 292 112 287 117 301 38

289 38 293 122 288 105 302 80

290 34 294 97 289 84 303 101

291 57 295 55 290 39 304 107

292 61 296 63 291 121 305 98

293 64 297 106 292 127 306 20   
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Table B-1 (cont)

294 42 298 141 293 122 307 90

295 44 299 116 294 122 308 99

296 46 300 87 295 33 309 132

297 35 301 42 296 84 310 104

298 59 302 80 297 120 311 94

299 46 303 128 298 112 312 30

300 33 304 107 299 101 313 87

301 29 305 108 300 103 314 103

302 26 306 81 301 27 315 105

303 54 307 52 302 113 316 108

304 54 308 96 303 110 317 53

305 39 309 108 304 118 318 51

306 42 310 119 305 103 319 86

307 31 311 102 306 71 320 118

308 50 312 60 307 63 321 113

309 61 313 73 308 88 322 112

310 43 314 110 309 105 323 30

311 42 315 96 310 135 324 71

312 39 316 85 311 98 325 92

313 29 317 88 312 29 326 89

314 45 318 42 313 101 327 106

315 44 319 109 314 102 328 94

316 38 320 129 315 103 329 30

317 37 321 100 316 116 330 88

318 22 322 102 317 75 331 127

319 32 323 58 318 34 332 98

320 42 324 38 319 116 333 92

321 41 325 94 320 107 334 30

322 40 326 105 321 107 335 73

323 25 327 90 322 107 336 102

324 31 328 88 323 39 337 99

325 36 329 38 324 84 338 109

326 36 330 85 325 115 339 102

327 31 331 103 326 100 340 33

328 37 332 101 327 105 341 76

329 30 333 73 328 90 342 85

330 29 334 88 329 18 343 98   
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Table B~1 (cont)

331 42 335 58 330 116 344 93

332 36 336 90 331 133 345 58

333 31 337 97 332 111 346 44

334 31 338 93 333 100 347 96

335 27 339 104 334 75 348 114

336 29 340 58 335 50 349 105

337 33 341 54 336 134 350 108

338 33 342 100 337 105 351 37

339 31 343 105 338 111 352 57

340 23 344 101 339 105 353 106

341 21 345 82 340 33 354 114

342 36 346 48 341 72 355 115

343 39 347 67 342 127 356 82

344 39 348 95 343 96 357 30

345 24 349 110 344 105 358 77

346 20 350 90 345 80 359 102

347 20 351 66 346 38 360 91

348 30 352 48 347 96 361 79

349 28 353 88 348 117 362 37

350 31 354 127 349 107 363 55

351 15 355 87 350 128 364 87

352 26 356 70 351 46 365 90

353 23 357 59 352 53 366 89

354 27 358 64 353 106 367 104

355 25 359 97 354 101 368 30

356 20 360 88 355 108 369 66

357 27 361 89 356 85 370 100

358 26 362 65 357 26 371 108

359 30 363 47 358 60 372 106

360 33 364 62 359 105 373 51

361 18 365 93 360 98 374 47

362 16 366 81 361 86 375 81

363 27 367 68 362 75 376 102

364 24 368 68 363 31 377 102

365 34 369 46 364 110 378 108

366 34 370 88 365 100 379 37

367 39 371 68 366 92 380 83   
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1198

1199

1200

1201

1202

1203

1204

1205

1207

1208

1209

1210

1211

1212

1213

1214

1215

1216

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1234

1235 #
5
0
0
h
-
0
1
I
h
N
O
J
I
-
l
N
N
U
‘
i
H
#
0
0
0
3
N
m
m
H
i
-
‘
N
H
U
I
N
N
Q
J
N
O
\
N
O
\
W
H
H
W
H
G
J
I
§
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Table B~1 (cont.)

  

1236

1237

1240

1241

1242

1243

1244

1245

1247

1248

1249

1250

1251

1252

1253

1254

1256

1257

1258

1259

1260

1262

1263

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1277

1278

1279

1283 N
H
H
H
I
A
N
H
H
“
0
1
t
h
H
N
N
H
N
w
Q
N
H
F
‘
N
N
H
N
I
—
‘
V
A
H
N
Q
N
N
H
N
Q
N
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Table B~1 (cont.)

  

1284

1286

1287

1291

1298

1303

1304

1305

1307

1313

1314

1318

1319

1320

1321

1322

1327

1328

1331

1332

1333

1337

1342

1346

1347

1356

1358

1360

1362

1363

1370

1371

1378

1379

1387

1389

1432 H
l
—
t
l
—
I
o
—
I
I
—
a
l
—
t
i
—
a
l
—
s
l
—
A
I
—
t
N
N
I
—
I
l
—
A
I
—
a
l
—
I
N
H
H
l
—
s
l
—
I
l
—
I
N
H
H
t
h
w
H
l
e
—
t
p
p
r
l
—
s
l
—
I
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