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FOREWORD

This report prepared by the Southwest Research Institute under
contract DAAG17-73-C-0239 describes a computer program for the ieast
cost design of package cushioning systems, The effort was part of a
program for the optimum design of packaging systems sponsored through
the AMC CAD-E program under project no, 1E662703A090, Design,
Analysis and Optimization of Structures. Requests for the program resu.'~
ing from this work can be directed to Farl C, Steeves or Frank D, Barca

at the U, S, Army Natick L-horatories.
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1, INTROUDO LI

The objec:ive of thia projec* way ‘o develop he compuler software
for 1 cushion property and cost oplimization proceaure for the dezign
selection from available package cushioning materials. The design
problem relates to the use of existing cushioning materials to protect
large quantity supply items from shock a»d vibraticr damage, OCurrert
state-of-the-art design procedures and criteria were used,

The General Equipment and Packaging Laboratory (GEPL}, Naick
Laboratories, has the responsibility to design and specify shipping pack -
ages for a large numbe= of supply items which are shipped in large gquar .
tities, Current design procedures do no: use computer-aided design
{CAD) techniques; therefore, in the interes! of time ard economy, il was
desirable to incorporate into compule: -aided design the procedures axd
criteria that constitute the curzent state-of-the-ar*, Thue, developmer:
of new design procedures was rot withia the scope of work of this projec’,

The approach used in this projeci was ‘o implemert a compuler-
aided design (CAD) procedure which can be used to select from the avail-
able materials data files the mate»ial or materials that will proiect the
item to be shipped for the least cost. The shipping environments were
accounted for in terms of shock vibratio:, The temperature effects on
the package cushioning material properties were allowed for in the
stored data, Thus, the CAD program op-imizes leas* cost fc: the ma-
terials that will provide the recessary prosection,
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TABLE I

MATERIALS DATA CONTACTS

Organization

Material Data
Sought

Data Supplied

Sinclair Koppers
Company

Expanded polystyrene
(Molded DYLITE™)

Room temp. Gm v3. Og¢,

some transmissibility,

Nopco Chemical Div.

of Diamond- Polyurethane Nonv

Shamrock Company

U. S. Forest Anything

Products Lab available None

Du Pont Nothing outside of

Company S e that in 304

Package Evaluation . Only what is in 304,

Lab, Wright- ':::itll;?lg Some data on Air Cap,

Patterson AFB € SD-240. Transmissi-
bility data being deveil-
oped under current
contract,

. Expanded Some additional data

Dow Chemicals Polyethylene to 304

Michigan State .

Univ,, School of Any.thmg None

. available

Packaging

Goodyear Tire Co. .

Foar Prods. Div. Urethane Cushions None

Owens-Corning -

Fiberglass Corp. Fiberglass Nore

Polyurethane
SRS (31 (% Rubberized Hair AT
Flext
¢ ro.n Curled Hair None

Industries

3M Company Tolyester None

Kimberly- Glark Cellulose Wadding None

Corp.
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TABLE I (Cortd.;
MATERIALS DATA CONTACTS

. s Material Data . .
Crganization Sought Data Supplied

The Williamson Polyvfnyl None
Company Chloride

Union Carbide Polyester, None
Corp. Polyether

B. F. Goodrich

+

Chemical Co. Polyurethane None
Corntinental

Felt Co. Felt None
Armstrong Cork Cork None
Company

kih?cago S Curled Hair None
Hair Co.

tearns and

1 i Non

Foster Co. Cellulose Wadding Nore
Boeing Aero- None
space Co. Polyurethane Foam (Classified)
Sheller-Globe

Corp. Polyurethane None
GAF Corp. Felt Not ugeful
National Bureau Any.thmg None

of Standards available

Plas’ics Tech-

nical Evaluation Anything Numerous
Certer, Picatinny available Reperis
Arsenal

janesville Curled Hair No-
Cozon Mills (Hairkore) o€
Elocksom & Co. Rubberized Curled Hair Very li*:le data ;
S L ERIGCECE Fiberglass Nor.e
space Corp.

Texneco Chemicals, 3

Inc. (Houston) Polyurethane None
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to determine the bes”: way to tabulate *re volurnirous shock da’a, A fnter.
polation procedure was developed based upon "Digital Computer Program
EMI 494 Aerodynamic Interpolatior1"(4).

Since there has been much concerx abeui’ usizg package cuchioving
materials to protect against shock damage, most of the available matezizls
performance data for protection against shock are found in MIL-HDBK-304,
Package Cushioning Design(S).

The report '"Vibration Testing of Resilien? Package Cushioning
Materials!(6) provided the most useable vibration data, There is very
little vibration data available, The lack of good freque:.cy response and
phase angle data for package cushioning materials according to the varyirg
parameters, i.e.,

. Density (1b/ft3)

. Static Stress (Ib/in.?)
. Thnickness (in,)

: Temperature (°F),

is hindering the effective use of the CAD program that was developed,

Some vibration data were obtained from the report "Resiliex
Cushioning Materials"(7), The vibration data for package cushionin
needed some standard form of presentation, In this CAD Program, the
vibration-related parameters for each material that were standardized
are:

e Storage modulus, E,, as a function of temperature and
frequency

. Loss tangent, ta~ A, as a function of temperature and
frequency.,

Shock data were obtain :d from the report '"Test Resul:s on Air
Cap SD-240 Cushioning Mater! a1"(8), Frequency response vibra‘ion data
were not available,

For those materials iicluded in the initial ten materials cataloged
that did not have available actual data related to the performar.ce of the
material under shock and - ibration environments, an estimate cf the phy-
sical parameters was -.nade and so indicated ir. the materials information
tabulation (Se¢ctiorn 7.,




It is recominended that shock data (i.e., peak acceleration, g)
generated for use with the CAD Program be in the parametric curve form
used in MIL-HDBK-304; that is, with the parameters:

‘ . Drop height (in.)

. Static Stress (lb/in.z)

. Materia) thickness (in.)

] Environmental Temperature (°F)

. Material Density (lb/ft3)

It is recommended that vibration data (i, e., storage modulus, E,,

and loss tangent, tan §) for use with this CAD Program be obtained from
frequency response curves with phase angle plots for the parameters:

. Material Density (1b/£t3)

. Static Stress (lb/in.2)

. Material Thickness (in.)

. Env{.ronmental Temperature (°F)

It is our u.nderstanding that additional materials performance data
{
under vibration c>nditions are being generated under contract for Wright-

Patterson AFB, titled "Package Cushioning Materials Testing." Data
from that work are not available,

B.  Mathematical Modeling of Cushioning Material

1, Description of Problem

. The basic cushioning problem is illustrated in Figure 1. The
outer container as well as the inner item is assumed to be rigid, and the
time-dependent input force P(t) is uniformly distributed across the outer
container base, and its resultant acts through the center of gravity of the
isolated item of weight W, We also assume that the problem is one-
dimensional, and must therefore be solved independently for each of the
three orthogonal directions, It is recognized that such a formulation is a
considerable simplification from reality; however, in order to develop an
optimization scheme that can utilize the bulk of presently available data,
it is necessary to start from this point,

At the outset we assume that we have the following statement of
the problem. The weight W and its dimensions are given, Therefore, the
supported area A is also given, The loading from P(t) is given in terms
of a power spectral density, or RMS level and discrete spectrum for

b
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FIGURE 1. CONCEPT OF CUSHIONING PROBLEM

vibration excitation, and is given in ternis of an initial drop height h for
shock excitation, Finally, we are given the damage criteria for the item,
For shock it will be damage fragility rating Gp transmitted to it at the
interface, and for vibration it will be maximum RMS vibration level Yp
and possibly an associated power spectrum Sp of acceleration tr .s-
mitted at the interface. With this information given, we seek a suitable
material of thickness T, that can satisfy the above criteria,

It is recognized that some of the literature considers various
forms for the shock excitation including acceleration pulses, velocity
pulses, etc, However, most of the design information appears to be p-e-
sented in terms of equivalent drop height, and since a transformation to
this parameter can be accomplished in any case, we use it as the most
feasible design parameter,

2. Vibration Isolation at Room Temperature

The most recent design developments(l) recognize the great
utility of the complex modulus of a material for characterizing its vibra-
tion isolation properties. A complex modulus can be thought of as exist-
ing for any material exhibiting creep or relaxation behavior. Also, by

el
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using the complex modulus for materials, both ampiitude and phase angle
are considered in the mathematical treatment for vibration analysis.
Therefore, we used it in our mathematical formulation. However, it is
recognized that complete data on this parameter are not available for all
materials tc be considered. Therefore, it has been necessary to estimate
it from other parameters, such as static elastic modulus, material damp-
ing, etc. that are available. Therefore, consistent with notation in
Reference 1, the complex modulus is

E* = Ex +iEy = Ex (141 tan 8) (1)

where E. is the storage mcdulus, E; is the loss modulus, and tan )
is the loss tangent,

In view of the above formulation of the problem, the natural
irequency of the supported item in fhe cushioning material is

W2 = AL Eppg/TW (2)

where A, is the supported area, T. is the cushioning material thick-
ness, W is the weight, E.,, is the storage modulus at frequency, W,
and g is standard gravity (note that in this formulation the compliance
contribution from the cushioning material outside the isolated object is
ignored). With this, the squared magnitude of the transfer function for
the material is

|H{w)|2 = {[1 - z’%—a EEf: ]a + tan? 6}-1 (3)

whiere W is steady-state excitation frequency.

If P(t) is a steady-state sinusoidal input, then the complex
transmitted acceleration is

Y(w) = H(w) x(w)

where x(W) is the complex excitation. If P{t) is a combination exci-
tation which may include random and multiple sine components (which is
:sually the case), then it will be characterized in terms of its stationary
acceleration power spectrum Sy(w). In this case, the power spectrum
of the transmitted acceleration response Sy(w) is

Sy(w) = |Hw)|? Se(w) (4)




Equation (4) is directly {rora Iy a%ics (3.137), page 99, Benda:
and Piersol(10), Chapter 3 of this refererce, '"Mathematical Thecry for
Analyzing Random Data' provides the basis ar.d derivatior for Equation (4).

In general Equation (4) [i.e., Equa‘icn (3. 127)(10}7 is obtaired
from the transformation of [i.e., Equatiorn (3. 134)\“3)}

Ry(1) = [ [ h€) h(n) Ry (14 £ dgan (5
0

where R,(T) and Ry('r) are autocorrelatior fucctions of the time diz-
placemernt, T, to a complex-valued frequency domain by taking Fourier
*ransforms.

The latter approach was used in most cases, since the power
spectral density formulation can always be used even for sinusoidal inpuf,
providing that the measured excitation data has been analyzed with a firite
bandwidth resolution (which will always be the practical case), and this
bandwidth is specified with the data.

The design problem °s now clear. Upon selection of a trial
material having a given modulus E, and E,,, we ..;ust solve for the
thickness T. from Equations (2), (3), and (4), with all other informa*ion
given, The effect of temperature on the problem is discussed later,

The CAD Program allows three opZions to the users regarding
the vibration environment specification, These optinns are:

(1) MIL-STD-810B Excitation (i.e., sinusoidal)

(2) Multiple Sine Excitation

(3) Random Excitation

Vibration Optimization for MIL-STD-£10B Type Excitation

This excitation assumes a single sine wave is applied at the
natural frequency for amplitudes given in the MIL-STD, The excitation
at each i-octave band is calculated from Eqguation (2) for

U)j = (uni | (6)
and
%oi = | Toij| % (7)
9
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The smallest T.; of all frequency bands that satisfies x5; < X3]10w
is the optimum thickess value we seek.

The 1-octave band center frequencies, w;, are stored in a
DATA statement in the subroutine VIBRTN as array OB (I), The stored
frequencies are:

1., 2., 4., 8., 16., 31,5, 63., 125,, 250., 500., and
1000. Hz, These frequencies, Hz, are subsequently changed by multi-
plying by 2m to obtain the frequencies in rad/sec. These frequencies
were chosen based upon the International Standardization Organization
(I.S.0.) Recommendation R, 266, Preferred Frequencies for Acoustical
Measurements.

Vibration Optimization for Multiple Sine Excitation

Single or multiple sine components each at a fixed amplitude
and frequency are the excitation. Octave band transfer functions and
thicknesses are again computed from Equations (2) and (3). For each
octave band, the total response becomes (conservative)

Xoi = ? lToijI x; (9)

Again the smallest T; of all frequency bands that satisfies ¥5; < Xallow
is the optimum thickness value that we seek.

Vibration Optimization from Random Excitation

E..citation power spect: -1 density S(W;) must be specified in
1-octave frequency bands, Transfer functions and thicknesses are again
calculated from Equations (2) and (3) for each i-th frequency band. For
the material frequency in the i-th octave band, the total mean square
response becomes

Oia = ? S(UJj) |Toij (wj)l (10)

and the RMS response is

Oi = VO? (11)

10




Assume fo: a Gausgian process that
Xoi = 2.5 0j (i2)

Again, the smallest T.; of ail frequercy bands that satisfies %g5; < ¢ 110w
is the optimum thickness that we seek. Note that 2.5 gjas maximum will
be exceeded only 0.62% of the time. '

These three options prcvide the user the ability ‘o utilize
whatever vibration environmental data he has available or to use typical
vibration environments as provided ia the sample problems.

The random excitation option provides for the utilization of
the most comprehensive data that can be chtained and should be used
wherever possible. The multiple sine excitation and single frequency
MIL-STD-810B excitation provide for less comprehensive types of en-
vironmental vibrations.

3. Shock Isolation at Room 1emperature

The rigorous mathematical design of cushioning for shock
isolation is in a considerably less developed state than that for vibration, ;
This results from more complexities involved with time, strain rate,
and temperature dependence of the materials at large deflections normally
considered part of the shock isolation problem. Therefore, we used the
Direct Method. Again, tempera‘ure dependence will be discussed later,

The Direct Method is a relatively simple design approach
which can be formulated for mathematical computations by use of the
typical design data shown in Figure 2. Mary such curves for various
materials are given in Reference 1. The curves for a given material
present the maximum transmitted acceleration as the function

G, = F(W/A)

for selected trial thicknesses T One simply needs to vevify that

c’

for the given conditions. However, in orde:r to incorporate this pre-
cedure into a digital cormnputer program, it was necessary to store the

data for these curves for the candinate materials, This was done by an
appropriate interpolation scheme.”™ Here GF is the fragility acceleraticn,

“Discussed in Subsection F, Computer Software,

11




PEAK 20CELERATION, 6, (3)

..1
0 | | I | | | || _ 1 ]
0.02 0.04 006 0.08 0./ 0.2 o4 06 o8 |/ 2 3 4

STATIC STRESS WA (PS1)

FIGURE 2. A TYPICAL SET OF PEAK ACCELERATION-
STATICSTRESS (Gy,-W/A) CURVES FOR

TIXED DROP HEIGHT h,

12




Since different materials have different ranges cf opiiraum
static stress, the static stress, o4, that would be created by a particular
shipped item (i.e., of weight, W, and area, A) has to be calculated by
the equation

o = W/A (13)

and then checked to determine that the materials are within their static
stress optimum range.

4, Temperature Influence on Material Properties

Ambient temperature variations over wide ranges have a
significant influence on cushioning material properties. Unfortunately,
data for such variations are extremely scanty for all of the materials of
interest for this CAD Program.

Basically, the temperature effects on the complex modulus
of a cushion material are typical of that shown in Figure 3. The effects
are relatively insignificant until the so-called rubber-to-glass transition
occurs. In any event, provisions were made for the storage ai.d retrieval
of vibration data (i. e., complex modulus, E*) and shock data (i.e., maxi-
mum acceleration, Gp,).

The comn.vlex modulus form is
E* - E.%|(T) (l+i tan & .'r'z(T)) (14)

where T is varying temperature and 31(T) and ¥3(T) are the functions
which describe the temperature effects.

The maximum acceleration shock isolation form is
GmT = Gm ¥3(T) (15)

where ¥3(T) is the function which describes the temperature effects.

We generated the temperature effects on the complex modulus using the
functional curves for % (T), ¥,'T), and ¥3(T) shown in Figures 4 and
5. Thecze temperature effect curves (i.e., %,(T), F»(T), and ¥3(T))
are only estimates; therefore, any use of data from this CAD Program
should be used with caution until actual temrerature effect data have been
cataloged,

Points on each of the Scale Factor Function Curves were used
in the computer program TDATAF to generate the temperature effects on

13
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the shock (i, e., peak accelera’ior, Gp,) ard the vibraiion (i.e., slorage
modulus, E;, and loss tangent, tan 8) data. The shock ard vibrafion data
are then stored in the computer file,

sw 4

C. Treatment of Fragility and Damage Susceptibiiity Criteria

The subject of fragility or darnage criteria is complicated because
of the way in which different items fail when they are subjected to differen®
environments. Various individuals, depending upor their background axd
resources, advocate different concepts, eguipment and tesling procedures
for obtaining fragility ratings for items.

The determination of fragility or damage susceptibilily cri‘eria
for a specific item must be done by the program usexr prior *o utilization
of the computer program developed durirg this project.

Fragility rating, normally in terms of the peak acceleration of the
pulse which causes damage or malfunction of the item, should represent
the peak of the main pulse (as distinguished from peaks of superimposed
high frequency components), expressed ir multiples of gravitational
acceleration, g. Fragility ratings for individual items of a group should
be averaged to obtain a mean value for the group.

The fragility input data will hav. two forms:

(1) Those items that are no* repairable and discarded when
damaged

(2) Items that are made of components, These items can
have a range of damage to the componernts.

For example, the fragility input data might be in the following form:

Probable
Fragility Percent Repair Cost per
Rating, g Damaged, % Damaged Iiem, $
55 0 0. G0
60 5 5,00
65 20 25,00
70 80 475,00

17
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D, Statistical Form of Environment

It is recognized that many possibilities of shock and vibration en-
vironments exist for transportation of packaged items. The modes of ship-
ment include (1) Plane, (2) Truck, (3) Train, and {4) Ship. In each case,
the length of exposure time can vary, depending on the details of the package
and its destination, Therefore, herein we suggest a procedure for applica-
tion of average and maximum environments for each case,

1. Shock Environment

Statistical information about the typical number of shocks which
occur in a given transportation environment are available to varying de-
grees of detail from several sources. Figure 6 shows a profile of shock
excitation measured during a typical airline flight'“’, Data of this type
musi be further reduced to an even more concise {orm as shown ia
Figure 6b., That is, by accumulation of such data from multiple rlights of
varying durations, in the future a probability density for shock levels must
be developed by fitting a Gaussian distribution to the data. Then, the en-
tire set of data is described mathematically by

Is , -llgx-ug)/204]

Plgy) = 5= (16)

where Ug is the mean shock level, gx' is the deviation from the mean
level, and 0y is the standard deviation., This form is particularly useful
for computational purposes. The maximum shock expected in a given en-
vironment can be taken as

Emax = 30g (17)

Thus, the above formulation can be utilized for design to withstand re-
peated shocks (assuming superposition) or maximum as well.

Since all of the available shock isolation data for package
cushioning materials are presented in the form shown in Figure 2, and
since probability density shock levels for the different modes of trans-
portation are not available, the shock conditions specified in MIL-STD-
810B, Method 516.1, Shock, were coded into the computer program,
OPPACK. The shock conditions from Method 516, 1 are the drop heights
based upon weight and dimensions, The weight and dimensions which
determine specific drop heights are in Table II, The 48-inch drop height
was omitted from the computer procedure because materials data for a
48-inch drop height were not available,

Thus, it is not necessary for the OPPACK Program user to speci-
fy any shock environment,

18
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TABLE II

TRANSIT DROP TEST HEIGHTS FROM
MIL-STD-810E, METHOD 516.1

Weight of test item Largest dimensions Height of drop
and case (inches) Notes (inches)
Under 100 pounds Under 36 A 48*
man-packed and
man-portable
36 and over A 30
100 to 200 pounds, Under 36 A 30
inclusive
36 and over A 24
Over 200 to 1,000 Under 36 A 24
Pounds,
inclusive 36 to 60 B 36
Over 60 B 24
Over 1,000 pounds No limit C 18

£3
48-inch drop height was omitted from OPPACK Program because
of the lack of materials data.

2. Vibration Environment

Vibration excitation can be expressed either as a discrete
spectrum(z) as shown by the exam{JIe for truck transportation in
Figure 7, or by ¢ power spectrum 3) as shown by Figure 8, In the latter
case, the data have been accumulated for equipment mounted in air-
launched missiles. In the past, the tendency has been to express trans-
portation environments in terms of discrete spectra (Figure 7). However,
in recent years, with the advent of more compact laboratory analysis and
excitation equipment, presentations of data on such environments have
been shifting more to the power spectral form (Figure 8).

For the present program, available data were reviewed, so
that enveloping power spectra could be established for each type of en-
vironment, Considerable judgement was exercised in this process, to
account for varying power spectra at different speeds in transportation
environments. Again, the assumption of a Gaussian distribution about
some mean levels allowed reduction of the data to two parameters,

20
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mean and standard deviation. These power spectra of excitation then
formed the inputs to the equations presented in the previous sections.

Since most of the package cushioning design procedures used
in previous publications on the subject do not deal extensively with the
protection of the packaged item from vibration, a widely accepted method
of describing the materials data relative to vibration does not exist, Also,
a widely accepted method of describing the environmental vibration does
not exist. Therefore, because the vibration environment can be de-
scribed in relatively simple conventional terms (i, e., single frequency
sinusoidal excitation, such as MIL-STD-810B excitation) or in more
complex terms (i. e,, multiple sine excitation) or in the most complex
terms (i, e., random excitation), the computer program OPPACK was
written to allow three options for the optimization regarding the vibra-
tion environment. Those three options are:

o Single frequency sinusoidal excitation, i.e.,
MIL-STD-810B excitation (IC = 1)

5 Multiple sine excitation (IC = 2)

5 Random excitation (IC = 3)

The input environmental vibration data for the MIL-STD-810B
excitation (IC = 1) are to be in the form of acceleration, g. at specific
frequencies, rad/sec*, If the user of OPPACK has specific environ-
mental vibration data and wishes to optimize the package design for singlce
frequency excitation, he may input these data on Data Card Number Tv/o
(i.e., frequencies, rad/sec) and on Data Card Number Four (i.e,,
acceleration levels, g, for the specified frequencies),

If the user does not know what the environmental vibration
data are, he may use the following frequencies, rad/sec:

6.283, 62,83, 125.ho, 314,159, 628,300, 1884, 96,
3141.59, 4398,23, 5654,87, 5969,03, 6283.19,

and the following accelerztions, g, which correspond to the previously
given frequencies:;

Note that the input vihration frequencies are to be in radians per sec
(rac¢ asec).
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The laput envirenme tal »iv:=icr dala fo° ‘e malliple 3sire
excitation (IC = 2) are also to be in the form of acceleratioa, g, a* spe-
cific frequencies, rad/sec.

Alzo, if *he user does no! kriow wha' ‘ne e=ironrnertal vitza-
tion data are, he may use the previously listed accelerations and fre-
quencies,

The input environmertal vibratior data {fo: random ex-iation
(IC = 3) are to be in the form of Power Spec*zal Dexsity (FSD), gZ/Hz
at specific frequencies, rad/sec. If *he use> has I"SD data they a~e ‘o
be put on Data Card Number Three (i.e., PSD, gZ/Hz-, for the specified
frequencies on Data Card Number Two), If *he use:r does rot krow what
the FPSD, gZ/Hz data are, he may use the following PSD levels:

3,66(10)-4, 5.17(10)°4, 1.91(10)-4, 1.15(10}"4,

1.13(10)-4, 5.09(10)°7, 5.83(10)-%, 5,0%(10)"7,

5.09(10)-7, 5.09(10)-7, 5.09(10)"".
which correspond to the previously given frejuencies.

These vertical excitation data are from a truck transporting a
LANCE missile at 19 to 45 MPH over a gravel road from the acceler-
ometer mounted on the misgsile skid. The data are from Contract DA-31-

124-ARO-D-226.

E. Cost Function Considerations

To formulate a function that expresses ‘he :otal cost of cushion-
ing, packaging and shipping of a given item while allowing for the posei-
bilit» of some damage, to be covered by overshipment, rcqui:zes a
functional knowledge of all the cost variables in packaging design. Many
of these cost variables are tangible, such a3 cushioning material cosis
and shipping costs; however, some are intangible such ay zos‘s of storage
of the cushioning and packaging materials ard some phases of loading and
handling during shipment. Since we are mainly concezrned wi*h optimiz-
ing the cost function for a given variety of candidate materials and modes
of shipment, many of the intangibie variables play ve:y mircr ~oles i.
determining the optimum package, since these costs are shazed nearly
equally for all possible designs. The przimary cost variabies that were
considered in the cost function are:

Cm ~ cost per unit volume of cushiorning material,

Cc ~ cost of the exterior container,

23
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C¢ ~ cost of fabrication of the cushioning material to the
specified dimensions,

Cp ~ costof packaging of the item for shipment,
Cg ~ cost of shipment,

C; ~ cost of the packaged item.
These cost variables can be grouped into four main categories; cost of
materials, cost of labor, cost of shipping, and cost of allowable damage

replacement.

1. Cost of Materials

The cost per unit volume of the cushioning material enters
the cost function in a direct manner when the required volume of cushion- |
ing material is known, It is often the case that material prices are based
on a given thickness and width of sheet; in these cases, the waste mat=rial
must be accounted for in the overall cushion tost.

The exterior container for the purpose of cushion analysis
was taken to be a rigid container. Cost and fabrication of the container
were estimated for the sample problems from limited commercial data,
Previsions were made in the program for the user to input container data
(i. e. . Input Data Card Number Sixteen).

In the sample problems, the specific weight of the container
is 0.0017 1b/in3 and the container material cost is 0,00232 $/in.>.

EALTIQN,

e o
The cost of container, $/§n.3, is the cost of the
container material volume, not the container
volume.

2. Cost of Labor

The cost of fabrication of the cushioning material to the
specified design dimensions, as available, is included in the cost analysis,
as well as the cost of packaging of the item for shipment, These iteras
are best initially expressed in units of time since the price of labor is
generaliy changing, and therefore only a single dollar per hour rate is
necessary to update existing data. At the present time, we are using an
average rate of $3, 00 per man-hour, This rate is based upon data from
Area Wage Survey, U, S, Department of Labor.
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3. Cost of Shipping

The cost of shipping is one of the more complex cos* variables,
in that, weight, cube, number of items to be shipped ard mode of ship-
ment can play equaly important roles, When shippiag by “ruck, ::ain,
plane, ship or any combination thereof, the package engineer mus’ cor.sider
the limitations on weight and cargo volume of each of the possible modes of
shipment, For a shipment that requires muitiple modes, for example, by
both train and plane, a least cost operation must consider the cost in each
phase of shipment. Of course, the cushioning package will be designed to
withstand the environmental conditions imposed by all required modes of
shipment; however, the least cost package may not be the most cost effi-
ciert when cube and weight limitations arise in shipping.

4. Cost of Damage Replacement

The cost of the item being packaged enters the cost functiocn
when the cushion design accepts the possibility of some damage, by chang-
ing the item's fragility factor, and compares the excess cost of the items
shipped to cover the damage against the reduced cost of the cushioning
package.

Thus, the cost function is a linear sum of the above-mentioned
cost variables, The general cost function then takes the form

CF =n [VpyCm+ Cc (W, Vo) + Ce(m, Vo) + Cp (W, Vo) +£,Cy]
(18;
+ Cg(n, s, W, V)

where the brackets denote a function of those variables and n is the numbe:
of items to be packaged, Vg, the volume of cushioning material including
wagte, W the weight of the package, V. the cube of the package, m de-
notes a particular cushioning material, f, fraction of items allowed for
possible demage, and s the particular mode of shipment. It should be
pointed out that since a different cushioning material can be used or. each

of the three orthogonal surfaces, the expression V,,C,, can be expanded
to read

3
1=

where the subscript denotes the three pcssible surfaces. Likewise, the
possibility of multiple modes of shipping can be functionally expressed as

4
Csin, s, W, Vo) = ) Cgln,s, W, V). (2}
S=1
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The value of cushioning material, V,, in itself is a furc-
tion of the cushioning material properties, fragility factor of the item,
and the shipping environment.

F. Computer Software

The actual implementation of the FORTRAN computer software
into the Natick Laboratories UNIVAC 1106 Executive 8 System was the
culmination of all of the work on this project.

The Computer Aided Design (CAD) of package cushioning was
accomplished through the FORTRAN language. FORTRAN permits the
use of:

. Mathematical expression

q Data file input/output

. Procedural subroutines

Batch and remote procesaing.
Thus, a main program is used to cali and manipulate the subroutines.
The subroutine programs were structured so that modifications can be
done with a minimum amount of difficulty, The use of subroutines permit-

ted the segmented development of the complete package cushioning de-
sign computer program.

1. Lagrange Interpolation of Data

Since we knew that a large number of data files were going
to be required and that interpolation of the data contained in these files
was necessary, we have developed and implemented a subroutine and
function for interpolation and extrapolation(4). They are the following:

5 LAGINT (i.e., Lagrangian Interpolation Subroutine)

5 FLAGR (i.e., Lagrangian Interpolating Function)

The interpolation programs are designed to save consider-
able computation time in generating data by interpolating a set for a more
dense set so that a realistic data is realized. The mathematical inter-

polation scheme used is that of a three point Lagrange with a fairing
over a four point set.

Program Theory for Lagrange Interpolation

Given a set of matrices Y(k), we wish to interpolate this get
to obtain a more dense set I'(k). The method of interpolation to be used
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is that of Lagrange by passing a par-abola f~cin "ne righ! azd ircm ‘ne lel"
and averaging. For those points in I'(k) which are no* spanaed by at least
two points on either side by the set y(k), a single parabola will be used at
these points, Higher order polynomials have been tried ar.d have failed to
yield any increase in accuracy and have often caused undesirable cscilla-
tions.

LaGrange's interpolation fornila:

M (k-kp)+ » +(k-kj_) (k-kjyq1) « o (kekpy)

Hi - iElY(ki) (kij-kp)* » - (kj-ki.1) (ki-kjs1)e » - (ki-km)

(21;

Consider the five points shown below, where the 0 denotes values from
the Y(k) set and the X denotes the desired value for the T'{k) set.

Yi-1 Y r Yitl Yis2
0 0 X 0 0
ki-1 kj k kit1 kit2

Using Lagrange's interpolation formula for a parabdla from the left (use
points ki_y., ki, kjyp)

(k-k;)  (k-kjy)
(ki-1-k;) (ki 1-kj)

I‘(k)L = Y(kj-1)

+ Yk (K-kiop) (k-kyyy)

(¢2)
(ki-ki-1) kj-kj 1)

(k-kj_1) (k-k;)
(kiy1-ki1) (kiy1-kg)

+Y(kj1)

and a parabola from the right (use points k;, ki 1, k:.2)

(k- ki) (k-kiy2) Y(kes) (k-k;) (k-kiy2)
+ . B .
(kj-kiy1) (ki-kinz) © U (g k) (kip kg

I‘(k)R = Y(ki)

(k-ki) (k-kjy1)

(23)
(kiy2-kj) (kjiz2-kiz1)

+ Ylkiy2)

Thus, if the desired point lies between two adjacent points, we average
the parabolas as
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The program is set up to interpolate a single set of input matrices or
input two sets, scaling the second set by a scalar and adding it to the
first set, then interpolating the combination.

Copies of the main program (i.e,, TEST), the subroutine
LAGINT, and the function, FLAGR, are shown in the Appendix.

2. Computer Aided Design (CAD) with Program OPPACK

The following pages identify the main driver program and
subroutines. The usage of each subroutine, other subroutines called,
and & glossary of variables are specified.

Table III, Glossary of Variables for OPPACK, contains the
alphabetical listing and description of the FORTRAN variables in the
Computer Program OPPACK.

28
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TABLE III
GLOSSARY OF VARIABLES FOR OPPACK

A - o - -
AL(D) - - -
AL(D) - - -
ALF (NPTSA)
ALL() - -
ALL - - -
AT - - - -
BETA (NPTSB)
clL - - - -
cz - - - -
C3 - - - -
ciz - - -
cl13 - - -
c23 - - -
C123 - - -
CA(LT) - -

A (NPTSG, NPTSB, NPTSA)

Support area of iiem (sq in.).
Input table.

Array of longest dimensions for each
face of package. (CDPRO subroutine).

Area of the perpendicular face of the
package, (COSTMT subroutiae).

Vector of independent variables.,
Actual dimensions ol package.

Item length + container and cushion
thickness.

Environmental temperature.
Vector of independent variables,
Cost of material on face one,
Cost of material on face two.
Cost of material on face thrce.

Contains the minimum cost between
the materials on face one and face two,

Contains the minimum cost between the
materials on face one and face three,

Contains the minimum cost between the
materials on face two and face threez,

Contains the lowest cost of the three
materials,

Material cost and property matrix. Con-
tains cost of material, cost of fabrica-
tion, costof packaging, safe low temper-
ature, low and high static stresses, and
specific weight,
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TABLE III (Contd.)
GLOSSARY OF VARIABLES FOR OPPACK

rﬂ e
5
|
|

CAXIS(I,1) - - - - -~ - - CoBstof the packaging material for
face one,

CAXIS(L,2) - - - - - - - Cost of the packaging material for
face two,

CAXIS(I,3) - - - - - - - Cost of the packaging material for
face three.

CAXIS(I,J) - - - - - - - Coatof packaging material for all
three faces,

3 CcD(I,J) - - - - - - - < Container cost and property matrix.
Contains specific weight of container
and cost of container,

CF(I) - - - - - - - - - Array containing cost of fabrication
to specific dimensions.
CFF - - - - - - - - < Costof fabrication,
] Cl - - - - - - =« - =« - Costof item, .
CM() - - - - - - <« . - Array containipg material cost.
COST - - - - - <« « - < Total cost.
[ CP(I) - - - - - - - - - Array containing the cost of packaging,
" CPF - - - - - - - - - Costof packaging.
CS- - - - - - - - - - Costof shipment,
CSS - - - - - - - - - Costof shipping the package.
CVC - - - - - - - - - Costof material for corner.
DH- - - - - - - - - - Calculated drop height,
DHH(I) - - - - - - - - Drop height,
DHL(I) - - - - - - - - Drop height longest length,
30
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TABLE III (Contd.)

GLOSSARY OF VARIABLES FOR OPPACK

DHW () - -
DII- - - -
DLH - - -
DL(I) - - -
DRPH - -
DWB .- - -
ERI - - -
ER] - - -
F() - - -
F2() - - -
FE(I) - - -
G - - - -
GAM (NPTSG)
GM - - -
GM - - -
GMF(I) - -
1 - - - -
12 - - - -

Drop height upper weight limit,
Array of drop heights,
Dummy parameter,

Change in package dimensions along
each face.

Actual drop height - stored on file,

Weight added by the addition of a
bearing board,

Modulus at center frequency.
Modulus at environmental frequency,
Table of dependent variables.,

1-D array of interpolated accelera-
tions,

Work - vector,
Interpolated acceleration,
Vector of independent variables,

Maximum G-allowable (ft/sec/sec)
(CDPRO subroutine)

Fragility limit (acceleration).
(SHOCKE subroutine)

G-levels for each percent.damage
allowable.

Array subscript for material used on
face one,

Array subscript for material used on
face two,
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TABLE III (Contd,)
GLOSSARY OF VARIABLES FOR OPPACK

I3 - - - -« - -« - - - - Array subscript for material used on
face three,

IC - - - - - <« - - <« - Procedure code,

IC=1 - = - =~ = = - - MIL-STD-810B excitation,

IC=2 - -~ - = = = = - Multiple sine excitation,

IC=3 - - - - = - - - Random excitation.

IGO - - - - - - - - - Code te determine type of interpolation,
ImiIi h - - - - - - - - - Contains array positions of optimum

thickness for each of the three faces,

IITM - - - - - - - - - Item number.

IJE - - - - - - - - - Deletion code.

ITEM - - - - - - - - - [Item number,

ITEMP - - - - - - - - Number of temperatures considered,

MATOP(I,K) - - - - - - Optimum material for each face.
MATOP(I,K) = F (G-level, axis).

MATSC(I) - - - - - =~ - Material code.

MC(I)- - - - - <« - - - Contains material code for each of
the three faces,

MIC - - - - - - - - - Maximum iterations for drop height
weight convergence,

MITEM - - - - - - - - Item number,

MOMJ - - - - - - - Number of input environment fre-
quencies,

MOMS - = =« = = = - - Number of frequencies stored on the

vibration file, (CDPRO subroutine)
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TABLE III ( Jo~*d.}
GLOSSARY OF VARIABLES FOR OPPACK

MOMS - - - - - - - - Number of frequencies stored on data
files (VIBRTN Subroutine).
MTC - - - - - - - - - Material code.
1 MTS - - - - - - - - - Number of temperatures stored on the
] ’ vibration file. (CDPR" subroutine)
MTS - - - - - - - - - Number of temperatures stored on
data file. (VIBRTN subroutine)
MXI(I,J,K) - - - - - - - Array containing the number of thick-
1 nesses included in the dynamic thick-
ness array.
1 MXIT(L,J,K) - - - - - - Number of thicknesses stored for each
] axis and temperature,
3 NMATS - - - - - - - - Number of materials to be considered.
NPCNT - - - - - - - - Number of different percent damage
allowed.
‘ NPTS - - - - - - - - - Number of points in table,
P
k NPTSA - - - - - - - - Number of X-Y planes in input table,
NPTSB - - - - - - - - Number of columns in input table.
NS - - - - - - - - - - Number of static stresses. (CDPRO
subroutine)
NS- - - - - - - - - - Number of static stresses stored on
file (SHOCKE subroutine)
NT- - - - - - - - - - Number of temperatures. (CDPRO
subroutine)
NT- - - - - - - - - - Number of temperatures stored on
file. (SHOCKE subroutine)
NTH - - - - - - - - - Number of thicknesses,
33
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TABLE 1III (Contd.)

GLOSSARY OF VARIABLES FOR OPPACK

OB(I) - -

OCOST (I, K)

OM- - -

oMJ(I) -

OMS(I) -

OMS(I) -

OPSS(I) -

OTHK (I, K)

PCTD(I) -
REPCI(])

RHOC - -

RHOM

S(I)

S(I)

Array of 1-Octave band center fre-
quencies, Hz,

Matrix of optimum cost for each
allowed G-level, OCOST (L K) =
F (G-level, axis).
Environmental frequency.

Environmental Frequencier (rad/sec)

Array of frequencies stored in ascend-
ing order. (CDPRO subroutine)

Frequency scale. (VIBRTN subroutine)
The optimum number of packages to be
shipped in order to have one reach the

destination undamaged.

Optimum thickness for each face.
OTHK(I, K) = F (G-level, axis).

Percent of damage allowable,
Replacement cost,

Specific weight of container material
under consideration.

Specific weight of material under
consideration,

PSD (Power Spectral Density) input
for random excitation, (DAMALW
subroutine)

Array of 1-octave band power spectral
densities. (VIBRTN subroutine)

Static stress (W/A), (CDPRO sub-
routine)
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TABLE IIl (Con’d.)
GLOSSARY OF VARIABLES FOR OPPACK

st - - - - - - - - - - Interpolating stress. (SHOCKE sub-
routine)
SIG (I) - - -~ =~ = = - - Array of static stresses in ascerd-

ing ordz.. (CDFPRO subroutine)

SIG (I) -~ ~ =~ <~ = = = =~ 1-Dtable of static stresses (W/A),
(SHOCKE subroutine)

*

i SIT (I) - = = - - =« =~ - Workarray used for sorting.

SS) - - - - - - - - - - Sum of output excitations for one
center frequency,

O

SLT (I) - - - - - - - - Safe low temperature.

T (I) Array of temperatures in ascending

order. (CDPRO subroutine)

| .

T(I) - - -~ - - - - - - 1-Dtable of temperatures. (SHOCKE
] subroutine)

T1 - - - -« - - - - - - Material thickness for face one,
‘ T2 - - - - - - - - - . Material thickness for face two.
| T3 - - - - - - - - - - Material thickness for face three.

TAB1 (I, J, K) Work array - during shock calcula-
tions it contains G = F (thickness,
static stress, temperature), During
vibration calculations it contains ER =
modulus = F (frequency, temperature),

(CDPRO subroutine)

TABI (I, J, K) 3-D table of peak accelerations G = F

(TH, SIG, T). (SHOCKE subroutine)

TABI1 (I, J, K) Table containing behavior of storage
modulus (ER) ER = F (frequency,

temperature), (VIBRTN subroutine)
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TABLE III (Contd.)
GLOSSARY OF VARIABLES FOR OPPACK

TAB2(I, J, K)

TAB2 (I, J, K)

TCC -

TCC(I)

TCMV

TCON
TF(I) -

TF(WI, WJ,

]
]
]

- - - -

ERI, ERJ,

THCK (A, ERI, WI, W)

TH(I)

]
]

TH(I)

]
]

THI - -

THIK (I, J)

THIKV(I, J)

TI - - -

TI - - -

]
]
]
]

DJ)

Array which containg loss tangent = F
(frequency, temperature). CDPRO
subroutine)

Table containing behavior of loss tan-
gent EL/ER = F (Frequenrcy, Temper-
ature). (VIBRTN subroutine)

Total cost of container by volume,
Calculated thicknesses.

Total cost of material by volume.
Thickness of container (in.),

1-D array of guess thicknesses,

Statement function to calculate trans-
fer function.

Statement function to calculate thick-
ness.

Array of thicknesses in ascending
ordar. (CDPRO subroutine)

1-D table of thickness values,
(SHOCKE subroutine)

A trial thickness, (CDPRO sub-
routine)

Guess thickness. {SHOCKE sub-
routine)

Matrix of thicknesses generated
during shock calculations,

Matrix of thicknesses generated
during vibration calculations,

An environmental tamperature,
(CDPRO subroutine)

Interpolating temperature., (SHOCKE
subroutine)

36




T T Y T = Y e e

o e iy o

TABLE III (Contd.)
GLOSSARY OF VARIABLES FOR OPPACK

TIII - - - - - - - - - Environmental tempera‘ure.

TMX - - - - - - - « - Maximum allowed shock thickness,

TOP - - - - - - - - - Optimum thickness.

TOPP(I) - - - - - - - - Array of acceptable thicknesses,

TS(l) - - - - - - - - - Array of temperatures stored in as-
cending order. (CDPRO subroutine)

TS(I) - - - - - - - - - Temperature scale. (VIBRTN sub-
routine),

TSK - - - - - - - - - Thickness predicted by shock environ-
ment.

TT() - - - - - - - - - Athickness work array,

TTHIK(I,J,K) - - - - - - Dynamic array which contains the
union of the thicknesses of all three
temperature environments.

TTHIK(I,J,L) - - - - - - Dynamic thickness array contains all
acceptable vibration thicknesses for
each material, axis, and temperature.

Vi - - - - - - - - - - Volume of packaging material needed
for face one,

v2 - - - - - - - - - - Volume of packaging material needed
for face two.

V3 - - - - - - - - - - Volume of packaging material needed
for face three.

VAL - - - - - - - - - Interpolated value,

W - - - - - - - « - - Weightof item,

WwI - - - - - - - - - Weight of item (1b) (CDPRO subroutine)

Wil - - - - - - = - - l-octave band center frequency.
(VIBRTN subroutine)

WIr - - - - - - - - - Weight of item.
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TABLE II! (Contd.)
GLOSSARY OF VARIABLES FOR OPPACK

W (K)

ww -

XB - -

XDD(I)
XDDA
XDJ(I)

XIK(I)

XK - -
XL - -

YG - -

YL - -
ZA - -

ZL - -

Work array containing function weights,

Item weight + container and cushion
weight,

Horizontal argument (interpolating
value),

Calculated output excitation.
Maximum allowable G-level,
Environmental G-levels,

Table of independent variables to be
interpolated.

Interpolating value,
Width (in.)

Vertical argument (interpolating
value).

Height (in.) - shortest dimension,
Depth (interpolating value).

Length (in.) - longest dimension.
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MAIN DRIVER AND SUBPROGRAMS

OPPACK -- Main Driver

Usage:

(1) Read first four input cards from problem

card deck,
(2) Initialize appropriate variables.

(3) Print and define input data,

Subroutines called:

TEMPEV
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0coo003
oooor3
ooooe3
ooooe3
000035
000050
0000&3
000076
ogo:’ o2
ann %
Q50 .47
DIV Y-
10723
ChnRud
ouyu2G0
000200
0oo200

000200
000200
oc- oo
000200

000200
000202

PROGRAM OPPACK(INPUT,QUTPUT,TAPEL,TAPER2,TAPEI, TAPEY, TAPES,
1 TAPE®, TAPE?, TAPEB - TAPEY, TAPELD)
OPTIMIZATION PACKAGE MAIN PROGRAM
ROUTINE READS CARD INPUT DATA
COMMON /COSTM/ CA(C10,?),CD(10,2),CS,CI,WII
COMMON /VPASS/ NIC,IC,ITITM,MIC,MXI,MOMJI, TCON, TEML, TEMH
DIMENSION OMS(11),S(11),XDJC11)
READ LOOO0,NIZ,IC,IITM,MIC,MXI,MOMJI,CS,CI,TCON,TEML, TEMH
READ 1020,(OMI(I),131,MA0M))
READ 1020,(S(I),I=21,MOMJ)
READ 1020,(X0J(I),I=1,MOMJ)
PRINT 10?0
PRINT 1030, NIC,IC,IITM,MIC,MXI,MOMJI,C89CI,TCON, TEML,TEMH
PRINT 1040, (OMJ(I), I=1, MOMJ )
PRINT 1nS0, (S(IY, I=1, MOMJ )
PRINT 1060, (XDJ(I), I2), MOMJ )
CALL TEMPEV(UMI,S,XxDJ)
1000 FORMAT(bI2,S5E1n,.0)
1010 FORMAT(4012)
1020 FORMAT(11€?,.0)
1030 FORMAT ( 1HO, I8 , S2H =2 NIC === CODE NO, OF CONTAINER MATERIAL T
10 BE USED /1X,18,25H = ICe=aQPTIMIZATION CODE /

1718 , 23K = I1ITM === ITEM NUMBER

2/18 , Sbh 3 MIC === MAXIMUM NO, OF ITERATIONS FOR DROP HT, CALC,
3/18 , SSH 3 MX] === MaXIMUM NO, OF ITERATIONS FOR G=CONVERGENCE
/18 , #?H 3 MOMJ === NUMBER OF ENVIRONMENTAL FREQUENCIES

S/E11,%, 33H ($/LB)
6/FB.2 » 29H ( 8§ )
?/FB.b, w2H (IN,)

C8 === COST OF SHIPMENT
CI === COST OF ITEM
TCON === THICKNESS OF CONTAINER
Q/F8.2, S0H ( F ) TEML === LOWEST ENVIRONMENT TEMPERATURE
1/F8,2, Si8 ( F ) TEMH === HIGHEST ENVIRONMENT TEMPERATURE )
1040 FORMAT ( )HO,SOM (RAD/SEC) = OMJ(I) ALL OF THE ENVIRONMENYAL FREQ,
1/ 11E11.5 )
1050 FORMAT ( 1HO,3%H PSD INPUT FOR RANDOM EXCITATION
17 11£11,5 )
1060 FORMAT ( 1HO,92H (G'S) =2 XDJ(I) = ENVIRONMENTAL EXCITATIONS EACH
1 CORRESPONDING TO ONE OF THE ABOVE OMJ(I)S/ l1E1l1,S)
10?20 FORMAT ( 1H1,// 30X, b6SH#*x* OQPTIMIZATION PROCEDURE FOR DESIGN OF
LPACKAGE CUSHIONING w»xx // )
STOP
END
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OPPACY

PROGRAM LENGTH INCLUDING I/0 BUFFERS
u3lo2e

FUNCTION ASSIGNMENTS
STATEMENT ASSIGNMENTS

1000 - Q0o022s 1010
1040 = 0003%p 1050

000231 1020
00035? 1060

BLOCK NAMES AND LENGTHS
COSTM = 000135 VPASS

oonol1l

VARIABLE ASSIGNMENTS

CA = 000000CO1 CD 000106CO0) CI

I « 000471 Ic = 000001C02 IITM
MOMJ = 000n000SC02 MXxI = 00000%C0~ NIC
8 * 000443 TCON = 000006C02 TEMHM
X0J = 000456

START OF CONSTANTS
000204

START OF TEMPORARIES
000%20

START OF INDIRECTS
000430

UNUSED CIMPILER SPACE
o%2400

4]

000233 1030
000370 1070

000133C01 CS
oo0one:.%2 MIC
000000C02 OMJ
000010C02 TEML

00023S
o0o%05

000132C01
000003C02
000%30

000007C02




TEMPEV - Subroutine
Usage:
This subroutine is used to initialize the three

temperatures to be considered.

Subroutines called:

DAMALW
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00009s
agooce
00000s
000006
000006
00000Cb
onoo0?
oanolo
oanole
000015
00001l
N00o0¢ee
000035
00003b
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SUBRQUTINE TEMPEV(OMJ,S,XDJ)

COMMON /VPASS/ NIC,IC,IITM, MIC:HXI:NOMJ: TCON,TEML, TEMH
COMMGN /COSTM/ CA(LU,?7),C0C10,27,C8,CI,WI]

COMMON /TEMPT/ TTHIK(1003011)11"01AX30ITEMP:IJE:TMX
DIMENSION TI(3)

OIMENSION OMJ(ll)uS(lo)oXDJ(ll)

TMX=1P,

ITEMP=)

TI(l)= TEML

TI(2)= 0.S*(TEMH+TEML)

TI(3)= TEMHW

IF((TEMH-TEML).LT.EO.)ITEMP:I

CALL DLAMALW(NIC,IC, IITMpTCON'TI,MIC,MXI;GMJpMOMJoSoXDJ)

RETURN
END

43

Tt T et T R e e gt |

T



TEMPEY

SUBPROGRAM LENGTH
500055

FUNCTION ASSIGNMENTS
STATEMENT ASSIGNMENTS

BLOCK NAMES AND LENGTHS
VPASS = goo0ll COSTM = 00013S TEMPT =

' RTABLE ASSIGNMENTS

i = 0ghoooCoe2 ¢b

ITEMP = (p0S14C03 MIC

NIC = 000000CO1 TCON
) = Q0oonose2 TMX

poalosCoe IcC

000003C01 Mu..J
000005C01 TEMH
000516C03 TTHIK

START OF CONSTANTS
Gooo4o

START OF TEMPORARIES
000044

START OF INDIRECTS
00002

Gt e

UNUSED COMPILER SPACE
043700

44
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000001C01 I1ITM
000005C01 MXI
000010C01 TEML
000co0CO03

000002C01)
00000%CO1}
000007?CD!L



Usage:
(1)
(2)
(3)
(4)
(5)

DAMALW - Subroutine

Reads remainder of problem data deck.
Prints input and explanation of input,
Determines materials to be considered.
Determines best shipping policy,

Prints appropriate information concerning
the best shipping policy.

Subroutines called:

CDPRO
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Glossary of Variatles for DAMALW

CA(I,J) - - - Material cost and property matrix. Contains cost of
material, cost of fabrication, cost of packaging, safe
low temperature, low and high static stresses, and
specific weight,

CD(I,J) - - - Container cost and property matrix, Contains specific
weight of container and cost of container.

CI - - - - - Costofitem,

CS - - - - - Costof shipment.

GMF(I) - - - G-levels for each percent damage allowable.

I1 - - - - - Array subscript for material used on face one.

I2 - - - - - Array subscript for material used on face two,

I3 - - - - - Array subscript for material used on face three,

MATOP(I,K)- - Optimum material for each face.

MATOP(L, K) = F(G-level, axis).

MATSC(I)- - - Material code.

NMATS - - - Number of materials to be considered.

NPCNT - - - Number of different percent damage allowed.

OCOS'T (I, K) Matrix of optimum cost for each allowed G-level,

OCOST (I,K) = F (G-level, axis)
OMJ(I)- - - - Environmental frequencies(rad/sec)

OPSS(I) -

The optimum number of packages to be shipped in
order to have one reach the destination undamaged.

OTHK(I,K) - - Optimum thickness for each face.

OTHK (I, K) = F(G-level, axis)
PCTD(I) - - - Percent of damage allowable.
REPCI(I) - - - Replacement cost,
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Glossary of Variables for DAMALW {Contd, )

S(I) - - - - . PSD (Power Spectral Density) input for random
excitation,
Tl - - - - . Material thickness for face one,
T2 - - - - - Material thickness for face two.
T3 - - - - . Material thickness for face three.
WII - - - - . Weight of item.
- XDJ(I) - - -« - The environmental G-levels,
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SUBROUTINE DAMALW(NIC,IC, TTiM,TCON,TI,MIC,MXI,0MJ,MOMJI, S,

1 xX0J)

BASEC UPON THE ALLOWED OAMAGE,

CA(I,J) = COST ANO PROPERTY MATRIX = CONTAINS COST OF MATERIAL,
COST OF FABRICATION,COST OF PACKAGING,SAFE LOW TEMP,
LOw ANO AIGH STATIC STRESSES, SPECIFIC WEIGHT,

COCI,J) = COST ANO PROPERTY MATRIX = CONTAINS SPECIFIC WT OF
CONTAINER AND COST OF CONTAINER,

CI = COST OF ITEM

CS = COST OF SHIPPING

DAMALW

GMF(I) = ALLOWED G=LEVELS FOR EACH PER=CENT DAMAGE ALLOWABLE

I1 = ARRAY SUBSCRIP=FOR MATERIAL USEO ON FACE ONE (1)

ARRAY SUBSCRIF FOR MATERIAL USED ON FACE TWwO (2)

& ARRAY SUBSCRIP FOR MATERIAL USEO ON FACE THREE (3)

MATOP(I,K) = OPTIMUM MATERIAL FOR EACH FACE

MATSC(I)= MATERIAL CODE

0COST(I,J) = MATRIX OF OPTIMUM COST FOR EACH ALLOWED G=LEVEL

OMJ(I) = ENVIRONMENTAL FREQUENCIES (RAO/SEC)

OTrK(I,K) = OPTIMUM THICKNESS FOR EACH FACE

PCTD(I)= PER=CENT OF OAMAGE ALLOWABLE

REPCI(I)= REPLACEMENT COST

S(1) = PSD INPUT = FOR RANCOM EXCITATION

SUBROUTINE REAOS FRAGILITY DATA FOR DAMAGE ALLOWABLE

SUBROUTINE REAOS MATERIAL COST ANC PROPERTY FILE

THEN ITERATES ON COPRO FOR DIFFERENT FRAGILITY DATA

THEN IT DETERMINES THE OPTIMUM SHIPPING STRATEGY

THE REMAINING INPUT VARIABLES ARE OEFINE IN THE OUTPUT FORMATS

—t =4
w v
" "

T

Tl = MATERIAL THICKNESS FOR FACE ONE
T2 = MATERIAL THICKNESS FOR FACE TwO
T3 = MATERIAL THCIKNESS FOR FACE THREE

WII=WEIGHT OF ITEM
XDJ(1) = THE ENVIRONMENTAL G='EVELS

OO0

ooUole DIMENSION TI(3)
0000146 DIMENSION OPSS(10),0C08T(10,2),0THK(L10,3),MATOP(10,3)
000016 DIMENSION GMF(10),FCTD(10),REPCI(10),MATSC(10),0MJ(C10)},8(10),
1 XDJ(10)
0Gnolk COMMON /OPT/ 11,12,713,T1,72,723
000616 COMMON /COSTM/ CA(10,7),C0(10,2)+CS,CI,NWI1
c READ COST FILE
000016 READ SO0,NC,MITEM,MNMATS
600027 PRINT 4010, NC, MITEM, MNMATS
] Gooowl READ 10, ((CA(C1+J),J=1,7)y 121 ,MNMATS)
6000K0 READ 10, (CCOCYIrJd)eJd=1,2)r 1I21,NC)
00007? PRINT 4020, C((CA(CI,J),J=1,?7)s1=2, MNMATS )
00011% PRINT %030, ((COCI,J),Jd=1,2)r 121, NC )
6001365 RHOC=CO(NIC,1)
c REAO FRAGILITY DATA FOR DAMAGE ALLOWABLE
000143 20 CONTINUE
g0nNl+3 REAO Sy ITEM'WIIXL'YLIZL'NPCNT
00C1l63 PRINT “40%U, ITEM, WI,» XLs YL» ZLs NPCNT
c USING THE RANGE OF OPTIMUM STRESSES OETERMINE THE MATERIALS TO EBE
o CONSIDERED
000202 XsxL
600205 YsyYL
p0o2CHh I=2L
000210 wawl

48




000211
000216
000220
oooe2e
goo2ev
000ee?
00232
000235
oooz242
000246
000e4?

0002%0
0002e1
000e?2
000276
000277
000301
00030%
000314
000317
000332
00033%
000350
0003¢&?
0o0o4%0b
000%13
000%15

000442
000450
0oo4se
000453
000455
000457
000462
000464

000471

000474
000476
000518
000se3
000523
goose?
000S+0
00osu+e
000543
000S4S
000546
000551
1006853
0305°¢%w
ugsse?
000Ske

es
eb

28

%0
%5

SO

CHANGE PCF Y0 PCI

CHANGF. COST/CF T0 COST/CI

DO 25 I=1,MNMATS

CA(CI,?)=CA(I,?)/1728,

CA(I,1)=CA(I,1)r1728,

CONTINUE

81 = W/(X %~ Y)

82 = w/(X *x 2)

83 5 w/(Z » Y)

S11= AMIN1(81,82,83)

§22& AMAX1(S81,82,83)

NMATS=0

DO 28 I=1,MNMATS

“ELECT MATERIAL TO BE CONSIDERED
IF(811.,6T,CA(I,b6),0R.811.,LT,CA(CI,S5))GO TO 28
IF(3¢e.6T,CA(CI,b),0R,822.,LT,CACI,5))GO TO 28
IF(CACI,4).6GT,TIC1l)) GO TO 28

NMATS=NMATS ¢ )

MATSC(NMATS)=]

CONTINUE

IF(NMATS,EQ.0)PRINT %000

IF(NMATS,EQ.0)STOP

PRINT 4060, (MATSC(I)rI=1,NMATS)

WII=wI

IFCITEM,NE,IITM)PRINT 3000

READ ?, (GMF(CI),PCTD(I),REPCI(LI),I=1,NPCNT)
PRINT 4050, (GMF(I), PCTD(I)s REPCI(I),I=1, NPCNT)
DO %0 IT=1,NPCNT

GM=CMF(IT)

CALL CDPRO(CXL,YLsZL,TCON,TI,NI,NMATS,RHOC,MIC,MXI,
1 COST,MATSC,GM,OMJ,MOMJ, 8, XDJ,IC,NIC)
IF(TI(1).EQ,1500,)G0 TO %S

OTHK(IT,1)=T1

OTHK(IT,2)=Te2

OTHK(IT,3)=T3

MATOP(IT,1)=MATSC(IL)

MATOP(IT,2)=MATSC(I2)

MATOP(IT,3)=MATSC(I3)
OP8S(IT)=1./(1,0=0,01#PCTD(IT))

COST OF OVERSHIPPING
0COST(IT,1)=COSTx0OPSS(IT)

COST OF ALLOWING DAMAGE
OCOST(1T,2)=COST+REPCI(CIT)

PRINT 1000, PCTD(CIT),GM,COST,OPSS(IT),0COST(IT,»1),0COS8T(IT,2)
CONTINUE

CONTINUE

IF(TIC1).,EQ,1500,INPCNT=IT=1
IF(NPCNT.EG,0)PRINT 4070
IF(NPCNTL,EQ,0)RETURN

11=1

0SB=0COST(1,1)

D0 SO0 I=1,NPCNT

IF(OSB.LE.OCOST(I,1)) GO TO S0
0SB=0CUST(I,1)

I1=1

CUMTINUE

PRINT 110uG

PRINT 1500, OSB,GMF(IT),PCTO(II),0PSS(II)
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000576

000b1b
000617
000621
000622
000627
00063¢
000634
000635
000640
002653

[ R
Jui?02
000705
nee il
Lhavle
000712
000716
0nd?ee
0on?el
000723
0007¢3
000723
(00723

{ 0007223

000723

0007223
000723
0007223

] 000723

0007e3
000723

000723

PRINT 2000,0THK(II,1),MATOPCII,1),0THK(II,2),MATOP(II,2),
1 OTHK(II,3),MATOP(II,3)
I11=1
OVERS=0SH
088=0C0S8T(1,2)
00 60 I=1,NPCNT
IF(OSB.LE.0CO8T(1,2)) GO TO bO
088=0C0S8T(I,2)
11=1
60 CONTINUE
PRINT 1600, 08SB,GMF(II),PCTD(II),REPCI(II)
PRIMT 2000,0THK(II,1),MATOP(II,1),OTHK(II,2),MATOP(L1I,2),
1 OTHKCII,3),MATOP(I1,3)
IF(OVERS,GT,088)G0 TO ?a
PRINT 1800
PRINT 12000
RETURN
70 CONTINUE
PRINT 1900
PRINT 12000
RETURN L4
S FORMAT(I%,2X,%E10,0,2X,12)
? FORMAT(3ELID.N)
10 FORMAT(ESQOIEbQOIEb-O’EbQOISEISQS)
500 FORMAT(40I2)
1000 FORMAT(2X,3HFORLIX,Fbas2,1X,22HPER=CENT DAMAGE ANO A
1?HFRAGILITY RATE OF F%,1,1X,3KHG'S/
eXs1IHTHE COST IS1X,F9,2,1X,15HOOLLARS WITH A
2SHMULTIPLICATION FACTOR OF 1X,Fb.2,1X,QHTIMES ONE /
2X,20HWITH A FINAL COST OF1X,F9,2,1X,?HDOLLARS
17HFOR OVER SHIPPING /
2Xy31HFOR ALLOWING DAMAGE THE COST IS 1X,FQ,2,1X,
12HOOLLARS/ITEM /)
1500 FORMAT(2X,18HOVER SHIPPING DATA /
1 2Xs19HTHE OPTIMUN COST I81X,F9,2,1X,?HOOLLARS /
e 2Xs2)HTHE FRAGILITY RATE ISIX,F%.1,1X,3HG'S /
3
[
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2X,22HTHE PER<CENT OAMAGE IS1X,Fbel /
PXs28HTHE MULTIPLICATION FACTOR IS1X,FS,1/)
15600 FORMAT(2X,21HOAMAGE ALLOWABLE OATA /
1 2XyL9HTHE OPTIMUM COST IS1X,F9,2,1X,?HOOLLARS /
2 2X,21RTHE FRAGILITY RATE ISIX,F4,1,1X,3HG'S /
3 2Xs22HTHE PER=CENT OAMAGE ISiXsFb,1ls /
v 2Xs22HTHE REPAIR COST/ITEM =1X,F9,2,1X,s?HO0OLLARS/)
1800 FORMAT(32HOOVERSHIPPING 1S THE BEST POLICY/)
1900 FORMAT(48BHOTHE ABOVE PER=CENTAGE DAMAGE 1S THE BEST POLICY/)
2000 FONMAT(2X,37HTHE OPTIMUM THICKNESS FOR FACE ONE IS1X,F?.,3,1X,
) 6HINCHES1IX,11HIF MATERIALIX,I2+,1X,?HIS USED/
2 2X,37HTHE OPTIMUM THICKNESS FOR FACE TWO IS1X,F?2.,2,1X,
3 bHINCHESLIX, 11HIF MATERIALIX,12,1X,?HIS USED/
¢ 2Xy 39HTHE OPTIMUM THICKNESS FOR FACE THREE IS1X,F?.3,1X.
5 bHINCHES1X»11HIF MATERIALIX,I2,1X,?HIS USED//)
3000 FURMAT(2X,45H*THE ITEM IDENTICATION NUMBER OOES NOT AGREE=#
133H*WITH THAT OF THE FRAGILITY DATAx)
%000 FORMAT(2X,52HNO MATERIAL IS IN THE RANGE OF OPTIMUM STRESS===STOP)
%010 FORMAT (1HO,I8,30H = NC === NUMBER OF CONTAINERS/
11X,I8s2%H = MITEM e== ITEM NUMBER/
21X, IB,%0H & MNMATS=== NUMBER OF MATERIALS ON FILE )
w020 FORMAT (1HO,2X, B8SH CSTeMAT CST=FaAB CSTePAK SL=TEMP
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000723
000723

0007223

000723
000723
000723
000723
000723

1 LW=8TRS HI=STRS GAMMA / (Ell.%,ecl3d.¢))
Y030 FOURMAT (1HO,2X,27H GAMMA CST=CONTAINER / (Ell.%,bE13,%4))
Y040 FORMAT (1HO,2X,18,12H3ITEM NUMBER /3X,El1l,.4%,29HsSWEIGHT OF ITEM WI
1( POUNDS ) /3XyElle%r65H= DIMENSION PARALLEL TO X=AXIS 2NO LONGEST
2 DIMENSION XL (INCHES) /3X,Ell.%,65H3 DIMENSION PARALLEL TO Y=AXIR
3 3RD LONGEST DIMENSION YL (INCHES) /3X,Ell.%,b6lHz OIMENSION PARALL
YEL TO Z=AXIS LONGEST DIMENSION ZL (INCHES) /,3X, QHNUMBER 2 I8)
4050 FORMAT ( 1HO,BX, 35H MAX=G PCNT=DAM REPLACE=CST /
1(3X,3E12.%) /77 2(120(1Hn)/7 ) )
4060 FORMAT(1HURX,30HMATERIAL CODES CONSIDERED ARE 10(1iX,I2,2H, ))
%070 FORMAT(S50H0 NONE OF THE DATA IS ACCEPTABLE FOR THIS PROBLEM )
11000 FORMAT (/ 120(1Hx)/ )
12000 FORMAT ( // (L20(1Hx )/ ) 7 JH1 )
END
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0012eue

SUBPROGRAM LENGTH

FUNCTION ASSIGNMENTS

STATEMENT ASSIGNMENTS

S -
2b
b0
iTeo
rag
}

+C60

a3 -

VARIABLE
Ca
GMF
ITEM
J

MNMATS
NMATS
OPSS
PCTD
S1

83

W

Xx0J

4

START oOF
uop?2s

START OF
001vjiv

00073s ?
onpe2y 28
000635 70
onlnae 1600
00112 3noo
00126% 4030
0nl3es ¥N?0
L.n0Y NAMES AND LENGTHS
000006 COSTM
ASSIGNMENTS
0oo0o000Caoe CO
0016092 I
001660 Il
001656 MATCP
00lesw MOMJ
001677 NPCNT
001450 088
001614 REPCI
001672 S11
00167% Tl
001671 Wl
000004 XL
001670 r4s
CONSTANTS
TEMPORARIES
INDIRECTS

START oOf
001430

UNUSED COMPILER SPACE
03?500

0007?7¢1
000301
000712
002072
001216
001301
001374

000135

gooloecCoe
001658
000000CO2
001544
000Go2
001665
001704
001626
001675
goo0003C01
001661
0016hk2
001bbY
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10

%5
500
1800
$000
“040
11000

cosT
I1

I2
MATSC
Mx1
ocosrT
OTHK
RHOC
Se

Te
WII

Y

Y

oeo0?43
000523
000747
001133
00123%
001310
001404

001702
001703
000001Co01
001640
000000
001462
001506
002657
N01&?3
00noo4Col
000134%Coe
001667

eo0

S0
1000
1900
%010
4050
12000

GM
17
13
MITEM

oMJ
OVERS

See
T3

YL

000143
000554
000751
001140
oole4l .
0013se
001%0?

001701
001700
000C02C01
001683
001652
000001
001705
000003
001676
0Go0o0SCo1l
00166
001663
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CDPRO - Subroutine

Usage:
(1) Reads material files,

(2) Stores material thicknesses by material and
axis for the shock and vibration environnients,

(3) Deletes mat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>